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ABSTRACT
With the ever-growing usage of technology in our day-to-day life, the demands on existing
energy sources, sustainable technology, and space requirements are also increasing. As a result,
increasing interests are focused on technologies with benefits such as reduced space
requirements, reduced material consumption, and improved energy efficiency. Origami-inspired
engineering has gained much attention among scientists, engineers and mathematicians as an
emerging form of technology with potential advantages such as relatively simple assembly
process, realization of a large number of structures/shapes from a single sheet and finally,
capability of folding into a compact shape and then unfolding (deploy or launch) into a larger complex shape. Self-folding mechanism coupled with origami-inspired engineering is of
particular interest where the structure has the ability to fold and unfold in response to an external
stimulus without manual assistance. Researchers have investigated several self-folding
mechanisms to realize origami-inspired engineering. In this work, an electroactive polymer
(EAP), more specifically poly (vinylidende fluoride-trifluoroehtylene-chlorotrifluoroethylene)
P(VDF-TrFE-CTFE), is studied and implemented to achieve origami-inspired self-folding
structures.
P(VDF-TrFE-CTFE) is used to realize electric field driven origami-inspired smart
structures because of high room temperature dielectric constant (~50), fast response and
reversible actuation mechanism. Processing condition of P(VDF-TrFE-CTFE) is studied based
on the microstructure and electromechanical properties. Then a detail electrical,
electromechanical, analytical, thermal, mechanical characterization on P(VDF-TrFE-CTFE) is
performed and presented. Through dielectric spectroscopy it is observed that the Curie transition
of terpolymer shows a broad peak unlike normal ferroelectric polymer. Polarization study reveals
very slim (less lossy) hysteresis loop. The current understanding of the origin of electrostrictive
strain is attributed to phase transition from paraelectric to ferroelectric phases. In this work,
electric field in-situ X-ray diffraction (XRD) and sum frequency generation (SFG) study are
conducted to investigate and confirm the switching of α and γ phases to polar -phase.
To enable electric field-driven on-demand bending and folding of P(VDF-TrFE-CTFE),
various approaches are undertaken. First, electric field-driven large bending is achieved using a
one layered unimorph actuator. Two approaches are pursued to convert the bending actuation
into folding: notches and stiffener. While stiffener approach was not very successful, the notch
approach showed more pronounced folding actuation. However, EAP actuators also possess
drawbacks that impede their implementation in applications, namely they induce relatively low
force and require high actuation voltages. To address these issues, a multilayered unimorph
concept is proposed. Due to the complex fabrication process of multilayered unimorph actuator
and the large number of experimental parameters, a universal analytical model is developed in
this work to guide the experimental design and fabrication of these actuators. The model is based
on a set of non-dimensional equations for electric field-induced curvature, tip displacement and
blocked force, taking into account the wide range of design parameters (such as thickness,
modulus, number of layers, electric field magnitude, etc.). First, analytical results are validated
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with experimental studies, then the model is used to predict the displacement, curvature, blocked
force and maximum work output of multilayered unimorph actuators for various input
parameters such as thickness, modulus, number of layers, electric field and stiffness contrast. An
advantage of this combined modeling and experimental approach is the ability to maximize the
performance of the designed actuator for the particular application of interest; for example,
whether displacement or force is the goal would determine the number of layers and type of
substrate used. Finally, origami-inspired smart structures are actuated using the insights from the
developed electromechanical model.
Although the multilayered actuator concept improves the electromechanical performance
of P(VDF-TrFE-CTFE) actuator, with the increase of number of polymer layers the possibility of
defect driven premature electrical breakdown also increases due to the requirement of high
driving voltage. Polymer-based capacitors have the ability to clear defects with partial electrical
breakdown and subsequent removal of a localized electrode section near the defect, which is
known as self-clearing. A methodical approach to self-clear P(VDF-TrFE-CTFE) terpolymer to
delay premature defect-driven electrical breakdown of the terpolymer actuators at high operating
electric fields is proposed in this study. Breakdown results show that electrical breakdown
strength is improved up to 18% in comparison to a control sample after self-clearing.
Furthermore, the electromechanical performance in terms of blocked force and free displacement
of terpolymer-based benders are examined after self-clearing and precleared samples show
improved blocked force, free displacement and maximum sustainable electric field compared to
control samples. The study demonstrates that controlled self-clearing of EAPs improves the
breakdown limit and reliability of the EAP actuators for practical applications without impeding
their electromechanical performance.
In this study, the limitations of P(VDF-TrFE-CTFE) terpolymer are addressed and
studied to achieve origami-inspired self-folding structures. First, processing conditions of
terpolymer is studied and 9 hours annealing condition is selected based on the improved
electromechanical performance. Electric field driven in-situ XRD and SFG is implemented
which gives direct experimental evidence of the electric field induced reversible transition of 
and  phases to  phase. The feasibility of P(VDF-TrFE-CTFE) to achieve electric field driven
on-demand bending and folding is experimentally demonstrated using various geometric
approaches. Then, a universal analytical model for an EAP based on beam bending theorem is
developed which can also be implemented to design multilayered actuators driven by other
physical fields such as magnetic or thermal. The concept to couple active multilayered actuators
with inactive origami-inspired structures is introduced and successfully actuated. Finally, a
systematic method is introduced to induce controlled self-clearing of P(VDF-TrFE-CTFE),
which improves electric field sustaining capability and reliably of P(VDF-TrFE-CTFE) devices.
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Chapter 1
Introduction
1.1 Background and motivation
Origami is the Japanese art and historical practice of folding paper into abstract shapes,
dating back to the 1600s [1]. The word origami comes from ori meaning “folding” and kami
meaning “paper”. According to Koshiro Hatori, origami can be classified into two time periods:
traditional origami and modern origami [2]. In traditional origami, the models are passed down
from hand to hand, from generation to generation anonymously. As a result, for the first couple
of hundred years, origami was practiced as an art and was not institutionalized or documented. In
contrast, the modern origami era started in the 20 th century when documentation of origami
models took place and they were built by following specific folding sequences based on
instructions developed by origami artists [2]. Uchiyama Koko is considered as the father of
modern origami, as he was not only the first person to patent his models but he also attempted to
classify origami bases to derive origami models from them [2]. Other handful of individuals who
popularized this art to the rest of the world were Akira Yoshizawa, Toshie Takahama, Isao
Honda, Robert Harbin, Gershon Legman, Lillian Oppenheimer, Samuel Randlett, and Vicente
Solórzano-Sagredo[2]. The artistry of origami depends on the intricate folding of a plain paper to
yield 3D shapes like sculpted cranes, turtles, and rocking sailboats [3]. The mathematics behind
the origami folding have been studied by mathematicians and computer scientists for the last
couple of decades [4]. For example, American origami artist John Montroll published the most
complex origami model at that time in his book Origami for the Enthusiast in 1979 [5].
Montroll’s work inspired other origami artists like Robert Lang from the U.S. and Jun Maekawa
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from Japan to explore more complex origami structures. Complex models like “cuckoo clock” by
Lang and “devil” by Maekawa paved the way for the emergence of mathematics in origami as
these artists observed mathematical and geometric patterns in the creases of origami models [1].
Furthermore, by the mid-90s origami artists came up with algorithms for origami models. The
Japanese designers called their algorithm the bunshi or molecule method, and Robert Lang called
his the tree method of origami design [1]; in fact, Lang developed a computer program named
TreeMaker as a powerful tool to construct patterns for a variety of origami designs [6]. Lang was
one of the first to foresee the potential application of origami in science; he referred to an article
from 1969 by Jon Myers, a scientist at Hughes Research Lab, showing how origami could be
used to simulate optical systems and he pointed to this as the first connection between origami
and engineering [4]. In recent years, utilization of origami-inspired techniques to realize complex
3D shapes with an aim to solve real world problem has emerged [7–9]. Thus, this new phrase of
origami-inspired engineering (or origami engineering) was coined [10,11]. Origami-inspired
engineering combines the ancient art with modern materials and design principles to find new
solutions in fields like aerospace, medical, robotics and automotive engineering, which results in
numerous benefits such as reduced space requirements, reduced material consumption, and
improved energy efficiency [12]. For example, this concept can be implemented in applications
with limited space where the object is folded into a compact shape and then unfolded (deployed
or launched) into a larger-complex shape to perform specific operations. This capability of
compactly storing and deploying origami-inspired structure is also beneficial in reducing part
counts (materials consumption) and improving assembly (energy efficient) during manufacturing
[13–15]. Inspired by this concept, engineers have designed deployable space structures, such as
deployable solar panels [16] (see Figure 1-1a) and star-
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Figure 1-1. Potential application of origami-inspired engineering without self-folding capacity (a)
Aerospace application: deployable solar array [16] (b) Aerospace application: star-shade to block light
from star[17] (c) Biomedical application: heart stent [18].

shades [17] (see Figure 1-1b) for aerospace applications. Other applications include origamiinspired heart stent using origami folding mechanisms shown in Figure 1-1c [18]. However, in
origami-inspired engineering applications, such as described in Figure 1-1, it is impractical to
execute the manipulations manually to produce the folding operations. For example, it is not
possible to deploy the solar panel described in Figure 1-1-a in outer space manually[16].
NASA’s Starshade mission (see Figure 1-1 b) is a future exoplanet discovery mission consisting
of a satellite and a Starshade used to block the light of a star of interest, enhancing visualization
of the orbiting planet. The initial study on this project is conducted with a paper-made origami
pattern known as “flashers” [17]. But for practical operation, this origami-inspired device has to
be deployed in outer space automatically without manual manipulation.

Similarly, self-

triggering of the implanted heart stent (see Figure 1-1-c) when it is needed, is the main reason of
having an origami-inspired design in the first place[18]. Thus, origami-inspired engineering
coupled with self-folding mechanism can lead to automated realization and functioning of
arbitrary complex geometries with manifold potential applications which includes deployable
space structures [7,9,16,19], photovoltaic cells [20,21], automotive airbags [22], soft robotics
[23–25], biomedical devices [17,26,27] and many more.
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In the remainder of this chapter, a brief literature review and comparative study of the
active materials technology is presented and serves as a background for the selection of a
particular active material technology for this study. The chapter ends with a discussion of the
research objectives and the dissertation outline.
1.2 Active materials for self-folding systems
Self-folding is the capability of a structure to actively fold and /or unfold in response to
an external stimulus. Active materials generate the mechanical work required for the folding
operation of origami-inspired structures via the application of external stimulus (ex. heat, electric
field, magnetic field etc.). So far, different sources of external stimuli have been used to realize
self-folding such as heating by absorption of light [28,29], Joule heating [30,31], light [32],
magnetic field [11,33], and electric field [34–36]. Some examples of self-folding origamiinspired structures are shown in Figure 1-2. Figure 1-2a presents self-folding of dielectric
elastomer (DE) sheet when 5 KV voltage is applied [35]. Figure 1-2b shows a flat structure made
of magnetoactive elastomers (MAE) which folds into a closed box upon application of an
external magnetic field[33]. Figure 1-2c shows a hydrogel gripper made of poly (Nisopropylacrylamide-co-acrylic acid) (pNIPAM-AAc). Sequential snapshots of the gripper show
closing at 60 °C in pH=2 and opening at 25 °C in pH=7 [37]. Figure 1-2d shows self-folding of
polystyrene-based shape memory polymer (SMP) sheets due to heat, either by local absorption of
light (left figure)[28] or by Joule heating (right figure) [31] . Table 1-1 compares several active
materials that can be implemented to achieve origami-inspired structures. The ‘Material type’
column describes the different types of active materials, while the ‘External stimulus’ column
represents the required physical stimulus to actuate the corresponding active material. Maximum
strain and stress columns in Table 1-1 represent the measured strain and stress when the active
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Figure 1-2. Example of self-folding origami-inspired structures. (a) Dielectric elastomer is actuated using
electric field. [35] (b) Magnetoactive elastomer (MAE) is actuated using external magnetic field [33] (c)
Hydrogel gripper is actuated by changing pH level and temperature of the solvent [37] (d) Shape memory
polymers are actuated by heat [28,31].

material is subjected to the corresponding stimulus. Elastic energy density is calculated from the
maximum strain and stress values. Reversibility denotes the ability of the material to undergo
multiple actuation cycles without the requirement of any intermediate conditioning. The
tabulated relative response time of the active material is the time required to complete actuation
after the external stimulus is applied. Based on the response time of the active materials, they
are divided into two broad categories: fast response from 0 to 5 seconds, and slow response
which is higher than 5 seconds. High strain, stress, elastic energy density, fast response and
reversibility of the active materials are crucial for real-life implementation of origami-inspired
engineering. Researchers have used various active materials technology such as shape memory
polymer (SMP)[28,43], shape memory alloys (SMA)[43], hydrogels [43], magnetoactive
elastomer (MAE)[33], and electroactive polymers (EAPs)[35][39] to realize origami-inspired
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Table 1-1: Comparison of active materials

Material type

External
stimulus

Maximum
strain
(%)*

Maximum
stress
(MPa)*

Elastic
energy
density

Reversibility

Response
time***

(J/cm3 )**
Dielectric elastomer
(EAP)

Electric field

380

7.2

3.4

Y

Fast

Electric field

3-10

20-45

0.32-1.1

Y

Fast

Electric field

0.2

110

0.1

Y

Fast

Thermal

1-8

200

>100

Y

Slow

Thermal

100

4

2

N

Slow

Magnetic
field

4-5

0.04

Y

Fast

50-60

NA

NA

N

Slow

20

0.15

NA

N

Slow

2-4

0.45

0.056

Y

Fast

3.3

15

0.0055

Y

Fast

[33,35,38]
Relaxor ferroelectric
polymer [P(VDF-TrFECTFE/CFE)]
(EAP)[34,39,40]
Piezoelectric ceramic
(PZT)[41,42]
Shape memory alloy
(SMA)
[43–45]
Shape memory
polymer(SMP)[28,43]
Magneto-active
elastomer(MAE)[43,46]
Photo-thermal
polymer[28,47]

Light

Photo-chemical
polymer[32,47]

Light

Liquid crystal
elastomer(LCE)[38,48]

Electric
fieldThermal

Ionic polymer/metal
composite (IPMCs)[48]

Electric field

*The maximum values reported in the literature. ** Elastic energy density was calculated using maximum strain
and stress. * ** Fast response: 0-5 seconds, Slow response: >5 seconds.
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smart structures. However, each of these materials, as described in Table 1-1, has some
shortcomings. For example, ceramic-based active materials, such as PZT, are not suitable to
achieve self-folding structures because of the very low strain compared to polymer-based active
materials technology. Although shape memory polymers (SMP) induce very high strain, their
response time is slow and their actuation mechanism is irreversible [28][32]. Photo-chemical
polymers also suffer from slow response time and irreversible actuation mechanism[32]. For
others, such as hydrogel-based actuators as shown in Figure 1-2 c, the technology requires
solvent as a working medium to induce actuation, leading to packaging challenges [49].
Based on these comparisons, electroactive polymers (EAPs) emerge as suitable
candidates for self-folding structures. Electroactive polymers (EAPs) are polymers where
mechanical motion is generated as a response to an electric stimulus [50]. Different EAPs have
been developed and investigated, including electrostrictive polymers [51,52], piezoelectric
polymers [53], conductive polymers [54], ionic EAPs [55], and dielectric elastomers [56,57].
The concept of EAPs dates back to an early experiment conducted by Roentgen in which he
showed that by application of a large electric field across a natural rubber film, its shape changed
in response [50]. Since then, substantial progress in EAP-based actuation has occurred. EAPs can
be divided into two major categories based on their actuation mechanism, ionic EAPs and
electronic EAPs. The actuation mechanism of ionic EAPs involve mobility or diffusion of ions
and they consist of two electrodes and an electrolyte (see Figure 1-3) [38]. Though the required
actuation voltage of ionic polymers can be as low as 1-2 V, they require a wet medium
(electrolyte) to function; this requirement poses a challenge when it comes to packaging ionic
polymers, which renders them unsuitable for origami-inspired engineering. In contrast, electronic
EAPs can be operated in ambient air and they have higher mechanical energy density, which
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Figure 1-3. Schematic representation of the actuation mechanism for an Ionic polymer/metal composite
(IPMC) actuator, which is a type of ionic EAP. Application of a bias voltage causes the mobile ions to
migrate to one of the electrodes. The associated migration of the solvent causes the ion rich region to
swell, generating bending motion. Over time, the actuator relaxes due to the built-up pressure gradient
[38].

make them a preferred choice for this study. List of leading electronic EAPs includes dielectric
elastomers (DE), ferroelectric polymers, electrostrictive polymers, relaxor ferroelectric
terpolymers, electrostrictive graft-copolymers and liquid crystal elastomers [38,48,50].
Realization of origami-inspired engineering and practical implementation of this concept require
self-folding materials with attributes such as high strain, stress and fast response. Two particular
electronic EAPs, DE and P(VDF-TrFE-CTFE) relaxor ferroelectric terpolymer, are the most
promising active materials (see Table 1-1). The following section provides a brief description of
DE and P(VDF-TrFE-CTFE) terpolymer.
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DEs are one particular type of low modulus electroactive polymers (EAPs) where
mechanical motion is generated by the response of a lightweight polymer to an electric stimulus,
driven by Maxwell stress. DEs have demonstrated strain values over 300% [56]. DE actuators
work as compliant capacitors where the soft elastomer film is sandwiched between two
compliant electrodes [58].

When high voltage is applied, opposite charges form at both

electrodes giving rise to electrostatic forces, resulting in the DE film contracting in the thickness
direction. Due to incompressibility, the elastomer expands in the planar direction, i.e.,
perpendicular to the applied electric field; see Figure 1-4. This mechanism converts electrical
energy to mechanical energy and results in actuation. For planar actuators, the electrostatic
pressure across the electrode for an applied electric field E is given by Equation 1-1:
V 

t 

   0 r E 2   0 r 

2

Equation 1-1

where ε r is the dielectric permittivity of the material, and ε 0 is the permittivity of free space
(8.854 ×10−12 F m−1), E is the electric field, V is the applied voltage, and t is the thickness of
the DE membrane. DEs are promising because of their high specific elastic energy density (3.4
J/g), large strain response (>300%), fast response time (<1sec), and high electromechanical
coupling efficiency (60-90%) [56,59]. However, one concern with DE materials is that, since
they are either polyacrylate or silicone based elastomers, their Young’s modulus is very low (less
than 1 MPa) which, although it helps to induce large electrostatic strain, it also results in low
induced force [27,55, 50]. In addition, DEs require high actuation voltage (>3KV) [38,50].
Finally, prestrain is required for DE to improve the electromechanical performance [60].
Prestrain also helps to reduce the thickness and therefore the required voltage, but it limits
potential applications because of the requirement of a supporting frame to maintain the prestrain.
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In summary, reversible actuation mechanism and fast response coupled with high field-induced
strain make the DE a suitable contender to realize self-folding structures. However, dielectric
elastomer requires prestrain to improve the electromechanical performance and the electrical
breakdown strength, which renders out-of-plane actuation very challenging[51,52]. Finally, DEs
are viscoelastic materials with high relaxation losses at high frequency [61]. For these reasons,
DEs are not considered further for self-folding applications.

Figure 1-4. Diagram depicting the operating principle of dielectric elastomer (b) Circular strain test and
photograph of acrylic dielectric elastomer [58]

Another promising EAP for origami-inspired engineering is relaxor ferroelectric P(VDF-TrFECTFE). Ferroelectric polymers have a non-centrosymmetric structure that exhibits permanent
electric polarization. These polymers possess dipoles that can be aligned (poled) in an electric
field, where this orientation is maintained even after the electric field is removed. Since the
discovery of piezoelectricity in polyvinylidene fluoride (PVDF) [62], ferroelectricity has been
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found in only a small number of semicrystalline polymers which includes PVDF, PVDF-based
copolymers, certain odd numbered polyamides such as Nylon 7 and Nylon 11 and blends thereof.
[38,63,64] Among these, PVDF stands out because of its high permanent dipole moment. PVDF
polymer has four crystal structures, non-polar phase,  phase (polar analog of phase), highly
polar phase, and a polar phase (see Figure 1-5a) [53]. When PVDF is cooled from the melt, it

Figure 1-5. (a) Unit cells of (A) α, (B) δ, (C) γ, and (D) β forms of PVDF crystals of PVDF polymer
viewed along the c-axes. Red, cyan, and blue spheres represent F, C, and H atoms. [65] (b) Schematic
representation of the process commonly employed to obtain piezoelectrically active films of PVDF [53].

crystalizes in the non-polar phase. At high temperatures of crystallization, phase is also
obtained. The phase is not usually produced from melt crystallization, but it can be obtained by
mechanical stretching [53]. Figure 1-5 (b) represents the process of obtaining polar phase from
phase.
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The piezoelectric strain in PVDF is relatively low (0.1%) along with low actuation stress
(4.8MPa). Elastic energy density, which is 0.0024 J/cm3, is therefore also low compared to other
available active materials[38]. A common PVDF copolymer is VDF with trifluoroethlylene
(TrFE). Generally, P(VDF-TrFE), copolymers with a VDF content ranging from 50 to 85 mol%
exhibit a stable ferroelectric  phase at room temperature, and a transformation to the
paraelectric  phase occurs above the Curie point (65o C) but below the melting point (155o C)
[38,66]. The key features of this copolymer include 0.2% maximum strain and 0.0066 J/cm3
elastic energy density, with both being better compared to PVDF polymer. P(VDF-TrFE)
copolymer is ferroelectric in nature and it has been reported that this ferroelectric copolymer can
be converted into relaxor-based terpolymer by random incorporation of a bulky third monomer
(CTFE or CFE) into the polymer chain. This random incorporation of CTFE in PVDF copolymer
disrupts the long range ordering of the ferroelectric polar phase resulting in the formation of
nano-polar domains[40,67]. Figure 1-6 qualitatively illustrates the differences in domain sizes
between PVDF copolymer and terpolymer. The Curie transition of the copolymer is also lowered
to near room temperature (33o C) by introduction of CTFE [40]. Having smaller crystallites
lowers the energy barrier required for the transition between paraelectric and ferroelectric states,
which in turn results in a slimmer (less lossy) hysteresis loop (see Figure 1-7 a). Actuation
mechanism of P(VDF-TrFE-CTFE) terpolymer, which henceforth will be referred to simply as
‘terpolymer’, is reversible with high electrostrictive strain (~5%) (see Figure 1-7 b) and
relatively high elastic modulus (0.2-0.4GPa) yielding a high elastic energy density (0.32 J/cm3);
this performance makes the terpolymer a suitable choice for self-folding origami-inspired
engineering [40].
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Figure 1-6. Schematic showing the comparison of the dipole size and polar phases in PVDF-based
copolymer and terpolymer. (a) large polar  phase of P(VDF-TrFE) copolymer (b) Randomly oriented 
phase of defect-modified P(VDF-TrFE-CTFE) polymer (c) Orientation of the randomly oriented dipoles
in response to applied electric filed E of the P (VDF-TrFE-C TFE) polymer.

Figure 1-7. (a) Comparison of the polarization hysteresis of the normal ferroelectric polymer [P(VDFTrFE)] (dashed line, large hysteresis) and relaxor ferroelectric polymer (solid line, slim hysteresis) at
room temperature [68] (b) Electrostrictive strain of P(VDF-TrFE-CTFE) terpolymer[68].
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Reversible actuation mechanism and fast response coupled with high field-induced strain
make terpolymers suitable contenders to realize self-folding structures. Terpolymer’s Young’s
modulus is generally in the range of 200-400MPa, which helps to induce larger
electromechanical force than DE for example. Also, terpolymer is a thermoplastic polymer with
faster response and comparatively lower relaxation losses. For all these reasons, terpolymer is
selected as the active material for this study.
Despite the vast potential of terpolymer, there are some challenges, which are currently
slowing down its implementation in practical applications. First, although terpolymer induces
large electrostrictive strain and better stress compared to most of the other EAP technologies
discussed above, the generated stress is still low compared to other smart materials technology
such as PZT ceramics and SMAs (see Table 1-1) [34,43,50]. Second, terpolymer requires high
driving voltage to induce mechanical actuation, which leads to premature defect-driven electrical
breakdown [50,69]. The former factor is associated with the electromechanical performance of
the EAP-based devices while the latter is related to their reliability and life cycle. Next, a brief
review on the challenges associated with P(VDF-TrFE-CTFE) terpolymer and efforts undertaken
by other researchers to overcome these challenges are described. Based on these prior research
efforts, schemes to improve the electromechanical and electrical performance of terpolymer are
then proposed for this study.
1.3 Role of processing condition to improve P(VDF-TrFE-CTFE) actuator performance
Since the discovery of relaxor ferroelectric behavior in either electron (e)-beam irradiated
P(VDF-TrFE) copolymer [70] or defect (CFE/ CTFE) modified P(VDF-TrFE-CFE/CTFE)
terpolymer [70][40], there has been an increasing interest to understand the fundamental
mechanism behind this phenomenon. Previous research shows the relaxor behavior of CFE-
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based terpolymers is enhanced with a higher annealing time, while it exhibits metastable phases
at lower annealing times [71]. Bao et al. reported that in a well annealed sample, CFE-based
terpolymer exhibits relaxor ferroelectric behavior. In contrast, at low crystallization temperature,
polar all-trans confirmation, also known as ferroelectric  phase, can appear or even become a
dominating phase [72]. Klein et al. studied the effect of crystallization conditions at higher
temperatures on the microstructure of a CFE-based terpolymer and determined its
electromechanical performance and polarization behavior [73]. In contrast, and despite their
promise, CTFE-based PVDF terpolymers have not been investigated as in-depth. Gadinski et al.
have studied the microstructure of P(VDF-TrFE-CTFE) 78.1/16.5/5.4 mol% at various
processing conditions [74]. Li et al. in their study, cured P(VDF-TrFE-CTFE) films of various
compositions at 65 oC for 24 hours and their study was focused on understanding the thermal
properties of various composition of P(VDF-TrFE-CTFE) prepared using this fixed processing
condition [75]. Therefore, there is a gap in the knowledge related to understanding the effect of
processing conditions, more importantly annealing conditions, on the microstructure and
electromechanical performance of P(VDF-TrFE-CTFE ) terpolymers. Hence, the first part of
this dissertation is focused on investigating and characterizing the processing conditions and
their effects on the electromechanical performance of P(VDF-TrFE-CTFE) terpolymer.
1.4 Role of actuator configuration to improve P(VDF-TrFE-CTFE) actuator performance
Researchers have tried different approaches to improve the performance of EAP-based
actuators. One of the common approaches is the development of polymer-based composites by
mixing filler materials with a polymer matrix to increase the dielectric permittivity (ɛr) and
electrical energy density. Researchers have used different types of filler materials such as carbon
nanotubes (CNTs), titania (TiO2), graphene oxide, and barium titanate (BaTiO 3) and mixed them
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with

polymer

matrices

such

as

P(VDF),

P(VDF-TrFE),

P(VDF-TrFE-CTFE/CFE),

Polydimethylsiloxane (PDMS), and polyimides in order to improve the electromechanical
performance of the host EAP [76–82]. Carpi et al. developed a PDMS/TiO2 composite where
they showed improvement in ɛr and electric field induced strain[76]. Park et al.[81] and
Deshmukh et al. [82] developed single-walled carbon nanotube (SWNT)-based polyimide
composites and showed improvement in the electromechanical performance with increasing
filler material contents. However, with the increase of dielectric permittivity, dielectric loss and
conductivity of the polymer composite also increase and the dielectric breakdown strength
decreases significantly[81][79]. Therefore,

although polymer-based composites exhibit

improved dielectric permittivity and electric field induced strain, there are also disadvantages
such as increase in dielectric loss and decrease in dielectric breakdown with the inclusion of
filler materials.
Self-organized minimum energy structure is another approach to improve the strain and
force of the EAP. This approach is mainly used with very soft and stretchy EAPs with Young’s
modulus of 1MPa or lower [83,84]. In this technique, a soft EAP is stretched and attached to a
plastic frame (see Figure 1-8). Then another frame (support frame) is placed on the stretched
EAP and glued to it. Finally, when the support frame is cut and released from the prestretching
frame, the EAP tends to release the stored elastic energy while the elastic energy of the plastic
frame increases by bending and buckling. These two competing processes lead to a final
minimum energy structure shape[83]. This concept helped to achieve out-of-plane complex
actuation of DE with improved electric field induced force. However, this design concept suffers
from several severe disadvantages. The fabrication procedure is quite complex and not suitable
for mass/rapid fabrication. Even for the most basic minimum energy structures, predicting the
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Figure 1-8. Self-organized minimum-energy structures: a piece of elastomer (a) is pre-stretched on a
frame (b). Frames (c) and (d) are cut from thin plastic film and glued to the pre-stretched elastomer. When
released, a circular frame self-organizes to the form (e) and a square frame to the form (f). (g) Actuation
of a self-organized minimum energy structure from 0KV to 3.4KV[83].

parameters that produce the desired rest (Figure 1-8 e and d) and actuated conformations (see
Figure 1-8 g) is not straightforward[85]. The actuation frequencies for these kinds of structures
are very low with high relaxation losses. Because of these reasons, research on this topic has
slowed down considerably in the last couple of years.
Another approach to improve the electromechanically induced force and displacement
while keeping the applied voltage to an acceptable limit, is by using the multilayered/stacked
concept[35][86]. In the multilayered configuration, electroded EAP films are layered on top of
each other. The films are alternatively connected with high voltage and ground potential similar
to a parallel capacitor connection (see Figure 1-9). The advantage of a multilayered design
concept is presented in Figure 1-9 and discussed next.
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Figure 1-9. Schematic representation of the effect of multilayered configuration on the driving voltage
and electromechanical performance of EAP based actuators. (a) A EAP made with a relatively thick
polymer layer, which require a high driving voltage to induce high electric field. (b) The thickness of the
EAP film is reduced by a factor of 3 in order to reduce the driving voltage. (c) To compensate for the
decrease in force due to the thinned EAP film, 3 layers if EAP’s are stacked on top of each other.

Equation 1-2 shows the relationship between the applied voltage (V), EAP thickness (t p)
and induced electric field (E):
E

V
tp

Equation 1-2

Electroactive polymers require high driving voltage for good actuation and the induced force is
generally relatively low, which results from low structural stiffness. By casting thin EAP film we
can control the driving voltage. However, thin EAP induces even lower force (Figure 1-9 b) than
thick EAP (Figure 1-9 a) as demonstrated in the next equation. Consider the expression for the
blocked force Fb below[39]:
Fb 

3YI 
2L

Equation 1-3

19
where Y is the Young’s modulus, I is area moment of inertia,  is induced curvature and L is
length of the actuator. Therefore, Fb  t p3 . To counteract this decrease in force due to decrease
in thickness of EAP shown in Figure 1-9 b, a multilayered concept is proposed (see Figure 1-9
c). For example, when the thickness of the EAP membrane is large (t p), high driving voltage is
required to apply sufficient electric field (see Equation 1-2) across the thickness of the sample.
When the thickness of the EAP membrane is reduced by one third (see Figure 1-9b), the required
voltage will be reduced by one third also. However, reducing the thickness of the EAP
membrane by one-third will decrease the induced force by

1
27

th (see Equation 1-3). This effect

can be addressed by building an actuator with three layers of EAP films of thickness

tp
3

each (see

Figure 1-9c). The three-layered EAP actuator is connected to positive and negative potentials as
shown. In this configuration, the voltage is reduced by one third while keeping the force similar
to configuration shown in Figure 1-9a. Thus, we can control both the driving voltage and the
induced force since the total thickness of the structure remains the same (tp).
The multilayered configuration has advantages over the two methods described
previously (i.e., composite route and minimum energy structure) when it comes to improving the
electromechanical performances while keeping the driving voltage to an acceptable limit. In the
composite approach, the increase of the permittivity comes at the cost of reduced dielectric
breakdown strength [79]. The minimum energy structure route is complex, not suitable for mass
production, and suffers from high relaxation losses [85]. Researchers have studied and
implemented multilayer concept to other smart materials technologies, but their studies were
limited to a few layered system. For example, the author has shown in previous works that by
using multiple layers (up to 6 layers) of DE actuators stacked together, large bending and folding
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of DEAs can be achieved[33,35]. Kovas et al. [86], Lau et al.[87] and Lai et al. [88] have also
implemented the multilayered concept and showed improvement in actuation strain and force
using DEs. Frecker et al. [89] have investigated 2 layered P(VDF-TrFE) copolymer-based
bending actuators; G. Alici et al. [90]studied trilayer conducting polymer actuators, and Q.
Wang el al. [42] studied one- to two-layered PZT based bending actuators. Based on this
promising work, multilayered P(VDF-TrFE-CTFE) based actuators are designed and
investigated in this dissertation. However, a multilayered EAP actuator is a complex engineering
system whose performance depends on many parameters such as the thickness of terpolymer
films, Young’s modulus of terpolymer films, number of terpolymer layers to be stacked,
properties of the passive substrate or structure where the terpolymer actuator will be mounted,
electrode type, etc. Previous research efforts to develop a model for EAP based actuator system
were limited to only a few layers [91–94]. More detail literature reviews on the previously
developed analytical models and their limitations are presented in Chapter 3, Section 2. Driven
by this need for a model to analyze multilayered terpolymer based actuator system, a analytical
model is developed in this study. This analytical model is a design tool that can be used to select
parameters that optimize the performance of terpolymer-based systems. All of the factors
described above have shaped one of the objectives of this dissertation which is - study and
characterization of multilayered P(VDF-TrFE-CTFE) terpolymer based actuators to realize
origami-inspired structures.
1.5 Improving dielectric strength and reliability of P(VDF-TrFE-CTFE) actuators
Electronic EAPs require a high driving voltage to induce sufficient electromechanical
response [50]. This high driving voltage often leads to electrical breakdown of the EAP samples.
There are various types of mechanisms that lead to breakdown of an EAP including electronic
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breakdown, thermal breakdown, electromechanical breakdown, and gas discharge [95].
Electronic breakdown of the dielectric medium happens by the electron avalanche effect. A free
electron within the conduction band of a dielectric in the presence of a large electric field can be
accelerated to sufficiently large energies to collide with and ionize host atoms of the solid. If the
energy of the electron is greater than the band gap energy, then the electron, as a result of
collision with the lattice vibration, can excite an electron from the valence band to the
conduction band and break a bond. Both the primary and the released electron can further impact
and ionize other host atoms and thereby generate an avalanche effect that leads to a substantial
electrical current [95]. This breakdown mechanism represents the upper theoretical limit that is
approached by dielectrics that have no defects. Another source of electronic breakdown is the
large increase in the injection of electrons from the metal electrode into the insulator at very high
electric fields. This is termed as field emission. In this case electrons are emitted from metal,
which is electrode in our case, under very high electric field. Upon application of electric field
electrons tunnel through the potential barrier and escape the electrode materials. It is also known
as Fowler-Nordheim field emission.
Because of the finite electrical conductivity (  ) of the solid, Joule heat, in the form of

 E 2 , where E is applied electric field, will always be released within the solid. Both electrical
conductivity and dielectric losses generate heat within the dielectric. If the generated heat cannot
be removed from the solid sufficiently quickly by thermal conduction or by other means, the
temperature of the dielectric will increase. The increase in temperature increases the electrical
conductivity of an insulator which leads to more Joule heating and finally will lead to thermal
runway. For composite-based EAPs, with the increase of filler content, dielectric losses and
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electrical conductivity increase, which results in lower breakdown strengths due to the possibility
of thermal runway.
A dielectric medium between oppositely charged electrodes experiences electrostatic
compressive force. This compressive force contracts the dielectric medium in thickness and
expands it in area. Generally, this electrostatic compressive load is balanced by the mechanical
rigidity of the dielectric medium. However, when a critical electrical field is reached, the
compressive load overcomes the mechanical rigidity (Young’s modulus) of the dielectric
medium and produces mechanical collapse. This breakdown mechanism is dominant in very soft
EAPs, such as DEs for example.
There exists another source of electrical breakdown known as partial discharge. It is
considered a premature breakdown mechanism as the dielectric medium fails at a lower electric
field than the electrical breakdown mechanisms discussed previously. Various types of defects
such as pinholes, cavities, dusts, moisture from sources like electrode materials, polymer films,
fabrication steps etc. are responsible for this extrinsic breakdown mechanism. Most of the
defects create higher electric field across their surfaces. For example, consider a small disk shaped cavity within a solid dielectric between two electrodes, as depicted in Figure 1-10.
Assume that the disk-shaped cavity has its face perpendicular to the electric field. Suppose the
thickness of the dielectric medium is d=100µm and dielectric permittivity is ɛr1=5. Furthermore,
suppose the cavity is air and its dielectric permittivity is ɛ r2 =1. Using Gauss’s Law (see Equation
1-4), one can estimate the effective electric field, E2 across the cavity [95]:
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Figure 1-10. Electric field in the defect (cavity) is higher than the electric field in the solid dielectric [95].
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Equation 1-5

Typical dielectric breakdown strength of air is 1 to 3 MV/m. If the size of the cavity
shown in Figure 1-10 is 1µm, a voltage of 100V (E1 = 1 MV/m) across the dielectric will create
an electric field E2 = 5 MV/m and will result in the breakdown of air in the cavity. This is known
as partial discharge. If the operating electric field (E1) of the dielectric medium is higher, say
5MV/m, it will induce excessively high electric field E2 (25 MV/m) across the cavity and
generate very high discharge energy, which would eventually lead to the breakdown/failure of
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the dielectric medium. Thus, the reliability of EAP-based devices is largely hampered by this
defect-driven premature electrical breakdown.
A multilayered EAP configuration does not decrease the intrinsic breakdown strength of
the EAP unlike the approach of polymer-based composites. However, with the increase in
number of EAP layers in a multilayered configuration, the likelihood of having defects increases
because of the manufacturing process; which makes multilayered configurations more prone to
defect-driven breakdown. Reducing the number of defects using a self-clearing concept can
improve the EAP actuators’ ability to withstand high electric fields [96]. A definition of selfclearing given by C.W. Reed et al. is,
“Under high voltage stress, defects such as pinholes, embedded external
impurities, and voids inherited in crystallized structure in dielectric film can lead
to a localized breakdown. After electrical breakdown occurring in the dielectric
film, a portion of stored charges flow through the breakdown channel, with
consequent localized high temperature and pressure buildup. At the same time,
the thin electrode layer at the defect site vaporizes rapidly, acting similarly as a
fuse. Then, the current would be safely cut off. Once the fault has been cleared,
the capacitor will continue to function with a small loss of capacitance. These are
the series of events described as “self-clearing” process.” [96]
Self-clearing is a widely-studied concept in the capacitor community to clear the defects
from wound, rolled, or stacked capacitors [96–98]. Despite the potential of this concept to
improve the electrical breakdown strength of a dielectric medium, only a few researchers have
looked at this concept for EAPs. For example, Pei et al. showed that single walled carbon
nanotube (SWNT)-based electrodes have the potential to self-clear [99]. To demonstrate fault-
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tolerance of this SWNT-based electrode, a fault was intentionally introduced in a 200%
prestrained DE membrane by puncturing it with a pin. Then, carbon grease was applied as an
electrode and a 3KV voltage was applied. The DE did not induce any actuation (see Figure 1-11a
and b); the current-time curve in Figure 1-11c indicated a short in the circuit. However, when
SWNT was used as the electrode on the same punctured DE, an 80% calculated actuation was
observed upon completion of the clearing event (see Figure 1-11d and e). The current-time curve
in Figure 1-11f showed that there was an increase in the leakage current, and then it decreased
gradually when the self-clearing event ceased. The disadvantage with SWNT-based electrodes is
that they are not physically bound to the polymer membrane. Secondly, it is hard to realize
miniaturization and mass production without dealing with the cost of the nanotubes. Polyaniline
(Pani) nanofibers are also used as self-clearing electrode materials [100]. This electrode material
suffers from the same drawbacks as SWNT-based electrodes: they do not adhere to the substrate
of the EAP and they are challenging to mass-produce. Pani nanofibers are also sensitive to light
exposure; when the nanofiber films are left in light, their electrical conductivity decreases with
time [100].
The previous discussions indicate that a pre-clearing phenomenon can improve the
performance of EAPs. Unlike SWNT and Pani nanofibers, sputtered and evaporated electrodes
have the potential for mass production, can be deposited as thin as 5nm and can be bound
physically to the polymer substrate [101]. However, the ability of automated metalized
electrodes, such as by sputtering or evaporation, to clear defects from EAPs, more specifically
P(VDF-TrFE-CTFE), is still unexplored. For that reason, the last part of this dissertation is
focused on understanding the self-clearing behavior of thin metalized P(VDF-TrFE-CTFE) and
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its effect on the electrical breakdown strength and electromechanical performance of terpolymer
based actuators.

Figure 1-11. Self-clearing demonstration on a 200% biaxially prestrained VHB 4905 film with either
carbon grease or SWNT electrodes and the actuation voltage is 3 kV. a, b) No strain was obtained once
the fault was introduced to the device with carbon grease electrodes by a pin. c) The corresponding
characteristic current–voltage curve of the shorted device for three actuations. The upward arrows
indicate voltage application; the downward arrows indicate voltage turned off. d, e) 80% strain was
obtained on the film with SWNT electrodes through self-clearing, albeit a fault has been introduced. f)
The current–voltage curve for the film with SWNT electrodes for three actuations. The first peak
corresponds to the clearing event from the fault. The upward arrows indicate voltage application; the
downward arrows indicate voltage turned off [99].

1.6 Research objectives and tasks
The enhancement of electromechanical performance with improved reliability of EAP
actuators requires understanding of the underlying physics, comprehensive materials science,
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electromechanical analytical tools and new design methodology [50]. Driven by this
requirement, a comprehensive mechanical, electrical, thermal and analytical characterization of
the EAP system, which is P(VDF-TrFE-CTFE) in this study, is performed to understand its
underlying mechanism and maximize its performance. After these studies, an analytical model is
developed to serve as a design tool for multilayered EAP based actuator systems. Finally, a
systematic study is performed on the self-clearing mechanism of thin metalized terpolymer films
to improve the electrical breakdown strength of multilayered terpolymer-based actuators. The
goal of this research is thus to improve the electromechanical (force, strain and elastic energy
density) and electrical (electrical breakdown strength and reliability) performances of P(VDFTrFE-CTFE)-based actuators so that they can be implemented to realize origami-inspired smart
structures for practical applications in deployable space structures, biomedical device, soft
robotics etc. To achieve this goal, the following objectives are pursued:
Objective 1: Investigating and characterizing the processing conditions and their effects on the
electromechanical performances of P(VDF-TrFE-CTFE) terpolymer.
Objective 2: Developing and characterizing origami-inspired active structures using
multilayered electroactive polymers (EAP). Specifically, this objective is focused on the
following three tasks below.
Task 1 Utilize various approaches to demonstrate on-demand bending and folding of
P(VDF-TrFE-CTFE) terpolymer.
Task 2 Develop an electromechanical model for multilayered P(VDF-TrFE-CTFE) based
unimorph actuator to facilitate fabrication of origami inspired structures.
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Task 3 Demonstrate the feasibility of multilayered P(VDF-TrFE-CTFE) based
actuators to achieve active origami-inspired structures.
Objective 3: Improving the electrical breakdown strength of EAP based actuators. Specifically,
this objective is focused on the following two tasks.
Task 4 A systematic study of the self-clearing phenomenon of metallized EAP and
improving the electrical breakdown strength of EAPs using controlled self- clearing.
Task 5 Implementation of self-clearing in P(VDF-TrFE-CTFE) terpolymer based
actuators to improve electric field induced blocked force, free displacement and electric
field sustaining capability.
1.7 Dissertation outline
In Chapter 2, Objective 1 of this dissertation is addressed. In this chapter, detailed
characterization of P(VDF-TrFE-CTFE) terpolymer is presented.

The following

characterization techniques are performed to understand the fundamental mechanisms of this
terpolymer: mechanical characterization using a Dynamic Mechanical Analyzer (DMA), thermal
characterization using a Differential Scanning Calorimeter (DSC), electrical characterization
such as polarization, dielectric spectroscopy and analytical study using Fourier Transform
Infrared Spectroscopy (FTIR), X-ray diffraction, Sum Frequency Generation (SFG) etc.
In Chapter 3, Objective 2 of this dissertation is addressed. This chapter is divided into
three parts to address the three tasks of Objective 2. In first part (Task 1), EAP is used to achieve
electric field driven on-demand bending and folding. Various methods such as notched and
stiffener approaches to achieve on-demand folding, are presented. In the second part (Task 2),
the electromechanical model is developed. The model is validated using experimental results.
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Then various parametric studies are performed using the model to better design origami-inspired
smart structures. Finally, in the third part (Task 3), three dimensional (3D) self-folding structures
(i.e., cube and pyramid) and action-origami figures (catapult, flapping butterfly wings and
barking dog) are actuated using the insights from the model.
Chapter 4 addresses Objective 3, which is focused on improving the electrical breakdown
strength of EAP-based actuators. In the first part of this chapter, a systematic self-clearing study
on the EAP system is performed to understand and investigate the self-clearing capability of the
electrode material and the terpolymer. Then the effect of controlled self-clearing on the electrical
breakdown strength and electromechanical performance of terpolymer-based actuators is
presented.
In Chapter 5, important conclusions of this research are discussed and research
contributions are highlighted. Finally, potential future work is suggested.
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Chapter 2
Processing and characterization of P(VDF-TrFE-CTFE) terpolymer

2.1 Introduction
As discussed in Chapter 1, Section 1.2, PVDF-based polymers have been widely studied
due to their interesting electromechanical performance.

In particular, relaxor ferroelectric

PVDF-based polymers such as electron (e)-beam irradiated P(VDF-TrFE) copolymer [51,102] or
defect-modified P(VDF-TrFE) with added bulky CFE or CTFE monomers [40,103], have gained
much attention. The interest in these polymers is motivated by their prominent features such as a
high dielectric constant (~40), high electrostrictive strain (~4 %), good energy density, reversible
and fast response and slim (less lossy) polarization hysteresis loop. These features make the
terpolymer in particular highly attractive for applications in origami-inspired smart structures
[104,105], actuators [105,106], electrical energy storage devices [106,107] and solid-state
refrigeration using electrocaloric effect [108]. Figure 2-1 shows the chemical formula and the
composition of the P(VDF-TrFE-CTFE) polymer used in this study.

Figure 2-1. Schematic representing the chemical formula and composition of the P(VDF-TrFE-CTFE)
terpolymer used in this study.
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Before studying and implementing this terpolymer into origami-inspired smart structures,
it is imperative to study the behavior of this material, more specifically how introduction of the
monomer CTFE transforms it from a ferroelectric to a relaxor ferroelectric polymer. As
mentioned in Section 1.2.2, Figure 1-6, the introduction of the third bulky monomer, in this case
CTFE, disrupts the long chain ordering of the P(VDF-TrFE) copolymer and creates nanodomains.

In comparison with the hydrogen and fluorine atoms, which have van der Waals

(vdW) radii of 1.2 Å and 1.35 Å respectively, chlorine has a much larger vdW radius of 1.8 Å. In
order to accommodate the larger chlorine atom, the interchain spacing in the crystalline phase of
the terpolymer expands, which helps with formation of the energetically favorable transgauche
(TGTG`), i.e.  phase, conformation (see Figure 2-2). In addition, it has been reported that
substitution of chlorine in the polymer chain raises the steric repulsion of TGTG` ( phase) and
leads to formation of energetically favorable T 3G conformation ( phase) (see Figure 2-2)[40].
Therefore, the terpolymer usually exhibits a mixture of -phase and  phase. Upon application of
an electric field, terpolymer’s conformation changes from TGTG` ( phase) and T 3GT3G` (
phase) to the polar all-trans ( phase) conformation, also shown in Figure 2-2. This reversible
conformational change between non-polar and polar forms generates a large polarization change
and large strain. In order to further study the properties and fundamental mechanism of this
terpolymer, various characterization techniques, such as differential scanning calorimetry (DSC),
dielectric spectroscopy, polarization (P-E), electromechanical strain (S-E), XRD, FTIR, sum
frequency generation (SFG) and dynamic mechanical analysis (DMA), are performed, and
results are reported and discussed in this chapter.
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Figure 2-2. Conformational change of P(VDF-TrFE-CTFE) upon application of electric field.

2.2 Polymer processing
P(VDF-TrFE-CTFE) powder (62 /31 /7 mole %) was purchased from Piezotech Arkema
Group (Pierre-Benite, France).

Terpolymer powder is

first dissolved in N, N-

dimethylformamide (DMF) (99.8 % purity, Sigma-Aldrich) as a 12wt% solid solution and mixed
for 2 hours using a magnetic stirrer on a hot plate at room temperature. The mixture is then
degassed in a vacuum chamber and solution-cast on a glass plate using a doctor blade, resulting
in ~30μm thick films. The cast films are dried at 100 °C for 30 minutes without vacuum and then
at 100°C for 2 hours under vacuum. Figure 2-1shows the film processing steps. These films are
then annealed at 120°C under vacuum for 2.5 hours, 9 hours and 24 hours to study the effect of
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annealing on the electromechanical performance of terpolymer. The effect of the different
annealing times is studied

Figure 2-3. Schematic showing the film processing steps.

with a focus on resulting crystalline structures, polarization and electromechanical strain to
identify the appropriate processing condition.
Thermal characterization of the terpolymer films is performed using differential scanning
calorimetry (DSC) to study and correlate their microstructural properties with the processing
conditions. DSC measures the temperature and heat flows associated with transitions in materials
as a function of temperature in a controlled atmosphere and yields valuable material parameters
such as glass transition temperature (T g), Curie transition temperature (T FE-PE), melting
temperature (T m) and recrystallization temperature (Tc). Also, the degree of crystallinity can be
obtained using the melting heat flow of the polymer film. In a typical DSC experiment, two DSC
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pans are kept on two different heating elements that apply the same heat to both pans at a
constant temperature ramp rate. One pan is empty which is the reference pan and the second pan
contains the sample under consideration. When the polymer goes through a thermal transition
and based on whether the transition is exothermic or endothermic, the heat flow in the pan
containing the polymer is changed with respect to the reference pan. In this study, a differential
scanning calorimetric (DSC) analysis was performed using a TA instruments Q-2000 to
characterize the phase transition and crystalline structures of the terpolymer. The sample was
hermetically sealed in an aluminum pan and lid (model: T -zero, TA Instruments) set up and
heated from -50 to 200 0C at a rate of 10 0C/min. The typical sample weight used for DSC was
5.0 mg. Figure 2-4 shows the DSC curve of 62/31/7 mol% terpolymer films annealed for
different duration. There is a weak peak around ~33 oC irrespective of the annealing condition as
indicated by arrow number 1 in Figure 2-4. This peak is a result of the FE-PE Curie transition.
The duration of annealing did not affect the Curie temperature. More on the FE-PE transition is
discussed in Section 2.3.1[109,110]. However, the melting temperature is increased from 125 0C
for 2.5-hour annealed film to 130 0C for the films annealed for 9 hours and 24 hours. Also, the
2.5-hour annealed film shows two distinct melting peaks indicated by arrow number 2. This
reflects the presence of complex crystalline organizations in the polymer, which may include the
co-existence of various crystalline phases with various sizes [75]. For 9 hours and 24 hours
annealing, the melting peak shifts to a higher temperature (arrow number 2, see Figure 2-4) and
unlike the 2.5 hours annealing, only one melting peak is observed. Uniform growth of crystal
sizes at higher annealing time can be attributing to this single melting peak. Also, there is a
shoulder that begins to form off the main melting peak (arrow number 3, see Figure 2-4). This
higher temperature shoulder near 145 0C (arrow number 3, see Figure 2-4) can be attributed to
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the crystals formed during the annealing process; it has been reported in the literature that the
formation of a high temperature shoulder occurs due to longer crystallization (annealing) times
[73,109]. Apart from identifying thermal transitions, the

Figure 2-4. DSC characterization curve of P(VDF-TrFE-CTFE) terpolymers for different annealing
conditions. The heating rate is 10 0C/min.

terpolymer’s degree of crystallinity (Xc) can be calculated from the DSC melting endotherm
peak using the following formula:

Xc 

H f
H 0f

Equation 2-1
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Here, H f is the heat of fusion (also referred to as melting enthalpy) of the terpolymer. Hf is
endothermic process and it is determined by measuring the area under the melting peak in the
DSC curve. H0 f is the theoretical heat of fusion of the terpolymer at 100% crystallinity.
Reported H0f
Table 2-1. Heat of fusion and degree of crystallinity of annealed terpolymer films.

Annealing time (hours)

Heat of fusion, Hf (J/kg)

Xc

2.5

9.3

22%

9

15

36%

24

15.5

37%

for this terpolymer is 42.0 J/g [73,109]. Using Equation 2-1, the degree of crystallinity of the
processed terpolymers are calculated (see Table 2-1). Degree of crystallinity of 2.5 hours
annealed film is only 22%; whereas, the 9-hour and 24-hour annealed terpolymers have 36 %
and 37 % degree of crystallinity. It has been reported in the literature that degree of crystallinity
of P(VDF-TrFE-CTFE) terpolymer film varies from 30 % to 45 % depending on the processing
conditions and compositions of the terpolymer, so these last two values seem reasonable [109].
Apart from DSC, Xray-diffraction is also performed on the processed terpolymer films.
XRD results show that annealing helps to increase the proportion of the γ phase and the ratio of
the intensity of γ phase to α phase is increased with more annealing time. It has been reported
that combination of α phase and γ phase is favorable to develop relaxor ferroelectric phase
[40,74]. Details on the XRD analysis are described in our earlier work [67].
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Finally, high-field polarization and electromechanical strain are also measured for the
annealed terpolymer films. The polarization-electric field (P-E) hysteresis loop and the strainelectric (S-E) loop were obtained at room temperature with a modified Sawyer-Tower circuit
using the experimental setup shown in Figure 2-5. First, P(VDF-TrFE-CTFE) films were
electroded (see Figure 2-5 a) with evaporated silver (100nm) using a Kurt J Lesker Lab-18 E-gun
and Thermal Evaporator. The electroded terpolymer film is then placed in between the linear
variable differential transformer (LVDT) fixture. The LVDT in this setup is connected to a
TREK 609C-6 voltage amplifier and a Stanford research 830 (SR 830) lock-in amplifier. Charge
on the electrode area of the sample is measured using the modified Sawyer-Tower circuit. Then
measured charge is converted into polarization by dividing the charge with the electrode area.

Figure 2-5. (a) Schematic of electroded terpolymer sample (top view). (b) Schematic of the combined
polarization and strain measurement system. (c) Setup fixture is shown with the LVDT sensor. (d) Fixture
is submerged into Galden oil during the measurement. (e) Silver-electroded sample is sandwiched
between two connection nodes.
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The electromechanical displacement was measured by the LVDT and the lock-in amplifier, and
strain is calculated from the displacement. The entire experimental fixture was kept in a Galden
oil bath, which acted as an inert medium. AC electric fields at 1 Hz frequency and amplitudes
ranging from 50 MV/m to 150MV/m are applied and corresponding P-E and S-E loops are
measured. The P-E loops for all the terpolymer films are compared in Figure 2-6a. All the
terpolymer films show a slim PE loop with low remnant polarization (P rem < 0.01 C/m2 at E3=0)
and low coercive field ( Ecoe< 20 MV/m at P=0) which is a characteristic of the relaxor
ferroelectric behavior [40]. There was no effect of annealing time on the maximum polarization.
The S-E loops for the films are compared in Figure 2-6 b. The film annealed at 9 hours gives the
highest electrostrictive strain of 4.4 % compared to 4.1 % for 2.5 hours annealed film. On the
other hand, 24hours-annealing induces lower strain than 9 hours annealing. With the increase of
annealing time, the crystal sizes increase, which might restrict the motion of the dipoles and
contribute to the decrease in the field induced strain. Because of the improved electromechanical.
performance and good degree of crystallinity at a reasonable annealing time, the 9 -hour
annealing condition is selected for this work. In the rest of this chapter, electrical,

Figure 2-6. Comparison of (a) PE loops and (b) SE loops of annealed terpolymer films
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electromechanical and mechanical characterization is performed on 9 -hour annealed terpolymer
films.
2.3 Electrical Characterization
2.3.1 Low-field dielectric spectroscopy
Before presenting low-field dielectric spectroscopic results, it is necessary to understand
the fundamentals of dielectric polymers such as dielectric permittivity, dielectric loss,
polarization mechanisms etc. As shown in Figure 2-7, EAPs are dielectric capacitors sandwiched
between parallel plate conductive electrodes.

Figure 2-7. Schematic of parallel plate capacitor.

Upon application of an electric field (E3), the capacitor stores charge due to polarization
of the dielectric medium. The amount of charge stored in a capacitor is determined by the
dielectric medium and the applied voltage. Equation 2-2 demonstrates that capacitance is a
function of the permittivity of the dielectric (ε r), the permittivity of free space (ε o), the electrode
area (A), and the distance between electrodes (d):
C   o r

A
d

Equation 2-2
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Under alternating current (AC) conditions, dielectric permittivity is defined as a complex
variable such as in Equation 2-3 where ε' and ε'' are the real and imaginary parts of the complex
permittivity value [111,112].

 *   ' j "

Equation 2-3

Here ε' is called the ‘dielectric permittivity’ and ε '' the ‘loss factor’. In all dielectrics, multiple
polarization responses are present and contribute to the overall dielectric permittivity depending
on the temperature of the material and frequency of the applied AC electric field. Electronic (P e)
and atomic (Pat) polarizations originate from the electron and skeletal atom deviations from their
equilibrium positions as induced by an external electric field. As a result, these polarizations
occur at very high frequencies (>10 GHz) (see Figure 2-8). These two types of polarization exist
in all polymers, polar or nonpolar, amorphous or crystalline [65]. Orientational (dipolar) (Pdip )
polarization emerges from the presence of permanent dipoles in the dielectric medium. These
permanent dipoles respond to an external field via rotation, resulting in an orientational
polarization of the polymer. Orientational polarization happens between 10 Hz and a few GHz,
covering the power and radio frequency ranges (see Figure 2-8) [65]. Ionic polarization (Pion)
emerges due to the separation of positive and negative ions within a material in the presence of
an electric field. If a polymer contains ionic species, either impurity ions or ions in polymer
electrolytes and polyelectrolytes, ionic polarization occurs at frequencies below a few hundred
Hz (see Figure 2-8). Interfacial polarization(P int) occurs whenever there is an accumulation of
charge at an interface between two materials (ex. electrode to polymer interface) or between two
regions within a material (amorphous to crystalline region in polymer). One of the common
sources of interfacial polarization is due to the accumulation of charges in the dielectric medium
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near the electrode. All the materials have some kind of defects in the form of crystal defects,
impurities, various mobile charge carriers such as electrons, holes etc. Under the presence of
electric field, the positive ions migrate to the negative electrode and pile up at the interface and
give rise to a positive space charge near the electrode. This positive space charge at the interface
attracts more electrons at the negative electrode and these additional charges on the electrode
appear as an increase in the dielectric constant [65,111]. Pint is the slowest mechanism of
polarization, and it usually happens in the frequency range of 10 -2 to 105 Hz. As shown in Figure
2-8, potential polarization mechanisms include interfacial, ionic, dipolar, atomic and electronic
polarizations. With the increase of frequency, the real part of the dielectric permittivity shows
distinct plateau regions associated with peaks from the imaginary part of the permittivity (see
Figure 2-8). The time required for orientational, ionic and interfacial polarization and
depolarization, due to large size of the charge species and large travel distance, is quite long and
varies in a wide range, depending on the dielectric system; such polarization sometimes referred
to as relaxation processes because they involve a relaxation time. A relaxation phenomenon
occurs when restoring action tends to bring the excited system back to its original equilibrium
state. These relaxation processes (interfacial, ionic and dipolar polarization) tend to have slower
response therefore they do not influence polarization at higher frequencies (>10 GHz). As a
result, with the increase in frequency, dielectric loss increases and permittivity decreases. This
factor is attributed to dielectric relaxations.
To understand and study the reasons behind P(VDF-TrFE-CTFE) terpolymer’s high
dielectric permittivity and low loss, which are characteristics based on polarization mechanisms,
dielectric spectroscopy experiments as a function of temperature performed. A Hewlett
Packard4284 LCR meter in conjunction with a Delta Design oven model 2300 equipped with
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Figure 2-8. Different types of polarization as a function of frequency in dielectrics. The top panel shows
the molar polarization (or the real part of permittivity), and the bottom panel shows the dissipation factor
(the imaginary part of permittivity) [65].

liquid nitrogen cooling is used for this study. A 2-Volt bias was applied during this experiment.
The sample configuration (electrode size and shape) as shown in Figure 2-5a is used in this
study. Five samples were tested. Capacitance and loss tangent are measured as a function of
frequency and temperature using this set-up. From the capacitance value, dielectric constant is
calculated using Equation 2-2.
All the five samples showed exactly same relaxation peaks and transition behavior.
Figure 2-9 presents the weak-field dielectric spectroscopy analysis of one P(VDF-TrFE-CTFE)
sample. The third monomer (CTFE) reduces the ferroelectric domain size and lowers the energy
barrier for conversion from the ferroelectric to paraelectric phase. Thus, inclusion of CTFE
converts the ferroelectric polymer into a relaxor polymer. From Figure 2-9, dielectric constant at
1 KHz (blue line) increases with the increase of temperature and reaches maximum at around 40
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0

C, which is the Curie (FE-PE) transition temperature. The average dielectric constant at 30 0C

and 1KHz from five samples is 39±2. Due to the reduction in the ferroelectric domain size, the
temperature of this transition is lowered from 60-80 0C as is found in the P(VDF-TrFE)
copolymer to near room temperature [113,114]. There is a broad temperature peak starting
ranging from ~40 0C, 1KHz to ~60 0C, 1MHz. Also, the ferroelectric (FE)-paraelectric (PE)
transition temperature is lowered from 60-80 0C as is found in the P(VDF-TrFE) copolymers to
near room temperature [113,114]. One of the key features that differentiates P(VDF-TrFECTFE) from P(VDF-TrFE) and PVDF is the room temperature high dielectric permittivity (~45)
which emerges from the F-P transition near room temperature.

Figure 2-9. Dielectric constant (solid curves) and dielectric loss (dashed curves) as a function of
temperature at frequencies (from top to bottom for the dielectric constant and for the dielectric loss from
bottom to top) ranging from 1KHz to 1MHz for one P(VDF-TrFE-CTFE) sample. Five samples were
tested and all of them showed exactly same relaxation peaks and transition behavior.
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In summary, there are three main features that have been observed in the dielectric study
of P(VDF-TrFE-CTFE) terpolymer:
(1) The F-P transition peak of the ferroelectric copolymer moved to a lower temperature
(see Figure 2-9).
(2) The F-P transition peak becomes broader and its position shifts progressively with
frequency towards a higher temperature (see Figure 2-9).
(3) The terpolymer exhibited a high dielectric permittivity (~50) at room temperature
(see Figure 2-9).
2.3.2 High-field polarization (P-E)
The polarization-electric field (P-E) hysteresis loops for 9-hour annealed terpolymer were
obtained at room temperature using the experimental set-up described in Figure 2-5. In total, 5
samples were tested and all of them showed similar P-E loop. Figure 2-10 presents the
polarization hysteresis loops of one terpolymer sample measured at room temperature. It shows
that the P-E loop is very slim with a very small coercive field ( E coe< 20 MV/m at P3=0) and a
small remnant polarization(Prem < 0.01 C/m2 at E3=0), contrary to ferroelectric P(VDF-TrFE)
copolymers, which have a high coercive field ( Ecoe= 50 MV/m at P3=0) and polarization(Prem
=0.04 C/m2 at E3=0) [115].The introduction of CTFE into P(VDF–TrFE) copolymers reduces the
energy barrier for F-P transition and converts the normal ferroelectric P(VDF–TrFE) copolymer
into a relaxor ferroelectric with very small polarization hysteresis [40,116,117].
2.4 Electromechanical strain response
Another prominent feature of this relaxor P(VDF-TrFE-CTFE) terpolymer is that it
induces high electrostrictive strain (S3) upon application of an electric field. The electrostrictive
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Figure 2-10. High field P-E loop of one P(VDF-TrFE-CTFE) terpolymer sample at 1Hz. Five samples
were tested for repeatability and all of them showed similar P-E loop.

strain loops for 9-hour annealed terpolymer were obtained at room temperature using the
experimental set-up described in Figure 2-5. Five samples were tested to ensure the repeatability
of the electrostrictive strain. As discussed earlier, the addition of third bulky monomer, in this
case CTFE, converts the ferroelectric P(VDF-TrFE) copolymer into a ferroelectric relaxor,
which favors the TG and T 3G conformations. CTFE also breaks the crystal domains of P(VDFTrFE) copolymer into nanodomains. These nano-domains reduce the energy barrier to switch
domains and thus, reduce the coercive field and remnant polarization of the terpolymer (see
Figure 2-10). As a result, upon application of an electric field, the TG and T 3G conformations
reorient to the all trans conformation as shown in Figure 2-2. Electric field induced orientation of
the dipoles and conformational changes from TG and T 3G to all-trans are the reasons behind the
high electrostrictive strain (see Figure 2-11) produced in this terpolymer. In Figure 2-11, a
change in the slope is observed at around 50MV/m for all the S-E loop curves from 100 MV/m
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to 150 MV/m, which is indicated by the red arrow. It is noted that 50 MV/m is the coercive field
for the ferroelectric  phase. At 50 MV/m, ferroelectric  nano-domains of P(VDF-TrFE-CTFE)
also align in response to the electric field which results in the change in slope of the
aforementioned S-E loop curves. Sum frequency generation study (see Section 2.7) is performed
which supports this explanation.
There are two types of electrostrictive coefficients that couple mechanical response with
electrical response (electric field or polarization). The first is the charge-related electrostrictive

Figure 2-11. Electrostrictive strain (S3) loop as a function of electric field of one P(VDF-TrFE-CTFE)
terpolymer sample at 1Hz. Five samples were tested for repeatability and all of them showed similar S-E
loop.

coefficient (Qijkl), which relates the electrostrictive strain (Sij) with the polarization by the
following equation:
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Sij  Qijkl P P
k

l

Equation 2-4

Here, Pk and Pl are the polarization vectors. Equation 2-4 can be represented using matrix
notation as follows:
S3  Q33 P32

Equation 2-5

Field induced strain (S3) and corresponding induced polarization (P3 ) data are extracted from the
previous figures (see Figure 2-10 and Figure 2-11). Then, by plotting S3 versus P32 , it is found
that the strain is almost linearly dependent on P32 as shown in Figure 2-12. The linearity between
S3 and P32 confirms that the strain is electrostrictive in nature. From the slope of S3 versus P32 of
Figure 2-12, Q33 is measured. The mean Q33 from four measurements is 16±2 m4/C2, which is
close to the values reported for a PVDF-based relaxor ferroelectric polymer, more specifically
electron irradiated electrostrictive P(VDF-TrFE) copolymer [118]. Most dielectric materials are
linear dielectrics where the applied field and the resulting polarization are linearly related.
Polarization can then be expressed in terms of the electric field as,

P3   o ( r 1)E3

Equation 2-6

The other electrostrictive coefficient is electric field related electrostrictive coefficient, M 33 . The
relation between the electrostrictive strain (S3), applied electric field (E3) and M33 is derived
from Equation 2-5 and Equation 2-6:

S3  Q33 P32
 S3  Q33 o 2 ( r  1) 2 E32
 S3  M 33 E32

Equation 2-7
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Figure 2-12. Electrostrictive strain (S3) vs. P32 for P(VDF-TrFE-CTFE) at 1Hz. Four samples were tested
for repeatability and all of them showed linear S3 versus P32 trend.

So,

M 33  Q33 o 2 ( r  1)2

Equation 2-8

M33 is estimated by plotting S3 versus E3. However, the dielectric constant of relaxor ferroelectric
P(VDF-TrFE-CTFE) is strongly nonlinear [115,118,119]. As a result, the relation between the
strain S3 and applied electric field E3 is not well defined, which is evident from the low
correlation “r” coefficient as shown in Figure 2-13 in comparison to the higher “r” value for Q 33
(see Figure 2-12). M33 is also estimated Using Equation 2-8. The calculated M33 value for
P(VDF-TrFE-CTFE) terpolymer is: ~2x10 -18 (m/V)2. Here, Q33=16 m4/C2 , ɛo=8.854x10-12 F/m
and ɛr = 38 at 1Hz. From Figure 2-13, M33 value for P(VDF-TrFE-CTFE) terpolymer is: ~3x10 18

(m/V)2. Both M33 values estimated using Figure 2-13b and Equation 2-8, does not take into

account the nonlinear effect.
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2.5 Wide angle X-ray diffraction analysis of P(VDF-TrFE-CTFE)
As discussed earlier, P(VDF-TrFE-CTFE) polymer contains different types of crystalline phases,
namely , , phases. X-ray diffraction (XRD) is conducted to examine the existence and types
of crystalline phases present in P(VDF-TrFE-CTFE) terpolymer. XRD analysis is also performed
on ferroelectric P(VDF-TrFE) copolymer and is compared with relaxor ferroelectric P(VDFTrFE-CTFE) terpolymer to study the development of the crystalline phases in ferroelectric and

Figure 2-13. (a) Electrostrictive strain (S3) vs. applied electric field (E3) for P(VDF-TrFE-CTFE) at 1Hz.
Four samples were tested for repeatability. (b) S3 vs. E32 for P(VDF-TrFE-CTFE) at 1Hz.
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relaxor ferroelectric polymers. The composition of P(VDF-TrFE) copolymer is 56 mol % / 44
mol %, and it is processed following the same steps as described in Section 2.2. A Panalytical
XPert Pro MPD XRD machine was used to measure the XRD spectra for 2θ angles between 1425o. The Panalytical XPert Pro MPD has a copper x-ray source and is equipped with a
diffractometer to change the incident angle and the collector in order to measure the intensity of
the diffracted x-ray. Three samples were tested to check the repeatability of the diffraction peaks.
Figure 2-14 presents the X-ray diffraction peak of various crystalline phases for both the
copolymer and terpolymer. There are two peaks located at ~18.2 o and 18.5o 2positions. The
18.2o peak is attributed to  phase of (020) the crystalline plane and the 18.5 o peak is attributed
to  phase of (020) the crystalline plane [120,121]. Although identification of the  phases is not
always straightforward, it is suggested in the literature that inclusion of CTFE, more specifically
chlorine, as a defect disrupts the polar  phase and initiates formation of both and  phases as
discussed in Section 1.2 [40,109,122]. Also,  phase is obtained when crystallization (annealing)
occurs at temperatures near the melting temperature of the  phase [120]. The processed
terpolymer films in this study are annealed near melting temperature as described inSection 2.2.
All of these factors suggest the development of  phase in the processed P(VDF-TrFE-CTFE)
film, which is also confirmed by an FTIR study later (Section 2.6). Finally, -phase usually
presents well-defined peaks at 2 =18.8o, 19.5o and 20.26o relative to the sum of the diffraction at
the (1 1 0) and (2 0 0) planes, and based on the results in Figure 2-14, no  phase is present in
the terpolymer [109,120,121]. XRD results for P(VDF-TrFE) copolymer show two split peaks,
one at around 18.8o and another around 19.5 o. Both of these peaks correspond to the  phase
[67,123]. Despite the processing conditions being the same, XRD analysis of the P(VDF-TrFECTFE) film shows and  phases and P(VDF-TrFE) copolymer shows the presence of  phase.
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Figure 2-14. WAXD spectra of P(VDF-TrFE-CTFE) and P(VDF-TrFE).

Figure 2-15 shows the XRD results for terpolymer with the simultaneous application of
an electric field up to 90 MV/m. The pure terpolymer shows peaks at 18.2° and 18.5°
corresponding to the α-phase and the γ phase when there is no applied electric field. Both the
and  peaks disappear completely at 60 MV/m and become one single peak at ~18.6 o. With the
application of a higher electric field (up to 90 MV/m), peak shifts further to 18.8°, which
corresponds to the β phase. The disappearance of the 18.2° and 18.5° peaks and the formation of
a peak at a higher diffraction angle confirms the electric field induced transformation from the
relaxor ferroelectric (RFE) phase (and  phases) to the ferroelectric phase (FE) ( phase),
which induces large electrostrictive strain as shown in Figure 2-13. In addition, this
transformation is reversible since after the removal of the applied electric field, XRD results
show re-emergence of α phase and γ phase [124]. These experimental results validate the
mechanism: that the electric field induced strain in terpolymer emerges due to the reversible
crystalline phase changes from the α and γ phases to the polar β phase.
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Figure 2-15. XRD results with simultaneous applied electric field for terpolymer.

2.6 Fourier transformer infrared spectroscopy (FTIR) analysis of P(VDF-TrFE-CTFE)
FTIR spectra were obtained on a Bruker V70 FTIR using an attenuated total reflectance
(ATR) mode with a Harrick MVP-Pro Star equipped with a diamond prism. Figure 2-16 shows
the FTIR data of the processed P(VDF-TrFE-CTFE) film. The absorption FTIR characteristics
band for GTG'(α phase) confirmation is 614 cm-1, for All -trans (m>4,β phase) is 1280 cm-1
and for T3GT3G' ( phase) is 510 cm-1 [40,109,121]. Figure 2-16 shows that the molecular
conformation of 62/31/7 mol% terpolymer a combination of GTG'(α), T3GT3G' () and m>4
(β) phases.
FTIR analysis of P(VDF-TrFE) copolymer shows a prominent m>4 (1280 cm-1 ) peak and
a reduced T 3G (510 cm-1) peak as suggested by literature.[40,125]. The fraction (Fi) of different
chain confirmations in the processed terpolymer film is analyzed using the method proposed by
Osaki and Ishida[126]:
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Figure 2-16. FTIR-ATR spectra of terpolymer which shows the absorbance peak of T m>4, TG and T3G
confirmations.

Fi 

Ai
AI  AI I  AIII

Equation 2-9

where i=I, II, and III, and AI, AII, and AIII are the absorbencies of GTG, m>4 and T3GT3G
confirmations respectively. The absorbencies of all the three confirmations are obtained from
the FTIR results of Figure 2-16. An interesting observation between the FTIR and XRD data is
the absence of β phase peak for terpolymer in XRD at E=0 MV/m (see Figure 2-15). It has been
reported in the literature that relaxor ferroelectric P(VDF-TrFE-CTFE) contains nano-polar (β
phase) domains in microscopic paraelectric phases (α and  phases) [65][122]. Nano-polar
domain is beyond the resolution of XRD technique. As a result, although FTIR of the processed
film shows all three crystalline peaks, β peak is absent in XRD. Based on Equation 2-9, the
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fractions of three confirmations are 17 % (GTG'), 58 % (T 3GT3G') and 25 % (m>4); so, the
molecular confirmation of the processed terpolymer film is mainly T 3GT3G' confirmation as
revealed by FTIR. In-situ FTIR of terpolymer under electric field was performed by Zhang et al.
which shows that, external electric field will force a solid state conformational change of
polymer chains with GTG' and T3GT3G' confirmations into m>4[127], which is similar to the
in-situ XRD results that is discussed in Section 2.5, Figure 2-15. Apart from conformational
changes from GTG' and T3GT3G' to m>4 , m>4 confirmation also tends to be aligned with the
applied electric field [127]. To further investigate the electric field driven conformational
changes of P(VDF-TrFE-CTFE) terpolymer, sum frequency generation (SFG) spectroscopy is
conducted which is presented in the following section.
2.7 Vibrational Sum Frequency Generation (SFG) analysis of P(VDF-TrFE-CTFE) 1
After confirming the presence of different crystalline phases ( phases) using XRD
and FTIR, in-situ (with electric field) sum frequency generation (SFG) spectroscopy is
conducted to investigate the molecular orientations and phase transformations of the paraelectric
and ferroelectric phases present in P(VDF-TrFE-CTFE). Researchers have studied the
orientation and formation of polar  from  and  phases with in-situ XRD and FTIR
spectroscopy [125,127–129]. However, in linear spectroscopy such as FTIR, all phases including
the amorphous phase in the polymer contribute to the signal. As a result, spectral changes during
the formation or reorientation of  phase are typically small and often undetectable.
Alternatively, non-linear spectroscopy studies such as SFG detect only the polar phase of the
materials and the output signal shows a large response. SFG uses two photons with different

1

This section is excerpted with permission from I. Chae, S. Ahmed, H. Atitallah, J Luo, Q. Wang, Z. Ounaies and S. H. Kim,
Vibrational Sum Frequency Generation (SFG)Analysis of Ferroelectric Response of PVDF-Based Copolymer and Terpolymer,
ACS Macromolecules,DOI: 10.1021/acs.macromol.7b00188
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Figure 2-17. Schematic illustration of measuring the field-induced polar ordering of P(VDF-TrFE-CTFE)
polymer using the fs broadband SFG in reflection mode[115].

frequencies (ω1 and ω2), and the detection is at the frequency (ωSF) of ω1 + ω2 [115,130]. If one
of the input photons is in the mid-IR range (ωIR), then the SFG process can be enhanced upon
resonance with the vibrational excitation of a specific functional group, giving rise to the
molecular specificity. The other beam is conventionally called ‘visible’ (ω VIS) and it is typically
530 or 800 nm laser pulses. Thus, SFG combines the advantages of the molecular specificity of
IR and the selectivity to crystalline phase of XRD. A femtosecond (fs) broadband SFG system
was used for simultaneous monitoring of CH 2 symmetric and asymmetric stretch modes while
applying an electric field, E(t), on the P(VDF-TrFE-CTFE) films [115,131]. Figure 2-17 shows
the experimental schematic of the in-situ SFG measurement of the polar ordering of P(PVDFTrFE-CTFE) terpolymer as a function of applied electric field.
P (VDF-TrFE-CTFE) films with a thickness of 30 μm were measured while sweeping the
electrical bias across the films using a 33220A function generator (Agilent Technologies, Santa
Clara, CA) and high-voltage amplifier (Model 610E) (Trek, Lockport, NY). The polymer films
were coated on the bottom side with a 50nm thick silver electrode using an EMS 150 RS sputter
coater (Quorum Technologies, Laughton, Lewes). The top electrode was an indium tin oxide
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(ITO)-coated glass. To ensure good contact between the ITO electrode and the polymer samples,
two ring-shaped magnets were used to apply compression at their interface. The samples were
dipped in Galden oil for 2 seconds before the SFG measurements in order to prevent breakdown
of the thin films. During the SFG measurement, an electrical bias was applied.
In order to simultaneously monitor the relative intensities of CH 2 symmetric and
asymmetric vibration modes (r =∫ I(d+)/∫ I(d−)) as well as the total intensity of the CH 2 peaks (∫
I(d+) + ∫ I(d−)) as a function of the applied electric field (E(t)), the fs broadband SFG system was
employed. Here, d+ is the symmetric vibration mode, and the associated peak is 2973 cm -1. d− is
the asymmetric vibration mode, and the associated peak is 3016cm -1[132]. Figure 2-18a shows
the SFG responses of P(VDF-TrFE-CTFE) measured in situ while E(t) varies continuously at a
200 mHz rate.
The SFG spectra of P(VDF-TrFE-CTFE) show three components in the d + band at
∼2967, ∼2973, and ∼2984 cm−1 when the SFG intensity is weak. The large single peak feature
at the high-intensity spectrum can also be fitted with the same three components. The I SFG−E
curve deviates from the P2−E curve (Figure 2-18). The deviation might be due to the large Kerr
effect of the P(VDF-TrFE-CTFE) terpolymer.[133] Also, the r value of P(VDF-TrFE-CTFE)
increases gradually over a larger range of |E| from ∼25 to ∼75 MV/m during poling and the
maximum value (∼10) is much larger compared to ferroelectric P(VDF-TrFE) copolymer.[115]
The gradual change in r can be attributed to the field-induced conversion of RFE (α and  phase)
domains to the FE β phase rather than the sudden flip of the ferroelectric β domain. Since the
small β domains are simultaneously aligned while they are formed in the relaxor ferroelectric
system under strong electric fields, they do not go through the stepwise rotation process imposed
to the larger domains found in the ferroelectric P(VDF-HFP) and P(VDF-TrFE) systems [115].

57

Figure 2-18. (a) The ppp-SFG spectra of the 30 μm thick P(VDF-TrFE-CTFE) film at various electric
bias voltages. (b) Comparison of the ISFG−E and P−E hysteresis curves. In the ISFG−E plot, the ISFG
(symbols) is the total area of both d + and d− SFG signals, and the intensity ratio r = ∫ I(d +)/∫ I(d−) (lines) is
shown with a separate scale at the right. In the P−E plot, the P 2−E curve is shown for comparison with the
ISFG−E curve. The poling and depoling cycles are shown in red and blue colors, respectively [115].

The larger the r value means that the net dipole axis is closer to the poling direction, and the
angular distribution or variance is smaller [134]. The SFG intensity of P(VDF-TrFE- CTFE)
decreases substantially as |E| decreases from the maximum value to zero (see Figure 2-18). Since
the coercivity between domains is weak, the ferroelectric domains become unstable and
transform back to the paraelectric phase as the electric field decreases [135,136]. These
polymorphic transitions and structural rearrangement are accompanied by the release of stored
charge from the poled P(VDF-TrFE-CTFE) system [119]. Electric field in-situ SFG reveals the
following information: 1)formation of polar  phase from and phases under electric field, 2)
experimental evidence of reversible domain switching between FE and RFE phase as the electric
field decreases and 3) presence of Kerr effect.
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2.8 Dynamic mechanical analysis (DMA)
A dynamic mechanical analyzer from TA Instruments (model: RSA G2) is used to
perform tensile tests on the P(VDF-TrFE-CTFE) polymer. For the tensile tests, 30µm x 0.5cm x
25 cm samples are used. The samples were elongated at a rate of 0.0416 mm/sec. In total, five
samples were tested. Figure 2-19 shows the stress-strain result of one sample up to failure, and
the inset of Figure 2-19 shows the stress-strain result of the same sample within the linear region.
The measured Young’s modulus of the terpolymer is 2GPa ± 0.07 GPa.
Large chain motion of the P(VDF-TrFE-CTFE) terpolymer is investigated using DMA.
In DMA, cyclic stress is applied on the polymer at a certain frequency (generally 1Hz) in a
thermally hermetic chamber while temperature inside the chamber is swept from very low (using
liquid nitrogen) to high (using a furnace). The dynamic experiments were carried out inside the
hermetic chamber at 1Hz frequency with temperature varied from -100 0C to 120 0C at a rate 2
0C/min.

Rectangular 30µm x 0.5cm x 25 cm samples are tested for this experiment. In total, 3

samples were tested. An axial static force of 0.4903 N is applied over a dynamic force of 0.196
N. From the experimental results, the in-phase (real) part of the modulus (E'), out-of-phase
(imaginary) part of the modulus (E'') and loss tangent (tan E''/ E')are measured.
Figure 2-20 presents the temperature dependent storage modulus (E') and loss tangent
(tan at 1 Hz frequency for one sample. The mechanical loss spectra of the sample show two
peaks: one at 5 0C and another at -22 0C. The high temperature peak can be attributed to the
rotational and transitional mobility of the chain stem at the crystalline fraction of the polymer
[75,137].
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Figure 2-19. Tensile test (stress-strain) result of one P(VDF-TrFE-CTFE) sample. Inset shows the stressstrain data up to the linear region.

Figure 2-20. Temperature dependent storage modulus (E') and loss tangent (tan of P(VDF-TrFECTFE) terpolymer at 1 Hz frequency
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Relaxation of the chains at the amorphous/crystalline interface and defects inside the crystalline
phase also contribute to this high temperature relaxation. The low temperature (-22 0C)
relaxation peak is credited to the dynamic glass transition of the amorphous phase [75,138]. In
total three samples were tested and the measured mean glass transition temperature is -23 ± 10C.
2.9 Summary
The selection of proper processing conditions to develop the desired microstructural
properties is imperative to enhance the electromechanical performance of P(VDF-TrFE-CTFE)
for use in applications like origami-inspired self-folding structures. For this reason, processing
conditions of P(VDF-TrFE-CTFE) are studied and a 9-hour annealing condition is selected as it
showed improved electrostrictive strain than other annealing conditions. Then, a DSC analysis is
performed on the processed film, which reveals a 36 % degree of crystallinity. Low-field
dielectric spectroscopy and high-field polarization analyses are performed, which confirm
relaxor ferroelectric behavior. More specifically, the terpolymer shows a high room-temperature
dielectric permittivity, a broad dielectric peak and a slim (less lossy) P-E loop. XRD analysis
reveals the development of and -phases. An electric field driven in-situ XRD analysis shows
the disappearance of the and peaks and an emergence of a peak at a higher diffraction
angle, which confirms that relaxor ferroelectric phase is developed in the processed film and
reversible transition from and phases to phase is the mechanism behind the high
electrostrictive strain. An FTIR study also confirms the development of α, and γ phases. An insitu SFG study is also performed, which reveals the reversible field-induced conversion of α and
 phases to the β phase. The SFG study additionally reveals the presence of large Kerr effect in
the processed P(VDF-TrFE-CTFE) film. Finally, DMA analysis is performed which reveals
Young’s modulus and dynamic glass transition temperature of the processed terpolymer film. In
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summary, in this chapter processing conditioned is studied and it is found that, electromechanical
performance of depends on the processing conditions. Also, various characterization studies are
performed on the processed terpolymer films which reveals that, presence of α, and γ phases
and electric field induced transformation of αand γ to phase are responsible for the large
electrostrictive strain. In the next chapter, the processed terpolymer film is utilized to achieve
origami-inspired self-folding structures.
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Chapter 3
Development and characterization of origami-inspired active structures using
multilayered electroactive polymers (EAPs)2

3.1 Introduction
This chapter is focused on demonstrating bending, folding and origami-inspired smart
structures utilizing EAPs, more specifically P(VDF-TrFE-CTFE). The first step towards
achieving origami-inspired structures is showing large actuation (bending). Then the second step
is to convert the bending actuation into a folding actuation, which contains creases. Finally, the
third step deals with the conversion of the simple bending and folding motions into more
complex origami-inspired smart structures.
Based on these steps, the following research tasks are addressed in this chapter:
Task 1 Utilize various approaches to demonstrate on-demand bending and folding of
P(VDF-TrFE-CTFE) terpolymer.
Task 2 Develop an electromechanical model for multilayered P(VDF-TrFE-CTFE) based
unimorph actuator to facilitate fabrication of origami inspired structures.
Task 3 Demonstrate the feasibility of multilayered P(VDF-TrFE-CTFE) based
actuators to achieve active origami-inspired structures.

2 Portions of this work were presented at SPIE 2015 [34], SMASIS 2016 [202] and published in Sensors and Actuators A: Physical journal [39]

63
3.2 Single layer bending actuators
3.2.1 Bending actuation mechanism
P(VDF-TrFE-CTFE) contracts in its thickness direction and expands in its planar area in
response to external electric field due to the near incompressible (poison’s ratio= 0.485)[139]
nature of the terpolymer. This in-plane actuation is converted into out-of-plane motion by
attaching a passive substrate layer, which is scotch (except where noted) tape in our study, to one
side of the active terpolymer as shown in Figure 3-1.

Figure 3-1. (a) Schematic of a unimorph (bending)actuator. (b) In a unimorph configuration, in-plane
motion of the active layer is restricted by the inactive layer, resulting in a bending motion due to strain
mismatch between the two layers.

The passive substrate (scotch tape) acts as a constraining layer. When an electric field is
applied, the entire terpolymer layer tries to expand, but the passive substrate prevents on side
from doing so, which generates a bending stress as shown in the inset of Figure 3-1. The active
layer (terpolymer) faces a tensile stress that varies linearly with the thickness of the actuator and
becomes zero [140]. This zero-stress position is termed the neutral axis (NA). Beyond the NA,
compressive stress starts acting on the actuator as shown in the inset-Figure 3-1 b. This mismatch
in tensile and compressive strain along the thickness of the actuator induces a bending motion.
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Free displacement and blocked force are two very important parameters to characterize the
performance of EAP actuators. Free displacement is the maximum displacement of the actuator
when there are no mechanical constraints. On the other hand, blocked force is the maximum
force exerted by the actuator when its motion is completely restricted [92]. Figure 3-2 presents
the concepts of blocked force and free displacement. A load cell restricts motion of the actuator
and measures the force exerted by it.

Figure 3-2. Schematic showing blocked force measurement set-up.

3.2.2 Materials and measurements
30 µm thick P(VDF-TrFE-CTFE) terpolymer films are prepared following the procedure
described in Section 2.2. Silver is used as an electrode for its self-clearing ability (see Appendix
B and Chapter 4); about 50nm layer of silver is deposited on the P(VDF-TrFE-CTFE) films
using Sputter Coater: Quorum EMS 150 RS. Unimorph actuators are built using P(VDF-TrFECTFE) films as an active layer and one layer of scotch tape (from 3M) as a passive substrate as
shown in Figure 3-3.

65

Figure 3-3. Schematic showing different parts of a single layered bending actuator.

For the bending actuators, a DC electric field is applied. P(VDF-TrFE-CTFE)’s response
time is fast; the actuators reach maximum tip displacement within 1 to 2 seconds of triggering
the signal input. Tip displacements were recorded when the actuator achieved this maximum
displacement using a video camera (Nikon Coolpix p900). Images were extracted from the video
using image capture software (Snipping tool) and analyzed using image processing software
(ImageJ) [141]. All of the assemblies were actuated using a function generator from Agilent
Technologies (33220A, 20MHz) and a high voltage amplifier from Trek (Model 610E). A
schematic of the actuation setup is presented in Figure 3-4. The cantilever beam approach
(Figure 3-2 that has been used to conduct blocked force and forced displacement experiments by
others was also used in this study [142]. Force is measured using a high precision digital force
gauge SHIMPO (FGV-0.5XY).
3.2.3 Single layered bending actuation results
A bending actuator is made using the method described in Section 3.2.1. The length and width of
the actuators are 3cm x1cm respectively. Resultant tip displacements (R) of the bending
actuators are measured using the method described in Section 3.2.1. R is the resultant
displacement measured from tip displacements in the X (x) and Y (y) directions.
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Figure 3-4. Schematic of the experimental scheme. A bending actuator is connected with high voltageand
ground connection using a voltage amplifier (Trek 610E). Function generator (Agilent 33220A) is used to
apply DC and AC electric field depending on actuator types. A video camera is used to record the
actuation of the actuators [39].

R

L



 x2   y2

Equation 3-1

L

Figure 3-5a presents the actuation of a bending actuator as a function of electric field and Figure
3-5 b presents the normalized resultant tip displacement (R/L) as a function of electric field.
Figure 3-5b shows that with the increase of an applied electric field (E), tip displacement of the
bending actuator increases with electric fields up to 50 MV/m before it starts decreasing with
higher fields. This decrease in the normalized tip displacement is attributed to the curling effect
of the actuator at high electric fields [39]. Detail about the curling effect is described in Section
3.5.1.2 of this chapter.
Figure 3-6a shows the measured blocked force as a function of applied electric field. We
see an almost linear increase in the blocked force with increasing electric field. The macroscopic
response of the actuator and the induced force is coupled with the electrical stimulation of the
dipoles of the electroactive terpolymer. As the electric field increases, disordered nanodomains

Figure 3-5. (a) Bending actuation of P(VDF-TrFE-CTFE) terpolymer and scotch tape based actuator. (b)
Normalized resultant tip displacement as a function of applied electric field of a bending actuator.

of the terpolymer are aligned, which is the reason behind the electrostrictive strain. And due to
electromechanical coupling, this stimulation of the nanodomains results in macroscopic actuation
and induced forces[34]. Figure 3-6 b plots the load-line characterization curve at 50MV/m for a 1
layered bending actuator. The area under the load-line curve, which is 0.0624 mJ, represents the
elastic energy induced by the actuator at 50MV/m.
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Figure 3-6. (a) Blocked force as a function of applied electric field for 1layered bending actuator. (b)
Load-line characterization curve for 1 layered bending actuator. The red straight line is the linear curve
fit.
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3.3 Electromechanical model 3
As mentioned, EAPs require high driving voltage for good actuation and the induced
force is generally relatively low[50]. For example, as shown in Figure 3-6, one-layered bending
actuator induces 7mN force at 100 MV/m; which is a low force at a relatively high electric field.
There are disadvantages in using high voltage in applications; two of the disadvantages are the
demand on the electronics and the limitations set by breakdown voltage of dielectric materials.
By casting thin EAP film and alternatively connected them with high voltage and the ground
similar to a parallel plate capacitor connection, we can reduce the driving voltage while
maintaining same electromechanical performance. This is known as multilayered configuration.
Details about the advantage of multilayered configuration are described in Chapter 1, Section
1.4. For example, it is shown in Figure 1-9 that, if the thickness of the thick EAP film is reduced
to one third and then three EAP films are connected to positive and negative potentials, we can
control both the driving voltage and the induced force since the total thickness of the structure
remains the same (t p). Considering these four factors: (1) control over the driving voltage, (2) the
electrical breakdown voltage (3) improvement of the induced force (4) effect of adhesives in
between the EAP layers, there needs to be a comprehensive study of multilayered EAP-based
actuator systems.
Researchers have used multilayered concept for EAP-based extensional actuators to
increase the induced force and displacement for the same driving voltage [143–145]. This
multilayered concept was also applied to unimorph EAP-based actuators with a focus on
experimentally demonstrating improved electromechanical bending [35,88,146–150]. However,
3 Electromechanical model (Task 2) is reproduced with permission from S. Ahmed, Z. Ounaies and E. Ann Arrojado, Sensors

and Actuators A: Physical, Electric field-induced bending and folding of polymer sheets,
http://dx.doi.org/10.1016/j.sna.2017.03.025
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fabrication and analysis of multilayered EAP unimorph systems is complex as it depends on
various parameters such as number of layers of active material, modulus of active and passive
layers, layer thickness, and applied electric field. In this work, we develop non-dimensional sets
of expressions for electric field-induced curvature, tip displacement and blocked force taking
into account the wide range of design parameters (such as thickness, modulus, number of layers,
electric field magnitude etc.) to guide the practical implementation of this multilayered EAP
concept. Previous papers have developed analytical models of induced curvature for multilayered
unimorph/ bending system [151–153]. S. Y Lee et al. developed a theoretical model of induced
displacement and force for multimorph (PZT layers bonded to a passive substrate) [94]. Other
researchers have studied a simplified analytical model for 1-2 active layer systems [91,92,154].
Q. Wang et al. developed and investigated an analytical model for 1-layered piezoelectric
bending actuators (classical unimorph configuration) where the active substrate is lead zirconate
titanate (PZT) and the passive material is reduced PZT [92]. M. Lallart et al. developed an
analytical model for single layered polyurethane (PU) based bending actuators where they used
brass and steel as passive substrate [91]. G. Alici et al. developed tip deflection and blocked
force equations for conducting polymer actuators [90]. Their differential system of equations are
solved numerically and their model is derived for a trilayer system. B. Balakrisnan et al [155].
used the model developed by Devoe et al [151]. for different configurations of EAP based
bending actuators with up to two active layers. Their analysis did not consider the
electromechanical coupling directly nor did it focus on actuation performance as a function of
number of active polymer layer. Researchers have also transformed composite beam into
equivalent single layer beam to study the blocked force [92][155]. In contrast to these studies: 1)
our model is not restricted to a predetermined (small) number of active layers but rather
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considers an n-layered unimorph with n being any positive number; 2) the set of equations are
non-dimensionalzed to allow for simple parametric studies; and 3) the model takes into
consideration the electrode and adhesive layers. Based on these equations, parameters such as
thickness, modulus, number of layers, adhesive properties, type of electordes and applied electric
field can be selected to maximize the performance of EAP based multilayered unimorph
actuators. Though this study is focused on EAP technology, the model can also be implemented
for other smart materials such as piezoelectric ceramic [92,156] electrothermal actuators
[157,158] etc.
This section is organized as follows. First, we present experimental results using various
parameters (e.g., varying the substrate material, number of active layers, and applied electric
field) to show their impact on self-bending and the need for a multilayered unimorph model.
Then we introduce an electromechanical model for multilayered EAP based unimorph actuator.
The electromechanical model is validated using experimental data from the published literature
and also using our experimental data. Next a parametric study based on the developed model is
presented in terms of induced curvature, tip displacements, induced force and work output.
We first consider bending actuators based on different passive substrate materials and
number of active polymer layers (Np) to show the effect of these parameters on the actuation
performance. Figure 3-7 represents bending actuators made of one active layer, P(VDF-TrFECTFE), and one layer of passive substrate material (either scotch tape or paper). Young’s
modulus of scotch tape and paper are 1.6 GPa and 5.5 GPa respectively. Figure 3-7a and Figure
3-7b illustrate the significant difference in actuation performance of the actuators due to the
difference in passive substrate materials. Scotch tape-based actuator induces higher displacement
(see Figure 3-7b) compared to paper-based actuator (see Figure 3-7a), experimentally confirming
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that the passive substrate material is an important design parameter for the actuator’s
performance.

Figure 3-7. Bending actuation of P(VDF-TrFE-CTFE) based unimorph actuators made of different
substrate materials [(a) Paper (b) Scotch tape] at 0MV/m, 30MV/m, 40MV/m and 50MV/m electric field.

Figure 3-8 demonstrates the effect of number of active polymer layers (N p) on the
performance of actuators. Figure 3-8a shows actuation of unimorph actuator made of one layer
(Np=1) of P(VDF-TrFE-CTFE) and one layer of paper as passive substrate at electric field E= 0
and 50MV/m. Figure 3-8b shows actuation of unimorph actuator made of four layers (N p=4) of
P(VDF-TrFE-CTFE) and one layer of paper at 0MV/m and 50MV/m electric field. Similarly,

73
figure 3c is for Np=6. The 4-layered actuator induces a higher tip deflection (see Figure 3-8b)
and one-layered actuator induces the lowest displacement (see Figure 3-8a), also experimentally

Figure 3-8. Actuation of unimorph actuators made of one layer of paper tape as passive substrate and (a)
one (b) four and (c) six layers of P(VDF-TrFE-CTFE) as active layers at 50MV/m.

confirming that the number of active layer is an important design parameter for the actuator’s
performance. The results in Figure 3-7 and Figure 3-8 demonstrate the need for quantifying the
impact of the design parameters (i.e. modulus of the materials, thickness, number of layers (Np),
applied electric field etc.) on the overall output performance of multilayered unimorph actuators,
in terms of force, displacement and energy density. We use a generalized system of equations
considering Np layers of EAP and also considering the effect of electrodes and adhesive layers
(see Figure 3-9). The electromechanical model is developed using beam bending theory and
accounts for the nonlinear relation between the applied electric field and induced
electromechanical strain [93,154,159,160]. The multilayer system contains alternate layers of
adhesive, electrodes and EAP (see Figure 3-9 a). Since we use very thin sputtered electrodes (50
nm in thickness), the electrode and adhesive layers are combined into one layer for the remainder
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Figure 3-9. (a) Schematic of unimorph actuator consists of couple of layers of P(VDF-TrFE-CTFE). Each
EAP layer is electroded on top and bottom using 50nm sputtered silver so that they can act as active layer.
After electroding, two consecutive EAPs are attached together using scotch spray adhesive from 3M. For
simplicity of the electromechanical model, electrodes and adhesive are considered as one layer since the
electrode layer is very thin compared to the adhesive layer. (b) Simplified schematic after considering
adhesive and electrode as a single layer. (c) Side view of the multilayered unimorph actuator where ℎi is
the height, Y=0 is the reference axis.
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of the analysis (see Figure 3-9b). Now considering substrate thickness ts, each EAP layer
thickness tp , and adhesive layer thickness tg, the equation of strain at a height y due to bending
for the multilayered system described in Figure 3-9 a, b and c can be rewritten as:
 ( y)   o 

y



  o  y ; ts  y  hn

Equation 3-2

Here ε(y) is the strain of the actuator at height y, ε0 is the strain at y=0, is the radius of
j i

curvature and is the curvature. Where the relation between h and thickness is, hi   t j .
j 1

For substrate, which is a passive material, the axial strain due to bending is,

 s   o  y
 s  Ys ( 0  y ); ts  y  0

Equation 3-3

Here, Ys is Young’s modulus of the substrate. E is the applied electric field and σs is the induced
stress on the passive substrate due to bending of the P(VDF-TrFE-CTFE). Similarly, induced
stress formula for the EAP and adhesive/electrode layers is,

 i  Yi ( 0  y  M i E 2 ) ;0  y  hn

For EAP layer, Yi=Yp=Young’s modulus of the EAP and Mi=Mp=3×10-18

Equation 3-4

𝑚2
𝑉2

.

Mi is the

coefficient of electrostriction [161]. It is derived by fitting the experimental data for S33 vs. E332 .
See Chapter 2, Section 2.4 for additional information on the experimental determination of Mp.
For the adhesive/electrode layer, Y i=Y g= Young’s modulus of the adhesive/electrode, and
Mi=Mg=0.
When no external force and moment are applied on the actuator, the net resultant force:
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Equation 3-5

The net resultant moment is:
tn

  ydA  0 
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  s ydA    i ydA  0

Equation 3-6

After substituting equations Equation 3-3 and Equation 3-4 into equations Equation 3-5 and
Equation 3-6 and integrating, the following set of general equations is derived:
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Equation 3-7

Equation 3-7 is the complete set of equations for multilayered unimorph actuator. Here the two
unknown values are ε0 and The following assumptions are made when deriving these sets of
equations: (1) stress and strain remain in the elastic region, (2) the actuator bends uniformly with
constant radius. In other words, the induced curvature remains constant throughout the cross
section of the actuator, (3) transverse section which is planar before bending remains planar after
bending, (4) the radius of curvature (1/𝜌) is large compared with the thickness of the beam. After
expanding the above Equation 3-7 in terms of t g, tp , Y g, Yp and modifying the equation we can
deduce this non-dimensional equation of 
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Equation 3-8



. A, B, C, D, E, F, G, H are constants which depends on the

number of layers (i). See the Appendix A for the constant values. This is used to deduce other
system of equations such as equation for tip displacements and blocked force.
The curvature () of the unimorph actuator is induced by the actuation of the P(VDF-TFECTFE) and we can assume that the actuation of the EAP induces an equivalent moment M eq on
the passive substrate. For a cantilever beam with an equivalent moment, the Bernoulli- Euler
equation is given by
M eq
YI

 

Equation 3-9

1



Where YI is the equivalent bending stiffness, and  is the curvature (see
Equation 3-8) of the multilayered unimorph actuator.
The equivalent bending stiffness,

YI 

h
2

h w(y)Y (y) y



2

dy

Equation 3-10

2

See Appendix A for the expanded version of YI. Tip displacement is another important
parameter of unimorph actuators. The X and Y direction tip displacements of the multilayered
actuator are denoted respectively by x and y . These values are calculated using the following
equations which are derived using simple geometric analysis between the tip displacements
(x,y), angular displacement (L) and length of the sample (L) as shown in Figure 3-10:
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x  L 

sin  L

Equation 3-11



1
 y  (1  cos  L)


Equation 3-12

So, the equation for the resultant normalized tip displacement is,

R

L

Here



 x2   y2

Equation 3-13

L

L is the effective length of the multilayered unimorph actuator.

Figure 3-10. Schematic of the experimental setup showing the tip displacements, effective length ( L)
and curvature ( ) of an unimorph actuator.

Blocked force is another important parameter for characterizing actuators performance. It
is the amount of force required to prevent deflection of an actuator[92,162]. Multilayered
unimorph actuator can be modeled as a cantilever beam with an equivalent moment M eq, at the
end of the actuator. The concentric reaction force at the end of the free tip is equivalent to the
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blocked force (Fb) and can be determined by applying Castigliano’s theorem as shown in Figure
3-11.

Figure 3-11. Schematic to derive blocked force equation using Castigliano’s theorem.

The strain energy due to the bending of the actuator is U. Now if M is the internal bending
moment and YI is the overall bending stiffness of the actuator, U can be expressed as:
L

M2
dx
2YI
0

U

Equation 3-14

According to Castigliano’s theorem the variation of the strain energy (U) with respect to the
blocked force (Fb) equals the tip displacement, which is zero in this case. So,

dU
0
dFb
L

M dM
dx  0
YI dFb
0



L

   M eq  Fb (x  L) (x  L)dx  0
0

 Fb 

3M eq
2L
Equation 3-15
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3.3.1 Electromechanically induced curvature and displacement
3.3.1.1 Validation of the model
First we validate our model with experimental results from the published literature [92,147,163].
Then we validate the model using our own experimental results for P(VDF-TrFE-CTFE)-based
multilayered unimorph actuators (see Figure 3-12). Table 3-1 lists the different parameters that
have been used in the analytical model to compare to the experimental data. These parameters
are used in Equation 3-8, Equation 3-11, Equation 3-12 and Equation 3-13 to calculate the tip
displacement of unimorph actuators. The first set of comparisons (see Figure 3-12a and b) is for
unimorphs constructed using Np=1 for a PZT-based unimorph [92] and a polyurethane based
unimorph[163]. Figure 3-12c shows a comparison between our model and a 4-layer based
unimorph (Np=4) where the active material is DE and the passive substrate is PDMS [147]. We
used the 4-layered unimorph actuator’s experimental data from their study.
In Figure 3-12a, our model and the Wang model are a match at N p =1. Compared to the
experimental data, both models are a good match up to E~75MV/m. For higher electric field, the
rainbow actuator exhibits nonlinear effects which are not captured by either model and this result
in an up to 20% deviation. In Figure 3-12b and c, the model and experimental data compare well
at the lower fields with deviations up to 14% at the higher fields. To further validate the model
for multilayered systems we prepared unimorph actuators consisting of 1, 2, 4 and 6 layers of
P(VDF- TrFE-CTFE) polymer as active layers and scotch tape (3M company) as passive
substrate. The effective length of the actuators is 3cm, and the width is 1cm. Experimental tip
displacements are measured using ImageJ (Version 1.49) [141] (section 3.2.1). Figure 3 9 a
shows the schematic of a multilayered bending actuator. The electrode is placed on every layer,
then the layers are
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Table 3-1. Parameters used in the analytical study for validation with experimental results

Active

Passive

material

Substrate

α1

β1

α2

β2

Coupling

Number

coefficient

of active

Materials type

layer, Np
PZT[92]

Reduced

0.855

0.85

0

0

3.2×10-10

1

Ceramic

1

Electrostrictive

𝑚

passive

( )
𝑉

PZT
PU[163]

Brass

0.875

4.33×103

0

0

1.3×10-18
𝑚2

elastomer

( 𝑉2 )
DE[147]

PDMS

1.23

3.6

0

0

4.16×10-17

4

Dielectric

𝑚2

(3M VHB

elastomer

( 𝑉2 )

F9469PC)

Irradiated

Irradiated

P(VDF-

P(VDF-

TrFE)[142]

TrFE)

P(VDF-

Scotch

TrFE-

tape

1.053

1

0

0

2.4×10-18
(

1.78**

8

0.0714

𝑚2
𝑉2

3.0×10-18

5

( 𝑉2 )

Thermoplastic
fluoropolymer

)

3.7

𝑚2

1

1,2,4,6

Thermoplastic
fluoropolymer

CTFE)
*Thickness and young’s modulus of P(VDF-TrFE-CTFE) are ~35µm and 0.2GPa respectively. ** α1=1.38 for figure 5(d)

stacked together and finally an inactive layer is added to build a unimorph configuration. Scotch
spray mount adhesive from 3M is sprayed in between each electrode layer to attach them
together. As discussed before, in this model the adhesive and electrodes are combined into one
layer, which is referred to as the adhesive layer. Therefore, the properties of the so-called
adhesive layer, Y g and tg, combine both the effects of the adhesive and the electrode
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Figure 3-12. Comparison of the developed model with published experimental results for (a) PZT based
rainbow actuator and (b) PU based electrostrictive actuator (c) DE actuator. The measured and modeled
normalized tip displacement of P(VDF-TrFE-CTFE) based unimorph actuators for, (d) number of
polymer layers Np=1; (e) number of polymer layers Np=2; (f) number of polymer layers, Np=4; and (g)
number of polymer layers Np=6. As an attempt to model the adhesive, the experimental results were
compared with calculated ones neglecting the adhesive layers (α 2=0, β2=0) and also using α2=0.0714,
β2=3.75 for the adhesive. Shadow colors in figure (d) to (f) represents error bars of the experimental data.
The experimental data is connected using a 2nd order polynomial fit
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(see Figure 3 9 b). To model the adhesive layers, we used various α2 and β 2 values staring from
α2=0, β2=0 (neglecting the adhesive layers) to α2=0.0714, β2=3.75 (e.g. Y g=750MPa, tg=2.5µm).
For 1-layered unimorph actuator, scotch tape has a built-in adhesive layer. Figure 3-12d shows
up to 28% deviation (at 40MV/m) of the experimental result from the analytical results and
figure 5e shows up to 25% deviation (at 50MV/m) of the experimental result from the analytical
results. The developed analytical model assumes linear stress-strain relation. The authors
attribute nonlinearity to this deviation at high electric field. Also, Figure 3-12d shows better
agreement between the experimental and the calculated results for α 2=0, β2=0 than α2=0.0714,
β2=3.75. There is a decrease in the tip displacement starting from 60MV/m. This is due to the
curling effect of the actuators at high electric field. More detail about the curling effect is
described in later section. Figure 3-12e also shows good agreement between the experimental
and calculated results for α2=0, β 2=0 than α 2=0.0714, β2=3.75. It is because, for two layered
unimorph actuator, only one layer of adhesive spray is used in between the two EAP substrate.
Moreover, there is a plateau region in the tip displacement curve at high electric fields starting
from 60MV/m for Np=2. This plateau effect can be attributed to the curling of the unimorph
actuators at high electric field. Detail on curling effect is described in Section 3.5.1.2. Figure
3-12f (Np=4) shows better agreement between the experimental and the analytical data than
figure 5d (Np=1) and 5e (Np=2) with maximum deviation up to 22% at 70 MV/m. Figure 3-12g
(Np=6) also shows better agreement between the experimental and the analytical data than Figure
3-12d (Np=1) and 5e (Np=2) with maximum deviation up to 20% at 50 MV/m. With the increase
of Np nonlinear effect diminishes and the analytical model shows better agreement with the
experimental results. For higher layered systems (N p=4 and Np=6), calculated results show better
agreement with the experimental results for α2=0.0714, β2=3.75 because of the increase in the
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number of adhesive layers (see Figure 3-12f and g). The thickness and Young’s modulus of the
adhesive layer are chosen as 2.5µm (α2=0.0714) and 750MPa (β2=3.75) respectively in this
article for further analytical study.
3.3.1.2 Curling effect
Figure 3-13 a, b and c illustrates the curling effect. Figure 3-13 a shows the tip displacement
when electric field up to 80MV/m is applied for N p=1. Figure 3-13 b is the actuation of actuator
at E=0 and E=80 MV/ for Np=2. Curling is seen at E=80 MV/m. Figure 3-13 c shows that curling
of the actuators is captured by the model as seen in the case where the substrate is scotch tape.
Also, the curling is substrate-modulus-dependent. For example, scotch tape-based actuators start
curling at low electric field compared to paper-based actuator because of the lower modulus of
the scotch tape as compared to paper.
3.3.1.3 Induced curvature as a function of EAP layers (N p)
Figure 3-14 shows the relationship between the electromechanically-induced curvature and the
number of layers Np, where scotch tape is the passive substrate material. The curvature 
increases up to a certain Np value and then starts to decrease (see Figure 3-14a and b). Since the
induced curvature  is proportional to the effective moment (Meq) and inversely proportional to
the bending stiffness (YI) of the actuator (see Equation 3-9), it can be shown that. As the
number of polymer layers (Np) increases, the neutral axis (NA) shifts accordingly (see Figure
3-14 c) and as a result the equivalent Meq increases, as shown in Figure 3-14d, leading to the
increase in . Another consequence of the increase in N p is that the overall thickness (h) of the
actuator also increases, which tends to reduce . Because of these opposing effects,  increases
when the numerator dominates and decreases when the denominator dominates. The complete
set of equations used to determine the location of NA are included in Appendix A.
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3.3.2 Blocked force and elastic energy
In this section, we validate our model for blocked force with experimental results from published
research papers [92,142]. Then we validate the model using experimental results from P(VDF-

Figure 3-13. (a) Actuation of one-layered scotch tape-based unimorph actuator at 60,70 and 80MV/m.
(b) Curling of a two-layered scotch tape-based unimorph actuator at E=80MV/m. (c) Normalized tip
displacement as a function of electric field for a two-layered sample (Np=2) using both scotch tape and
paper as substrate. This figure depicts the curling effect of unimorph actuator at high electric fields for
different substrate materials. The scotch tape-based substrate shows higher actuation and as a result starts
curling earlier than the paper based sample. The two schematics on top of this image show the position of
the tip at two different magnitudes of electric field, E 1 and E2.

TrFE-CTFE)-based multilayered unimorph actuators. Table 3-1 lists the different parameters that
have been used in the analytical model for comparing with the experimental data. These
parameters are used in
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Figure 3-14. (a) Induced curvature () as a function of applied electric for various number of P(VDFTrFE-CTFE) layers using scotch tape as substrate. (b) The curvature  as a function of Np at various
applied electric fields. The value of reaches maximum at Np = 2, then decreases gradually. (c) Change
in position of the neutral axis as a function of Np from reference axis Y=0. (d) Equivalent moment (M eq)
as a function of Np for E=50MV/m.

Equation 3-10, Equation 3-12 and Equation 3-15 to calculate the blocked force (Fb ) and free
displacement (y). Q. M. Wang et al.’s [92] work is on lead zirconate titanate (PZT) ceramic
based unimorph RAINBOW actuators and X. Bao et al.’s work is on electron irradiated P(VDFTrFE) copolymer [142]. We see a good agreement between the experimental and the calculated
results for PZT ceramic based actuator (Figure 3-15a). Figure 3-15b shows good agreement up to
40MV/m and deviation from the calculated data at 50MV/m. Although it is a 2-layered system,
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the authors did not specify the adhesive type that was used to build the actuator. So, for
simplicity we neglected the adhesive layer in our calculation. This factor can be attributed to this
deviation of results at 50MV/m.

Figure 3-15c represents comparison of experimental and

calculated blocked force as a function of electric field for 6-layered unimorph actuator
Experimental forces are measured using digital force gauge [SHIMPO (FGV-0.5XY)]. Detail on.
the force measurement set-up is described in section 3.2.1.
Figure 3-15d represents the experimental and quantitative load-line characteristic curve
for actuators made of scotch as passive substrate and 1,4 and 6 layers of P(VDF-TrFE-CTFE).
Both experimental and quantitative results show that for a given substrate material (e.g. scotch
tape) and applied electric field, six layered sample (N p=6) induces maximum force. Induced
force is proportional to the bending stiffness of the actuators (see Equation 3-15), which
increases with the increase of number of polymer layers. One (N p=1) layered samples induces
lower force. In contrast, Np=1 sample yields maximum tip displacement and Np=6 sample
induces the minimum tip displacement which is also depicted in Figure 3-7. With the increase of
Np, the overall flexural stiffness of the structure increases (
Equation 3-10) which in turn decreases the electromechanical actuation. It is explained in detail
in previous section (Section 3.5.1.3, Figure 3-14a). In this figure (Figure 3-15d), there is a good
agreement between the blocked forces (force at y =0) and free displacements (displacements at
Force=0). However, the intermediate forces (forces at a certain displacement) deviate from the
straight load-line characterization curves.
Other researchers have commented on the challenge in measuring actuation force in the
intermediate space between blocked force and free displacement; for example, Y. bar Cohen et
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Figure 3-15. (a) Experimental blocked force as a function of electric field for cantilever RAINBOW
actuator and corresponding calculated values using our model. (b) Experimental blocked force as a
function of electric field for electron irradiated P(VDF-TrFE) copolymer based actuator and
corresponding calculated blocked force using our developed electromechanical model. The measured and
modeled blocked force of P(VDF-TrFE-CTFE) based unimorph actuators for, (c) number of polymer
layers, Np=6 (d) Experimental and analytical load-line characteristics curve for 1,4, and 6 layered
unimorph actuators using 1 layer of scotch tape as passive substrate at 50MV/m electric field. Shadow
colors of figure (d) represents error bar of the experimental data.

al. reported in literature that “…it is not easy to predict the actuation force with a certain
displacement by knowing the blocked force and the free bending curvature of the beam due to the
geometric non- linearity. The bending rigidity is a more fundamental parameter of the beam that
is related to the output force...”[142].
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Apart from the bending rigidity, when the actuator travels a certain distance and touches the
force gauge node, the gauge only measures the horizontal component (F y) of the total force (F)
induced by the actuator (see Figure 3-16). Finally, it is hard to ensure that the actuator will touch
the same position of the load cell tip irrespective of different samples. This factor might also add
up to the total deviation in Figure 3-15d.

Figure 3-16. Schematic of force-displacement experiment: Angle of contact between the actuator tip and
the force gauge node for a specific displacement (y). Image of actuator contacting the tip of the force
gauge when actuation force is measured with a certain displacement (y).

Both the induced force and free displacement are important as the output elastic energy
depends on both of these parameters. Also, the developed model gives good prediction of
induced blocked force and free displacements, except for determining the actuation force at a
certain displacement. That is why using the developed model, we did further quantitative study
on the induced force and elastic energy as a function of applied electric field and N p. In Figure
3-17a, calculated induced force in plotted as a function of tip displacement in Y direction (y) for
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Figure 3-17. (a) Load-line characterization curve for scotch tape based unimorph actuators for N p=4. It
shows that for a particular Np, with the increase of applied electric field induced force and displacement
increases. (b)Load-line characterization curve of actuators as a function of Np for a fixed electric field
(50MV/m) using scotch tape as passive substrate. (c) Induced elastic energy of the actuator as a function
of Np when scotch tape is used as substrate. The figure shows that there is a suitable Np value above and
below which output elastic energy decreases. For scotch tape substrate at 50MV/m maximum energy
density point is Np= 7and at 75MV/m maximum energy density point is Np=13.

a fixed configuration (Np=4) at 25,50 and 75MV/m. It is observed that with the increase of
applied electric field (E) both induced force and free displacement increases for fixed Np value.
However, at high electric field, say 75MV/m, curling occurs for scotch tape based actuator which
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reduces tip displacement (see section 3.5.1.2). In Figure 3-17b, calculated induced force in
plotted as a function of tip displacement (y) for a fixed applied electric filed (E=50MV/m) and
varying Np. With the increase of Np values, induced force increase, but free displacement
decreases for a certain applied electric field. Specifically, in Figure 3-17b when Np =1, induced
force in minimum and tip displacement is maximum. And when Np =100, induced force in
maximum and tip displacement is minimum. The area under the load-line curve represents the
induced output elastic energy which also changes with Np . The calculated elastic energy is
plotted as a function of Np in Figure 3-17c for scotch tape. There is a suitable Np value above and
below which output elastic energy decreases. For scotch tape substrate at 50MV/m maximum
energy density point is Np =7 and at 75MV/m maximum energy density point is Np =13. This
concept is important to design self-foldable smart structures using EAPs. If the goal is to achieve
higher strain or large bending/folding of structures, the approach should be to select low N p. On
the contrary if the objective is to use the EAPs to deploy a structure, such as action origamiinspired structures [155] or solar panel [7], we need to induce as much force as possible to
actuate the inactive action-origami inspired structure. Then the approach should be to select
higher N p to induce high force. Depending on the requirements, such as large bending/folding or
actuation of deployable structures, these curves can guide us to design actuators with suitable Np,
required electric field(E) and substrate materials (α1, β1).
3.3.3 Parametric study
Previous sections analyzed the effect of Np on induced, y and induced force. In this section,
the developed analytical model is used to conduct a parametric study of , y and Fb for
geometric properties (α1, Np ) and materials properties (β1). More specifically, this study is a
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design guide to select substrate modulus and thickness for a unimorph actuator with fixed N p
with the goal of inducing maximum tip displacement and force.
To conduct this study, Equation 3-7 is converted into normalized tip displacement
equation as follow:
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Equation 3-16

Here t p is the polymer thickness. For a given 𝑖 value (see Figure 3-9), relation between total
thickness (t) of the actuator to the thickness of the polymer is,
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Equation 3-17
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Equation 3-18

Here is the normalized tip displacement in terms of the total thickness of unimorph actuator.
For an unimorph actuator, maximum normalized tip deflection depends on the thickness
ratio (α1), and Young’s modulus ratio ( for a certain value of α2 and  The thickness ratio
required to achieve maximum tip deflection can be calculated from equation of through
differentiation of vs. α1.

d
 0  1 max   (1 )
d1
Here  ( 1 ) dictates that expression for (α1)

max

Equation 3-19

which is a function of when α2 and values

are constant. Also, the Young’s modulus ratio required to achieve maximum tip deflection can be
calculated from equation of through differentiation of vs. .

d
 0   1 max   (1 )
d 1
Here  (1 ) dictates the expression for ()

max

Equation 3-20

is a function of α1 when α2 and values are

constant. The following table (see Table 3-2) consists of expressions for (α1)

max

and ()

max

which are generated using the method described above. Effect of electrode and adhesive is
neglected during the calculation, which means α2 =0 and  To investigate the
interrelationship between the geometry (α1), material properties (β1) and, we selected two

94
different configurations of unimorph actuators (N p=4, 20) and plotted them in a 3D plot (see
Figure 3-18a and Figure 3-18b). For better visualization, we also plotted 2D figure by the side of
the 3D plots. From Figure 3-18a, the location of the maximum value of is(α1=0.133,
β1=1000). Which means for an unimorph actuator consisting of 4 layer of P(VDF-TrFE-CTFE)
which has a thickness and modulus of 35µm and 0.2GPa respectively, a substrate material of
4.65µm thickness and 200GPa modulus should be designed to achieve maximum tip
displacement. This 3D plot also helps to find the thickness of the passive substrate for an existing
material to induce maximum tip displacement. For example, if the passive substrate is polyimide
film (2.5GPa), then β1=12.5.

So, from the 3D figure, corresponding α1 to maximize tip

displacement at this configuration (Np=4) is 1.0985, which means a polyimide film of 39 µm
Table 3-2. (α1) max and ( 1) max expressions for various Np values when α2 =0and 
Number of EAP
layers,
Np

(α1) max

(  ) max

1

1

1
𝛼12

√β1
2

2
√β1

4

4
√β1

6

6
√β1

10

10
√β1

4
𝛼12
16
𝛼12
36
𝛼12
100
𝛼12
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thickness as passive substrate will induce maximum tipdisplacement when Np=4 and P(VDFTrFE-CTFE) thickness is 35 µm. Similarly, if the actuator requires a specific substrate thickness
for design purpose, this 3D plot can guide us to find the suitable substrate material of specific
young’s modulus to maximize the tip displacement for that required thickness. From the 2D
figure the change in  as a function of α1 and β1is observed evidently. decreases from 1=0.1 to
1=5 for a fixed 1 . With the increase of 1 , Young’s modulus of the passive substrate increases
for a given configuration (N p=4). As a result, the passive substrate restrains the actuation motion
of the active polymer layer and thus we see an abrupt decrease in the tip displacement. From
Figure 3-18b, the location of the maximum value of is(α1=0.6866, β1=790.6043), which
means for a unimorph actuator consisting of 20 layers of P(VDF-TrFE-CTFE) with a thickness
and modulus of 35µm and 0.2GPa respectively, a substrate material of 24µm thickness and
158.12GPa modulus should be selected to maximize the tip displacement. The required value of
substrate thickness and modulus to yield maximum tip displacement have changed from N p=4 to
Np=20 because of the increase in bending stiffness of the actuator. This 3D plot also helps to find
the thickness or Young’s modulus of the passive substrate for a given material or thickness to
maximize tip displacement when Np=20. The 2D plot shows that the tip displacement does not
decreases abruptly unlike in the case of N p=4. For 20-layered system, stiffness of the EAP stack
is higher compared to the 4-layered system. As a result, when 1 increases from 0.1 to 5, we do
not see a sharp decrease in  which is necessitated from the requirement of effectively
constraining the increased in-plane actuation for 20 layered unimorph system. With the increase
of Np, the modulus and the thickness of the passive substrate has to be increased accordingly, to
effectively constrain the active layers. As a result, we also see a shift in the peak from Np=4 to
20. That is why the peak of the 1=0.1 curve is wider and shifted from N p=4 to 20.
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Figure 3-18 shows the analysis between α1, β1 and for a fixed number of layer (Np). To
better visualize the interrelationship between the geometric property(α1), material property (β1),
and N p we employed Applied Research Laboratory’s (ARL) Trade Space Visualizer (ATSV)
[164]. ATSV is a software tool that facilitates trade space exploration and the design-byshopping paradigm by combining powerful visualization techniques with methods to generate
design
:

Figure 3-18. 3D and 2D plots showing the normalized tip displacement as a function of thickness ratios
(α1) and modulus ratios (β1), for different number of active polymer layers (Np). (a) Np=4 (b) Np=20.
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Figure 3-19. ATSV glyph plot (Front view and side view) showing the interrelation between geometry
(α1), material properties (β1), and Np.

alternatives in regions of interest. Complex, multivariate data sets relating to the trade space can
be visually investigated using dynamic 3D glyph plots, 2D scatter plots, parallel coordinate plots,
and the scatter matrix[165]. Figure 3-19 shows the ATSV glyph plot of


as a function of α1
 max

and β1 for various number of EAP layers from 1 to 10. Here, maximum normalized tip
displacement,  max =3. It is observed that with the increase in Np, the


peak shifts to higher α1
 max

and β1 values. As it is described in previous section that with the increase of Np, the modulus and
the thickness of the passive substrate has to be increased accordingly, to effectively constrain the
active layers. This factor is attributing to the shift of the


peak.
 max

To conduct parametric study of normalized blocked force, Equation 3-15 is converted into
normalized blocked equation as follow,
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From Equation , 10 the equivalent bending stiffness,
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Yp t 
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Here, V is the relation between total thickness t and each EAP layer thickness t p.
And,
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V

See Appendix A for the constant values A1, B1, C1, D1 , E1, F1, G1, H1, I1, J1 , K1 .
From Equation 3-18 and Equation 3-22 replacing respectively the YI and δ y values into above
blocked force expression (see Equation 3-21) and by simplifying we get,
4Fb L
 
M p E 2 t 2 wYp
   

Equation 3-23

Here, Ωis the normalized blocked force, is normalized tip displacement and φ is normalized
flexural stiffness (see Equation 3-21). To show the interrelationship between the geometry (α 1),
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material properties (β1) andΩ, we selected two different configurations of unimorph actuators
(Np=4, 20) and plotted them in a 3D plot (see Figure 3-20 a and b). For better visualization, we
also plotted 2D figure by the side of the 3D plots. From Figure 3-20 a, the location of the
maximum value of Ωis(α1=0.5429, β1=1000). Which means for an unimorph actuator consisting
of 4 layer of P(VDF-TrFE-CTFE) which has a thickness and modulus of 35µm and 0.2GPa
respectively, a substrate material of 19 µm thickness and 200GPa modulus should be designed to
achieve maximum blocked force. This 3D plot also helps to find the thickness of the passive
substrate for an existing material to induce blocked force. For example, if the passive substrate is
polydimethylsiloxane (PDMS) film (~1.85MPa), then β 1=0.009.

So, from the 3D figure,

corresponding α1 to maximize blocked force at this configuration (Np=4) is 7.2. Which means a
PDMS film of 252 µm thickness as passive substrate will induce maximum blocked force when
Np=4 and EAP thickness is 35 µm. Similarly, if the actuator requires a specific substrate
thickness for design purpose, this 3D plot can guide us to find the suitable substrate material of
specific young’s modulus to maximize the blocked force for that required thickness. Blocked
force is proportional to bending stiffness of the actuator (see Equation 3-15). As a result, we see
an increase in Ωfrom 1=0.1 to  1=5 for a fixed 1 (Figure 3-20a, 2D plot). Also, Ωdrops
abruptly with the increase of 1 (Figure 3-20 a, 2D). So, a substrate material with high modulus
and low thickness is likely to induce high blocked force. From Figure 3-20b, the location of the
maximum value of Ω is (α1=2.8118, β1=1000). Which means for an unimorph actuator
consisting of 20layer of P(VDF-TrFE-CTFE) with a thickness and modulus of 35µm and 0.2GPa
respectively, a substrate material of 98.4 µm thickness and 200GPa modulus should be selected
to maximize the blocked force. Also with the increase of N p from 4 to 20, the peaks for different
β1 becomes wider (see Figure 3-20a and b, 2D plot). In Figure 3-20a -2D plot; for Np=4, α1=200
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and β1=5, Ω=1.35. And in Figure 3-20b-2D plot, for Np=20, α1=200 and β1=5, Ω=2.55 (see
Figure 3-20b, 2Dplot). Because with the increase of N p, the bending stiffness of the structure
increases which in turn results in higher blocked force.Figure 3-20 shows the analysis between
α1, β1 and Ωfor a fixed number of layer (Np). To better visualize the interrelationship between
the geometry (α1), material properties (β1), Ωand Np we again employed ATSV. Figure 3-21
presents the ATSV glyph plot of


as a function of α1 and β1 for various number of EAP
max

layers from 1 to 10. Here, maximum normalized tip displacement, max =24.05 for Np = 10. The

peak shifts to higher α1 and β 1 value and also increases with the increase of Np.
max
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Figure 3-20. 3D and 2D plots showing the normalized blocked force as a function of thickness ratios (α1)
and modulus ratios (β1), for different number of active polymer layers (Np). (a) Np=4 (b) Np=20.

Figure 3-21. ATSV glyph plot showing the interrelation between geometry (α1), material properties (β1),
and Np.
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3.4 Folding actuation
Traditional origami builds upon the foundation of origami paper folding principles [11].
The previous section presented a scheme to achieve a large bending motion. Then an
electromechanical model is developed to improve the electromechanical performance of bending
actuators. This section focuses on the ways of achieving folding motion. Folding is defined as
the localized deformation of a material along crease patterns to create new shapes as shown in
Figure 3-22[11]. A detailed discussion on bending vs. folding is described elsewhere[11]. Based
on the criteria for folding [11], different approaches are undertaken in this study to achieve
electric field driven on-demand folding of a terpolymer sheet.

Figure 3-22. Material folding across crease pattern under external stimulus [11].

3.4.1 Folding using stiffener approach
Bending actuators or unimorphs are manufactured by constraining the in-plane motion of
the terpolymer, which creates curvature. In the stiffener approach, this distributed curvature
deformation is converted into localized deformation (folding) by sandwiching a very thin strip of
metal (stiffener) between the active material (terpolymer) and the passive substrate (scotch tape).
The difference between the stiffener and the passive layer is that the stiffener covers only a small
area of the active surface compared to the passive layer as shown in Figure 3-23 a. The stiffener
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acts as geometric reinforcement to enable localized deformation by inducing a further thickness
gradient along the length of the actuator. In other words, these stiffeners guide the active
membrane deformation to a targeted folding motion. For the stiffener samples, scotch tape is
used as passive substrate, terpolymer is the active layer and thin Nickel foil, Copper foil and
Aluminum foil are
Table 3-3. Material Properties

Materials

Young’s Modulus (GPa)

P(VDF-TrFE-CTFE)

0.2

30

Scotch tape

1.6

62

Nickel foil (Ni)

190

10

Copper foil (Cu)

120

10

Aluminum foil (Al)

70

10

Thickness (µm)

used as stiffeners. These thin foils are purchased from Alfa Aesar (Haverhill, MA). Table 3-3
lists the thickness and Young’s modulus of terpolymer, scotch tape and the metal foils.
To analyze the effect of stiffener, the maximum stress induced in each section of the
actuator is calculated using composite beam bending analysis. Details about this composite beam
bending analysis technique are provided in Ferdinand P. Beer et al’s book [159]. For analysis
purposes, it is assumed that an external bending moment (M), which is due to the applied electric
field, is acting on the actuator. Two cross sections, one without a stiffener (A-A’) and one with a
stiffener (B-B’), are selected to calculate the maximum stress at each material section (see Figure
3-23). From simple beam bending analysis, the position of the neutral axis for cross section A-A’
is 34 µm and cross section B-B’ are 65 µm for Ni, 64 µm for Cu and 63µm for Al stiffener from
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the bottom (Y=0) as shown in Figure 3-23 b, c, d and e. At the A-A’ cross section, the maximum
tensile stress is 10M and maximum compressive stress is 45M, where M is the external bending
moment (see Figure 3-23 b). At the B-B’ cross section, for Ni foil, the maximum tensile stress is
370M and maximum compressive stress is 30M (see Figure 3-23 c); for Cu foil, the maximum
tensile stress is 285M and the maximum compressive stress is 33 M (see Figure 3-23 d); and for
Al foil, the maximum tensile stress is 211M and maximum compressive stress is 32 M (see
Figure 3-23 e). Based on the above preliminary stress distribution study where only one stiffener
type is used, folding actuators are made with different stiffener materials. The size of the
stiffeners is 1mm (L) x 20mm (W) x 10 µm (H). The actuators are 3 cm x 1cm in size. Figure
3-24 a shows the schematic of a three-stiffener-based folding actuator made with Ni, Cu and Al.
Figure 3-24 b presents the actuation of a Ni stiffener-based folding actuator as a function of
electric field. White arrows at Figure 3-24 b (35 MV/m) show the positions of the Ni stiffeners.
Three distinct segments are evident due to the presence of the Ni stiffeners. Figure 3-24 c
presents the actuation of the Cu stiffener based folding actuator as a function of electric field. In
this case, the effect of Cu stiffeners is not as evident as the previous case with Ni stiffeners.
Finally, Figure 3-24 d presents the actuation of Al stiffener-based folding actuators as a function
of electric field. In this case, the effect of stiffeners is not discerned. The effect of the three
different stiffener materials can be explained by the maximum induced stress calculation that is
presented in the previous section. It is found that Ni, Cu and Al induce 370M, 285M and 211M
stresses respectively. As a result, Ni stiffener-based actuators show more pronounced folding
effects in comparison to Cu and Al. Since the Ni stiffener-based folding actuator showed the
most promising results, further analysis was conducted to explore the potential of Ni stiffener to
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achieve on-demand folding. Figure 3-25 a shows the folding actuation of a Ni stiffener-based
actuator as a function of electric field. It shows that the actuator induces excessive strain and

s
Figure 3-23. (a) Schematic showing the construction of a folding actuator with stiffener. Electric field
induced moment (M) is acting on the actuator. (b) Stress distribution for net moment M at cross sections
(A-A’). (c) Stress distribution for net moment M at cross sections (B-B’) for Nickel stiffener. (d) Stress
distribution for net moment M at cross sections (B-B’) for Copper stiffener. (e) Stress distribution for net
moment M at cross sections (B-B’) for Aluminum stiffener.
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Figure 3-24. (a) Schematic showing the dimension of a stiffener based folding actuator containing three
stiffeners. Folding actuation of (b) nickel based folding actuator (c) Copper based folding actuator and (d)
Aluminum based folding actuator.
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twists at 40 MV/m. Figure 3-25 b shows the actuation of the folding actuator when two Ni
stiffeners are used instead of one. It shows that because of the stiffener located at the tip of this
actuator, it does not twist unlike the previous one as shown in Figure 3-25 a. Based on these
results, it is deduced that the extra stiffener at the tip of the actuator is functioning as a stabilizer.
The 3, 4 and 5 stiffener-based actuators show 4, 5 and 6 distinct segments as shown in Figure
3-26 a, b and c respectively. A discernible hexagonal shape is created at 45 MV/m for a 5-Nistiffener-based actuator as shown in Figure 3-26c. On the other hand, a 6-Ni-stiffener-based
actuator as shown in Figure 3-26d, does not show any distinct segments, therefore, presence of
too many stiffeners prevents formation of localized deformation. Presence of too many stiffeners
along the lengh of the actautor hamper the contrast between localized deformation and pure

Figure 3-25. Electric field induced actuation of (a) one Ni stiffener based folding actuator (b) two Ni
stiffener based folding actuator.
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Figure 3-26. Electric field induced actuation of (a) 3 Ni stiffener based folding actuator (b) 4 Ni stiffener
based folding actuator (c) 5 Ni stiffener based folding actuator and (d)6 Ni stiffener based folding
actuator.
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bending and thus, does not show any distinct segments. Perhaps for 6-Ni-Stifferner, the length of
the actautors should be increased to get better ratio between pure bending and localized
deformation.
3.4.2 Folding using notch approach
In previous section, stiffeners made of thin metal foils are implemented to realize folding
actuation of P(VDF-TrFE-CTFE)-based actuators. Although using the Ni stiffener approach
successfully achieved segmented folding in comparison to the pure bending actuator, more
pronounced and
dramatic folding motion with a sharp angle between the two sides of the material demands a
different approach. The origami literature makes mention of need to create a crease pattern as
essential to induce folding actuation [11]. To achieve this crease pattern, a notch approach is
used. A single notch is introduced in a unimorph actuator which is presented in Figure 3-27 a.
First, a bending actuator is made following the steps as shown in Figure 3-3. Then, on the top of
the substrate side of the bending actuator, a 10mm narrow slot (notch) is created using scotch
tape again as shown in Figure 3-27a.
To analyze the effect of the notch, the maximum stress induced in each section of the
actuator is calculated using composite beam bending analysis, similarly to the method described
in the previous section. Two cross sections, without notch (A-A’) and with notch (B-B’), are
selected to calculate the maximum stress in each material section ( see Figure 3-27 a). From
beam bending analysis, the position of the neutral axis for cross section A-A’ is 64 µm and cross
section B-B’ is 34 µm as shown in Figure 3-27 b and c respectively. At A-A’ cross section, the
maximum tensile stress is 16M and maximum compressive stress is -18 M, where M is the

110
external bending moment (see Figure 3-27 b). At B-B’ cross section, the maximum tensile stress
is 39M and maximum compressive stress is -45 M (see Figure 3-27 c).
Based on the stress distribution study of the notched sample, it is evident that notched
samples tend to induce a non-uniform change in the curvature due to the change in maximum
stress at different cross sections of the actuator as shown in Figure 3-27. Single notched
actuators are built with three notch sizes, namely 0.1cm, 0.5cm and 1cm, as shown in Figure
3-28. The 0.1cm notched sample does not show any localized curvature and actuates like a
bending actuator as shown in Figure 3-5 a. The 0.5 cm notched sample (see Figure 3-28 b)
induces more pronounced localized curvature in comparison to the 0.1 cm sample. Finally, the 1
cm notched sample as shown in (see Figure 3-28 c) induces the most promising localized
curvature among all of the three-notched samples. Also, the single 1 cm notched folding
actuators, in comparison to stiffener based folding actuator, induce more pronounced folding. If
the notch is considered as pivot, the flexural stiffness of the notch can be expressed as:

𝑌𝐼
𝑙

[166].

Here, Y is the Young’s modulus, I is the area moment of inertia and 𝑙 is the length of the notch.
From this expression we see that, with the increase in notch length, flexural stiffness decreases.
As a result, 1cm long notched sample induces more pronounced folding actuation than 0.1cm
and 0.5cm long notches.
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Figure 3-27. (a) Schematic showing the construction of a folding actuator with stiffener. Electric field
induced moment (M) is acting on the actuator. (b) Stress distribution for net moment M at cross sections
(A-A’). (c) Stress distribution for net moment M at cross sections (B-B’).
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Figure 3-28. Electric field driven actuation of (a) 0.1cm notched (b) 0.5 cm notched and (c) 1cm notched
folding actuators.
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Figure 3-29. Electric field induced actuation of a double notched folding actuator as a function of electric
field [167].

Based on the pronounced folding actuation of the 1cm folding actuator (see Figure 3-28 c),
double notched actuators are built as shown in Figure 3-29. The length and width of the notched
based folding actuators are 6cm x 2cm. Figure 3-29 shows the folding actuation of the notched
actuators as a function of electric field. The double-notched actuator shows two distinct angles as
indicated by the arrows in Figure 3-29, 55 MV/m. The induced angles of the single notched and
double notched folding actuators are measured and described elsewhere [167]. Next, notch-based
folding actuators are build using two different sized notches in the same sample, namely 0.5cm
and 1cm. Figure 3-30 shows three double-notched folding actuators. The notches are placed in
different locations of the actuators, and as a result, the induced actuation was different. Figure 330 a shows that the centerline of the notches is 2cm apart from each other. Figure 3-30b shows
that the centerline of the notches is positioned proportional to the creases in the finger as shown
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Figure 3-30. Folding actuation of notched samples made of 0.5cm and 1cm notches when (a) distance
between the center line of the notches are 2cm apart. (b) the centerline of the notches is positioned
proportional to the creases in the finger and (c) the centerline of the panels is proportional to the distance
between the knuckles.
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in the schematic. This actuator is coined as location focused finger model. Finally, for Figure 330 c the centerline of the panels is proportional to the distance between the knuckles. This
actuator is named the distance focused finger model.
3.5 P(VDF-TrFE-CTFE) actuated self-folding/deployable structures
In the previous section, we used two different design approaches (notch and stiffener) to achieve
segmented folding and creased folding. In this section, the application of terpolymer-based
multilayer unimorph to actuate three dimensional (3D) self-folding structures (i.e., cube and
pyramid) and action-origami figures [3] (catapult, flapping butterfly wings and barking dog)
using the insights from the model are demonstrated.
Figure 3-31 presents the self-folding actuation of origami-inspired cube box and Figure
3-32 presents that of the square base pyramid. Both cube and pyramid are built using one layer of
terpolymer film as active layer and one layer of tape as passive substrate or inactive layer. The
films are coated with 50nm silver. The cubic box, square pyramid and the catapult were actuated
using DC input signal. A function generator from Agilent Technologies (33220A, 20MHz) and a
high voltage amplifier from Trek (Model 610E) are used to apply electric field. The objective
here is to yield active 3D structures using P(VDF-TrFE-CTFE) which requires large folding and
this large folding is achieved using only one layer (N p=1) of EAP, because lower number of
active layers (Np) induced higher displacement (Section 3.5.1.3, Figure 3-14). The cubic box is
open at 0MV/m (see Figure 3-31b) and closes to create the box at 50 MV/m (see Figure 3-31c).
The square pyramid structure is open at 0MV/m (see Figure 3-32 b) and closes completely at
60MV/m (see Figure 3-32 c). Figure 3-33, Figure 3-34 and Figure 3-35 present actuation of
action origami structures. These action origami figures (butterfly, catapult, barking dog) are
adapted from Robert Lang’s book [3]. Six layered (Np=6) P(VDF-TrFE-CTFE) actuator is placed
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on top of the paper made origami-inspired action figures to induce actuation. In all three systems,
the stacked EAP actuators are acting as an active part and the paper made action figures are
acting as the passive substrate to induce out-of-plane motion. It has been shown in the previous
sections (see Section 3.5.2, Figure 3-16) that with the increase of Np, induced force increases.
Since in these cases the requirement is to actuate an inactive structure, we used multilayered
actuators. These terpolymer actuators are built in the same way as showed in supplemental
Figure 3-9. Figure 3-33b shows actuation of a paper made butterfly using hand while Figure
3-33c shows that the same butterfly structure can be actuated using stacks of P(VDF-TrFECTFE) polymer at 80MV/m. Similarly, Figure 3-34b-c and Figure 3-35b-c demonstrate paper
made catapult and barking dog origami figures respectively and their actuation using
multilayered EAP actuators. Detail characterization of the action origami are presented in
elsewhere [168].
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Figure 3-31. Example of self-folding structures. (a) Schematic showing the construction of the box
origami structure. (b) Cubic box at 0MV/m and (c) Cubic box at 50 MV/m.

Figure 3-32. Example of self-folding structures. (a) Schematic showing the construction of the pyramid
origami structure. (b) Pyramid at 0MV/m and (c) Pyramid at 60 MV/m.
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Figure 3-33. Actuation of butterfly. (a) Schematic showing the construction of the butterfly. (b) Manual
actuation of the butterfly (c) Flapping of the butterfly at 80MV/m.

Figure 3-34. Actuation of catapult. (a) Schematic showing the construction of the catapult. (b) Image of
catapult action-origami with 6 layers of P(VDF-TrFE-CTFE as active part (c) Angular displacement of
the paper made catapult origami when electric field is applied and as a result the projectile is deployed.
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Figure 3-35. Actuation of barking dog. (a) Schematic showing the construction of the catapult. (b) Image
of barking dog action-origami with 6 layers of P (VDF-TrFE-CTFE as active part. (c) Actuation of
barking fox when electric field is applied.

3.6 Summary
In this chapter, P(VDF-TrFE-CTFE) terpolymer is implemented to realize electric field-driven
bending, folding and origami inspired smart structures. First, electric field-driven bending of
single layer P(VDF-TrFE-CTFE) sheet is achieved using notched and stiffener approach. Is has
been shown experimentally that single layered actuator induces only a few millinewton (mN)
force, which is not sufficient for practical application. On this regard, an analytical model of
multilayered electroactive polymer (EAP) based actuator is developed to study the potential and
limitation of relaxor ferroelectric P(VDF-TrFE-CTFE) to realize the self-folding of engineering
structures. The advantage of the model is not only the ability to predict curvature and blocked
force but also to conduct a parametric study on the materials geometric parameters and materials
properties to maximize their performance and guide their fabrication. As a first step, this model
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is validated for various active materials and thus is not only limited to EAPs. In fact, it can also
be implemented to design multilayered actuators driven by other physical fields such as magnetic
or thermal. The model shows that there is a suitable value of active layers, N p, above and below
which the induced curvature decreases and this value varies for different passive and active
materials. Also, with the increase in N p, induced force increases. This model is developed based
on constant curvature assumption. However, the curvature of the bending actuator does not
remain constant at high electric field. In future, this model can be improved further by addressing
the non-constant curvature after breaking down actuators to segments each of different constant
curvature. Then, on demand segmented folding was achieved using stiffener approach. However,
notched approach tends to induce more pronounced folding angle compared to stiffener
approach. Finally, self-folding/deployable structures using multilayered actuators utilizing the
concept and results from the analytical derivations are also demonstrated. In the next chapter,
defect driven premature electrical breakdown of multilayered P(VDF-TrFE-CTFE) terpolymer is
addressed to improve the reliability of terpolymer based origami-inspired structures.
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Chapter 4
On the Impact of Self-Clearing on Electroactive Polymer (EAP) Actuators 4

4.1 Introduction
For the last two decades, researchers were mainly focused on developing and improving the
performance of EAPs. Various approaches such as composite route [76,77,82,169], minimum
energy structure concept [83–85] or stacked/multilayered configuration [143,170,171] were
studied to improve the electromechanical performance of EAP actuators, while research focused
on the electrical breakdown of EAP actuators has received less attention. There are various types
of mechanisms that lead to electrical breakdown of an EAP, such as electronic breakdown,
thermal breakdown, electromechanical breakdown, and defect-driven discharge/breakdown
[112,172]. EAP actuators largely suffer from extrinsic breakdown due to various defects such as
pinholes, dust, trapped moisture from sources like electrode materials, polymer films, fabrication
steps etc., which reduce actuator’s performance, reliability and hinder commercialization
[99,100,173].
Self-clearing refers to the localized breakdown of a dielectric film and a subsequent
removal of the conductor region near the defect. The localized breakdown event releases a small
amount of electrostatic energy, which provides the impetus for electrode vaporization. The
capacitor community utilizes this self-clearing capability of dielectric and electrode materials to
remove the defects from wound, rolled and layered capacitors to prevent defect-driven premature
electrical breakdown [96,98,174]. There are two possible outcomes that can occur during self4

Part of this chapter was submitted as a manuscript to the Journal of Smart Materials and Structures
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clearing [96][175]: (1) Desired event or successful clearing of the defect, and (2) Catastrophic
event or shorting and breakdown of the capacitor. Figure 4-1 b represents the initiation of
localized breakdown and Figure 4-1 (b)- 1, 1(b)-2 and 1(b)-3 show the three potential
possibilities, any one of which can occur after the partial defect driven localized breakdown.
When the electrode does not clear successfully it creates a very small air gap across the thickness
(d) of the dielectric medium that must support the applied voltage. Dielectric strength of air is
100 times smaller than that of solid dielectrics; as a result, the air gap to support the same voltage
has to be significantly larger than the solid dielectric. This pushes the dielectric towards
catastrophic breakdown in this case (Figure 4-1 (b)-1). Another possibility is the formation of
graphite or molten metal, which is represented in Figure 4-1 (b)-2. The graphite forms from
plasma decomposition and molten metal

Figure 4-1. (a) Metalized film capacitor with defects. (b) Initiation of sparks when electric field is applied
which can lead to three possible events: (b)-1 catastrophic failure when the metal electrode does not
evaporate. (b)-2 catastrophic failure after melting of the dielectric medium or formation graphite and (b)-3
self-clearing event.
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will migrate to the defect if the electrodes are too thick, which creates a conductive path across
the dielectric thickness and causes catastrophic breakdown [96]. The other alternative is selfclearing ( see Figure 4-1 (b)-3). In that case, the energy released during breakdown is directed
towards vaporizing the electrode, which in turns electrically isolates the breakdown site. Here
the electric field lines must traverse the cleared area and the thickness of the dielectric to cause
catastrophic breakdown. However, due to evaporation of the metal electrode, the path length is
much larger than the case shown is Figure 4-1 (b)-1 Thus following a successful self-clearing
event, the dielectric material continues to withstand high electric fields that are equivalent or
higher than the value before the self-clearing event [96,98,175]. To take advantage of this
phenomenon, preclearing is deliberately carried out by the capacitor manufacturer before
completion of the rolling and termination processes [176,177]. Capacitor manufacturers clear
their capacitors at a higher electric field than the proposed operating electric field for reliable
functioning during operation. It has also been reported that the clearing process locally removes
~5 to 8 mm2 of metal area, which is very small compared to the overall capacitor area [96].
Although this concept of preclearing is utilized and studied in the capacitor community to
prevent defect-driven premature electrical breakdown of capacitors, it is largely overlooked by
the EAP community. A few researchers considered specific electrode materials that promote
self-clearing: Q. Pei et al. showed that single walled carbon nanotube (SWNT) and polyaniline
(Pani) nanofibers based electrodes have the potential to self-clear a defect introduced in a
dielectric elastomer actuator but they are expensive and also not suitable for mass production
[99,100]. Charcoal powder based electrodes are inexpensive and could clear defects successfully,
but are also not suitable for mass production [173].
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The aim of our study is to implement and investigate preclearing in EAP-based actuators
to remove defects. Here, preclearing refers to elimination of the impurities present in the actuator
by deliberate self-clearing of the samples. We propose a systematic approach to initiate and
control self-clearing of EAP-based actuators using commercially available metal electrode such
as sputtered silver. We select P(VDF-TrFE-CTFE) terpolymer to conduct this study, from herein
referred to as terpolymer. The terpolymer is a relaxor ferroelectric where the actuation
mechanism is reversible with relatively high electrostrictive strain (~4%) and elastic modulus
(0.2GPa), yielding a high elastic energy density [40].
This chapter is arranged in the following order. First, electrical breakdown and the selfclearing characteristic of the terpolymer actuator are examined. Second, Weibull statistics
analysis is performed on the electrical breakdown data to determine the preclearing electric field
of this EAP. Third, preclearing electric field is applied to electroded terpolymer to compare the
electrical breakdown strength before and after the preclearing. Finally, the effect of preclearing
on the electromechanical performance of terpolymer-based unimorph actuator is studied.

The following research tasks are addressed in this chapter:
Task 4 A systematic study of the self-clearing phenomenon of metallized EAP and
improving the electrical breakdown strength of EAPs using controlled selfclearing.
Task 5 Study the impact of controlled self-clearing on the breakdown strength and
electromechanical performances of single and multilayered EAP based actuators.
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4.2 Experimental methods
The chronoamperic responses (I-t) at various electric fields are measured on 4cm
diameter silver electroded samples [99]. These measurements are carried out using an HP4140B
pA meter/DC voltage source and a Trek model 677B high voltage amplifier. The leakage current
was measured as a function of voltage at 25°C, while the electric field was swept from 20MV/m
to 120MV/m with a step of 20MV/m for a duration of 20 s.
Electrical breakdown strength is measured for P(VDF-TrFE-CTFE) films with and
without electrode. The breakdown tests are conducted following the IEEE standard for
breakdown (IEEE Standard 930™-2004) [178]. A large circular sheet of terpolymer films (4cm
diameter and 8cm diameter) is taken and placed on top of a conductive metal plate. For
electroded terpolymer films, sputtered silver is applied only on the top surface and bottom
conductive metal plate acts as the bottom electrode. Dielectric strength is measured at 35
locations (8 cm diameter sample) and 20 locations (4cm diameter sample) for each terpolymer
film using a ball-on-plate setup (see Figure 4-2) [179]. The probe is a ¼” diameter 304SS ball
bearing. The voltage was ramped continuously at 500 V/s. A LabVIEW program controlling a
DAQ card voltage source connected to a Trek Model30/20 high-voltage amplifier system was
used. The current limit was set at 3 mA. Weibull distribution analysis was done using the same
IEEE standard listed above to analyze the dielectric breakdown for the samples [178].
Preclearing field for deliberate partial discharge of the EAP was applied using the same
DC breakdown voltage fixture. Here step voltage is applied using a LabVIEW program.
For blocked force and free displacement measurements, unimorph actuators are built
using one layer of terpolymer as active layer and one layer of scotch tape (from 3M) as passive
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Figure 4-2. Schematic of the electrical breakdown experimental set-up (ball-on-plate).

substrate. High precision digital force gauge SHIMPO (FGV-0.5XY) is used in this study to
measure the force. Tip displacement of the unimorph actuators are recorded when the actuator
achieved maximum displacement using a video camera (Nikon Coolpix p900). Images were
extracted from the video using image capture software (Snipping tool) and analyzed using image
processing software (imageJ). Details about the force and tip displacement measurements are
described in our earlier work [34][39].
4.3 Electrical breakdown strength of P(VDF-TrFE-CTFE) terpolymer
In this section, we present dielectric breakdown strength analysis of P(VDF-TrFE-CTFE)
polymer with and without electrodes. The breakdown experiments are performed using the
experimental set-up described in section 2. Figure 4-3 a and 3b shows the Weibull statistics data
for the terpolymer samples without and with electrodes respectively. From Figure 4-3 a,
electrical breakdown strength of terpolymer is found to be 356 MV/m with a shape factor of 5.
Electrical breakdown strength of the terpolymer with electrodes is 114 MV/m with a shape factor
of 3.3. The electrical breakdown strength of unelectroded terpolymer is more than 3 times that of
the electroded samples. This difference is attributed to the defect driven premature electrical
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Figure 4-3. Weibull analysis of breakdown data of terpolymer (a) with electrode and (b) without
electrode (c) corresponding sample of figure 3c that shows a significant amount of self-clearing.

Figure 4-4. Schematic showing the breakdown event of (a) unelectroded sample and (b) electroded
sample.

breakdown, resulting in a lower breakdown strength for the electrode samples [95,172]. The
schematic presented in Figure 4-4a and Figure 4-4b shows the effect of having electrodes on
thepolymer samples. In case of electroded samples (see Figure 4-4b), when electric field is
applied in one spot using the probe of the breakdown set-up, all the defects present in the sample
are also exposed to that same electric field as shown in Figure 4-4b, whereas in the case of
unelectroded sample (see Figure 4-3 a) defects are electrically isolated because of the insulating
terpolymer path among them.
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4.4 Chronoamperic (I-t) study of the silver electroded P(VDF-TrFE-CTFE) terpolymer
The previous section illustrates the influence of defects on the electrical breakdown strength of
electroded terpolymer. In order to enhance the performance of EAPs, more specifically P(VDFTrFE-CTFE), it is imperative to electrically isolate the defects in a systematic method through
self-clearing. A chronoamperic (I-t) study of P(VDF-TrFE-CTFE) with sputtered silver
electrodes (50nm thick and 4cm diameter) is conducted to investigate self-clearing ability of this
EAP system (see Figure 4-5 a). No clearing events, as marked by large current spikes, are
evident up to 60 MV/m. We see multiple current spikes starting from 80MV/m, which are
indicative of self-clearing. The sample successfully survives multiple clearing events up to
100MV/m and eventually fails at 120 MV/m, as indicated by the large surge of current (red
arrow). It is noted that 3 samples were measured and showed the same behavior. Figure 4-5 b
shows the catastrophic breakdown spot and Figure 4-5 c shows one of the self-clearing spots.
This analysis highlights the capability of the system studied, terpolymer with silver electrodes, to
clear defects successfully.
Several factors contribute to the self-clearing capability of a polymer system: the
dielectric medium, electrode type and thickness of electrodes [96,97]. For that reason, the results
presented in Figure 4-5 are analyzed next in more details to understand the roles of the dielectric
medium and the electrode material.
During the partial discharge the dielectric medium is decomposed and forms various
byproducts[96][180]. The electrical conductivity of the decomposed byproduct is crucial to
ensure successful self-clearing. For example, it has been reported that a polymer that is rich in
oxygen favors self-clearing as it prevents formation of conductive graphite during the clearing
event. [96] In addition to oxygen, electronegative fluorine and chlorine in P(VDF-TrFE-CTFE)
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Figure 4-5. Demonstration of the clearing ability of silver electroded P(VDF-TrFE-CTFE) terpolymer.
(a) Chronoamperic curves of the sample at increasing electric field from 20 MV/m to 120 MV/m. The red
arrow at the 120 MV/m line indicates a large jump of current; at this point the sample breaks down. (b)
Image shows the breakdown spot of the sample. (c) Images shows the clearing spot made of terpolymer.

also prevent that the presence of fluorine in terpolymer prevents formation of electrically
conductive graphite formation of conductive byproducts. For instance, graphite fluorides are
formed by high- temperature reaction of fluorine gas with graphite and they are electric
insulators [43,44]. It is likely by forming electrically non-conductive graphite fluorides which
promotes self-clearing.
Apart from the dielectric medium, 50nm thin Ag electrode is also contributing to the selfclearing capability of this dielectric system. For example, it is reported that the dissipated energy
during self-clearing event is proportional to the square of the conductance of the electrode and
also proportional to the volume of metal electrode removed during self-clearing [97,98,181,182].
In this study, 50nm Ag is used which provides for sufficient electrode conductance in a very thin
layer and the electrode has less mass for thermal removal during the self-clearing process. It has
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also been reported that Ag readily oxidizes and form a very thin layer of oxide [183,184] which
may also help in preventing formation of conductive graphite during clearing and further
facilitates self-clearing.
4.5 Determination of the preclearing field using Weibull statistics to self-clear EAP
After the chronoamperic study of the silver electroded terpolymer, which shows the capability of
this EAP system to self-clear, the next step is to determine the optimum voltage conditions to
preclear this EAP system. The preclearing field, which is the field applied deliberately to induce
partial discharge of the EAP system, is investigated systematically to avoid excessive loss of
metal area and creation of short circuit.
A prominent difference between Figure 4-3a and Figure 4-3b is the single and bimodal
distributions of the breakdown data. It has been reported in literature that the Weibull
distribution of metalized capacitor shows two distinct slopes [45,46]. The low-field slope is
attributed to defect driven breakdown and the high-field slope is attributed to intrinsic
breakdown. Similar bimodal Weibull distribution was also reported in mechanical strength
analysis of materials and the presence of two slopes are attributed to the presence of various
extrinsic defects [185–187]. Based on this bimodal failure behavior of materials, a schematic in
Figure 4-6 is proposed. There are two slopes in Figure 4-6. The low-field slope is due to the
defect driven breakdown of the dielectric medium and the high-field slope represents the
improvement in the electrical breakdown strength after clearing the defect. The intersection
between the two slopes is the preclearing field (Ep). In this section, our goal is to determine Ep
from the experimental bimodal distribution data presented in Figure 4-3 b. It is hypothesized that
initially applying Ep to the terpolymer would cause the processing defects to self-clear, and the
terpolymer would function without the likelihood of defect driven premature breakdown.
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Figure 4-6. Schematic showing bimodal Weibull distribution.

We tested 12 samples of 8cm diameter size to determine the preclearing electric field. Figure
4-3b represents experimental data for one sample and Figure 4-3cpresents the sample image after
the experiment. From Figure 4-3b, we see two distinct slopes, as schematically illustrated in
Figure 4-6: line one (black) represents the defect driven breakdown of the samples where the
second line (red) represents the breakdown driven by other mechanisms (such as thermal,
electromechanical, or combination). We carried out further Weibull analysis by separating the
two different types of breakdown data (black and red), and replotting them as individual data sets
(see Figure 4-7). Total number of data point for the defect driven set is n 1 =11 and total number
of data point for the intrinsic breakdown set is n2=32. The preconditioning field measured from
Figure 4-7 is 69MV/m with a shape factor of 5.66 and the breakdown field is 114MV/m with
shape factor of 11.63. We did similar analysis for a total 12 samples. The average
preconditioning field from 12 samples is 63±20 MV/m and corresponding shape factor is 12±6
(Table 4-1).
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Figure 4-7. Data from figure 7(a) is replotted as two different data set based on the breakdown
mechanism.

Table 4-1. Preconditioning and breakdown field of 8cm diameter sample
Sample

Preconditioning field, Ep1

Shape

Electrical breakdown, Eb1

Shape

size

(MV/m)

factor, βp1

(MV/m)

factor, βb1

8 cm

63±20

12±6

121±20

7±2

diameter

4.6 Implementation of scaling-power law
The previous section outlined the required voltage treatment for preclearing an 8cm-diameter
sample. Defect-driven electrical breakdown is sensitive to scale, which means the likelihood of
encountering a critical defect of low breakdown strength increases with area. Equation 4-1 shows
the relation between failure probability (F), area (A) and defect density (D) for randomly
distributed defects [188]:
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F  1  exp(DA)

Equation 4-1

As a consequence, the preclearing field should significantly depend on the electrode area of the
EAP. The preclearing field for 8cm-diameter sample that we have analyzed in the previous
section cannot be directly applied to samples with electrodes that are 4cm in diameter for
example, because of the different defect population.
It is not practical to determine the preclearing field for EAPs with large electrode areas
and using the same prolonged steps that were described in Section 4.6. The scaling-power law,
an alternative method to predict the breakdown electric field (E2) of a specimen of given area
(A2) for known breakdown field E1 of area A1, is implemented instead [188]. In the previous
section, we measured preclearing field of 8cm diameter sample using Weibull statistics. In this
section, we show that scaling-power law can be implemented to predict the preclearing field
(Ep2) for 4cm diameter sample (A2) using the preclearing (Ep1) values of 8cm diameter sample
(A1). From the previous section, the average preclearing field for 8cm diameter (A1) sample is
63±20 MV/m (Ep1) and corresponding shape factor is 12±6. Now using Equation 4-2, we
estimate the preclearing field (Ep2) for 4cm diameter (A2) sample. A detail derivation of the
scaling-power law is presented in Appendix C. We also calculate the breakdown electric field
(Eb2) for 4cm diameter sample using equation 2. Table 4-2summarizes the calculated (using
Equation 4-2) and measured results. Experimental preclearing and breakdown electric fields for
4cm diameter sample are measured following the same procedure described in Section 4.3. We
see a good agreement between the experimental and calculated values which validates the
scaling power law. For the calculated values in Table 4-2 the following numbers are used in
Equation 4-2; Ep1 = 63MV/m, Ap1 = 43MV/m, Ap1 =8 cm diameter, Ap2 =4 cm diameter and p
=6 in Equation 4-2 we calculate the low preclearing field, Ep2low= 53 MV/m.
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1

E p1
Ep2

 A 
  p2 
A 
 p1 

Equation 4-2

Figure 4-8. Scaling-power law

Table 4-2. Comparison of measured and calculated preclearing and breakdown field for 4cm diameter
sample to validate scaling-power law
Calculated
using Scaling power law
(Equation 4-2)

Measured using Weibull
statistics
(described in section 4.3)

71 MV/m

79 ± 11 MV/m

148 MV/m

130 ± 7 MV/m

Preclearing field
for 4cm diameter sample,
Ep2 avg
Breakdown field
for 4cm diameter sample,
Eb2avg

=8 cm diameter, Ap2 =4 cm diameter and p =12 to calculate Ep2. This Ep2 is calculated using the
average value (Ep1= 63MV/m) from table 1. So Ep2 is termed as Ep2avg. Similarly, by inserting E p1
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4.7 Determination of preclearing profile
In the previous two sections, we experimentally measured the preclearing field for 8cm
diameter samples using Weibull statistics, then we used and validated scaling-power law to
estimate preclearing field for 4cm diameter sample. Performance of the EAP actuator can be
enhanced by controlling the clearing process, which depends on the profile (time and shape) of
the applied preclearing field. A relation has been derived that correlates the energy consumed
(W) in a clearing event to the thickness of the electrode (t e), applied voltage (V) (preclearing
voltage) and the interlayer pressure (P) between wound rolled capacitor [174,176,181]:

W  V 4 f(P) t e 2

Equation 4-3

The self-clearing energy (W) can be dissipated through a number of thermal mechanisms
including: (1) evaporation of the electrode, (2) graphitization, and (3) melting of the polymer and
electrode. Graphitization and excessive polymer melting lead to local conduction and thermal
runway of the dielectric medium [176]. It is imperative to quantify a preclearing field capable of
inducing a controlled self-clearing event. A controlled and optimum self-clearing profile favors
the removal of the electrode over graphitization and melting. Despite being a defect-driven
random mechanism, it is important to control the induced self-clearing process by selecting a
proper profile. Previous research has helped to shape the preclearing profile. For example, high
voltage is detrimental for successful self-clearing. Higher applied voltage leads to larger clearing
area and thus the possibility for success of self-clearing becomes lower [189]. C. W. Reed et al
[96]. developed a model to find the thickness of graphite formed during a clearing event. The
model shows that higher applied voltage favors formation of higher graphite content, which is
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undesirable. A favorable electric field magnitude is one that favors successful clearing of the
electrode layer over graphitization and melting.
In some instances during operation, clearing at lower energy may occur, reflecting the
presence of small flaws, which did not clear during the preclearing. This is known as ‘secondary
clearing’ and it can be detrimental to the dielectric medium, especially during operation at high
electric field [96]. This ‘secondary clearing’ can be prevented by gradually increasing the
preclearing pulse from a low value to a moderate value. Also, the preclearing pulses should be
applied multiple times so that no small flaws are left behind to induce ‘secondary clearings’ later.
Finally, self-clearing is a very rapid phenomenon which generally lasts for a few milliseconds
[96,98]. During self-clearing, plasma is created which needs to be extinguished as soon as
possible to prevent possibility of permanent destruction of the dielectric medium. So, the
preclearing field should be applied on the sample for a very short duration to prevent electrical
breakdown.
Based on these factors described above, we propose the preclearing field profile
presented in Figure 4-9 for successful clearing. For a 4cm diameter sample, first we should
apply Ep2low=53 MV/m. Ep2low=53 MV/m for 4cm diameter sample is systematically determined
based on bimodal distribution and scaling power law as described in Section 4.6. Starting the
clearing process with Ep2low helps to prevent melting and helps avoiding formation of conductive
graphite. Then Ep2avg=71 MV/m is applied to further clear rest of the defects. Ep2avg=71MV/m is
also determined based on the bimodal distribution and scaling power law as described in Section
4.6. This gradual increment of the preclearing field from Ep2low to Ep2avg should help in
preventing ‘secondary clearing’. Also, both Ep2low and Ep2avg clearing fields are applied for 10
cycles at a step signal (see Figure 4-9) to prevent further possibility of ‘secondary clearing’.
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Finally, the time step is set as 1 second (see Figure 4-9) to preclear the sample based on the
argument that self-clearing is a rapid phenomenon and the created plasma during clearing needs
to be extinguished to prevent thermal runway.

Figure 4-9. Selected preclearing profile.

4.8 Effect of preclearing on the electrical breakdown strength
The following steps are followed to measure the effect of preclearing on the breakdown strength
of the terpolymer:
(a) Select eight 4cm-diameter samples from the same terpolymer film.
(b) Take three 4cm-diameter samples from the eight samples as control sample (blue color
samples, see Figure 4-10 a) and sputter one side of the samples with 50nm silver
electrode.
(c) Take rest of the five samples from the eight samples as precleared samples (red color
samples, see Figure 4-10a) and sputter one side of the samples with 50nm silver
electrode.
(d) Apply the preclearing profile described in Figure 4-9 on the five selected (red color)
samples. For 4cm ø, Ep2low= 53 MV/m and Ep2avg=71MV/m which is calculated using
scaling-power law in Section 4.6.
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(e) 2-9
(f) Figure 4-10 b shows the comparison of electrical breakdown strength of control and
precleared samples.
From Figure 4-10b, the highest electrical breakdown strength (Eb) among the control samples
is 141MV/m for sample 1. The lowest Eb among the precleared sample is 143 MV/m for sample
6. Percentage increase in Eb of each precleared sample is measured from the average E b of three
control samples which is 130 MV/m. A maximum 18% and a minimum 10% increase in E b is
achieved using this controlled preclearing of the samples. We have precleared and studied
multiple samples from different terpolymer films to probe statistical significance of this study.
These additional results are shown in the Appendix C. Improvement in electrical breakdown
strength is attributed to the removal of defects from the terpolymer and therefore prevention of
uncontrollable defect-driven breakdown.
4.9 Effect of preclearing on the performance of EAP based actuators
4.9.1 Effect of preclearing on capacitance
Self-clearing is associated with loss of electroded area due to evaporation of electrode. This in
turn decreases the capacitance of the EAP since capacitance is proportional to the electrode area.
We investigate the loss of capacitance due to the preclearing of terpolymer. For this study 4cmdiameter silver-electroded sample is used. Capacitance of the samples is measured using the
parallel plate method at 1KHz using an LCR meter before preclearing. Then the samples are
deliberately precleared using the profile described at Figure 4-9 and the capacitance is measured
again at 1KHz. Figure 4-11a shows the decrease in capacitance of three precleared samples
before and after preclearing. Figure 4-11b shows the cleared area of the corresponding samples.
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Figure 4-10. (a) Schematic of the terpolymer film. A total of eight samples of 4cm-diameter are selected
from this film. The blue colored samples are the control samples and the red colored ones are the
precleared samples. For each sample, average thickness and standard deviation is also indicated in the
schematic. (b) Bar chart plot of electrical breakdown strength of the control and the precleared samples.
Percentage increase in electrical breakdown strength (E b) of each precleared sample, which is measured
from the average of the three control samples, are plotted.
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It has been reported that when the loss of capacitance is under 5%, the performance of capacitors
is steady. But when the loss of capacitance goes beyond this critical value (5%), capacitor’s
performance becomes deteriorative and leads to rapid degradation and capacitance loss with each
charge/discharge cycle [174,190,191]. From the precleared samples in our study, the maximum
loss of capacitance is 3.2% (see Figure 4-11a), which is within in this critical limit (5%).
Systematic clearing of terpolymer using bimodal distribution, scaling power law and preclearing
profile is attributing to this controlled loss of capacitance during self-clearing.
4.9.2 Effect of preclearing on the electromechanical performance
4.9.2.1 Effect of preclearing on single layered bending actuator
In this section, we investigated the effect of preclearing on the electromechanical performance of
terpolymer based single layered bending actuators. The actuator is made of 1 layer of terpolymer,
one layer of scotch tape as passive substrate and sputtered silver (50nm) is used as electrode. The
area of the terpolymer sample is 4cm×1cm. Using scaling power law (see Equation 4-2) the
estimated preclearing parameter for a sample with 4cm×1cm area are: E p2low = 63MV/m and
Ep2avg = 77MV/m. The unimorph actuators are then actuated using the preclearing profile
described at Figure 4-9 to preclear the samples. Then the precleared samples are actuated and
blocked force is measured for both precleared and control unimorph actuators to compare their
electromechanical response. Figure 4-12a shows the difference in electromechanical response of
the precleared and controlled samples. The control sample 3 in Figure 4-12a, which endured high
electric field than 130MV/m respectively which are much improved performance than the
control samples. It is noted the other two control samples, displaces until 100 MV/m. Precleared
sample 1 withstands up to 85 MV/m electric field. Precleared samples 2, 3and 4 perform up to
125MV/m, 130MV/m and that the induced blocked force shows a stepwise increment in
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Figure 4-11. (a) Capacitance loss measurement of the precleared sample (b) Corresponding cleared area
of the samples.

behavior; this is due to the resolution of the force gauge we have in this study which is 1mN. In
Figure 4-12b, the results of Figure 4-12a are replotted in histogram. The Y-axis of Figure 4-12b
represents the maximum induced blocked force for a sample. For example, control sample 3
induces 5mN force at 85MV/m, which is plotted free displacement images of control and
preconditioned samples. Control sample 3 displaces until in the histogram and the corresponding
applied electric fields are also listed. Free displacements for control and preconditioned samples
are also studied and compared. Figure 4-13a shows the80MV/m while precleared sample 2
displaces until 100MV/m. Figure 4-13b reports comparison of normalized tip displacement
between control and precleared samples. Control sample 1 performs until 160MV/m which is the
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maximum among the three control samples. Control sample 2 and 3 breakdown at 90MV/m.
Precleared sample 3 displaces up to 160 MV/m. Also, all the other 3 precleared samples (sample
1,2 and 3) outperform control sample 2 and 3 in terms of maximum sustainable electric field. We
see a decrease in the tip displacement for all the samples after 60MV/m electric field which is
due to the curling of the samples at high electric field. Detail on curling effect are described in
our earlier works [39,192].
The following explanation addresses the improvement of the electromechanical
performance of terpolymer based actuator. For Figure 4-12 a; after preclearing, most of the
defects from precleared sample 2,3 and 4 are removed which make them less vulnerable to
partial electrical discharges. On the contrary, the control sample still has the defects which were
not cleared. As a result, when high field is applied (say 90MV/m), the defects are cleared with
uncontrolled partial discharges compared to the precleared samples which deteriorates its
electromechanical performance. The presence of these defects and associated uncontrolled
partial discharges of control sample leads to early electrical breakdown at 90 MV/m (control
sample 1 and 2). Precleared sample 1 also breaks down at 90MV/m like control samples 1 and 2.
Unsuccessful clearing of the sample or too much discharge energy during preclearing steps may
be attributing to this factor. Same explanation holds true for Figure 4-13a and b. Control sample
2 and 3 displaces until 80MV/m and then breakdowns due to the presence of defects which were
not cleared, whereas precleared samples 1, 2,3 and 4, as shown in Figure 4-13a, sustain a higher
electric field due to the controlled clearing of these samples, making them less vulnerable to
defect-driven partial electrical discharge. Control sample 1 performs until 160MV/m, which an
anomaly for control sample. In summary, precleared samples from both the blocked force and
free displacement experiments sustain higher electric field compared to control samples except
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Figure 4-12. (a) Comparison of electric field induced blocked force for control and precleared samples.
(b) This figure represents the maximum induced blocked forces of the samples plotted in figure 12 a. In
the bar chart, the applied electric field which induces this maximum blocked force is also mentioned.
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Figure 4-13. (a) This figure represents free displacements of unimorph actuators at various electric fields.
The top images are for control sample and the bottom images are for precleared sample. The white arrows
indicate the breakdown sparks on the samples. (b) Comparison of free displacement vs applied electric
field for control and precleared samples.

two anomalies (precleared sample 1 of Figure 4-12a and control sample 1 of Figure 4-13b).
Which suggests that control self-clearing improves the electromechanical performance and
reliability of the actuators by improving their capability of sustaining electric field.
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4.9.2.2 Effect of preclearing on multilayered bending actuator
Effect of preclearing is also investigated for 2,4 and 6 layered bending actuators. The bending
actuators are made using the procedure described in chapter 3. The estimated preclearing
parameter for a sample with 4cm×1cm area are: E p2low = 63MV/m and Ep2avg = 77MV/m. For
multilayered bending actuators, the samples are precleared in two approaches. In one approach,
each P(VDF-TrFE-CTFE) layer are cleared using the preclearing field and then are assembled
into multilayer bending actuator. This approach is termed as individual-cleared sample. In
another approach, each P(VDF-TrFE-CTFE) layers are assembled into the multilayered bending
actuator and then the whole actuator precleared. This approach is termed as assembled-cleared
sample.
Figure 4-14 a and b shows the comparison of electric field induced blocked force
between 2 layered control and precleared samples. Both individual-cleared sample 1 and 3 and
assembled-cleared samples 1,2 and 3 exhibit improved induced force and electric field sustaining
capability than the control samples. Control sample 2 fails at 85MV/m and individual-cleared
sample 2 fails at 80MV/m. Control sample 3 fails at 65MV/m, which is the lowest among all the
samples. In Figure 4-14b, the results of Figure 4-14a are replotted in histogram. The Y-axis of
Figure 4-14b represents the maximum induced blocked force for a sample. For example, control
sample 1 induces 9mN force at 70MV/m, which is plotted in the histogram and the
corresponding applied electric fields are also listed. Figure 4-15 a and b shows the comparison of
electric field induced blocked force between 4 layered control and precleared samples. Similar to
2 layered bending actuators, both individual-cleared and assembled-cleared samples exhibit
improved electromechanical performance and electric field sustaining capability than the control
sample. Also, assembled-cleared samples perform better than the individual-cleared samples.
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Figure 4-16 a and b shows the comparison of electric field induced blocked force between 6
layered control and precleared samples. However, in case of 6 layered samples, samples are
precleared using the individual-cleared approach only. The estimated preclearing parameter for a
sample with 4cm×1cm area are: Ep2low = 63MV/m and Ep2avg = 77MV/m. All the control 6
layered samples in Figure 4-16a fail below 70MV/m. So, preclearing field Ep2avg = 77MV/m is
high for assembled-preclearing of 6 layered bending actuators. All the 6 layered bending
actuators fail during the assembled-preclearing steps because of this preclearing field (Ep2avg =
77MV/m). As a result, only individual-clearing approach could be successfully implemented for
6 layered bending actuators. Similar to 2 and 4 layered bending actuators, for 6 layered actuators,
individual-cleared a samples exhibit better performance than the control sample in terms of
induced force and electric field withstanding capacity.
The following explanation addresses the improvement of the blocked force of terpolymer
based actuator. For Figure 4-14, Figure 4-15 and Figure 4-16; individual-clearing exhibits
improved induced force and electric field sustaining capability compared to control samples.
Controlled clearing of defects of the individual-cleared samples is attributing to this
improvement. Also for Figure 4-14 and Figure 4-15, assembled-cleared samples outperform the
individual-cleared samples. In case of individual cleared sample, first each layer is cleared using
the preclearing field and then attached using spray adhesives. As a result, the defects that were
introduced during the assembly process can cause unwanted defect driven premature discharge
or even premature failure of the bending actuator. On the contrary, in case of assemble-cleared
sample, the bending actuator is precleared after constructing the sample which removes the
defects that were introduced during the assemble process.
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Figure 4-14. (a) Comparison of electric field induced blocked force between control, individual
precleared and assembled precleared two layered bending actuators. (b) This figure represents the
maximum induced blocked forces of the samples plotted in figure 14 a. In the bar chart, the applied
electric field which induces this maximum blocked force is also mentioned.
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Figure 4-15. (a) Comparison of electric field induced blocked force between control, individual
precleared and assembled precleared four layered bending actuators. (b) This figure represents the
maximum induced blocked forces of the samples plotted in figure 15 a. In the bar chart, the applied
electric field which induces this maximum blocked force is also mentioned.
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Figure 4-16. (a) Comparison of electric field induced blocked force between control and individual
precleared six layered bending actuators. (b) This figure represents the maximum induced blocked forces
of the samples plotted in figure 16 a. In the bar chart, the applied electric field which induces this
maximum blocked force is also mentioned.
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Free displacements for control and preconditioned samples are also studied and
compared. Although assembled-clearing approach exhibits better results that individual-clearing
approach up to 4 layered sample (see Figure 4-14, Figure 4-15), assembled-clearing is not a
feasible option for multilayered bending actuators containing 6 or more layers. As a result, for
free displacement, only individual-clearing approach is studied where each individual terpolymer
layer is cleared before assembling into multilayered bending actuator. Figure 4-17 compares free
displacements of and individual-cleared samples for 2 layered, 4 layered and 6 layered bending
actuators. In all three cases, individual-cleared samples exhibit a trend of high electric field
sustaining capability than control samples. For example, control sample 1 of Figure 4-17b
breakdowns at 95 MV/m, which is higher electric field that all the three individual-cleared
samples. However, 4 layered individual-cleared sample 1, sample 2 and sample 3 of Figure
4-17b breakdowns at 85 MV/m, 85MV/m and 90 MV/m respectively, which is higher than
control sample 2 and control sample 3. Control samples of Figure 4-17b exhibit very dispersed
performance, contrary to individual cleared samples where all the samples fail around 90 MV/m.
Like blocked force from the frees displacement analysis, it is also concluded that controlled selfclearing improves the reliability of P(VDF-TrFE-CTFE) terpolymer based actuators.
In Figure 4-18, breakdown electric field is plotted as a function of number of polymer layers
(Np). From this figure we see that, with the increase in N p value, electrical breakdown strength of
the multilayered actuator decreases. As the number of terpolymer layer increases, it introduces
defects in the actuator, which in turn increases the probability of defect driven electrical
breakdown. Also, both individual and assembled clearing improve the electric sustaining
capability and reliability of terpolymer based actuators, which is evident from Figure 4-18.
Student t-distribution is a statistical tool to compare mean value between two samples. To further
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investigate validate the statistical significance of these improvement, student t-distribution
analysis is performed on the data presented in Figure 4-18. Two hypotheses are: (1) H0: Null
hypothesis (no difference in the mean) and (2) H1: means are unequal. The critical criteria for
two tail t-distribution is selected as 0.05. If the t-distribution P value is greater than the critical
criteria (0.05), then the H0 is true and otherwise, H1 is true. Detail tabulated data of the student tdistribution are presented in Appendix C.
For Np=1, t-distribution is performed assuming unequal variances among the control and
the individual-cleared sample. The probability (P(T<=t)) for two-tail is 0.022 which is less than
the critical criteria, 0.5. So, H0 is false and which means t-distribution shows that the mean value
(see Figure 4-18) of control and individual cleared samples for Np=1 are different.
For Np=2, t-distribution are performed in two steps: (1) t-distribution is performed
between control and individual-cleared sample, and (2) t-distribution is performed between
control and assembled-cleared sample. For step (1), calculated probability (P(T<=t)) is 0.0096
which is less than critical criteria. For step (2), calculated probability 2.98×10-6 which is also
less than the critical criteria, 0.05. So, H0 is false. Student t-distribution shows that for N p=2,
mean electrical breakdown strength (see Figure 4-18) of individual-cleared and assembledcleared samples are unequal and higher than control sample.
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Figure 4-17. Comparison of free displacement of control and individual-cleared bending actuators for (a)
2 layers (b) 4 layers and (c) 6 layers.
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Figure 4-18. Breakdown electric field of control, individual-cleared and assembled cleared samples as a
function of number of polymer layers (Np).

Similar to Np=2, for Np=4 t-distribution are performed in two steps: (1) t-distribution is
performed between control and individual-cleared sample, and (2) t-distribution is performed
between control and assembled-cleared sample. For step (1) calculated probability (P(T<=t)) is
0.085 <0.1. And for step (2), calculated P(T<=t)= 0.023 <0.05. So, H 0 is false. Student tdistribution shows that for Np=4, mean electrical breakdown strength (see Figure 4-18) of
individual-cleared and assembled-cleared samples are unequal and higher than control sample.
Finally, student t-distribution is also performed for Np=6. For Np=6, only individualclearing approach is studied. For N p=6, P(T<=t)= 0.01<0.1. So, H0 is false. Student t-distribution
shows that the mean value (see Figure 4-18) of individual cleared samples is unequal and higher
than control sample for N p=6.
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4.10 Summary
In this chapter, we have reported a systematic and scientific way of implementing self-clearing
phenomenon for electroded EAPs to avoid defect-driven premature electrical breakdown. Rather
than using an arbitrary voltage to clear a capacitor as in capacitor industry, we have introduced a
procedure where Weibull statistics is used to estimate the preclearing field. After applying this
preclearing field on a silver-electroded terpolymer, we have achieved up to 18% improvement in
electrical breakdown strength. Apart from this, we also report that the loss of active electroded
area due to clearing is below 5%, which is acceptable judging the improvement in electrical
breakdown. We have also reported the effect of preclearing on the electromechanical
performance of P(VDF-TrFE-CTFE)-based actuators. In this study, electric field is applied until
breakdown of the samples to study their electromechanical performance and electric fieldwithstanding capability. Measured blocked force and tip displacement of the precleared and
control samples are within the range while the precleared samples show much more
improvement in terms of maximum sustainable electric field, which dictates that, using the
proposed method, we have induced controlled self-clearing on the EAP which has improved the
breakdown limit and reliability of the EAP devices for practical application without hampering
the electromechanical performance.

Also, two different approaches, individual-cleared and

assembled-cleared, are proposed to clear multilayered bending actuators. Is has been observed
that, although assembled-clearing approach exhibits better results that individual-clearing
approach up to 4 layered sample (see Figure 4-14, Figure 4-15), individual-clearing is more
feasible option for multilayered bending actuators containing 6 or more layers. Finally, though
this study is based on a particular type of EAP system (50nm sputtered silver and P(VDF-TrFE-
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CTFE)), the same steps can be implemented for other EAP system with self-clearing capability
to systematically preclear defects.
The self-clearing methodology discussed in this chapter has the potential to improve the
reliability of terpolymer based origami-inspired structures and devices by preventing defect
driven premature electrical breakdown. In the next and final chapter, a summary of the
dissertation is presented along with a list of research contributions and recommendations for
future work.

156

Chapter 5
Conclusion and Future Work
5.1 Conclusion
In Chapter 1 of this dissertation, the potential of origami-inspired engineering compared
to traditional engineering is presented. Then, various self-folding mechanism used to achieve
origami-inspired smart structures are reviewed, discussed and compared with EAPs. After that, a
review on the potential and limitations of existing EAP technology is presented which led
towards the logical formulation of the objectives of this work. Finally, based on the objectives of
this work, various tasks are planned and presented.
In Chapter 2, processing conditions for the terpolymer are selected based on their impact
on the electromechanical performance. It is found that 9-hour annealing induces maximum
electrostrictive strain which is imperative for the realization of origami-inspired structures. After
studying and selecting the processing conditions, a detailed electrical, electromechanical,
analytical, thermal, mechanical characterization of P(VDF-TrFE-CTFE) terpolymer is performed
and presented. Degree of crystallinity of the processed film is around 36% which is determined
by DSC analysis. The electrical characterizations helped in understanding the fundamental
properties of relaxor ferroelectric terpolymer such as presence of a broad Curie transition (see
Figure 2-9),

room temperature Curie transition (see Figure 2-9), room temperature high

dielectric permittivity and a less lossy P-E loop (see Figure 2-10). Charge-related electrostrictive
coefficient (Q33) and electric field-related electrostrictive coefficient (M33) are measured
experimentally. Q33 establishes the electroctricive nature of the processed terpolymer film while
M33 is used in the developed analytical model, which is described in Chapter 3. Analytical
characterizations such as XRD (see Figure 2-14), FTIR (see Figure 2-16), and in-situ SFG (see
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Figure 2-18) are performed to examine the presence of different crystalline phases in terpolymer
as well as the orientation and charge-discharge characteristics of the terpolymer as a function of
applied electric field. Electric field in-situ XRD shows switching of α phase and γ phase to polar
 phase, which validates that the electric field-induced strain in terpolymer emerges due to the
reversible conversion of crystalline phases. FTIR suggests formation of α,  and γ phases and
dominance of γ crystalline phase over the other two phases. SFG study reveals that dielectric
permittivity of terpolymer decreases at high electric field (Kerr effect) and shows switching of α
phase and γ phase to polar  phase under Electric field. The studies performed in Chapter 2
helped in determining the suitable processing condition of P(VDF-TrFE-CTFE) and also helped
in understanding the underlying mechanism of this terpolymer, and thus layout the groundwork
for the next stage of this study, which is the realization of self-folding origami inspired
structures.
In Chapter 3, second objective of this dissertation is addressed. This objective is divided
into three tasks. In the first task, different approaches used to achieve bending and folding are
presented. First, bending using a one-layered actuator is investigated (see Figure 3-5), which
showed that, though single layered actuator induced large displacement but the induced force is
low. So, after achieving bending and folding actuation, it is imperative to address and improve
electric-field induced force of terpolymer based bending actuators. Based on this necessity, in
task two a multilayered bending actuator based model is first presented (see Section 3.3). A
parametric study is performed to understand the interrelation between the input parameters such
as the number of polymer layers, thickness, and Young’s modulus with the output parameters
such as electromechanically induced force, strain, and elastic energy density. This model shows
that for a fixed substrate material, there is a suitable N p to induce maximum strain. Also with the
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increase of Np blocked force increase. Electric field induced energy density (W) is also
dependent on Np and for a certain substrate material and N p , energy density has a maximum. To
achieve segmented folding and crease folding, notched and stiffener approaches are used. Then
thin metal strips, also known as stiffeners, are placed between the passive substrate and EAP
which induced segmented folding actuation (see Figure 3-26). Notched approach showed more
pronounced folding (see Figure 3-29). Beam bending stress distribution analysis is performed to
explain the non-uniform curvature distribution of both the stiffener based and notched based
samples. From this task it is learnt that, on-demand segmented folding of terpolymer based
actuators can be achieved by proper design. For stiffener-based samples, very high Young’s
modulus ratio (>950) of the stiffener to the EAP is necessary to induce segmented actuation. As
a result, Ni-based stiffener (190 GPa) induces distinct segmented actuation compared to Cu (120
GPa) and Al (70 GPa)-based actuator. For notch-based samples, selection of proper notch width
is important to ensure pronounced folding actuation. For example, as described in Chapter 3,
Section 3.4.2, Figure 3-28, 1cm-notched sample gives better folding actuation compared to
0.5cm and 0.1cm notched samples. Finally, in task 3, the insights from the developed
electromechanical model are used in designing more complex origami-inspired smart structures
where the key requirements are either higher force or large displacements. First, an origamiinspired cubic box and square pyramid structures are actuated (see Figure 3-31 and Figure 3-32).
Then, more complex smart structures like the flapping butterfly (see Figure 3-33), the barking
dog (see Figure 3-35), and a catapult (see Figure 3-34) are also demonstrated. Task 3 shows that
proper design of terpolymer based actuators using the model can lead to the realization of smart
self-folding structures.
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Next, multilayered actuator approach is investigated to improve the electromechanical
performance of terpolymer-based actuators. However, with the increase of number of polymer
layers, the possibility of defect-driven premature electrical breakdown of the actuator also
increases. As a result, in Chapter 4, self-clearing of terpolymer-based actuator to improve
electrical breakdown strength and reliability is discussed. This chapter is divided into two tasks.
In task one, a systematic method used to induce controlled self-clearing of EAP actuators is
presented. Up to an 18% increase in electrical breakdown strength is achieved in a precleared
sample compared to control samples. This suggests that, the determined self-clearing field using
bimodal Weibull statistics can induce controlled clearing of the defects and prevent defect driven
breakdown of the terpolymer. Next, the self-clearing concept is applied to multilayered samples
ranging from 2 to 6 layers. Here, two approaches are implemented. In one approach, individual
layers are first cleared and then assembled into an actuator. In the other approach, the samples
are assembled together and then precleared. Both individual-cleared and assemble-cleared
multilayered samples showed improvement in electrical breakdown strength, induced blocked
force and tip displacement in comparison to the controlled sample. Assemble-cleared samples
show better results than individual-cleared samples in terms of electric field sustaining
capability. However, the possibility of breaking down during the preclearing step is high for
assemble-cleared samples, specifically for higher layer number samples, which suggests that
individual clearing is a more practical solution for the successful clearing of EAP actuators.
Through this study, the following research contributions are made in the field of EAP and
origami-inspired smart structures:
(1) A key contribution of this dissertation is the direct experimental probing of the underlying
mechanism of P(VDF-TrFE-CTFE). For example, it has been widely discussed in the literature
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that P(VDF-TrFE-CTFE) induces electrostrictive strain because of conformational changes from
and phases to  phase. However, to the best of my knowledge, no comprehensive
experimental evidence was reported to support this fact. In this study, electric field-driven in-situ
XRD is implemented which gives direct evidence of the electric field-induced reversible
transition of and phases to phase. Nonlinear sum frequency generation (SFG) spectroscopy
under an electric field is conducted to study the formation of polar  phase.

This study

demonstrates the ability of SFG to directly detect and monitor the CH2 vibrations of the
noncentrosymmetric β phase. This study also reveals important fundamental information
regarding ferroelectric and relaxor ferroelectric responses of P(VDF-TrFE-CTFE such as: 1)
experimental evidence of the formation of polar  phase from and phases under electric field,
2) experimental evidence of reversible domain switching between  phase and and phases as
the electric field decreases, 3) simultaneous alignment of small β domains in P(VDF-TrFECTFE) under strong electric fields compared to the stepwise rotation process imposed to the
larger domains found in the ferroelectric P(VDF-TrFE) systems. Apart from revealing important
fundamental information on P(VDF-TrFE-CTFE), this study demonstrates the ability of SFG to
directly detect and monitor ferroelectric domain formation and orientation which can be utilized
to develop new piezoelectric and ferroelectric materials.
(2) To better design origami-inspired smart structures, a universal model for an EAP system
based on Euler-Bernoulli’s beam bending theorem is developed in this study. The input
parameters for this model are: the number of polymer layers, applied electric field, thickness and
Young’s modulus of the EAP, and thickness and Young’s modulus of the passive substrate. The
strain, blocked force and energy density for a specific EAP actuator are determined based on the
input parameters of the model. Although this developed model is focused on EAP systems, this
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same model can be used for other smart material systems such as electrothermal actuation (ETA)
and piezoelectric ceramics using the proper coupling factor. This analytical model is a useful tool
for future research endeavors using smart materials and origami-engineering. The output
parameters (such as moment, force, and strain) of this model can be used to design, model and
analysis complex structures. For example, Landen Bowen developed a kinematic model for
active origami structures using the electric field induced moment values from this model
[165,166]. Hence, this developed model is a design tool not only for smart materials, but also for
structures with complex kinematics such as action origami figures. Moreover, in a collaborative
study between Penn State University, the University of Minnesota, and Texas A&M University,
this model was used to study reversible macroscopic changes in the wave propagation
characteristics of cellular metamaterials with a regular hexagonal (TH) lattice frame consisting of
cantilevers made of (PVDF-TrFE-CTFE) as the active layer and Polydimethylsiloxane (PDMS)
as the passive substrate [192]. In summary, this model is going to serve as a versatile tool for
mechanical design and analysis of novel structures and materials. For example, using this model,
kinematic design and analysis can be done on smart materials-actuated origami-inspired
deployable space structures.
(3) Another contribution of this dissertation is experimentally demonstrating the feasibility of
using P(VDF-TrFE-CTFE) to achieve electric field-driven bending and folding.

Various

approaches are successfully implemented. First, segmented folding of EAP-based actuators using
Ni thin film stiffeners was achieved. It is demonstrated that proper selection of stiffener materials
can lead to complex segmented folding like the hexagonal shape shown in Figure 3-26c. Then,
more pronounced folding actuation using a notched approach was achieved. Again, a proper
selection and positioning of the notches can lead to complex shapes in comparison to regular
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bending actuators (see Figure 3-30). In summary, these notched and stiffener design concepts,
used to achieve segmented on-demand folding, are going to assist mechanical and design
engineers in their efforts to accomplish self-folding structures such as, soft robotics gripper,
deployable air bags, self-deployable heart-stent, where segmented on-demand folding required.
(4) Based on the parametric study of the model, improved EAP based actuators are designed.
Multilayered P(VDF-TrFE-CTFE) terpolymer-based actuators are combined with paper-made
action origami figures such as the catapult, barking dog and butterfly wings. The active
multilayered actuator produced successful actuation of the inactive paper structures (see Figure
3-33, Figure 3-34 and Figure 3-35). To the best of my knowledge, we have demonstrated the
concept of attaching inactive structures (like paper made origami-figures) with active materials
like P(VDF-TrFE-CTFE) for the first time. The implication of this concept is far-reaching in
aerospace engineering. For example, Brigham Young University (BYU) in collaboration with Jet
Propulsion Laboratory at NASA has developed a deployable solar panel using origami
principles. This inactive solar panel can be self-deployed in outer space by attaching
multilayered EAP based actuators and applying an electric field.
(5) For the first time, a systematic method is introduced to induce controlled self-clearing of
EAPs. Upon implementing this method, up to 18% improvement in the electrical breakdown
strength is achieved in comparison to a control (un-cleared) sample. Later, this method is applied
to single-layer and multilayer EAP-based bending actuators which showed improvements in
blocked force, free displacements and field withstanding capability compared to control samples.
In this study, a method to improve the reliability of EAP-based actuators with improved
electromechanical performance is presented. Though this study is based on a particular type of
EAP system (50nm sputtered silver and P(VDF-TrFE-CTFE)), the same steps can be
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Figure 5-1. Dynamic modeling of smart structures using ADAMS where calculated torque from the
developed analytical model is used. (a) Initial and folding configuration of the barking dog dynamic
model. (b) Comparison between the barking dog experimental data and the dynamic model with the initial
stiffness approximation and with calibrated stiffness. The effect of the multilayer terpolymer actuator was
approximated as two torques placed on the panels containing the ends of the actuator. The torque
magnitudes were calculated using the developed analytical model (Equation 3-7). (c) Multifield bifold
structure containing four MAE patches (left) and four single-layer terpolymer actuator strips (right). (d)
The electric portion of bifold dynamic model utilizes single component torques on each panel to simulate
the effect of terpolymer actuators. (e) Comparison between the bifold electric experimental data and the
dynamic model [166].

implemented for other EAP systems with self-clearing capability to systematically preclear
defects.
In conclusion, this dissertation addresses issues associated with practical implementation of EAP
devices for applications like origami-inspired devices, deployable space structures, actuators,
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Figure 5-2. (a) Counterclockwise curling of a terpolymer-PDMS composite cantilever beam at an electric
field E = 150 MV m-1, obtained by using the developed analytical model. (b) Wave control strategy at a
glance. (a) Regular hexagonal (RH) lattice frame. (b) RH frame with an auxiliary microstructure (straight
cantilevers). (c) Example of architecture attainable through terpolymer-induced shape transformation
(curling) of the microstructure [192].

and biomedical devices. First, attention is given on improving the electromechanical
performances (free displacement, blocked force) of P(VDF-TrFE-CTFE) terpolymer based
actuator. An analytical model is developed and implemented to actuate various structures
ranging from the displacement-focused origami-inspired cubic box and pyramid (see Figure 3-31
and Figure 3-32) to the force-focused catapult and butterfly (see Figure 3-33 and Figure 3-34). It
has been shown that properly designed actuators can be used for applications where the key
requirement is large displacement such as deployable space structures, deployable biomedical
devices, etc.; they can also be used for applications where the key requirement is high force such
as artificial muscles, soft-robotics, etc. The studies conducted in this dissertation use lab-scale
materials. So, practical implementation requires scaling up the EAP actuators. The scaling up of
EAP actuators as well as the multilayer approach lead to premature defect-driven electrical
breakdown. Hence, after addressing the electromechanical performance of EAP actuators, the
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defect driven electrical breakdown problem, which is associated with scaling and multilayer
approach, is also addressed. A systematic method to clear defects from samples based on the
number of EAP layers and size of the electrode is presented and implemented.
5.2 Future work
5.2.1 Towards low voltage EAP devices
In this dissertation, I showed the potential that EAPs present to achieve smart structures. The
driving factor for applying this technology in practical applications is to reduce the EAP film
thickness (tp) in order to reduce the driving voltage while maintaining the same
electromechanical performance. P(VDF-TrFE-CTFE) induces high strain at 40-50MV/m ranges
which can be achieved using only 40-50Volt for a film thickness tp=1µm. This kind of lowvoltage-driven high strain actuator has potential applications like synthetic jet [193], softgrippers for biological samples [194], etc. Figure 5-3 shows the flow chart of creating a low
voltage EAP device. In our study with multilayered samples, adhesive was used to attach layers
of EAP together. The thickness of the adhesive (scotch spray adhesive from 3M) is modeled as
2.5µm thick (Section 3.5.1.1), which will be large compared to the thickness of EAP (1 µm).
Figure 5-4 shows the effect of glue layers on a 1 µm thick multilayered terpolymer based
bending actuator. Figure 5-4c clearly shows that for a 1µm-thick terpolymer, glue layers are not
a good option. Another way of attaching the terpolymer layers together is by hot-pressing.
However, the issue with hot-pressing is the possibility of microstructural changes of the
terpolymer at high temperatures. The following steps can be followed to address this challenge:
(1) Hot-pressing of multilayered sample at various temperature ranging from 90o C to 120 o
C (specifically for terpolymer). Then investigate and compare the electromechanical
performance with sample which are not hot-pressed.
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Figure 5-3. Flowchart showing the steps to achieve low voltage EAP device.
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Figure 5-4. Effect of glue/adhesive layer for 1 µm thin terpolymer based multilayered bending actuator.
Schematic of bending actuator (a) with glue and (b) without glue. (c) Analytically determined electric
field (50 MV/m) induced curvature as a function of number of polymer layers (Np) with and without glue.

(2) Hot-pressing of multilayered samples at a fixed temperature (selected using step a) for
different time durations and then investigate and compare the electromechanical
performance with samples which are not hot-pressed.
Using these proposed steps, a suitable profile for hot-pressing of multilayered EAP-based
actuators can be obtained that will maintain the microstructural integrity of the terpolymer while
bonding each layer properly.
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5.2.2 Modified P(VDF-TrFE-CTFE) to improve electromechanical performance
Though

P(VDF-TrFE-CTFE)

terpolymer

induces

high

electrostrictive

strain,

its

electromechanical performance can be improved further by incorporating filler materials (such as
carbon nanotube, graphene, BaTiO3). Previous effort to develop a terpolymer-based composite in
our research group shows that incorporation of filler materials hinders the rotation of dipoles,
and the terpolymer no longer exhibits a relaxor-ferroelectric character [124]. Recent work on
plasticizers modified terpolymer can be a solution to the detrimental impact of terpolymer
[195,196]. It has been reported in the literature that plasticizer can shift the loss peak by
improving the chain mobility [196]. The hindrance effect from the fillers materials can also be
compensated by this increase in chain mobility. Thus, combined plasticizer and filler approach
can improve the electromechanical performance by controlling the dielectric loss, compensating
the hindrance effect and controlling the Young’s modulus. Another approach to prevent
hindrance effect of filler modified terpolymer is addition photo-crosslinking. It has been reposted
that photo-crosslinking breaks down the crystallites into smaller ones, and thereby energy barrier
for charging and discharging [197]. Figure 5-5 shows the scheme of achieving novel plasticizerfiller-photo cross-link modified EAP.
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Figure 5-5. Scheme to achieve novel high performance EAP materials.

5.2.3 Comparison of self-clearing of hot pressed and glue-attached multilayered sample
In Chapter 4, self-clearing of multilayered bending actuators is presented. The EAP
layers are attached together using an adhesive spray from 3M. How the presence of the adhesive
affects the self-clearing events between the layers of EAP is not studied in this dissertation.
Based on the nature of the adhesive, it can either play a detrimental or positive role in selfclearing. For example, adhesives rich in oxygen can help to induce successful clearing by
preventing the formation of conductive graphitic products. On the other hand, adhesive can help
the formation of conductive products during partial electrical discharge which can propagate to
catastrophic breakdown. Based on these hypotheses, the following studies can be conducted:
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(1) Comparison of self-clearing between glue-attached and hot pressed multilayered
actuators. Hot pressing profile should be selected by following the steps suggested in
the Section 5.2.1.
(2) Chemistry of the adhesive layers. Can proper selection of the adhesive material, such
as an adhesive material rich in oxygen, help to increase self-clearing?
5.2.4 Soft gripper using notch approach
Finger-like actuation is achieved by placing two notches (0.5cm and 1cm widths) with locations
following the golden aspect ratio of human finger, which is presented in Section 3.4.2, Figure
3-30 a. A soft robotic gripper can be developed using this concept (see Figure 5-6) [198,199].
However, in order to increase the gripping force, a multilayer notched actuator has to be
designed. The developed analytical model from this study (see Section 3.3) can help to select
suitable parameters like the number of polymer layers, thickness of the polymer, etc. Also, the
previously discussed self-clearing concept can be implemented on this multilayer notched
actuator to help improve the electric field sustaining capability of the gripper.

Figure 5-6. (a) Self folding using notched approach. (b) Self-folding using stiffener approach. (c) A softrobotic gripper [200].
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5.2.5 Self-folding using notched approach
In this study, on-demand self-folding of electric field driven P(VDF-TrFE-CTFE) is achieved
using notches made of scotch tape. In the future, other passive substrate materials of different
thicknesses and moduli can be investigated to create these notches. Also, rather than using a
single passive material to create a notched sample, passive materials of different moduli and
thicknesses can be used in one folding actuator, which would induce varying segmented
actuation due to differences in notch properties. Figure 5-7 shows two schemes to achieve
segmented folding using various notch and passive substrate materials.

Figure 5-7. Scheme to achieve segmented folding using various notch and passive substrate materials.

5.2.6 Tunable rigidity combined with electrothermal actuation (ETA)
It has been reported that the rigidity of soft matter can be tuned electrically using a low melting
point alloy such as Field’s metal [201], an alloy with a melting temperature of 62 ºC. The authors
in this paper reported that a composite made of Field’s metal and a soft silicone based elastomer
can tune its rigidity when an electric field is applied. The operating principle is very simple.
When the composite is electrically activated, the Field’s metal melts down due to joule heating,
and as a result, the effective modulus of the composite decreases by four orders of magnitude. In
the activated state, the composite becomes elastically soft and easy to stretch.
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A soft polymeric composite made of Field’s metal and Polyurethane (PU) will lead
toward multifield active-rigidity tunable material. In has been reported that glass transition
temperature of PU decreases with the increase of moisture content and the same T g is regained
again by heating the PU up to a certain temperature [45]. In this proposed plan, the Field’s metal
will act as a heater to induce joule heating, which in turn is going to control the moisture content
of the PU. Figure 5-8 shows a complete scheme to achieve this actuation mechanism. Again, the
feasibility of this proposed plan depends on the amount of heat generated by the Field’s metal.

Figure 5-8. A flowchart describing the procedure to achieve actuation using Field’s metal and PU
composite.
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APPENDIX A
Electromechanical model
1. Defining the constants used in the electromechanical model (Equation 3-8):
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The relation between the total number of layers’ n (passive substrate, EAP and adhesive) and i
(only the EAP+ adhesive layer) is, 𝑛 = 𝑖 + 1
2. Bending stiffness for multilayered unimorph actuator (Equation 3-11)
The equivalent bending stiffness,
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Here, V is the relation between total thickness t and each EAP layer thickness tp.
And,
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3. Equation for the position of the neutral axis (NA)

Figure A1. Side view of the multilayered unimorph actuator where ℎi is the height, Y=0 is the reference
axis. Y is the position of the neutral axis from Y=0.  is a variable to locate the EAP layers from the
neutral axis.
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The net resultant moment is also zero:
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Equation A3 and A4 are the set of equations for neutral axis position Y and curvature 
he relation between i and m is, 𝑖 = 2𝑚 − 1.
4. MATLAB code for tip displacement
% MATLAB coding for n layered EAP based actuator's electric field induced
curvature by SAAD AHMED, May 1 2015%
close all
clear all
%Parameters
alpha1 = 1.78; % thickness ratio of substrate (Scotch tape) to polymer,
tp=30um, ts=62um
alpha2 = .0714; % thickness ratio of adhesive to polymer, tg=5um, tp=30um
beta1 = 8; % Modulus ratio of substrate to polymer, Yp=0.2GPa, Ys=1.6 GPa
beta2 = 3.75; % Modulus ratio of adhesive to polymer, Yp=0.2GPa, Yg=.75GPa
ts=62e-6; % Substrate thickness in meter
Mg= 0.0; % Coeficient of electrostriction of adhesive
Mp= 3.0e-18; % Coeficient of electrostriction of polymer
%n=[1:2:203]; % number of layers;
%for l=1:length(n);
n=3;
e_field = [1e6:1e6:100e6];% applied electric field in (V/m)
for i=1:n
A(i)= (2*(i-1)+3+(-1)^(i-1))/4;
B(i)=(2*i-1+(-1)^i)/4;
C(i)=(2*(i-1)-1+(-1)^(i-1))/4;
D(i)=(2*i+3-(-1)^(i-1))/4;
for j=1:i
E_bar(j)=(2*(j-1-((j-1)/2)^((1+(-1)^(j+1))/2))^2+(j-1-((j1)/2)^((1+(-1)^(j+1))/2)))*((1+(-1)^(j+1))/2);
F_bar(j)= (((2*(j-3)+3+(-1)^(j-1))/4)^2)*((1+(-1)^(j+1))/2);
G_bar(j)=((2*j-1+(-1)^j)/4)*((2*(j-1)-1+(-1)^j)/2)*((1+(1)^j)/2);
H_bar(j)=(((2*j-1+(-1)^j)/4)^2)*((1+(-1)^j)/2);
end
E(i) = sum(E_bar(:));
F(i)= sum(F_bar(:));
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G(i)= sum(G_bar(:));
H(i)= sum(H_bar(:));

P=(A(i)^2*Mg*alpha2^2*beta2+A(i)*C(i)*Mg*beta2*alpha2+B(i)^2*Mp+B(i)*D(i)*Mp*
alpha2);
Q=(alpha1*beta1+A(i)*beta2*alpha2+B(i));
R=(A(i)*Mg*alpha2*beta2+B(i)*Mp);
S=(A(i)^2*beta2*alpha2^2+A(i)*C(i)*beta2*alpha2+B(i)^2+B(i)*D(i)*alpha2alpha1^2*beta1);
T=(1/3)*(A(i)^3*beta2*alpha2^3+3*E(i)*beta2*alpha2^2+3*F(i)*beta2*alpha2+B(i)
^3+3*G(i)*alpha2+3*H(i)*alpha2^2+alpha1^3*beta1);
U=(alpha1*beta1+A(i)*alpha2*beta2+B(i));
V=(1/4)*(A(i)^2*beta2*alpha2^2+A(i)*C(i)*beta2*alpha2+B(i)^2+B(i)*D(i)*alpha2
-alpha1^2*beta1)^2;
end
for m=1:length(e_field);
K(m)=(alpha1*((e_field(m)).^2)/(2*ts))*((P*Q-R*S)/(T*U-V));
K=K';
end
%end

plot(e_field,K)

5. MATLAB code for stiffness of n-layered sample
%Matlab coding for bending stiffness extimation of n layered sample
clear all
close all
clc
%parameter/properties
w= 0.01; % width of the sample in meter
Ys= 6e9; %modulus of the substrate in Pa
ts= 70e-6; %thickness of the substrate in meter
Yg=0.5e9; %modulus of the adhesive in Pa
tg= 10e-6; %thickness of the adhesive in meter
Yp= 0.2e9; %modulus of the EAP in Pa
tp= 30e-6; %thickness of the EAP in meter
%n=3:2:201 ; %number of layers( the relation between p and i: i=2p-1, here p
is not the number of EAP layers)
n=2:1:101;
for i = 1:length(n)
for p=1:n(i)
C(p)=3*((2*p-1+(-1)^p)/4)^2;
D(p)=3*((2*(p-1)-1+(-1)^(p-1))/4)^2;
E(p)=6*((2*(p-1)-1+(-1)^(p-1))/4)*((2*p-1+(-1)^p)/4);
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F(p)=3*((2*p-1+(-1)^p)/4);
G(p)=3*((2*(p-1)-1+(-1)^(p-1))/4);
for j=1:p
A_bar(j)=(((2*(j-1)-1+(-1)^(j-1))/4)*((2*(j-1)+3+(-1)^(j-1))/8)*6+1);
H_bar(j)=3*(j*(j-1)/2);
I_bar(j)=3*((2*j-1+(-1)^j)/4)^2;
J_bar(j)=3*((2*(j-1)-1+(-1)^(j-1))/4)^2;
K_bar(j)=3*((j-1)*(j-2)/2);
end
A(p) = sum(A_bar(:));
H(p)= sum(H_bar(:));
I(p)= sum(I_bar(:));
J(p)= sum(J_bar(:));
K(p)= sum(K_bar(:));
end
if p==1
B(p)=0;
else
B(p)=A(p-1);
end

EI(i)=(w/3)*(Ys*ts^3+A(p)*Yg*tg^3+B(p)*Yp*tp^3+C(p)*Ys*ts*tg^2+D(p)*Ys*ts*tp^
2+E(p)*Ys*ts*tp*tg+F(p)*Ys*ts^2*tg+G(p)*Ys*ts^2*tp+H(p)*Yg*tg^2*tp+I(p)*Yg*tp
^2*tg+J(p)*Yp*tp*tg^2+K(p)*Yp*tp^2*tg);
end
EI = EI';

6. MATLAB code for normalized tip displacement
% MATLAB coding for n layered EAP based actuator using paper by SAAD AHMED,
May 1 2015%
close all
clear all
%Parameters
alpha1 =logspace(-2,3); % thickness ratio of substrate to polymer, tp=3---um,
ts=70um
alpha2 = 0.0714; % thickness ratio of adhesive to polymer, tg=--um, tp=30um
beta1=logspace(-2,3); % Modulus ratio of substrate to polymer, Yp=0.2GPa,
Ys=5.7 GPa
beta2 = 3.75; % Modulus ratio of adhesive to polymer, Yp=0.15GPa, Yg=---GPa
n=41;
for k=1:length(alpha1)
for r=1:length(beta1)
for i=1:n
A(i)= (2*(i-1)+3+(-1)^(i-1))/4;
B(i)=(2*i-1+(-1)^i)/4;
C(i)=(2*(i-1)-1+(-1)^(i-1))/4;
D(i)=(2*i+3-(-1)^(i-1))/4;
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M(i)=(alpha1(k)+((i+1)/2)*alpha2+(i-1)/2);
for j=1:i
E_bar(j)=(2*(j-1-((j-1)/2)^((1+(-1)^(j+1))/2))^2+(j-1-((j1)/2)^((1+(-1)^(j+1))/2)))*((1+(-1)^(j+1))/2);
F_bar(j)= (((2*(j-3)+3+(-1)^(j-1))/4)^2)*((1+(-1)^(j+1))/2);
G_bar(j)=((2*j-1+(-1)^j)/4)*((2*(j-1)-1+(-1)^j)/2)*((1+(1)^j)/2);
H_bar(j)=(((2*j-1+(-1)^j)/4)^2)*((1+(-1)^j)/2);
end
E(i) = sum(E_bar(:));
F(i)= sum(F_bar(:));
G(i)= sum(G_bar(:));
H(i)= sum(H_bar(:));
P(k)=M(i)*(B(i)^2+B(i)*D(i)*alpha2);
Q(r,k)=(A(i)*beta2*alpha2+B(i)+alpha1(k)*beta1(r));
R(r,k)=M(i)*(B(i)*(A(i)^2*beta2*alpha2^2+A(i)*C(i)*beta2*alpha2+B(i)^2+B(i)*D
(i)*alpha2-alpha1(k)^2*beta1(r)));
T
(r,k)=(1/3)*(A(i)^3*alpha2^3*beta2+3*E(i)*alpha2^2*beta2+3*F(i)*alpha2*beta2+
B(i)^3+3*G(i)*alpha2+3*H(i)*alpha2^2+alpha1(k)^3*beta1(r));
U (r,k)=(A(i)*beta2*alpha2+B(i)+alpha1(k)*beta1(r));
V(r,k)=(1/4)*(A(i)^2*beta2*alpha2^2+A(i)*C(i)*alpha2*beta2+B(i)^2+B(i)*D(i)*a
lpha2-alpha1(k)^2*beta1(r))^2;
DEL(r,k)=((P(k)*Q(r,k)-R(r,k)))/(T(r,k)*U(r,k)-V(r,k));
end
end
end

figure(1)
axes1 = axes('FontSize',30,'fontweight','b');

surf(alpha1,beta1,DEL)
xlabel('\alpha_1','FontSize',25,'fontweight','b')
ylabel('\beta_1','FontSize',25,'fontweight','b')
zlabel('\Delta','FontSize',25,'fontweight','b')
set(gca, 'XScale','log','YScale','log')
[mx,M]=max(DEL(:))
[ix,jx]=ind2sub(size(DEL),M);
alpha1(ix)
beta1(jx)

7. MATLAB code for normalized blocked force
close all
clear all
%Parameters
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alpha1 =logspace(-2,3); % thickness ratio of substrate to polymer, tp=3---um,
ts=70um
alpha2 = 0; % thickness ratio of adhesive to polymer, tg=--um, tp=30um
beta1=logspace(-2,3); % Modulus ratio of substrate to polymer, Yp=0.2GPa,
Ys=5.7 GPa
beta2 = 0; % Modulus ratio of adhesive to polymer, Yp=0.15GPa, Yg=---GPa
n=41;
m=21;
for k=1:length(alpha1)
for r=1:length(beta1)
for i=1:n
A(i)= (2*(i-1)+3+(-1)^(i-1))/4;
B(i)=(2*i-1+(-1)^i)/4;
C(i)=(2*(i-1)-1+(-1)^(i-1))/4;
D(i)=(2*i+3-(-1)^(i-1))/4;
M(i)=(alpha1(k)+((i+1)/2)*alpha2+(i-1)/2);
for j=1:i
E_bar(j)=(2*(j-1-((j-1)/2)^((1+(-1)^(j+1))/2))^2+(j1-((j-1)/2)^((1+(-1)^(j+1))/2)))*((1+(-1)^(j+1))/2);
F_bar(j)= (((2*(j-3)+3+(-1)^(j-1))/4)^2)*((1+(1)^(j+1))/2);
G_bar(j)=((2*j-1+(-1)^j)/4)*((2*(j-1)-1+(1)^j)/2)*((1+(-1)^j)/2);
H_bar(j)=(((2*j-1+(-1)^j)/4)^2)*((1+(-1)^j)/2);
end
E(i) = sum(E_bar(:));
F(i)= sum(F_bar(:));
G(i)= sum(G_bar(:));
H(i)= sum(H_bar(:));
P(k)=M(i)*(B(i)^2+B(i)*D(i)*alpha2);
Q(r,k)=(A(i)*beta2*alpha2+B(i)+alpha1(k)*beta1(r));
R(r,k)=M(i)*(B(i)*(A(i)^2*beta2*alpha2^2+A(i)*C(i)*beta2*alpha2+B(i)^2+B(i)*D
(i)*alpha2-alpha1(k)^2*beta1(r)));
T
(r,k)=(1/3)*(A(i)^3*alpha2^3*beta2+3*E(i)*alpha2^2*beta2+3*F(i)*alpha2*beta2+
B(i)^3+3*G(i)*alpha2+3*H(i)*alpha2^2+alpha1(k)^3*beta1(r));
U (r,k)=(A(i)*beta2*alpha2+B(i)+alpha1(k)*beta1(r));
V(r,k)=(1/4)*(A(i)^2*beta2*alpha2^2+A(i)*C(i)*alpha2*beta2+B(i)^2+B(i)*D(i)*a
lpha2-alpha1(k)^2*beta1(r))^2;
DEL(r,k)=((P(k)*Q(r,k)-R(r,k)))/(T(r,k)*U(r,k)-V(r,k));

end
for p=1:m
C(p)=3*((2*p-1+(-1)^p)/4)^2;
D(p)=3*((2*(p-1)-1+(-1)^(p-1))/4)^2;
E(p)=6*((2*(p-1)-1+(-1)^(p-1))/4)*((2*p-1+(-1)^p)/4);
F(p)=3*((2*p-1+(-1)^p)/4);

181
G(p)=3*((2*(p-1)-1+(-1)^(p-1))/4);
M(p)=(alpha1(k)+alpha2*p+(p-1));
for j=1:p
A_bar(j)=(((2*(j-1)-1+(-1)^(j-1))/4)*((2*(j-1)+3+(-1)^(j1))/8)*6+1);
H_bar(j)=3*(j*(j-1)/2);
I_bar(j)=3*((2*j-1+(-1)^j)/4)^2;
J_bar(j)=3*((2*(j-1)-1+(-1)^(j-1))/4)^2;
K_bar(j)=3*((j-1)*(j-2)/2);
end
A(p) = sum(A_bar(:));
H(p)= sum(H_bar(:));
I(p)= sum(I_bar(:));
J(p)= sum(J_bar(:));
K(p)= sum(K_bar(:));
if p==1
B(p)=0;
else
B(p)=A(p-1);
end

Phi(r,k)=((beta1(r)*alpha1(k)^3+A(p)*beta2*alpha2^3+B(p)+C(p)*beta1(r)*alpha1
(k)*alpha2^2+D(p)*beta1(r)*alpha1(k)+E(p)*beta1(r)*alpha1(k)*alpha2+F(p)*beta
1(r)*alpha1(k)^2*alpha2+G(p)*beta1(r)*alpha1(k)^2+H(p)*beta2*alpha2^2+I(p)*be
ta2*alpha2+J(p)*alpha2^2+K(p)*alpha2)/(M(p)^3));
end
Omega(r,k)=DEL(r,k)*Phi(r,k);
end
end

figure(3)
axes1 = axes('FontSize',30,'fontweight','b');
surf(alpha1,beta1,Omega)
xlabel('\alpha_1','FontSize',40,'fontweight','b')
ylabel('\beta_1','FontSize',40,'fontweight','b')
zlabel('\Omega','FontSize',40,'fontweight','b')
set(gca, 'XScale','log','YScale','log')
[mx,M]=max(Omega(:))
[ix,jx]=ind2sub(size(Omega),M)
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8. Summary of the model
Here, n=total number of layers (passive substrate, EAP and adhesive), i= only the EAP+
adhesive layer, Np= Number of EAP layer and i= 2m-1.
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APPENDIX B
A comparative study between silver (Ag), Aluminum (Al) and gold (Au)
electrodes:
The chronoamperic responses (I-t) [99] at various electric fields are measured on 4cm diameter
Ag, Al and Au electroded samples. Ag and Au are sputtered using films using Sputter Coater:
Quorum EMS 150 RS and Al is evaporated using Kurt J. Lesker Lab 18. These measurements
were carried out using an HP4140B pA meter/DC voltage source and a Trek model 677B high
voltage amplifier; three samples were tested. The leakage current was measured as a function of
voltage at 25°C. The electric field was swept from 20MV/m to until failure of the sample with a
step of 20MV/m for a duration of 20 s. A chronoamperic (I-t) study of P(VDF-TrFE-CTFE) with
sputtered Ag, sputtered Au and evaporated Al electrodes (50nm thick and 4cm diameter) is
conducted to investigate self-clearing ability of this EAP system.
From Figure B-1, it is evident that both Ag and Al electroded sample has self-clearing capability.
Ag and Al metal readily oxidizes when they are exposed to environment. It has been explained in
chapter 4 that presence of oxygen helps in self-clearing by preventing formation of conductive
graphitic materials. On the contrary, Au does not oxidize. This factor can be attributing to the
self-clearing inability of Au. Figure B-2 presents the electrical breakdown strength of Ag, Au
and Al electroded P(VDF-TrFE-CTFE) terpolymer. These breakdown strengths are measured
from the chronoamperic results described above. Breakdown strength for Ag and Au electroded
P(VDF-TrFE-CTFE) are around 140MV/m and Al electroded P(VDF-TrFE-CTFE) is around
120 MV/m.
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Figure B-1. (a) Demonstration of the clearing ability of Ag electroded P(VDF-TrFE-CTFE) terpolymer.
Chronoamperic curves of the sample at increasing electric field from 20 MV/m to 120 MV/m. The black
arrows pointing at the current spikes indicate self-clearing events. The red arrow at the 120 MV/m line
indicates huge jump of current; at this point the sample breaks down. (b) Demonstration of the clearing
inability of Au electroded P(VDF-TrFE-CTFE) terpolymer. There is no current spike in the
chronoamperic curves which indicates that Au electroded sample does not have the self-clearing
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capability. (c) Demonstration of the clearing inability of Al electroded P(VDF-TrFE-CTFE) terpolymer.
There is a current spike at 60MV/m which indicates that Al electroded sample has self-clearing a
capability.

Figure B-2. Comparison of electrical breakdown strength between Ag, Au and Al electroded P(VDFTrFE-CTFE). The breakdown strengths are measured from the chronoamperic results. Thickness of the
measured samples are written in the histogram.

This difference in the electrical breakdown strength of Al electroded terpolymer with Ag and Au
electroded terpolymer is discussed based on the thermal and electromechanical breakdown
mechanism. Total heat generated during thermal breakdown of the electroded terpolymer can be
calculated using the following formula:

Heat  m  Tm  S f  m  H f  m  Tv  Sv  m  H v

Equation B-1
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Figure B-3. Heat absorption process during evaporation of metal electrode
Table B-1. Properties of Al, Ag and Au
Properties
Mass (Kg)
Room temp. Tr (oc)
Melting temp. Tm (oc)
Boiling temp. Tv (oc)
Specific heat fusion, Sf
(KJ/kg.k)
Latent heat, Hf (K J/Kg)
Specific heat evaporation,
Sv (KJ/kg.k)
Latent heat, Hv (KJ/Kg)
Tm= Tm-Tr
Tv= Tv-Tm
Heat (Equation B-1)
KJ/Kg

Al
1
25
660
2519

Ag
1
25
962
2162

Au
1
25
1064
2836

0.91
321

0.23
88

0.13
67

0.91
10851
635
1859

0.23
2361
937
1200

0.13
1675
1039
1772

13441.54

2940.51

2107.43

Figure B-3 presents the heating processes involved during evaporation of a metal from solid
form. Table B-1 shows the properties and calculated generated heat during the process of
evaporation of Al, Au and Ag electrodes. Al electrode generates 13441.54 KJ/kg heat during the
evaporation process which is very high compared to the Ag and Au materials. Also, Young’s
modulus of Al, Ag and Au are 69 GPa, 84 GPa and 78 GPa respectively. Low young’s modulus
favors electromechanical instability of the dielectric medium. Low young’s modulus and high
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generated heat for Al electrode can be attributing to the low electrical breakdown strength of Al
electroded samples.
Above discussion shows that Ag electrode possess self-clearing ability which is absent in
Au electrode and also its electrical breakdown strength is high compared to Al electrode. These
are the reasons to choose Ag electrode for P(VDF-TrFE-CTFE) tepolymer study.
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APPENDIX C
Self-clearing study
1. Derivation of Scaling power law
The relation between failure probability (F), area (A) and defect density (D) for randomly
distributed defects [188]:

F  1 exp( DA)

Equation C-1

Assume two dielectric mediums of area A1 and A2 respectively and with same defect density (D).
For dielectric capacitor with area A1,

F (1)  1  exp( DA1 )
 1  F (1)  exp( DA1 )
 ln   ln(1  F(1))   ln( DA1 )

Equation C-2

Similarly, for dielectric capacitor with area A2 ,

ln  ln(1  F(2))   ln( DA2 )

Equation C-3

From Equation C-2 and Equation C-3,
 A1 


 A2 

ln  ln(1  F(1))  ln  ln(1  F(2))   ln 

Equation C-4

Weibull statistics of sample 1 with electroded area A1 and dielectric strength E1 is,
 E1 

  

 ln  ln(1  F (1))    ln  
Similarly, for sample 2,

Equation C-5
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 E2 

  

ln  ln(1  F (2))    ln  

Now from Equation C-4, Equation C-5 and Equation C-6,



 ln  


A 
 E 
   ln   2   ln  1 
A 

  
 2

E1 



A E 
 1  2 
A2  E1 



Equation C-6
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2. Electrical breakdown strength of control and precleared samples from various films:

Figure C1. Schematic of the terpolymer films. Total 7 samples of 4cm ø are selected from each
film. The blue colored samples are the control sample and the red colored ones are the precleared
samples. From film 1 (figure S1 a) two control samples are studied and from film 2 (figure S1 b)
one control sample is selected. For each sample, average thickness and standard deviation is also
indicated in the schematic. Histogram plot of electrical breakdown strength of the control and the
precleared samples for the 7 samples from this film. Percentage increase in electrical breakdown
strength (Eb) of each precleared sample which is measured from the average of the three control
samples are written in the histogram.
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3. Student t-distribution of control, individual-cleared and assembled-cleared sample
Two hypotheses are:
H0: Null hypothesis (no change, no difference); P> α
H1: Research hypothesis (investigator's belief); P < α
Critical criteria, α=0.05

1 Layered actuator (Np=1):
Electrical breakdown strength of single layered (Np=1)
samples
No. of sample
Control
Individual cleared
E(MV/m)
E(MV/m)
1
130
165
2
130
150
3
140
165
Avg.
133
160
Std. Dev.
6
9

t-Test: Two-Sample Assuming Unequal Variances for Np=1
Control

Individual
cleared

Mean

133.3333333

160

Variance

33.33333333

75

Observations

3

3

Hypothesized Mean Difference

0

df

3

t Stat

-4.43760157

P(T<=t) one-tail

0.01063646

t Critical one-tail

1.637744354

P(T<=t) two-tail

0.02127292

t Critical two-tail

2.353363435

<0.05
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2 Layered actuator (Np=2):

Electrical breakdown strength of two layered (Np=2) samples
No. of sample

Control

Individual cleared

Assembled cleared

E(MV/m)

E(MV/m)

E(MV/m)

1

65

90

145

2

80

95

140

3

80

125

135

4

60

80

5

75

100

6

85

105

Avg.

74

99

140

Std. Dev.

10

15

5

t-Test: Two-Sample Assuming Unequal Variances for Np=2 (Control vs Individual cleared)
Control

Individual
cleared

Mean

74.16666667

99.16666667

Variance

94.16666667

234.1666667

Observations

6

6

Hypothesized Mean Difference

0

df

8

t Stat

-3.379544318

P(T<=t) one-tail

0.004824082

t Critical one-tail

1.859548038

P(T<=t) two-tail

0.009648163

t Critical two-tail

2.306004135

<0.05
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t-Test: Two-Sample Assuming Unequal Variances for Np=2 (Control vs Assembled cleared)
Control

Assembled cleared

Mean

74.16666667

140

Variance

94.16666667

25

Observations

6

3

Hypothesized Mean Difference

0

df

7

t Stat

-13.43040292

P(T<=t) one-tail

1.48819E-06

t Critical one-tail

1.894578605

P(T<=t) two-tail

2.97638E-06

t Critical two-tail

2.364624252

<0.05

4 Layered actuator (Np=4):

Electrical breakdown strength of four layered (Np=4) samples
No. of sample

Control

Individual cleared

Assembled cleared

E(MV/m)

E(MV/m)

E(MV/m)

1

70

95

105

2

75

90

90

3

80

80

110

4

55

85

5

80

85

6

90

Avg.

72

87.5

102

Std. Dev.

10

5

10
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t-Test: Two-Sample Assuming Unequal Variances for Np=4 (Control vs Individual cleared)
Control

Individual
cleared

Mean

72

87.5

Variance

107.5

27.5

Observations

5

6

Hypothesized Mean Difference

0

df

6

t Stat

-3.034940299

P(T<=t) one-tail

0.011475821

t Critical one-tail

1.943180281

P(T<=t) two-tail

0.022951643

t Critical two-tail

2.446911851

<0.05

t-Test: Two-Sample Assuming Unequal Variances for Np=2 (Control vs Assembled cleared)
Control

Assembled cleared

Mean

72

101.6666667

Variance

107.5

108.3333333

Observations

5

3

Hypothesized Mean Difference

0

df

4

t Stat

-3.908549588

P(T<=t) one-tail

0.008707577

t Critical one-tail

2.131846786

P(T<=t) two-tail

0.017415153

t Critical two-tail

2.776445105

<0.05
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6 Layered actuator (Np=6):
Electrical breakdown strength of six layered (Np=6) samples
No. of sample

Control

Individual cleared

E(MV/m)

E(MV/m)

1

65

95

2

60

80

3

60

90

4

50

90

5

65

70

6

65

70

Avg.

61

82.5

Std. Dev.

6

1011

t-Test: Two-Sample Assuming Unequal Variances for Np=6

Control
Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

60.83333333
34.16666667
6
0
8
-4.309458037
0.001291274
1.859548038
0.002582547
2.306004135

Individual
cleared
82.5
117.5
6

<0.05
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APPENDIX D
On the impact of plasticizer modified relaxor-ferroelectric terpolymer
Though P(VDF-TrFE-CTFE) terpolymer induces high electrostrictive strain, there are ways to
improve the electromechanical performance further either by incorporating filler materials (such
as carbon nanotube, graphene, BaTiO 3). Previous effort to develop terpolymer based composite
by Nirmal Sigamani showed that incorporation of filler materials hinder the rotation of dipoles
and also the terpolymer no longer remains relaxor-ferroelectric [124]. Recently another approach
is undertaken by Jean-Fabien Capsal et al. where various plasticizers are added to improve the
electromechanical performance of the actuators [195,196]. Researchers reported that diisononyl
phtalate (DINP) modified P(VDF-TrFE-CTFE) improves the strain massively compared to pure
terpolymer[195]. Based on the promises, we performed polarization, dielectric spectroscopy, insitu XRD experiments on the 5 wt% and 10wt% DINP modified terpolymer.5
Figure D-1 shows the polarization behavior of pure, 5wt% and 10wt% DINP modified
terpolymer at 70MV/m. P-E behaviors at 1Hz and 10Hz does not show much difference between
the pure and the plasticizer modified samples. Also, P-E behavior at 10Hz is slim (less lossy)
which dictates that the plasticized terpolymers still retain their relaxor behavior despite addition
of plasticizer.
To further investigate the electrical properties of modified terpolymer, low field dielectric
spectroscopy is also conducted on the samples. Figure D-2 shows the dielectric spectroscopy
results of pure terpolymer, 5wt% modified, and 10wt% modified terpolymer respectively. Broad
5

The plasticizer modified samples are provided by Jean-Fabien Capsal from Laboratoire de Génie Electrique et

Ferroélectricité (LGEF), INSA Lyon, 8 Rue de la Physique, 69621 Villeurbanne, France. Processing detail about the
samples are described in the following paper:[195]
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temperature peaks starting at ~40 0C at 1KHz to ~60 0C at 1MHz for pure, 5wt% and 10wt% are
evident from the dielectric spectroscopic analyses. This broad peak in the 5wt% and 10wt%
samples is the evidence of relaxor-ferroelectric behavior. Also, 5wt% and 10wt% samples show
a ferroelectric peak at around 75 0C, which is not present in the pure sample. Further analysis is
required to study this high temperature ferroelectric peak in the plasticizer modified samples.
Figure D-3 presents dielectric permittivity and dielectric loss of the pure, 5wt% and 10wt%
samples as a function of applied electric field. The permittivity plot shows that below 1Hz
frequency, the 10wt% sample shows exponential increase in comparison to pure terpolymer.
Corresponding dielectric loss also increases at low frequencies (<1Hz). This behavior can be
attributed to interfacial polarization and ionic conduction which originates from the charges
trapped in the heterogeneities of the semicrystalline [195].
Figure D-4 shows the in-situ XRD results of the pure and modified 5wt% and 10wt%
samples with simultaneous application of an electric field. At 0MV/m, all the three samples show
a peak around 18.3 o, which is correspondent to the non-polar  phase. In all three cases, this peak
shift to higher angle with an increase in applied electric field and reaches close to 19 o, which is
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Figure D-1. Polarization loop for 70MV/m at (a) 1Hz and (b) 10Hz.
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Figure D-2. Dielectric spectroscopy of (a) Pure (b) 5wt% DINP and (c) 10wt% DINP modified
terpolymer.
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Figure D-3. (a) Dielectric permittivity and (b) loss tangent as a function of frequency for pure, 5wt% and
10wt% plasticizer modified terpolymer.
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Figure D-4. In-situ XRD with simultaneous applied electric field for (a) Pure (b) 5wt% DINP and (c)
10wt% DINP modified samples.
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correspondent to the polar  phase. This shift in peaks as a function of applied electric field,
therefore, means that there is no hindrance effect on the modified terpolymer. However, in-situ
XRD studies of pure terpolymer (62%/31%/7% mol) as shown in Chapter 2, Section 2.6, Page 19
showed more prominent and completed peak shifts from  to  phase in comparison to the
samples provided by Capsal et al. Several factors can contribute to this discrepancy. We used
DMF as the solvent to process terpolymer film as described in Chapter 2, Section 2.2. On the
other hand, Methyl Ethyl Ketone (MEK, Sigma–Aldrich) is used for the three samples in their
study [195]. Then, Capsal et. al. had cured their samples at 70 0C for 1 hour and then annealed at
1030C for 1 hour. On the contrary, our terpolymer films was cured at 90 0C for 2 hours and
annealed at 1200C for 9 hours. Further investigation is required to study the effect of processing
conditions on pure and plasticizer modified terpolymer samples.
Electromechanically induced strain for pure and modified 5wt% and 10wt% samples is
measured using an MTI2000 photonic sensor as shown in Figure D-5.
Figure D-6 shows the strain responses of all the three samples. The 10wt% DINP sample
shows almost twice the strain of pure terpolymer; the addition of plasticizer reduces the Young’s
modulus of the terpolymer. The Young’s modulus of pure terpolymer is 110 MPa, 5wt% DINP is
50MPa and 10wt% DINP is 40MPa. Changes in the Young’s modulus along with higher
permittivity values contribute to this increase in the electrostrictive strain. However, further
analysis on electrostrictive strain to probe the contribution from Maxwell stress is necessary.
The above discussion of the plasticizer modified terpolymer shows promising results,
especially in comparison to the filler modified terpolymer, since plasticizer modified terpolymer
retains its relaxor behavior as suggested by the polarization and dielectric spectroscopic analyses.
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The following steps are suggested to further study plasticizer modified terpolymer which will
lead to the development of a novel multifunctional EAP:
(1) Study of plasticizers based on their solubility parameter.
(2) Study and optimization of the processing conditions of plasticizer modified
terpolymer. Focus should be given to the processing conditions and corresponding
degree of crystallinity.
(3) Critical study on the electrostrictive strain to investigate and separate the contribution
from electrostatic strain.

Figure D-5. Schematic drawing of the thickness strain measurement setup.

Figure D-6. Strain as a function of electric field for pure, 5wt% DINP and 10wt% DINP modified
terpolymer.
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