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Abstract

Electroactive polymers, or EAPs, are the polymers which can change their shapes

under applied electric field. The most common applications of this material are in

actuators, sensors, and generator. Dielectric elastomers (DE), as an artificial muscle

with the highest potential, are attracting attentions for its large strain, fast response, light

weight, low modulus, reliability and high energy density, which have been widely

employed in biomimetics and micro-robotics.

In spite of the advantages of dielectric elastomers, some main technical issues must

be solved before applying to extensive fields. We focused on balancing the permittivity

and modulus to improve the electrostriction properties of the material, and a method to

control the modulus of composite was indicated to design the polymer. High

permittivity ceramic particles calcium copper titanate(CCTO) were introduced as fillers

to the polymer matrix, and modifications to the surface of CCTO have been carried out.

A Polyaniline (PANI) / styrene-ethylene-butylene-styrene block polymer (SEBS)

conductive elastomer was developed for the electrodes of dielectric elastomer actuator.

The materials showed a high conductivity at the large strain with a stabilized signal

output. The conductive elastomer was combined with the prepared dielectric elastomer

to fabricate a capacitive strain sensor and proved a promising material for flexible



SENSOrs.

We synthesized high permittivity particle calcium copper titanate (CCTO) via a

thermal treatment method and flux method. Silicone elastomer filled with CCTO was

employed to fabricate high dielectric constant DE. Aggregation of particles was

observed while increasing the filling amount of CCTO. By modifying the surface of

CCTO with polymer, the particles will disperse better in elastomer matrix, which leads

to a lower modulus. Core-shell structured calcium copper titanate@polyaniline

(CCTO@PANI) was synthesized using a simple procedure involving in-situ

polymerization of aniline in aqueous hydrochloric acid solution. The silicone elastomer

(PDMS) filled with self-prepared CCTO@PANI composites had high dielectric constant,

low dielectric loss, and actuated strains which was greatly improved at low electric field.

Meanwhile, the elastic modulus of CCTO@PANI/PDMS composites was increased

slightly only with a good flexibility. Compared to pure silicone elastomer (8.94%), the

CCTO/PDMS and CCTO@PANI/PDMS (The weight ratio of CCTO and aniline was

10) composites exhibited a greater actuated strain of 10.95 % and 13.24 % at a low

electric field and filling content of 10 V/um, respectively.

The permittivity of composites would greatly increase near percolation threshold.

Polyaniline (PANI) is a kind of typical conductive polymers and can be used as fillers to



synthesis conductive polymer. Compared to inorganic fillers, PANI have better

compatibility with organic matrix and less modulus so the composite would not lose

flexibility. We synthesized a dielectric elastomer using organic soluble PANI and PDMS

through solution blending method.

The electrode is a main issue that limits the performance of DEs. Carbon grease will

become unreliable due to the solvent evaporation, causing increasing resistance after

stretched. Conductive polymer can be used as electrode, but CNT based conductive

polymer usually can only endure a strain of 5%. Thus we prepared a conductive

elastomer using PANI and SEBS via solution blending method. This is the first

conductive elastomer that can maintain conductivity while elongated to 600% strain in

the world. The conductivity of this material was 8.0 S/m, and elongation could reach

600% with a tensile strength of 15MPa. Within 0-100% elongation range, the material’s

resistance showed linear increasing, and could be applied as a large-scale strain sensor.

We realized that the dielectric elastomers could also be applied as dielectric layers of

capacitance sensors. By combining CCTO/SEBS with PANI/SEBS with a

thermoforming process, we manufactured a capacitance strain sensor, which have

stabilized capacitance variety range at different conditions with high durability. A

capacitive stretchable strain sensor with easy process and low cost was finally designed.
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Chapter 1 Introduction

1.1 Dielectric elastomers

An actuator is a component of a machine that transforms inputting energy into
mechanical movement and is responsible for moving or controlling a mechanism or
system!™. Artificial muscles are a type of actuator simulated animal muscles. Traditional
artificial muscles including piezoelectric type, hydraulic type, pneumatic type and shape
memory alloys, have a complicated mechanism in transforming energy at low power
and small deformation range. Since a lot of problems on size, weight, shape and
response time need to be solved, the researchers committed to looking for new
replacement materials applied for micro robots®?, portable devices, flexible electronic

equipment®4.,
Artificial Muscles

EAPs Traditional actuators

Electronic EAPs lonic EAPs

Ferroclectric Polymers
lonic Polymer Gels
n:l.'l'.'\. iricE | 1Istomers
lonomeric Polymer-Metal
Electrosirictive Gel Composites

Elastomers

Conducting Polymers
Electrostrictive Paper

Carbon Nanotubes
Electro-Viscoelastic
Elastomers

Electrorheological Fluids
Liguid Crystal Elastomers

Fig. 1-1 Classification of EAPs



Electrically Activated Polymers (EAPS), as new type of flexible actuator, are being
applied to electromechanical actuating and sensing fields. Among which, dielectric
elastomers (DEs), as shown in Fig. 1-1, are new rising material as energy harvester
and actuating material®®. They are attracting attentions for the large strain, fast
response, light weight, low modulus, reliability and high energy density ®*. As an
electroactive polymer with the highest potential, DEs have been widely employed in
artificial muscles, biomimetics, and micro-robotics as actuators, sensors, and generators
[15-22].

1.1.1 Dielectric elastomer actuators

Dielectric elastomer actuators (DEAS) have caused great concern since R.Pelrine et.al
reported their work in 1998%*). DEAs are formed of a membrane of DE sandwiched
between two flexible electrodes. Applied with voltage on the electrodes, the DEA will
receive the electric field pressure from surface electrostatics, “Maxwell pressure” [24]
Due to the incompressible property of robber, the DE membrane will horizontally
expand under Maxwell pressure. Normally, the dielectric membrane is made of silicones
or acrylics, and electrodes are made of carbon powder/grease or metallic paint 2°.

Dielectric elastomers are the most promising technology in soft actuators %, They

have a simple structure as shown in Fig. 1-2. The closely contacted electrodes are able



to synchronously stretch or contract. As voltage is applied, membrane is stretched and
electrical energy is transformed into mechanical energy. When the voltage is off, the
membrane resumes former shape. Dielectric elastomer can also work in an opposite
direction as sensors, transforming mechanical energy into electrical signal.

Compliant electrodes on top and bottom

Dielectirc elastomer membrane

Voltage off

Voltage on

7777777
Fig. 1-2 Schematic diagram of dielectric elastomer’s electrostrictive strain
In actuating mode, the sandwich structure is working as a variable capacitance, and
usually drove by a high voltage of 500V to 10kV. The electric charge is accumulated on

the electrode and electrostatic charge caused the Maxwell pressure, which can be
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approximated by:
p = o5 E?

Where P is Maxwell pressure on the material; & is the vacuum permittivity
(8.854pF/m); &, is the relative permittivity. For small strain, the young’s modulus of
elastomer remains constant, and the vertical deformation S, could be expressed as:

p_ g0 E?

S

It is obvious that the electrostriction of dielectric elastomer depends on ratio of & /Y,
which means the actuating strains are proportional to the relative permittivity of
material and inversely proportional to the young’s modulus. Therefore, the key to
improve the actuating properties of dielectric elastomer is to increase the relative
permittivity while reduce young’s modulus to a certain level. A lot of researches have
been carried out around this subject recently.

1.1.2 Preparing process of dielectric elastomers

Since the pioneering work has been reported by R.Pelrine et.al, many researchers
have made effects to probe the application of DEs®!. Early studies have been carried
on about elastomer matrix and curing agents, and methods of improving
d [29-31].

electromechanical response of DEs through pre-stretch have been reporte

According to Li’s work, pre-stretch can even stabilize the DE’s actuating behavior while



increasing the breakdown voltage of DEs *?

. Suo developed a theory about DE’s
actuating principle and studied the unstable mechanism caused by breakdown of DEs at
high voltage **"). Furthermore, they also developed an energy harvesting system made
of DEs which utilized the opposite electrostriction mechanism.

In spite of the advantages of dielectric elastomers, some main technical issues must
be resolved before applying to extensive fields. The driving voltage of dielectric
elastomer is a high voltage of 10-30 V/um, and which restricted the application of DEs,
especially in biologic and medical field. The actuating properties are depending on the
comprehensive performance of DEs and researches have been focused on studies of DE
matrix materials, filler particles of DE composites, and corresponding composite and
modifying methods.

Some papers reported that using a small amount of carbon nanotube (CNT) as the
filler of DEs®® could increase the permittivity of DEs significantly, while the elastic
modulus’s increasing was not obvious thus these materials have a high
electromechanical response®“%. The permittivity of composite will increase greatly
near percolation threshold, that’s why DEs using CNT fillers can achieve a high

permittivity with a small filling amount. A challenge of this kind of DEs is the

aggregation of CNTs in the system due to Van der Waals forces. A lot of works have be



carried on to improve the dispersion of CNTs such as ultrasonic treatments and
functionalization of CNT. However, there is still a critical problem about the CNT-based
DEs that is the low breakdown voltage of the materials. Some of the materials even
have a lower breakdown voltage than driving voltage .

The common methods to overcome the disadvantages of DEs are to fill the material
with high dielectric constant particles. Zhang’s group controlled the dielectric properties
of DEs through various methods such as cross-linking density adjustment, introducing
plasticizer, grafting short chain groups in matrix, and obtained DEs could generate large
strain in a relatively low electric field“***!. Some researchers studied the effect of filling
high permittivity particles into DEs to improve the dielectric constant of

composites >

. Dang’s team studied the process of composites of BaTiOgs, carbon
black and silicone, they mitigated the impact of modulus increasing caused by
BaTiOs***¥. F.Carpi et. al used TiO2 as filler, and enhanced the permittivity of DE
while the modulus of material increased slightly™ %, Nuchmapa’s group prepared a
natural rubber/ Al,O; composite which can perform an obvious bending in a electric
field of 200V/mm®3. However, the massive use of fillers will result in various adverse

effects. For example, filling high dielectric constant particles like BaTiO3 will improve

the dielectric constant of system greatly, but the young’s modulus will increase



simultaneously which affected electrostriction properties ®**°\. The filling amount of
high permittivity particles must be limited to maintain a low modulus.
1.1.3 Application of dielectric elastomers

Currently, the studies about structures of DEs have aroused general concern, and the
applications are mainly planar actuators based on huge planar electroactive expansion.
Besides, some common applications are actuators designed according to the thickness
changes of DEs, and some have specialized structures using pre-stretch process to store
energy.

There is no doubt that DEs have notable planar strains, but they are not the most
suitable for the bionic devices and artificial muscles applications. The movements of
muscles usually involve linear stretch and planar shape changing with high degrees of
freedom. Besides, the pre-stretch process needed the DEs to be fixed on the frames and
which made the independence structure of DEAs very difficult. Thus, the main issues
about DEA’s applications are transforming planar expansion into actuation strains with
expected action.

Dubowsky.S et.al reported a solution with the robot arm they designed in 20067,
Every single unit are made of a linear stable component with only one expansion

direction allowed, which transformed planar expansion into linear extension. When the



horizontal expansion generated enough force, the whole device will be trigger into
stretching mode. Lochmatter.P et al. proposed a shell bending actuator through
combining DEA with mechanical structure . As the DE side is stimulated, a bending
of the system could be observed.

Stacking DEs is another proposed design of DEA. A vertical contractible actuator
stacking DEAs was designed to enhance the thickness changes. G.Kovacs et al
published a cylinder device made of VVHB acrylics from 3M Company . Every layer
was divided by electrodes connected to alternately positive and negative power supply.
This device showed a 30% decreased length after applied voltage. F.Carpi et.al made
stacked DEA using folding and spiral structures ' both devices showed more
convenience manufacturing process of stacked DEAs.

G.Kofod et.al proposed an approach called self-organization and energy minimization
for creating complex structures with embedded actuation in planar manufacturing
steps'®. This device used stored energy generated by pre-stretch like a spiral torsion
spring. In relaxation mode, they bend to seek the energy minimized condition, and
stretch to planar mode when electrically stimulated. This design can generate a

considerable output power and perform a preset action.



1.2 Flexible electrodes materials

DEAs need flexible electrodes *? to hold the static charge applying electrostatic
pressure, and maintain conductivity during stretched in order to let the charges evenly
distributed on the electrodes. An ignorable stiffness is also needed to ensure they are not

obstructing deformations. Carbon grease !

, graphite and carbon powders, serrated
metal electrodes™, corrugated metal electrodes!®, electrolyte solution®” are reported
to be suitable options.

Carbon greases are the most common flexible conductive material. They are made of
carbon black particles dispersing in grease. Carbon greases have excellent conductivity
even in a large strain, and are easy to apply to the surface of polymers for its
conglutination, with a minimized effect on electrostriction properties of DEs.

The main problem about these electrode materials is their durability, which made
them vulnerable to strains after a short time. Conductive elastomers can be also applied
as electrodes of DEs. Generally, they were synthesized by adding conductive materials,
especially carbon-based materials, into polymer matrix. However, the conductive
polymers achieved by this method suffer a short strain range and long responding time

normally'®’. Polyanilines (PANIs)®® as typical conductive polymers, are drawing great

attention for their conductivity, easy preparation and low cost. PANIs were also used as



fillers to synthesis conductive elastomer composites using the mechanical blending
method!®”**), but the large strain range and stable conductivity could not be achieved
simultaneously.

1.3 Stretchable strain sensors

Another application of dielectric elastomers are materials for strain sensors, which
could be applied as soft robots, wearable devices, movements monitoring and virtual
reality technologies due to its durability, linear sensing and rapid response [%74.
Among which, the stretchable strain sensors are drawing attention for their ability of

n /> The stretchable strain sensors could be

outputting signal while large strai
divided into resistance sensors and capacitive sensors by the sensing mechanism. The
resistance sensors are usually fabricated by polymers filled with conductive fillers. The

resistance changes during the stretch are decided by both the micro structural

deformation and the function between strain and resistance [,

10
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Fig.1-3 Schematic diagram of capacitive strain sensors
Capacitive strain sensors were formed with a dielectric layer sandwiched between a
pair of stretchable electrodes (Fig.1-3), the capacitance change are determined by the
permittivity and thickness of dielectric layer ['% 78 7%,
As the definition formula of capacitor, we have:
C=Q/U
Where C is the capacitance, Q is electric charge, and U is potential difference. The

capacitance of a certain capacitor could be calculated by:

CZH

Where ¢ is the permittivity of dielectric layer, S is is the area of electrodes, d is the

distance between two electrodes. As the shape of capacitor changes, the S and d will

11



change, capacitance will also change with strain, the capacitor will start to charge or

discharge, current will flow in the circuit, then we have a signal output. For ideal

elastomer, the volume of capacitance do not change, so we have ASAd = 1, then the

capacitance change can be described as a function of strain.

Compared with resistance sensors, the capacitive strain sensors showed linear
relationship between strain and capacitance, with fine hysteresis properties &% 841,
The problem of existing stretchable strain sensors designed for large strains is the
electrodes (for capacitive type) or conductive filler (for resistance type) is prepared by
long-chain CNTs. The employing of CNTs made the cost of these materials raised to a
very high level. If we switch the filler to organic conductive material PANI we can get
a highly dispersed all-organic conductive composite, with high elongation at break and
low cost.
1.4 Research purposes

Dielectric elastomers, as the core component of artificial muscles, designers are
aiming composites with high /Y ratio. However, higher permittivity means larger
filling amount of particles, which lead to higher modulus. Thus, the focus of researches

nowadays becomes balancing the permittivity and modulus, but there are some issues

still existing: (1) Large filling amount of ceramic particles will increase modulus,

12



limiting the electrostriction property of DEA, (2) Conductive fillers such as CNT and
graphene can enhance the permittivity of composites obviously but they lead to a low
breakdown voltage and high processing difficulty; (3) Using flexible polar materials as
fillers to improve the dielectric property of DEs have no significant effect; (4) The
problems about flexible electrodes of DEAs remained unsolved which limited the
application of DEAs. Regarding on the issues mentioned, following aspects are studied
in this paper:

1) In order to understand the relation between structure and properties of materials,
we need to analyze the morphology of particles mixed in silicone matrix. We designed a
experiment to fill the silicone elastomer with different CCTO particles and discussed the
effect of phase stated of filling particles.

(2) Since the employ of high permittivity particles will increase the modulus of
composites, filling amount must be limited. Surface modification with organic materials
could improve the compatibility of inorganic particles and organic matrix. To solve this
problem, we synthesized core-shell structured calcium copper titanate@polyaniline
(CCTO@PANI) using a simple procedure involving in-situ polymerization of aniline in
aqueous hydrochloric acid solution.

(3) As a result of greatly enhanced permittivity near critical percolation

13



concentration, dielectric materials could be prepared by filling very small amount of

conductive materials. A dielectric elastomer has been synthesized using organic soluble

PANI and PDMS through solution blending method.

4 The electrode is a main issue that limits the performance of DEs. Carbon

grease will become unreliable for the solvent evaporation, causing increasing resistance

after stretched. Conductive polymer can be applied as electrode, but CNT based

conductive polymer usually very expensive. Thus we prepared a conductive elastomer

using polyaniline (PANI) and styrene-ethylene-butylene- styrene block polymer (SEBS)

via solution blending method.

(5) The dielectric elastomer could also be applied as dielectric layers of

capacitance sensors. Since the existing capacitance strain sensors are employing

long-chain CNT based materials, the cost are very high. By combining CCTO/SEBS

with PANI/SEBS with a thermoforming process, we manufactured a new kind of

capacitance strain sensor. The sensors have stabilized capacitance variety range at

different conditions with high reproducibility and low cost.

1.5 Composition of the paper

The structure of this paper is as follows

Chapter 2 stated the basic knowledges about dielectric materials, polarization and

14



conductive materials.

In Chapter 3, we stated the designing and fabrication of PDMS based dielectric

elastomer. The electrostrictive strain tests were also carried out.

In Chapter 4, a conductive elastomer using PANI and SEBS was prepared via

solution blending method with both high conductivity and elasticity. Experiments about

testing the electrostatic properties were carried out for the applications in sensors.

In Chapter 5, a capacitive strain sensor using CCTO/SEBS as dielectric layer and

PAN/SEBS as electrodes was designed and manufactured by thermoforming process.

The composite was showing promising properties for applications as stretchable strain

SENsors.

Chapter 6 is a summary of the paper and stated the conclusions.

15



Chapter.2 Basic knowledge

2.1 Dielectric materials
2.1.1 Dielectric

Dielectric property is the storing and dissipation ability of static energy of dielectric
materials in electric fields. When applied with an electric field, electric charges cannot
flow freely in the dielectric materials, for the dielectric materials are not conductive, but
the bounded electric charges in the dielectric materials are displacing partially, causing
the macro electrical behavior in the dielectric material. This phenomenon is called

dielectric polarization 2.

Fig. 2-1 Polarized dielectric material in an electric field
Because of dielectric polarization, positive charges are tends to displace towards the
direction of electric fields, and negative charges for the opposite direction. This

phenomenon created an inner electric field to weaken the electric field applied. If the

16



polar molecules of dielectric materials are connected with weak bounds, the molecules
will also orient to align to the field!®],
2.1.2 Dielectric polarization

In dielectric model, materials are formed by atoms. The atoms are made up of two
parts: surrounding electron clouds with negative charge and the nuclear with positive
point charge at the center. When applied with electric field, the balance point was
deviated from its former position, this phenomenon could be defined as dipole. A vector
quantity, dipole moment, M, is used to characterize dipole. The relationship between the
electric field E and M can be characterized by function F{®4

M=F(E)

Dipolar polarization is a polarization caused by polar molecules orientating in electric
field. The polar molecules consist unbalanced which means, the charge center of
positive charge and negative charge does not coincide, for example NH, or HCI. The
gathering of these dipoles forms a dipolar polarization®*.

lonic polarization is polarization caused by the deformation of electron cloud of
positive and negative ions affecting each other in ionic compounds. In ionic compounds,

the electron charges around one atom tend to be positive or negative. When these atoms

were deviated from former position due to the vibrations of molecular, the charge

17
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centers of the atoms were also displaced. As a result, the charge center of the molecular
is also displaced, causing ionic polarization 4.

The dielectric property of a material is a collaborative effect of the above
polarizations. For example the dielectric property of barium titanate is caused by the

ionic polarization of Ti** and electron polarization of one O* molecular .

Figure 2-2 Structure of barium titanate

In our researches, we chose a ceramic particle with very high permittivity called CCTO
as filler (Fig.2-3). The permittivity of CCTO could exceed 10* at room temperature

(Fig.2-4).

18



Fig.2-3 Crystal structure of CCTO"]

20000

15000

10000

Permittivity

5000

CCTO Barium Titanate Titanium Dioxide

Fig.2-4 Permittivity of CCTO compared with BaTiO3 and TiO,

The CCTO shows a strong nonlinear relationship between voltage and current at room

temperature and the breakdown voltages are 1525 and 775 V/cm for 2 kinds of CCTO

samples. When the voltages exceed the breakdown values, the current values are beyond

19



the limit of the experimental setup (20mA) ¢!,
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Fig.2-5 Plots of current versus voltage for the 3h and 20h sintered samples (at
1050°C).1%!
2.1.4 The matrix material of dielectric elastomers

In 1990s and early 21% century, researcher test various elastomers that could be
applied as dielectric elastomer actuator, including silicone rubber 7, polyurethane!®®!
thermoplastic materials’®*®! and acrylics!®”. Amongst these materials, VHB series
acrylic elastomers produced by 3M Company seem to have the highest electrostriction
strain. Its reported that the electrostriction strains of VHB4910 membranes have reached

380% under a high pre-stretch ®!. The VHB acrylics have a high energy density of 3.4

20



MJ/m?, and a permittivity of about 4.2-4.7. However, these membranes are showing a
very obvious viscoelastic property ®!, and the glass transition temperature of which is
about -20°CP™. Thus, the elasticity and tg need to be improved to be suitable for further
application.

Silicone rubber showed another option for dielectric elastomer matrix **. They are
showing less viscoelasticity *® with a tg of -100°C, which made them adapt to
applications in higher frequency and lower temperature . The silicon rubber’s
permittivity is 2.8 and they are able to achieve an electrostriction strain of 100% under
pre-stretch % which is much less than VHB acrylics though.

2.2 Percolation theory

Percolation theory is the formation of long-range connectivity in random
systems. Below the percolation threshold p., the matrix is formed with clusters of
isolated nodes, continuous phase does not exist; while above it, the clusters of nodes
will be connected to the whole network. The conductivity of composite material could
be described by this model. When below p., the material shows no conductivity, above
it, the material is conductive.

For a regular matrix, we define two nodes is connected by bonds by probability p or

not occupied by probability 1-p. We assume there is a percolation threshold, p;, when

21



p>p. , isolated nodes will be connected to the whole network. For the description of the
electrical percolation, we assume the conductive component have a conductivity op.
And the dielectric component with conductivity o4 as non-occupied bonds. U If the
dielectric component is insulated material, we have o4 =0. If the percolation threshold is
approached from above:

Odc (p) x O-m(p - pc)t

The exponent t is one of the two critical exponents for electrical percolation. Below p

the material shows no conductivity %%

The dielectric constant also shows a critical behavior near the percolation

threshold(®®!,

&q

e(p) =——
P lp —pcl*

Where ¢, corresponds to non-occupied bonds. s is another one of the two critical
- . [101]

exponents for electrical percolation.

This phenomenon could be used to prepare electroactive polymer by filling small

amount of conductive fillers.

2.3 Raw Materials
2.3.1 Base materials

Poly (dimethyl siloxane) (PDMS Fig.2-6-a) (RTV-3483) used as matrix in chapter 3

were purchased from Dow Corning Corporation. Aniline monomer (Fig.2-6-b) was

22



obtained from Sinopharm Chemical Reagent Co., Ltd. of China. SEBS

(YH501T,Fig.2-7) used as matrix in chapter 4 and 5 was provided by China Petroleum

& Chemical Corporation of Baling Company.

HO Si—O—}—OH NH>»

a b
Fig.2-6 Structure of PDMS(a) and aniline (b)

~{ CH,CH —J{ CH,;—CH=CH—CHs}—{~CH,~CHy—{-CH;-CHs—
X1 yi y2 x2

Fig.2-7 Structure of SEBS
2.3.2 Initiator

Ammonium persulfate (APS Fig.2-8) used as initiator for PANI were obtained from

Sinopharm Chemical Reagent Co., Ltd. of China.

o) o)

o | |

NH, o—ﬁ—o—o—ﬁ—o NH.,
o) o

Fig.2-8 Structure of APS
2.3.3 Surface modifier
3-aminopropyltriethoxysilane(APTES fig.2-9-a) and polyvinylpyrrolidone(PVP 30 kDa,
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fig.2-9-b), used to modify the surface of CCTO in chapter 2, were obtained from
Sinopharm Chemical Reagent Co., Ltd. of China.

H,C
O (0]
N

H2N /SI\O/CHQ,
o)
\ H
CHs

a b
Fig.2-9 Structure of APTES(a) and PVP(b)
2.3.4 Components with active hydrogen
We used hydrochloric acid (HCI) as active hydrogen component for PANI in chapter 3,
and Dodecyl benzenesulfonic acid (DBSA Fig.2-10) in chapter 4 and 5.

OH
0=S=0

H;C

Fig.2-10 Sturcture of DBSA
2.3.5 Filling material
4 kinds of CCTO with different particle size was used as inorganic fillers.

300nm
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Jiangsu WuXi Kai-Star Electro-optic Materials Co.,Ltd, China
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Chapter.3 Development and characterizing
of PDMS based dielectric elastomers

3.1 Introduction
Dielectric elastomers (DE) are attracting attentions for its large strain, fast response,

[102103]  Aq an

light weight, low modulus, reliability and high energy density
electroactive polymer with the highest potential, DEs have been widely employed in
artificial muscles, biomimetics, and micro-robotics as actuator, sensor, and generator
[10,28,104].

Dielectric elastomer actuator (DEA) is formed of a membrane of DE sandwiched
between two flexible electrodes. Applied with voltage on the electrodes, the DEA will
strain due to the electric field pressure from surface electrostatics, “Maxwell pressure”,
the thickness strain of a DEA can be approximated by:

Sz =-P/Y= -g0e,E’IY (1)

Where P is Maxwell pressure on the material, Y is Young’s modulus, & is the vacuum
permittivity, & is the relative permittivity.

Researchers have been working on improving the dielectric property of DEs. Z.G.

Suo proposed a theory coupled large deformation and electric potential, and described

nonlinear and nonequilibrium behavior of DEs ®Y. Filling silicone with TiO2 particles
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can improve the permittivity of material with lower Young’s modulus have been
reported by several groups "'l D. Yang etc. fabricated a DE with high dielectric
strain by filling various types of TiO2 and they also found that the size of TiO2 particles

influenced the dielectric strain greatly ©°.

We chose various types of the high
permittivity particle calcium copper titanate(CCTO) with different sizes as filler, and
poly(dimethyl siloxane) PDMS as matrix to prepare DEs, and analyze the influences by
particle sizel%] Because the actuation strain are in a small range and causing a large
measurement error, we decided to measure the capacitance of samples to evaluate the
dielectric property of DE, and the relationship between capacitance C and dielectric
constant is given by
¢ =2 @)
Where S is area of the electrical conductor, d is thickness of the insulator layer. The size
of particle fillers only affects the Young’s modulus, while the permittivity of composite
material is determined by the permittivity and volume fraction of the filler.
One effective method to improve /Y of DEs is to introduce more filling and higher
dielectric constant ceramics into the elastomer matrix "%, However, it is difficult to

balance these two incompatible key properties through filling more ceramics. Therefore,

in order to get a large ratio of dielectric constant to elastic modulus (k/Y), the dielectric
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constant of the filling materials must be improved further.

Due to their synergic properties, particularly, conducting polymer/ceramics
composites due to the hyper-electronic polarization are developed for various
technological applications such as capacitors, energy storage, and charge storage
devices, etc %, Polyaniline (PANI) is one of the most attractive conducting polymers
extensively studied due to its low cost, easy process ability, environmental stability and
good electrical conductivity!'>™*l, Therefore, PANI could be effectively employed to
combine giant dielectric CCTO particles in order to achieve improved electrical and
dielectric propertiesi™®. It is challenging and very important for the development of
new generation dielectric elastomers.

Silicone elastomer has high flexibility, elasticity, and stability over a wide range of
temperatures. Its dielectric loss and viscoelastic loss are independent of temperature and
frequency. Besides, it has high filling capacity as well as electric breakdown strength.
So, silicone elastomer is preferentially used as the matrix for DEs 16118,

We obtained CCTO@PANI composites a simple in-situ surface polymerization
method, and introduced into the silicone elastomer ™41, Meanwhile, we aimed to design

and develop CCTO@PANI/PDMS composites with balanced dielectric constant and

modulus by addition of higher dielectric constant materials. The microstructure,
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mechanical and dielectric properties of the composites, the relationship between
microstructure and dielectric properties, and the underlying mechanism were
investigated.

In the progress of developing CCTO@PANI/PDMS, we found that filling of
dispersed particles increases the modulus of composites greatly, which limited our final
product reaching an ideal electroactive property. There is a contradiction that the high
phase content of dielectric fillings will lead to an increment in the modulus of the
composite material for the dielectric phase acts as the physical crosslinker for the
elastomer matrix. How to solve this problem is a pursuit in this field. We have
theoretically analyzed how to control the phase content and morphology in the matrix to
get a balance in the soft matrix and high content of dielectric phase at first, then CCTO
ultrafine powders with different particle sizes have been selected to certificate the
theoretical results by nano-nomination method. The results could provide a hint to

develop DE composites with the desired electro-deformation.

e(p) = |pfzc|s ®)

This equation describes the greatly increasing permittivity of composite near
percolation threshold ™. Where e(p) is the permittivity near critical percolation

concentration p¢, p is stand for the concentration and &, is the permittivity of matrix.
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We decided to make use of this enhancement of permittivity.

Polyaniline (PANI) is a kind of typical conductive polymers and can be used as

fillers to synthesis conductive polymer. Compared to inorganic fillers, PANI have better

compatibility with organic matrix and less modulus so the composite would not lose

flexibility. In this work, we present a dielectric elastomer using organic soluble PANI

and PDMS through solution blending method.

3.2 Methods

3.2.1 Material

Three types of calcium copper titanate with different particle sizes (300nm-, 1um-,

10um- and 60um-) were obtained from Jiangsu WuXi Kai-Star Electro-optic Materials

CO.,Ltd, China. H,C,04-H-0, Ca(N03)2-4H20, CU(NO3)2'3H20, Ti(OC4H9)4,

Mg(NOs),-6H,0, tetrahydrofuran, and absolute ethanol were provided by Sinopharm

Chemical Reagent, China. Poly (dimethyl siloxane) (PDMS) (RTV-3483), matching

curing agent (RTV-3083) and compliant electrode materials (Molykote HP-800 Grease)

were purchased from Dow Corning Corporation. Polypropylene glycol (Specification:

PPG-400) was supplied by Jiangsu Haian petrol Chemical Plant of China. Aniline,

hydrochloric acid, 3-aminopropyltriethoxysilane(APTES), ammonium persulfate(APS),

polyvinylpyrrolidone(PVP, 30 kDa), ethanol and tetrahydrofuran (they were all
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analytical grade) were obtained from Sinopharm Chemical Reagent Co., Ltd. of China.
3.2.2 Synthesis of CCTO/PDMS

There is many method of mixing filler into rubber matrix. The traditional way of
rubber processing is mechanical blend through a two-roll mixer. A dielectric elastomer
prepared with CCTO and PDMS composite via mechanical blend method was
reported™® but the result was not very ideal. The filling particles in composites
obtained by this method cannot fully disperse in the matrix. Thus we intend to use
another suspension blending method to get better dispersed filling particles.

The CCTO particles were initially mixed with PDMS, and tetrahydrofuran as solvent
at room temperature by stirring for 20 min. Subsequently, curing agent was blended
with the composites further to get suspension. Then, the suspension of CCTO/PDMS
composite was poured into a self-manufacture PTFE mold and heated in an oven at 30

°C for 24h. Finally, the thickness of the composites was controlled to be 0.5 mm.
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CCTO THF

Ultrasonic for 20mins

Ultrasonic for 20mins
Suspension PDMS (RTV3483)

Ultrasonic for 20mins

Suspension Curing agent

Heating in mold at 30°C for 24h
CCTO/PDMS

Fig.3-1 Synthesis of CCTO/PDMS

3.2.3 Synthesis of CCTO@PANI/PDMS composites by in-situ polymerization
method

PANI could be effectively employed to combine giant dielectric CCTO particles in
order to achieve improved electrical and dielectric properties™. In order to improve
the coating rate of PANI, we modified the CCTO particles with APTES first to obtain a
amine-functioned CCTO (NH,-CCTO)!™?%, then PVP was grafted to —NH,. Since the
CCTO directly modified with PANI was clay-like layer structure™, we introduced

PVP to build up a core-shell structure for PANI to polymerize on. Polyaniline was
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finally polymerized on the surface of PVP, this method gave us a core-shell

CCTO@PANI particle coated with thicker shell structure.

CCTO (10 g) and APTES (10 g) were dispersed in anhydrous ethanol (45g) to obtain

a mixture solution and sonicated for 10 min. The solution was refluxed for 5 h under dry

N2. The obtained CCTO particles were filtered and then washed with anhydrous ethanol.

Finally, the product was dried in vacuum at 60 °C for 24 h, a dark powder (NH,-CCTO)

was obtained!?".

The different weights of aniline were used to prepare the CCTO@PANI particles as

listed in the Table 3-1. Taking S3 for example, PVP (1 g) was dissolved in 500 mL

hydrochloric acid (1 mol/L), and then the NH,-CCTO particles (10 g) were added. The

mixture was then ultrasonically dispersed, and aniline (1 g) was added into the mixture

with vigorous stirring. Afterward, the mixture was mechanically stirred for 30 min at

20 °C. Then the solution of hydrochloric acid (250mL) and APS (3.68 g) was added into

the above mixture instantly to start the oxidative polymerization. The reaction was

performed under mechanical stirring for 5 h. The resulting precipitates were washed

with deionized water and ethanol several times. Finally, the product was dried in

vacuum at 60 °C for 24 h to obtain of the desired CCTO@PANI composite as a dark

powder[*.
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Polyvinylpyrrolidone HCI CCTO 3-Aminopropyltriethoxysilan

Mixed in pure ethanol
Refluxed for 5h under N2

1 Filtered and washed with ethanol

H H (0]
ultrasonic Dried in vaccum at 60°C for 24h

mixture <= — NH_-CCTO particle
vigorous stirring for 2

H 0
< 30mins at 20°C aniline

Stirring for 5h
< APS and HCI
washed with ethanol
Y Dried in vaccum at 60°C for 24h
CCTO@PANI Particles

Fig.3-2 Synthesis of CCTO@PANI Particles
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Table 3-1 The relational information of the synthesis and characterization of the

pure silicone elastomer, CCTO/PDMS and CCTO@PANI/PDMS composites.

Aniline of Dielectric Actuated
Sample Y (MPa)
raw materials Composites constant & strain at
number 1-20%
(09) at 50 Hz 10V/um(%)
Pure silicone
S1 - 0.25 3.21 8.94
elastomer
S2 - CCTO/PDMS 0.27 3.65 10.95
S3 1 CCTO@PANI/PDMS 0.29 4.60 13.24
S4 3 CCTO@PANI/PDMS 0.31 3.93 10.18
S5 5 CCTO@PANI/PDMS 0.27 3.91 10.95

0.18g CCTO or CCTO@PANI was dispersed in 18g tetrahydrofuran by sonication

for 20 min. Then, a well-dispersed solution was mixed adequately with 18g PDMS and

0.99g curing agent for 20min to obtain a uniform suspension. Subsequently, the above

suspension was poured into a self-manufacture PTFE mold and heated in an oven at 30

°C for 24h. After this curing process, the samples with a thickness of 0.5 mm were

easily removed from the mold.
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3.2.4 Preparation of PANI-PDMS dielectric elastomers.

5.59 g of aniline monomer was added into the emulsion prepared from 200 ml of water
mixed with 36.28 g of DBSA and 50 ml of toluene in a cooling bath maintained at 2 °C
for 1 h. 9.13 g of APS dissolved in 50 ml of water was dripped into the polymerization
bath for a period of 1 h, and maintained stirring at 0-5 °C for 17 hi*?t. After
polymerization was completed, 200 ml of toluene and 200g of acetone was poured into
the emulsion and stirred for 1h. The solution was separated into 501.68 g of water layer
and 198.36 g of oil layer after being left standing for 1h. The oil layer was vacuum
filtrated to remove insoluble and obtained 196.25 g of clarified green oil layer, with a
solid content of 4.38%

Take an example of filling rate at 0.2 wt%, we mixed 0.15 g of dodecylbenzenesulfonic
acid modified polyaniline in toluene solution, 3.3 g of PDMS and 0.17 g of curing agent
for 20 mins, obtaining a homogeneous solution of PANI/PDMS, then poured the above
solution into self-made Polytetrafluoroethylene mold and heated at 30 °C for 24h. After
fully cured, the sample was removed from mold and PANI/PDMS composite with a

thickness of 0.5mm was obtained.
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Anyline monomer DBSA water solution

Stirring in cooling bath at 2°C for 1h

Dripped into solution in 1h
Stirring at 0-5°C for 17h

< APS

Acetone and toluene —

Filtrated to gain clarified oil layer

Ultrasonic for 20mins PDMS

Curing agent

<

Heating in mold
at 30°C for 24h v

PANI/PDMS elastomer

Fig.3-3 Synthesis of PANI/PDMS elastomer

3.2.5 Characterization

The CCTO@PANI particles and CCTO@PANI/PDMS composites were
characterized by FTIR (German Bruker Tensor 27), STEM (USA Tecnai G2 F30
S-TWIN), FESEM (Japan Hitachi S-4800 FESEM), DMA (Q800, TA, USA). Element
mapping at atomic resolution have been obtained by EELS spectrum imaging (SI) in the
STEM mode. The specialized routines under Gatan Digital Micrograph have been used
for image and spectral data processing. The dielectric properties of the composites were

obtained using a dielectric spectrometer (Novocontrol Technologies, Germany) at room
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temperature. The compliant electrode material for dielectric elastomers was conductive
grease coating each side of the DEs. The actuated plane strain of the dielectric elastomer
was measured under a high voltage supplied by an intelligent DC high voltage generator.
During actuation, the images were captured by a commercial camera. Capacitance
measurements were performed by using the UC2876 Precision LCR meter with a 1V a.c.
signal.

3.3 Result and Discussion

3.3.1 Theory about the effect of particle phase morphology

Initially, We chose various types of the high permittivity particle calcium copper
titanate(CCTO) with different sizes as filler, and poly(dimethyl siloxane) PDMS as
matrix to prepare DEs, and analyze the influences by particle size.

The permittivity of composite material is determined mainly by the permittivity and
volume fraction of the filler. We have several models 2% to describe composite’s
permittivity such as Lichtenecker Model (eq.4), Bruggeman Model (eq.5),

Maxwell-Garnett Model (eq.6), etc.

logeess = (1— floge; + floge, @
. E1— &2
Eeff —E2 T 3fe; e1+3fex—f(e1—€2) ©)
1
Ceff=81 _ a4 )3
Eeff—&2 - (1 f) (82) (6)
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The &5 stands for the efficient permittivity of composites, the f stands for the volume
fraction of filler. &; and &, stands for the permittivity of filling particles and matrix,

respectively.

= \Maxwell-Garnett model

18 r
= |jch model
16 |
= Bruggen Model
14 +
300nm
512 X 1lum
E 10 10um
g 8 60um /—
Dq._) —
6 -
D
4
2 L
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J

1 2 3 45 6 7 8 9 1011 12 13 14 15
Volume Fraction(%o)

Fig.3-4 The permittivity of different kinds of samples compared with theoretical value
calculated by three kinds of models

We compared the permittivity of samples filled with 4 kinds of particles(Fig3-4) and the
permittivity of samples filled with particles sizes of 10 and 60 um was very low due to
precipitation. The samples filled with smaller particles showed similar values to
Bruggeman model. The model was designed to describe the properties of ceramics and
metal materials but our results still fit the model well. Due to the low permittivity of

major component, the efficient permittivity of composite did not increase obviously at
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low volume fraction.

Permittivity calculated by
Bruggeman Model

==CCTO

- = Barium titanate

Titanium Dioxide

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Volume Fraction(%b)

Fig.3-5 The theoretical permittivity calculated by three kinds of filling particles

If we replace &, by the permittivity of BaTiO3 and TiO,, which is about 1400 and 120,

we can easily observe that at low filling amount of dielectric particles, the efficient

permittivity of composites do not affect by the high permittivity of dielectric particles

very much(Fig.3-5).

In the former researches, we found some interesting phenomena that phase
morphology also affects the dielectric properties of composites. Referring to the
dielectric inorganic materials, the dielectric constant was found to be a function of the
diameter of particles and wires or the thickness of films, which could be described a
simple thermos dynamic model presented by M. Tian, et al.*?!l with the following

formula;
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D)-o(0) [ @D (6)
2(0) -1 ‘2{%( (01D, -1) 1}

Where a is a function of surrounding conditions of low-dimensional and Dy denotes
acritical diameter at which almost all atoms of a low-dimensional material are located
on its surface. This equation is effective with the particle size ranging from 2D, to bulk
materials.

There are two cases: 0<a<1 and o>1. In the case of 0<a<1, the dielectric constant
increased as the particle size decreased. Otherwise, the dielectric constant decreased as
the particle size decreased. The dielectric constant as a function of the particle size were

calculated with Dy of 5 nm and &(e0) of 50000 and illustrated in Fig.3-6.

280000
1 —u—0=0.25
25000041 D,=5nm, ¢ () =50000 —<—a=0.50
240000 4 | o
1l 0=1.00
220000 | a=1.25
J “I‘ —<—0=1.50
200000 \tl . increasing a=1.75
1800004 | e
i 145
160000 |
140000 | N St
120000 - |
100000 |
80000

e B e B B s e e e e e e s o s
0 50 100 150 200 250 300 350 400 450 500

Diameter, D/nm
Fig.3-6 The dielectric constant as a function of the particle size

Quite a lot of dielectric materials agree the changing trend as 0<o<1. For example,

CCTO, one kind of dielectric materials supposed to be characterized of huge dielectric
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constant. The dielectric constant of CCTO powders with different average particle sizes

were measured and shown in Fig.3-7.

_ CCTO

Dielectric constant

Average paniclew)ulluxn\

10 100 1000 10000 100000 1000000

Frequency (Hz)

Fig.3-7 The dielectric constant as a function of the particle size

Turning to the DEs fabricated by inorganic and organic compositing, the driving
force, p, related to the applied voltage, U, diclectric constant, €, and the thickness of the

DEs particular to the direction of the applied electric field:

p:exeo[%j (7)

The resulted electro-deformation, S,could be described as:
S=-pl/Y (8)
Where Y is the Young’s modulus.

Considering that most of the elastomer matrix of DEs is chemically crosslinked,

42



the Young’s modulus must be ascribed to the contribution of physical crosslinking.
Obviously, the physical crosslinking density is mainly determined by the interfacial
interaction and the number of the phase crosslinking points. With a similar surface state
and different particle sizes, the physical crosslinking density could be as a linear
function of the total surface area of the particles. From this perspective, the Young’s
modulus would take the following description:

y==2 (9)
Where m and p are the weight and density of inorganic particles as the filling phase,
respectively. D is the diameter of filling particles and k is a parameter describe the effect
of crosslinking.

From the equation from 3 to 6, the qualitative relationships of the characteristic
parameters including dielectric constant, driving force, Young’s modulus, and
electro-deformation with the particle size were analyzed and listed in Table 3-2.From
the qualitative analysis, it is obvious to see that:

(1) In the case of a>1, the dielectric inorganic particles with larger particle size
approaches to a higher dielectric constant. The physical crosslinking density decreases

by a homogenous distribution of dielectric inorganic particles with larger spaces

between particles. Therefore, the DEs will take a stronger driving force, lower Young’s
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modulus and higher electro-deformation.

Table.3-2 The characteristic parameters of DEs as a function of particle size

Characteristic

As a function of particle

o>1 0<o<1
parameters size F(D)
Dielectric constant & S(ED(L‘)'iT):z{em( (D(,“D‘Olfl)u} DIl >¢l DI ->¢t
Young’s Modulus Y Y c1/Q oc 1/ ND? Di->Yt Di->VY!
Di=2>¢el,Yt Di>et, VYt
Electro-deformation S S=-goeE2IY
>S5S >SlorSt

(2) For our case, 0<a<1, the dielectric inorganic particles with a smaller particle size are

favored to enhance dielectric constant, but it leads to the increment in the Young’s

modulus if there is no special phase micro-structure. Therefore, the electro-deformation

may decrease or increase in view of the enhanced driving force and increasing Young’s

modulus.(Fig.3-8-a) To refine the electro-deformation effect, the phase micro-structures

with aggregates consisting of nano powders (Fig.3-8-b).

Fig.3-8 The designed phase micro-structures of DEs to enhanced electro-deformation

effect (a. o>1; b. 0<a<l)
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In the theoretical analysis, the tunable Young’s modulus and the high dielectric

constant of the inorganic fillings will provide a way to control the phase morphology to

achieve ab electro-deformation.

The huge dielectric CCTO ultrafine powders with different average particle sizes

of 300 nm and 1 um were used as the fillings to blend with silicon elastomer matrix to

fabricate DE composites with the same weight ratio. The SEM images of the DE

composites (as shown in Fig.3-9) indicated a relatively homogeneous distribution of

CCTO particles in the silicon elastomer matrix. As the particle size decreased, there was

a slight agglomeration due to the higher specific surface area (Fig.3-9-b). If the CCTO

particles were modified with —NH2 first, they will disperse better in the

matrix(Fig.3-9-a).

Fig.3-9 The SEM images of DEs with different CCTO powders

(a. 300nm dispersed; b. 300nm agglomerated; c. 1pm)

With nanoindentation method, the statistical modulus of the as-fabricated DE

composites was shown in Fig.3-10. We were unable to determine the particle borders of
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the sample filled with dispersed 300nm particles, for the 300nm particles were too small
for our nano-indentation, thus, the results of samples filled with dispersed 300nm
particles were not listed. From the statistical modulus, it was found that after blending
with the CCTO dielectric phase, the modulus of the fabricated composites increased.
The value of the neat elastomer matrix was about 6 MPa. With the same phase content
of CCTO, the modulus showed a lower value as using CCTO with the average particle
size of 300 nm comparing to that of the composites fabricated by using CCTO with the
average particle size of 1 um as the fillings. It was very interesting. For the particles
with the smaller particle size would provide more physical crosslinking points, the
higher modulus was expected. Therefore, the CCTO powders with the particle size of

300nm may form some sophisticated structures due to the agglomeration.

0.25 0.25 0.5
(a) (b) (c)

0.20¢

= 0.45;
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Fig.3-10 The statistical modulus of DEs with different CCTO powders

(a. neat; b. 300nm agglomorated; c. 1um)

To make it clearer, the modulus mapping was carried out in a micro-domain. The
results were demonstrated in Fig.3-11. From the modulus mapping, it was obvious that

the CCTO/PDMS composites with the CCTO particle size of 300 nm showed a
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relatively homogeneity in the modulus, while the CCTO particle size of 1 um led to
differences in the different micro-domains. This indicated that the CCTO with smaller
particle sizes of 300 nm did not make great contribution to the increment in modulus
even there was slight agglomeration as shown in SEM results. It gave a softer composite
and the higher electro-deformation was expected. Such a result gave a hint to control the

particle morphology to tune the electro-deformation of DEs.
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Fig.3-11 The modulus distribution of DEs with different CCTO powders in

micro-domains (a. neat; b. 300nm agglomorated; c. 1um)
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Fig.3-12 The dielectric properties of samples filled with different CCTO particles

In Figure.3-12 we can see that the dielectric constant was greatly improved after filling
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small amount of CCTO particles. The permittivity was dropping before 100Hz then tend
to be decreasing smoothly, we suppose that the dipole polarization was dropping with
frequency, and surface polarization was hardly effected by frequency changes. The
samples filled with 300nm CCTO showed higher permittivity, we assume that it is for

the smaller particles have larger surface area, which leaded to higher interfacial

polarization.
—a— Pure PDMS
—e— 1um
10|| —&— 300nm agglomerated
—v— 300nm dispersed
X
£
5
o 5
b
©
=
3]
<
0

0 5 10 15
Electric field(v/um)

Fig.3-13 Electrostrictive of DEs with different CCTO powders
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Table.3-3 The dielectric and mechanic properties of DEs filled with different kinds of

particles
Dispersed Agglomerated
Characteristic parameters ~ Pure PDMS lum
300nm 300nm
Dielectric constant € 2.15 5.13 4.89 441
Young’s Modulus Y at

0.28 0.42 0.32 0.40

0-20% strain (MPa)
elY 7.78 12.21 15.28 11.02

Strain at 12V/um 5.7 10.2 12.5 8.5

Dielectric and mechanical properties of the composites was listed on table.3-3. The

electro deformation characteristics of the fabricated composites (as shown in Fig.3-13)

agreed with the nanoindentation results and the /Y values calculated. The fabricated DE

with the CCTO particle size of 300 nm showed a better electric response with the largest

deformation about 15% under the electric field of 16V/um while this value was about

12% as the CCTO particle size of 1 um. The sample filled with well dispersed CCTO

showed a higher electroactive strain at low electric field but with a lower strain range at

high voltage. It was believed that the higher dielectric parameter and lower modulus

made contributions together to this.

3.3.2 Properties of core-shell structured CCTO@PANI/PDMS dielectric elastomers

FESEM inspection is conducted to characterize the size and shape of the commercial
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CCTO particles and CCTO@PANI composites, as shown in Fig. 3-14. It can be seen

from Fig. 3-14(a) that the size of CCTO particles is about 3 pm with well dispersion.

Fig. 3-14 (b) depicts the FESEM images of CCTO@PANI composites without any

visible agglomerates and morphology changes, and almost all CCTO particles are

embedded in the PANI. In addition, fine grains of CCTO surrounded by numerous of

PANI can be observed. After being coated, a continuous overlayer of PANI polymers is

successfully produced on the surface of CCTO particles. However, with the increase of

the weight of aniline during preparing CCTO@PANI composites, the agglomerates of

particles become more serious because many polymerization reactions did not occur on

the surface of the particles, as shown in Fig. 3-14 (c) and Fig. 3-14 (d).

Fig.3-14 FESEM pictures of a:CCTO and CCTO@PANI particles, b: S3, ¢: S4, d:S5.
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Fig.3-15 element mapping of CCTO@PANI composite (S3).

Fig. 3-15 shows the STEM imaging and dual-EDS X-ray mappings for chemically

resolved structural characterization and element dispersion of CCTO@PANI composites

(S3). The individual elemental maps of C, N and CI are presented in red, orange and

green, respectively. It is demonstrated that PANI is uniformly coated on the surface of

CCTO particles.

Fig. 3-16 shows the FESEM micrographs of the fractured surfaces of CCTO/PDMS

and CCTO@PANI/PDMS composites (S2, S3). CCTO and CCTO@PANI particles are

well dispersed in the silicone elastomer without any visible agglomerates. Compared to

CCTO/PDMS composites, the compatibility between CCTO@PANI and silicone is

better, as indicated by the smooth fractured surfaces and the presence of bonded rubber

on the fillers.
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10.0 um

Fig.3-16 FESEM micrographs of the fractured surfaces of CCTO/PDMS composite (S2)
and CCTO@PANI/PDMS composite (S3).

Fig. 3-17 shows the tensile stress-strain curves of pure silicone elastomer,
CCTO/PDMS and CCTO@PANI/PDMS composites (S1- S3). Pure silicone elastomer
used in this study shows a very low elastic modulus (0.25 MPa). The Y of CCTO/PDMS
and CCTO@PANI/PDMS composites are up slightly (see Table 3-1), respectively, and
the tensile strength of the composites shows the same tendency. It ensures the good

mechanical strength and thus facilitating the practical application of DEs.
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Fig.3-17 Stress-Strain curves of pure silicone elastomer (S1), CCTO/PDMS composite

52



(S2) and CCTO@PANI/PDMS composite (S3).
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Fig.3-18 Frequency dependence of dielectric constant (a) and the dependence of the
dielectric loss (b) of pure silicone elastomer (S1), CCTO/PDMS composites (S2) and
CCTO@PANI/PDMS composites S3

Fig.3-18 displays the room temperature relative dielectric constant (g) and loss
tangent (tan 8) of pure silicone elastomer, CCTO/PDMS and CCTO@PANI/PDMS
composites (S1- S5) in the frequency range of 10 Hz to 10° Hz. The detailed values of
dielectric constant at 50 Hz are summarized at table 1. We can observe that the
dielectric constant of S3 at 50 Hz obviously increases from 3.21 for pure silicone
elastomer to 4.60, fortunately, the dielectric loss has slight change. However, the
dielectric constant of S4 and S5 coating with more PANI is lower due to the
agglomerates of CCTO@PANI composites, which will reduce the effect of the

electronic polarization and polaron delocalization.
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Fig.3-19 Schematic representation of the mechanism of the hyper-electronic
polarization and a strong polaron delocalization of CCTO@PANI particles under the
electric field.

CCTO@PANI/PDMS composites exhibited higher dielectric constants than that of
pure silicone elastomer and CCTO/PDMS composites. It may be correlated to the
hyper-electronic polarization and a strong polaron delocalization 4. Furthermore, the
CCTO particles surrounded by the network of PANI acting as nano-dielectric domains
yielded high dielectric constants via the interfacial/Maxwell Wagner type of polarization

mechanism, as shown in Fig.3-19.
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Fig.3-20 Actuation strain of pure silicone elastomer (S1), CCTO/PDMS composites
(S2) and CCTO@PANI/PDMS composites S3.

Fig.3-20 shows the actuated strains of pure silicone elastomer, CCTO/PDMS and
CCTO@PANI/PDMS composites S1- S3 as a function of electric field. With the
increase in the electric field, the actuated strain of all the samples increases. The values
of the actuated strains at 10 V/um are summarized in Table 1. The actuated strain of
CCTO/PDMS and CCTO@PANI/PDMS composites at the same electric field is much
higher than that of pure silicone elastomer. For example, the actuated strain at 10 V/pum
obviously increases from 8.94% for pure silicone elastomer to 10.95% and 13.24% for
the composite with 1 wt. % of CCTO (S2) and CCTO@PANI (S3), respectively. Here, it
should be noted that the actuated strain tests were performed by using circular

membrane actuators without prestrain.
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3.3.3 Properties of PANI-PDMS electroactive polymers

This greatly increasing permittivity of composite near percolation threshold has been
reported. We could achieve EAP with high electroactive strain by filling small amount
of conductive materials in rubber matrix. Polyaniline is a kind of typical conductive
polymers and can be used as fillers to synthesis conductive polymer. Compared to
inorganic fillers, PANI have better compatibility with organic matrix and less modulus
so the composite would not lose flexibility. Some researchers prepared polymer with
high dielectric constant using PANI as filler via a in situ polymerization or mechanical
blending method, but the synthesis was complicated and filling amount was restricted.
Organic soluble PANIs could be prepared in toluene solution. A dielectric elastomer
using organic soluble PANI and PDMS through solution blending method was prepared.
Fig.3-21 shows the Raman spectra of PANI-PDMS dielectric elastomer. The peak at
1590 cm™ shows the characteristic absorbing vibration of a quinone structure N=Q=N.
As the filling amount of polyaniline increases, the quinone characteristic peaks are
significantly enhanced. The peak at 1499 cm™ is caused by the characteristic absorbing
vibration benzene structure N-B-N. The characteristic peak of quinone structure and
benzene structure in polyaniline are weakened after doping. The peaks at 1379 cm™ and

1302 cm™ are caused by aromatic amine Ar-N, and peaks at 830 cm™ and 1161 cm™ are
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bending vibration characteristic absorption band of outer and inner ring of benzene ring.
From the result of Raman spectra, we assume that the PANI-PDMS composite was

successfully synthesized.
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Fig.3-21 Raman spectra of PANI-PDMS
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Fig.3-22 The permittivity of pure silicone and PANI/PDMS of different filling amount
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Fig 3-22 is the permittivity of pure silicone and PANI/PDMS of different filling amount.

As shown in the figure, the dielectric constants of composites increase at different levels.

When the filling amount reaches 0.8 wt.%, the dielectric constant of PANI/PDMS

composite is 4.82, which is 2.24 times of pure silicone. The reason of increasing

dielectric constant of PANI/PDMS is due to the dipole polarization in matrix network

and electron polarization in conductive polyaniline. According to the Maxwell-Wagner

polarization theory, a great amount of charges accumulated on the surface between

PANI and PDMS in an external electric field, forming numerous micro capacitors in

parallel. Thence, interface polarization can enhance the permittivity of dielectric

elastomer significantly. As the filling amount of conductive polyaniline increases, more

micro capacitors formed in the system and dielectric properties of material are

improved.
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Fig.3-23 The actuated strain of PANI/PDMS of different filling amount
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Fig.3-24 The electroactive strain compared with PDMS filled with CCTO@PANI
Fig.3-23 shows the electrostriction strain curve of pure silicone and PANI/PDMS of
different filling amount in electric field. The actuated strains of all samples are
increasing as the electric field grew, and the actuated strains of PANI/PDMS composites
are obviously larger than pure silicone. For example, the actuated strain of pure silicone
at 10V/um is 8.52%, and the actuated strain of 0.8w.t % PANI/PDMS is 16.57% at the
same electric field, the enhancement of dielectric constant is reflected intuitively
through actuating property. The actuated strain was also compared with the
CCTO@PANI-PDMS material fabricated by our group earlier ™ showing higher
electrostriction at lower voltage (Fig.3-24). The PANI/PDMS dielectric elastomer
showed a high actuating property in low electricity fields, and could be applied to fields

with specialized requirements such as biological and medical science.
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Table.3-4 Comparing with other silicone-based dielectric elastomers

Dispersion
Filler Content Particlesize ¢  Y[MPa] Thickness[um] Actuation strain[%]
method
Two-roll
BaTiO5" 100 phr 100nm 5 0.15 n.a. 13.5@35V/um
mixer
Two-roll
ccTo 20 Wt.% Sum 52  0.38 100 6@25V/um
mixer
BaTiOs"  Suspension 20 vol% <3um 7.5 0.2 250 8@8.5V/um
CCTO@PANI  Suspension 1 phr 300nm 4.6 0.29 500 15@12V/pum
Solution
PANI 0.8wt% - 4.8 0.2 500 16.5@10V/um
blend

In table 3-4 we compared two kinds of PDMS based DEAs with other materials
reported. Clearly we have improved the actuation strain of DEASs at lower electric field
with less content of fillers. In order to make the figure.3-25 clearer, the value was
adjusted to a similar range. We can see more clearly in fig. 3-25 that the &/Y is the
determine parameter of the dielectric elastomer, which is deciding the maximum

actuation strain. Breakdown voltage is also very important that the material cannot work
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if the breakdown voltage is lower than driving voltage. The 3M VHB acrylic seems to

be a perfect dielectric elastomer but the low rebound resilience ratio and viscoelasticity

is limiting its applications. Thus our material successfully achieved high electroactive

strain at relatively low electric field while maintaining high good properties.

3e/fY
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—=—BaTiO3/PDMS 60
4
: o _ *
CCTO/PDMS{mechanical Elongation at break Eb/4 (%) »* breackdown voltage Vb*2(V/pm)
blend) 20
——CCTO/PDMS(solution) 0
—#—CCTO@PANI/PDMS

PANI/PDMS

Resilience R*2 (%) Maximum electroactive strain Sz*5(%)

Fig 3.25 The major parameters of dielectric elastomers compared with reported

materials

3.4 Conclusions

The strategies for designing dielectric elastomers with larger electro-deformations

have been probed based on the theoretical calculation and experimental results. The

CCTO with smaller particle sizes showed a larger dielectric parameter. With smaller

CCTO particle as the fillings, the fabricated elastomer composite would approach to a

low modulus by a proper CCTO phase morphology in the matrix. The result provided
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aneffective way to design CCTO/PDMS composite as a dielectric elastomer with a

higher electro-deformation.

CCTO@PANI/PDMS dielectric composites (S3) with high dielectric constant and

greatly improved actuated strain at low electric field have been prepared by filling tiny

dielectric CCTO@PANI particles. The CCTO@PANI/PDMS composites have much

higher actuated strain than pure silicone elastomer and CCTO/PDMS composites due to

the hyper-electronic polarization and a strong polaron delocalization. This study

provides a simple and effective method for the improvement of actuated strain at low

electric field through coating conductive materials onto the surface of the giant

dielectric constant CCTO particles, facilitating the wide application of dielectric

materials.

A dielectric elastomer has been synthesized using organic soluble PANI and PDMS

through solution blending method. The dielectric constant of PANI/PDMS composite

reached 4.82 with a filling amount of 0.8 wt.%, which was 2.24 times of pure silicone,

due to the dipole polarization in matrix network and electron polarization in conductive

polyaniline. The actuated strain of 0.8w.t % PANI/PDMS was 16.57% compared to 8.52%

of pure silicone at an electric field of 10V/um.

A dielectric elastomer has been synthesized using organic soluble PANI and PDMS
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through solution blending method. The dielectric constant of PANI/PDMS composite
reached 4.82 with a filling amount of 0.8 wt.%, which was 2.24 times of pure silicone,
due to the dipole polarization in matrix network and electron polarization in conductive
polyaniline. The actuated strain of 0.8w.t % PANI/PDMS was 16.57% compared to 8.52%
of pure silicone at an electric field of 10V/um, and could be applied to fields with

specialized requirements such as biological and medical science.
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Chapter.4 Development and characterizing
of PANI/SEBS conductive polymer via
solution blending method

4.1 Introduction

The electrode is a main issue that limits the performance of DEs. Carbon grease will
become unreliable for the solvent evaporation, causing increasing resistance after
stretched. Conductive polymers composites have attracted significant interest due to
their broad applications, such as gaskets, electromagnetic shielding materials, and
sensors* 3% Flexible conductive elastomers have been prepared through dispersing
inorganic conductive materials, such as carbon nanotubes, silver nanowire, or other
metal materials, in elastomer matrix "**3  However, the conductive materials
obtained by above methods have a common issue that is they cannot remain high
conductivity under significant strain. The strain ranges of these organic-inorganic

[66]

materials are below 10%, mostly under 5%. "*. Polyanilines (PANIs), as typical

conductive polymersi®? are drawing great attention for their conductivity, easy
preparation and low cost. PANIs were also used as fillers to synthesis conductive
elastomer composites using mechanical blending method, but the large strain range and

stable conductivity could not be achieved simultaneously 7%,
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Organic soluble PANIs™ could be prepared in toluene solution. Homogeneous
PANI/SEBS composites could be obtained via solution blending method. These
conductive elastomers have the same magnitude with carbon-material-filled conductive
polymers due to the continuous conductive network formed by percolation theory™®*%¢]
and possess an obvious advantage on strain range and reaction time.

During the dynamic analyzing of the electrical properties of PANI/SEBS composites,
we found that the resistivity of material is changing with elongation, which leads to
unexpected interesting results. Other researchers’ works are showing different trends of
resistivity change; both increasing and decreasing were reported, but no theory has been
proposed about the principle of changing conductivity. Some conjectures of the
relationship between electrical property and structure were carried out to explain the
phenomenon. We assumed that the defects clustering and further dispersion caused by
stretching were the reason.

The changing conductivity with elongation is not a benefit for the applications as
stretchable strain sensors, which can cause unstable signal output while stretching. Still,
we found a way to obtain stabilized signals with high reproducibility, which made the

PANI/SEBS conductive elastomer a promising material for applications as flexible

electrodes and stretchable strain sensors.
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4.2 Experiment

Polyaniline toluene solution was prepared in laboratory by following the method
reported by Kim etal ™. SEBS (YH501T) was provided by China Petroleum &
Chemical Corporation of Baling Company. Toluene with purity > 99.7% was purchased
from Sinopharm Chemical Reagent Co, Ltd. Aniline, ammonium persulfate(APS),
toluene, dodecylbenzenesulfonic acid (DBSA), tetrahydrofuran, acetone were purchased
from Sinopharm Chemical Reagent Co, Ltd. All reagents were used as received except
as noted.

5.59 g of aniline monomer was added into the emulsion prepared from 200 ml of
water mixed with 36.28 g of DBSA and 50 ml of toluene in a cooling bath maintained at
2 °C for 1 h. 9.13 g of APS dissolved in 50 ml of water was dripped into the
polymerization bath for a period of 1 h, and maintained stirring at 0-5 °C for 17 h. After
polymerization was completed, 200 ml of toluene and 200g of acetone was poured into
the emulsion and stirred for 1h. The solution was separated into 501.68 g of water layer
and 198.36 g of oil layer after being left standing for 1h. The oil layer was vacuum
filtrated to remove insoluble and obtained 196.25 g of clarified green oil layer, with a
solid content of 4.38%!*%!],

SEBS was mixed with toluene at 16.5 wt%. in a flask. The flask was heated at 100°C
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while stirring till SEBS was completely dissolved, then cooled to room temperature.
The 16.5 wt% SEBS toluene solution was added into 3.58 wt% PANI toluene solution at
different weight ratio (PANI/SEBS=0,1,2,3,15,25phr), and stirred for 1.5h, then heated
in a vacuum oven at 25 °C -30 °C afterwards to remove the bubbles in solution. The
solution was poured into a self-manufactured PTFE mold and dried at room temperature.

Blast drying was proceeded at 30 °C for 1h to obtain PANI/SEBS conductive elastomer.
Anyline monomer DBSA water solution

Stirring in cooling bath at 2°C for 1h

Dripped into solution in 1h
Stirring at 0-5°C for 17h
< APS

Acetone and toluene —

Filtrated to gain clarified oil layer

Heated at 100°C while
stirring until dissolved

SEBS

Heating in mold
at 30°C for 1h v

PANI/SEBS elastomer

Fig.4-1 Synthesis of PANI/SEBS conductive elastomer
The stress-strain curve was obtained by using a tensile apparatus (Instron Universal
Testing Machine, 3367, Instron Engineering Corporation, USA). PANI/SEBS

conductive elastomers were characterized by laser-Raman spectrometer (In
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Via,Renishaw Corporation, UK). The resistance of PANI/SEBS conductive elastomer

was measured by a self-made RVD Circuit and stretch was proceeded by a self-made

ball screw slide table.

4.3 Result and discussion

l’.{.ob-ﬁ ._;"F' Py L R

[ ) t,‘,;\_ g Wavenumber(cm ™)

Fig.4-2. the Raman spectra and mapping of material; a: pure SEBS; b; 15 phr SEBS with dot 1;

c: 15 phr SEBS with dot 2 d: spectra of dot 1 and 2; e: PANI/SEBS before stretch; f:

PANI/SEBS at 100% strain
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The Raman spectra showed solid blocks of SEBS formed isolated islands, and soft
blocks formed a continuous phase (Fig.4-2-a). After filling with PANI, hard blocks
became smaller and the dark PANI parts were located in continuous phase and phase
interface, formed a conductive network (Fig.4-2-b). Fig4-2-d showed the raman spectra
of dark stripes area resembled blank area which means both area contain similar PANI
phase.

The bright dots in Fig,4-3 are the PANI particles dispersed in dark SEBS matrix.
Particles in the range of 10 nm to 100 nm were observed. EDS spectra (Fig.4-4) were
obtained from the marked spots, confirming these particles contain S and N. As a
comparison, EDS spectrum from the black area was obtained as well, where isno S And
N detected. We can easily discover that the well dispersed nano-scale PANI particles
exist along with the aggregated parts. The conductive network in our system is formed
by the nano-scale PANI particles, and aggregated parts cannot contribute to the

conductivity.
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Fig.4-4. The EDS spectra of PANI/SEBS conductive elastomer
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Table.4-1 the resistance per centimeter of PANI-SEBS with no stretch compared with

PMMA/MWCNT
Charge Amount Resistance of Resistance of PANI-SEBS
PMMA/MWCNT () (@)
Ophr 5.75*10"
1phr 1.6*10’ 8.50*10™
2phr 6.8*10° 2.40*10’
3phr 1.6*10° 1.35*%10°
25phr 1.06*10°

In Fig.4-5 and Table.4-1, the conductive elastomer showed an obvious raise on
conductivity with the increasing filling amount of PANI while remaining fine rubber
elasticity above the strain of 20%. The material showed a high module below the strain
of 20%, but this problem can be fixed by pre-stretch. The conductivity of PANI-SEBS
was lower than PMMA/MWCNT reported by Pham et al. at the same charge amount but
other advantages was found in later experiments. The resistance was rising before 100%
strain and declined afterwards (Fig.4-6). We assume that the elongation of our material
lead to a decreasing of resistivity. Before 100% strain, the resistance ascension caused

by shape change of sample was dominating, but in large strain, the dropping resistivity
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prevailed and resistance started to decrease. The maximum recoverable strain range was

up to 100%, that is much higher the composites filled by CNTs with a maximum range

less than 5%. Conductive elastomers filled with carbon-based material, especially CNT,

needed conductive passages formed with CNT, which requires time to regain former

structure or even cannot recover. In our system, due to the evenly dispersed nano-scale

PANI conductive phase, the conductive network does not need contacted conductive

particles to remain intact, therefore, the conductivity of PANI/SEBS could preserve in

large strains.
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Fig.4-5 stress-strain curve of PANI/SEBS with different filling ratio
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Fig.4-6 stress-strain curve and resistance change of 25 phr PANI/SEBS

The maximum recoverable strain range was up to 100%, that is much higher the
composites filled by CNTs with a maximum range less than 5%. We considered the
material resumed former structure after stress was removed. Conductive elastomers
filled with carbon-based material, especially CNT, needed conductive passages formed
with CNT, which need time to regain former structure or even cannot recover. In our
system, due to the evenly dispersed nano-scale PANI conductive phase, the conductive
network does not need contacted conductive particles to remain intact, therefore,

conductivity of PANI/SEBS conductive elastomer could preserve in large strain.
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Table. 4-2 Key paraments compared with other reported conductive polymers

Matrix Filler Dispersion method Content Y[MPa] p[Q-cm] Stretchability
SEBS PAN|I7 Mechanical Blending 31 wt.% 7.4 1.78 < 50%
MA-SEBS PAN| 28] Grafting 20 vol.% 0.6 6.7e-4 < 300%
PP/MA-SEBS CNTHI Mechanical Blending 10 wt.% 1020 7.1 <5%
SEBS PANI Solution blending 25 phr 15 12.5 > 600%

Stretchability(%)

Young's modulus
Y(Gpa)
16

8

6

a4
}

= PANI/SEBS mechanical blending

= PANI/MA-SEBS grafting

resistivity p(Q-m)

PANI/SEBS solution blending

Fig. 4-7 The major parameters of PANI/SEBS conductive elastomer compared with

reported materials

From Table.4-2 and 4-7we can see that the conductive elastomer we prepared have
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less advantage on conductivity compared with other reported materials, so is the
modulus. However, our material can maitain conductive over 600% strain, which can
not be achieved by any reported material. The material prepared with PANI grafed to
MA-SEBS reported by Stoyanovs**®! showed a very high conductivity, but the grafted
PANI can only exist on the surface and shallow of the material, which means only the
surface of the material is conductive, the exhibited low volume resistivity is due to the
low surface resistivity. Therefore, the material can only be used as thin film. As the
thickness of this material grows, the volume resistivity will be increasing greatly. On the
other hand, the materials prepared with solution blending method have well dispersed
conductive fillers in the whole material, thus our materials can be applied as any shape,
such as films or bulk materials.

In Fig4-6 we also found that the resistance of the material is decreasing when
stretched. In order to study the electrical properties of the material better, we calculated
the resistivity of the material to remove the effect caused by shape changing. The
Fig.4-8 is showing that the resistivity of the conductive elastomer is decreasing with
elongation as we discussed before. The stretch of sample will cause an increase of the
area of the interface between PANI and polymer matrix, and defects might cluster on the

phase interfaces. These defects will provide more conductive passages and lead to a
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decreasing resistivity .
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Fig.4-8 Resistivity of PANI/SEBS at different strain ratio

Fig.4-6 is showing that the resistance of PANI/SEBS samples was increasing
before 100% strain and decreasing after reaching the peak. We assume that the
resistance change of samples was affected by two phenomena. One is the resistance
increasing caused by the deformation of samples while stretching, and the other one is
the resistivity reducing due to the structural deformation in the material. Before 100%
strain, the resistance was increasing for the resistance increasing caused by deformation
of samples was dominating. After 100%, the dropping resistivity took over and the
resistance started to reduce. The structural deformation is slower than shape change thus

the resistance change showed a rising then descending curve. We assume that the slower

stretching speed would give the samples longer respond time so the resistance peak
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would show earlier. The black and red line in Fig.4-9 confirmed our assumption.
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Fig.4-9 The resistances changes with strain of PANI/SEBS conductive elastomer at

different stretching speed
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Fig.4-10. The resistance changes with time of PANI/SEBS conductive elastomer at

100% strain with different stretching speed

77



Fig.4-10 is showing resistance change with time of PANI/SEBS samples stretched
by different speed from 0% strain to 100%. As the stretching speed slow down, the
samples need less time to recovery to the stabilized condition with a higher resistance.
The results are also suggesting that the structure change of the samples is slower than
the shape deformation.

The resistance change of material is suggesting that the resistivity of samples is
decreasing with elongation. Fig.4-11 shows the decreasing resistance of samples after
stretched to a certain strain ratio. The sample was stretched to a certain strain ratio (20,
40, 60, 80, 100, 120 and 140%) and left standing still for several minutes while
measuring resistance. The results are showing that the resistances at every strain rate are

decreasing obliviously and settled after a while, suggesting a reducing resistivity.
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Fig.4-11. The resistance changes with time of PANI/SEBS conductive elastomer at

different strain ratio
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Unlike carbon nanotubes filled composites, PANI can hardly form a continuous
conductive phase in SEBS matrix since PANI and SEBS are incompatible systems.
However, the conductivity test showed a different conclusion that continuous
conductive network exist in this composite. Therefore we assumed that a nanoscale
conductive phase was also dispersed in SEBS matrix coexisting with micron level
conductive phase (Fig.4-12). PANI may form a thermoplastic IPN like structure which
is not truly IPN structure but a partially interlaced network formed by physical bonds.
When the material was stretched, the distance between conductive particles increased.
The reason conductive network could remain intact when stretched was because of the

existing of nanoscale PANI conductive phase dispersed in SEBS matrix.
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Fig,4-12 Hypothetical structure of PANI/SEBS elastomer
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PANI and SEBS are incompatible systems thus PANI cannot form a

continuously conductive phase in SEBS matrix. We assume that the conductivity of

PANI/SEBS composite is from the conductive network formed by dispersed PANI

particles according to percolation theory. One phenomenon affecting the resistivity is

that the area of the interfaces between PANI and SEBS polymer matrix will increase

during stretching, and causing the defects clustering on the phase interfaces. More

conductive passages will form on the defects clusters and leading to a decreasing

resistivity.

The Raman spectra (Fig.4-13a) is showing that some of the PANI particles are

aggregated and these parts do not contribute to the conductivity of material. As the

sample was stretched, the aggregated structure was split and formed with smaller

dispersed particles (Fig.4-13b). This phenomenon is also forming more conductive

passages and causing higher conductivity.
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Fig.4-13. The Raman spectra of PANI/SEBS conductive elastomer; a: before

stretching, b: stretched to 100% strain

The shape deformation and structure change are not synchronized, which is a big

problem if we want to apply the material as a resistance sensor. We tried to minimize

the influence of this phenomenon by restrict the strain rate at a small range, for example,

80% to 100%. Fig.4-13 showed that after a few times of stretching, the resistance

changes were limited at a very small range and the effect of non-synchronized structure

change has been reduced to a certain level.
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Fig.4-14. The resistance changes with time of PANI/SEBS conductive elastomer

stretched from 80% strain to 100%

The resistivity change with elongation has been confirmed and leading to an
unpredictable resistance value at different stretching speed. Even though we still found a
stable interval at a certain stretching speed. After a few times of stretches the resistance
change tend to be settled down (Fig.4-14). Fig.4-15 is showing that the sample is
monotonic between strain ratios of 80-100% with high reproducibility. This property

could be a very promising application as stretchable strain sensors.
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Fig.4-15 The resistance change of PANI/SEBS conductive elastomer while stretching and

releasing between 80-100% strain

4.4 Conclusion

PANI/SEBS conductive elastomer is an excellent flexible conductive material with

large strain range and relatively good conductivity. The resistivity was found changing

with elongation during analyzing, affecting the resistance of material. The structural

principles of resistivity change were discussed and reducing resistivity caused by

stretching was confirmed. A method of eliminating this effect was discovered for

applications as stretchable strain sensors.
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Chapter 5 Development and characterizing
of CCTO/SEBS dielectric elastomer as
capacitive strain sensors

5.1 Introduction

The application of dielectric elastomers as actuators is limited by the high driving
voltage. It’s impossible to maintain a certain level of modulus with high permittivity at
the moment. However, as an electroactive polymer, the dielectric elastomers could be
used as materials for strain sensors, which could be applied as soft robots, wearable
devices, movements monitoring and virtual reality technologies due to its durability,
linear sensing and rapid response [*"*. Among which, the stretchable strain sensors are
drawing attention for their ability of outputting signal while large strain ["> ™. The
stretchable strain sensors could be divided into resistance sensors and capacitive
sensors by the sensing mechanism. The resistance sensors are usually fabricated by
polymers filled with conductive fillers. The resistance changes during the stretch are
decided by both the micro structural deformation and the function between strain and
resistance "), Capacitive strain sensors were formed with a dielectric layer sandwiched
between a pair of stretchable electrodes, the capacitance change are determined by the

permittivity and thickness of dielectric layer [ ® 7). Compared with resistance sensors,
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the capacitive strain sensors showed linear relationship between strain and capacitance,
with fine hysteresis properties %84,

As the key factor of capacitive strain sensors, selecting proper material for dielectric
layer can improve the sensing ability ®%. SEBS is a common thermoplastic elastomer
with fine elasticity, plasticity %2 and low dielectric constant which limited the
applications of SEBS as dielectric materials. Calcium copper titanate (CCTO) is a
material with huge dielectric constant which could be used as fillers to improve the
dielectric properties of composites**3*4. At 4 MPa pressure the permittivity of
CCTO/PDMS of 50 wt.% was improved about three times, but its loss value has been
raised by less than twice that of the composites without pressure™®. Thus we can
achieve SEBS composites with higher permittivity by filling CCTO particles.

Electrodes are another key factor for capacitive strain sensorst3®4!

. Its very
complicated to obtain conductive materials which can maintain conductivity in large
strain rate. EXisting stretchable conducting materials have been prepared based on
organic-inorganic composites such as carbon nanotubes dispersed in rubber
matrix™*" 9! or metal waves and nets structures like silver nanowire embedded in a

soft elastomer matrix!**!. However, the strain range of these kinds of electrodes are

normally less than 60% which is hard to applied as electrodes of large-strain
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sensorli19-128.129]

In this paper, we synthesized CCTO/SEBS dielectric elastomer as dielectric layer of

capacitive sensor, and PANI/SEBS conductive elastomer is also developed for the

stretchable electrodes. The XRD, SEM and Raman spectra were processed to

characterize the CCTO/SEBS, and dielectric property of material was also tested. We

manufactured the capacitive strain sensor through thermoforming process and studied

the capacitance change at different conditions, proved CCTO/SEBS a promising

material for applications as flexible sensors.

5.2 Experiment

5.2.1 Materials

Aniline, ammonium persulfate(APS), toluene, dodecylbenzenesulfonic acid (DBSA),

tetrahydrofuran, acetone were purchased from Sinopharm Chemical Reagent Co, Ltd.

SEBS (styrene-ethylene-butylene-styrene block polymer) (YH501T) was provided by

China Petroleum & Chemical Corporation of Baling Company. CCTO with particle

size of 300nm were provided by ShangHai Dian Yang Industry Co.Ltd, China.

Waterborne polyurethane (WPU) was purchased from Bayer AG, Germany. All

reagents were used as received except as noted.
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5.2.2 Synthesis of CCTO/SEBS dielectric elastomer

SEBS and toluene (weight ratio 5:1) were stirred and condensed at 100 °C in a flask
until SEBS were fully solved, then cooled at room temperature. A certain amount of
CCTO was added into the SEBS’s toluene solution (CCTO: Ophr, 5phr, 15phr, 25phr;
SEBS: 100phr) and ultrasound dispersed for 30 mins, then stirred at room temperature
for 1h. Negative pressure (-0.4 MPa) was processed to remove the bubbles in solution,

then the mixture was poured into molds and dried at room temperature.

SEBS(YH501T) Toluene

Heated at 100°C while
stirring until dissolved

Ultrasonic for 30mins

CCTO

Suspension

Negative pressure (-0.4MPa) to
remove the bubbles

Suspension

Dried at r.t in mold

CCTO/SEBS

Fig.5-1 Synthesis of CCTO/SEBS
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5.2.3 Synthesis of PANI/PDMS composite

5.59 g of aniline monomer was added into the emulsion prepared from 200 ml of
water mixed with 36.28 g of DBSA and 50 ml of toluene in a cooling bath maintained at
2°C for 1h. 9.13g of APS dissolved in 50ml of water was dripped into the
polymerization bath for a period of 1h, and maintained stirring at 0-5°C for 17h 12,
After polymerization was completed, 200 ml of toluene and 200g of acetone was poured
into the emulsion and stirred for 1h. The solution was separated into 501.68 g of water
layer and 198.36 g of oil layer after being left standing for 1h. The oil layer was vacuum
filtrated to remove insoluble and obtained 196.25 g of clarified green oil layer, with a

solid content of 4.38%.
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Anyline monomer DBSA water solution

Stirring in cooling bath at 2°C for 1h

Dripped into solution in 1h

Stirring at 0-5°C for 17h
< APS

Acetone and toluene —

Filtrated to gain clarified oil layer

Heated at 100°C while
stirring until dissolved

SEBS

Heating in mold
at 30°C for 1h v

PANI/SEBS elastomer

Fig.5-2 Synthesis of PANI/SEBS elastomer

Take an example of filling rate at 0.2wt%, we mixed 0.15g of
dodecylbenzenesulfonic acid modified polyaniline in toluene solution, 3.3g of PDMS
and 0.17g of curing agent for 20mins, obtaining a homogeneous solution of
PANI/PDMS, then poured the above solution into self-made Polytetrafluoroethylene
mold and heated at 30°C for 24h. After fully cured, the sample was removed from mold
and PANI/PDMS composite with a thickness of 0.5mm was obtained.
5.2.4 Preparing of CCTO/SEBS capacitive strain sensor

PANI/SEBS samples were cut into films of 70x10mm, and CCTO/SEBS samples

were cut into films of 120x15mm. The PANI/SEBS and CCTO/SEBS were pasted by
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WPU to form a sandwich-like structure, and thermoforming at 80°C for 3h then cooled

to room temperature to obtain CCTO/SEBS capacitive strain sensor (Fig.5-1).

PANI/SEBS

conductive elastomer Copper sheet PANI/SEBS

conductive elastomer Copper sheet

/ CCTO/SEBS

CCTO/SEBS dielectric elastomer
dielectric elastomer

Top view Front view

Fig.5-3 The geometric diagram of CCTO/SEBS capacitive strain sensor

5.2.5 Characterizing

DXR Raman spectrometer was provided by Thermo Electron Corporation. Varieties
were analyzed after doping magnesium. Sample powders were poured on slides and
compacted. Testing range was 4000-400 cm™, laser wavelength was 532 nm, resolution
was less than 2cm™. Electrically conductive Perfluoropolyether grease was evenly
coated on both sides of dielectric elastomer. High voltage of 0-12V/um was applied on
electrodes by a high voltage power supply. The deformation of dielectric elastomer and
scale under different voltages were recorded by a digital camera. The image obtained
was treated with image enhancement, tilt correction, edge extraction and position
recognition in order to retrieve deformation displacement data of dielectric elastomer.

XRD data of all samples was obtained at diffraction angle range of 10 to 80° with
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0.600° per steps, processed with a Bruker AXS D8 Advance X-ray diffractometer. The
micro structure of samples was analyzed by an S-4800 Il FE-SEM, Hitachi. Co.Ltd,
Japan, and ThermoFisher DXRxi Raman imaging microscope. The dielectric properties
were tested by Concept 80 dielectric spectrometers, Novocontrol Technologies, Germany.
The capacitance changes were recorded by C-Stretch system from Bando chemical
industries. Ltd, Japan.
5.3 Result and discussion
5.3.1 Structural characterizing

Fig.5-4 is the XRD pattern of pure SEBS and CCTO/SEBS with different filling
amount. The pattern is showing that the dielectric elastomer only contain SEBS and

CCTO two phases, and the CCTO peaks changes with the filling amount of CCTO.

\ CCTO
)\ A

-
=‘ |
o s
~ 23phr CCTO/SEBS
£
i S S WY S S | S W
g 15phr CCTO/SEBS
= |— : L
~ Sphr CCTO/SEBS
/\ SEBS
L 1 i 1 A L n L n 1 A 1 i
10 20 30 40 50 60 70 80
2 Theta(®)

Fig.5-4 The XRD spectrum of pure SEBS and CCTO/SEBS composites filled with

different amount of CCTO
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The SEM images are showing that the micro structure of SEBS is wave shaped with

holes existed (Fig.5-5-a). After the filling of CCTO, the surface of CCTO was smooth

and CCTO particles were embedded in the holes without shedding or agglomerating

(Fig.5-5-b,c,d).

Fig.5-5 The SEM image of SEBS and CCTO/SEBS(a:pure SEBS; b: 4.7 wt% CCTO;
¢:13wt% CCTO; d: 20wt% CCTO)
Fig.5-6 is the Raman spectra of CCTO/SEBS dielectric elastomer. Fig.5-6-a is
imaged at peak intensity ratio of 425cm-1. From Fig.5-6-b we can easily find that the
peak intensity of green area is stronger than blue area at wavenumber of 425cm-1 and

510cm-1, which means the green area represents CCTO existence and blue area is
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SEBS. Fig.5-6-a is showing that CCTO particles are well dispersed in SEBS matrix
under the observing of 100 micrometers scale, perfectly matching the result from 10
micrometers scale’s observation by SEM, indicating that the CCTO is well dispersed at

submicroscopic and macro scales.
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Fig.5-6 Raman image(a) and spectra(b) of 25phr CCTO/SEBS dielectric elastomer
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5.3.2 Dielectric properties
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Fig.5-7 The dielectric constant(a) and dielectric loss (b) of CCTO/SEBS dielectric

elastomer
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Fig.5-7 shows the dielectric constant and dielectric loss of CCTO/SEBS dielectric
elastomer. The permittivity of CCTO/SEBS increases as the addition of CCTO particles.
The permittivity of composite filled with 25phr CCTO have reached 7.3, which is 70%
higher than pure SEBS, while only minor change of dielectric loss have occurred. For the
unnormally high dielectric loss and rapid reduce of sample filled with 5 phr CCTO at low frequency;,
we found that the sample have some aggolomorated clusters of particles at the surface, causing

leakage current at low frequency.

5.3.3 Capacitance tests

100
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0

Capacitance change AC/C(%0)

0 20 40 60 80 100 80 60 40 20 0
Strain(%o)

Fig.5-8 The capacitance response to strain
From the Fig.5-8 we can see that the capacitance response to strain was linear. The
simple parallel-plate model also predicts a linear capacitive response to the applied

strain. In addition, the capacitive gauge factor, defined as (AC/Cy)/( al/lp), equals to 1.
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o)

Fig.5-9 circuit diagram of capacitance testing

The circuit diagram of capacitance testing circuit could be described as Fig.5-9,

when applied voltage Vo, we have:

=z M

Vo Z;
For the capacitive resistance Z; we have:
1
72 = RZ + (2)? )
Where R, is the resistance of electrodes we used.

In order to understand the relationship between output signal Vs and strain Al/l,

we simplified the relationship of resistance and deformation from the blue line in

Fig.4-6 to:
=045 ’:—jf—: <1
i—’f=—o.oz’f—;,,f—:>1 )
For capacitance C, from fig.5-8 we have:
o= (@)

a1
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From equation (1) and (2), we have:

I Sl — RS|V0| - RSIVO| (5)

o R2+(wc‘)2

Derivate (5) we have:

dlvs| _ dlVsl R 3lVsl dc ©)
al OR dl ac dl

a R2+(wi) 2,
alvslar _  ——g—RslVolar _ _NFMGee)  ar . RgwIR dr )

- 2 - 213/2
AR dl R2+(i) dl R2+ ﬁ di [Rz wc) ] di
o |R2+(2n)” 12
w B(R) +R2
alvsldc _ _TR25|V0|E _ —*55¢__RslVolac _ Rs|Vo! i dc ®)
ac dl 1 dl 3 al dl
R2+(c) [R2+(LC)2]2 wz[c /;m(ﬁ)z]
w

|Vs|

To compare the influence of R and C to the output signal Vs, we compared sl and

oIV

acl The capacitance of our sensor is about 100-200pF, and resistance of our electrode

is about 1-2 kQ, length of the samples are about 0.1m and frequency used in the circle
was 10 kHz, so here we take Cy=~100pF, R=1000Q, 1y=0.1m,w~27*10"Hz to

approximately calculate dV, then we have

Rs|VoIR
3
3
GA Rz NEE 1 ) ]2
OR | _ wt = w?RC3 « 1
FIA Rq Vo]
ac : =13
or|efre+ (30) |

We can see that the effect of electrode’s resistance change is much smaller than the

effect of capacitance change. If the applied voltage was higher frequency, the influence
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of resistance cannot be ignored.

Fig.5-10 shows the capacitance-time curve of capacitive sensors fabricated with
different dielectric layers when stretched for 20 times repeatedly. The capacitance of
sensor is increasing with the stretching and decreasing with relaxing, due to the area and
thickness changes of dielectric layer. Compared with Cstretch strain sensor purchased
from Bando chemistry Itd., our sample is showing higher signal output, means less error
caused by noise.

270

Cstretch from Bando chemistry
CCTO/SEBS
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Fig.5-10 The capacitance-time curve of CCTO/SEBS capacitive strain sensor with
compared with sensor purchased from bando chemistry Itd.

The capacitance change at different tensile ratio was shown in Fig.5-9. We can
clearly observe from the figure that the sensor have a linear relationship between

capacitance and strain, and the capacitance change have almost have the same ratio
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compared to the strain, suggesting the gauge factor is about 1.

Table.5-1 Performance results compared with other capacitive stretchable strain sensors

Materials Stretch ability Gauge factor
CNTs-Dragon-skin!*®! 300% 0.97
CNTs-Ecoflex® 150% 1
CNTs-siliconel**¥ 100% 0.99

PANI/SEBS-CCTO/SEBS 600% 0.99
6 —
m stretchability (*100%)
5 F m Gauge factor
Cost per square cm ($)
4 -
3 -
2 -
1 -
0

CNTs-Dragonskin CNTs-Ecoflex CNTs-silicone PANI/SEBS-CCTO/SEBS

Fig.5-11 The major parameters of PANI/SEBS-CCTO/SEBS strain sensor compared

with reported sensors

Compared with other capacitive stretchable strain sensors recently reported listed on

Table.5-1, the gauge factors of the materials were almost the same value for the

capacitance is linear with strain. The maximum of our material is obviously larger than
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any reported sensors. Besides, although nor reported, the signal output of our materials
supposed to be larger than other sensors due to the high permittivity of CCTO/SEBS we
used as dielectric layer. The electrodes of reported strain sensors are mainly CNTs based,
such as CNTs films prepared by CVD method ™, or CNTs solution coated to the
surface or elastomer by air-spray *>*%*!. The micrometer-sized voids exist in the CNTs
films prepared by these methods, and these voids might lead to unpredictable capacitive
responses due to the unstable overlap between the opposing CNT films. The large value
of deviation of resistance will also lead to unreliable strain gauging performance 3. In
addition, in spite of the other researchers assert that their materials are low cost, the fact
is, the long-chain CNTs they used are very expensive precisely. By using PANI/SEBS as
electrodes, we genuinely designed a capacitive stretchable strain sensor with easy

process and low cost (Fig.5-11).
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Fig.5-12 The capacitance change with time curve compared with strain-time curve of
25phr CCTO/SEBS capacitive strain sensor
In Fig.5-12 we can observe that the capacitance change with time and strain were
synchronous. The capacitance changes was also at the same ratio compared with the
strain rate, means the response of the sensor was linear and the gauge factor was about 1,
which was mentioned by Cai. et.al in their report .

Fig.5-13 is showing the capacitance change of CCTO/SEBS capacitive strain
sensor at different stretching rates. When the strain ratio is 100%, the peak to valley

value was constantly about 55pF at different stretching rates, meaning the stability of
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the sensor is not affected by the stretching rate. Fig.5-14 shows that the sensor could

remain a synchronously signal output after 500 times of stretches, showing a fine

reliability and reproducibility.
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Fig.5-13 The capacitance-time curve of 25phr CCTO/SEBS capacitive strain sensor

at different stretching rate
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Fig.5-14 The capacitance-time curve of 25phr CCTO/SEBS capacitive strain sensor

after 500 times of stretches
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5.4 Conclusion

In this chapter, we prepared CCTO/SEBS dielectric elastomer via blending method and

find the CCTO particles was well dispersed in composite through SEM and Raman

spectra analyzing. The dielectric property tests showed that the composites filled with

25phr of CCTO have the permittivity enhanced by 70% with minor dielectric loss

change. A capacitance strain sensor was fabricated by CCTO/SEBS dielectric elastomer

and PANI/SEBS conductive elastomer through thermoforming method. The sensor have

excellent signal response at different strain ratios and stretching rates, while remain

functional after 500 times stretches.
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Chapter.6 Conclusions

We focused on seeking a balance of the permittivity and modulus to improve the
electrostriction properties of DEs. In order to avoid filling a large amount of dielectric
materials, we synthesized high permittivity elastomer CCTO/PDMS via solution blend
method.

Agglomeration of particles was observed while increasing the filling amount of CCTO.
By modifying the surface of CCTO with organic materials, the particles will disperse
better in elastomer matrix, which leads to a lower modulus. We synthesized Core-shell
structured calcium copper titanate@polyaniline (CCTO@PANI) using a simple
procedure involving in-situ polymerization of aniline in aqueous hydrochloric acid
solution. The silicone elastomer (PDMS) filled with self-prepared CCTO@PANI
composites had high dielectric constant, low dielectric loss, and actuated strains which
was greatly improved at low electric field. Meanwhile, the elastic modulus of
CCTO@PANI/PDMS composites was increased slightly only with a good flexibility.
Experiments result showed that sometimes samples filled with agglomerated particles
have higher electrostrictive strain than the well dispersed ones. The strategies for
designing dielectric elastomers with larger electro-deformations have been probed based

on the existing theories and experimental results. The CCTO with smaller particle sizes
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showed a larger dielectric parameter. With smaller CCTO particle as the fillings, the

fabricated elastomer composite would approach to a low modulus by a proper CCTO

phase morphology in the matrix. The result provided aneffective way to design

CCTO/PDMS composite as a dielectric elastomer with a higher electro-deformation.

The electrode’s flexibility is a main issue that limits the performance of DEs. Carbon

grease will become unreliable for the solvent evaporation, causing increasing resistance

after stretched. Conductive polymer can be applied as electrode, but CNT based

conductive polymer usually can only endure a strain of 5%. Here we present a

conductive elastomer using polyaniline (PANI) and styrene-ethylene-butylene-

styrene block polymer (SEBS) via solution blending method. The conductive elastomer

obtained has excellent conductivity and very good mechanical properties. This is the

first conductive elastomer that can maintain conductivity while elongated to 600%

strain in the world. Within 0-100% elongation range, the material’s resistance showed

linear increasing, and could be applied as electrodes for large strains.

Finally, we achieved a CCTO/SEBS dielectric elastomer through blending method and

find the CCTO particles was well dispersed in composite through SEM and Raman

spectra analyzing. The dielectric property tests showed that the composites filled with

25phr of CCTO have the permittivity enhanced by 70% with minor dielectric loss
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change. A capacitance strain sensor was fabricated by CCTO/SEBS dielectric elastomer

and PANI/SEBS conductive elastomer through thermoforming method. The sensor have

excellent signal response at different strain ratios and stretching rates, while remain

functional after 500 times stretches. We genuinely designed a capacitive stretchable

strain sensor with easy process and low cost.
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