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“As people find more ways to incorporate these inexpensive,
flexible and customizable devices into their lives, the
computers themselves will gradually ‘disappear’ into the
fabric of our lives.”

"The Disappearing Computer" by Bill Gates, 2003






Introduction

Innovations are expected to emerge from soft matter when its development is done
at the interface between several domains. In particular, electrical properties joined with
soft matter allowed the realization of a new class of materials: the electroactive
polymers. Their interest has been put forward in many industrial fields (robotic, energy,
eHealth, etc.) where sensors, energy harvesters, haptic technologies, actuators are
required. All these applications involve advances in the synthesis of dielectric materials
meeting the electric, mechanical, cost, and scalability supplies. Definitely, the emergence
of successful materials will be based on breakthroughs in their formulation and soft
matter offers a range of tools to do so.

In this Manuscript, we develop new formulation paths for improving the
electromechanical properties of electrostrictive materials, a class of electroactive
materials. Until now, electrostrictive materials suffer from limited dielectric properties:
high dielectric losses, high elastic modulus, and low dielectric constant, leading to poor
assets for practical applications. We proposed to develop composites with emulsion
approaches and conductive fillers. The emulsion versatility combined with the
superlative properties of reduced graphene oxides and carbon black lead to tunable soft
materials. We provide a particular interest in formulation parameters for meeting the
electrical and mechanical requirements.

Research efforts, in the integration of our electrostrictive materials into real-life
applications, have been ensured to show their practical potential. First, the use of
vibrating structures have been used to characterize the electromechanical performances
of our materials and proving the possibility of harvesting mechanical energy with them.
Then, we succeed in using our electrostrictive materials as highly sensitive pressure
sensors. The materials are successfully employed to assess the pulse frequency and to
measure human blood pressure.

The following outline illustrates our scientific approach, starting from the formulation
then the characterization and finally the integration into concrete applications.



Chapter 1: General introduction.

The first Chapter lays down the framework of the study, dealing with state of the art of
electroactive polymers in mechanical energy harvesting and sensing technologies. We
introduce general concepts focusing on the most relevant mechanisms of energy
harvesting and sensing. Finally, we present the paths we decided to follow to create new
electroactive polymers based on electrostrictive effects.

Chapter 2: Materials and methods for the realization of electrostrictive composites and their
characterization.

The second Chapter is devoted to the impedance measurements and material synthesis.
We developed characterization methods and setups for the measurement of the
electrostrictive coefficients and the power recovering of dielectric materials. Finally, we
expose two new routes to synthesize electroactive composites via emulsions templating
effects.

Chapter 3: Electrostrictive response and piezoresistivity of r-GO composites based on an
(0/W) emulsion template.

In the third Chapter, we report the preparation of polymer-reduced graphene oxide (rGO)
composites. Using an O/W emulsion road, we introduce conductive nanoparticles into
polymer matrices that enhance the electronic properties of the material. We study the
dielectric properties and the electrostriction coefficients for different filler
concentration.

Chapter 4: Microporous electrostrictive materials for vibrational energy harvesting.

This Chapter deals with the realization of microporous electrostrictive composites with
improved properties for vibrational energy harvesting. These systems are made of
carbon black particles dispersed in a porous PDMS matrix thanks to an inverted emulsion
templating. We succeeded in evaluating the energy scavenging abilities of these
composites.

Chapter 5: Integration of electrostrictive materials in a cantilever device.

In this part, electrostrictive porous are integrated into a real-life application of
mechanical energy harvesting. We produce a mechanical energy harvester with a
cantilever approach. The energy scavenging abilities of the cantilever is discussed.

Chapter 6: Highly sensitive flexible pressure sensors based on electrostrictive materials.

In this Chapter, we presented highly sensitive flexible pressure and strain sensors based
on electrostrictive materials. We report the realization of a capacitive pressure sensor
tested over thousands of cycles. Then, we demonstrate the possibility of continuously
recording arterial pulse waves in a noninvasive way. The pressure sensor is successfully
employed to assess the pulse frequency and to measure systolic and diastolic peaks.

Conclusion and perspectives.

Finally, we present some conclusions and perspectives which are rooted in the context
of this manuscript.



Contents

Chapter 1: General introduction.

1 Introduction to electroactive POLYMETrS: . sssssssssssssssssssssssans 14
2 The energy NarVeStiNG: e s bbb s s e 15
2.1  Energy harvesting for powering the Internet of things: ... 15
2.2 CompariSon betWeen ENETZY SOUICES: wrermeseesesssessssssesssesssesssesssessesssessssssssssssssssssssssnes 18
2.3 Mechanical energy harveSting: . ssssssssssssssssssssnss 19
2.3.1 PiezZ0eleCtriC NarV eSO s e s s s s es s 22

RS T2 B g 1 0 Lo X=] =T od i o Uod 47PN 24
2.3.3 Variable CaAPaCItOrsS: s ssssssssssssssssssssssssss s sssssssssessssssssssssssssssssssssssssassssssssnss 26

3 Electroactive polymers for mechanical energy harvesting: .....eneenseenneennens 31
3.1.1 PieZO0EleCtriC POLYIMETS: ot 32
3.1.2 ElectroStrictive POLYIMETrS: . sreess s seersssss s ssssesssssssesssessanees 33
3.1.3 CONVETSION TOAAS: w.evurieereesseesssesseeessessssessssesssessssssssesss st sesssse st ssess s bssa s s e s st sess st nees 37

3.14 Performance parameters of electrostrictive materials for mechanical energy

AT VESTINIZ eeeeieeeees s see bbb SRR 38

4  Electroactive polymers for sensor teChnologies: ... 45
4.1 FULUTE Of SENSING © oot s s bbb s b bbb 45
4.2 Transduction MeETthOAS: . e sees s s st sens s 45
4.2.1 PlezZOTeSIStIVITY s 45
4.2.2 PIEZ O CAPACTLY it 48
TS T O O ] o - U Y 52

Chapter 2: Materials and methods for the realization of electrostrictive composites and their

characterization.



1.1 Impedance MeaSUTEIMENES it ierereeirerrerre s eesn e e n e nresr e e renne e 61

1.1.1 General considerations on dielectric materials: ... 61
1.1.2 5500 oY= F= 1o of TP 62
1.1.3 COMPENSATION PrOCEAUTE! couieeeereereesreerereesseessessse s seessesssessssssss s sssssssssesssessssssesssssssssssssass 63

1.1.4 Relation between capacitance, resistance and conductivity, permittivity: 65

1.1.5 D= =Tt g ol o 3PP 67
1.1.6 Practical procedure for measuring €', ¢ and tan & as a function of frequency:.....67
1.2 Determination of electromechanical performances:......c.cccocoeiiinniiinininicccnen, 68

1.2.1 Measurement and calculation of the intrinsic electrostrictive modulus in static

CONFIGUTATIONIS vt p s R 68
1.2.2  Vibrational energy harvesting SETUP: .. enreeeeerssesessseesessseessesssessssessssessans 69
1.3  Formulation of the emulsion based electrostrictive composites: .....c..cceeevrvvrrinns 70
1.3.1 Oil in Water EMUISION: ceceer ettt 70
1.3.2 Water in 01l @MULISION! ettt s s snb s 71
1.4  Scanning Electron Microscopy (SEM) analysis: .....cccooiininiriiienneneneeeeeeeeeee 72
1.5  Sensibility MeasSUrEmMENTS: ....cccciiiiiiiriisie e se e e nreens 72

Chapter 3: Electrostrictive response and piezoresistivity of r-GO composites based on an
(0/W) emulsion template.

N ' U8 0 X L0 ol o ) o TP 76
1.1 Percolation theOTy i s s re e 77
1.1.1 Evolution of the CONAUCTIVITY: cereereerrseersees e sssesssssessanees 77
1.1.2 Evolution of the permittiVity: e sssesssssssessaens 77
1.1.3  Variable permittivity (€lectrosStriction): ... 78

1.2 Interest of reduced graphene oxide flakes: ..o 79
1.2.1 Description and ProPerties: s sssssssssssssssssssssssans 79

1.2.2 Self assemblage of the GO flakes: a way for decreasing electrical losses: ..80



2

1.3 Strategies to disperse conductive fillers: ... 81

1.4 OUL APPIOACK: (e e a e nre e 82
1.4.1 REAUCTION PARST e s s s e s s s 82
1.4.2 DS P EISION PIrOCESS: cueuereecereesresrerseeseesses s sessesses s s s ses s ssses e s s s s s s sn s s sssnnens 82
RESUILS ANd AiSCUSSION: ieuueeucereeereeesreet et s s s ss s ss b s bbb 84

2.1 Microscopy and emulsion diStribution: .......ccccoeiiiinnnie e 84

2.2 DieleCtriC MeaSUTEIMENTS: .ccoiiiiieiereeseesee e e e e e s e s e s e e s e s sreesreenreeneesnes 85
2.2.1 Influence of the reduction on the dielectric properties: ... 85
2.2.2 Dielectric response as a function of the filler concentration: .....oens 86
2.2.3 Comparison with CNT/PDMS COMPOSITES: commnrnenmenmenmssssessssssssssssssessesssessssssssssesnns 87
2.2.4 Dielectric response as a function of the electrical frequency: ....ereneenn. 88
2.2.5 Influence of the r-GO concentration on the electrostriction modulus:......... 90
2.2.6 Pl Z 0T SIS I VITY ettt 91

Chapter 4: Microporous electrostrictive materials for vibrational energy harvesting.

1

2

3

INETOAUCTION ittt bR RS 98
L0 D Sy o U 1= = OO PSPPSRSO 98
Carbon black/PDMS composites based on a W/0 emulsion template:.....neeneens 99
3.1  Carbon black as conductive fillers: ... ————————— 99
3.2 Dispersion and COAtiNG PrOCESSES: .mrmmereerersesrsssssssssessssssessssessssssssessssssssssssessanes 100
3.2.1  Water solubilization of carbon black: ... 100
3.2.2 Water in 01l diSPerSiON: st sssasss st snes 100
3.2.3 Emulsion coating and curing parameters: ... eeeesessssessseeens 101
3.3  Interest in POTOUS SEIUCTUTES! coiirirereeee et sessesseses s ses st sss s s s s s nnas 102
3.4 MICTOSCOPIC ANAlYSIS: cnmrirrirrsrisessessess s s st b s s b nns 102

3.5  DieleCIiC IESPOMSE: ot s e e 103



4

3.5.1 Frequency depPendenCe: . eeeeeseessesssesssessesseessessssessssssssss st sesssssssesssssssssssnes 103

3.5.2 Influence of the formulation on dielectric properties: ... 105
3.5.3 Conclusion on dielectric response of porous BC/PDMS composites:......... 106
Interest of bilayer COMPOSITES: . ses s saeeas 107
4.1 Bilayer COMPOSITES: wmiinnesssesss st ssss st sssssss st sssssssssssssans 107
4.2  Effective impedance of the bilayer cOmMpPOSItes: .. seerneens 107
4.3 TheoretiCal PlOTS: wss s 109
4.4 Experimental dielectric response of bilayer compoSites: ....eineereersneennens 111
4.4.1 [solating layer dePOSItioN: e eneans 111
4.4.2 Dielectric response of bilayer COMPOSIteS: . seeseesseeseeseeens 111
Harvesting mechanical energy with electrostrictive materials: ....nnenneneeineens 114
5.1  General CONSIAETratioNS: e sesssesssessesseesses e s st sesssesssessssssssssssssssssssasees 114
5.2 Theoretical calculation of the harvested CUTTENT: ..o 115
5.3  Expression of the harvested POWET: . sssssssssssssssssssssssnss 116
5.4  L0SS power and effiCIENCY: c e sssss s s sssesssss s 117
5.5 Dynamic measurement of electrostrictive modulus: ... 119
5.6  Energy harvesting reSULLS: . sessssesssssssessssessssssssessassssaes 119
5.6.1  FiGUIE Of METIT: coeiereieseeeeeiseesseesseeiseessessesessessseess st ss s ss s bbb s s 119
5.6.2 POWET NATVESTEA: oot s e 120
5.6.3 Influence of the load resistance on the harvested current: ... 121
ST 0 3 €] o0 £ 1 ) o TP 122
TS I 00 o Uod 11} o o OSSPSR 123

Chapter 5: Integration of electrostrictive materials in a cantilever device.

1

| 0N 06 A8 Lok 5 (e} o PN 129

10



2

3

4

Materials and MethOAS . e n s 129
2.1 Cantilever fabriCation s sss s ssss s s s 129
2N -1 0 (ol of s B2 1 o= Lot =0 o 4 1 (0} P 130
2.3 Dynamic CharacteriZation: .. ssss s sssssesssesssssss s s sssssssssesssesas 131

ReSUILS aNd AiSCUSSION: covvueeieeeeeereetrees ettt s s s b s bbb 132
3.1 Recovering power OptimiZation: . 132
1 J72 4 U=Tol i (of= 1 B 0 T=1 E= s Lot PSPPSR 136

3.2.1 LAK I ESISTANCE! ottt s s bbb 136

3.2.2 LLOSS POWET ! ittt bbb 136

(010 103 11 £S5 10 ) o TP 138

Chapter 6: Highly sensitive flexible pressure sensors based on electrostrictive materials.

1

2

3

4

5

|00 a0 X Lok o) o TP 143
Materials and MEthOAS . e s s 145
R SULES oottt ettt se s bbb SRR RS R AR R R 148
DiscusSion and CONCIUSION: e sesssesses s sss st ss s sss s s s sssssaenas 156
O ULLOOKS otueereeeeeteesee et e et se st ss bbb R8RSR R AR R 157

Conclusion and perspectives.

11



12



General introduction

Summary:

This first chapter is devoted to the state of art of electroactive polymers in the context of
mechanical energy harvesting and sensing. We present general concepts and orders of
magnitude. In the two main sections, we also provide a particular interest in the most relevant
mechanisms of energy harvesting and sensing, focusing on the use of electroactive polymers.

Finally, we will detail our approach based on the use of electrostrictive materials.



Chapter 1 - General introduction

1 Introduction to electroactive polymers:

The need to replace conventional materials (wood, ceramics, metals, etc.) with new
materials has become a major industrial issue. The hopes placed in these new materials
are immense because they will be closely linked to future technological developments
and their novel properties will be a response to contemporary issues. Self-healing
polymers [1], self-cleaning glass [2] or, more recently, vitrimers [3] (polymers
combining the properties of glass and plastics) are few examples of applications that
have been made possible through research in materials science.

In this mosaic of new materials, an active search is taking place in the field of
electroactive polymers. The electroactive polymers (EAPS) are a class of polymers with
a strong coupling between electrical and mechanical properties. As a consequence when
a voltage is applied to them, their shape is modified. Their similarities with biological
tissues in terms of achievable strain make them good candidates for “artificial muscles”
in the field of robotics, where large movement is often needed. Traditional mechanical
actuators including motors, pneumatic and hydrolytic technologies have many
restrictions in terms of weight, size and price (FIG. 1.1). As a contrast, EAPS present
interesting inherent properties such as lightweight, easy to process, high compliance and
are generally low cost (FIG. 1.1 b)).

FIG. 1.1 - Comparison between two equivalent walking robots. a) HEBI Robotics based

on mechanical actuators b) Electroactive robot [4].

Numerous results have been achieved in the fields of microfluidics (pumps, valves [5],
FIG. 1.2 a)) and optics (variable lenses [6]) thanks to EAPS, making them close to
commercial products. Even the NASA (FIG. 1.2 b)) has developed and integrated EAPS
for finely controlling the tension of membrane structures in space.

FIG. 1.2 - a) Microfluidic valve based on EAP b) NASA membrane structure.

14



Chapter 1 - General introduction

All these applications use EAPS as actuators, meaning that electrical energy is furnished
to materials for changing their shape, controlling thus a mechanism or a system.
However, EAPS revealed possibilities in the reverse direction (generator mode) with two
main applications: vibrational energy harvesting and pressure/strain sensors. Both
fields have received less attention than actuation but could pave the way for the design
of multifunctional materials integrating high sensitivity and energy autonomy. That is
the reason why we have chosen to focus our research on designing new electroactive
materials for these two promising specific applications.

This first chapter is devoted to the state of art of EAPS in the context of mechanical
energy harvesting and sensing. In both sections, we will describe the most relevant
mechanisms of energy harvesting and sensing, focusing on electroactive polymers.
Finally, we will detail our approach based on the use of electrostrictive materials.

2 The energy harvesting:

Before we focus on electroactive polymers in the context of mechanical energy
harvesting, let us take this section to recall what energy harvesting is and on which
technologies it is based. We will evaluate the advantages and disadvantages of each
technology and pay particular attention to their power generation capabilities.

2.1  Energy harvesting for powering the Internet of things:

The Internet of Things (IoT) is a new and fast-growing concept which aims at connecting
everyday physical objects into the Internet or other networks without any human
interaction [7-9]. “Things” or “objects” such as sensors, actuators, etc. would be able to
send or receive information from environment and cooperate to reach common goals.
Their development will significantly impact many fields of future day-day life. Energy
management, e-health [10], predictive maintenance [11] or building automation [12] are
just a few examples of field in which the [oT will play a prominent role (FIG. 1.4).

B

e =
- e ""?sv--'v'\-u!ta:?ﬂi?ﬂ‘ﬁﬂ e

Temperature o,
@semsor A
- 3y .-

Humidity
<@
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FIG. 1.4 - Examples of fields where [oT will play a prominent role.
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Chapter 1 - General introduction

In 2020, Cisco Company predicts that more than 50 billion objects will be connected to
the world [13].
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FIG. 1.5 - Evolution of The Internet of Things based on Cisco data [13].

Indeed, the [oT requires the usage of numerous wireless objects working in the network.
Plus, these objects need to achieve several years of unattended operation. Thus,
providing the electrical energy to run this huge number of wireless objects is a major
concern and a limiting factor for the massive deployment of the Internet of Things. Use
of batteries with limited lifetime is a severe constraint because replacing (i.e. alkaline
pile) or recharging (i.e. lithium ion) batteries is a time and human cost for a large-scale
network. Moreover, wires can be difficult to integrate and unsuited for example inside
walls or on rotating parts. Two promising directions would address this energy
challenge. The first would be to design ultra-low power hardware making batteries time
viable. In the last decades, significant progress has been achieved in electronics
technologies for the development of low-consumption and miniaturized sensors. For
example, the Phoenix processor [14,15] has a sleep power consumption of only 30 pW
and 200 nW in active mode. Yu-Shiang Lin and collaborators developed an ultra-low
power temperature sensor which consumes only 220nW [16]. The second direction is
the use of energy from the environment to make I[oT devices self-powered, thus
decreasing even eliminating their dependence on batteries. Extracting energy from the
surrounding environment and converting it into electrical energy is known as “energy
harvesting”. In fact, we live in a world where untapped energy sources surround us.
These sources can come from human activities or derive from ambient energies such as
chemical energy (chemistry, biochemistry), thermal energy (temperature gradients or
variations), radiant energy (sun, infrared, RF) and mechanical energy (vibrations,
deformations). Energy harvesting technologies are often based on well-established
principles such as the photovoltaic, electrodynamic, and thermoelectric effects. Contrary
to batteries, they are not time-dependent and can deliver power for long periods when
ambient energy is available.

16



Chapter 1 - General introduction
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FIG. 1.6 - Blocks diagram of an autonomous system.

Energy harvesting from environment is not recent: people have been harvesting energy
for centuries at large scale with windmills and nowadays with wind turbines. Thanks to
progresses in electronic, small-scale applications are now conceivable. FIG. 1.6, presents
the most common block diagram of an autonomous system, integrating a converting part
(vellow box) and an electrical part (green box). The ambient energy is converting into
electrical energy thanks to the harvester with a definite efficiency. The electrical energy
can either power low consumption electronic systems directly (FIG. 1.6, d) ), or charge
an electrical storage reservoir (battery, capacitor, supercapacitor) that can be used to
produce power pulses at time intervals (FIG. 1.6, e) ). The harvesters aim at powering
small devices, low consumer of electricity, they do not seek in any case to power large
systems that require massive quantities of electricity (computer, electrical cars, etc.).

To set the orders of magnitude, FIG. 1.7 gives an estimate of the powers required to make
systems of everyday life working. The powers targeted by the harvesting energy are
between the nW and the mW, typically enough to supply sensor-type electronic
components. Power is directly linked to the frequency of operations that the small

10MHz

1000 Hz |
100 Hz
10 Hz
1Hz

101 Hz
1/minute =

frequency of use

1/hour —

1/day
1/week =

1/year

100nJ 10w 1ml) 100mJ 10J 1kJ

energy required

FIG. 1.7- Power consumption of some operations.
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Chapter 1 - General introduction

electronics will be able to make. For example, sending a short message required 1],
meaning that for a harvester powering 1 W, one message will be sent every second
whereas for 1 mW, only one message will be sent every hour. It means that whatever the
power harvested, every operation will be achievable but at a frequency which could be
around hertz to once per year.

For a clear comparison between energy sources and energy harvesters, performances of
harvesters must be discussed in terms of power density (nW, uW, mW /cm?3 - cm?)
meaning than a certain amount of energy is converted by a certain quantity of time per
volume or a surface of the harvester. Indeed, power density is a decisive consideration
because space is often constrained in small devices.

2.2 Comparison between energy sources:

Before comparing energy sources, it is important to keep in mind that every device will
not be exploited in the same environmental conditions, meaning under the same energy
sources. Indeed, the energy to be harvested depends on the working environment of the
device. For example, if a device is used under the light, solar energy would be a usual
choice. In the case of a device used near machines, possibly in the dark, harvesting
mechanical vibration energy would be the best choice.

FIG. 1.8, compares the availability of different energy sources [17]. Collecting energy from
the visible light is probably the most common way of harvesting energy from
environment. Indeed, photovoltaic devices, using semiconductor materials, provide high
photo-conversion over a broad range of wavelengths. These devices are typically low
cost and provide power levels that are in the range of those required for microelectronic
circuits. Outdoor solar energy can provide a power density of 15,000 uW/cm3, making
solar energy, the highest source of energy harvesting. While solar energy is abundant in
some applications, it is a less attractive source for indoor environments as the power
density drops down to as low as 100 uW/cm3.

Mechanical Thermal Biochemical
sources sources sources
. 100000
E 10000
= 1000
Aol I I
5 100 T {
"'g 10
= 1
2 . . .
= 0,1 ' ;V {\ \
S N )
& & & &
S AR &
SEEE PN AN A
2 > -0
()
L&k

FIG. 1.8 - Environmental sources of energy [17]. 100 uW/cm3 or yW/cm? is highlighted
by a dashed black line.
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Chapter 1 - General introduction

Recent progress has been reported in the field of PV especially in terms of efficiency. In
2017, K.Yamamoto et al. succeed in developing a silicon-based solar cell with a photo-
conversion efficiency over 26%, approaching thus the theoretical limit of Si solar cells
(29.1%) [18]. However, the world record for solar cell efficiency is 46.0% and was
achieved by using multi-junction concentrator solar cells [19]. This technology, based on
exotic materials such as gallium arsenide, is until now not economically viable.

After the mechanical energy source, which will be discussed later, thermal sources
appear to be a common energy source. From human body warm, automobile engines
waste heat to more integrated systems such as photovoltaic cells, many thermal sources
are present in our environment. Most of the thermal harvesters are based on a
thermoelectric effect (Seebeck effect) [20] which is a physical phenomenon present in
some materials: it links the flow of heat that passes through them to the electric current
flowing through them. These systems require two dissimilar semiconductors (p- and n-
type materials). A high temperature is exposed at one end (waste heat), while the other
end has a lower temperature (ambient). The differences in temperature generate
potential differences between them (FIG. 1.9). The performances of the thermoelectric
generators are governed by temperature difference and thermoelectric material
properties. Until now, low output powers have been described [21]. First, because
harvesters need high temperature difference. The practical temperature between the
human body and the atmosphere is too low (AT=5-15°C), leading to power density
around 30 pW/cm? [22]. Second, because the maximum efficiency of the thermal
harvester is currently around 5-10% [23] primarily due to the low performance
materials which need to have contradictive properties (high electrical conductivity and
low thermal conductivity) to perform.

% o

_— >

O,
FIG. 1.9 - Seebeck effect.

2.3  Mechanical energy harvesting:

Of the many ambient environmental sources of energy available, vibrations are the
second [17] and the concern of this thesis. Mechanical energy can be found almost
anywhere: from human bodies to industrial installations. The sources of mechanical
energy can be a vibrating structure (a bridge, a window in a noisy street, etc.), a moving
object (washing machines) or movement induced by flow (air or water). TAB. 1.1, shows
examples where mechanical energy can be harvested [24].
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Chapter 1 - General introduction

TAB. 1.1 - Examples of mechanical sources:

Human
body/motion Transportation Infrastructure Industry Environment
Breathing, blood,

. . Cars, trains, Bridges, roads, Motors, .
walking, arm/finger . . . Air flow,
e . noises, tires, floors, tunnels, machines,w
motion, jogging, } . . ocean waves
brakes, turbines pipes indows

talking

These numerous sources make converting mechanical energy from vibrations into
electrical energy an attractive approach for powering wireless devices. Each vibrations
are characterized by a frequency, an acceleration and an amplitude. The amount of
harvestable energy depends on these mechanical characteristics. Williams and Yates
[25], proposed a simple model to predict the mechanical power generated by vibrations.
The system consists of an inertial device where a seismic mass, m, on a spring, k, is
attached to a housing system (FIG. 1.10).

FIG. 1.10 - Schematic diagram of the inertial device.

When the housing is vibrating, the mass is moving so that there is a movement between
the mass and the housing. The differential equation (EQ. 1.1) that describes the
movement of the mass is derived from the dynamic forces of the mass :

mzZ(t) + dz(t) + kz(t) = —mj(t) (1.1)

Where y(t) is the displacement of the vibrating housing, z(t) is the relative motion of the
mass with respect to the housing, mis the seismic mass, kis the spring constant and dis
the damping constant. The analytical expression for the mechanical power |P| owes to a
sinusoidal vibration is given by (EQ. 1.2).

mi,Y¢ (wﬂn)3 w3
1) +[ee)

where {t the damping factor, w the input frequency and w, is the natural frequency of
the spring mass and Y, is the amplitude of vibration. This result holds for any type of
electrical conversion technology, and so the choice of a transducer does not affect,
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theoretically, the amount of mechanical power. From the analysis, it can be seen that the
amount of power generated is proportional to the cube of the vibration frequency.

At resonant frequency, EQ. 1.2 can be simplified by:

mYZw3
Generated power = % (1.3)
t

TAB. 1.2 gives estimations of the generated mechanical power of some common
activities. Regarding these values even basic activity like walking can constitute a high
source of mechanical energy (67 W).

TAB. 1.2 - Mechanical power generated from common activities [26] :

Activity Mechanical power

generated (W)
Fingers (type) 0,01
Breath 0,83
Blood flow 0,93
Exhalation 1,00
Walk 67,00

The Williams and Yates model provides general information on the main parameters
involved in the generation of mechanical energy from ambient vibrations but do not

Mechanical energy
Kinetic energy
Potential energy
Vibrations

Shock ‘

Stress Variable magnetic field Displacement

) 4

Electrical Energy

FIG. 1.11 - Conversion methods for mechanical energy.

discuss the ways of converting the mechanical energy into electricity. Several
technologies have been developed for converting mechanical waste energy. They present
different advantages or disadvantages, in particular according to the intended
application. The most classic systems are based on the effect of electromagnetic,
piezoelectric or electrostatic systems (FIG. 1.11). Although the formers are studied for
decades, new harvesters are emerging, exploiting triboelectricity or electrostriction
effects.
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In the next parts, the main mechanical harvesters will be presented with a description
of the technologies including working principles, last performances reported and
applications.

2.3.1 Piezoelectric harvester:

Piezoelectric materials have the ability to produce voltage when deformed due to
vibrations (direct effect), and conversely, they deform when subjected to an externally
applied electric voltage (converse effect). For energy harvesting, it is the direct effect
which is involved. Piezoelectric materials are numerous and very diverse. They include
crystals (quartz SiO;) ceramics (lead zirconate titanate (LZT sometimes PZT) or barium
titanate BaTiO3), composites (Macro-Fiber Composite (MFC)), even polymers such as
polyvinylidene fluoride (PVDF). Piezoelectric polymers, as electroactive polymers, will
be discussed, further. In all cases, the piezoelectricity appears due to a strong asymmetry
of the crystal lattice in a non-coincidence centroids positive and negative charges.
Generally, piezoelectric harvesters are based on a basic cantilever beam structure
designed using MEMS techniques (FIG. 1.12). Piezoelectric materials are attached to a
non-piezoelectric substrate to provide strength to the materials. The harvester is
attached to a vibrating source to generate alternating voltage. The generated potential
difference from a piezoelectric material is directly proportional to the involved
mechanical strain at the cantilever.

Vibrating
source

Substrate

FIG. 1.12 - Piezoelectric harvester based on cantilever structure.

The system of equations (EQ. 1.4) summarizes the couplings within a piezoelectric
material [27].

_ E
Sij = SijriTrr + diijEx

(1.4)
D; = dijTrs + € Ex

Where S;; is the mechanical strain, 7); the mechanical stress, D: the electrical
displacement, Exthe electric field, &, the permittivity, siEjkl the elastic compliance and,
dy;j the piezoelectric strain constant. The superscripts E and 7 denote that the respective
constants are evaluated at constant electric and constant stress. The material can be used
according to the mode 33 or mode 31 depending on the mechanical stress is
perpendicular or parallel to the electrodes. Usually, the 33 mode shows better
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performance in terms of electromechanical performance than in the 31 mode [28]. The
electromechanical coupling coefficient k;; is typically used to attest to the quality of the
electromechanical conversion and the choice of a piezoelectric material for energy
recovery. For a mechanical stress perpendicular to electrodes, k;; can be expressed by

(EQ. 1.5)

k233 == o E (15)

Where £5; is the permittivity, s£; is the elastic compliance and dj; is the piezoelectric
charge coefficient. The square value of ks; corresponds to the efficiency of energy
conversion (EQ. 1.6) which constitutes an important constant used for assessing the
interest of piezoelectric materials.

electrical energy

2 —
k%33 = :
mechanical energy

(1.6)

PZT ceramics were used for a long time for electromechanical conversion due to their
high piezoelectric coefficients (TAB. 1.3). S.Sugiyama et al. [29] reported the realization
of piezoelectric harvesters using wafer-level microfabrication techniques. Piezoelectric
harvesters were fabricated at the wafer level by bonding a single bulk PZT sheet onto a
silicon-on-insulator wafer using a low-temperature process. A single harvester (0.4
mm3) exhibited a power density of 29 mW/cm3 when excited at 1 g at a resonant
frequency of 514 Hz. This is the highest power density reported in the reported
literature for a piezoelectric cantilever [30].

TAB. 1.3 - Piezoelectric properties of usual materials:

Properties PZT-5H PZT-5A BaTiO; MFC
ds3 (pC/N) 593 374 149 460
d31 (pC/N) -274 -171 78 -200
kiz 75% 71% 48% 60%
ksp 39% 31% 21% -
€, 3400 1700 1700 -
Y (Gpa) 65 65 120 30

However, PZT materials present high rigidity and limited strain making them unsuitable
for applications where large strain and low frequency are required. Additionally, as PZT
are composed of lead, they are very dangerous for the environment. That is why
researchers make effort to develop lead-free materials such as barium titanate BaTiOs.
Park et al. [31] established a flexible BaTiO3 generator using soft lithographic methods
which offered power conversion of up to 7 mW/cm3. However, the BaTiO3 deposition

23



Chapter 1 - General introduction

process requires high temperature (700-900 °C) [31,32] which is not compatible with
most of substrate materials.

Additionally to research for developing lead free materials, other efforts have been
dedicated to extending the operating frequency ranges. Indeed, the harvested power is
highly dependent on the vibration of the piezoelectric cantilever and is maximized in
resonance. A few frequency offset can lead to a huge decrease in output power (FIG.1.13,
[33]). Therefore, adjusting resonance frequency into a larger operating bandwidth is a
condition for more realistic piezoelectric structures.
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FIG. 1.13 - Resonance frequency in cantilever harvesters.

A major idea to improve the electromechanical efficiency is to modify the traditional
cantilever structure. For example, a configuration of doubly clamped beams approach
(FIG. 1.14 a)) can provide a huge deflection by making two types of strains (bending and
stretching strains), which lead to a wider resonance bandwidth (FIG. 1.14 b)). This
configuration provides a very high level of power generation of up to 2000 mW/cm3 (at
1050 Hz, power of 80 um) according to Hajati et al [34]. However, the excitation
frequencies are clearly not adapted to ambient vibrational energies as these sources
developed lower frequencies [24].
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FIG. 1.14 - a) Doubly clamped beams structure b) resonance bandwidth (blue curve).

2.3.2 Triboelectricity:

The use of triboelectricity for mechanical energy harvesting was first reported by Wang
and co-workers in 2012 [35]. Usually, tribo-electric effect is considered as a negative
effect regarding the industrial risk that can constitute the static charges. Nevertheless,
this effect can be smart use to convert mechanical energy into electricity. Triboelectric
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generators (TEG) always contain two different materials that are assembled face to face.
When materials are in contact, mostly by friction, opposite static charges appear on the
surfaces due to contact electrification. The mechanism at play is still a matter of debate
[36]. Materials having large electronegativity will gain charge while the other which with
less electronegativity will lose charges regarding the triboelectric series [37]. If the back
side of the materials has an electrode, the charges can flow between two electrodes
through an external circuit and a potential difference is created as the materials are
separated. When a motion is made between the two materials, an induced current is
created therefore converting mechanical energy into electrical energy. Main operation
modes of TEGs are presenting FIG. 1.15 a) and have been adapted to different
applications.

a) ++++++++Ht bt _
+++++++
E electropositive

Single electrode mode
Vertical contact-separation mode
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""""""""" B s
+++++++++++++++H++

Sliding mode Freestanding mode

electrode

Single electrode mode
slinding

Y -— -

t L B

slinding

FIG. 1.15 - a) Main triboelectric modes b) Single electron mode in sliding configurati_on.

FIG. 1.15 b) illustrates the single electron mode in sliding configuration. Electrode on the
bottom part of the TEG is grounded. Electrons exchange between the bottom electrode
and the ground when top electrode is sliding. An alternative current is thus generated.
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The performance of TEG majorly depends on two factors: choice of triboelectric
materials and surface topography of the triboelectric layers. Choice of materials affects
the amount of surface charges regarding the triboelectric series [37] and surface
topography is predominant for large contact area. Since 2012, various methods have
been developed [38] to optimize performance of TEG. This includes changes in materials
(polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), silk, etc.) and changes
in structural design [39].
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FIG. 1.16 - Recent progress in triboelectric technologies.

Wang et al. summarized the last progresses in the performance of TEG in terms of area
output power density (FIG. 1.16) [39]. From the first reported work on TEG in 2012[38],
where 10 mW /cm3 were successfully harvested with kapton/PET in sliding mode (FIG.
1.17 a)), alarge progress has been reported. Now the highest area power density reaches
50 mW/cm?, meaning a volume power density of 15 W/cm3[40]. This result has been
obtained by using a thin-film-based micro-grating method (FIG. 1.17 b)).

They harvest energy from sliding motion (10 m/s) between complementary micro-sized
surfaces of metal and PTFE.

FIG. 1.17 - a) First reported work on TEG [38] b) TEG with the highest reported area
power density [40].
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Additionally, different mechanical sources of energy have been investigated comprising
wind, water and sound-based energy harvesters. X.Fan et al. have developed a rollable
paper-based triboelectric nanogenerator (PTFE/Cu/paper) for harvesting sound wave
energy (acoustic energy). It is capable of delivering a maximum power density of
1mW /cm3 [41]. More recently, an innovative design was proposed by Chen et al. [42] to
connect multiple TEG units into a network of large scale kinetic water energy harvesting
(FIG. 1.18 a)). Each unit harvest around 0.1 mW/cm?, consequently, the network is
expected to give an average power output of 1 MW from 1 km? surface area (FIG. 1.18,

b)).

FIG. 1.18 - a) TEG units for harvesting kinetic water energy b) TEG units into a network
for large scale applications.

Although, triboelectric harvesters present good electromechanical performances, are
easily processed and low cost, some potential issues still need to be solved. This includes
a comprehension of the fundamental mechanism of contact electrification and the
development of materials with stable and durable characteristics [38].

2.3.3 Variable capacitors:

The conversion of mechanical energy into electricity using variable capacitors is based
on electrostatic concepts. We consider a capacitor consisted of two parallel electrodes
which are electrically isolated from each other by a dielectric material (typically air or
vacuum) FIG. 1.19.

Electrodes

-a "

+ 4+ |+ ++

Dielectric

FIG. 1.19 - Structure of a parallel plates capacitor.
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The capacitance C of such a parallel electrode capacitor is determined by the overlapping
area A and the distance d of the electrodes as well as by the material permittivity &'
between the electrodes according to EQ. 1.7

=4 (1.7)

The permittivity €, can be expressed as a function of the permittivity of vacuum g, and
of the relative permittivity of the material ¢, (dimensionless number) such as & = ¢',.¢,.
When subjected to an external voltage U, the electrodes acquire charges of opposite sign
q proportionally to the capacitance EQ. 1.8.

q=CU (1.8)

A variation of the parameters A,d or &' results in a change of capacitance. For a constant
charge g, a change in the capacitance C (for example, by changing the distance dbetween
the electrodes) will lead to a change in the voltage U. Similarly, if the voltage U is
constant, a change in the capacitance will lead to a change in the charge q. This is the
working principle of the variable capacitor harvester.

Usually, the area and the distance are commonly varied to realize a variable capacitor.
Indeed, these geometric parameters can be easily modified by the kinetic motion (FIG.

1.20).
’ I @
AT
| »
X

FIG. 1.20 - Top view of the two main electrode geometries for variable capacitors. Red
electrode is stationary while shaded electrode is movable. (a) Interdigitated area
changing electrodes. (b) Interdigitated distance changing electrode.

These two common geometries are usually employed to make mechanical motion sensors
(i.e. accelerometers, gyroscopes) but may be adapted for electrostatic energy harvesting
devices. In this case, energy cycles, made of charges and discharges of the capacitor, must
be employed for mechanical-electrical energy conversion. The general idea is to place a
certain amount of energy in the variable capacitor (initially charge) and to use the
ambient vibratory energy to decrease or increase the capacitance by using mechanical
work. It is worth mentioning that the electrostatic harvesters are not self-driven
contrary to piezoelectric harvesters, and require an external power source to initially
charge the capacitor. The two commonly energy cycles are at constant charge or voltage.
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Both cycles are presented to discuss the principles of energy conversion in variable
capacitors.

Charge Q 4

Qmax

&ﬁ\& Y Constant charge
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FIG. 1.21 - Conversion cycles with variable capacitors.
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FIG. 1.22 - Constant charge conversion

The cycle begins when the value of the capacitance is maximum (Cmax). The electrodes
are loaded up to a voltage polarization Umin thanks to an external source. An electric
charge is stored in the capacity Qcst = Umin Cmax (C1). The electrical system is then left in
open circuit (C;), the electrical charge stored in the capacitance is therefore constant.
Thanks to the vibrations, the upper electrode moves with respect to the lowest electrode.
The charge is constant during this step and the capacitance decreases to reach a value
Cmin (C3), which leads to an increase in the voltage at terminals of the capacity Umax = Qecst
/ Cmin. The electrical charges are then removed from the structure throw a resistance
(C4). Recovered energy is the shaded orange area which leads to harvested energy (FIG.
1.21):

1 1
Echt = E Unax Umin(Cmax - Cmin) = E UnaxUminAC (1.9)

Then the system is recharged at Uwin for cycling.
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e (Constant voltage conversion cycle:

The cycle also begins when the value of the capacitance is maximal (Cmax). An electric
charge is injected in the structure via management electronics from a storage element,
for example a battery (T1). Vibrations cause the electrode to move higher with respect
to the lower electrode and induce a decrease of the capacitance. This decrease in capacity
is made maintaining the polarization voltage: the charge decreases Q = CU, hence the
appearance of a flow of current from capacitor which recharges the battery (T2). Then,
when the capacity reaches its minimum value, the charge still present in the capacity is
totally transferred to the battery (T3) in a short time with regard to mechanical
movement. Recovered energy is the blue area which leads to harvested energy (FIG.
1.21):

1 1
Eycst = EUZ(Cmax = Cin) = EUZAC (1.10)

Still based on the principle of variable capacitance, recent research [43-46] shows the
possibility to change capacitance by using liquid movement. Indeed, it is well known [47]
that electrodes in contact with an electrolyte acquire electronic charges on their
surfaces. The electrode-electrolyte interface has been shown experimentally to behave
like a capacitor, and a model of the interfacial region similar to a capacitor can be used
(FIG. 1.23) [47]. This system is called an electrochemical double layer (ECDL).

The charge of the metal is negative or positive with respect to the solution and depends
on the potential across the interface and the composition of the solution. At all times,
however, qm=-qs. The charge of the metal, qu, represents an excess or deficiency of
electrons on the metal surface. The charge of the solution, qs, is made up of an excess of
either cations or anions in the vicinity of the electrode surface.
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FIG. 1.23 - (a) Schematic representation of the electrochemical double layer and (b) its
electrical equivalent.

Using the potential of electrochemical double layers, H.K Pak and collaborators [45]
proposed a new method for electrical power generation. Indeed, they succeed in
modulating charges from electrochemical double layers, creating a capacitive current,
by using mechanical energy.
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In this system, a water bridge is formed between two electrodes (FIG. 1.24 (a)). At the
two interfaces electrode-electrolyte, an ECDL is created (FIG. 1.24 (b,c)) which are
characterized by a capacitance. One of the interface is hydrophilic while the other one is
hydrophobic. Both capacities depend on the contact area, but for the hydrophilic
interface, capacitance is considered fixed. When the distance between the two electrodes
is mechanically modulated, it leads to a modulated contact area for the hydrophobic
surface. Consequently, the two interfacial areas are continuously charged and discharged
from each other, thus generating AC electric current. The harvesting system can be fully
understood by only using variable capacitor considerations.

d ) C
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Coad
Water resistor
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FIG. 1.24 - (a) Diagram of the experiment [45].

In this experiment, they succeed in generating about 1.5 pW of the power leading to a
power density of 0.3 uW.cm-2 for a fixed vibration frequency of f=30 Hz. Even if
industrially speaking, confining a water droplet between two surfaces is not easy, this
approach stays environmentally friendly and promising.

R.Evans & E.Skafidas [43] made an improvement on the ECDL approach. Instead of using,
the movement of electrodes, they achieved the variation of the capacitance by moving
the liquid itself (NaCl solution) (FIG. 1.25 a)). They slide ionic droplets on hydrophobic
interdigitated electrodes and use a low bias voltage to increase the ions accumulation
and thus the global charge. They succeed in harvesting 0.1 mW/cm? at a low frequency
of 6 Hz using a bias voltage of 1.2V. This work demonstrates the possibility of harvest
mechanical energy from droplets, this concept could be coupled with photovoltaic
devices which could still harvest energy in rainy conditions.

D cmmgmen, © |

FIG. 1.25 - a) Power generator based on moving liquid [43] b) power generator from
carbon nanotubes yarn twist [48].
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Recently, S.H Kim et al reported carbon nanotubes yarn harvesters [48] (FIG. 1.25 b))
that electrochemically convert tensile or torsional mechanical energy into electricity
without requiring external bias voltage. In fact, this is still a harvester based on a
variable capacitance. When twisted, the harvester capacitance decreases while
untwisted the capacitance increases. Because a chemical potential exists between the
harvester and the electrolyte, there is an apparition of charges at the interface based on
an effect of electrochemical double layer.

To sum up, the last reported results have shown the vast potential of variable capacitors
for mechanical energy harvesting. Liquid based variable capacitors are promising
technologies and will probably start replacing previous metallic variable capacitors due
to the absence of voltage bias. Nevertheless, these technologies still have to demonstrate
their long-term viability. Particularly, the use of liquid could lead to electrochemical
reactions which could decrease the performances of harvesters over time.

3 Electroactive polymers for mechanical energy harvesting:

Compared to inorganic materials, electroactive polymers are lightweight and flexible
materials making them good candidates for developing flexible generators [49]. The basic
structure of an EAP harvester is quite simple. Usually, the EAP polymer film, typically an
elastomer, is sandwiched between two compliant electrodes and submitted to an electric
field. This field induces stresses and strains in dielectric polymers under three sources:
piezoelectric effect, intrinsic electrostriction and Maxwell’s stress. The mechanical
response can be linear to the electric field (piezoelectricity) or nonlinear (intrinsic
electrostriction and Maxwell’s stress). The piezoelectric effect does not exist in all
dielectric polymers, however electrostrictive effect exists in all dielectric materials even
in piezoelectric materials.

3.1.1 Piezoelectric polymers:

Besides piezoelectric ceramics, there are different polymer classes that can be
considered piezoelectric [50] and they obey analogous operation principles. The first
class are bulk polymers. There are solid polymer films that have the piezoelectric
mechanism through their molecular structure. Semi crystalline PVDF and its copolymer
[P(VDF-TrFE)] and terpolymer [P(VDF-TrFE-CFE)] are the most used and studied
piezoelectric bulk polymers for electromechanical devices. They have the advantages of
mechanical flexibility compared to inorganic materials but present lower piezoelectric
constants (dz3=-13-28 pC/N for PVDF compared to -593 pC/N for PZT-5A).

PVDF can present five distinct crystalline phases related to different chain
conformations. The most investigated are presented FIG. 1.26. PVDF needs structural
requirements (f-crystalline phase) for developing a high dipolar moment and thus
piezoelectric properties otherwise low piezoelectric properties are measured.
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FIG. 1.26 - Crystalline phases of PVDF [51].

The B-phase can be induced by several techniques, including mechanical stretching [52]
of the a-phase, addition of nucleating fillers [53] and the use of external electric field
[54]. This post synthesis treatment increases the cost and time processing. Contrary to
PVDF, copolymers [P(VDF-TrFE)] always presents the piezoelectric B-crystalline phase,
induced by the addition of a third fluoride (TrFE monomer unit) with a large steric effect.
PVDF has also been modified by the introduction of chloride trifluoride ethylene (CTFE)
on the polymer chain, producing the P(VDF-CTFE) copolymer. The piezoelectric
constant, dssz for this copolymer reaches the value of -140 pC/N[55] which is a huge
increase compared to pure PVDF (TAB. 1.4).

TAB. 1.4 - Piezoelectric properties of some PVDF compounds:

Properties PVDF P(VDF-TrFE) P(VDF-HFP) P(VDF-CTFE) P(VDF-TrFE-CFE)

dss (pC/N) -24to -34 -38 -24 -140 -
ds1 (pC/N) 8 to 22 12 30 - -
k33 20% 29% 36% 39% 55%
& 6to 12 18 11 13 55
Y (Gpa) 2,1 1,5 - - 0,5to 1,1

Moreover, the introduction of CFE in P(VDF-TrFE) gives rise to enhanced dielectric
properties with a dielectric constant larger than 55, which is more than 5 times higher
than that of PVDF.
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The integration of piezoelectric polymers was studied by Paradiso and Starner[56], who
developed a system to harvest the energy generated by a human being walking (FIG.
1.27). They used piezoelectric elements (PVDF) beneath the insole of running sneakers.
They were able to produce an average power of 1.3 mW at 0.9 Hz walking pace,
employing a stack of PVDF layers at the toes.

PZT PZT unimorph
Metal PZT unimorph

S

FIG. 1.27 - Integration of piezoelectric polymers in a heel.

The performances of piezoelectric polymers for mechanical energy harvesting are
mainly limited by the high Young’s modulus of these materials ( ~ GPa), which leads to
low strain, and their low piezoelectric charge coefficient d33. An alternative solution to
harvest and convert mechanical energy would be to use electrostrictive polymers which
can develop lower Young’s modulus (~ MPa to kPa) besides high dielectric constant.
These materials can be used as a soft dielectric layer in variable capacitors.

3.1.2 Electrostrictive polymers:
3.1.2.1. Theoretical considerations:

The piezoelectric effect cannot existin a polymer that possesses the inversion symmetry.
By contrast, electrostrictive effect exists in all dielectric materials even in piezoelectric
materials. This is a quadratic dependence of strain on polarization P, EQ. 1.11.

Sij = Qiji PPy (1.11)

where Q;jx; is the charge-related electrostrictive coefficient. EQ. 1.11 can be expressed
using a quadratic dependence of a strain on the electric field E.

Sij = MijklEkEl (112)

where M;j;, is the electric field-related electrostrictive coefficient.

mech
ij

fjlec. The mechanical strain is the strain in the absence
of an electric field which for linear-elastic materials is determined by Hooke’s law.
Applying an electric field introduces electrostatic strain into the total strain. The
electrostatic strain can be separated into two distinct contributions: the Maxwell strain

and the intrinsic electrostriction strain.

Subjected to an electric field, the total strain S;; consists of a mechanical § (elastic

strain) and an electrostatic strain S
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Finally, the total strain S33 along the electric field in the 3-direction can be written as

03

Ss3 =SP4 Sgiee =

+ (Mgéectrostriction 4 Mévéaxwell)E?? (1 1 3)

Where o3 is the stress, Y is the Young’s modulus, Mgectrostriction anq pmMaxwell are the
electric field-related electrostrictive coefficient for respectively intrinsic
electrostriction effect and Maxwell effect.

Sele¢ can be expressed in a different formula [57,58]

a;+a,(1—2v)

1
setec = —ﬁeeo((l +2v) — )E? (1.14)

&

where ¢ is the permittivity of the undeformed material, v is Poisson’s ratio and a4, a, are
parameters describing the variation in dielectric properties of the material with
deformation, they are function of the temperature and the field frequency.

With incompressible materials (Poisson’s ratio=0.5), EQ. 1.14 becomes:

g

setee = (—74‘%)152 (1.15)

In this case, for a strain along the electric field in the 3-direction and in comparison with
EQ. 1.13:

MMaxwell — _ &réo
33 %

(1.16)
i Eoq
Mggectrostrlctwn — >y

3.1.2.2. Intrinsic electrostriction:

Intrinsic electrostriction describes the variation of dielectric properties of a material
with deformation. Deformation affects the relative positions of the dipoles (FIG. 1.28)
and the local electric field of the material, which leads to a change in dielectric
properties.
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FIG. 1.28 - Intrinsic electrostriction effect that originates from direct coupling between
the polarization and mechanical response.

A stressed material is anisotropic and its dielectric properties are described by a second
order tensor g;;

8ij = €6ij + alSij + aZSkk(Yij (117)

where ¢ is the permittivity of the undeformed material, a,,a, are the same parameters
as those used EQ. 1.14

ASi]‘ = (sij - S6ij) = alSij + aszk(Sij (118)

In the case where a material is subjected to uniaxial compression (3-direction) and that
the material tested is linearly elastic EQ. 1.18 becomes.

A£33 = (833 - 8) = a153 + (1 - 21/)(1253
(1.19)

For incompressible materials (Poisson’s ratio=0.5)

Agzs3 = (g33 — €) = 4153 (1.20)

For linear dielectrics, and this is the case for electrostrictive polymers, the dielectric
displacement D is related to E by the second order dielectric tensor.

D; = go&ixEy (1.21)
Which becomes for 3-uniaxial compression

D3 = gge33E3 = €€9E3 + a1€0S3E3 (1.22)
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Using the same notation as EQ. 1.16, EQ. 1.22 becomes
D3 — 80833E3 — €€0E3 +2 M?(’aéectrostriction YS3E3= SSOE3 +2 Mgéectrostriction 0'3E3 (1.23)

Consequently, the MELectTostriction cap he related to the variation of permittivity when a
stress S5 is applied.

golez3  goAes3
2YS; 2033

Mgéectrostriction —

(1.24)

This last equation shows that intrinsic electrostriction can be seen as a variation of
permittivity when a stress is applied on materials. The direct consequence is the
possibility to use electrostrictive materials as a variable dielectric layer. The addition of
a high electrostricitve modulus and low Young’s modulus could lead to huge variation of
capacitance due to changes in distance and change in materials’ dielectric properties.

3.1.2.3. Maxwell stress:

A dielectric polymer can be described as a dielectric layer in a capacitor. When such a
capacitor is charged, positive charges from one electrode are attracted by negative
charges from the other electrode by Colombian attraction(FIG. 1.29).

FIG. 1.29 - Maxwell stress that originates from the Coulomb interaction between
oppositely charged compliant electrodes.

The resulting stress is known as the Maxwell stress and tends to squeeze the polymer
between the charged electrodes, decreasing its thickness and expending its area. These
dimensional changes happen as dielectric polymers are incompressible materials
(Poisson’s ratio=0.5).

In this case, the strain S, due to the Maxwell stress in the thickness direction (3-
direction) can be expressed as [59]:

&€ Ae

Sm = _TEZ = MyaxwenE? = a (1.25)
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Where Y is the Young’s modulus of the dielectric material, v is the Poisson’s ratio,

: L A : .
Mytaxwen 1s the Maxwell electrostriction modulus and e—ethe relative thickness change. In
0

the case of a compressible material and taking account the Poisson’s ratio of the
dielectric material EQ.1.25 would become [58]:

1e&r€0
Sy=—=
M 2 Y

1+ ZV)EZ = 1\/1MaxwellE2 (1.26)

In both cases and for a more rigorous approach, it would be necessary to invoke the
tensor notation but considering an isotropic polymer, the dielectric tensor is reduced to
one permittivity e.

Finally, we get the intrinsic equations of electrostriction by combining EQ. 1.23 and EQ.
1.13 which define the electromechanical response of materials:

D3 — €£0E3 +2 Mgéectrostnctlon O'3E3

o5 o (1.27)
533 — 7 + (Mgéectrostrlctmn + Mél/lgaxwell)E??

3.1.3 Conversion roads:

Different electromechanical conversion roads have been established for converting
mechanical energy into electricity thanks to electrostrictive materials. Due to the
electrostatic nature and the electromechanical activity, activated by the application of
an electric field, two main roads are actually conceivable. The first one is based on
electrostatic cycles (constant charge or voltage), as presented previously in the case of
variable capacitors [60-62]. For this road, electrostrictive polymers must be finely
controlled and charged during different phases: stretching, charging, relaxing and
discharging. It requires a constant control of the polarization source and thus a complex
power circuit in addition to a well-controlled cycle of deformation. The timing of the
application and removal of the charge relative to the stretching as well as the amount of
charge added and removed is a critical step for maximizing the power harvested [62].

A second converting road has been recently employed, which is much easier to
implement because it does not require fine control of the charge and the strain. It is
based on a “pseudo-piezoelectric” behavior [49,63,64], induced by the use of an electric
field bias which may be done using supercapacitors, batteries or piezoelectric elements.
Indeed, electrostrictive polymers are not piezoelectric, it is necessary to induce
polarization with a dc bias to obtain a pseudo-piezoelectric behavior. A better
understanding of the pseudo-piezoelectric behavior can be done comparing the two
systems of electric displacement equations governing electrostriction (EQ. 1.28) and
piezoelectricity (EQ. 1.29).
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D3 = egyE3 + 2 M%ectrostriction o3E; (1.28)

D3 = e53E3 + d3303 (1.29)

For a piezoelectric material, the application of a constraint directly induces the creation
of electric charges thanks to the piezoelectric constant d;;. For an electrostrictive
material, this is not the case in the absence of an electric field (passive material). By
identification, the “pseudo-piezoelectric” coefficient is equal to d3; = 2Mglectrostrictionp,
[65], thus the need for a static electric field for harvesting energy can be fully understood.
In this thesis, this is the pseudo-piezoelectric mode which is employed for recovering
energy.

3.14 Performance parameters of electrostrictive materials for mechanical energy harvesting:

Several parameters influence the power harvested with electrostrictive polymers
including material properties ( M33", Y, &) and external parameters such as sample
geometry or measurement parameters (bias voltage, frequency, etc.). These different
operating conditions make the true comparison of electromechanical performances of
materials quite difficult. That is why the energy conversion capability of electrostrictive
polymers is preferably estimated by using a Figure of Merit (FoM). This is a number used
to characterize the performance of materials independently of external parameters. In a
word, higher will be the FoM, higher will be the power harvested. Earlier publications
[49,66], shown that the FoM of electrostrictive composites is equal to M*-Y and
proportional to (&y(g, — 1)?/Y¢,) leading to a rough proportionality between FoM and &,.
However, some materials such as (PANI)/polyurethane (PU) [67] composites do not
respect this proportionality and show its limitation. M.Lallart et a/. [68] proposed a new
FoM where external parameters are not taken into account, which is equal to the square
product of the intrinsic electrostrictive modulus by the Young’s modulus, divided by the
permittivity.

FoM = (2?”) (M33"Y)?2 (Jm 1V~2cycle™) (1.30)

They demonstrate the accuracy of this new criterion by comparing it with the evolution
of the harvested power and finally find a linear fit. However no proportionality was
found by using the FoM, M* - Y, meaning that the evaluation was false. The main drawback
of this figure is that it does not take into account the losses of the studied dielectric
material. In the same way as permittivity, the material’s conductivity is a critical
parameter for energy harvesting applications. Indeed, if the material is conductive, it
will not be possible to use it as a dielectric layer in variable capacitors. Usually, the losses
are characterized by the loss tangent defined as
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tané = (1.31)

WEYE,

Where o is the net conductivity (imaginary part of the permittivity plus conductivity
from the free charges), ¢, is the relative permittivity, w the electric pulsation. For
lossless material (perfect dielectric), there is no loss and tan§ — 0. It means that the loss
tangent must be maintained as low as possible for dielectric materials. The FoM
proposed by Lallart et al. (EQ. 1.30) tends to be generalized for true comparison between
electrostrictive materials (FIG. 1.30) but for a full vision of material capacities, this
figure must be compared with the loss tangent and that is what we will strive to do in
this thesis. Until now the highest reported FoM was for a composite based on P(VDF-
TrFE-CFE)/CB with a value of 31.5 10-° Jm~1 V=2 cycle™! [68] (FIG. 1.30).
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FIG. 1.30 - Comparison of electrostrictive materials based on the FoM value.

3.1.4.1. Available electrostrictive polymers:

As we have seen previously, the performances of electroactive polymers for energy
harvesting purposes are directly dependent on the material properties (i.e. permittivity,
electrostrictive modulus and Young’s modulus). Better performances can be obtained by
increasing the permittivity and the electrostrictive modulus while keeping the Young'’s
modulus as low as possible. There are many electroactive materials that have been
developed, but few that come close to meeting all of these goals. Two strategies have
been explored to do so: new synthetic polymers and composites. For example, it has been
demonstrated that ferroelectric P(VDF-TrFE) polymers can be converted to large
electrostrictive polymers by the introduction of non polar molecular structure in the
ferroelectric phase[69].

Instead of playing on polymer chemistry, a more versatile approach is to make
composites with conductive fillers, dispersed in an insulating matrix (polymer). These
composites combine high strain capability and have shown good conversion efficiency.
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Actually, the addition of conductive fillers enhances the ability of the composites to be
polarized due to the Maxwell-Wagner polarization effect [70]. This polarization intensely
contributes to the permittivity of composites. The realization of composites is based on
a mechanical approach where fillers are dispersed with the use of a mechanical force. In
this case, homogeneously dispersed fillers inside the matrix is a challenge and can lead
to a poor dispersion. Additionally, the filler addition must be done without reaching the
percolation threshold, otherwise the composite become conductive (tand > 1). A variety
of composites have been realized to come close to the meeting of all of the goals. This
includes a variety of polymer matrix (polyurethane, polyvinylidene fluoride,
polydimethylsiloxane etc.) and fillers (carbon nanotubes, graphene oxide, carbon black
particles, polyaniline etc.).

N.Muensit et al[67] studied electrostriction and energy harvesting performances of
polyaniline(PANI)/polyurethane(PU) composites at low fillers concentration. As
expected, the intrinsic electrostriction modulus increases by a factor 1.6 compared to
pure polyurethane. The material get a value of Ms; of —6.12 1071 m2. V=2 and M;, of
2.77 10718 m2, V=2 for a PANI concentration of 2 wt% at 2V/pm.

D. Guyomar et al.[71] investigated carbon black/P(VDF-TrFE-CFE) composites fabricated
via a simple blending method. This is a middle material based on a piezoelectric polymer
filled with carbon particles. Fillers aim at increasing the dielectric constant and thus the
electrostrictive properties in addition to the piezoelectric properties of the material. The
composite, with 4.7 wt% of carbon black, exhibits a permittivity of 140 and a dielectric
loss of 0.05 at 100Hz compared to a permittivity of 50 and a similar dielectric loss for
pure P(VDF-TrFE-CFE). If no electrostrictive coefficient was reported in this work, this
composite has shown significative increase of the M3; = —2.4 10715 with 1% of CB fillers
in another investigation [68].

Until now, the highest reported electrostrictive modulus [62] based on a composite
approach were on the order of —107*> m?2.V~2 as reported TAB. 1.5 for PU and P(VDF-
TrFE-CFE) matrix. For both matrix, the filler addition has shown significantly increase
of the electrostrictive modulus compared to a neat polymer. The lake of optimization
into the fillers distribution inside the polymer matrix prevents materials from highly
increasing their electrostrictive modulus. Indeed, the dispersion of conductive fillers in
polymers can lead to aggregates and thus decreases the material properties because of
a low Maxwell-Wagner polarization effect.

TAB. 1.5 - Electrostriction properties of the reported works [62]:

Frequency
Content  Dielectric  Frequency Measurement Measurement

Polymer Fillers  [vol %) Constant  of Permittivity (Hz) Mss (M2V2) 1075 of Ma; (Hz)
PU No 6.8 0.1 -1 0.1
PU Sic 0.5 109 0.1 -25 0.1
PU CB 1 15.4 0.1 —4 0.1
P{VDF-TrFE-CFE) No 65 0.1 -1.1 0.1
P(VDF-TrFE-CFE) CB 1 95 0.1 —2.4 0.1
P{VDF-TrFE-CFE) PANI 23 2,000 100 —0.15 1
P(VDF-TrFE-CFE)  PANI 127 600 100 —0.02 1

SiC, silicon carbide; CB, carbon black; PANI, polyaniline.
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J.Yuan [72] recently succeed in achieving more controlled composites (reduced graphene
oxide/PDMS) with huge electrostriction modulus around —10"** m2.V~2 at 0.1 Hz by
using a phase transfer method. The good electrostrictive properties result from the
liquid crystal structure of reduced graphene sheets inside the PDMS matrix. This
increase in electrostrictive proprieties reinforced the idea that improving the filler
distribution inside the matrix could lead to remarkable progress. Nevertheless, the
electrostrictive properties are associated with a relatively high dielectric loss of 2.5
which prevent the materials from being used in energy harvesting applications.

3.1.4.2. Applications and setups for vibrational energy harvesting using
electrostrictive polymers:

The use of electrostrictive materials as the dielectric layer of variable capacitors can
target small, medium and large-scale applications that are not easily achievable with
piezoelectric or electromagnetic materials. Indeed, polymers are robust, low cost and
easily scalable materials compared to conventional materials such as ceramics making
them the elements of choice in some applications such as fluidic energy recovery. In this
context, many prototypes have been developed which are based on the harvesting of
energy from ocean waves. Indeed, oceans are huge potential sources of energy (29,500
terawatt-hours a year), according to the United Nations. Recently, Giacomo.M [73] et al.
demonstrated the ability of a dielectric elastomer to convert the oscillating energy
carried by water waves into electricity. They build a harvester prototype using a
commercial polyacrylate film as electrostrictive polymer (FIG. 1.31). In resonant
conditions, their system demonstrates a delivery power density per unit mass of
197 W/Kg (taking a polyacrylate density of 1.32g/cm3, it means a volume density of
0.26 W/cm3).
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FIG. 1.31 - Large scale harvester based on electroactive polymer.
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Industrials have seen the potential of waves for energy harvesting purpose and start
developing projects. For example, the Bosch Company makes a demonstrator model to
convert wave energy into electricity with a disruptive design (FIG.1.32). A float is
positioned on the surface of the ocean and is firmly anchored at the bottom of the ocean.
The two halves are interconnected by a thousand sheets of dielectric polymers. Every 3
to 10 seconds, these sheets are deformed by the movement of the waves and allow
current to be generated .

Elastomer generators

Power generation using dielectric
elastomer transducers

w';‘cn the buoy is lifted
by a wave, the
elastomer layers

As the wave subsides,
the elastomer relaxes, One electrode is positively
increasing the distance charged, the other negatively.
between the electrodes When the electrodes are close
and thus also voltage. to each other, the voltage
This energy is harvested. between them is low.

FIG.1.32 - Waves harvester from the Bosch Company based on electroactive polymers.
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FIG.1.33 - a) Cantilever harvester based on electrostrictive polymer [74] b) clamp/clamp
configuration.

At microscale, electrostrictive polymers can be used as electroactive layer in cantilever
structures or in c/lamp-clamp setup. Hussein. N et al. [74] have recently presented an all-
organic cantilever (FIG.1.33 a)), integrating an electrostrictive composite based on
reduced graphene oxide sheets in a PDMS matrix. Applying a sinusoidal acceleration
(0,5 g, 15 Hz), they succeeded in harvesting a power density of 6 uW/cm3. This is a good
performance regarding the low frequency that was used. This output density is higher
than the one extracted from polyurethane/ PANI [67] materials but lower than the one
generated by P(VDF-TrFE-CFE) tepolymers, 300 pyW/cm3 [63].

Less integrated setup has been developed to harvest mechanical energy. (FIG.1.33 b)
provides a schematic representation of the setup in a clamp/clamp configuration. The
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material is sandwiched between two compliant electrodes and submitted to a parallel-
electrode strain produced by a shaker. This configuration caused the sample to undergo
a transverse vibration (31 configuration). The clamp/clamp configuration has been used
to characterize several electrostrictive materials [67,68]. The main results are reported
TAB. 1.6.

TAB. 1.6 - Power density of several electrostrictive materials:

Sample f(Hz) g, (atf) Y (Mpa) volume (cm®) Electric field (V/um) Power density (LW/cm3) FoM
PU 100 4.4 40 0,025 10 8 1,50E-11
Nylon 100 14,2 2800 0,05 10 132 4,76E-10
PU 1%C 100 7,5 40 0,025 10 172 3,08E-10
P(VDF-TrFE-CFE) 100 42,0 250 0,025 10 5840 1,11E-08
P(VDF-TrFE-CFE)+1%C 100 74,0 250 0,05 10 8240 3,03E-08

The highest value of power density was reached by Lallart et a/. [68]using a P(VDF-TrFE-
CFE)/CB composite. 8.2mW/cm3 were successfully harvested thanks to pseudo-
piezoelectric cycles. Even if high electric field was employed (10 V/um), the material is
associated with a FOM of 3 10-8 Jm 1V~2cycle™!, showing excellent conversion
properties for this type of composite.

3.1.4.3. Our strategy:

Until now, electrostrictive composites have been mainly studied with polymer matrix
based on high Young’s modulus (polyurethane, P(VDF-TrFE-CFE)). In this research
project, we propose to add conductive or high permittivity nano-fillers to very soft
elastomeric polymers. Addition of such particles is expected to increase the permittivity
of the polymer while keeping the material very deformable. The permittivity
theoretically diverges at the percolation threshold. Although percolated composites
show high conductivity and high loss tangent, near-percolated composites are expected
to increase their permittivity while keeping a moderate loss tangent. Such a compromise
between high permittivity and low conductivity is crucial for using electrostrictive
composites in energy harvesting applications. Composites are typically produced by
processing techniques such as melt-mixing or copolymerization, which provide
randomly distributed particles. Our strategy is to make self-assembled near-percolated
networks of conductive fillers (reduced graphene oxide and black carbon) in PDMS
(polydimethylsiloxane). The self-assembly will be reached by using an emulsion
approach (oil in water or water in oil). This approach could finely control the filler
distribution and thus the interconnected network of conductive particles. Indeed, in the
case of an oil-in-water emulsion, the fillers can be segregated between oil droplets
(PDMS). For water in oil emulsions, the idea is to disperse fillers inside water droplets,
dispersed in the PDMS matrix. After the water evaporation, porous materials with
conductive inclusions will be obtained. This ordered structure is expected to promote
the formation of microcapacitors inside the polymer matrix to afford a high increase of
permittivity while keeping moderate losses.
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4 Electroactive polymers for sensor technologies:

4.1 Future of sensing :

Associated with the fast expansion of the Internet of Things, flexible and stretchable
electronic devices are being integrated in modern electronics at a huge increasing rate.
In particular, wearable pressure and strain sensors have attracted much attention in the
recent years [57-59] due to their potential for a variety of different applications.

The demand for flexible pressure sensors, particularly with high sensitivity in low
pressure regions, is very high. They are required for healthcare and medical diagnosis
systems as well as in electronic systems, in particular for so-called “e-skin” systems [78].
Pressure sensors applied on the human body [79] could provide an exceptional level of
diagnostic and monitoring capabilities. The human body can generate different regimes
of pressure. For example, the low pressure regime <10kPa can be produced by
intracranial pressure, the medium pressure regime <100kPa is generated by the heart
rate or respiration rate [80]. Detection of these low pressures has great importance in
diagnostics in cardiovascular disease or respiratory disorder and the reliability of
diagnostics is directly linked to the sensitivity of pressure sensors.

In contrast, the demand for strain sensors is required for a higher pressure regime
>100kPa. They can be attached on clothing or on the human body for applications in
human motion monitoring in medicine (e.g. bending movements of the hands, arms, legs,
etc.). Other fields, like robotics need stretchable strain sensors. For example, robots with
good sensing abilities could extend their range of applications to include complex tasks
such as caring for the elderly [81].

4.2 Transduction methods:

So as to measure the magnitude of a pressure/strain stimulus, an electrical conversion
must be done. Several methods for accomplishing this conversion has been studied
including piezoelectricity, piezoresistivity and variable capacitance (sometimes called
piezocapacitance).

4.2.1 Piezoresistivity:

There are many possibilities for a material to change its resistance in response to a
pressure or a strain including changes in the geometry, changes in the contact resistance
between two materials and changes due interpaticle separation in composite materials.

The resistance of a material is defined as:

R=—=— (1.32)
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Where p is the resistivity, o is the conductivity, e is the thickness and A is the area of the
material. In the case of piezoresitance due to geometrical effects, the thickness or the
area change with the strain induced by pressure.

Two types of sensitivity can be defined for a sensor:

e The firstis the sensitivity of the resistive sensor to strain, which is usually defined
by the gauge factor (GF). It is the relative change of resistance R (2—§), where Ry is the

resistance unstrained, to the mechanical strain (¢) as

GF=2R_20 142
=R e v (1.33)

If the material does not change its resistivity under strain (ie. Ap = 0), the gauge factor
is only due to geometrical effects and is simply

GF=1+2v (1.34)

The GF is equal to 2 in the case of incompressible materials (Poisson’s ratio=0.5) and
for metallic strain sensors. FIG. 1.34 shows the typical structure of a metallic strain
sensor whose resistance changes when the metal foil is strained. The change in the
resistance is classically characterized using a Wheatstone bridge. Due to its rigid
structure, the metallic strain sensor is used for small mechanical strains in rigid
engineering structures.

SOLDER
TERMINAL

FIG. 1.34 - Metallic strain sensor.

Some other solid materials demonstrate a piezoresistive effect and develop a gauge
factor superior to 2. This is the case for some semiconductors that can develop a resistive
gauge factor a hundred times higher than that of metals [82]. The semiconductors
generally used are germanium and silicon (amorphous or crystallized). They are based
on a change of the carrier mobility (holes and electron) under strain which leads to a
change in the resistivity/resistance [83]. However, solid sensors like metal or
semiconductor sensors, need high pressure to be strained. Even if high GF has been
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obtained, these sensors are incompatible with low strain regimes and are mainly
employed in technical environments. Moreover, they only support limited strains under
5%, above the gauge mechanically fails.

e The second type of sensitivity is the sensitivity of the resistive sensor to pressure,
which is usually defined by the gauge factor (GF) divided by the Young’'s modulus of the
material.

ivity ¢ _ AR AR GF
sensitivity to pressure = oR; YeR, ¥ (1.35)

Two main strategies have been explored to increase the pressure sensitivity. The first
one is based on piezoresistive polymer composites which are easier integrable into small
devices. The main mechanism, which leads to a change in resistivity of the composites,
is the breaking and reforming of percolating pathways. These composites can be
prepared by dispersing conductive fillers such as carbon black (CB), carbon nanotubes
(CNT) or metallic nanoparticles into elastomers such as poly(dimethylsiloxane) (PDMS).
Many of the reported resistive-type sensors function employ microstructuration of their
composites. Indeed, the sensitivity to pressure can be highly improved by making
materials porous with foam or sponge approaches. One of the first reported sponge
structure for resistive sensors is based on porous PDMS filled with carbon nanotubes
prepared by a sugar cube template (FIG. 1.35 a)) [84]. Their material can be stretched
and compressed up to 90%. Yao et al. [85] proposed a pressure sensor based on
microstructure fractured graphene-wrapped PU sponge (FIG. 1.35 b)). The resistivity
changes because of the variation of the contact PU nanofibers during compressive
deformation cycles. The sensitivity reported is 0.26 kPa-1. However, even if the reported
sensitivities are good, the complexity of controlling the pore morphology with sponges
or foam is a drawback for this approach.
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FIG. 1.35 - a) Resistive sensors based on porous PDMS filled with CNT prepared by a
sugar cube template [84] b) Fractured graphene-wrapped PU sponge [85].

The second strategy is based on microstructuration of the active material. In this case,
the change in resistance is due to the change of resistance in the contact interface
between electrode and active material. Choong et al[86] patterned PDMS with
microsized pyramids (FIG. 1.36 a)) with PEDOT:PSS coating. This structure leads to a
piezoresitive electrode in which electrical resistance change with pressure. The resistive
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sensor achieved a sensitivity of 10.3 kPa-1 when stretched by 40% thanks to the very
small shape factor of the PDMS pyramids. They succeeded in measuring human pulse
waveform thanks to their technology. Based on the same pyramid microstructuration,
Zhu et al. [87] developed a pressure sensor with r-GO as resistive electrode with a
sensitivity of -5.53 kPa-! in the low pressure regime. However, the main drawback of this
pyramid approach is the necessity of a very sensitive patterning process (Si mold)
making the process, time consuming and less reproducibility.

FIG. 1.36 - a) Resistive pressure sensor based on PDMS microsized pyramids [86] b)
Pulse wave signal recorded with PDMS pyramids sensor [86].
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[80] summarized the performances of the last reported works in piezoresistive flexible
pressure sensors TAB. 1.7. Sensitiveness of the main works are broadly dispersed from
0.26 kPa-1[85] to 133 kPa-! [88] with variable limits of detection.

TAB. 1.7 - Performances of the last reported piezoresistive flexible pressure sensors [80].

Active materials Sensing mechanism  Flexibility/stretchability Minimum detection  Maximum detection Sensitivity

Graphene/PU spange Flexible 9Fa 10kPa 0.26 kPa™
Palypyrrole Piezoresistive Flexible 1Pa 1 kPa 133 kPa!
hollow-sphere

R-GO foam Piezoresistive Flexible 163 Pa 4% kPa 15.2kPa"
CNT(PDMS parous Piezaresistive Stretchable [30%4) 0.25 kPa 100 kPa

PEDOT:PSS/PUD Piezoresistive Stretchable [50%) 3P BkPa 10.3 kP!
micropyramid

CNTs/PDMS inter- Piezoresistive Flexible 0.2Pa 59kPa 15.1 kPa™'
locked microdome

R-CO micropyramid Piezoresistive Flexible 1.5Pa 14 kPa 5.5 kPa™
SWCNTs/PDMS Piezoresistive Flexible 0.6 Pa 1.2 kPa 1.8 kPa
microstructure

Microstructured gold Piezoresistive Flexible 104 Pa 15kPa 50.17kPa !
thin film

Pressure-sensitive Piezoresistive Flexible 10kPa 0kPa

rubber {PSR) OFET

PSR SWONT-FET Piezoresistive Flexible TkPa 20kPa =
PSR nanowire Piezoresistive Flexikle 0.5kPa 15kPa 105 ps kP!
(NW)FET

4.2.2 Piezocapacity:

Contrary to piezoresitive sensors, capacitive strain sensors are based on the variation of
the capacitance. They are usually established with two stretchable electrodes between
whom is placed in an elastomer dielectric film to form a well-known parallel plate
capacitor.

The capacitive gauge factor is given by:
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o AC
= (1.36)

Where C, is the initial capacitance (C, = €,¢, ei), AC is the capacitive change under the
0

strain (€), ey is the thickness at rest and A the area . The deformation brings the
electrodes closer together (geometrical effect), resulting in an increase in capacitance.
The theoretical value of GF for incompressible materials due to geometrical changes is

_AC (1+8)Co - C

GF =—=
eCy eCy

=1 (1.37)

The development of deformable electrodes for capacitive strain sensors is one of the
main requirements. Many capacitive strain sensors are based on CNT electrodes coated
on elastomer such as PDMS [89,90]. Cohen et al. [89] developed CNT-based percolation
electrodes in a capacitive strain sensor FIG. 37. The sensor showed reliability and linear
performances with the highest reported GF (0.99 very close to the theoretical value) for
a capacitive strain sensor.

(b) Schematic (c) SEM (d) Mounting

FIG. 37 - Capacitive strain sensor based on CNT electrodes [89].

Additionally, Yao and Zhu [91] described a capacitive strain sensor in which AgNWs were
used as electrodes and Ecoflex as a dielectric layer. The sensor showed a linear response
to large tensile strain up to 50% with a gauge factor of 0.7. The wearability of the sensor
was demonstrated with the human body's movement, for example to monitor the skin
strain associated with fingers.

Recently, S.R Kim et al. [92] developed a transparent and stretchable thin film capacitive
strain sensor based on patterned Ag nanowire networks (AgNWs) on PDMS (FIG. 1.38).

P~
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FIG. 1.38 - Capacitive strain sensor based on interdigitated AgNW electrodes [92].
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Because of the interdigitated pattern, they used, for making the electrodes, the GF was
increased to —2.0 and they can detect strain from 0 to 30%. The GF is larger than GF for
traditional parallel plate capacitive sensor and leads to good linear response.

The majority of the reported works are based on piezocapacitance due to geometrical
effects. This approach leads to small gauge factors around 1-2.

e The second type of sensitivity is the sensitivity of the capacitive sensor to
pressure, which is usually defined by the gauge factor (GF) divided by the Young’s
modulus of the material.

AC  AC _GF
oRy YeR, Y (1.38)

sensitivity to pressure =

So as to get a high-pressure sensitivity, alow mechanical modulus is required. Therefore,
dielectric polymers with small Young’s modulus are traditionally used such as PDMS or
Ecoflex. In this context, the capacitive sensitivity of the pyramid-structured PDMS film
was investigating too. A sensitivity of 0.55 kPa-! was reported compared to 0.02 kPa-! for
an unstructured film[93]. The structured film aims at subtly changing the permittivity
value of the sensitive layer under pressure. Indeed, when the structured film is
compressed the displaced volume is air, which has a lower dielectric constant (e=1.0)
than PDMS (e~3.0). For increasing sensitivity to pressure, many groups [76,93,94]
decided to integrate dielectric polymers as a gate dielectric layer in OFET (organic field
effect transistor). Indeed, OFET could play the role of amplification and thus improve the
sensibility. Still using the pyramid-structured PDMS and its integration in OFET,
Schwartz et al. [76] advanced high sensitivity (8.4 kPa-1) (FIG. 1.39 a)b)).
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FIG. 1.39 - Pyramid-structured PDMS and its integration in OFET.

Even if low power consumption has been reported (<1 mW), the OFET needs to be used
with a high bias voltage (-200 V), which could constitute a limitation for wearable
electronic. Instead of using OFET, the sensitivity amplification can be obtained by using
microhair structure[95]. This structure can transfer very subtile variation of pressure to
sensor and maximize the contact between irregular surfaces, like skin, to sensor (FIG.
1.40 a). Integrating pyramid-structured PDMS as sensor, C. Pang et al. developed a device
with a sensitivity of 0.58 kPa-1.
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However, a decrease in the sensitivity and a large hysteresis were observed during
consecutive runs (FIG. 1.40 b)). This is mainly du to the slow recovery time of microhairs
that are supposed to collapse after higher applied pressure.
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FIG. 1.40 - Pyramid-structured PDMS as sensor.

[80] summarized the performances of the last reported works in piezocapacitive flexible
pressure sensors (TAB. 1.8). Sensitiveness of the main works are broadly dispersed from
158.6 kPa-1[94] to 0.5 kPa-? [93] with variable limits of detection.

TAB. 1.8 - Performances of the last reported piezocapacitive flexible pressure sensors
[80].

Active materials Sensing mechanism  Flexibility/stretchability ~Minimum detection =~ Maximum detection Sensitivity
Flucrosilicone/air gap Capacitance Flexible 0.5 kPa 190 kPa 0.91 kPa™
lonic Capacitance Stretchable [500%] 1 kPa 40 kPa -
Ecoflex Capacitance Stretchable [50%] - 1.3 MPa 1.6 MPa™'
Ecoflex Capacitance Stretchable [ = 50%) 50 kPa 1 MPa 0.23MPa™"
Porous PDMS/air gap Capacitance Stretchable [30%)] 2.5Pa 20 kPa 0.7 kPa™'
PDMS microhairy Capacitance Flexible - 5 kPa 0.58 kPa™
Suspended gate OFET Capacitance Flexible <0.5 Pa 20 kPa 158.6 kPa™
PDMS microstructure Capacitance Flexible 3Pa 20 kPa 0.55 kPa™'
OFET

PDMS microstructure Capacitance Flexible - 60 kPa 8.2kPa™'
OFET

In addition to constant efforts for improving the sensitivity, self powering the sensor is
become a major concern. This unique combination of high sensitivity and energy
harvesting will facilitate applications in wearable electronics. Park et al [96] first
reported a stretchable energy-harvesting electronic-skin device capable of detecting
subtile pressure changes and generating energy from mechanical. The sensor is
composed of an air gap between a porous PDMS film and a single-walled carbon nanotube
(SWCNT) film (FIG. 1.41 a)b)). The change in the capacitance is due to the change in the
distance between the top and bottom electrodes. The capacitive sensor is capable of
power generation through surface charges on the PDMS surface induced by UVO
treatment (FIG. 1.41 c¢)). Thanks to a triboelectric effect, charges are moved between the
two electrodes when their distance is changed, resulting in current flow in an external
circuit. A pressure sensitivity of 0.7 kPa-! is achieved in the pressure region <1 kPa with
power generation of tens of yW/cm? from a gentle finger touch.
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a)

FIG. 1.41 - Capacitive sensor capable of power generation.

423 Our strategy:

Many efforts have been devoted to the developpement of flexible and wearable
pressure/strain sensors for applications in human activity monitoring and personal
healthcare. Sensibility has constantly been enhanced by integrating the sensor elements
with an OFET or by using microstructure film. Both strategies have drawbacks. Firstly,
OFET need to be used with a high bias voltage to present high sensitivity. This could,
consequently, be a limitation for wearable electronic. For the second, the main drawback
is the necessity of a very sensitive patterning process (Si mold) making the process time
consuming and less reproductible.

Compared to piezoresistive devices piezocapacitive sensors offer some advantages such
as lower power consumption and better reproducibility. The resistivity is subjected to
environmental and specific conditions (humidity, temperature, damage, etc.) which
could lead to unreliable data. Besides, controlling the piezoresistivity of composites is
complex due to the breaking and reforming of percolating pathways. By contrast,
piezocapacitive sensors are easier to process and easier to shape into different forms.

In this research project, we propose to develop capacitive pressure sensors with
electrostrictive materials. Indeed, until now capacitive pressure sensors are based on
variations of permittivity due to the displacement of air on pyramid-structured PDMS.
We believe that taking advantages of permittivity variation of electrostrictive materials
and the use of low Young’s modulus elastomeric polymers, we could create highly
sensitive pressure-sensor materials.

Furthermore, as electrostrictives materials can be used for mechanical energy
harvesting, pressure sensors based on this approach could lead to self powered sensitive
components. Without a doubt, the integration of sensors will be met through the
emergence of sensing systems with power generation.
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Until

Take home message — Chapter 1

now, electrostrictive composites have been mainly studied for actuator

applications. That is why, we have chosen to focus our research on designing new

electrostrictive materials for two other promising applications: mechanical energy

harvesting and sensors.

il=

The first objective is to develop electrostrictive materials. We propose to add
conductive or high permittivity nano-fillers to very soft elastomeric polymers.
The composites will be obtained by using emulsion approaches (oil in water or
water in oil). Nearly-percolated composites are expected to increase their
permittivity while keeping a moderate dielectric losses and conductivity.

The second objective is to use the previous developed electrostrictive materials
for vibrational energy harvesting. We want to measure their recovering
capabilities and generate electrical energy in response to mechanical vibrations.
The integration of the materials into electromechanical systems, as close to
applications as possible will be pursued.

The last objective is to develop capacitive pressure sensors with electrostrictive
materials. We believe that taking advantages of permittivity variation of
electrostrictive materials and the use of low Young’s modulus elastomeric
polymers, we could create very pressure-sensitive materials. We want to finely
characterize materials as sensors and developed a proof of concept of their
relevance in this field.
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Materials and methods for the

production of electrostrictive
composites and their
characterization

Summary:

This chapter is first devoted to the impedance measurements. We present general
considerations on impedance and practical methods for measuring dielectric properties of
materials. We developed characterization methods and setups for the measurement of the
electrostrictive coefficients and the power recovering of dielectric materials. Finally, we expose
two new routes to synthesize electroactive composites via emulsions templating effects. The first
is based on an oil-in-water emulsion loaded with reduced graphene oxide conductive fillers. The

second is based on a water-in-oil emulsion loaded with carbon black fillers.
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1.1 Impedance measurements:

1.1.1 General considerations on dielectric materials:

A dielectric is an electrical insulator that can be polarized by an applied electric field. In
these materials, because very few charges are free, the circulation of a significant electric
current is prevented. However, the charges present can move locally under the action of
an external electric field E and cause the change of the barycenter of charges, producing
a dielectric polarization P.

From a microscopic point of view, several phenomena occur under the effect of an
electric field, leading to the polarization [1]:

e Flectronic polarization : this is the movement of electronic orbits compared to
the nucleus.

e Jonic polarization: this is the movement of ions in the crystal lattice.

e Orientation polarization: this is the orientation of the microscopic electric
dipoles.

e The interfacial polarization: this is the movement of free carriers at interfaces
between different phases constituting the material. It mainly occurs in composite
materials. This polarization is also known as Maxwell-Wagner-Sillars (MWS)
polarization.

At lower frequencies, the four polarizations contribute to a high value of permittivity ¢ ".
As the frequency increases, the contributions made by each type of polarization
disappear one after the other as presented FIG. 2.1 .

’ Interfacial

polarization
l Orientation Electronic
polarization lonic polarization
polarization
1 Flo

T T
10 mHz 100 Hz 1 MHz 10GHz 1THz 100 THz 10PHz

FIG. 2.1 - Frequency variations of the real and imaginary parts of the dielectric
permittivity

As we are interested in the frequency range (10-106 Hz), interfacial and orientation
polarizations will be responsible for high values of the real part of permittivity €.
Increasing the polarization in the materials will lead to higher values of permittivity.

The permittivity can be extracted from impedance measurements. The next paragraphs
are devoted to this measure.

62



Chapter 2 - Materials and methods

1.1.2 Impedance:

Impedance (Z) is a crucial parameter used to characterize electronic circuits and
materials. By definition, Z is the total resistance that the material offers to the flow of an
alternating current (AC) at a frequency (f). This is a complex number consisting of a real
part Zp, and an imaginary part Z;,, as defined by (EQ. 2.1) [2]

U
Z*ZZRe+jZIm=T (2.1)
With |j|? = —1, U is the complex voltage and I complex current.

Because impedance is a complex value, at least two values must be measured to find the
impedance. Modern impedance meters measure the real and the imaginary parts of the
impedance and convert them into the chosen parameters such as the capacitance (C) and
the resistance (R).

In a perfect world, capacitors would only store and release electrical energy, without any
dissipation. However, real capacitors are not purely capacitive and can deviate from an
ideal behavior in a number of ways. The main parasitic effect is the leakage current due
to a finite material’s resistance. Consequently, some amount of current pass through the
capacitor when a constant voltage is applied.

Impedance of an ideal capacitor, impedance Z. is given by:

Zi=—o .

Where C is the capacitance and w the angular frequency (w = 2rf). But for a non-ideal
(real) behavior, leakages are modeled as resistance R in parallel with an ideal capacitor
C, as represented FIG. 2.2.

[ -1
| C ]

—{ R

FIG. 2.2 - Ideal capacitor in parallel with a resistance.

In this model, the equivalent impedance Z;, for a parallel configuration is given by EQ.
2.3.

) 1
_}COH_E (2.3)
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EQ. 2.3 can be rewritten for emphasizing the real and imaginary part of the equivalent
impedance:

R R%Cw
7 = — 2.4
® = 1 ¥ R%C%? 1+ R2C0? @4

Consequently, the resistance R and the capacitance C values of the sample can be
calculated using real Re (Z ) and imaginary part Im (Z q) of the impedance as follows:

R =Re(Z},) (1 + ::zgeg)

(2.5)
—Im (Z q)

w (Re2(2sg) + Im?(2,) )

1.1.3 Compensation procedure:

The measured value by the impedance meter is always a combination of the real value
and the instrument’s residual impedance [3]. It contains errors compared to the real
value. Many artefacts affect the value of impedance due to residual impedance of the
measurement circuit. For example, wires, electrodes and test fixtures add residual
impedances to the impedance we want to measure. As the goal of the measurement is to
have the real impedance value of materials, a compensation must be operated. To do so,
an equivalent circuit (quadripole) for the experimental impedance device must be
considered (FIG. 2.3).

"eNCESS I
a

Q
Vi [ "\ VO zsample

FIG. 2.3 - Impedance equivalent circuit

In this equivalent circuit, each contribution of the parasitic impedances can be
distinguished:

* Z, includes the impedance generated by the cables and plugging, as represented
FIG. 2.3 by the circuit @ Z,' can be reduced by shortening the length of the cables

leading to the electrodes or by using coaxial wires.
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e Z, includes the impedance generated by polarization at the electrodes Zgyc.ss and
Zy', as represented FIG. 2.3 by the circuit Q. This impedance is positioned between
the input reference plan (Z;, V;, I;) and the material (Z, Vo, o).

The goal of the compensation procedure is to remove the parasitic impedance Z,, Z,
from the measurements to get Zsympie, the real impedance of the tested material.

The determination of the different terms of the circuit @, leads to the resolution of the
hybrid matrix defined as follows (EQ. 2.6) [3]:

0=t ) () 0

Where H;; are the terms of the hybrid matrix (Hy, is an impedance, H,, is an admittance,
Hi, and H,; are numbers), V; and [; are the input voltage and current. V, and I, are the
output voltage and current. Every H;; contain polarization and parasitic information.

EQ. 2.6 is equivalent to EQ. 2.7:

Vi = Hy1l; + HiV,

(2.7)
Iy = Hpyl; + Ha,Vy
As the power is conserved in the passive quadripole @, (P = ;V; =1,V,), Hi, = Hy;.
Zsample 1S given by Zsampie = II/—" so EQ. 2.7 can be rewritten as follows:
: iz
i
7 Mt Zi (2.8)
' 7 — Hy,
sample

In order to know completely the hybrid matrix, three measurements must be performed:

e Ashortcircuit measurement, done by putting in contact the two electrodes of the
) . . . v

test fixture. In this case, Zsgmpe > 0, which leads to lim —=H;; =Zg,
Zsample—0 Ii

enabling the determination of the first hybrid matrix term.

e An open circuit measurement, done by letting far away the two electrodes (large

: . . : : Vi
air gap) of the test fixture. In this case, Zsgmpie = %, which leads to  lim —=
Zsample™® I
H} . N . . .
Hiq —H—“ = Zyc, enabling the determination of a relation between hybrid matrix
22

terms.
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e A reference material reference, done by measuring the impedance of a material
which has an already known impedance Z,.r. We decided to use a pure PDMS

polymer sample as reference. In this case:

Hf
Hyp + 1 = Zref measured (2.9)
7 - HZZ
ref

Where Z,¢f measurea 1S the measured value of Z,.¢. It leads to the determination of

the last hybrid matrix term Hy,:

Hiy — Zoc
Zref measured — H11

2.10
Zyer(1+ (2.10)

)

Finally, the determination of the real value of the tested material Zgyype will be
determined by the measured value of impedance Z,,.qsureq given by the impedance meter
at a given frequency, with:

1

Zsample = 2
2.11
Hy, + Hi ( )

Zmeasured - Hll

With Hyq,H,,, Hi, are determined by the short circuit, open circuit and reference
measurements as follows:

Hip = \/sz(Hu — ZocHy3)

Hi1-Zoc
Zyer(14
ref Zref measured—H11

1.1.4 Relation between capacitance, resistance and conductivity, permittivity:

As seen previously, the response of materials to alternating fields is characterized by an
equivalent complex impedance, given by (EQ. 2.4):

R R%Cw
7 = — 2.4
T T RC0? 1+ RCP0? 24

As complex permittivity Z;, depends on material geometry (thickness and area),
complex permittivity €*(w) will be used to characterize materials independently of its
dimensions (EQ. 2.12).
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jd

O wAZ*(w)

(2.12)

Where A is the material’s surface and d its thickness. Since the response of materials to
alternating fields is characterized by a complex number, it is natural to separate its real
and imaginary parts, which is done by convention in the following way:

e (w)=¢ —je" (2.13)

Where €' is the real part of the permittivity, €'’ is the imaginary part of the permittivity.
Henceforth, the two contributions of the permittivity are calculated using the following
equations from values of R and C.

dc d
,_dac no 4 2.14
£ & T WAR (2.14)

EQ. 2.14 shows that real part of the permittivity is directly links to the capacitance of the
material while the imaginary part is links to the dielectric loss. Sometimes, the complex
conductivity is preferred to the permittivity. For a given excitation (w fixed), ¢*(w) is
homogeneous to jwe*(w), which allows establishing the following relation.

0" (w) = jwe" (w) (2.15)

where 6" (w) is the complex conductivity (by convention ¢*(w) = ¢’ + jo'" ) and £*(w) the
complex permittivity. EQ. 2.15 leads to the relations between real and imaginary parts
of the conductivity and permittivity.

d
o'(w) =we"(w) = 1R

wdC
o'"(w) = we'(w) = e

(2.16)

The real part of the complex conductivity ¢'(w), can be seen as the material’s
conductivity at fixed w due to its finite resistance R and geometric dimensions. Actually,
this conductivity is linked to the dielectric loss of the material from the related charges.
Nevertheless, dielectric composites contains both free charges and related charges. They
may conduct electrical current by adding conductive charges beyond percolation
threshold and may exhibit polarization when an alternating electric field is applied
thereto. This is an intermediate case between pure dielectric and conductive materials.

In this case, the conductivity due to free charges op. (independent of the electrical
frequency) must be added to the complex conductivity:
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0" (w) = op¢ + jwe" (W) (2.17)

Thus
o' (w) = gpc + we" () (2.18)

where ¢'(w) denotes all the phenomena leading to an energy dissipation. g, represents
the loss due to free charges (Joule’s effect) and we'(w) represents the dielectric
relaxation. In practice, the DC contribution is always measured by the impedancemeter.
When one is interested only in the phenomena of polarization, this contribution must be
subtracted. For the rest we will only focus on the real parts of the conductivity and the
dielectric constant: ¢'(w) and &'(w) which are linked to the materials dimensions thanks
to the relations (EQ. 2.19):

R = d = d C—ASI 2.19
"~ A(opc + we"(w)) Ao T4 (2.19)

For simplification reasons, ¢'(w) and ¢'(w) will be noted respectively ¢ and «.

1.1.5 Dielectric loss:

The loss tangent, tand, can be defined as the ratio between the real part of the
conductivity o'and the imaginary part ¢ as defined by:

o' opctwe’ o
tan6 :T:DC—,:— (220)
o wEe we

In the case of pure dielectric materials (no conductivity due to free charges), the loss

rn

tangent would be simply Z—, This loss tangent can be understood as the gap of a material

to the perfect capacitor. It represents how lossy the material is for AC signals caused by
the dipoles orientation and by conduction. For isolating materials, tan§ — 0 while for
conducting materials tané > 1.

1.1.6 Practical procedure for measuring €', o and tan 8 as a function of frequency:

The experimental impedance measuring device is shown FIG. 2.4 and its general
principle is described below. The capacity (C) and resistance (R) measurements are
performed across the thickness of the samples. They are loaded between two metallic
disc electrodes (stainless steel) that have a diameter of 24 mm. The top electrode is
controlled by a micrometric screw and a piezoactuator (Physik instruments P-842.30,
travel range 45 um) allowing a fine control of the applied strain. € and R are measured
under a voltage of 1000 mV applied in the frequency range of 10—10¢ Hz using a
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computer-controlled impedance analyzer (Bio-Logic Impedance Analyser, MTZ-35). The
previous described compensation procedure is used to remove the parasitic impedance
(Q) of the sample holder and to get the real value of the material properties as a function
of the frequency (f = Zf). € and o were then calculated from EQ. 2.19 after measuring the

geometry of the sample. The dielectric losses, tand (w) , were calculated from e(w) and
o(w) by using EQ. 2.20. All the experiments were performed at room temperature.

source sense

I,
Impedancemeter micrometricscrew|
+ piezoactuator
7 v, C

electrode\

materia Q

FIG. 2.4 - a) Impedance setup b) electrical equivalent of the setup
1.2 Determination of electromechanical performances:

1.2.1 Measurement and calculation of the intrinsic electrostrictive modulus M3; in
static configurations:

As defined previously in Chapter 1, intrinsic electrostriction can be seen as a variation
of permittivity, Aes3, when a stress is applied to material in the 3-direction :

Agsz
2YS;

Meéectrostriction _
3 =

This a consequence of a change in the conductive fillers repartition due to the stress.
However, the stress induced a strain leading to a change in the distance between the
electrodes and a change of the material’s permittivity. Both changes lead to a variation
of the capacitance AC. For measuring the intrinsic electrostriction, only the contribution

. - e . : A
relative to the change of the material’s permittivity will be considered. As C = % at rest,

the variation of the capacitance for small deformations and considering an unchanged
surface, can be written (EQ. 2.21):

AC Ae A
oL _oe_zoe (2.21)
Cc £ e

. , . - e e CA
Thus, the contribution relative to the change of the material’s permittivity is A= Ts,
where C, ¢ are the capacitance and the permittivity at rest. Although, the contribution

. . . CA . .
due to the change in thickness is Aé= —Te, where e is the thickness at rest.
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Thus, by measuring the change in capacitance ACz; using the impedancemeter, we can,
after removing the contribution due to the change in distance, calculating Aes.

The last step for calculating Mgectrostriction  js to estimate the Young’s modulus. The
Young’s modulus of the materials is measured using a tensile tester (Instron Model
4505). The initial dimensions (width and thickness) are measured before mounting the
sample between the fixed and moving jaws. The force-displacement responses are
acquired for each sample at a displacement rate of 0.067 mm s-1.

FIG. 2.5 - Uniaxial traction using Instron.

The tests ended when the specimens fractured. The Young’s modulus is determined by
measuring the slope of stress-strain curves in the elastic domain.

Consequently, we have all the desired information for the determination of
Mglectrostriction [ndeed, Aez; is measured by the impedancemeter, S; is precisely
controlled by the piezo actuator and Y is measured by the uniaxial traction machine.

1.2.2 Vibrational energy harvesting setup:

The experimental setup illustrated in FIG. 2.6 is used to determine the recovering
performance of the materials. It consists of a piezoelectric actuator (Physik Instrumente
P-842.30) driven by a function generator (Keysight 33611A Waveform Generator) that
applies a sinusoidal or square mechanical strain at a chosen frequency. The sample is
placed between two electrodes: the top electrode is connected to the piezo actuator and
moves at the same frequency as the actuator, the bottom electrode is fixed to the sample
holder and does not move. As such, a modulated strain is applied along the thickness of
the material. The strain is controlled by a computer linked to a function generator which
controls the stroke of the actuator. An electric field E,. is applied to the composite along
the height (3-direction in FIG. 2.6) by a DC generator. To measure the current and
generated power, a load resistance (R) 1is connected in series with the
sample.The voltage U, over the resistance is recorded by an oscilloscope (Keysight
InfiniiVision 1000 X) and the current is determined using the Ohm’s law (I = Uy /R;)
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FIG. 2.6 - Schematic of the experimental setup

1.3 Formulation of the emulsion based electrostrictive composites:

1.3.1 0il in water emulsion:

1.3.1.1. Materials:

The PDMS (polydimethylsiloxane), Sylgard 184, is purchased from Dow Corning as a kit
of PDMS base and curing agent. The range of temperature for stable performances is —55
°C to 220 °C. This parameter is essential to avoid any degradation of the composite
materials during the thermal reduction treatment of graphene oxide. The aqueous
solution of graphene oxide (GO) monolayers is purchased from Graphenea, and the GO
concentration is about 0.4 wt%. The GO particles are nonconducting. We first reduce
them into reduced graphene oxide(r-GO) using a chemical reduction. 50 mL of solution
at 0.4 wt % is heated under reflux for 1 hat 110 °C in the presence of 120 mg of ascorbic
acid and 10 g of Tween 60. The solution turns from brown to black. The surfactant Tween
60 (Sigma Aldrich) allows us to stabilize the dispersion in water. The mean GO sheet size
is about 2—3 pm. The solution is centrifuged in order to increase the GO concentration.
Centrifugation is performed with a Sorval RC 6+, rotor SE-12, centrifuge at 22000 rpm
(i.e.,, 50 000g) for 45 min. After centrifugation, the supernatant is removed. The bottom
phase that contains GO monolayers is collected. The solid content of the material is
determined by dry extracts after evaporation of the water under the vacuum at 100 °C.
The mean final weight fraction of rGO is 5.8%.

1.3.1.2. Preparation of the composites:

The present method consists of building networks of carbon based fillers in between
emulsion droplets of cross-linked PDMS polymer. Direct emulsions are made of oil
droplets dispersed in an aqueous phase (see FIG. 2.7). As liquid drops are deformable,
they can pack efficiently with a very small amount of remaining water continuous phase.
The possibility to use water-based dispersions which are well controlled and which can
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be stabilized with commercial surfactants is a major advantage of this approach. A
mixture of PDMS and curing agent (10% in weight with respect to the PDMS phase) is
first prepared as the oil phase (step a) FIG. 2.7). Emulsions are prepared by
progressively adding the oil phase to an aqueous solution of Tween 60 surfactant under
mechanical stirring provided by a mechanical mixer (IKA Eurostar 40 digital) (step b)
FIG. 2.7). The gap between the paddle and inner wall of the container is about 7.5 mm.
The surfactant weight fraction in the water phase is 4 wt %. Oil is added dropwise until
its weight fraction reaches 85 wt % (step c) FIG. 2.7). Shear can be increased by raising
the rotational speed of the mixer in order to form smaller droplets. The size of the
obtained droplets is characterized using a Mastersizer Malvern 2000 particle size
analyzer. The droplet sizes are broadly distributed using mechanical stirring. They range
from 80 to 15 um.

i 0il phase
® Curing agent @ R R-GO solution ‘

Oil in water emulsion

Curing + evaporation

g) — ) Bt
Ry — ) — R
Composite 5

FIG. 2.7 - Scheme of preparation steps of the composites.

The emulsions are then gently mixed with a rGO aqueous dispersion (step d) FIG. 2.7).
The number of fillers is varied in order to obtain different filler loadings in the final
composites obtained after drying and curing. The emulsions loaded with the carbon-
based fillers are placed in circular homemade Teflon molds (step f) FIG. 2.7). The
diameter of the Teflon molds is 40 mm. Solid materials are obtained by evaporating
water from the emulsion and by curing the PDMS polymer. The obtained samples are
under the form of elastomer disks with a black color. They look perfectly homogeneous
on a macroscopic scale. In order to obtain a comprehensive reduction of GO particles,
the samples are heated at 200 °C for 2 h.

1.3.2 Water in oil emulsion:

1.3.2.1. Materials:

The emulsion consists of an aqueous solution of carbon black droplets dispersed in a
matrix of PDMS and a curing agent. We use the following procedure (FIG. 2.8). The oil
phase is prepared by mixing PDMS (Dow Corning), the curing agent (Dow Corning, 10%
in weight with respect to the PDMS phase), and the surfactant lauryl PEG-8 dimethicone
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(Silube J208-812, Siltech, 5.0 wt% of the final mixture) (step a) FIG. 2.8) . The water
phase is prepared by mixing 5 g of arabic gum (Sigma Aldrich) and 95 g of deionized
water (step b) FIG. 2.8). The desired concentration of carbon black powder (Alfa Aesar)
is added and the mixture is tip sonicated for 1 hour at 400 W to homogeneously disperse
the carbon black (CB) particle (step c) FIG. 2.8). The emulsion is prepared by
progressively adding the carbon black solution to the oil phase under manual stirring up
to a mass ratio of water:oil=1:1 (step d) FIG. 2.8). The mean droplet size depends on the
viscosity of the continuous phase and ranges between 10—30 pum. The water-in-oil
emulsion loaded with carbon black particles is spread with a stencil that has a depth of
500 um on a plastic surface with a diameter of 24 mm. A second plastic surface is placed
on the spread emulsion such that the emulsion remains confined between two flat
surfaces. Solid materials are obtained by curing the PDMS polymer without evaporation
in a warm water bowl (90°C) for 4 hours (step e) FIG. 2.8). The relative humidity in these
conditions is 100%. Then, the solid material layer is removed from the two plastic
surfaces and dried in an oven for 1 hour at 150°C (step g) FIG. 2.8). As PDMS is permeable
to water vapor, droplets from carbon black solution dried and leave a structure with
spherical-shaped pores covered by carbon black particles. Curing and drying are critical
stages which strongly influence the final morphology of the porous composite.
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FIG. 2.8 - Scheme of the preparation of the microporous materials with pores covered by
carbon black particles.

1.4 Scanning Electron Microscopy (SEM) analysis:

Each material was cut at its edge to reveal the view of the material’s inner structure. A
tabletop SEM Microscope Hitachi TM3000 was used to analyze the structure with the
15kV mode to get the best resolution.

1.5 Sensibivity measurements:

The experimental setup illustrated in FIG. 2.9 is used to determine the pressure-induced
capacitance changes for linear loading-unloading cycles. Capacitances were measured
using the Agilent E4980A Precision LCR meter at 1 kHz frequency with a 1 V a.c. signal.
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The connections between the point at which the shielding ends (BNC) and electrodes are
kept as short as possible. The internal correction functions (cable length correction,
open and short corrections) of the LCR-meter are used to correct errors due to the test
fixture and the test leads. To perform the open correction, BNC and wires are connected
to the electrodes and LCR-meter. A 5 mm air gap is maintained between the electrodes.
The short correction is made by shorting the two electrodes. A DHR-3 rheometer (TA
Instruments) is used as mechanized z-axis stage and force gauge. A top electrode is
connected to the z-axis stage while the bottom electrode is fixed. The rheometer applies
linear loading-unloading cycles to the sensing materials. The force, the displacement, the
capacitance and the resistance are measured through an interfaced computer.

LCR-meter
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FIG. 2.9: Experimental setup for pressure sensing measurements a) photographs of the
setup b) equivalent scheme.
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Take home message - Chapter 2

This chapter presents general considerations on impedance and practical methods for
measuring dielectric properties of materials. Then, we expose two new routes to synthesize

electroactive composites via emulsions templating effects.

1. Wefirst describe the way we measure the dielectric properties of materials and how

we deal with the parasitic impedances.

2. We develop characterization methods and setups for the measurement of the
electrostrictive coefficients and the power recovering of dielectric materials. This
method provides an evaluation of the electromechanical properties while the

materials are submitted to mechanical compressions.

3. Two process paths have been created for making electrostrictive composites. The
first is based on an oil-in-water emulsion loaded with reduced graphene oxide
conductive fillers. The second is based on a water-in-oil emulsion loaded with
carbon black fillers. We expect to finely control the dielectric properties for
developing materials with high permittivity while keeping the conductivity very

low.
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Electrostrictive response and

piezoresistivity of r-GO composites
based on an (0O/W) emulsion
template.

This chapter is based on the following article:

Luna, M Pruvost, ] Yuan, C Zakri, W Neri, C Monteux, P Poulin, A Colin. Giant Electrostrictive Response and

Piezoresistivity of Emulsion Templated Nanocomposites. Langmuir, 33 (18), 4528-4536, 2017
Summary:

Using an emulsion road and optimizing the dispersion process, we prepare polymer-reduced
graphene oxide (rGO) composites. The introduction of conductive nanoparticles into polymer
matrices modifies the electronic properties of the material. We show that these materials exhibit
giant electrostriction coefficients in the intermediate filler concentration (1.4 wt %). This makes
them very promising for applications such as actuators but their dielectric losses prevent them
from harvesting applications. In addition, the piezoresistivity measured in the high filler
concentration situation exhibits a GF around 6 for a low 8% strain. This opens the way to use
these materials for resistive stress or strain sensor applications considering their giant

responses to mechanical deformations.



Chapter 3 - Electrostrictive response and piezoresistivity of r-GO composites based on an (0/W) emulsion template.

1 Introduction:

The investigation of the electrical properties of composites has been driven by the
technological importance of developing flexible materials with high permittivity. In
particular, these materials are convenient for building a flexible and low-cost electronic
in the fields of sensing and energy harvesting [1,2]. To do so, the use of conductive fillers
in an isolating polymer matrix is an interesting solution to increase the permittivity of
materials. The dispersion of these fillers causes a charge accumulation at the interface
between the insulating matrix and the conductive particles [3]. These free charges
therefore contribute to increasing the interfacial polarization and thus the permittivity
as described in Chapter 2. However, they also contribute to the increase in static
conductivity ap of the material. Indeed, when the concentration of the fillers approaches
a critical value called the percolation threshold, the fillers come into contact with each
other and a continuous path extends through the material. At this point, an abrupt
change occurs in electrical properties of the composites (FIG. 3.1): both conductivity (o)
and permittivity (&) diverge. The distribution of fillers in polymer matrix plays a key role
in the value of the percolation threshold, which is influenced by the particle shape, size
and orientation [4-6]. The challenge will consistin finding the best balance between high
permittivity and low dielectric losses.
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FIG. 3.1- Schematic evolution of electrical properties (¢,0) as a function of the fillers
concentration near the percolation threshold (dashed black line). a) randomly dispersed
b) below the percolation, dispersed fillers start aggregating but no main conducting path
exists ¢) above the percolation, dispersed fillers are aggravating and main conducting
path exists d) filler network is fully percolated.

Before presenting our results based on r-GO/PDMS composites, let’s provide a
comprehensive understanding of dielectric composites formulation and identify the
issues and difficulties.
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1.1 Percolation theory:

The theory of percolation was originally used as a simple model of statistical physics to
describe disordered systems [7]. However, this theory is very powerful for describing
the electrical properties of heterogeneous materials (composite materials) and their
huge changes as illustrated FIG. 3.1.

1.1.1 Evolution of the conductivity:

When highly conductive fillers (of;e,) are added to an isolating matrix (Omgqtrix), an
abrupt change of conductivity is observed in the vicinity of the percolation threshold,
especially if 0fjjjer>>0marrix- At this concentration, the composite displays a metal-

insulator transition from an electrical point of view. In percolation theory, three
behaviors can be distinguished depending on the fillers concentration [8]:

o f < f:(FIG.3.1a)):thereisno percolating path, the matrix isolates the conductive
fillers. o, is described by EQ.3.1.

0c X Umatrix(fc - f)_s (3-1)

where s is a critical exponent (s =0.7 - 1.3), f. is the percolation threshold and o,
refers to the composite conductivity.

e |f—f:l - 0 (FIG.3.1c)):

u 1-u
Oc X Gmatrixafillers (3'2)

t
where u = —
t+s

e f > f-(FIG. 3.1 d)): the conductivity of the composite o, is mainly determined by
Ofiiier as described by (EQ.3.3)

o X Ufillers(f_fc)t (3-3)

where f is the filler concentration, f; is the percolation threshold and tis a critical
exponent (t =1.1 - 2.0)

1.1.2 Evolution of the permittivity:

When the filler concentration is approaching the percolation threshold, from below, the

composite permittivity e, starts diverging as described by equation (EQ.3.4) [8,9]
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& X gmatrixlf_fcl_s (3-4)

where s is a critical component close to 1. This equation illustrates that huge permittivity
values can be achieved in composites as |[f — f¢| = 0

The dramatic change of permittivity, near percolated network, is physically explained by
the formation of large conducting clusters, which are separated by a small layer of
dielectric material (polymer matrix) [10]. This effect creates local microcapacitors,
which contribute to an increase in the intensity of local electric field when the conductive
fillers are adjacent to each other near the percolation threshold. The local electric field
helps the migration and accumulation of electric charges, injected from the external
electrodes, at the interfaces between the fillers and the matrix. This interfacial
polarization (Maxwell-Wagner effect) induced an enhancement of the composite
permittivity at low frequency [11].

1.1.3 Variable permittivity (electrostriction):

For applications in the field of variable capacitors (energy harvesting and sensing), high-
permittivity materials with low-dielectric-loss, in frequency ranges of interest, are
required. The drawback of high-permittivity materials is that the high permittivity
originates from the structure of microcapacitors close to the percolation threshold which
makes the control of the structure extremely challenging. The window for high-
permittivity materials and low-dielectric-loss is very narrow. It means that a small
deviation in the concentration can lead to huge electrical changes. Nevertheless, these
electrical changes can be smartly used to create electrostrictive materials. Indeed, when
a close to percolation material is strained, a local variation of filler concentration Af can
be induced. Consequently, a variation of permittivity Ae is observed leading to an
electrostrictive material as represented FIG. 3.2.

i

percolation threshold

FIG. 3.2 - Variation of permittivity due to local fillers concentration changes
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The variation of permittivity can be used to highly enhance capacitance variations when
variable capacitors are submitted to strains. Indeed, when electrostrictive material are
used as dielectric layer, capacitance variations result from thickness variation A. and
from permittivity variation A, (FIG. 3.3). Althought, when classic dielectrics are
submitted to strain, low capacitance variations are observed because resulting from low
geometrical changes (As).
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FIG. 3.3 - Effect of electrostriction on capacitance variations.

1.2 Interest of reduced graphene oxide flakes:

1.2.1 Description and properties:

In the field of conductive particles, graphene flakes have attracted interest due to their
uncommon properties such as high electrical conductivity [12] or high mechanical
strength (Young’s modulus of 1 TPa [13]). These excellent properties show the high
potential of graphene to improve physico-chemical properties of polymers in the field of
composites. Graphene composites have varied applications for energy and related
systems. Indeed, they have been mainly exploited as electrodes for supercapacitors or
batteries [14,15], and for fuel cell membranes[16]. For a structure point of view,
graphene flakes are pure bounded carbon atoms with atom-thick 2D structure and a
large aspect ratio (FIG. 3.4 a)).

a)

FIG. 3.4 - Graphene materials. a) Graphene b) Graphene oxide (GO) c) Reduced graphene
oxide (r-GO)
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Nevertheless, graphene flakes have a main drawback: their insolubility in water and
organic solvents making the production of graphene based composites difficult. To
facilitate their dispersion, the oxidized version of graphene flakes (graphene oxide—GO)
is preferred. The main advantage of GO compared to its non-oxidized counterpart is its
ability to form stable solutions in several solvents [17]. A variety of oxygen
functionalities (-OH, =0, and—COOH) considered as “defects” are located at the edge
(FIG. 3.4 b)). These new groups make the GO flakes soluble in water and in polar
solvents[17]. However contrary to graphene, graphite oxide is an electrical
insulator[18]. This lack of conductivity is a bareer to the making of high-permittivity
materials. For restoring electrical properties, a reduction of the oxygen groups can be
performed by several methods such as chemical reduction or thermal reduction. More
than 50 types of reducing agents have been studied to chemically reduce graphene oxide
[19], including very toxic agents such as hydrazine[20] or softer agent such as L-ascorbic
acid [21]. Each method leads to variable restoration of the electrical properties[19]. The
thermal method is a greener method because no hazardous chemicals are used. However,
this process requires a high temperature heating (above or around 1000 °C [22])for
evaporating oxygen functional groups. This is a limitation for the selection of polymer
matrix that can host the fillers. Indeed, many polymers do not bear such high
temperature and start decomposing. For examples, the weight loss of PDMS begins
around 250 °C [23] and some polyurethane products may begin their degradation at
temperature as low as 150 °C [24]. Because no degradation of the materials is desirable,
we assume that working at low temperature will lead to partial recovery of the electrical
properties.

1.2.2 Self assembly of the GO flakes: a way to decrease electrical losses:

Recently ].Yuan et al [4], have shown experimentally that graphene flakes could self-
assemble into nematic liquid crystals before the percolation threshold. This new result
provides an interesting road for making composites with graphene oxide flakes as
conductive fillers (FIG. 3.5). Indeed, this phenomenon would make possible the use of
graphene for making high permittivity composites because it will promote the formation
of locally large microcapacitors. Moreover, a low conductivity is expected as conductive
contacts are reduced.

¥ » [fillers]
~N
7\
\\/

Isotropic structure  Nematic structure Percolation

FIG. 3.5 - Reduced graphene oxide nematic-percolating transition as a function of the
fillers concentration. r-GO flakes are symbolized by black rods.

The process requires a chemical modification of the GO flakes with a diblock copolymer
polyaminopropylmethylsiloxane-b-PDMS (FIG. 3.6 a)). This functionalization aims at
transferring GO flakes from a water-based solution to an organic one (diethyl ether)
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where PDMS can be solubilized (FIG. 3.6 b)). The possibility to dissolve GO flakes into
the organic phase eases their dispersion into PDMS. After a curing and evaporation steps,
a solid material is obtained (FIG. 3.6 c)). Thanks to this strategy, they successfully
developed a PDMS-r-GO composite which exhibits a permittivity of 753 at 100 Hz along
with a loss tangent of only 0.4.
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FIG. 3.6 - Liquid crystalline graphene-based PDMS composites
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1.3 Strategies to disperse conductive fillers:

The distribution refers to the arrangement of all the phases with respect to each other.
A more controlled distribution of the fillers inside the polymer matrix could prevent
particles from forming conductive paths and keep the microcapacitors isolating.
Additionally, it could ensure a homogeneous distribution of conductive particles within
the material. This strategy could expand the formulation window and lead to materials
with high permittivity and low conductivity. The filler distribution is directly linked to
the fabrication process of composites. In this context, several processes have been
developed to achieve this goal. A first dispersion path has been described in the previous
paragraph, where a phase transfer was employed [4].

Other examples of fine dispersion were achieved by further methods:

e by in-situ polymerization of monomers in the presence of the fillers. Usually, in-
situ polymerization leads to better fillers/matrix interactions which could
enhanced electrical and mechanical properties. Numerous works have used this
method for making CNT/polymer composites. For example, M.Cochet et al
developped composites by polymerisation of aniline with CNT [25].

e Dby solution casting where the matrix and the filler particles are dispersed in a
common solvent. K. Wongtimnoi et al. [26] dissolved and homogenized PU
granules in N,Ndimethylformamide (DMF). Meanwhile fractions of carbon black
particles were dispersed in DMF using an ultrasonic probe. P.Fan et al [27]
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dispersed, with ultrasonic method, r-GO flakes in dimethylacetamide (DMAc) at
the same time as PVDF powder.

e by mixing polymer beads and fillers by mel/t processing. Compared to solution
mixing, melt mixing is considered cost-effective because no solvent is used.
Nevertheless, studies suggest that polymer mixing provides lower level of filler
dispersion as other methods [28].

1.4 Our approach:

The present Chapter draws attention to the elaboration of r-GO-PDMS composites made
by an O/W emulsion approach. As described in detail in Chapter 2, the materials are
synthesized by mixing r-GO sheets and PDMS emulsion droplets in water. r-GO-PDMS
emulsions are molding, curing and drying to finally get solid materials.

1.4.1 Reduction paths:

The recovery of the electrical properties was achieved by two steps: an 7/n and ex-situ
reductions. As we are limited by ex-situ thermal reduction of the composites at 200 °C
due to the PDMS degradation, this reduction will lead to partial recovery of the electrical
properties. For improving the reduction, we have chosen to associate this thermal step
with an /n-situ chemical reduction. This step is directly performed on the GO commercial
solution by using L-acid ascorbic (vitamin C) as chemical agent. The latest has been
preferred to other chemicals thanks to its low toxicity for humans and environment[21]
and has shown good electrical properties recovery[21]. It is worth noticing that the
success of the chemical reduction can be observed easily as the graphene oxide solution
turns from brown to black when the flakes are reduced.

1.4.2 Dispersion process:

Contrary to the usual dispersion processes, we have chosen to work with an
unconventional method to disperse the conductive fillers: the emulsion approach. This
is a recent strategy to efficiency homogenize the composite where PDMS droplets will
play the role of molds for the r-GO fillers. It has been recently described by A.Luna et
al[29] with PDMS/CNT composites. They studied the role of the drying-curing procedure
as well as the importance of the emulsion droplet size. For an emulsion size 1 order of
magnitude higher than the length of the carbon nanotubes, they measure a giant
permittivity larger than 20 000 at 100 Hz and a conductivity of 104 S/m (tand = 1.8).
Unfortunately, the dielectric losses remain too high for using the material as the
dielectric layer in capacitors. The origin of the dielectric losses may be attributed to the
absence of nematic structuration in the case of CNT. Actually, when the filler
concentration increases, the CNT evolve from an isotropic structure to a percolating one.
The last one builds an interconnected network of conductive particles and increase the
losses.

84



Chapter 3 - Electrostrictive response and piezoresistivity of r-GO composites based on an (0/W) emulsion template.

The use of r-GO flakes could delay the percolation as they self-structure into a nematic
phase. From a structural point of view, the PDMS droplets will be larger than r-GO flakes
and will force the conducting particles to accumulate in the Plateau borders. Compared
to in-situ polymerization of PDMS with randomly dispersed r-GO sheets, this template
effect presents several advantages. First, r-GO sheets can be efficiency dispersed in the
aqueous phase of the emulsion, by using commercial surfactants. As water is
environmentally friendly, the possibility to use this solvent is a major process
advantage. We chose to work with Tween 60 as dispersant ; this preference was
motivated by the absence of electrical charge on this surfactant (non-ionic surfactant).
As we will apply, electrical fields to the composites, chemically inert surfactants were
preferable. Second, the mixing of the oil phase (PDMS droplets) and the aqueous phase
(r-GO solution) will be gently operating as the r-GO solution will be fully soluble in the
PDMS emulsion. Plus, PDMS emulsion and r-GO solution are both dispersed by the same
non-ionic surfactant (Tween 60). Finally, after water evaporation and cure, we could
expect a nematic distribution of the fillers between the PDMS droplets (FIG. 3.7). Thus a
greater degree of control of the conductive inclusions is expected. Indeed, the r-GO
emulsion double the possibilities to reduce the dielectric losses by first segregating the
fillers between the PDMS droplets and then by orientating the r-GO in a parallel system.

template effect

Nematic structure __|

Nanocomposite (side view) = micro capacitors [ &

r-GO

PDMS emulsion

(~ d=20 pm)
+Surfactants

FIG. 3.7 - Focus on the r-GO sheets distribution between the PDMS droplets.
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2 Results and discussion:

2.1 Microscopy and emulsion distribution:

For keeping the PDMS droplets, curing and drying are critical stages as they take place
simultaneously and could lead to coalescence. Indeed, two characteristic times have to
be controlled: the curing time (PDMS curing) and drying time (water evaporation). Fast-
drying and slow curing times lead to the formation of faceted drops (FIG. 3.8 a) b) ¢))
where r-GO flakes are located at the Plateau borders. The slow curing time aims at
deforming the PDMS drops before their solidification and to highly pack them. The
electronic microscopy pictures confirmed the lamellar phase structure of the r-GO
between the droplets. This orientation of the platelets lowers their contact probability
which results in a greater percolation threshold and limited dielectric losses. The
dynamic light scattering (DLS) is used to determine the size distribution profile of the
PDMS emulsion. The size distribution is log normal with a mean diameter <d> of 15 pm
(FIG. 3.9). It is important to keep in mind that the size of the PDMS drops have to be
larger than the r-GO fillers so as to decrease the possibility to build a fully connected
network of conductive fillers.

PDMS drop GO

FIG. 3.8- Electronic microscopy (SEM) pictures of rGO composite at different scales. d)
schematic illustration of the r-GO/PDMS emulsions
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FIG. 3.9 - Size distribution of the PDMS emulsion, mean diameter =15 pm.

2.2 Dielectric measurements:

2.2.1 Influence of the reduction on the dielectric properties:

As previously discussed, the recovery of the electrical properties was achieved by two
steps: an /n and ex-situ reductions, with respectively a chemical and thermal methods.
The use of the two paths is justified by the poor dielectric properties in absence of any
thermal treatment. Indeed, FIG. 3.10 a) and b) show the evolution of the permittivity and
conductivity before and after the thermal reduction. Although a permittivity around 10
at 100 Hz was measured for the 1.4 wt% sample, the thermal treatment helped it to get
a value around 640. An increase in conductivity by a factor 100 was also observed (FIG.
3.10 b)). The thermal reduction of the r-GO flakes into more reduced graphene clearly
lead to enhanced properties. The further reduction of r-GO is macroscopically observable
by a change of color. As shown FIG. 3.11, the poorly conductive samples are dark brown
but after the thermal reduction the color of the r-GO samples become completely black.
In the following part, all the samples have been treated by both reduction methods.
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FIG. 3.10 - Influence of the thermal reduction on the a) composites permittivity b)
composites conductivity.
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‘l

FIG. 3.11 - Photographs of the r-GO/PDMS composites before (left) and after (right) the
thermal reduction.

2.2.2 Dielectric response as a function of the filler concentration:

FIG. 3.12 displays the electric conductivity (o), the relative permittivity (¢&,), and the loss
tangent (tand) at 100 Hz and room temperature for different r-GO samples. The electrical
conductivity increases as a function of the r-GO concentration (FIG. 3.12 blue scale). The
percolation threshold is reached for a weight fraction of about 1.3 %. Bellow (0.8 wt%)
and above (1.4 wt%) the threshold, the composites show an insulator-to-conductor
transition with an increase in the conductivity of a factor 40 at 100 Hz. Theoretically, the
composite conductivity should vary as o, X Gpyuerix(fe — f)~° below the percolation
threshold. The FIG. 3.13 a) shows the good fits of experimental data to theoretical
behavior with s around 1.5 and f. = 1.3 wt% . Above the percolation, the conductivity
should vary as o, < dfyers(f — )t which is confirmed FIG. 3.13 b) with t around 1.4 and
fe = 1.3 wt%. The change in conductivity happens at the same time as an intense increase
in the permittivity (permittivities are 410 and 3180 at 100 Hz for respectively 0.8 and
1.4 wt%). Below the percolation, the variation of the permittivity is theoretically
depicted by the power law: €, < &,4trixlf — fel™5. FIG. 3.13 b) confirms this evolution with
s = 1.2 as critical exponent and fc = 1.3 wt%. It is worth noticing that similar values of
the critical exponent s have been obtained, below percolation, for both conductivity and
permittivity studies.
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FIG. 3.12 - Relative permittivity ¢’, (black triangles) and electrical conductivity o (blue
squares) at 100 Hz as a function of the r-GO concentration obtained after solidification
of the matrix.
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FIG.3.13 - a) logarithm evolution of the conductivity at 100 Hz in function of the absolute
difference f-fc, below the percolation (red squares), fc=1.3 and s=1.5; above the
percolation (blue triangles), fc=1.3 and t=1.4 b) logarithm evolution of the permittivity
at 100 Hz in function of the difference f-f., below the percolation. f.=1.3 and s=1.2

As the volume fraction of r-GO is sometimes preferred and used in the literature[30], the
weight fraction f can be transformed into the volume fraction v by using the equation

(EQ.3.5):

f (3.5)
Prco

1T

v =

Prco PppMs

where p,co and pppys are respectively the densities of r-GO (2.26 g/mL) and PDMS
(1.05g/mL [31]). Thus, the weight percolation threshold corresponds to a volume
fraction of 2.2 vol%.

We note that higher percolation thresholds were found in previous r-GO/polymer
studies. Indeed, L. Seveyrat et al. [32] developed graphene based composites using
solvent dispersion. The percolation threshold was found to be different for the two
systems: 7.2% vol. for the r-GO/polyurethane films and 3.0% vol. for the r-GO/ P(VDF-
TrFE-CFE) one. Permittivities of 70 and 120 were respectively measured at 100 Hz
associated with loss tangent of 0.05 and 1.

2.2.3 Comparison with CNT/PDMS composites:

The electrical properties and percolation thresholds achieved with graphene based
composites are often compared with those reported for CNT/polymer. A high percolation
threshold has been found for our r-GO composites (1.3 wt% ;2.2 vol%) compared to the
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CNT based (0.2%wt [33]). This variation is due to the shape of the r-GO particles. As
previously described, the platelets are known to exhibit an isotropic-nematic transition
at low concentration below the percolation transition. Correlations of orientations of the
platelets lower in fact their contact probability which results in a greater percolation
threshold. This analysis is confirmed by electronic microscopy pictures that point out
the lamellar phase structure of the rGO between the droplets (FIG. 3.8).

2.2.4 Dielectric response as a function of the electrical frequency:

FIG. 3.14 displays the frequency dependence (from 102 to 106 Hz) of the electric
conductivity (o), the relative permittivity (&), and the loss tangent (tand) at room
temperature with different r-GO contents. At low r-GO concentrations, the permittivity
exhibits a slow decrease trend along with the increasing frequency (FIG. 3.14 a)). After
the percolation threshold (1.3 wt%), the permittivity curves exhibit a different profile
as they significantly decrease exponentially in function of the frequency. For example,
the permittivity of the sample (1.8% wt) exhibits a decrease from 1000 to 40 as the
frequency changes from 100 to 10°. Above the percolation threshold and for all of the r-
GO samples, the conductivity depends on the frequency, and no plateau is evidenced even
at low frequencies (FIG. 3.14 b)). Usually, for composites made with conductive fillers,
the conductivity is mainly caused by the leakage current. The latest should lead, above
the percolation, to a conductivity op. independent on frequency. However, our results
suggest a large contribution of dielectric losses to the conductivity instead of the free
charges carriers. For low r-GO concentration, the dielectric losses are below 0.4 for the
total frequency range. Above the percolation, the increase in the loss factor is the direct
result of the considerably enhanced conductivity of the composites (FIG. 3.14 ¢)). A value
of 3 at 100 Hz is measured for the two samples at 1.4 and 1.8 wt%. For the highest value
of filler concentration, a dielectric loss around 1 is measured. This decrease in the losses
is a consequence of the huge measured permittivity (&4 ¢, = 10°).
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10° 10° 10% 10°
f (Hz)

FIG. 3.14 - a) Evolution of the conductivity as a function of the frequency for various r-GO
concentrations. 0.6%wt (yellow circle), 0.8%wt (green crosses), 1.4 %wt (purple square),
1.8%wt (red left triangle), 4%wt (black stars). b) Evolution of permittivity as a function
of the frequency for various rGO concentrations (same symbols as in panel a). ¢) Evolution
of tan(d) as a function of the frequency for various rGO concentrations (same symbols as
in panel a).
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2.2.5 Influence of the r-GO concentration on the electrostriction modulus:

The electrostriction of our composites is measured directly by linking impedancemetry
and piezoelectric actuator (see Chapter 2 for method details). In this method, a very low
voltage 1 V is used (corresponding to a field of only 0.8 V/pm). The dielectric properties
are measured using an 8% strain in the mechanical linear regime. Both electrostrictive
contributions (MRS and MYAx¥welly were distinguished. We note that contrary to
previous reported works[32,34], the Maxwell response is very close to the intrinsic
response and that this effect can not be neglected.

TAB. 3.1 - Evolution of the Young modulus, &, at 100 Hz, M}3*Well and MIRtrinsic a5 3
function of the rGO concentration.

Wt% r-GO 0,6 0,9 1,4 1,8 4
Y (kPa) 1.0 10? 2.110! 2.75 10? 3.0 102 9.5 10!
& (100Hz) 1.23 10! 4.10 10 3.18 10? 9.09 10? 7.99 10
Maxwell
M3 (100 Hz) -1.09 10715 -1.74 1071 -1.0210% -2.68 1071 -7.4210 12
Intrinsic
M3 (100 Hz) -4.79 10716 -4.75 1071 -1.5110% -6.11 1071 -1.80 10713
Intrinsic
100 Hz
Q35 ( ) -4.77 10 -3.74 103 -1.91 10 -9.46 10! -3.60 10
-12
10 3
~ | 2
| -13
> 10 7+ i
[\l
g
S
= 14 | 2
g 10 -
=& | 2
= | 2
-15
107" 5 5
| 2
0 1 2 3 4

r-GO concentration (wt%)

FIG. 15 - Evolution of the absolute value of the electrostrictive coefficient MARETnSic ¢
100 Hz as function of the r-GO weight fraction.

M35 values are always negative whatever the concentration of r-GO (TAB. 3.1) and
increase as a function of the filler weight fraction. Giant M{Rt"Si¢ yalyes, as high as -1.8
X 10-13 m2V-2 at 100 Hz are measured for f = 4wt %. However, this value comes with a
high relative value of dielectric loss, equals to 1 at 100 Hz. This makes them unsuitable
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for energy harvesting in spite of their giant electrostriction. Indeed, building an
autonomous device requires very low losses in order to avoid discharging during the
action phases. We also investigate the effect of graphene liquid phase of the near-
percolated r-GO/PDMS composites (0.9 wt% and 1.4 wt%) on the electrostrictive
modulus. Respectively, -4.75 X 10-15 and -1.51 X 10-14 m2V-2 were measured,
corresponding to a significative variation of permittivity from 41.3 to 54.8 and 318 to
881 for the 0.9 wt% and 1.4 wt% samples. This important electrostriction is due to the
applied pressure which leads to contact changes between the particles and changes in
their orientation. Unfortunately, high value of loss tangent 2.5 for 1.4 wt% and 2.8 for
0.9 wt% were measured at rest. We note that the performances of these materials
remain classical and similar values have been reported for r-GO/PDMS composites.
J.Yuan et al. [34] developed composites formulated by a phase-transfer method which
allows the solubilization of GO flakes into nonpolar solvents. An intrinsic electrostriction
of -1.2 X 10-1* m2V-2 was reported with a loss tangent around 2.5 at 0.1 Hz. We also note
that previously reported CNT/PDMS composites [33] exhibit similar electrostriction
Miptrinsic — 1013 m2V~2 than our materials but with lower dielectric losses : tan § = 0.5
at 100 Hz below the percolation threshold (0.2 wt% of CNT).

2.2.6 Piezoresistivity:

The resistivity of the sample indeed varies as a function of the compression. It decreases
when the sample is compressed, and the sample exhibits negative piezoresistivity. This
effect is due to the change of the contact conditions for electronic conduction such as
break in contact upon compression. FIG. 3.16 displays the evolution of the gauge factor

GF = ROR—_YRS as a function of the r-GO weight fraction, where Ry is the value of the strained
0

sample and Ry the initial value.

7 -

(AR/R )/y

>

3 >
>

0 1 2 3 4
r-GO concentration (wt%)

FIG. 3.16 - Evolution of the gauge factor as a function of r-GO weight fraction
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The gauge factor increases from 2.5 to more than 6 above the percolation threshold. The
latter value is higher than the metal resistive strain gauges which typically exhibit gauge
factors in the range of 0.8—3. Similar values have been reported for graphene based
composites. C.Yan et al.[35] reported a stretchable piezoresistive graphene-
nanocellulose composite which exhibits a GF around 6 but for a strain up to 80% while
only 8% strain was required in our case. However, higher GF have been measured for
CNT/PDMS composites based on the same templating effect as our work [33]. The GF
increases from 1 to more than 1000 above the percolation threshold (2 wt% of CNT).
This higher performance is due to the easier change of the contact conditions when rod
fillers (CNT) are preferred instead of flake fillers (r-GO). Nevertheless, the
piezoresistivity we measured in our work, still opens the path for making low cost and
flexible resistive strain sensors. Note that a full validation of the sensor applications, it
would require further characterizations, including studies of cycling repeatability,
reversibility, linear, or nonlinear calibration.

3 Conclusion:

We developed electrostrictive composites based on liquid crystalline r-GO flakes in a
PDMS matrix. The intrinsic electrostriction of composites was directly measured and
isolated from the Maxwell effect. The structure of graphene flakes promotes the
formation of microcapacitors which leads to an enhancement of the dielectric response.
Composites display high permittivity up to 105. The reported giant electrostrictive
modulus, make the dielectric properties very sensitive to external mechanical stimuli.
However, high dielectric losses were measured too, between 1 and 2 for the percolated
systems. To bypass this drawback, it is thus mandatory to reduce the value of the
conductivity as low as possible. In order to do so, the use of inverse emulsion (W/0) to
prepare the sample might be an appropriate approach. It will allow us to confine the
conductive particles inside droplets and to avoid many contacts and losses. This is the
purpose of Chapter 4.
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Take home message - Chapter 3

In this Chapter, we report the realization of electrostrictive materials based on
liquid crystalline r-GO flakes in a PDMS matrix. Emulsion path aims at finely
dispersed the fillers. We investigate the dielectric properties and electrostrictive

properties.

1. The structure of graphene flakes promotes the formation
microcapacitors which leads to an enhancement of the dielectric response.

Composites display high permittivity up to 105at 100 Hz.

2. The materials present dielectric losses, between 1 and 2 for the percolated
systems. This makes them too conductive for energy harvesting

applications.

3. The materials show piezoresistivity and a gauge factor around 6 above the

percolation threshold.
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Microporous electrostrictive

materials for vibrational energy
harvesting

This chapter is based on the following article:

Mickaél Pruvost,Wilbert ]. Smit, Cécile Monteux, Philippe Poulin, Annie Colin. Microporous

electrostrictive materials for vibrational energy harvesting. Multifunct. Mater.00 (2018) 000000

Summary:

We present electrostrictive materials with excellent properties for vibrational energy harvesting
applications. The developed materials consist of a porous carbon black composite, which is
processed using water-in-oil emulsions. In combination with an insulating layer, the investigated
structures exhibit a high effective relative dielectric permittivity (up to 182 at 100 Hz) with very
low effective conductivity (down to 2.53 1078 S m™1). They can generate electrical energy in

response to mechanical vibrations with a power density of 0.38 W m™3

under an applied bias
electric field of 32V. They display figures of merit for energy harvesting applications well above
reference polymer materials in the field, including fluorinated co- and ter-polymers synthesized
by heavy chemical processes. The production process of the present materials is based on non-
hazardous and low-cost chemicals. The soft dielectric materials are highly flexible (Young’s

modulus of ~1 MPa) making them also suited for highly sensitive capacitive sensors.
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1 Introduction:

The Internet of Things (IoT) is a new and fast-growing concept which aims at
connecting everyday physical objects into the Internet without any human interaction
[1,2]. The [oT requires the usage of numerous wireless sensors. Providing the electrical
energy to run these wireless sensors is of major concern. Use of batteries with limited
lifetime is a severe constraint. To overcome this problem, several environmental energy
sources such as thermal, solar, salinity gradients, vibrations can be used to fulfill energy
demands [3-5]. It could thus make sensors, MEMS, communicating devices, etc. self-
sufficient in energy supply and as such highly increase their lifetime. A promising
method to resolve this challenge is to harvest mechanical energy from the ambient
environment and convert it into electrical power. An apparently convenient method
consists in using piezoelectric materials. The most efficient piezoelectric ceramics can
produce up to 0.2—30 mW cm-! [6-9]. However, these materials are stiff and brittle
which limits their implementation in embedded applications [10]. Triboelectric
nanogenerators have recently demonstrated volume power density up to 0.49 W cm-3
[11,12]. However, their performances are largely affected by the environment such as
humidity [12]. Moreover, their low durability as a result of two materials in physical
friction is still a limiting factor [11]. A more recent approach consists in using
electrostrictive polymers to convert energy from mechanical vibrations [13-19]. These
polymers have high dielectric permittivity and are used as the dielectric layer inside
variable capacitors. Capacitance variations in response to mechanical variations are
enhanced by changes of dielectric permittivity of the electrostrictive polymers. This
principle can be used to convert mechanical energy of vibrations into electrical energy.
The interest in electrostrictive polymers is rapidly growing because polymer-based high-
permittivity materials are flexible, low cost, and easily tunable, which makes them good
candidates for IoT applications. A recent approach for obtaining high permittivity
electrostrictive polymers is the use of polymers loaded with conductive nanoparticles
[15-19]. These composite materials exhibit a large increase of dielectric permittivity in
the vicinity of their percolation threshold but suffer from a weakness due to the
substantial increase of losses near and above percolation [19,20].

2 Our strategy:

To overcome the limitations due to the high dielectric losses, we design a new
bilayer structure based on a microporous dielectric layer associated with a thin
insulating layer of polydimethyl siloxane (PDMS). Flexible porous materials of which the
internal pores are covered with carbon black particles are prepared using a water-in-oil
emulsion. This new composite possesses a high dielectric permittivity along with a very
low conductivity. The fabrication of the microporous dielectric layer using a water-in-
oil emulsion provides a fine control of the location of the conductive inclusions. The
latter remain confined in the emulsions droplets. The micropores significantly deform
upon compression resulting in a large change of the dielectric permittivity [21]. As such,
the porous dielectric material can be used in a variable-capacitance engine to harvest
mechanical energy [22]. The energy harvesting performance can be improved by
combining the porous dielectric with a thin insulating layer of PDMS. This reduces the
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conductivity of the system, and allows an increase of the filler concentration above the
percolation threshold in the high permittivity layer.

In this chapter, we will first present the method for making carbon black/PDMS
composites and then we will present their dielectric properties. In the second part, we
will focus on the bilayer composites with theoretical considerations and experimental
dielectric measurements. Finally, the last part will be devoted to the harvesting
capabilities of the materials and we will open the discussion by comparing our
performances to the previous reported works.

3 Carbon black/PDMS composites based on a W/0 emulsion template:

3.1 Carbon black as conductive fillers:

Carbon black (CB) is massively produced by the petrochemical industry as a by-
product of incomplete combustion of hydrocarbons [23]. It makes this filler low-cost and
easily accessible. CB, as fillers in elastomers, plastics and paints, afford materials with
outstanding electrical [24] and mechanical properties [25]. From a structural point of
view, carbons form layer structures composed of hexagonal carbon rings, which tend to
stack in three to four layers, forming crystallographic structures (FIG. 4.1 a)). Then form
primary particles, which further get together into primary aggregates (FIG. 4.1 b)) Van
der Waals forces cause these aggregates to join in more loosely assembled agglomerates
(FIG. 4.1 ¢)) [26].

a)

FIG. 4.1 - a) nodule (15-300 nm) b) aggregate (80-500 nm) c) agglomerate (1-100 um)

It is well known that CB develops pore structures and high internal surface area. This
property has ensured the development of many industrial applications: in the field of
water purification where CB is used as absorbent for removing contaminants[26] and in
the field of supercapacitors where huge specific surface areas are required for
developing electrodes with high capacitances [28,29]. Supercapacitors benefit from high
surface but from the high conductivity and electrochemical stability of carbon black too.
Then, a huge part of carbon black production is devoted to the use as enhancer in
polymer industries to improve the mechanical performances over other established
materials [30]. For example, CB is used as filler in rubber for increasing the wear
resistance of tires. Moreover, carbon black is extensively used as a conductive filler in
elastomer composites to enhance the dielectric behavior of materials [31-33]. Although
metal particles are intrinsically more conductive than CB, metal has a tendency to oxidize
to form an insulating layer on its surface and cannot be used as easily as CB.
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Concentration, nature, surface of carbon are examples of parameters which will
influence the dielectric parameters [34].

3.2 Dispersion and coating processes:

3.2.1 Water solubilization of carbon black:

As carbon black particles are poorly soluble in water, we have chosen to work
with a dispersant. In our formulations, Arabic gum is used as an emulsifier to make
carbon particles suspensions. Note that surfactants such as SDS could lead to well-
dispersed particles too, but Arabic gum has the advantage to be non-electrochemically
active. From a chemistry point of view, Arabic gum is a sugar, which is used for centuries
for making Chinese ink and has shown good dispersion of carbon particles [20].
Moreover, we choose to work with carbon black acetylene (Alfa Aesar, d=100g/L,
surface area=80m2/g), one of the purest carbon black, which has shown excellent
electrical properties [20]. To make the dispersion, the water phase is prepared by
mixing 5 wt % of Arabic gum (Sigma Aldrich) in deionized water. Carbon black particles
are then added in variable proportions depending on the formulation, from 3 wt % to 10
wt %. The blend is then handshaked during several minutes until the carbon black is
totally wetted by the aqueous solution. Finally, to homogenize the dispersion, the
mixture is tip sonicated for 1 hour at 400 W. FIG. 4.2 illustrates the carbon dispersion for
a 1%wt CB.

- 50 pm -

FIG. 4.2 - Microscopic picture of carbon black dispersion
3.2.2 Water in oil dispersion:

Contrary to Chapter 3 where R-GO fillers were dispersed using an oil-in-water
dispersion process, the water-in-oil emulsion path has been preferred for developing
carbon black composites. Indeed, W/0 emulsion provides a fine control of the location
of the conductive inclusions as the latter remain confined in the water droplets. The
composites are synthesized by mixing CB solution to a PDMS oil phase by using a
commercial oil-soluble surfactant (lauryl PEG-8 dimethicone) (see Chapter 2 § 1.3.2.1
for details). After molding, curing and drying, the materials become solid and carbon
blacks particles create a conductive shell inside each air cavities (FIG. 4.3). We expect to
get a close porosity (closed pores) where conductive pores will be isolated from each
other. In this way, the probability to create conductive paths is reduced while
maintaining the possibility to get high global permittivity by Maxwell-Wagner's effect.
Indeed, if the CB inclusions are well dispersed, the large surface area of pores will serve
as electrode of numerous small capacitors, and PDMS will play the role of a dielectric
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layer between two conductive pores. The capacitor network within the composite can
thus give a large capacitance and dielectric constant. The dielectric properties of the
material can be finely tuned by varying the concentration of conductive particles. Note
that when we talk about weight percentage of CB particles, we refer to the weight of CB
regarding the total dried weight of the composites after water evaporation as:

m
CBwt% = —— 5 (4.1)
Mcp + Mppus

Two possibilities exist for increasing the weight percentage of CB. First, for a given
concentration of CB solution, we can increase the fraction of dispersed phase versus the
continuous phase. Second, we can keep the ratio water/oil constant and increase the
concentration of CB solution. Both methods have their limitations. Indeed, we will not
be able to dispersed water phase above a critical fraction (¢p = 60%) where the emulsion
will start dephasing. Moreover, the solubilized quantity of carbon in water is limited.
After a certain CB concentration, the viscosity of the solution will be too high to assure
a good dispersion in the PDMS matrix.

a) b) Cured PDMS

Evaporation
so.’utfon Curing

—P

d ~10um

FIG. 4.3 - a) water-in-oil emulsion with PDMS as oil matrix and carbon black solution as
aqueous part b) evaporation and thermal curing steps create a porous material.

3.2.3 Emulsion coating and curing parameters:

The water-in-oil emulsion loaded with carbon black particles can be easily shaped and
coated with the desired geometric dimensions. The emulsion is spread with a
micrometer adjustable film applicator (adjustable thickness) on a 250 um thick PET
plastic film (FIG. 4.4 a)). A second plastic surface is placed on the spread emulsion such
that the emulsion remains confined between two flat surfaces. Solid materials are
obtained by curing the PDMS polymer without evaporation in a warm water bowl (90°C)
for 4 hours. The relative humidity in these conditions is 100%. Then, the solid material
layer is removed from the two plastic surfaces and dried in an oven for 1 hour at 150°C
(FIG. 4.4 b)). As PDMS is permeable to water vapor, droplets of carbon black solution
dried and leave a structure with spherical-shaped pores covered by carbon black
particles. Curing and drying are critical stages which strongly influence the final
morphology of the porous composite. For example, a curing step with a temperature
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higher than ebullition temperature of water would lead to the destruction of the
emulsion and the loss of the porosity.

b)

FIG. 4.4 - a) film-coater with adjustable film applicator b) macroscopic view of the
composite film (200 pm X 7.5 cm X 18cm) coated with a doctor blade.

3.3 Interest in porous structures:

The micropores significantly deform upon compression resulting in a large
change of the dielectric permittivity (FIG. 4.5). Indeed, the material can be seen as a
composite where air inclusions coated with a conductive shell are dispersed in a PDMS
matrix. Permittivity of air-CB pores is very different compared to PDMS matrix.
Compressing the material amount to change the individual volume of the conductive
inclusion which can lead to huge changes of global permittivity of the material as we
decrease the volume fraction of conductive pores inside the PDMS matrix.

Besides, increasing the porosity helps at decreasing the Young’s modulus of materials.
Indeed, as the carbon black is known to reinforce the mechanical properties of materials,
increasing the quantity of pores will offset the reinforcement. Developing materials with
low Young’s modulus is a key to success for efficient mechanical to electrical conversion.
Indeed, softer materials will require less stress than others to get the same strain and
thus less mechanical energy.

a)

FIG. 4.5 - Schematic representation of the micropores a) at rest b) under deformation.
3.4 Microscopic analysis:

The final morphology of materials depends strongly on the competition between the
curing and evaporation times. Fast curing along with a high relative humidity leads to
spherical water drops surrounded by cured PDMS. The PDMS has time to solidify before
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starting the water evaporation. This is evidenced by SEM investigation. FIG. 4.6
illustrates a cross-cut of a porous carbon black composite (BC=5wt% ; oil:water=1:1).
A high porosity is clearly observable, resulting of previous formed water droplets, with

size pores between 1-10 um. Each pores are globally isolated but some are connected
and leads to partially opened porosity.

FIG. 4.6 - Electron microscope pictures of a cross-cut of a porous carbon black
composite. BC=5wt% ; oil:water=1:1. Scale bars in the pictures.

3.5 Dielectric response:

3.5.1 Frequency dependence:

We measure the electrical conductivity and dielectric permittivity of CB/PDMS
composites as the same way as rGO/PDMS samples, precise method is described in
Chapter 2 §1.1.3. We just remind that we use a calibration procedure for removing the
parasitic impedances and that all the experiments are performed at room temperature.
FIG. 4.7 Illustrates the results as a function of the CB weight fraction, the ratio water:oil
is kept constant and is equal to 1:1. Both conductivity and dielectric permittivity
increase as a function of CB weight fractions. The percolation threshold is reached for a
weight fraction below 6%. Below the percolation threshold, the conductivity is frequency
dependent and arises from dielectric losses due to bound charges. In the meantime, the
dielectric permittivity remains constant for the full range of investigated frequencies.
Above the percolation threshold, and at low frequencies, the conductivity is constant
because essentially due to the transport of free charges brought by the carbon black
particles. By contrast, the dielectric permittivity presents frequency dependence and is
enhanced by the interfacial polarization of the carbon black particles. In the high filler
concentration regimes, the values of conductivity (above 10-¢ S m-1) make the materials
unsuitable for vibrational energy harvesting.

105



Chapter 4 - Microporous electrostrictive materials for vibrational energy harvesting

a) 10°

f(Hz)

b)

107

10'31

10

£107%;

S ‘6

5 1071

10"

10725
102 10° 10* 10° 10°

f(Hz)

9 10°

10°

10"

° 100,%

© 1

o 1()1 .
10-21:\.
10°  10° 10" 10° 10°

f(Hz)

FIG. 4.7 - a) Evolution of the dielectric permittivity b) conductivity c) and loss tangent as a
function of the frequency for various CB particle concentrations. 3.0 wt % (black squares),
4.0 wt % (red circles), 6.0 wt% (purple top triangles), 8.0 wt% (green down triangles), 10
wt% (pink left triangles). Phase fractions are fixed: oil:water = 1:1
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3.5.2 Influence of the formulation on dielectric properties:

We have studied the influence of CB weigh fractions and aqueous fraction on
permittivity at 100 Hz. FIG. 4.8 illustrates the results, each spot correspond to an
experiment and color map are simulated isoresponse curves based on experimental
results. Simulations have been performed using software JMP (statistical software). It
can be seen that whatever the aqueous fraction (CB solution), the percolation threshold
is kept constant, around 4.5-5 wt%. At this concentration, the permittivity (FIG. 4.8 a))
and tan § (FIG. 4.8 b)) show a dramatic increase. It is worth noticing that for a fixed CB
fraction, increasing the aqueous fraction requires increasing the CB concentration of
water solutions. It means that for a low aqueous fraction, the CB concentration inside
pores will be higher than in the case of a high aqueous fraction. The results show that
whatever the way carbon is dispersed inside the PDMS matrix, it will not significantly
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FIG. 4.8 - Isoresponse curves of a) permittivity and b) tan § as a function of the CB
weigh percent and the aqueous fraction at 100 Hz.
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affect the percolation threshold. The main parameter remains the carbon weight fraction
for determining the percolation threshold. Obviously, this conclusion has limitations.
Indeed, if all the carbon particles were at the same place, no percolation would be
observable.

Otherwise, the porosity will affect the mechanical properties. For a fixed CB
concentration, increasing the porosity will lead to materials with lower Young’s
modulus.

3.5.3 Conclusion on dielectric response of porous BC/PDMS composites:

In this part, we proposed a new formulation to easily prepare porous BC/PDMS
composites using water in oil emulsions as a way for improving the fillers dispersion.
Dielectric responses have been studied on several formulations. In part §3.3.1, we
studied the frequency response of materials having a fixed water:oil ratio of 1.1 and
different CB concentrations. A good compromise between high permittivity and low
dielectric loss has been found for materials close to the percolation threshold. Indeed,
for 4.0 wt% of CB, a permittivity of 20 with a tan § equal to 0.02 has been measured at
100 Hz. These performances are very close to those delivered by the polyvinylidene
fluoride (PVDF)[35], considered as a reference in the field of electroactive polymers.
Nevertheless, the soft process (solvent free, PDMS, low operating temperatures) we used
is an advantage compared to fluorinated polymers synthesized by heavy chemical
processes. Plus, the high stretchability of PDMS composites (Young’s modulus of ~1
MPa) could open the application window as PVDF materials developed Young’'s modulus
three decades higher [36] than our materials. As we showed §3.3.2, the dispersed
fraction (aqueous phase) weakly influences on the percolation threshold and dielectric
properties. However, changing the dispersed fraction could be used to tune the
mechanical properties.

We are aware that dielectric composites based on conductive fillers show
limitations and drawbacks. Indeed, the dielectric properties of porous materials highly
depend upon the materials synthesis protocol in the vicinity of the percolation
transition. It leads to a very limited composition window, making the process poorly
reliable. Moreover, developing materials with higher permittivity than 20 and low
dielectric losses, is still a challenge.

To overcome the limitations due to the high dielectric losses, we design a new
bilayer structure. It is based on the previously described microporous CB material
associated with a thin insulating layer of polydimethyl siloxane (PDMS). This new
composite is the purpose of the next parts.
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4 Interest of bilayer composites:

4.1 Bilayer composites:

Facing the huge challenge to develop dielectric composites with low dielectric
losses by incorporation of conductive fillers, some reported works [37] proposed a new
approach. The main idea is to use a two-layer system based on a high permittivity
material and a small air gap which is by definition easily deformable and completely
isolating. The developed system enables changes of capacitance in response to thickness
variations of the air gap. As it is not easy processable to maintain an air gap above a
dielectric material, we have chosen to work with another approach. Indeed, we design a
bilayer structure based on the previous described microporous dielectric layer
associated with a thin insulating layer of polydimethyl siloxane (PDMS). This composite
possesses a high dielectric permittivity along with a very low conductivity. Before
discussing the experimental results, we provide a comprehensive clarification about the
impedance of two-layer system.

4.2 Effective impedance of the bilayer composites:

The high conductivity (free charge carriers and dielectric loss) of near and above
percolated composites is a drawback for energy harvesting applications. Indeed, such
applications do not allow any leakage for yielding a positive energy conversion. For
keeping high values of effective dielectric permittivity and low values of conductivity,
we associate a thin insulating layer to a high permittivity layer. The isolating layer has
low dielectric losses and no free charge carriers. It acts as a blocking layer and prevents

a) T

R, ~¢c P
I — electrode
| d .
d,
electrode
R, C,

FIG. 4.9 a) Equivalent electric circuits for the bilayer composite b) schematic representation of
the bilayer composite. Red refers to material 1 and blue to material 2.
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leaks of the capacitor. We call the association of two layers, a bilayer composite (FIG.
49D)).

To fully understand the interest in bilayer composites, we express the effective dielectric
properties of such a structure. The equivalent electrical circuit for a bilayer material is
a junction of two RC circuits in series (FIG. 4.9 a)). For the calculation, 1 refers to the
layer 1 and 2 for the layer 2. The effective conductivity and dielectric constant of the
bilayer structure depend on the thicknesses (d;,d,) and dielectric properties of both
layers (01,05, &1, €).

The impedance Z for a parallel RC circuit can be expressing for each material as:

R, =% R, = 2 (4.2)
1= 5 (A 27 (A '
A EnE A
C'l _ Sogld(f) Cz _ 0 il(zf) (43)
1
7, = Ry Z, = R,
Y714 jwCiRy 27 14 jwCyR, (4.4)

where A is surface area, d = d; + d,, o is the conductivity, € is the dielectric permittivity,
C is the capacitance, R is the resistance, Z is the impedance, j?= -1. As two layers are
stacked and as each one is modeled by an RC circuit, the impedance Z* for the association
of two RC circuits in series is

Ry R,

+ (4.5)
1+ jwC,Ry 1+ jwC,R,

Z*=Zl+ZZ=

We recall, as seen Chapter 2 § 1.1.4, that complex permittivity €* and conductivity ¢* can
be calculated from the complex impedance Z* as:

i} d
o =AZ* (4.6)
O_*
£t = - (4.7)
Jwé&y
It leads to:
& — &p . 0]
=g, + - 4.8
R Y j2nft ) 2mfeg (48)
with:
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Finally:

e1(Hex(f)d
e1(fdy + &,(dy

en(f) =

e1(Nax(HPdyd + (a1 (f)*dyd
(01(dy + 0,(f)dy)?

a(f) =

c e1(f)d, + (fd,
01 (f)dy + 02 (f)d;
a1(f)oa(f)d
o1(f)d; + o,(f)dq

t(f) =

a(f) =

Epilayer = Re(e") (4.9)
Opilayer — —Im(s*)sOZHf

The effective permittivity E€pjiqyer and conductivity Opjqyer of bilayer composites

depend on the thickness of each layer (d4, d;) and individual dielectric properties (o4, g5,
€1, &). The challenge will be to optimize all these parameters to succeed in having the

highest €pj1qyer While keeping the 0p;qyer as low as possible. Theoretical calculations

will help us to estimate the thicknesses required to meet the challenge.

4.3 Theoretical plots:

We studied the effective permittivity &p;4yer and tand of a bilayer composite depending

on the thickness of each layer (FIG. 4.10), the results are based on EQ. 4.8 and 4.9. TAB. 1
shows the dielectric properties of individual layer, used to make the theoretical

calculations.

TAB. 1- Dielectric properties of each layer.

@100 Hz Permittivity & Conductivity o Tané
Isolating layer 13 _6

(PDMS) 2 1x10 9x10
Active layer 4 4 o
(CB/PDMS) 2x10 4x10 1.8x10
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&

FIG. 4.10 - 3D curves of the &j4yer @) and tan 8 b) responses depending on material
thicknesses for f=100 Hz.

As expected, using an isolating layer decreases the global permittivity of the material.
Starting with an active layer with giant permittivity, this is the case for materials
formulated after the percolation threshold, the final permittivity decreases from 1 to 3
orders of magnitude. A higher ratio electroactive layer thickness/isolating layer
thickness leads to better effective permittivity. However, increasing this ratio leads to
more conductive materials as illustrated by the increase of tan 6. Nevertheless, these loss
tangents are largely below the one measured for the active layer. The theoretical plots
confirm the efficiency of using an isolating layer for preventing the materials from
conductivity. The choise of the thicknesses will be driven by the possibility of making
isolating layers as thin as possible without any default.

112



Chapter 4 - Microporous electrostrictive materials for vibrational energy harvesting

4.4 Experimental dielectric response of bilayer composites:

4.4.1 Isolatinglayer deposition:

As predicted by the previous described theoretical calculations, the microporous
materials have to be combined with a very thin insulating layer of PDMS to decrease the
dielectric losses. To do so, the insulating layer is spin coated on conductive aluminum

PDMS
1 d1
> I .

electrostrictive material

FIG. 4.11 - Schematic representation of the bilayer composite.

substrates with a diameter of 24 mm. For the spin-coating, 3 g of PDMS with a curing
agent (10% in weight with respect to the PDMS phase) is deposited at rest on an
aluminum substrate. Then a spin-coater is used at 8000 rpm for 60 s at an acceleration
of 1000 rpm s-! to attain a thickness of the PDMS layer of 5 um. The aluminum substrate
covered by the PDMS layer is then softly baked at 100 ¢ C for 30 minutes to cure the
PDMS. The thickness of the layer is measured by a mechanical profilometer (Dektak 150)
after scratching the surface. Note that microporous layer are just held in contact with
the insulating layer (deposited onto an aluminum substrate). As coating an isolating
layer is an irreversible process, this structuration is justified by the fact that we wanted,
as many times as necessary, characterize the microporous layers without the insulating
layer. Nevertheless, nothing prevents the PDMS isolating layer from being directly
coated on the microporous layer (FIG. 4.11).

4.4.2 Dielectric response of bilayer composites:

The effective conductivity and dielectric permittivity of the bilayer structure
depend on the thicknesses and dielectric properties of both layers. The blocking layer 1
is a cured PDMS layer (gppys =&, =2 and o, = 10-13 S m'! in the range 10—106 Hz at
25°C) of constant thickness 5 um. The high permittivity layer 2 is the porous carbon
black material (g; < & and g, > 07 ) of variable thickness depending on carbon black
concentration (see TAB. 2).

TAB. 2 - Properties of the carbon black (CB) composites.

% CB CB(gL") Thickness (um)

3 31 500
4 42 510
6 64 510
8 87 750
10 110 800

For comparison, we investigate the dielectric properties of the electrostrictive
composites at rest with and without insulating layer. FIG. 4.12 shows the relative

113



Chapter 4 - Microporous electrostrictive materials for vibrational energy harvesting

dielectric permittivity, electrical conductivity, and loss tangent at 100 Hz as a function
of the carbon black weigh fractions. First, we consider the electrostrictive composites
without insulating layer. At carbon black concentrations below the percolation threshold
(~5 wt%), the dielectric permittivity has a nearly constant value of ~10 with an electric
conductivity of ~1 nS m-1. Above the percolation threshold, the dielectric permittivity
rapidly increases to 550 at 6 wt%. However, the electrical conductivity also increases by
a factor of 103, leading to a loss tangent above 1. A further addition of conductive carbon
black particles enhances the interfacial polarization, which leads to an increase in
permittivity but also leads to further increase of the electrical conductivity to 0.6 mS m-
Lat ~8 wt%. Such a high conductivity does not allow the efficient use of the materials as
a dielectric layer in variable capacitors.

The effective dielectric properties of the electrostrictive composites with an insulating
layer are very different at carbon black concentrations above the percolation threshold.
The PDMS layer limits the electric conductivity below 1—10 nS m-1. The insulating layer
also leads to a decrease of the effective dielectric permittivity to 157 and 182 for the 8
and 10 wt% black carbon weight fractions, respectively. However, the obtained dielectric
loss tangents are very low with 1.5-10-2 and 2.5-10-2 for the 8 and 10 wt% carbon black
systems, respectively, making them well suited for energy harvesting applications.
Theoretical calculations of the conductivity based on calculations from § 4.2 predict
values slightly lower than the ones found experimentally, probably as a result of small
holes and defects in the insulating PDMS layer.

Let us stress that the materials with insulating film are a new concept. The properties of
the porous material highly depend upon the materials synthesis protocol in the vicinity
of the percolation transition. A 5% carbon black particles sample without insulating film
may in principle have the same properties as an 8% material with an insulating layer.
However, we note that the conductivity of the 5% carbon black particles sample depends
a lot upon the preparation conditions in a very limited composition window, making the
process poorly reliable. 2 orders of magnitude of variation have been measured for two
different samples from two different batches. Using an insulating film allows us to
prepare materials with reproducible properties and makes the technology sufficiently
robust for realistic applications. Only 20% of variations have been measured for two
different samples from two different batches with an insulating film.
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FIG. 4.12 - Effective dielectric properties at 100 Hz of the porous carbon black layer (red
circles), bilayer polymer—carbon black composites (black squares), and theoretical
predictions of the latter (blue triangles), as a function of carbon black concentration.
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5 Harvesting mechanical energy with electrostrictive materials:

The bilayer composite approach allowed us to meet the requirements for developing
stretchable materials with high permittivity and low dielectric losses. Materials with
effective dielectric permittivity of 157 and 182 for 8 and 10 wt% BC with insulating layer
have been obtained at 100 Hz. The associated dielectric loss tangents are very low with
1.5 10-2 and 2.5 10-2 for the 8 and 10 wt% carbon black systems. In the next parts, we
take advantage of these good electrical properties to determine the recovering
possibilities of them.

5.1 General considerations:

Several methods are conceivable for recovering electrical energy from a mechanical
source, using electrostrictive materials (see Chapter 1 § 3.1.2.4). All of them have their
specificities but for a general comprehension, we can use FIG. 4.13 to illustrate the idea
of the electromechanical conversion. From top, moving clockwise, mechanical energy is
put into the system to compress the material which increases its capacitance. Electrical
energy (charges) is introduced to the system for charging the material. The material is
then released, decreases its capacitance, and mechanical energy is transferred to the
material as electrical energy. The later does not create new charges but place the
previous charges in a higher electrical energy state (higher voltage). The charges are
then extracted, the cycle can restart. This method allows to convert one unit of
mechanical energy into one unit of electrical energy using another unit of electrical

energy.

Iy
I —

NI

+ +7+ 4+
Conversion

FIG. 4.13 - Schematic representation of an ideal electromechanical conversion.

In this thesis, the pseudo-piezoelectric mode [38-40] is preferred for energy recovering.
This choice is motivated because of the ease of its implementation and its efficiency for
characterizing the recovering capabilities of materials. Indeed, this method does not
require fine control of the charge and the strain; it means that no complex power circuits
will be required for implementing the characterization.
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5.2 Theoretical calculation of the harvested current:

Here, we expose a theoretical calculation of the harvested current I, for a pure
electrostrictive material (i.e. no piezoelectric behavior) at the terminals of a load
resistance R; (FIG. 4.14). We remind that electrostrictive polymers are not piezoelectric,
itis thus necessary to induce polarization with a DC bias to obtain a pseudo-piezoelectric
behavior.

‘ NG
Vdc : /

()

R\
FIG. 4.14 - Equivalent electrical diagram

We start from the differential equation (EQ. 4.10) for the harvested current I,as derived
by Lallart et al. [41,42] for a small transversal strain S:

ARyego 01, (t) aS(t)

T ZAM Y Ege—s = (4.10)

Iy() = —

Where A is the area of the sample, Y is the Young’s modulus, M3; is the apparent
electrostrictive coefficient, E,. is the applied bias electric field, S is the sinusoidal strain
amplitude, ¢ is the relative dielectric permittivity, g, is the vacuum permittivity, d is the
material thickness and R; is the load resistance.

For convenience, we define cﬂzﬁﬂandBEZAM%YEdc. EQ.4.10 can then be

rewritten as

() Al,(t) B as()

=— 4.11
A ot A 0t ( )
L
Multiplying both sides by e« gives
t ol (t)  Oln(t) t BaS(t)
A = eA——= 4.12
¢ ( A o ) A ot (4.12)
Integrating both sides yields
t B (t tr aS(t' 4.13
eAl,(t) =C +zf dt’ eA () ( )

ot
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v aS(t )

I,(t) = Cec/l +—ecﬂf dt' e

where Cis an integration constant, which we set to zero as tligrn I,(t) is finite. This leaves

us with the following integral:

v 65(1: )

I,(®) ——ecﬂf dt’ e (4.14)

For a sinusoidal strain with amplitude S and angular frequency w=2nf, i.e.
S(t) = Ssin(wt), the harvested current becomes:

I(t) = wS—ecﬂ f dt’ ecﬂ cos(wt") (4.15)
By applying integration by parts twice, we get

SBlwAsin(wt) + cos(wt) | (4.16)

In(t) = ——
P + w2A?

We now insert the definitions for <A and B and obtain

2 M33YE; ;. wAS [a)ARlsso

14 (wA}(?ileeo)z d

I,(t) = sin(wt) + cos(wt) ] (4.17)

5.3 Expression of the harvested power:

The average harvested power of a cycle P, which is dissipated in the load resistance R,
by Joule’s effect, can be obtained by calculating:

_ f dt 1,%() (4.18)

where T = 2n/w is the period of the cycle.

Inserting EQ. 4.17 in the above average harvested power expression, we obtain

_  R;| 2M3.YE, .wAS a)AR
p=_t 33 ~dc ‘f i 51n2(a)t)+cosz(wt)] (4.19)

T
1+ (a)ARlsso
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5 _ Ri@ M3V EgewAS)” (4.20)
2

RlesowA)z

1+( e

The power P is optimal for a given load resistance R, which can be found by deriving
the expression of the power with respect to R; (EQ. 4.21)

op (10 (E524)") - 2ne (Saphy

> - (4.21)
R RjeeqwA
ol
When EQ. 4.21 is equal to zero, P is maximal for:
R = d 4.22
l,max_Aggow ( . )

5.4 Loss power and efficiency:

Until now, the dielectric materials were assumed perfect (tand - 0 =R; = o), no
leakage was considered. Nevertheless, to get a positive energy balance, the dissipated
power must be smaller than the harvested power. Indeed, as we used a bias voltage V.
for operating in piezo-active mode, it is crucial to determine whether the power
recovered is not weaker than the polarization power. Otherwise, we will lose electric
power instead of recovering power. The difference between harvested power and loss
power will give us the net power production.

We remind that dielectric composites can be represented by a leak resistance R; (w) in
parallel with a capacitance C (w), they respectively denote the losses of the materials (by
charge carriers and dielectric losses) and the intrinsic capacitance (FIG. 4.15).

b L J
I%eak ?’ i
Vie == R, B o
| I

FIG. 4.15 - Equivalent electrical diagram.
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The current circulating in the electrical circuit I;,;, can be separated into two
contributions (FIG. 4.15): the harvested current I;, and a static current [;oq With lipiq =
Iy + Lieqr- The term I, corresponds to the direct current (DC) required to polarize, with
a static field, the materials at rest (no mechanical excitation). It can be expressed as:

Vdc

lear = g1 R, (4.23)
L

where R; is the internal leak resistance at f=0 Hz, R; is the load resistance values, and
V4c is the applied voltage difference The internal leak resistance is calculated using R; =

d . , . . -
- with the geometrical parameters of the materials and its conductivity. The harvested

current I, is the recovering current due to compression-decompression cycles of the
composite. In the equivalent electrical circuit, it is modeled by an alternative current
generator. This current has the same frequency as the mechanical excitation. Its
expression has already been discussed previously.

The dissipated power for maintaining a polarization of the composite, which is due to
the leak direct current is given by:

Vic
P =—
oss =R IR, (4.24)
As R; > R}, Pjyss Can be rewritten:
Vi
Poss = R_C (4.25)
L

Finally, the electrical energy gain will be calculated by considering the ratio of power
harvestable to electrical polarization losses.

P
electrical gain = _harvested (4.26)

loss

Using the definition of harvested power Ppgrpestea found EQ. 4.20 and the definition of
the loss power EQ. 4.25, the electrical gain can be theoretically expressed as:

(R)) R, (2 Mi3YE . wAS)? 1R, R;(2 Mi3YwAS)?

Vie 2 4 +(RleeowA)2 T2 &+ (RyegowA)? (4.27)
d

electrical gain =

[tis worth mentioning that the electrical gain will not depend on the applied bias voltage.
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5.5 Dynamic measurement of electrostrictive modulus:

Contrary to Chapter 3, where electrostrictive performances of r-GO/PDMS
composites were measured using a direct approach (impedancemetry), we use, in this
part, a dynamic approach for the determination of the electrostrictive modulus of bilayer
composites. The determination is based on the theoretical model of harvested current.
As predicted by the expression of I;,(t), see below, the harvested current is linked to the
electric field E .

2 M33YE; . wAS [wAR gy
I,(t) = 5 [ sin(wt) + cos(wt) ] 4.28
1+ (a)ARleeO) d (4.28)
d
The time-derivative current is given by:
Aly (N _ 2M33YEq.wAS wAREE o
o ) = 1+(wARLEEO)2 2 cos(wt) — sin(wt))w) (4.29)
d
. . . arctan(%)
Which is maximum for t = -
So the expression for the maximum value of the harvested current is
Inmax = 2 Ms3VEqcwds (wfml‘gso sin (arctan (—wm;lggo)) + cos(arctan (—wA};lggO))) (4.30)

1+(wA1;l££0)2 d

Hence, a linear relation between Ij 4, and Ey.is obtained for a constant strain,
frequency, and load resistance. The product M33"Y can be easily estimated from the slope
of the Iy max — Eq4c curves. The apparent electrostrictive coefficient M33" is calculated by
division of the measured Young’s modulus Y.

5.6 Energy harvesting results:

This partis devoted to the presentation of the experimental results which be commented
in the discussion part.

5.6.1 Figure of merit:

We investigate the performance of the bilayer composites for energy harvesting
purposes. First, the electromechanical performances are assessed by calculating the
figure of merit (FoM) proposed by Guyomar et al. [43,44]:

FoM = (%T) (M33"Y)?2 (Jm™1V~2cycle™) (4.31)
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The FoM depends only on material properties ( M33", Y, €) and aims at comparing
electromechanical performances of materials without any external parameters such as
geometry and measurement details. Three compositions (6, 8, and 10 CB wt% + PDMS
layer) are used for performance comparisons. Properties of the materials are reported
in TAB. 3. M3;" is measured using the method described in the section § 5.5 and Y with
traction machine (see Chapter 2 § 1.2.1 for the precise method). In the following, in the
presence of an insulating film, M33;" will be an effective coefficient. It will average the
properties of the material and those of the insulating film.

TAB. 3 - Materials properties:

0il Thickness 2 N Y M35"(m2
% CB fraction CB (g L-1) (um) Surface (m*) M*Y (MPa) V—2)
6.0 0.5 6.4-101 5,1-102 1.1-103 2.2-10-10 1,38 1,60-10-16
8.0 0.5 8,7-101 7.5-102 6.2-10# 1.5-10° 1,40 1,07-10-15
10.0 0.5 1.1-102 8.0-102 1.0-10-3 3.6-10° 1,61 8,46-10-15

5.6.2 Power harvested:

Next, we examine the power generation properties of the bilayer composites by
discharge over a load resistance Ry, for a 100 Hz sinusoidal strain. As shown in FIG. 4.16,
the voltage drop over the resistance U, and the instantaneous harvested power are

monitored as a function of time. The average harvested power per cycle P is calculated
using EQ. 4.20.

a) 0,8 . . . ' b) 0.4 . :
0,61 = N ﬁ
5 s
] 3
EL 0,0 2 55l
» O
2 .0,2] 3
-0,41 % 014
-0,61 b=
08 . . . . I
, » 0.0 ! } ;
0,00 0,02 0,04 0,06 0,08 0,10 £ 000 002 004 006 0,08 0,0

Time /s Time /s

FIG. 4.16 - a) The voltage difference and b) instantaneous power across a load resistance
of 1 MQ for a 100 Hz sinusoidal strain. The applied bias voltage over the bilayer
composite with 8 wt% carbon black is 32 V.
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5.6.3 Influence of the load resistance on the harvested current:

FIG. 4.17 shows the value of the theoretical and experimental power harvestable as a
function of the load resistance. Theoretical predictions are determined using EQ. 4.20.
Best values are obtained for a load resistance of about 1 MQ for both materials, which

: . . . d

corresponds to the resistance with optimal power production (Rjqy =m). Good
0

agreement is observed between the experimental data and theoretical powers. In

addition, the increase in FoM by a factor 5 between 8 CB wt% and 10 CB wt% leads to an
increase in harvested power by a factor 6.

1,64 '

0,04 T T v T
0 2 4

Load resistance (MQ)

FIG. 4.17 - Harvested power of the composites with 8 CB wt% (green) and 10 CB wt%
(pink) with insulating layer as a function of the load resistance. Squares are
experimental data and lines are theoretical predictions using EQ. 4.20. The strain
frequency is 100 Hz and the applied voltage over the composite V ;.= 32 V.

The internal leak resistance is calculated by Ri = % with the geometrical data from TAB.

4for a bias voltage of V;. = 32 V and a load resistance of Rj =1 MQ.

TAB. 4 - Efficiency of the bilayer composites for different carbon black concentrations:

Net power Electrical

% CB H ted w) P 1 w
% arvested power (uW) Power loss (pW) production (LW) gain factor

8.00 0.20 0.12 0.08 1.74

10.0 1.3 1.0 0.3 1.31
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5.7 Discussion:

The use of an insulating layer limits the electric conductivity below 1-10 nS m-! and
allows us to use our materials for energy harvesting. Data given in TAB. 4 show that the
energy balance is largely positive for both materials. The power produced by the
mechanical-electrical conversion for the 8 wt% composite is 1.74 times higher than the
power dissipated to polarize it and the net power harvestable is around 0.17 W m-3. We
can see that increasing the CB wt% enables to increase the net harvested power by
almost a factor 4, i.e. up to 0.38 W m-3. This is a consequence of the increase of
permittivity of the material at 10 wt%. But at the same time, the conductivity of the 10
wt% composite is 1.9 higher than that of the 8 wt% composite which has a conductivity
of 1.30 10-8 S m-1; leading to a net decrease in the energy balance, but to an increased
overall power production. These excellent performances can be explained by the porous
structure of the materials and insulating properties of the thin polymer layer. As a result,
the electric field required to polarize the material is decreased, which is crucial for
vibrational energy harvesting applications.
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FIG. 4.18 - Comparison of the electromechanical performances at 100 Hz using the figure
of merit (FoM) proposed by Guyomar et al. [43,44]. Thick lines have the same FOM. Black
spots refer to materials from the literature [43,44].

FIG. 4.18 presents the FoM of materials from the literature, and of composites developed
in this work. The values of the FOM are enhanced by increasing the filler concentration.
For 10 wt% CB, the FoM is equal to 5.06-10-8 ] m~1 V=2 cycle™’. This result exceeds the
previous-best electrostrictive materials based on a mixture of Polyvinylidene fluoride
(PVDF) terpolymers and carbon black by a factor 1.7. In addition, it outperforms in terms
of process and material cost and toxicity [21-22]. Increasing the FoM is a key point for
increasing the power harvestable as we show below. Besides, their low Young’s modulus
compared to PVDF polymers (~ GPa) could enlarge the scope of applications using low
stress vibrations.
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5.8 Conclusion:

We have presented microporous electrostrictive composites with improved
properties for vibrational energy harvesting. These systems are made of carbon black
particles dispersed in a porous PDMS matrix. An inverted emulsion templating approach
provides a fine control of the location of the particles which is a key factor to achieve
high permittivity and low losses. A thin insulating layer was added to limit further losses.
The resulting structure possesses a very large effective relative dielectric permittivity
of 182 at 100 Hz in combination with a very low loss tangent of 2.5-10-2. We succeeded
in evaluating the energy scavenging abilities of these composites. More than 300 nW has
been harvested with the 10 wt% carbon black composites which leads to a power density
of 0.4 pn W cm-3. The present materials exhibits a figure of merit as high as 5.06-10-8
] m~1 V=2 cycle! which is 1.7 times higher than the best reference fluorinated polymers
and 3350 times higher than pure polyurethane [21]. The low cost process and low
toxicity make the carbon black bilayer composites very promising materials for
vibrational energy harvesting. The power harvested with our materials is good enough
to provide a significant boost to the battery life of ultra-low power devices. For example,
the Phoenix processor [45,46] has a sleep power consumption of only 30 pW and 200
nW in active mode which makes our materials suitable for this application. In addition,
these carbon black bilayer composites, with excellent dielectric properties, could find
potential applications as low cost flexible capacitor sensors in the printed electronics
industry.
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Take home message - Chapter 4

We present microporous electrostrictive composites with improved properties for
vibrational energy harvesting. These systems are made of carbon black particles
dispersed in a porous PDMS matrix thanks to an inverted emulsion templating. A
thin insulating layer is added to limit further losses. We succeed in evaluating the
energy scavenging abilities of these composites.

1. Using a thin isolating layer is the key to success to obtain dielectric materials
compatible with energy harvesting applicatons. The resulting structure
possesses a very large effective relative dielectric permittivity of 182 at 100
Hz in combination with a very low loss tangent of 2.5:10-2.

2. The materials exhibits a figure of merit as high as 5.06-10-8 ] m~1 V=2 cycle™?!

which is 1.7 times higher than the best reference fluorinated polymers and

3350 times higher than pure polyurethane.

3. More than 300 nW has been harvested with the 10 wt% carbon black
composites which leads to a power density of 0.4 p W cm-3. This is good
enough to provide a significant boost to the battery life of ultra-low power
devices.
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Integration of electrostrictive

materials in a cantilever device

Summary:

In this part, we present the integration of electrostrictive porous carbon black composites into a
real-life application of mechanical energy harvesting. We made a mechanical energy harvester
based on a cantilever beam. In combination with an insulating layer, the investigated structure
maintains its conversion abilities although it was integrated into an all-organic resonator. Using
a sinusoidal acceleration amplitude of 2 g at 25 Hz, we succeed in generating an electrical power
density of 0.4 pW/cm3. Although a bias voltage is used to polarize materials, we show that the
energy balance is positive. The production process of the present cantilever is based on non-

hazardous and low-cost chemicals.



Chapter 5 - Integration of electrostrictive materials in a cantilever device.

1 Introduction:

In chapter 4, we described the synthesis of new electrostrictive materials, very efficient
for the recovery of vibrational energy. These new materials exhibit a figure of merit as
high as 5.06-10-8] m~1 V-2 cycle-1. Their conversion capacity and electrical losses were
assessed using a test bench and a piezoelectric actuator to simulate vibrations. The use
of materials in this configuration is very useful for the laboratory scale characterizations
and helps at orientating the materials formulation. Nevertheless, for real-life operations
of electrostrictive materials in the energy harvesting field, they have to be integrated
into well-designed devices. Moreover, the majority of ambient mechanical vibration
sources provide frequencies lower than 100 Hz [1]. In order to use ambient vibrations,
energy harvesters should be able to vibrate at this frequency range. Due to their
flexibility, low resonant frequency and high stress generation, cantilever beam
structures are promising systems. They afford efficient electromechanical conversion
once an active layer is integrated into their structure. Indeed, a thin and flat form factor
allows electrostrictive elements to readily react to the motion of the host vibrating
structure. Usually they are designed with a triangular shape including a seismic mass
which allows a low resonant frequency and a high strain. Researchers have investigated
classical piezoelectric materials such as PZT, for making cantilever beams [2]. However,
as a lead compound, PZT materials are very dangerous for the environment. Moreover,
cracks can occur inside the structure due to excessive stresses and fatigue [3]. Lead-free
materials like BaTiO3z require high temperature (700-900 °C) for their deposition
process [4,5] which is not compatible with most of substrate materials. Our previous
described CB/PDMS composites are particularly interesting for making cantilevers.
Indeed, they are easy processing, low cost, very lightweight and high stretchable. Plus,
their integration is easily reached by the soft chemistry required for making the active
materials (low temperature, water as solvent, etc.). Previous work reported the
fabrication of a cantilever harvester based on an electrostrictive r-GO/PDMS composite
[6]. Even if 6 uW/cm® were successfully harvested, the electrical losses were not
discussed. However, this is a crucial point for making viable such a system, as the balance
energy harvested - energy dissipated has to be positive.

In this chapter, we report the fabrication of a mechanical energy harvester based on a
porous CB/PDMS composite. We succeed in maintaining its conversion abilities although
it was integrated into an all-organic resonator. Moreover, we place special emphasis on
the dielectric losses and the real electrical energy recovered.

2 Materials and methods:

2.1 Cantilever fabrication :

4.3 cm? square pieces of poly(téréphtalate d'éthyléne) (PET-Mylar, Radiospare) of 125
pm thick are cut. This plastic substrate acts as a supporting layer for the cantilever. The
first step consists of depositing the bottom electrode on PET substrate. Double-sided
adhesive tape of conductive carbon is used as electrode (Neyco). Carbon tape has the
advantage to present high flexibility and conductivity. The next step is to place on the
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adhesive carbon electrode, a 2.5 pm thick PET film (Mylar, Neyco), which acts as an
isolating layer. Then a piece of porous CB/PDMS composite (4.3 cm? x 90 um) is
deposited on the isolating layer. The formulation of the electrostrictive material is
described in Chapter 2 (10%wt CB; 1:1 PDMS/CB solution). The PET film is stacked on
the solid CB/PDMS composites by using a surface plasma treatment (Plasma Diener Pico)
for 3 minutes. This method aims at making stickable, the thin plastic film, on PDMS-
composites. Then the two elements are stuck together for 15 min by applying a pressure
at 90°C. The bottom electrode is deposited on the latter and is a piece of double-sided
adhesive tape of conductive carbon too. At that time, the shape of the cantilever is simply
defined by cutting a triangular shape into the structure (FIG. 5.2). Then the cantilever is
glued to a glass slide, which works as a support. Finally, the electrical contact is
established by bonding conductive wires to both electrodes using pieces of conductive
copper tape. A seismic mass is added at the tip of the cantilevers by depositing a small
metallic piece (0.35 g). In this process, it is worth noticing that the electrostrictive
cantilever is based on all organic, non-hazardous and low-cost chemicals.

seismic

A&~ mass

isolating layer carbon electrode

CB/PDMS —» LALE

substrate

FIG. 5.1 - Schematic lateral view of the cantilever.

FIG. 5.2 - Photograph of the cantilever, top view.

2.2 Static characterization:

We measure the resistance and capacitance at rest of the electrostrictive cantilever so
as to characterize the evolution of the conductivity of the system depending on the beam
deformation Both dielectric properties are measured with a DC (0 Hz) voltage. To do so,
the cantilever is bent between its two extremum positions by applying a force at its end
using a non-conductive rod. The properties are measured using a precise LCR-meter
(Agilent E4980A) with a 1 V DC signal at room temperature. A compensation procedure
is used to remove parasitic impedances.
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2.3 Dynamic characterization:

The cantilever is connected to a load resistance R;,,4 with an external voltage source of
Vpc=32V, while an oscilloscope (Keysight InfiniiVision 1000 X) measures the voltage Uy
at the terminals of the load resistance (see FIG. 4.3 a)). Then the cantilever is put under
vibrations with a shaker (4810 Bruel & kjaer) which drives it into different mechanical
frequency from 1 Hz to 50 Hz. An accelerometer (IEPE Bruel & kjaer, 10mV/g,) is fixed
on the cantilever to record the acceleration. The recovering current is determined using
the Ohm’s law (I = Ur /Rjpqq)- It is worth mentioning that the recovering current can be
composed of several frequencies. The main one is the mechanical excitation frequency
but other harmonic frequencies or electrical noise can add also frequency contributions
to the recovering current. We choose to filter with an FFT the electrical signal to keep
only the frequency corresponding to the mechanical excitation.

Then the average harvested power per cycle P is calculated using (EQ. 5.1):

1 T
2
Tfo U.(t)= dt (5.1)

load

_ 1 (T
PZTfO P(t)dt=R

where T is the period of the mechanical excitation.

Seismic mass
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FIG. 4.3- a) Schematic of the experimental setup. b) Photograph of the setup at resonance.
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3 Results and discussion:

3.1 Recovering power optimization:

We first investigate the performances of the bilayer composites for mechanical energy
harvesting purposes. We measure the harvested current by discharge over a load
resistance R;,;4, when the cantilever is mechanically excited using a shaker as depicted
FIG. 4.3. Primary, the cantilever is studied without any seismic mass at its tip. FIG. 5.4 a)
presents the variation in harvested power versus the frequency of the mechanical
excitation. The load resistance is fixed at Riocaa=8 MQ and an acceleration of9 g (90 m/s-
2). It is highlighted that the output power is maximized for a frequency of 37 Hz which
corresponds to the fundamental natural resonant frequency of the cantilever. A power
of 151 nW is measured at this frequency although a significative decrease of 10 percent
was observable for an offset of 3 Hz from the resonant frequency. Also, the output power
depends on the load resistance R;,;4, which must be optimized to recover the maximum
power. FIG. 5.4 b) illustrates this optimization. Successive measurements are made with
different values of Rjy,q varying between 4 MQ to 14 MQ. The maximum power is
measured for a load resistance of 8 MQ using an acceleration amplitude of 9 g at the
resonant frequency. It corresponds to the resistance with optimal power production.
Taking into account the surface (4.3 cm?) and the thickness (90 pum) of the
electrostrictive layer, it leads to a maximum power density of 4 uyW/cm3 at the resonant
frequency, the optimal resistance and an acceleration of 9g. For lower acceleration
amplitudes the power density is decreasing quasi-linearly as shown FIG. 5.4 c) with a
slope around 16 nW/g. A power density of 0.3 uW/cm3 is measured using an acceleration
of 2g.
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FIG. 5.4 - Power harvested related to the cantilever without seismic mass. a) Power
harvested in function of the cantilever excitation frequency at Ria¢=8 MQ and an
acceleration of 9g. Resonant frequency (37 Hz) is highlighted by a black dot line. b) Power
harvested in function of the load resistance at f=37 Hz an acceleration of 9g. Optimal load
resistance is highlighted by a black dot line. ¢) Power harvested in function of the
acceleration at Rjpaa=8 MQ and f=37 Hz.
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For comparison, we investigate the performances of the same cantilever with a seismic
mass (0.35g) at its tip. It is necessary to attach a tip mass to the beam in order to tune
its fundamental natural frequency to a lower value and to improve its dynamic
flexibility[7]. The recovering power is illustrated FIG. 5.5. As expected, the seismic mass
reduces the resonant frequency of the cantilever to a value down to 25 Hertz (FIG. 5.5
a)). At this frequency, a maximum power of 75 nW is measured when the cantilever is
accelerated under 3g. The load resistance optimization is illustrated FIG. 5.5 b). The
optimal load resistance (6 MQ) is lower than the one found without seismic mass.
Finally, a linear increase of the recovering power with the acceleration of the beam is
determined experimentally as shown FIG. 5.5 c). The cantilever harvests around 23.7
nW/g. Taking into account the dimensions of the electroactive layer, a power density of
0.9 yW/cm3 is measured using an acceleration of 2g. We remind that a power density of
0.3 ptW/cm3 was measured without mass using an acceleration of 2g. The cantilever with
a seismic mass clearly provides the highest electrical response and the lowest resonant
frequency. We succeed in increasing by almost a factor 3 the recovering power density
while keeping the resonant frequency very low (25 Hz). These results confirm the
abilities for electrostrictive materials to harvest electrical energy when they are
integrated into a cantilever resonator.
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FIG. 5.5 - Power harvested related to the cantilever with a seismic mass of 350 mg. a) Power
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3.2 Electrical balance:

3.2.1 Leakresistance:

For recovering electrical power, we used the recently described “pseudo-piezoelectric”
road [8-10] which is much easier than classic electrostatic cycles (constant charge or
voltage)[11-13] because not requiring fine control of the charge and the strain. The
pseudo-piezoelectric behavior is induced by the use of an electric field bias V.. Indeed,
electrostrictive polymers are not piezoelectric, it is necessary to induce polarization
with a DC bias to obtain a pseudo-piezoelectric behavior.

Nevertheless, for feasible energy harvesting applications, the energy balance has to be
positive. It means that for efficient electrical conversion, the dissipated power must be
smaller than the harvested power. We remind that the dissipated power for maintaining
a polarization of the composite comes from the leak direct current (DC). This current is
a consequence of the finite resistance R; (w) of the electrostrictive composite submitted
to a DC bias voltage V;.. Indeed, dielectric composites can be represented by a leak
resistance R; (w) in parallel with a capacitance € (w), denoting respectively the losses of
the materials (by charge carriers and dielectric losses) and the intrinsic capacitance.
TAB. 1 shows the resistance value depending on the cantilever position (up, at rest,
down). These values have been recorded using the up and down positions in the case of
the resonating cantilever with a seismic mass at 25 Hz and for an acceleration amplitude
of 3g. In these conditions, the cantilever amplitudes are recorded using a fast camera
and reproduce in no vibrating conditions using a non-conductive rod.

TAB. 1 - Leak resistance R; values depending on the cantilever position:

. o Leak Resistance (Q) at
Cantilever positions

f=0Hz
L 3
Up 0.8 x 1012
|
]
At rest . 1.0 x 1012
Down 'l . 0.7 X 1012

3.2.2 Loss power:

Now we expose the calculations of the loss powers. When the dielectric material is
submitted to a voltage bias Vg, the loss of power is given by:
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2
Vdc

Ploss = R; (5.2)

where R; is the internal leak resistance and V. is the applied voltage difference. EQ. 5.2
leads to the loss powers in the case of a up and down positions, respectively 1.3 nW and
1.4 nW. The loss powers are very low and confirm the role of the PET isolating film for
preventing the cantilever from electrical leakages even when the beam is stretched.
Finally, the electrical energy gain will be calculated by considering the ratio of power
harvestable to electrical polarization losses.

TAB. 2 shows the electrical efficiency in the case of the beam with the seismic mass at
resonance. The maximum loss power has been considered to deduce the net power
production. A net recovery power density of 1.9 uyW/cm3 is calculated for an acceleration
of 3g while 0.2 uW/cm3 were recovered for 1g.

TAB. 2 - Efficiency of the electrostrictive composite integrated in a cantilever beam.

Net power Electrical
% CB a(g) Harvested power (nW) Power loss (nW) production gain

(nW) factor
10,0 3 75 1.4 73.6 53
10.0 2 35 1.4 33,6 25
10.0 1 10 1.4 8,6 7

Discussion :.

Working with a triangular cantilever with seismic mass was motivated as this shape has
provided the highest electrical response and the lowest resonant frequency [6]. Indeed,
triangular shape allows a uniform strain along their top surface, comparatively to
rectangular ones, where strain is concentrated in the clamped area of the
microcantilever [14]. Depositing an electrostrictive layer and an isolating film allows the
recovery of mechanical energy when the active layer is submitted to strain. Data given
in TAB. 2 show that the energy balance is largely positive whatever the applied
acceleration. We can see that increasing the tip’s mass aims at increasing the power
density by a factor 3 while a linear increase with the acceleration is reported. Tuning the
tip’s mass is a better strategy than increasing the acceleration for increasing the power
density as ambient vibrations are mostly reported with accelerations below 2g [15].
However, the reported results are lower than the previous reported electrostrictive
cantilever [6]. Nevertheless, the latter study does not discuss the losses which are
probably not negligible as applied materials are close to the percolation threshold. At
2g, we report a higher power density, 0.9 uW/cm3, than the best material studied in
Chapter 4 (0.4 pW/cm3).
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4 Conclusion:

We presented a new cantilever resonator, specifically developed for real vibratory
energy harvesting. Our microporous electrostrictive composite was associated with a
thin insulating layer PET to limit losses. We succeeded in evaluating the energy
scavenging abilities of this cantilever. 8.6 nW were recovered with a seismic mass and a
10 wt% carbon black composite using an acceleration amplitude of 1 g at the resonant
frequency of 25 Hz. It leads to a power density of 0.12 yW/cm3. The low resonant
frequency of the triangular cantilever including a seismic mass at its tip, makes the
device very promising for ambient energy harvesting. We discussed about the losses and
electrical balance. An electrical gain factor of 7 is reported for an acceleration of 1g. In
addition, the low-cost process and low toxicity are criteria encouraging their future
development. Further improvements of the presented system lie in the design of the
cantilever. We believe that optimization of the layers thickness could increase the power
density by increasing the strain of the electroactive material. Indeed, the change of
capacitance of electrostrictive materials, key parameter for increasing the harvested
energy, is dominated by the applied strain. Moreover as mechanical vibrations are
broadly dispersed, a larger resonant frequency bandwidth can be simply done by a
parallel arrangement of single beam structures using different seismic masses[14]. In
addition, the resonant electrostrictive cantilever could find applications for low-cost
frequency or accelerator sensors in vibrating structures.

Take home message - Chapter 5

In this chapter, we sought to integrate electrostrictive CB/PDMS
composite into a resonant cantilever. The developed prototype shows
good potential for recovering natural mechanical vibrations.

1. We succeeded in maintaining the conversion abilities of an
electrostrictive material although it was integrated into an all-
organic resonator.

2. A 10 wt% carbon black composite using an acceleration amplitude
of 1 g at the resonant frequency of 25 Hz recovered a power
density of 0.12 pW/cm3.

3. Geometric optimization of the cantilever (layers thickness, etc.)
should increase the power density by increasing the strain of the
electroactive material.
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Highly sensitive flexible
pressure sensors based
on electrostrictive
materials

Summary: Capacitive pressure sensors have attracted much attention in the recent past
due to their potential for a variety of applications as a key component in e-skin systems.
In particular, they are required for long-term heart monitoring and for increasing the
natural interaction of robots with humans. In this work, we report the development of
a flexible capacitive pressure sensor with a maximum sensitivity of 36 kPa-! in the
pressure range of 0-0.2 kPa. The stability over 100 cycles of the capacitive pressure
response is demonstrated. The arrangement of a microstructured carbon filled
polydimethylsiloxane and a PET isolating layer enabled us to operate the devices in
different pressure regimes (0-20kPa), where the capacitance change upon compression
with no electronic amplification and very low voltage (1V). We demonstrate that our
sensor can be used for non-invasive and continuous radial artery pulse wave
monitoring. Such a low-cost and easy processable technology may constitute an
alternative to conventional invasive methods such as the arterial catheter system.
Coupled with modern communication technologies, our sensor paves the way for heart
monitoring system allowing patients to continue to live in their home environment

instead of expensive healthcare.
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1 Introduction:

Artificial intelligence that comes into direct contact with humans requires electronics on
flexible and stretchable substrates. In this field, pressure sensors have attracted much
attention in recent years due to their potential for a variety of applications. In particular,
the demand for pressure sensors with high sensitivity in low pressure regions (<10kPa)
is very high, for systems in healthcare and medical diagnosis as well as in electronic
systems, in particular for the so-called “e-skin” systems [1-3]. The latter are materials
able to mimic functionalities of human skin and have the sensing abilities to detect
environmental factors such as changes in heat or pressure. E-skin systems are
particularly adapted for continuously measuring arterial blood pressure (BP). Indeed,
deposited on human skin, they combine two essential clinical standards: noninvasivity
and real time measurements. Usually, the first criterion is respected by using non-
invasive upper arm tensiometer, also known as sphygmomanometer (FIG. 6.1) and the
second by using invasive arterial catheter systems (FIG. 6.2) [4,5].

ADULT REGULAR €ar

FIG. 6.1- Photograph of a noninvasive and non-continuous tensiometer for blood
pressure measurements.
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FIG. 6.2 - a) Schematic representation and b) photograph of an invasive arterial
catheter system for continuous blood pressure measurements.

During major surgeries or in intensive cares, continuous and invasive arterial pressure
measurement using arterial catheter is chosen to closely monitor the changes in blood
pressure [6]. In other cases, especially for high-risk patients, the non-invasive
intermittent measurement based on tensiometry is preferred, because of the possible
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surgical complications of the first technique [7,8], but its accuracy depends on the
correct positioning of the device on patients and may be lowered by patient conditions
such as obesity [9].

The development of e-skin systems providing reliable and continuous BP measurements
is motivated by the fact that cardiovascular disease is the leading cause of death
worldwide accounting for 30% of the total deaths every year in the world (World Health
Organization). Healthcare providers have recognized the need for early diagnosis and
treatment to decrease this high death rate [6]. Non-invasive, non-intrusive sensors are
needed elements of ambulatory and long-term heart monitoring systems. Coupled with
modern communication technologies, they pave the way for blood pressure monitoring
systems allowing patients to continue to live in their home environment instead of
expensive healthcare facilities.

Until now, very few technologies are available for noninvasive and continuous blood
pressure measurements. The most widespread is the volume clamp method [10]. The BP
is measured at the finger with an inflatable cuff joined with a photodiode (FIG. 6.3 a)).
The diameter of the artery in the finger is measured by the photodiode; the pressure in
the cuff is adjusted to keep the diameter of the artery constant. From the pressure
changes in the cuff, a BP curve can be calculated [11].

a)  Counter pressure | b)
" 6 \ ‘ l /-\M | =
o oo FEEAN o —
T s j

Constant finger volume

FIG. 6.3 - a) Schematic representation of the volume clamp method b) real blood
pressure fingertip sensor.

Nevertheless, different medical reasons make volume clamp method inadequate in many
cases. For examples, severe vasoconstriction, distorted fingers due to arthritis, etc. lead
to difficulties to obtain a valid waveform using finger cuffs. Moreover, patients report
discomfort from the congestion of the fingertip (FIG. 6.3 b)) and need to change the cuff
to another finger after a certain period of monitoring.

Consequently, the development of noninvasive continuous blood pressure monitoring
methods is a field of great interest. The next generation of continuous blood pressure
technologies is based on flexible e-skins, requiring materials with high pressure
sensitivity. We remind that sensitivity to pressure P for piezocapacitive materials is

defined as S = CA—‘;. Several micro- or nano-structures [12-14] have been suggested to
0

improve the sensitivity of piezocapacitive materials in particular in the low pressure
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range. However, they usually require complex and expensive fabrication processes.
Previously reported works have been vastly discussed in Chapter 1 but the main ones
are reminded. Many recent works have based their investigations into pyramid-
structured PDMS film. A sensitivity of 0.55 kPa-! was reported compared to 0.02 kPa-!
for an unstructured PDMS film [12]. The structured film aims at subtly changing the
permittivity value of the sensitive layer under pressure. To increase sensitivity to
pressure, several groups [3,12,15] decided to integrate dielectric polymers as a gate
dielectric layer in OFET (organic field effect transistor). Indeed, OFET could play the role
of amplification and thus improve the sensibility. Still using the pyramid-structured
PDMS and its integration in OFET, Schwartz et al [3] advanced high sensitivity (8.4 kPa-

1),

Many drawbacks are observable on the current piezocapacitive materials. First,
materials based on OFET need to be used with a high bias voltage to present high
sensitivity. It could, consequently, constitute a limitation for wearable electronic. Then,
the necessity of a very sensitive patterning process (Si mold) for making pyramid-
structured film makes the process, time consuming and less reproducibility.

In this chapter, we present a new type of flexible, capacitive pressure sensors with
unprecedented sensitivity. This new device can be economically fabricated over large
areas by using thin films of microporous CB/PDMS composites associating with an
isolating layer. The direct dependence of the applied pressure on the capacitance of
CB/PDMS composites make them very suitable for low pressure capacitive sensors as
porous materials developed very low Young’s modulus.

2 Materials and methods:

The key component or our sensitive device is a porous thin film of PDMS filled with
carbon black. The materials were fabricated using the water-in-oil emulsion method
previously described in Chapter 2. They have shown good dielectric properties (up to
€ =182 at 100 Hz and loss tangent of 2.5-10-2), when they were associated with an
insulating layer (see Chapter 4). Moreover, PDMS is well known for its good mechanical
properties and its compatibility with human tissues [16]. Making porous the PDMS
allows a huge decrease of the Young’s modulus compared to bulk PDMS, depending on
the porosity and the carbon fraction. As the sensitivity is directly dependent on the
applied pressure, making the materials deformable at low pressure will help them at
increasing their sensitivity. Finally, the dielectric properties and the flexibility of these
materials, are properties making the CB/PDMS composites, materials of choice for
pressure-sensitive dielectric thin films.

However, there are two main differences in the formulation of porous materials with
respect to our energy harvesting study. First, we decided to change the type of PDMS by
switching from Sylgard 134 (Dow Corning) to another one (confidential). Even if
theoretically both types are chemically identical, main differences have been observed
in the quantity of dispersable phase. Indeed, 80 wt% of carbon solution were dispersable
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in the other PDMS contrary to only 50 wt% for the Sylgard. Above these two maximal
concentrations a phase separation was observable. This change is thus motivated as
increasing the dispersed fraction aims at decreasing the final Young’s modulus. High
flexibility is required as materials will be used for the realization of “e-skin” systems.
Using 10 wt% of carbon black and a dispersed fraction of 0.8, the material is highly
strechtable and twisting as illustrated FIG. 6.4. FIG. 6.5 illustrates this high flexibility as
a strain of 140 % was required to fracture the material. In traction configuration, a non-
linearity has been measured for a stress range between 0 and 275 kPa. A Young’s
modulus comprised between 0.4 and 0.1 kPa, depending on the stress range, is
calculated. This modulus is one order of magnitude below those measured with the 1:1
CB/PDMS (Sylgard) (see Chapter 4) and confirm the interest of increasing the dispersed
phase for decreasing the Young’s modulus.

FIG. 6.4 - CB/PDMS porous material (10 w% of BC and 80 w% of dispersed phase) a) at
rest b) stretching c) twisting.
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FIG. 6.5 -Stress-strain traction curve (10 w% of BC and 80 w% of dispersed phase).

The second change concerns the isolating layer. A thin plastic film of Mylar (polyethylene
terephthalate, 2.5 um) has been preferred compared to unstructured (bulk) PDMS for
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making the isolation layer as small holes and defects could appear in the PDMS coating
when its thickness was decreased. This change was motivated as the isolating layer is
crucial for keeping the loss tangent as low as possible. For our study, the Mylar film is
stacked on the solid CB/PDMS composites by using a surface plasma treatment (Plasma
Diener Pico) for 3 minutes. This method aims at making stickable, the thin plastic film,
on PDMS-composites. Then the two elements are stuck together for 15 min by applying
a pressure at 90°C.

The sensitivity to compression tests of the bilayer composites was measured in capacitor
configuration. To apply a well-controlled load, a rheometer is used as mechanized z-axis
stage and force gauge. A top electrode (stainless steel) is connected to the z-axis stage
while the bottom electrode is fixed. The rheometer applies linear loading-unloading
cycles to the sensing materials. At the same time the dielectric properties are measured
under 1V at 1kHz using an LCR-meter (Agilent). The force, the displacement, the
capacitance and the resistance are recorded through an interfaced computer. The size of
the pressure-sensitive material was 3.1cm?. The practical procedure is detailed Chapter
2, especially the impedance compensation procedure.

Rheometer
two-terminal
configuration (wire)
elfiifrude : C‘ 5 Lcur
= Loot :

- material

E C 9T foikHz U=V
:_:":'_ _'“:'___p_cu_r_______ -
S ——

four-terminal
configuration (BNC)

FIG. 6.6 - Schematic representation of the experimental setup for sensitivity
measurements. Rheometer is used as mechanized z-axis stage and force gauge.
Dielectrics properties are measured using an LCR-meter, under 1V at 1kHz. Both devices
are computer controlled.

148



Chapter 6 - Highly sensitive flexible pressure sensors based on electrostrictive materials.

3 Results:

The sensitivity of the capacitive pressure sensor is investigated for a material disc with
a diameter of 20 mm. Its formulation has been described in §2. FIG. 6.7 a) shows the
pressure sensitivity responses for 1, 100 and 100 loading-unloading consecutive cycles.
Capacitance is measured at 1kHz under a voltage of 1 V. The sensitivity to pressure S can

. . AC
be defined as the slope of the pressure-capacitance response curves (§ = —, where P

CoP

represents the applied pressure, €y, and AC represent the capacitance at rest and the
capacitance variation after applying pressure) as illustrated FIG. 6.7 c).
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FIG. 6.7 - a) Pressure-response curves for successive loading-unloading cycles (right red
triangles for 1 cycle, top green triangles for 10 cycles and bottom blue triangles for 100
cycles) b) Sensitivity evolution depending on the cycle number of different pressure ranges
(top blue triangles 0-0.2 kPa, bottom orange triangles 0.2-1.5 kPa, right green triangles, 1.5-
10 kPa). c) sensitivity measurements after 10 cycles for different pressure ranges. All

capacitances are measured at 1kHz under a voltage of 1 V.
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The composite exhibits different sensitivities depending on the pressure ranges as
represented FIG. 6.7 b). The maximum slope of the relative capacitive change is
measured in the 0-0.2 kPa range with an average value of 36 kPa-l. Then average values
of 6.7 kPa-l and 3.9 kPa-! are respectively measured in the 0.2-1.5 kPa and 1.5-10 kPa
range. Moreover, the microstructured film exhibits a very low hysteresis. Thousand
loading-unloading consecutive cycles have been performed without significant change in
the pressure-response curves (FIG. 6.7 a)) and in the sensitivity (FIG. 6.7 b)). Compared
to previous reported works, we achieved a sensitivity far above the literature without
using any OFET configuration or electronic amplification (TAB. 6.1). Until now, the best
reported sensitivity (8,2 kPa-1) for a pressure range of 0 - 4 kPa was reached by
Schwartz et A/ [3] with an OFET amplification although a sensitivity of 0.7 kPa-1 in the
pressure range of 0 - 1 kPa was reported by Park et A/ [17]. With no amplification, we
achieve a sensitivity one order of magnitude above the latest with a larger pressure
range. Moreover, our sensitivity is very close to the one achieved with amplification.

TAB. 6.1 - Maximum sensitivities achieved in previous reported works:

pressure range sensitivity (kPa-
active materials (kPa) 1) references.

PDMS pyramids 0-1,5 0,55 [12]
OFET

PDMS microhairy 0-1 0,58 [18]
Porous PDMS/air 0-1 0,7 [17]
gap

Fluorosilicone/air 0-0,5 0,91 [19]
gap

PDMS pyramids 0-4 8,2 [3]
OFET

Suspended gate 15-20 158,6 [15]
OFET

The huge reported sensitivities of the microporous CB/PDMS composite arise from the
enhanced dielectric constant of the materials and from the low Young’s modulus
achieved. For developing e-skin systems measuring, inter alia, arterial blood pressure,
we remind that high sensitivity in the low pressure range (<10kPa) is required.

The origin of the sensitivities variations, depending on the pressure range, has been
investigated using mechanical studies. Stress-strain curves are measured for different
loading-unloading consecutive cycles and compared to capacitance variations (FIG. 6.8).
Three different mechanical behaviors are observable as illustrated FIG. 6.8 a) by blue
increments. The first value of sensitivity at very low pressure range (0-0.2 kPa)
corresponds to an electrical contact area where the elastic resistance is very low (FIG.
6.8 2)). Even if creating/removing an electrical contact could not appear reproducible, a
quasi-constant value of sensitivity has been measured (FIG. 6.7 ¢) in this pressure range.
Then the second range (0.2-1.5 kPa), corresponds to the closure of porosity of the
dielectric composite. At this range, the elastic resistance is low (Young’s modulus=0.09
MPa) as the material is filled of pores which start to be removed by applying pressure
(FIG. 6.8 a)). Latter, for higher pressure range (1.5-10 kPa), the material is solicited in
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its bulk (Young’s modulus=0.3 MPa) and does not depend on any electrical contact (FIG.
6.8 a)). The achieved Young’'s modulus, in the bulk phase, is one order of magnitude
below the ones achieved with the materials developed in the energy harvesting part of
this thesis. We remind that we succeeded in decreasing the modulus by increasing the
weight fraction of the dispersed phase from 0.5 to 0.8, using another PDMS. Stress-strain
curves measured for different loading-unloading consecutive cycles (FIG. 6.8 b)), show
very low hysteresis and confirm the origin of the stable sensitivities after 100 cycles
(FIG. 6.4 b)).

The electrical resistance, at 1kHz, of the studied sensitive material has been measured
for the 100 loading-unloading cycles. The evolution of this resistance is presented in FIG.
6.9, for the 100th cycle, depending on the applied pressure. A linear evolution is observed
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FIG. 6.8 - a) Pressure-strain curve after 100 cycles. Pressure ranges are highlighted by
blue increments : light blue (0-0.2kPa), medium blue (0.2-1.5kPa), dark blue (1.5-
10kPa). Young’s modulus for the medium blue area is 0.09 MPa while for the dark area
is 0.3 MPa. b) Pressure-strain curves depending on the cycle number. Light pink (cycle
1), medium pink (cycle 10), dark pink (cycle 100).
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in the pressure range of 0.01 - 10 kPa, from 1 GQ to 1.5 MQ and attest of the
piezoresistivity of the CB/PDMS composite. Nevertheless, the use of the PET isolating
film affords using material as the dielectric layer in capacitive configuration, as the
resistance is high enough. Besides, working with isolating materials helps to decrease
the power consumption of the sensor (see Chapter 4).
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FIG. 6.9 - Evolution of the capacitance and resistance at 1kHz in function of the applied
pressure. Pressure ranges are highlighted by the same colors as FIG. 6.8.

To further investigate the stability of the pressure sensor, the capacitive changes of the
material were measured when alternatively load/unload, for more than 100 cycles, an
applied pressure of 13.2 Pa or 9 Pa (FIG. 6.10). The material was submitted to pressure
variations by using a piezoelectric actuator and a function generator applying a 0.1 Hz
square signal. The results reveal that the capacitive pressure sensor exhibits high
repeatability with very low hysteresis. Material shows immediate response and
relaxation times after applying or releasing the pressure.
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FIG. 6.10 - a) Real-time C-t curves of the sensitive material for more than 100 square
loading/unloading cycles, 10 seconds for each cycle, with an applied pressure comprised
between 9 and 13 Pa. b) Enlarged view on sensor response to pressure.

The stability cycling test is also performed in the bulk mechanical range as illustrated
FIG. 6.11. Hundred sinus loading/unloading cycles are applied on the sensitive material,
at 0.1 Hz, with an applied pressure comprised between 1.75 and 2.35 kPa. Capacitances
values follow perfectly the sinus mechanical excitation (FIG. 6.11 b)) and low decrease
in capacitance is measured after 100 cycles(FIG. 6.11 a)). This cycling test confirms the
high stability of the sensitive material.

Cycle
100
250 24 250 . . . . 24
a ' ' b
245 4 f\‘ 245 4 ﬂ\ ,"‘\- ’\- .'f\\ f\_ 23
H il H HERY R i1
"o U T
240 it H w04 i . i HER! P
!' Lo FE Y £ H 4 [
. R T R A
235 Py Y 254 i 1 4 HE oy i T
—~ P4 o ~ i H ' ] ! i H f 421 @
i AN 2 & T A S T B @
2 o S =% I S S HE S S S A 3
o 21 ¥ R I R T S S S S R S R P93
b = S S S A T A 3
i i D 22 i i Lo i Lo iy
2254 ] I L °1 I H I i " =
j i H H i i H 119
! i } Vo | i i
f’ z i 220 ! i .’ i o HE
RAVAR' VAR VARR VAR VAR VAR ¥
4 vV !
215 . V 215
T T T T 1,7
1'0 10 20 30 40 50
Time (s) Time (s)

FIG. 6.11 - a) Real-time C-t curves of the sensitive material for more than 100 sinus
loading/unloading cycles, 10 seconds for each cycle, with an applied pressure comprised between
1.75 and 2.35 kPa. b) Enlarged view on sensor response to stress.
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Beyond the high sensitivities to pressure, our material has shown high capacitive gauge
factor (GF) in its bulk domain (see FIG. 6.8). FIG. 6.12 illustrates the capacitance
variation in function of the strain for a mechanical compression. We remind that the

gauge factor can be defined as the slope of the capacitance variation vs strain curves

AC . : . : :
(GF = P where € is the strain). The sensor device showed reliable, linear performance
0

over thousands of cycles at up to 10% strain and the highest reported GF for a device of
this class : 31,7[20].

34— 77T T 7

> After 1 cycle
After 10 cycles v
v After 100 cycles >

3,0 1

2,54

2,0

ACIC,

O'O !I T T T T T T T T T
0,00 0,01 002 003 0,04 005 006 007 008 009 0,10

Strain

FIG.6.12 - Capacitance variations in function of the strain for successive loading-unloading
cycles (right red triangles for 1 cycle, top green triangles for 10 cycles and bottom blue
triangles for 100 cycles).

Usually, capacitive strain sensors use the deformation for bringing electrodes closer
together (geometrical effect), resulting in an increase in capacitance. The theoretical
value of GF for incompressible materials due to this geometrical change is 1[21] [22]. As
our materials have shown electrostrictive properties (permittivity variation under
compression), we succeed in increasing the GF by a factor 30. The huge reported GF
makes our material very adapted for measuring deformation of objects or monitoring
human motions such as walking, running, etc.
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Application to arterial pressure measurements. In the medical field, arterial pulse wave
is a key indicator as it aims at measuring the blood pressure and the heart rate. The
previously described highly sensitive pressure sensor has been placed over the radial
artery of the wrist to measure the subtile pressure variations. To do so, the sensitive
material was completed by two flexible electrodes by depositing conductive flexible
carbon tape on the top and the bottom of the materials surfaces as illustrated FIG. 6.13
a). The system electrode-material-electrode is deposited on a copper tape, used as a
substrate. The device, completed by wires, is simply deposited on the wrist and fixed
with non-conductive tape (FIG. 6.13 c)). It is worth mentioning that contrary to usual
tensiometry techniques no compressive cuff is required. This advantage makes our
device very useful for non-invasive and continuous blood pressure monitoring. The fast
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FIG. 6.13 - a) Schematic illustration of the e-skin device for detection of the wrist pulse b)
Capacitive signals over time of a wrist pulse of a test person c) Photograh of the pressure-
sensitive device on human wrist d) Photographs of the sensor.

response time of the e-skin provides high resolution which aims at getting the detailed
clinical information from wrist pulse wave. FIG. 6.13 b) shows noticeably the pulse
frequency of a healthy person, measured at 75 beats/min (period of 0.8 s) with regular
and repeatable pulse waves. For measuring the blood pressure, calibration between the
measured capacitance and the pressure must be precisely established. For healthy
people, systolic pressure is 90-120 mmHg [23] (10.5 - 16 kPa) and diastolic pressure is
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60-79 mmHg [23] (8 - 10.5 kPa), meaning that the pressure range of interest, for blood
pressure measurements, ranges between 8 and 16 kPa. These two pressures are easily
distinguishable on the pulse a wave signal as Psys:oiicis the pressure measured at the top
of the pulse wave and Pajaseoiic constitutes the pressure at the based line of the pulse wave
(FIG. 6.14) [20]. The pulse wave illustrated FIG. 6.13 b) shows that blood pressure is
clearly measurable as the two picks are distinguishable. For the future, building
wearable electronics and software for real time pulse waves monitoring could make
accessible to healthcare professionals blood pressure information anywhere and
anytime. It is worth noticing that only 1 volt was required for measuring capacitances.
Although, high voltages were necessary in reported works [3,12,15], this low tension
allows to avoid the use of large batteries. which can be incompatible with wearable

Sensors.
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FIG. 6.14 - a) Theroritical curve of the radial arterial pressure during one cardiac cycle.
Blood pressure Pyuse can be evaluated by the difference between Psystolic and Paiastotic. b)

Capacitance signal recorded with our pressure sensor.
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4 Discussion and conclusion:

In summary, we developed a new capacitive pressure sensor by combining porous
CB/PDMS composites with a thin PET isolating layer. The association of a porous
material filled with high-k particles address the mechanical and dielectric requirements
for developing deformable dielectric layers. The material shows unprecedented
properties affording sensitivities of 36 kPa-1 in the 0-0.2 kPa pressure range and 6.7 kPa-
1in the 0.2-1.5 kPa range. These performances are one order of magnitude higher than
those recently reported (FIG. 6.15). Until now, capacitive sensors based on rubber were
mostly obtained using very delicate patterning process (pyramid-structured PDMS
[3,12,13]). Moreover, they achieved high sensitivities by operating them with thin-film
transistors (OFET) for signal amplification. This could be a limitation for developing
wearable capacitive sensors, as OFET required high voltages. No amplification was
required for measuring low pressure-capacitive changes with our sensor. Only 1V was
used to record the capacitive response. Furthermore, our sensor performs stable
pressure-capacitance changes and sensitivities after thousands of cycles. Low hystereris
has been measured on the pressure-strain curves after performing these cycles. We also
demonstrate the possibility of continuously recording arterial pulse waves in a
noninvasive way. The sensor is successfully employed to assess the pulse frequency and
to measure systolic and diastolic peaks. This new e-skin offers opportunities to make
highly sensitive and wearable capacitive sensors and pave the way for low-cost and low
power consumption heart monitoring systems. It also provides a solution to the dilemma
of combining noninvasivity and continuous blood pressure monitoring. Besides,
considering that components are fully commercial raw materials and that the process is
relatively simple a low cost ($2/sensor) has been predicted for their fabrication.
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FIG. 6.15 - Comparison of the sensitivity of capacitive pressure sensors reported in the literature
depending on the pressure range. The colors correspond to different materials: orange [12], green
[18], black [17], brown [19], purple [3], yellow [15], red (our sensor).
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5 Outlooks:

Using an innovative design, we have developed a new material that meets the integration
and sensitivity specifications. We envision that this work will contribute to a new type
of flexible e-skins, reliable for heart monitoring and adapted to large-scale production
with cost-effective methods. The low cost of production and its high added value are
criteria that will allow the material to find a place in a rapidly expanding heart
monitoring market. The development of multifonctionnal wearable sensors that allows
the detection of different stimuli such as temperature, humidity, etc. will be the subject
of future investigations. For example, incorporation of metal organic framework (MOF)
particles into polymer matrix could add the temperature sensing capacity to our
materials. D.Zhao recently reported the development of mixed-lanthanide MOF with high
relative sensitivity of luminescence properties in the physiological temperature regime
[25]. In addition, integrating sensors into fully wearable systems where electronics such
as data storage and data transmission (wireless), is a coming challenge for long-term
continuous recording.
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Take home message - Chapter 6

In this Chapter, we presented highly sensitive flexible pressure and strain
sensors based on electrostrictive materials.

1. We reported the development of a capacitive pressure sensor, with
sensitivities far above the literature : 36 kPa-! in the 0-0.2 kPa pressure
range and 6.7 kPa!l in the 0.2-1.5 kPa range with easy processable
materials. Moreover, we operated with no OFET amplification. Only 1V
was used to record the capacitive response.

2. Then we showed that our sensor can perform as a capacitive strain
sensor too. The device showed reliable, linear performances over
thousands of cycles at up to 10% strain and the highest reported GF for
a device of this class : 31,7.

3. We then demonstrated the possibility of continuously recording arterial
pulse waves in a noninvasive way. The pressure sensor was successfully
employed to assess the pulse frequency and to measure systolic and
diastolic peaks.
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Conclusion and perspectives

The electrostrictive project was the core of my PhD research project over the past three
years. This project was multipurpose in the sense that it combined:

- Formulation and chemical skills to synthetize composite materials

- Electronic and mechanical abilities to deal with the materials characterization

- Applied research and engineering to develop prototypes of integrated
electrostrictive materials.

First, we developed composites via the addition of conductive fillers to soft elastomeric
polymers. The feature of our investigations is that the fillers are added into a continuous
phase by using emulsion paths (O/W or W/0). The use of emulsions offers opportunities to
control the fillers dispersion and to tune the materials microstructure. In the case of O/W
emulsions and r-GO fillers (Chapter 3), we successfully increased the permittivity of
composites. The structure of graphene flakes promotes the formation of microcapacitors
which leads to high permittivity up to 105 at 100 Hz. Eventhough, we expected to get low
loss tangents thanks to a nematic structuration of the fillers, moderate dielectric losses have
been obtained, between 1 and 2 for the percolated systems at 100 Hz. It makes them too
conductive for energy harvesting applications but very adapted for making piezoresistive
sensors (gauge factor around 6 above the percolation threshold).

As we were aware of the limitations of our first system for energy harvesting applications,
we decided to focus on a second system: W/0 emulsion based materials filled with carbon
black particles (Chapter 4). The materials consist of a porous carbon black composite, where
carbon blacks particles create conductive shells inside each air cavities. A good compromise
between high permittivity and low dielectric loss has been found for materials close to the
percolation threshold. Indeed, for 4.0 wt% of CB, a permittivity of 20 with a tan § equal to
0.02 has been measured at 100 Hz. These performances are very close to those delivered by
the polyvinylidene fluoride (PVDF) but with a Young’s modulus three decades lower.
Nevertheless, the dielectric properties of porous materials highly depend upon the
materials synthesis protocol in the vicinity of the percolation transition. It leads to a very
limited composition window, making the process poorly reliable. To overcome this
limitation, we decided to design a new bilayer structure. It is based on the previously
described microporous CB material associated with a thin insulating layer. This new
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investigated structure exhibits a high effective relative dielectric permittivity (up to 182 at
100 Hz) with very low effective conductivity (down to 2.53 1078 Sm™1).

As our bilayer approach leads to materials possessing the dielectric and mechanical
requirements, we evaluated the energy harvesting possibilities using a test bench and a
piezoelectric actuator to simulate vibrations. We succeeded in generating electrical energy
in response to mechanical vibrations with a power density of 0.38 W m~2 under an applied
bias electric field of 32V. Materials display figures of merit well above materials classically
used or published in the litterature, including fluorinated co- and ter-polymers synthesized
by heavy chemical processes. The production process of the present materials is based on
non-hazardous and low-cost chemicals.

Then we succeeded in integrating the electrostrictive porous carbon black composites into
a mechanical energy harvesting device (Chapter 5). We made a mechanical energy harvester
based on a cantilever beam. In combination with an insulating layer, the investigated
structure maintains its conversion abilities although it was integrated into an all-organic
resonator. Using a sinusoidal acceleration amplitude of 2 g at 25 Hz, we succeeded in
generating an electrical power density of 0.4 pW/cms3.

Finally, we presented highly sensitive flexible pressure and strain sensors based on
electrostrictive materials (Chapter 6). Sensors were tested over thousands of cycles. We
demonstrated the possibility of continuously recording arterial pulse waves in a
noninvasive way. The pressure sensor is successfully employed to assess the pulse
frequency and to measure systolic and diastolic peaks.

Based on the performed proofs of concept, we fully believe in the benefits of our technology
for making highly sensitive and wearable capacitive sensors and for paving the way for low-
cost and low power consumption heart monitoring systems. It will be the starting points of
a competitive product adapted to the needs of the health market. That is why we want to
promote our technology and its 4 patents, in the future, by creating a startup.
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The research presented in this thesis gave rise to two papers published in international reviews.
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ABSTRACT: Using an emulsion road and optimizing

the

dispersion process, we prepare polymer carbone nanotubes
(CNT) and polymer reduced graphene oxide (rGO) composites.
The introduction of conductive nanoparticles into polymer
matrices modifies the electronic properties of the material. We
show that these materials exhibit giant electrostriction coeflicients
in the intermediate filler concentration (below 1 wt %). This
makes them very promising for applications such as capacitive
sensors and actuators. In addition, the values of the
piezoresistivity measured in the high filler concentration situation are at least an order of magnitude greater than the one
reported in the literature. This opens the way to use these materials for stress or strain sensor applications considering their giant

responses to mechanical deformations.

B INTRODUCTION

In the large field of nanotechnology, polymer matrix based
nanocomposites have become a prominent area of current
research and development.' The introduction of conductive
nanoparticles into polymer matrices represents a promising
avenue for the development of new materials for electronics.
These materials are flexible, of low cost, and have original
mechanical and electronic properties. The latter may be tuned
by varying the amount of included particles.” From a theoretical
point of view, by gradually filling insulating polymer matrices
with conductive particles, four types of behavior can be defined.
In the low concentration situation, the particles are more or less
dispersed in the matrix. The electronic conductivity of the
material is low, but the introduction of polarizable domains
induces an increase of the dielectric permittivity. In the vicinity
of the percolation threshold and below it, the electronic
conductivity remains low, but the dielectric permittivity
diverges. This is physically explained by the formation of
large conducting clusters, which are separated by small
distances in near percolated networks. This effect creates
locally large capacitors, which contribute to the increase of the
permittivity of the material.” This range of particle concen-
tration is thus perfectly suited to get materials with huge
dielectric permittivity for energy storage but also with huge
electrostrictive coefficients.* Electrostrictive materials are used
in the fabrication of sensors and actuators® (ink jet printing,
printhead, adaptive optics devices, and ultrasonic motor). More
recently, it has been proposed to use them as dielectric in
variable capacitors to harvest energy from mechanical
vibrations. In the vicinity of the percolation threshold but
slightly above, the sample becomes electronically conductive. In
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this concentration range, deformable networks might exhibit
huge variation of electronic resistance as a function of the
deformation considering the large susceptibility of near
percolated networks. These materials are piezoresistive and
may be used to build stress or strain sensors.””'" Well above
the percolation threshold, the sample is conductive. The value
of the percolation threshold depends upon the shape of the
particles.'”"® In practice, finite size effects, difficulties to
homogeneously incorporate particles in a matrix, and resistive
contacts between the conducting particles make the achieve-
ment of the ideal behavior diagram challenging. In addition, the
polymer composite technology suffers from a weakness due to
the substantial increase of losses near and above percolation.
These losses arise from dielectric losses related to the motion of
bound charges of the dielectric medium and from the intrinsic
conductivity brought by the free charges of the conducting
particles. High permittivity and low losses in frequency ranges
of interest below the percolation threshold are expected to be
found by developing a fine degree of the structure of the
nanoparticles within the polymer matrix. Progress toward this
goal has been achieved in the recent years particularly in the
dispersion of nanoparticles in polymer matrices. Examples of
fine carbon nanotube (CNT) dispersions were achieved by in
situ polymerization of monomers in the presence of CNTs,"*
by mixing polymer beads and CNTs'® by melt processing, and
by solution casting where the matrix and the CNTs are
dispersed in a common solvent.'°Following this path, Park et
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al.'"” improved the electrostrictive properties of polyimide by
including a highly uniform dispersion of single wall nanotubes
(SWNTs) to the polymer. The uniformity and the homoge-
neity of the dispersion is possible due to the donor—acceptor
interaction between the SWNTSs and the polyimide.'® Park and
co-workers'® have measured negative out-of-plane strain in
polyimide matrix composites in response to a low-frequency
(0.02 Hz)-applied electric field and have found electrostrictive
coefficients ranging between My; = —3.8 X 107" m*/V* and
—12 X 107" m*> V* at 0.02 Hz with a conductivity ranging
between 1072 S/m and 1072 S/m. The best compromise
between low conductivity and high electrostrictive coefficient
(ie, —3.8 X 10—-15 m?/V% 107 S/m) is achieved at an
intermediate concentration equal to 0.0035% by the weight of
nanotubes. The high electrostrictive coefficient results from the
creation of deformable micro and nanocapacitors formed by the
CNTs. In addition, the donor—acceptor interactions between
the fillers and the matrix bring additional polarization to the
system. The same performances are obtained by Wongtimnoi
et al,'® using a polyether-based polyurethane elastomer filled
with conductive carbon black. Adding single walled carbon
nanotubes to a nonactuating polyimide, Deshmukh'” et al. have
obtained an electrostrictive coeflicient equal to 1072 m?/V? but
with a conductivity equal to 10 ~> S/m. These values of
electrostrictive coeflicients are much higher than the ones
obtained with neat polymers or classical nanocomposites that
usually comprise between 1077 m* V™2 and 5107'¢ m? V=2
These recent results demonstrate the potential of CNT-
polymer composites to achieve electrostrictive materials with
promising properties, but a greater degree of control of the
structuration of the conductive inclusions is still needed to
achieve improvements of properties. We show in this work that
the fabrication of composites using an emulsion approach®’
provides such a control and yields unprecedented perform-
ances. The emulsion droplets are greater than the size of the
conductive particles. As a consequence, the particles remain
segregated in between the emulsions droplets. The polymer is
cross-linked after the composite has been molded and dried in
order to end up with a solid state nanocomposite. Varying the
concentration of conductive particles allows the electrostrictive
properties of the sample to be tuned. Close to the percolation,
giant electrostrictive coefficients are evidenced. Description and
discussion of the present results are provided in the following
sections. The first section of the article is devoted to the
preparation and characterization of the samples. In the second
section, we display the influence of the nature of the conductive
particles (carbon nanotubes or reduced graphene oxide) on the
dielectric properties at rest. The third section is devoted to the
characterization of the dielectric properties under mechanical
stress. Finally, the last part deals with the discussion of the data
and includes some comments about potential applications.

B MATERIALS AND CLASSICAL METHODS

Materials. The PDMS (polydimethylsiloxane), Sylgard 184, was
purchased from Dow Corning as a kit of PDMS base and curing agent.
The range of temperature for stable performances is —55 °C to 220
°C. This parameter is essential to avoid any degradation of the
composite materials during the thermal reduction treatment of
graphene oxide. The sodium dodecyl sulfate (SDS) was purchased
from Sigma-Aldrich and used as received. The aqueous solution of the
graphene oxide (GO) monolayers was purchased from Graphenea,
and the GO concentration is about 0.4 wt%. The GO particles™ are
nonconducting. We first reduced them into reduced graphene
oxide(rGO) using a chemical reduction. S0 mL of solution at 0.4 wt
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% was heated under reflux for 1 h at 110 °C in the presence of 120 mg
of ascorbic acid and 10 g of Tween 60. The solution turns from brown
to black. The surfactant Tween 60 allows us to stabilize the dispersion
in water. The mean GO sheet size is about 2—3 um."® The solution
was centrifuged in order to increase the GO concentration.
Centrifugation was performed with a Sorval RC 6+, rotor SE-12,
centrifuge at 22000 rpm (i.e., 50 000g) for 45 min. After centrifugation,
the supernatant was removed. The bottom phase that contains GO
monolayers was collected. The solid content in the material was
determined by dry extracts after evaporation of the water under
vacuum at 100 °C. The mean final weight fraction of rGO was 5.8%.
Thin multiwall CNTs (MWCNTs) were purchased from Nanocyl
under the reference Nanocyl 7000 and used as received. The average
diameter of the nanotubes is about 10 nm, and the average length is
about 1.5 ym. Their dispersion was carried out in 10 mL flat-bottomed
flasks by mixing 0.9 and 1.2 wt % of CNT and SDS. Tip sonication
using a Branson Sonifier 450A is performed during 1 h at 20 W to
unbundle and homogeneously disperse the CNTs. The sample is
cooled down during sonication employing an ice bath. Carbon
nanotubes were cut during the sonication treatment, and their length
decreased down to an average length of about 500 nm.”***
Preparation of the Sample. The present method consists of
building networks of carbon based fillers in between emulsion droplets
of cross-linked PDMS polymer. Direct emulsions are made of oil
droplets dispersed in an aqueous phase (see Figure 1). As liquid drops

Figure 1. Scheme of the procedure allowing for the preparation of the
sample.

are deformable, they can pack efficiently with a very small amount of
remaining water continuous phase. The possibility to use water based
dispersions which are well controlled and which can be stabilized with
commercial surfactants is a major advantage of this approach. A
mixture of PDMS and curing agent (10% in weight with respect to the
PDMS phase) is first prepared as the oil phase. Emulsions are prepared
by progressively adding the oil phase to an aqueous solution of SDS
surfactant under mechanical stirring provided by a mechanical mixer
(IKA Eurostar 40 digital). The gap between the paddle and inner wall
of the container is about 7.5 mm. The surfactant weight fraction in the
water phase is 4 wt %. Oil is added dropwise until its weight fraction
reaches 85 wt %. Shear can be increased by raising the rotational speed
of the mixer in order to form smaller droplets. The size of the obtained
droplets is characterized using a Mastersizer Malvern 2000 particle size
analyzer. Different mean droplets sizes were achieved by modifying the
shear stress applied to the emulsion. The droplet sizes are broadly
distributed using mechanical stirring. They range from 80 to 15 ym. In
order to obtain smaller droplets, higher shear stress has to be applied
to the emulsions. To this end, smaller emulsion droplets are produced
using a Couette emulsification instrument.”> The Couette mixer
consists of a rotor stator system that enables the production of small
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and monodisperse emulsions due to high shear induced droplet
rupturing. In this method, a premixed emulsion of large, polydisperse
droplets is first introduced into a syringe. The premixed emulsion is
prepared manually. It is pushed by a piston into the gap between the
rotor and the stator. The sheared monodisperse emulsion is recovered
at the top of the mixer. The mean droplet size depends on the shear
rate and on the oil volume fraction. Experimentally, we decided to
shear emulsions at a fixed volume weight (85 wt %). Therefore, the
obtained mean droplet sizes are ranging in between 20 and 5 um.
Once the desired mean droplet size is obtained, the emulsions are then
gently mixed with a carbon based aqueous dispersion of CNTs or
rGO. A previous study”' has shown that the length of the filler and the
droplet size have a significant influence on the dielectric properties of
the material. We recall that the optimum formulation for high
permittivity composites is achieved when the mean droplet size is
about 10 times higher than the mean filler’s length.*" Accordingly, the
mean droplet size of emulsions loaded with CNT (respectively rGO)
is equal to S ym (rep.20 um). In addition, the amount of fillers is
varied in order to obtain different filler loadings in the final composites
obtained after drying and curing. The emulsions loaded with the
carbon based fillers are placed in circular homemade Teflon molds.
The diameter of the Teflon molds is 38 mm. Solid materials are
obtained by evaporating water from the emulsion and by curing the
PDMS polymer. The obtained samples are under the form of
elastomer disks with a black color. They look perfectly homogeneous
on a macroscopic scale. In the GO situation and in order to obtain a
comprehensive reduction of GO particles, the samples are heated at
200 °C for 2 h. We have checked that longer time or higher
temperature do not change the values of the electronic properties
suggesting that the reduction is optimal under this process.

Measurements of the Dielectric Properties at Rest. The
alternating current (AC) electrical conductivity measurements were
performed across the thickness of the molded disc samples of 38 mm
in diameter and 0.38 mm in thickness. The sample is placed between
two metallic disc electrodes that have the same diameter as the
samples. The electrical conductivity was measured under a voltage of
100 mV applied in the frequency range of 10—10° Hz using a
computer-controlled impedance analyzer (Materials Mates 7260). A
classical calibration procedure removing the contribution of the
polarization of the electrodes™ is used to determine the dielectric
permittivity and the conductivity of the sample as a function of the
frequency. All of the experiments are performed at room temperature.

Measurements of the Electrostrictive Coefficients. Definition
of the Electrostrictive Coefficient, Maxwell Stress, and Intrinsic
Contribution. Electrostriction is a property of all dielectrics due to the
presence of electric domains randomly distributed inside the material.
When an electric field is applied, each domain polarizes along the axis
of the field. The opposing sides of the domains are oppositely charged
and attract each other, causing a reduction in their size in the direction
of the electric field (and jointly an extension of their dimensions
perpendicular to the field in the proportions of the Poisson’s
coefficient). The resulting deformation is proportional to the square
of the electric field modulus. Electrostriction must be distinguished
from the inverse piezoelectric effect. Piezoelectricity is the property
that certain bodies possess to electrically polarize under the action of a
mechanical stress (direct piezzoelectric effect) and reciprocally to
deform under the action of an electrical field (inverse piezzoelectric
effect). The direct and inverse effects are inseparable. Electrostriction
is an effect of the second order, proportional to the square of the
electric field””*® Thus, opposite electric fields create an identical
deformation. Conversely, the piezoelectric effect is a linear effect, and
the deformation is proportional to the electric field (first-order effect).
Opposing electric fields therefore create opposite deformations in the
piezoelectric situation. Moreover, if the inverse piezoelectric effect is
always associated with the direct piezoelectric effect, there is no
equivalent for electrostriction: an applied stress does not create any
electrical polarization variation.

Electrostriction is generally defined as a quadratic coupling between
strain (S;) and polarization (P,,) following eqs 1 and 2.
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Em = €;nnpn + ZQk[my,TkIPn
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55k1 is the elastic compliance, Qu is the polarization-related
electrostriction coefficient, €}, is the inverse of the linear dielectric
permittivity in the absence of mechanical strain, 7, is the stress, and E,,
the electric field. Assuming a linear relationship between the
polarization and the electric field, the strain S; and electric flux
density D; are expressed as independent variables of the electric field
intensity E;, E, and stress 7;; by the constitutive relationships
according to eqs 3 and 4:
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i
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€ i is the dielectric permittivity of the sample in the absence of
mechanical strain. In the nonlinear dielectric systems situation, the M
coefficients depend upon the electrical field, whereas Q coeflicients do
not. When an electric field is applied to a thin dielectric film, charges
with different signs on two electrode sides will attract each other,
resulting in a electrostatic force which is known as Maxwell stress. It is
important to note at this stage that total electrostrictive strain
originates from both electrostrictive effect and Maxwell effect. In the
conductive sample situtation, the electrostrictive coeflicients are
complex numbers. This is the case in our study. In the following,
we report the real part of the electrostrictive coefficient.

Measurements of the Dielectric Properties under Mechanical
Stress: A Direct Determination of the Electrostrictive Coefficient
M3;. The following paragraph is devoted to the development of a
methodology to determine the intrinsic electrostrictive coeflicient Ms;.
We consider a 3—3 situation, i.e.,, a geometry where the electrical field
is applied along the 3 direction and the deformation is the
compression measured along the 3 direction, ie., S;;. We use two
homemade metal electrodes that enable the study of the dielectric
properties and application of the mechanical stress at the same time.
The homemade aluminum electrodes of diameter 40 mm were
equipped with a PVC-insulator adaptor. Its main role is to insulate the
measurement performed by the electrode from the rest of the ZWICK
2.5 traction machine. This traction machine was used to measure the
Young’s modulus in quasi-static deformations. Not forgetting that it
ensures a reliable mechanical contact with the force sensor and the
steel base of the traction machine. The electrodes are connected to a
Materials Mates 7260 impedance analyzer enabling the character-
ization of the impedances under mechanical stress imposed by the
traction machine. The impedances under dynamic stress are studied at
an electrical frequency (f = 100 Hz) at 0.1 V and following the typical
compensation procedure. For all of the characterized samples, we
apply a prestrain force of about 0.5 N. We note that the prestrain is to
ensure a good electrical contact between the electrodes and the
sample. An electrical contact is found when the force sensor detects a
non-null positive force. We define a mechanical cycle as the
mechanical step for which the strain increases from 0% to 8% and
decreases back to 0% strain. This cycle is repeated successively 20
times and studied. The frequency of the mechanical measurement is
0.2 Hz. The measurements were carried out at room temperature of
about 20 °C.

This setup allows a direct characterization of the intrinsic
electrostrictive coefficient: we apply a mechanical stress and measure
the modification of the impedances. We remind that the composite
materials are modeled by an RC parallel circuit. The mechanical stress
is controlled and cycled by a traction machine, inducing mechanical
loads and unload cycles to the material. These cycles provoke an
increase and decrease of the capacitance of the material. In addition,
the traction machine enables the determination of the stress, strain,
and Young’s modulus during the entire experiment. Measurements of
the dielectric properties are started at the same time as the mechanical
cyclic loadings. Consequently, we can obtain the intrinsic change of
capacitance in response to a stress 7s3. As Dy = €{F"E,, where eJf<
is the effective dielectric permittivity in the presence of strain, we get

S = STy + MyyEE)

=
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Table 1. Evolution of Young’s Modulus, €, at 100 Hz, M35, and M4 35 a Function of the Concentration in Nanotubes®

% CNT 0.0 01
Y (kPa) 4 x 10 3.1 x 10!
¢, (100 Hz) 2 x 10 8 x 10
MYl (100 Ha) —445 x 1071 —22x 107"
My (100 Hz) -2x107% —4x 107"
QU™ (100 Haz) —6 X 10° -8 x 10°
(m*C*)
Maxwell _ €€(1+20)

ay rMaxwell
M33

is estimated through M3

prepared using the emulsion process.

2Y

0.2 0.5 1 2
42 x 10! 5.1 x 10 44 x 10" 4 x 10
2.5 X 10? 3 x 10° 3 x 10° 2 x 10*
—52 x 107 —52 % 107 —6.071 -5 x 10712
-2x 1078 -9 x 1071 -5 x 10712 +10712
—4 x 10* —12 x 10° -710° + 1.5 x 10?

, U is the Poisson ratio and is taken to 0.5. Q™ = Mii™i/e2(¢ ~1)% The samples were

effective = awell . gintrinsic (Maxwell i que to the variation the permittivity
due to the geometrical variation of the distance between the two
electrodes. Taking into account these geometrical corrections, we

measure €43 through the measurement of the impedance, and we
intrinsic
intrinsi € —€ . . .
get My;"™ = =———= Note that for nonlinear dielectrics,”® the M
33

coeflicient depends upon the electrical field value. We will show in the
following that it is not the case for our samples as the electrostrictive
strain is a quadratic function of the electric field.

Measurements of the Dielectric Properties under Mechanical
Stress: Determination of the Electrostrictive Coefficient M13 in
Actuator Mode. The objective is to obtain the electrostrictive
coefficient M;; of an emulsion based composite by analyzing the
bending of a system made of stacked layers in response to an electrical
field. The two outer layers (ie., layers 2 and 3) act as compliant
electrodes. They are made of gold using a coating sputtering
technique. Their thickness is 2 ym. Layer 1 is composed of the
emulsion based electrostrictive material. Layer 4 is prepared with a
pure dielectric PDMS neat polymer. Layers 1 and 4 are expected to
respond differently to the electric field. If individually considered, both
layers would be compressed in their thickness and expand laterally
under an electrical field, but here, the two layers are mechanically
coupled. One will expand, whereas the second one will contract or at
least display a smaller expansion compared to that of the other layer,
resulting in a bending of the whole system. The bending is in fact
dictated by the layer that has the greater electrical energy. This
dominant layer is layer 1 because of its much greater permittivity
compared to that of layer 4. hy, h,, h;, and h, are the thicknesses of the
layers, by, by, b, and by are the widths of the layers, and L is the length
of the layers at rest. We note that the PDMS base and curing agent
ratio for layer 4 is modified to a 7:1 ratio. The ratio used for the
electrostrictive material is 10:1. The difference of ratios between the
two layers enable a better adhesion of the two inner layers of the stack
and prevent possible delamination problems upon bending. A
mechanics model is used to calculate the electrostrictive coefficient
M;; from the induced curvature K, and the mechanical properties of
the four-layer material A setup that are reminiscent of those commonly
used to characterize electrostrictive coeflicients M;; of polymer films
were implemented. The strip composite material is subjected to a
triangular AC electric field, produced by a TTi-TGA 1230 waveform
generator and amplified by a TREK high voltage amplifier model 609
X 107%. We used plastic tweezers to hold the sample and the
electrodes. A high voltage is applied between the two copper
electrodes. The voltage was kept below 1.5 V/um to avoid air and
dielectric breakdown. The strip composite material is enlightened by a
light emitting diode, LED, to ensure a reliable video recording. The
bending of the strip composite material induced by the electric field is
monitored by a PHANTOM high speed camera MR110. The
influence of the frequency was evaluated in the range of 0.5 Hz—10
Hz under electrical fields ranging from 0 to 1.5 V/um. As explained
above, the strain induced by the electric field is the result of two
mechanisms: the Maxwell stress and the true electrostriction. The
effective electrostriction coefficient M,; is given by S;3 = M;E3 (9),
where S;; is the induced in plane strain of the electrostrictive layer 1.
E; is the applied electric field perpendicular to the plane. The applied

electric field is given by E; = #, where V is the voltage applied
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between the compliant electrodes 2 and 3. From the tip displacement
(w), the curvature of the film K is measured, K = 2w/L%. The
electrostrictive coeflicient of the layer 1 is obtained through the
following equations:'®

_ 8;,(h1 + ha)?

" v ()

_ —KNT 2KG(A+ B+ C+D)

" (2Yb,hyDen) 3Y,b,h,Den (6)
Ny = (Ybihy(hy + 2hy) + Yybyhy(2h) + hy + 2hy + 2h,)

+ Yibshy + Y,byhy (2hy + 2hy + hy)) (7)
Den = (Yb,hy(hy + hy + 2hy) — Yibshy(hy + hy)

+ Y,bhy(hy + hy)) (8)
A= Ylblhl(hlz + 3hhs + 3]"32) )
B = Y;bhi (10)
C = Y,byhy(3h! + 3h3 + hi + 6hyhy + 3k, + 3hsh,)  (11)

D = Yybyhy(3h( + hy + 3-hi + 3-h} + 3hh, + 6hhy + 6hih,
+ 6h3hy + 3hy(hy + 1)) (12)

(13)

In our set up, the thickness of the gold electrodes h; = h, is equal to
2 pm, the thickness of the active material h, is equal to 70 ym for the
0.1% CNT sample, 74 um for the 0.2% CNT sample, and 75 um for
the 0.5% CNT sample, and the thickness of the PDMS layer is set to
h, = 400 pm. The Young’s modulus of the gold electrodes is equal to
83 GPa, and the Young’s modulus of the PDMS pure layer is equal to
3.5 MPa. The Young’s modulus of the investigated samples is reported
in Table 1.

G = Ybh, + Yybyhy + Yibshy + Y,bh,

B RESULTS

Measurements at Rest. Polymer CNT Composites. We
study the dielectric properties of the electrostrictive materials
used at rest for comparisons with the dynamic measurements.
Figure 2 a shows the electric conductivity as a function of the
frequency for different CNT samples. The electrical con-
ductivity shows three regimes as a function of the CNT
concentration. First, for CNT concentrations below the
percolation threshold, the conductivity is characterized by a
frequency dependence. It is observed for samples loaded with
less than 0.1 wt %. This behavior arises from dielectric losses
due to bound charges. Second, for CNT concentrations largely
higher than the percolation threshold (i.e., 2 wt %), the sample
is frequency independent since the conductivity is dominated
by free-charges. The third case is for CNT concentrations
around the percolation threshold. At high frequencies, the
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Figure 2. (a) Evolution of the conductivity as a function of the
frequency for various CNT concentrations. 0%wt (red circles), 0.05%
wt (green squares), 0.1%wt (blue diamond), 0.2%wt (cyan up
triangle), 0.5%wt (black left triangle), 1%wt (yellow right triangle),
and 2%wt (magenta cross). (b) Evolution of the dielectric permittivity
as a function of the frequency for various concentrations (same

symbols as in panel a). (c) Evolution of the tan(§) = as a

€,e2nf
function of the frequency for various CNT concentrations (same
symbols as in panel a).

conductivity is dominated by dielectric losses due to bound
charges, while at low frequencies the conductivity is driven by
the transport of free charges brought by the CNTs. The
electrical conductivity at 100 Hz varies between 107 S/m at 0.1
wt % and 107> S/m at 0.5 wt %. The relative dielectric
permittivity €,, (see Figure 2b) remains constant on almost the
entire frequency range for the samples loaded with 0, 0.0S, and
0.1 wt % CNT. By contrast, the permittivity of the samples
loaded with 0.2 wt %, 0.5 wt % 1 wt %, and 2% wt presents
frequency dependences. The addition of conductive particles,
such as CNTs, to a dielectric matrix enhances the interfacial
polarization leading to an increase of the permittivity. We note
that the relative permittivity values are broad and range from 10
to 10* depending on the CNT concentration at 100 Hz. The
permittivity increases with the CNT concentration within the
range of 0 to 1 wt % CNT, as a result of the formation of
microcapacitors made of neighboring clusters of nanotubes.
The permittivity of the 2 wt % CNT, above the percolation
threshold, decreases because of shorts between the previously
mentioned microcapacitors

Polymer rGO Composites. Figure 4 displays the electric
conductivity as a function of the frequency for different rGO
samples. The electrical conductivity increases as a function of
the rGO concentration. The percolation threshold is reached
for a weight fraction of about 0.8%, i.e., for an 8 times higher
concentration than for the CNTs. The variation of the
percolation threshold is due to the shape of the rGO particles.
The platelets are known to exhibit an isotropic- nematic
transition at low concentration below the percolation transition.
Correlations of orientations of the platelets lower in fact their
contact probability which results in a greater percolation
threshold.">*” This analysis is confirmed by electronic
microscopy pictures that point out the lamellar phase structure
of the rGO between the droplets (see Figure3).

Above the percolation threshold, the frequency dependences
differ from the ones measured in CNT samples. For all of the
rGO samples, the conductivity depends upon the frequency,
and no Plateau is evidenced even at low frequencies. The
conductivity varies as f* with a comprised between 0.26 and
0.33. This behavior suggests a large contribution of dielectric
losses to the conductivity. These materials are less conductive
than the ones containing CNTs. 4% wt of rGO is required to
get a conductivity equivalent to the one of materials containing
1% wt of CNT at 100 Hz. As for the samples loaded with
CNTs,*' huge permittivity values are reached. We note,
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Figure 3. Electronic microscopy pictures of rtGO composites.

however, that by contrast to the CNT polymer composites,
the permittivity increases as a function of the rGO
concentration. No maximum is evidenced at the percolation
or above the percolation. This behavior might be explained by
the presence of large conductive clusters which remain not
connected with the main conductive percolated network.

Measurements under Mechanical Stress. Polymer CNT
Composites and Measurement of Ms;. The following section
is devoted to the study of electrostrictive materials under
mechanical stress. The sample is subjected to mechanical stress
that is cycled several times. The mechanical frequency is equal
to 0.2 Hz. The applied stress is situated within the linear elastic
region, and its maximal value corresponds to an 8% strain. The
linear elastic region ranges between 0% and 12% of mechanical
strain. The quasi static values of the Young’s modulus as a
function of the CNT concentration are reported in Table. 1.

The absolute values of the electrostriction coefficients
measured at 100 Hz (frequency of the electrical current) are
shown in Figure S as a function of the CNT concentration. The
electrostrictive coefficient value is negative and increases as a
function of the filler weight fraction up to 1% in charge. For 2%
and above the percolation threshold, the electrostrictive
coefficient value is positive. The material is not purely dielectric
and behaves differently from near percolated materials. The
permittivity decreases when the sample is compressed and
increases when the stress is released. In other words, the sign of
the electrostriction coefficient is opposite to the one of
nonpercolated and near-percolated networks. The compression
may create new contacts between nanotubes and thus decrease
the number of microcapacitors inside the sample. The obtained
values at 100 Hz range between M = —4 X 107" m* V> for ¢ =
0.1%, M = —10"3 m? V2 for c = 0.2%, and M = =10~ m?> V2
for ¢ = 1 wt %. The conductivity of the sample for ¢ = 0.1 wt %
is 1078 S/m, for ¢ = 0.2 wt % 107° S/m, and for ¢ = 1 wt % is
107* S/m. We stress that these values are actual direct
measurements and not a calculated or extrapolated value. The
sample for which the CNT concentration is near the
percolation threshold (1 wt % CNT) yields the highest
permittivity values.

The electrostrictive coefficient Mj;; of the latter sample is also
the greatest and of about 107" m* V™2 at 100 Hz. The average
value is calculated based on two different batches and for
samples tested at 0.5 mm/min. We report two different values
for My, in the 1 wt % CNT situation. These variations seem to
be related to the use of two different CNT batches. Slight
differences of structure and chemical nature are enhanced in the
percolation region, but even the lowest measured values remain
exceptionally high and above previously reported values for
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Figure 6. Comparison of the deflection of the bilayer composite tip under different voltages. Image a corresponds to U = 0 V, while b corresponds to
U = 1000 V. The out of plane deflection w (pink arrow) enables the determination of the electrostrictive coefficient M13. The small squares are 1
mm per side. (c) The out of plane deflection of strip composites as a function of the applied voltage at different electrical frequencies for a 0.2wt %
CNT composite: The up triangle corresponds to 0.5 Hz, the right triangle to 1 Hz, the down triangle to 2.5 Hz, the left triangle to 7.5 Hz, and the
black circles to the square of the applied electric field. The thickness of the composite is equal to 450 ym, and its length is equal 3 cm.

related materials. It corresponds to an improvement of about an
order of magnitude compared to the previous highest reports
by Deshmukh et al.'” and about 3 orders of magnitude in
comparison with most data in the literature dealing with
dielectric composites. Note that these samples have the same
conductivity 1073 S/m than the ones prepared by Deshmukh et
al."” We note that the reported Q%™ values are much higher
than the one reported for ceramics typically around®® 0.05
m*C>” and PVDF"' of 13.5 m*C>".

Looking for the best compromise between a low conductivity
and a high electrostrictive coeflicient, we find that the range of
CNT weight fractions comprised between 0.1% and 0.2% is the
best suited. The obtained results are comparable or 1 order of
magnitude higher than the ones reported in the literature'® for
comparable and even lower frequencies. It is important to note
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here that our data correspond to an electrical frequency of 100
Hz and a mechanical frequency of 0.2 Hz.

The achievement of high values of electrostrictive coefficients
comes with the appearance of piezoresistivity. The resistivity of
the sample indeed varies as a function of the compression. It
decreases when the sample is compressed, and the sample
exhibits negative piezoresistivity. Figure S displays the evolution
R-R

s

as a function of the nanotube

of the gauge factor GF =

7
weight fraction, where R, is the value of the strained sample and
R the initial value. The gauge factor GF increases from 1 to
more than 1000 above the percolation threshold. The latter
value is about 1 order of magnitude higher than the best one
already obtained. Metals strain gauges typically exhibit gauge
factors in the range of 0.8—3. Another common type of strain
sensor is the piezoresistive single crystal silicon strain sensor
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compatible with the CMOS process and owing to a high gauge
factor up to 135. However, these sensors are more expensive
and more fragile than foil polymer based gauges. In addition,
they are not suitable for flexible strain sensing applications.
Note that a full validation of the sensor applications would
require further characterizations, including studies of cycling
repeatability, reversibility, linear, or nonlinear calibration.

Polymer CNT Composites and Measurement of M,;. The
following section is devoted in the first place to the
determination of the electrostrictive coefficient M,;; as
commonly done in the literature. Second, we will compare
these values to the ones obtained using the more direct
methodology. We anticipate that the aim of this section is not
to give a comprehensive study of the actuator properties of our
samples but rather to check the validity of the above data by
making a separate measurement.

We study the deflection of the strip material when the
electric field E is applied. The typical applied values for E are
about 1 V/um and lead to the displacement of the strip. The
bending is the result of the compression and expansion of the
different layers when the electric field is applied. The strip
deflection is determined using a millimeter range sheet placed
behind the strip. In order to verify the electrostrictive behavior
of the nanocomposites, we measure the actuation response as a
function of the amplitude of the electrical field.

Figure 6 shows the displacement of the strip as a function of
the voltage U for a nanocomposite loaded with 0.2 wt % CNT.
The displacement of the strip is proportional to U? regardless
of the frequency. We attribute the slight differences from
theoretical quadratic curves corresponding to uncertainties in
the measurements of the maximal displacement itself. Hence-
forth, using the tip deflection we are able to determine the
electrostrictive coeflicient of the nanocomposite following eq 4.
Figure 7 displays the results obtained as a function of the
concentration.

NE 10-131 & ] ]
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Figure 7. Comparison of the electrostrictive coefficient determined by
two different setups for different CNT concentrations. The blue
diamonds correspond to the direct compression setup (M33), while
the red circles correspond to the actuator setup (M13).

We note a very good agreement between both measure-
ments, suggesting first that our samples respond in a isotropic
way, i.e., that M3 = M;; and that second the Maxwell stress has
a low contribution in our sample. We recall that in this
geometry, we measure the sum of the Maxwell contribution and
of the intrinsic contribution. This last point is not surprising
since our samples have a rather large Young’s modulus and a
large Ae, (Table 2). This is in perfect agreement with the
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MMuxwell

values M35

calculated through M;‘gweu = LE2 5% with v
2 Y

the Poisson Coeflicient and Y the Young’s modulus shown in
Table 1.

Polymer rGO Composites and the Measurement of Mj;.
As in the previous section, the properties are measured using a
8% strain in the mechanical linear regime. On the contrary to
the polymer CNT composites, M;; values are always negative
whatever the concentration of rGO (Figure 8). Values as high
as 3 X 1073 m? V™2 at 100 Hz are measured for ¢ = 4%. This
value comes with a conductivity equal to 107> S/m. The value
of tan(5) is equal to 1 at 100 Hz. By contrast to CNT, very
little piezoresistivity is observed for rGO materials. We note
that the performances of these material remain more classical
and not as promising as the ones obtained with CNTs. We also
note that the intrinsic response is very close to the Maxwell
response which was not the case for CNT composites.

B DISCUSSION AND CONCLUSION

We have studied the dielectric properties of polymer nano-
composites at rest and under deformation. We have developed
a device to directly measure the electrostrictive properties of
the material. The polymer nanocomposites have been prepared
using an emulsion pathway. This procedure allows us to
disperse homogeneously the conductive charges in the sample.
Even though it is good, this dispersion is not perfect, and finite
size effects are observed. In the domain of the percolation
threshold, some continuous carbon particle paths between the
electrodes coexist with some large aggregates. Huge dielectrical
permittivity and intermediate resistivity values are thus
measured in this region. A number of effects at a microscopic
level result from the imposed mechanical deformation. The
distance between CNTs or rGO platelets can change in not
always intuitive ways,32 potentially leading to increases or
decreases of conductivity and permittivity depending on the
concentration of particles and on their structuration in the
matrix. Also pressure changes between the contacting particles
and changes of orientation can strongly alter the electrical
properties of the nanocomposites. A clear identification of the
presently involved dominant mechanisms is still missing. The
properties obtained with CNTs*' in terms of electrostrictive
coefficients are more interesting than the one obtained with
rGO. Nevertheless, the experimentally measured properties
make the present materials suited for many applications. First,
we note that the properties obtained with CNTs”' in terms of
electrostrictive coefficients are more interesting than the ones
obtained with rGO. In the low filler concentration situation
(i, less than 0.2% in weight), our materials are suited for
energy harvesting from mechanical noise. They display
performances comparable to or 1 order of magnitude better
than in those in the literature at a frequency of 100 Hz, a typical
relevant frequency for energy harvesting. In the high filler
concentration situation, the values of the -electrostrictive
coefficients are giant. However, they come with a high value
of conductivity (typically higher than 10™* S/m). This makes
them unsuitable for energy harvesting in spite of their giant
electrostrictive response. Indeed, building an autonomous
device requires very low losses in order to avoid discharging
during the action phases. Unfortunately, this drawback is shared
by most of nanocomposites reported in the literature. To
bypass this drawback, it is thus mandatory to reduce the value
of the conductivity at least around 1077 S/m. In order to do so,
the use of inverse emulsion to prepare the sample might be an
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Table 2. Evolution of the Young Modulus, €, at 100 Hz, M}y*** and M3¥™i 35 a Function of the Concentration in rGO*

% rGO 0.6 0.9 1,4 L8 4
Y (kPa) 10* 2.1 x 10* 2.75107 3 X 10* 9.510"
¢, (100 Hz) 123 x 10' 4.1 x 10 3.18 x 10° 9.09 x 107 7.99 x 10*
Ml (100 Hz) —1.09 x 1071 —1.74 x 1074 —1.02 x 107 —2.68 x 107 —7.42 10 712
M3y (100 Hz) —4.79 x 1071 —4.75 x 107 -1.51 x 1074 —6.11 X 1071 -1.878
Qigrinsic (100 Hz) (m*C*") —4.77 x 10* —3.74 x 10° —-19110° —9.46 x 10" -3617"
Ml s estimated through Ml = w, v is the Poisson ratio and is taken to 0.5. Q¥ = Mirisic/2(¢ —1)2% The samples were
prepared using the emulsion process.
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Figure 8. Left: Evolution of the absolute value of the electrostrictive coeflicient M3, as a function of the rGO weight fraction, Right: Evolution of the
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st

as a function of the rGO weight fraction.

appropriate approach. Work along this axis is in progress. It will
allow us to confine the conductive particles inside droplets and
to avoid many contacts and losses. However, the giant
electrostriction of the present nanocomposites makes them
very promising for other applications including in particular
capacitive sensors and actuators. In addition, the values of the
piezoresistivity measured in the high filler concentration
situation are at least an order of magnitude greater than the
one reported in the literature. This opens the path to use these
materials for stress or strain sensor applications considering
their giant responses to mechanical deformations.
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Abstract

We present electrostrictive materials with excellent properties for vibrational energy harvesting
applications. The developed materials consist of a porous carbon black composite, which is processed
using water-in-oil emulsions. In combination with an insulating layer, the investigated structures
exhibit a high effective relative dielectric permittivity (up to 182 at 100 Hz) with very low effective
conductivity (down t0 2.53 10® Sm ™). They can generate electrical energy in response to mechanical
vibrations with a power density of 0.38 W m > under an applied bias electric field of 32 V. They display
figures or merit for energy harvesting applications well above reference polymer materials in the field,
including fluorinated co- and ter-polymers synthetized by heavy chemical processes. The production
process of the present materials is based on non hazardous and low-cost chemicals. The soft dielectric
materials are highly flexible (Young’s modulus of ~1 MPa) making them also suited for highly
sensitive capacitive sensors.

1. Introduction

The Internet of Things (IoT) is a new and fast growing concept which aims at connecting everyday physical
objects into the Internet without any human interaction [1, 2]. The [oT requires the usage of numerous wireless
sensors. Providing the electrical energy to run these wireless sensors is of major concern. Use of batteries with
limited lifetime is a severe constraint. To overcome this problem, several environmental energy sources such as
thermal, solar, salinity gradients, vibrations can be used to fulfil energy demands [3-5]. It could thus make
sensors, MEMS, communicating devices, etc self-sufficient in energy supply and as-such highly increase their life
time. A promising method to resolve this challenge is to harvest mechanical energy from the ambient
environment and convert it into electrical power. An apparently convenient method consists in using
piezoelectric materials. The most efficient piezoelectric ceramics can produce up to 0.2-30 mW cm ™~ [6-9].
However, these materials are stiff and brittle which limits their implementation in embedded applications [10].
Triboelectric nanogenerators have recently demonstrated volume power densities up to 0.49 W cm > [11, 12].
However, their performances are largely affected by the environment such as humidity [12]. Moreover, their low
durability as a result of two materials in physical friction is still a limiting factor [11]. A more recent approach
consists in using electrostrictive polymers to convert energy from mechanical vibrations [13—19]. These
polymers have high dielectric permittivity and are used as the dielectric layer inside variable capacitors.
Capacitance variations in response to mechanical variations are enhanced by changes of dielectric permittivity of
the electrostrictive polymers. This principle can be used to convert mechanical energy of vibrations into
electrical energy. The interest in electrostrictive polymers is rapidly growing because polymer-based high-
permittivity materials are flexible, low cost, and easily tunable, which makes them good candidates for IoT
applications. A recent approach for obtaining high permittivity electrostrictive polymers is the use of polymers
loaded with conductive nanoparticles [ 15-19]. These composite materials exhibit a large increase of dielectric

©2018 IOP Publishing Ltd
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Figure 1. Scheme of the preparation of the microporous materials with pores covered by carbon black particles. (a) Preparation of the
oil phase by mixing PDMS, curing agent, and surfactant. (b) Preparation of the water phase by mixing water and arabic gum. (c)
Dispersion of black carbon powder in water phase. (d) Dispersion of water phase inside the oil phase. (¢) Spreading of the emulsion
between two surfaces and immersion in a water bowl. (f) The PDMS in the emulsion is cured by increasing the temperature of water.
(g) Evaporation of the water by increasing the temperature outside the water bath. (h) Finally, a porous and dried composite is
obtained.

permittivity in the vicinity of their percolation threshold but suffer from a weakness due to the substantial
increase of losses near and above percolation [19, 20].

To overcome these limitations, we design a new bilayer structure based on a microporous dielectric layer
associated with a thin insulating layer of polydimethyl siloxane (PDMS). Porous flexible materials of which the
internal pores are covered with carbon black particles are prepared using a water-in-oil emulsion. This new
composite possesses a high dielectric permittivity along with a very low conductivity. We show that the
fabrication of the microporous dielectric layer using a water-in-oil emulsion provides a fine control of the
location of the conductive inclusions. The latter remain confined in the emulsions droplets. The micropores
significantly deform upon compression resulting in a large change of the dielectric permittivity [21]. As such, the
porous dielectric material can be used in a variable-capacitance engine to harvest mechanical energy [22].The
energy harvesting performance can be improved by combining the porous dielectric with a thin insulating layer
of PDMS. This reduces the conductivity of the system, and allows an increase of the filler concentration above
the percolation threshold in the high permittivity layer. The electrostrictive properties of the material can be
finely tuned by varying the concentration of conductive particles. The presented bilayer structures exhibit high
effective relative dielectric permittivity (up to 182 at 100 Hz) with a very low effective conductivity (down to
2.53 - 10~ Sm™"). They can generate electrical energy in response to mechanical vibrations with a power
density of 0.4 uW cm . The efficiency of electrostrictive materials for actual energy harvesting applications can
be assessed by their so-called figure of Merit (FoM). FoM of the present materials exceeds the previous-best
electrostrictive materials based on mixtures of fluorinated terpolymers and carbon black particles by a factor 1.7,
and by almost four orders magnitude more conventional composites made of polyurethane and carbon black
particles. They have also alow cost considering the components they are made of. In addition, considering their
large flexibility (Young’s modulus of about 1 MPa) and sensitivity of dielectric properties, the presented
materials are well suited for capacitive sensors with high sensitivity.

2. Experimental details

2.1. Material synthesis

The emulsion consists of an aqueous solution of carbon black droplets dispersed in a matrix of PDMS and a
curing agent. We used the following procedure (figure 1). The water phase is prepared by mixing 5 g of arabic
gum (Sigma Aldrich) and 95 g of deionized water. The desired concentration of carbon black powder (Alfa
Aesar) is added and the mixture is tip sonicated during 1 h at 400 W to homogeneously disperse the carbon black
(CB) particles [20]. The oil phase is prepared by mixing PDMS (Dow Corning), the curing agent (Dow Corning,
10% in weight with respect to the PDMS phase), and the surfactant lauryl PEG-8 dimethicone (Silube J208-812,
Siltech, 5.0 wt% of the final mixture). Note that composition of the curing agent is not divulgated but it is
probably a mixture of dimethyl,methylhydrogen siloxane—dimethyl siloxane, dimethylvinyl terminated—
dimethylvinylated and trimethylated silica—tetramethyl tetravinyl cyclotetra siloxane and ethyl benzene.
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Figure 2. Electron microscope picture of a cross-cut of a porous carbon black composite.

The emulsion is prepared by progressively adding the carbon black solution to the oil phase under manual
stirring up to a mass ratio of water:oil = 1:1. The mean droplet size depends on the viscosity of the continuous
phase and ranges between 10-30 pim. The water-in-oil emulsion loaded with carbon black particles is spread
with a stencil that has a depth of 500 psm on a plastic surface with a diameter of 24 mm. A second plastic surface is
placed on the spread emulsion such that the emulsion remains confined between two flat surfaces. Solid
materials are obtained by curing the PDMS polymer without evaporation in a warm water bowl (90 °C) for 4 h.
The relative humidity in these conditions is 100%. Then, the solid material layer is removed from the two plastic
surfaces and dried in an oven for 1 hat 150 °C. As PDMS is permeable to water vapor, droplets from carbon
black solution dried and leave a structure with spherical-shaped pores covered by carbon black particles
(figure 2). Curing and drying are critical stages which strongly influence the final morphology of the porous
composite.

2.1.1. Isolating layer deposition

To decrease the dielectric losses, the microporous materials are combined with a thin insulating layer of PDMS.
The insulating layer is spin coated on conductive aluminum substrates with a diameter of 24 mm. For the spin-
coating, 3 g of PDMS with a curing agent (10% in weight with respect to the PDMS phase) is deposited at rest on
an aluminum substrate. Then a spin-coater is used at 8000 rpm for 60 s at an acceleration of 1000 rpm s~ ' to
obtain a thickness of the PDMS layer of 5 ym. The aluminum substrate covered by the PDMS layer is then soft
baked at 100 °C for 30 min to cure the PDMS. The thickness of the layer is measured by a mechanical
profilometer (Dektak 150) after scratching the surface.

Note that in the following experiments, the micro porous layers are simply held in contact with the
insulating layer which is deposited onto an aluminium substrate. However, it is possible to spin coat an
insulating film on our materials. We have recovered a micro porous material with a five microns thick film of
PDMS and curing agent. The comprehensive system has been cured at 100 °C for 30 min.

2.2. Determination of the dielectric properties

We measure the electrical conductivity and dielectric permittivity of the samples between two metallic disc
electrodes in the frequency range of 10-10° Hz under an applied voltage of 1 V using an impedance analyzer
(Bio-Logic Impedance Analyser, MTZ-35). A calibration procedure removing the contribution of the
polarization of the electrodes is used to determine the dielectric permittivity and the conductivity of the sample
asafunction of frequency [16]. All the experiments are performed at room temperature.

2.3. Determination of the electromechanical performances

To determine the electrostrictive properties of the composites we use the experimental setup illustrated in
figure 3, which consists of a piezoelectric actuator (Physik Instrumente P-842.30) driven by a function generator
(Keysight 33611A Waveform Generator) that applies a sinusoidal mechanical strain at a frequency of 100 Hz.
The sample is placed between two electrodes: the top electrode is connected to the piezo actuator and moves at
the same frequency as the actuator, the bottom electrode is fixed to the sample holder and does not move. As
such, a modulated strain is applied along the thickness of the material. The strain is controlled by a computer

3
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Figure 3. Schematic of the experimental setup (a) and the equivalent electric circuit (b).

linked to a function generator which controls the stroke of the actuator. An electric field E,, is applied to the
composite along the height (3-direction in figure 3) by a DC generator. To measure the current and generated
power, aload resistance (R) is connected in series with the sample. The voltage Uy over the resistance is recorded
by an oscilloscope (Keysight InfiniiVision 1000 X) and the current is determined using the Ohm’s law

(I = Ur/Ry.

The Young’s modulus of the composites is measured using a tensile tester (Instron Model 4505). The initial
dimensions (width and thickness) are measured before mounting the sample between the fixed and moving
jaws. The force-displacement responses are acquired for each sample at a displacement rate of 0.067 mm s,
The tests ended when the specimens fractured. The Young’s modulus is determined by measuring the slope of
stress—strain curves in the elastic domain.

The composite material is modeled by a parallel RC circuit (see figure 3(b)). The observed current is
composed of two parts: a leakage current I;.and a harvested current I;, induced by compression-decompression
cycles of the composite. According to the model developed by Guyomar et al [23, 24], for a sinusoidal strain the
current [, through aload resistance R;is given by (see supporting information is available online at stacks.iop.
org/MFM,/0/000000/mmedia)

I(t) =

2M33*YEdC wAS [ CLJAR[ €€

sin (wt) + cos (wt)] (D)
1+ (WA}ZIEEO )2 d

Here, A is the area of the sample, Yis the Young’s modulus, M3;* is the apparent electrostrictive coefficient [15],
E,. is the applied bias electric field (E;. = 32 V), Sis the sinusoidal strain amplitude equaling the displacement
induced by the piezo actuator (24 pm) divided by two times the material thickness, € is the relative dielectric
permittivity, &, is the vacuum permittivity, d is the material thickness, and w is the angular frequency of the
applied strain. Hence, a linear relation between I and E,. is obtained for a constant strain, frequency, and load
resistance. As aresult, the product M;;*Y can be easily estimated from the slope of the I-E,; curves. The apparent
electrostrictive coefficient Ms3™ is calculated by division of the Young’s modulus Y. In the following, in presence
of an insulating film, Ms;* will be an effective coefficient. It will average the properties of the material and those
of the insulating film.

3. Results

3.1. Polymer-carbon black composites
The dielectric properties of the polymer/carbon black composite, without insulating layer, are first studied at

rest. The load fraction of carbon black particles inside composites is varied while keeping the oil:water ratio

constant. Figure 4 shows the electrical conductivity, dielectric permittivity, and loss tangent (tan () = —~—,

goEW

with o the electrical conductivity) as a function of the frequency for different carbon black particle
concentrations.

Both conductivity and dielectric permittivity increase as a function of CB concentration. The percolation
threshold is reached for a weight fraction of 6%. Below the percolation threshold, the conductivity is frequency
dependent and arises from dielectric losses due to bound charges. In the meantime, the dielectric permittivity
remains constant for the full range of investigated frequencies. Above the percolation threshold, and at low
frequencies, the conductivity is constant because essentially due to the transport of free charges brought by the
carbon black particles. By contrast, the dielectric permittivity presents frequency dependence and is enhanced by
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Figure 4. (a) Evolution of the dielectric permittivity (a), conductivity (b) and loss tangent (c) as a function of the frequency for various

CB particle concentrations. 3.0 wt% (black squares), 4.0 wt% (red circles), 6.0 wt% (purple top triangles), 8.0 wt% (green down
triangles), 10 wt% (pink left triangles)Phase fractions are fixed: oil:water = 1:1.

d

Figure 5. Equivalent electric circuits for the porous black carbon (a) and the bilayer (b) composite. ¢; 0; and d; are the dielectric
permittivity, the conductivity, and the thickness of the layer i, respectively.

Table 1. Properties of the carbon black (CB)
composites.

% CB CB(gL ™ Thickness (;1m)

3 31 500
4 42 510
6 64 510
8 87 750
10 110 800

the interfacial polarization of the carbon black particles. In the high filler concentration regimes, the values of
conductivity (above 10~° S m ') make the materials unsuitable for vibrational energy harvesting.

3.2. Bilayer polymer-carbon black composites

The high conductivity (free charges carriers and dielectric loss) of the carbon black composites is a drawback for
energy harvesting applications [24]. Indeed, such applications do not allow any leakage for yielding a positive
energy conversion. In this paper, we propose an original approach for keeping high values of effective dielectric
permittivity and low values of conductivity by associating a thin insulating layer to the high permittivity layer.
This layer has low dielectric losses and no free charge carriers. It acts as a blocking layer and prevents leaks of the
capacitors (figure 5).

The electrical equivalent circuit for a bilayer material is a junction of two RC circuits in series. The
expressions for the effective dielectric properties of the bilayer structure are given in the supporting information.
The effective conductivity and dielectric constant of the bilayer structure depend on the thicknesses and
dielectric properties of both layers. The blocking layer 2 is a cured PDMS layer (€ ppys = & = 2and 0, =

107" Sm™ " in the range 10-10° Hz at 25 °C) of thickness 5 zm. The high permittivity layer 1 is the porous
carbon black material layer (g > ¢, and 07 < 03) of variable thickness depending on carbon black
concentration (see table 1).

For comparison, we investigate the dielectric properties of the electrostrictive composites at rest with and
without insulating layer. Figure 6 shows the relative dielectric permittivity, electrical conductivity, and loss
tangent at 100 Hz as a function of the carbon black concentration. First, we consider the electrostrictive
composites without insulating layer. At carbon black concentrations below the percolation threshold (~5 wt%),
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composites (black squares), and theoretical predictions of the latter (open black triangles), as a function of carbon black
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concentration.

the dielectric permittivity has a nearly constant value of ~10 with an electric conductivity of ~1 nS m™~". Above
the percolation threshold, the dielectric permittivity rapidly increases to 550 at 6 wt%. However, the electrical
conductivity also increases by a factor of 10, leading to a loss tangent above 1. A further addition of conductive
carbon black particles enhances the interfacial polarization, which leads to an increase in permittivity but also
leads to further increase of the electrical conductivity to 0.6 mS m ™" at ~8 wt%. Such a high conductivity does
not allow the efficient use of the materials as a dielectric layer in variable capacitors.

The effective dielectric properties of the electrostrictive composites with an insulating layer are very different
at carbon black concentrations above the percolation threshold. The PDMS layer limits the electric conductivity
below 1-10 nS m ™. The insulating layer also leads to a decrease of the effective dielectric permittivity to 157 and
182 for the 8 and 10 wt% black carbon weight fractions, respectively. However, the obtained dielectric loss
tangents are very low with 1.5 - 10 ?and 2.5 - 10~ for the 8 and 10 wt% carbon black systems, respectively,
making them well suited for energy harvesting applications. Theoretical calculations of the conductivity (see
supporting information) predict values slightly lower than the ones found experimentally, probably as a result of
small holes and defects in the insulating PDMS layer.

Let us stress, that the materials with insulating film are a new concept. The properties of the porous material
highly depend upon the materials synthesis protocol in the vicinity of the percolation transition. A 5% carbon
black particles sample without insulating film may in principle have the same properties than a 8% material with
an insulating layer. However, we note that the conductivity of the 5% carbon black particles sample depends alot
upon the preparation conditions. 2 orders of magnitude of variation have been measured on two different
samples from two different batches. Using an insulating film allows us to prepare materials with reproducible
properties. 20% of variations have been measured on two different sample from two different batches with an
insulating film.

3.3. Electromechanical performances and power harvested estimation

We now investigate the performance of the bilayer composites for energy harvesting purposes. First, the
electromechanical performances are assessed by calculating the figure of merit (FoM) proposed by Guyomar
etal[23,24]:

2

FoM = ( )(M33>"Y)2 Jm~'V-—2cyce™) ()

r

The FoM depends only on materials properties (M;3*, Y, €,) and aims at comparing electromechanical
performances of materials without any external parameters such as geometry and measurement details. Three
compositions (6, 8, and 10 wt%) are used for performances comparisons (table 2). Properties of the materials are
reported in table 2. FoM, Ms3* and Y are measured using the methods described in the experimental section.

3.4. Determination of the harvested power

Next, we examine the power generation properties of the bilayer composites by discharge over aload resistance
R,. As shown in figure 7, the voltage drop over the resistance U, and the instantaneous harvested power are
monitored as a function of time. The average harvested power per cycle P is calculated using

s_ 1 _ 1 r 2
P—Tj; p(t)dt_RleO U.(1)? dt, 3)

where T'is the period of the cycle.
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Table 2. Bilayers composite properties. Ms;* is measured at 100 hertz. The thickness refers to the thickness of the porous material. The
thickness of the film is 5 microns for all the samples.

% CB Oil fraction CB(gL™) Thickness (1m) Surface (m?) MY Y (MPa) M;5* (m? V)
6.0 0.5 6.4 - 10 5,1 - 10 L1-107° 22-107"° 1,38 1,60 - 107'°
8.0 0.5 8,7 - 10 7.5 - 10 62-10°* 15-107° 1,40 1,07 - 1077
10.0 0.5 1.1- 10 8.0 - 10% 1.0-107° 3.6-107° 1,61 8,46 - 107"
(a) (b)
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Figure 7. The voltage difference (a) and instantaneous power (b) across a load resistance of 1 M(2 for a 100 Hz sinusoidal strain. The
applied bias voltage over the bilayer composite with 8 wt% carbon blackis 32 V.
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Figure 8. Harvested power of the composites with 8 CB wt% (green) and 10 CB wt% (pink) with insulating layer as a function of the
load resistance. Squares are experimental data and lines are theoretical predictions using equation (7). The strain frequency is 100 Hz
and the applied voltage over the composite V4. = 32 V.

The theoretical harvested power is given by (see supporting information)

—  Ri(2 M33*Y)?E . 2w?A%S?
Pthzgl( = )R,Aiw — )
£0
(M)

where w = 27/ T.
Figure 8 shows the value of the theoretical and experimental power harvestable as a function of the load
resistance. Best values are obtaining for a load resistance of about 1 M for both materials, which corresponds to

the resistance with optimal power production (RZ) max = ) Good agreement is observed between the

Acgyw
experimental data and theoretical powers. In addition, the increase in FoM by a factor 5 between 8 CB wt% and
10 CB wt% leads to an increase in harvested power by a factor 6.

3.5. Efficiency
To get a positive energy balance, the dissipated power must be smaller than the harvested power. The dissipated
power for maintaining a polarization of the composite is given by [24]:

7
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Table 3. Efficiency of the bilayer composites for different carbon black concentrations.
% CB Harvested power (uW) Power loss (W) Net power production (1tW) Electrical gain factor
8.00 0.20 0.12 0.08 1.74
10.0 1.3 1.0 0.3 1.31
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Figure 9. Comparison of the electromechanical performances at 100 Hz using the figure of merit (FoM) proposed by Guyomar et al
[23, 24]. Thick lines have the same FOM. Black spots refer to materials from the literature [23, 24].

2
idc
P =R |——— 5
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where R; is the internal leak resistance, R; is the load resistance values, and V. is the applied voltage difference.
The internal leak resistance is calculated by R; = % with the geometrical data from table 2. The electrical energy

gain is calculated by considering the ratio of power harvestable to electrical polarization losses for a bias voltage
of V. = 32 Vand aload resistance of R; = 1 M().

4. Discussions

The use of an insulating layer limits the electric conductivity below 1-10 nS m ™" and allows us to use our
materials for energy harvesting. Data given in table 3 show that the energy balance is largely positive for both
materials. The power produced by the mechanical-electrical conversion for the 8 wt% composite is 1.74 times
higher than the power dissipated to polarize it and the net power harvestable is around 0.17 W m >, We can see
thatincreasing the CB wt% enables to increase the net harvested power by almost a factor 4, i.e. up to
0.38 W m . This is a consequence of the increase of permittivity of the material at 10 wt%. But at the same time,
the conductivity of the 10 wt% composite is 1.9 higher than that of the 8 wt% composite which has a
conductivity of 1.30 - 10~® S m™';leading to a net decrease in the energy balance, but to an increased overall
power production. These excellent performances can be explained by the porous structure of the materials and
insulating properties of the thin polymer layer. As a result, the electric field required to polarize the material is
decreased, which is crucial for vibrational energy harvesting applications.

Figure 9 presents the FoM of materials from the literature, and of composites developed in this work. The
values of the FOM are enhanced by increasing the filler concentration. For 10 wt% CB, the FoM is equal to
5.06 - 107® ] m~! V=2 cycle . This result exceeds the previous-best electrostrictive materials based on a mixture
of Polyvinylidene fluoride (PVDEF) terpolymers and carbon black by a factor 1.7. In addition, it outperforms in
term of process and material cost and toxicity [21, 22]. Increasing the FoM is a key point for increasing the power
harvestable as we show below. Besides, their low Young’s modulus compared to PVDF polymers (~GPa) could
enlarge the scope of applications using low stress vibrations.

Note that same behaviour has been measured at 10 hertz. M3 is greater by a factor of 2 to 5 at this frequency
for all the samples. The use of a sweeping frequency excitation will be considered in a further work.
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5. Conclusions

We presented microporous electrostrictive composites with improved properties for vibrational energy
harvesting. These systems are made of carbon black particles dispersed in a porous PDMS matrix. An inverted
emulsion templating approach provides a fine control of the location of the particles which is a key factor to
achieve high permittivity and low losses. A thin insulating layer was added to limit further the losses. The
resulting structure possesses a very large effective relative dielectric permittivity of 182 at 100 Hz in combination
with a very low loss tangent of 2.5 - 10~ 2. We succeeded in evaluating the energy scavenging abilities of these
composites. More than 300 nW has been harvested with the 10 wt% carbon black composites which leads to a
power density of 0.4 W cm . The present materials exhibits a figure of merit as high as 5.06 - 10~®

J m~! V=2 cycle~! which is 1.7 times higher than the best reference fluorinated polymers and 3350 times higher
than pure polyurethane [21]. The low cost process and low toxicity make the carbon black bilayer composites
very promising materials for vibrational energy harvesting. The power harvested with our materials is good
enough to provide a significant boost to the battery life of ultra-low power devices. For example, the Phoenix
processor [25,26] has a sleep power consumption of only 30 pW and 200 nW in active mode which makes our
materials suitable for this application. In addition, these carbon black bilayer composites, with excellent
dielectric properties, could find potential applications as low cost flexible capacitors sensors in the printed
electronics industry.
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Résumé

L’objectif de ces travaux de thése est de mettre a
profit la matiére molle pour le développement de
matériaux composites électrostrictifs en vue de leur
utilisation a des fins de récupération d’énergie
vibrationnelle et de capteurs de pression haute
sensibilité. Une approche par voie émulsion est
proposée pour la réalisation de composites afin
d’incorporer des particules conductrices telles que
feuillets de graphéne ou des particules de noir de
carbone dans une matrice polymere élastique faite
de polydimethylsiloxane (PDMS). Cette approche
originale permet de controler la dispersion des
charges et la microstructure des composites. Les
propriétés diélectriques de ces matériaux sont
controlées par le type de charges, leur
concentration et leur voie de dispersion.
L’optimisation de leviers de formulation permet
d’atteindre des valeurs de permittivité diélectrique
tres élevées (g,=182 a 100 Hz) pour des composites
polymeres. Les matériaux développés au cours de
ces travaux ont été utilisés avec succes dans des
dispositifs de récupération d’énergie vibrationnelle.
En combinaison avec une couche isolante, les
structures étudiées présentent une permittivité
diélectrique relative effective élevée avec une trés
faible conductivité effective (jusqu’a 2,53 10 S.m-
"). Nous avons développé un dispositif expérimental
permettant de mesurer [I'électrostriction des
matériaux et de quantifier la génération d’énergie
électrique en réponse a des vibrations mécaniques.
Une densité de puissance de 0,38 W.m? a été
mesurée pour des excitations mécaniques de 100
Hz. Pour [l'utilisation en conditions réelles des
matériaux électrostrictifs et leur utilisation en
récupérateur d’énergie mécanique ambiante, nous
les avons intégrés dans des structures vibrantes de
poutre en porte-a-faux. Grace a la flexibilité de ces
structures et a leur faible fréquence de résonnance,
nous avons réussi a récupérer 0.4 W.m= pour une
excitation mécanique de 25 Hz. Dans la derniere
partie de nos travaux, nous avons porté notre
attention sur les capteurs de pression haute
sensibilité, nécessaire pour la surveillance
cardiaque a long terme et pour l'interaction naturelle
des robots avec les humains. Nous démontrons que
nos matériaux composites électrostrictifs peuvent
étre intégrés dans ces capteurs de pression souple.
Les performances rapportées en termes de
sensibilité a la pression sont au-dessus de celles de
la littérature. Nous illustrons les performances de
nos matériaux en réussissant a les utiliser pour
enregistrer de maniére continue et non invasive des
ondes de pouls d’'une artére radiale.

Mots Clés :
Electrostriction-composites-récupération d’énergie
vibrationnelle-diélectrique-émulsion-capteurs de
pression

Abstract

The goal of this thesis is to leverage soft matter for
the development of electrostrictive composite
materials for use in vibrational energy recovery and
high sensitivity pressure sensors. An emulsion
approach is proposed for making composites and
incorporating conductive particles such as
graphene foils or carbon black particles into an
elastic polymeric matrix made of
polydimethylsiloxane  (PDMS). This  original
approach allows controlling the dispersion of the
charges and the microstructure of the composites.
The dielectric properties of these materials are
controlled by the type of charges, their
concentration and their  dispersion  path.
Optimization of formulation levers makes it possible
to achieve very high dielectric permittivity values
(&=182 at 100 Hz) for polymer composites. The
materials developed during this work have been
used successfully in vibrational energy recovery
devices. In combination with an insulating layer, the
studied structures have a high effective relative
dielectric permittivity with a very low effective
conductivity (up to 2,53 10® S.m™"). We have
developed an experimental device to measure the
electrostriction of materials and to quantify the
generation of electrical energy in response to
mechanical vibrations. A power density of 0.38 W
m was measured for mechanical excitations of 100
Hz. For real-life use of electrostrictive materials and
their use as an ambient mechanical energy
harvester, we incorporated them into vibrating beam
structures cantilevered. Thanks to the flexibility of
these structures and their low resonance frequency,
we managed to recover 0.4 W.m? for a mechanical
excitation of 25 Hz. In the last part of our work, we
focused our attention on high sensitivity pressure
sensors, necessary for long-term cardiac
monitoring and for the natural interaction of robots
with humans. We demonstrate that our
electrostrictive composite materials can be
integrated into these flexible pressure sensors. The
reported performance in terms of pressure
sensitivity is above that of the literature. We
illustrate the performance of our materials by
successfully using them to continuously and non-
invasively record the pulse waves of a radial artery.

Keywords:
Electrostriction-composites-vibrational energy
recovery-dielectric-emulsion-pressure sensors






