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ABSTRACT

This project explores the effects of various unimorph configurations on the folding
potential of electroactive polymer actuators. Electroactive polymers convert an electrical
input to a mechanical output. The material studied in this project is P(VDF-TrFE-CTFE)
terpolymer, or terpolymer for short. Actuating the terpolymer with an electric field creates
expansion in the planar direction and a contraction in the thickness direction. Restricting the
terpolymer’s expansion with a passive substrate such as scotch tape results in a bending
actuator. This bending can be transformed into folding by introducing multiple layers of
passive substrate with local stress concentrations; for example, notches are one way to
introduce these local stress concentrations. A notch is created by layering patches of passive
substrates to create stiffness contrast in the folding actuator. The stiffness contrast creates
areas of localized bending which turns into folding for the overall actuator. The size and
location of the notches, and the Young’s modulus and thickness of the passive substrate
material are systematically investigated to assess the actuator’s folding potential.
Experimentally measured folding angles recorded for each configuration will allow for the
impact of each parameter to be observed individually. Finally, a terpolymer based gripping
device is introduced to demonstrate a possible application of the material. This research will
provide experimental data for verifying future finite element analysis models of P(VDFTrFE-CTFE). Also, unimorph configurations with the highest folding potentials will be
selected for future research with terpolymer based actuators.
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Chapter 1 - Introduction

1.1 Background and Motivation
Actuators are used to create controlled movement from an external stimulus. Common
actuator types include hydraulic, pneumatic, electric, thermal, magnetic, or mechanical actuators.
Energy sources for actuators can range from electrically powered motors found in electrical
actuators, to manually rotated screws in mechanical actuators. Actuators are used in a variety of
applications, and common examples include hydraulic cylinders, electric motors, and screw
jacks.
A subclass of actuators, soft actuators, are made from flexible and lightweight materials.
Unlike conventional actuators which are made from rigid materials, flexibility allows soft
actuators to handle fragile objects such as picking up raw eggs without breaking the shell, as
seen in Figure 1. In the biomedical field, soft actuators are being developed for use as artificial
muscles. The flexibility and light weight of soft actuators make them an attractive choice for
artificial hearts, artificial limbs, and humanoid robots [1]. Stents are another possible application
for soft actuators in the biomedical field. The flexibility in the material allows the soft actuator to
be inserted into an artery where it could then be expanded through an applied electric field.
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Figure 1. Soft actuator gripping a raw egg [2]

1.2 Electroactive Polymers (EAPs)
Electroactive polymers exhibit changes in shape and size when an electric field is applied
and are commonly used as actuators. EAPs convert electrical energy to mechanical energy
through several different processes including electrostatic actuation and electrostriction.
Dielectric elastomers (DEs) are an example of electroactive polymers which rely on
electrostatics to create actuation. DEs have been proven to reach strain over 300% and a fast
response time of between 0 and 5 seconds [3]. The material also has a high specific elastic
energy density (3.4 J g-1), actuation stresses up to 8 MPa, and an electromechanical coupling
efficiency of (60-90%) [4]. Under an electric field, charges form at either side of the DE which
causes the material to contract in the thickness direction and expand in the axial direction. This
conversion from electrical to mechanical energy, also known as the electrostatic pressure, drives
the actuation motion and can be calculated by

3

𝜎 = 𝜖𝑜 𝜖𝑟 𝐸
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(1)

where 𝜎 is the electrostatic pressure, 𝜖𝑜 is the permittivity of free space (8.854 × 10−12
Fm−1), 𝜖𝑟 is the dielectric permittivity of the material, and 𝐸 is the applied electric field [4].
Other subcategories within electroactive polymers also include ferroelectric materials.
Ferroelectrics exhibit spontaneous electrical polarization which can be reversed under an electric
field. The reversible rotation can produce contraction up to 10% in the direction in which the
electric field is applied [5]. P(VDF-TrFE) copolymer is an example of a ferroelectric material.
The copolymer can exhibit both a polar ferroelectric phase and a non-polar paraelectric phase
[6]. In the ferroelectric phase the molecule chains are in all-trans conformation (polar) compared
to the TGTG’ and T3GT3G conformations found in the paraelectric phase (nonpolar) [7]. All
three of these configurations are shown in Figure 2.
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Figure 2. Three different types of conformations, all-trans, TGTG’, and T3GT3G’
[7].

P(VDF-TrFE) copolymer is also capable of achieving a high electromechanical response
between the ferroelectric-paraelectric phase transition [7]. As the material transitions from the
polar ferroelectric phase to the non-polar paraelectric phase, changes in the way the molecules
are packed are capable of creating large strains. However, the phase transition only occurs at
high temperatures and within a narrow temperature range. In addition, large hysteresis losses
further limit the practicality of P(VDF-TrFE) copolymer as an actuator [8]. Previous research has
shown that introducing defects through the addition of chlorotrifluoroethylene (CTFE) can lower
the hysteresis loss while also widening the transition temperature range. This third monomer,
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chlorotrifluoroethylene (CTFE), is added to P(VDF TrFE) copolymer to create P(VDF-TrFECTFE) terpolymer [7], [8].
P(VDF-TrFE-CTFE), a relaxor ferroelectric terpolymer, couples electrical energy to
mechanical energy through electrostriction. Electrostriction refers to the strain ε that is induced
under the application of an electric field E and is proportional to the square of polarization P
𝜖 = 𝑄𝑃2

(2)

where Q is the electrostrictive coefficient [9]. One important factor contributing to
electrostriction is the dielectric constant. Materials with a higher dielectric constant show greater
polarization under an electric field, a critical aspect for folding actuators.
P(VDF-TrFE-CTFE) film as prepared has electrical dipoles that are initially random
(paraelectric phase). However, once an electric field is applied, the dipoles spontaneously
align resulting in the terpolymer taking the polar -phase and mechanically expanding in plane
while contracting in thickness. Once the electric field is removed, the dipoles return to their
random configuration and the terpolymer assumes its original shape. The electroactive polymer
P(VDF-TrFE-CTFE) is selected for this project due to its performance: it is able to achieve both
moderate strain levels (4%) and high maximum actuation stress (20-45 MPa) [10]. The
terpolymer also has a dielectric constant of 50, which is higher than most electro-active polymers
such as dielectric elastomer, and Polyvinylidene-fluoride (PVDF) [11]. Table 1 compares the
properties of each electroactive polymer and was inspired by reference [12].
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Table 1. Comparison of electroactive polymers [12]
Maximum
Strain

Maximum
Stress

Dielectric
Constant

Dielectric Elastomer
[13], [14]

300%

7.2 MPa

4.7

Polyvinylidene-fluoride
(PVDF) [8], [15], [16]

0.1 %

4.8 MPa

12

P(VDF-TrFE-CTFE)
terpolymer [7], [10],[11]

4%

20-45 MPa

50

1.3 Folding in Electroactive Polymers
Unimorph configurations are used for bending and folding actuators and consist of an
active layer of terpolymer adhered to a passive layer of substrate. When in a unimorph
configuration, the passive layer restricts the expansion of the active terpolymer, causing the
unimorph to bend. Figure 3 represents the bending in a unimorph configuration’s behavior with
and without an applied electric field.
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(a)

(b)

Figure 3. Single layer unimorph configuration. (a) No electric field (b) Electric field

Stress concentrations can be added to unimorph configurations to create folding from
bending. In this application, folding is defined as localized curvature in a fixed region and
bending is defined as curvature throughout the whole sample. Unimorph configurations can be
changed to include stiffeners, notches, and multiple layers of active terpolymer. Changing the
unimorph configuration alters the mechanical properties which influence the folding potential of
the terpolymer. Stiffeners, such as thin strips of pure nickel, can be used to increase the overall
stiffness of the passive layer and provides a localized area for the terpolymer to fold around [17].
Another way to control the mechanical properties of the passive layer is to create notches.
Similar to using stiffeners, notches provide areas of lower stiffness for the terpolymer to produce
folding. The notches are created by adding layers of passive substrate as seen in Figure 4. The
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gaps made by the notches creates areas of localized bending which becomes folding for the
overall sample.
(a)

(b)

Figure 4. Notched unimorph configuration with (a) one notch (b) two notches

1.4 Objective and Problem Statement
The goal of this study is to maximize the folding potential of electroactive polymers by
exploring localized bending, i.e. folding, achieved through layering configurations with different
degrees of stiffness, materials combinations and nonuniform thicknesses. To do so, several
notched configurations has been tested experimentally to explore the impact of different
parameters such as notch size, notch location, and the mechanical properties of the passive
substrate. First, double notch configurations with notches of equal sizes and at similar locations
has been created and tested. Then, uneven double notch samples will be created by changing the
size of only one of the notches, while keeping the remaining parameters constant. Finally, the
locations of the notches has been changed to follow the Fibonacci ratio, which is found in the
human finger.
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Passive substrates with varying thicknesses and Young’s modulus have also been tested
and evaluated for their impact on the folding potential of the electroactive polymers. Substrate
materials with thicknesses from 12.5 µm to 260 µm and Young’s modulus from 0.0002 GPa to
5.24 GPa will be tested. Actuation was be recorded using a video camera where the folding
angles of each notch were then measured with CAD software. The results from this study
provides experimental verification for future finite element analysis models.
Chapter 2 outlines the procedure for fabricating unimorphs and double notched
configurations, the use of an analytical model for experimental validation, and the process for
actuating the various configurations. Chapter 3 focuses on the experimental results of each
configuration, the results from the analytical model, and the results from a terpolymer based
gripping device. Finally, chapter 4 presents a summary of the results and suggestions for future
work.
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Chapter 2 - Method

2.1 Sample Fabrication
To fabricate folding actuators, P(VDF-TrFE-CTFE) is first dissolved from a powder in
N,N-dimethyl formamide using a magnetic stirrer at 40oC for 2 hours [18]. Films of the
terpolymer are then processed through solution casting. In this casting technique, the polymer
solution is spread on a glass plate using a doctor blade then placed in an oven at 100oC for 2
hours to remove the solvent. The terpolymer film is then annealed at 120oC for 9 hours to
improve the crystallinity of the film; increases in crystallinity have been shown in previous
studies to increase the electrostrictive strain of the terpolymer [11].
After it is annealed, the processed film is now ready to be made into actuators. First, a
portion of the terpolymer film is cut to a specified dimension. Then, both sides of the film must
be sputtered with 100 nm of silver using a Sputter Coater: Quorum EMS 150 RS. Sputtering both
sides with silver allows the electric field to be applied. A mask, as seen in Figure 5, is placed on
top of the film to ensure that the sputtered silver creates a uniform boundary on the film. The
terpolymer following the sputtering process is shown in Figure 6. Electrodes made out of copper
tape are then attached to each side of the film to allow the sample to be connected to a high
voltage supply.
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Figure 5. Mask for sputtering terpolymer

Figure 6. Sputtered terpolymer samples

Next, a unimorph configuration is created by placing a layer of scotch tape over the
sputtered terpolymer. Placing the scotch tape on the terpolymer is a critical step and is often a
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source of fabrication errors. Stretching the tape before it is placed on the terpolymer introduces
pre-stresses into the sample, creating a pre-stressed configuration, resulting in curling and
waviness in the unimorph. Once the passive substrate is adhered to the active terpolymer, any
excess tape is trimmed and the sample is attached to a glass slide. The sample is now in a
unimorph configuration, as seen in Figure 7.

Figure 7. Front and back views of a sample in unimorph configuration
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2.2 Notched Samples
A notched sample is created by placing “panels” of passive substrate on top of the
unimorph configuration. Panels are made by cutting a layer of passive substrate at specified
lengths. The cut panels are then placed on top of the unimorph configuration. Gaps in between
the panels create notches in the sample. This project focuses on double notched samples, which
consists of two notches in the same sample. The folds in the sample are then located at the
midpoint in between each notch, as seen in Figure 8.

Figure 8. Fold locations in a double notched sample

Construction of the panels require the cuts to be made at 90° angles for consistent
actuation. Panels cut at irregular angles cause the sample to twist to the side during actuation,
creating inconsistencies in the experimental data. To produce precise cuts for the panels, a 3D
printed cutting tool shown in Figure 9 is designed and used. First, the tool is adjusted to the
desired cutting length. Then, a layer of passive substrate is placed on top of the cutting tool’s
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blades. Finally, the passive substrate is pulled down through the parallel blades, creating a panel
of uniform size and shape.

Figure 9. Adjustable cutting tool for notched samples

2.3 Finger Model
In this project, a biomimetic notched folding actuator was created to model after the
human finger. Many parts of the human body, including the distances between the knuckles in a
finger, follow the Fibonacci ratio such that the distance between two knuckles is equal to the
combined sum of the previous two distances. Figure 10 shows this relationship graphically, in
which the distance underlined in yellow (5 units) is equal to the sum of the distances underlined
in pink (2 units) and green (3 units).
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Figure 10. Fibonacci sequence in the human finger [19]

To construct the biomimetic notched folding actuator, the locations of the folds are first
changed to follow the Fibonacci ratio as seen in Figure 11. In order to account for the size
differences in the knuckles, the size of the notches is also changed to include one 0.5 cm notch
and one 1 cm notch. Although the sizes of the notches do not follow the Fibonacci ratio
themselves, 0.5 cm and 1.0 cm notches were used in previous tests. Therefore, experimental
results from the finger model could be compared easily to other configurations.

Figure 11. Double notch configuration with notches following the Fibonacci
sequence

A second double notch configuration was created to test the effect of the modified fold
locations. The second configuration is created with identical passive substrates and also consists
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of one 0.5 cm notch and one 1cm notch. However, the second configuration contains folds at an
equal centerline distance of 2.0 cm apart, as seen in Figure 12.

Figure 12. Double notch configuration with notches at equal distances

2.4 Actuation Setup
To test the actuators, the copper electrodes on the sample are first connected to a high
voltage amplifier using alligator clips. A combination of a function generator and high voltage
amplifier are used to apply the electric field to the sample. The required voltage is calculated by
dividing the desired electric field by the measured thickness of the terpolymer film. In this
experiment, DC voltages ranging from 0-3 kV were used to actuate the samples.
The actuation is then recorded using a camera mounted on a tripod. During actuation, the
sample is tested at 30 MV/m to a maximum of 100 MV/m in increasing increments of 5 MV/m;
the sample is kept at each level of electric field until maximum displacement is observed before
recording the displacement.
After actuation, SolidWorks is used to measure the folding angles in each actuator under
the applied electric field. The two angles formed by both notches are measured for each sample
at each level of electric field. Snapshots of the sample’s actuation are inserted as pictures into
SolidWorks. Then lines are traced along the sample to identify the shape of the folds and
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measured using the Smart Dimension feature. Figure 13 shows an example of the angle
measurements. In Figure 13, angle 1, corresponding to the first notch, is measured to be 14
degrees and angle 2, corresponding to the second notch, is measured to be 29 degrees. By taking
angle measurements, the impact of each configuration on folding angle can be observed
quantitatively.

Figure 13. Angle measurements using SolidWorks
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Chapter 3 – Results
The experimental results from each configuration will be presented as follows: equal
sized notches, unequal sized notches, finger model, passive substrate materials, and the gripping
device. Each section will show snapshots of the sample taken at each level of the electric field, as
well as a plot of the folding angles as a function of the electric field.

3.1 Effect of Notch Size
In order to test the effect of notch size on folding, two different double notch
configurations were created and tested. As mentioned in the previous section, creating notches in
a unimorph sample introduces local stress concentrations into the sample. The configurations in
this test help determine if a larger notch will fold more in comparison to a smaller notch.
In both configurations, the unimorph has a size of 6 cm x 2 cm, with scotch tape as the
passive substrate material and 100 nm of silver sputtered on each side. The first configuration
consisted of two 1.0 cm notches, at an even distance of 2.0 cm apart. The second configuration
also contained two notches 2.0 cm apart, but with a smaller 0.5 cm notch size. The specifications
for both configurations can be found in Figure 14.
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(a)

(b)

Figure 14. Double notch configuration (a) 1.0 cm notches (b) 0.5 cm notches

Each sample was actuated using a voltage amplifier and function generator. For this test,
electric field levels of 30 MV/m to 50 MV/m were applied in increasing increments of 5 MV/m.
This range was selected based on the minimum electric field level required to observe the onset
of folding, and the maximum electric field level before breakdown occurs. Based on previous
tests, 30 MV/m was shown to be the point at which most samples begin to show noticeable
changes in position. However, at higher electric field levels past 50 MV/m, voids trapped
between the terpolymer and the passive substrate begin to break down, leading to a decrease in
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the performance of the terpolymer. The actuation of both sets of samples was then captured with
video, and snapshots were compared side by side in Figure 15.

Figure 15. Actuation of notched samples with 1cm and 0.5cm notch sizes

Figure 15 shows the difference in the folding behavior of both samples. Each
configuration was actuated once at each increasing level of electric field. Qualitatively, the
configuration with notches at 0.5 cm exhibited less folding and a more restricted range of motion
as compared to the configuration with notches at 1.0 cm. Figure 16 shows the notch at angle 1
and Figure 17 shows the location of the notch at angle 2.
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Figure 16. Angle 1 measurements for notches of even sizes
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Figure 17. Angle 2 measurements for notches of even sizes

Based on the experimental results, the sample with 1cm notches exhibited angle 1 values
which were roughly 20 – 100% greater in comparison to the sample with 0.5 cm notches.
Interestingly, the difference between the two notch sizes is reduced at the location of angle 2. At
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this location, the 0.5 cm notch produces folding angles that are nearly equal to the 1.0 cm notch.
Upon investigation, a possible explanation for this behavior could stem from the difference
between the portions of the sample that the notch at angle 2 must move in comparison to angle 1.
Figure 18 shows a free body diagram of a double notch configuration. Since the length
between the notches are equal in the configurations used in these tests, the center of mass can be
approximated to be in the middle of the notch to notch length. From the location of angle 1, the
notch must move a portion of the sample equal to 2/3 L. In comparison, the notch at the location
of angle 2 must only move a portion of the sample equal to 1/3 L. Due to the lower amount of
material that the notch must move at angle 2, a 0.5 cm notch may be large enough to act as a
significant stress concentrator at this position.

Figure 18. Free body diagram of double notched configurations
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3.2 Notches of Unequal Sizes
Two different configurations were used to explore the folding of double notch samples
with unequal notch sizes. Similar to the experiment on notch size, the configurations were
fabricated using a 6 cm x 2 cm unimorph sample, and with scotch tape as the passive substrate
material and 100 nm of sputtered silver on each side. In these configurations, the top of the
sample refers to the side of the terpolymer which is fixed to the glass slide. The first
configuration consisted of a 1.0 cm notch on the top, and a 0.5 cm notch on the bottom. For these
configurations, the top of the sample refers to the end closest to the glass slide and bottom refers
to the end which experiences the largest displacement. The second configuration contained
notches in the reverse order, with the 1.0 cm notch on the bottom and the 0.5 cm notch on the
top. The dimensions of each configuration are given in Figure 19.
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(a)

(b)

Figure 19. Double notch configuration (a) Top Notch: 0.5cm, Bottom Notch: 1.0cm
(b) Top Notch: 1.0cm, Bottom Notch: 0.5cm

Figure 20 shows the actuation of each configuration. Each sample was actuated once at
each level of electric field and recorded individually. Although both configurations behaved
similarly qualitatively, the bottom configuration on appeared to have sharper folding angles at
electric field levels of 50-55 MV/m. Another observation can be made on the impact of the notch
size from this test. In both configurations the 0.5 cm notch appears to fold less than the 1.0 cm
notch, which agrees with previous experiments on the effect of notch size.
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Figure 20. Double notch configuration with unequal notch sizes

Plots of the folding angles for each sample are shown in Figure 21 and Figure 22. The
sample with the 1 cm notches at the top showed approximately 50% greater folding at angle 1
than the other sample with 0.5 cm notches at the same location. The increase in folding agrees
well with both the qualitative analysis, and the results obtained from the double notch
configurations with even notch sizes. As discussed previously, the notch at angle 1 must be able
to move a larger portion of the sample in comparison to the notch at angle 2. The larger 1.0 cm
notch found in the lower configuration creates a larger stress concentration in the sample, which
in turn creates sharper folding angles at angle 1.
Both samples performed very similarly at angle 2, which is comparable to the similar
angle 2 values found in the even notch configurations. Although the configuration with a 1.0 cm
notch at angle 2 produces a larger local stress concentration in that region, the 0.5 cm still
produces similar angles as seen qualitatively and quantitatively.
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Despite the similarities found in both the configurations containing unequal and equal
notch sizes, the configurations with uneven notch sizes exhibited greater overall displacement. A
possible explanation for this observation could come from which notch in each unequal notched
configuration displays folding behavior first. From Figure 20, the configuration with the 1.0 cm
notch at angle 2 begins to show distinct folding at approximately 40 MV/m. In comparison, the
lower configuration begins to show folding at 35 MV/m at the location of its 1.0 cm notch. In
both configurations, the 1.0 cm notch begins to show folding before the 0.5 cm notch. For the
configurations with even notches, folding is observed at both angle 1 and angle 2 at the same
level of electric field. Having only one notch for the sample to “focus on” initially could be the
reason for the increased displacement.
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Figure 21. Angle 1 measurements for notches of unequal sizes
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Figure 22. Angle 2 measurements for notches of unequal sizes

3.3 Finger Model
To test the effect of the locations of the notches along the sample length, two double
notch samples were created. Both samples were fabricated using the 6 cm x 2 cm template,
sputtered with 100 nm of silver on each side, and layered with scotch tape as the passive
substrate. A “finger model” was created from one of these samples by modifying the locations of
the notches to follow the Fibonacci sequence, as discussed in Chapter 2. The actuation of the
finger model was then compared to the actuation of the configuration from the previous section
with a 1.0 cm notch on the top and 0.5 cm notch on the bottom. The configuration was chosen
because it contains a 1.0 cm notch at angle 1 and 0.5 cm notch at angle 2, similar to the finger
model. A comparison of each configuration’s dimensions is shown in Figure 23.
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(a)

(b)

Figure 23. Double notch configurations (a) Top Notch: 1.0cm, Bottom Notch: 0.5cm
(b) Finger Model

Figure 24 shows the effect of changing the locations of the notches to match the
Fibonacci sequence. Each sample was tested at electric field levels from 30 MV/m to 55 MV/m
in increasing increments of 5 MV/m. Comparing the actuation of both samples side to side, the
sample with notches following the Fibonacci sequence yield more folding. At lower electric field
levels from 30MV/m to 40 MV/m, the modified configuration appears to exhibit folding motion
earlier than the configuration with notches at even locations.
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Figure 24. Double notch configurations with notches at even locations and notches
following the Fibonacci sequence

Qualitative results from each sample’s actuation are shown in Figure 25 and Figure 26.
As seen in Figure 25, the finger model displayed an approximate 100% increase in folding angle
over the other sample at angle 1. Although both samples have the same sized notch at angle 1,
the finger model displays sharper fold angles at each level of electric field. From Figure 25, the
finger model appears to yield higher folding angles than the sample with notches at even
locations for each level of electric field at angle 1. A similar effect is seen in Figure 26, in which
the finger model displays sharper folding angles at angle 2. However, the differences in folding
angle at angle 2 between the two samples seem to diminish as the electric field level increases.
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Figure 25. Angle 1 measurements for finger model actuation
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Figure 26. Angle 2 measurements for finger model actuation

Similar to the tests done on the effect of the notch size, the increase in folding in the
finger model could be due to the relative masses that each notch must move. In the finger
model’s case however, a special type of symmetry takes place in the sample as seen in Figure 27.
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Figure 27. Free body diagram of finger model

In the finger model, the notch at angle 1 must move a portion of the sample equal to
exactly half of the overall length and notch at angle 2 must move a portion of the sample equal to
1

/5 of the length. Both of these lengths are smaller than those found in a double notch

configuration with notches at even locations which might help explain the increase in folding in
the finger model. Another factor contributing to the sharper folding angles in the finger model
may come from the proportions found in the Fibonacci sequence. In the finger model’s case, the
small 0.5 cm notch at angle 2 is only required to move a length of 0.2L which is proportional to
the length of the sample that the larger 1.0 cm notch must move.
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3.4 Effect of Passive Substrate Materials
In this section, an assortment of passive substrate materials was tested to explore their
effects on the folding angle of the terpolymer samples. The materials used are listed in Table ,
and vary in thickness and Young’s Modulus, from 12.5 µm to 260 µm and 1.05 GPa to 5.24 GPa
respectively. Materials were chosen based on a combination of both the thickness and the
Young’s Modulus of the passive substrate material, as they were found to have an impact on the
folding behavior of the notched actuators. A material’s calculated Et3 value was shown to have a
vital role in predicting the amount of overall displacement in a sample, with lower values of Et3
indicating greater displacement. As a result, a material’s Et3 value is the first method used to
predict the folding potential of a passive substrate.
Table 2. List of passive substrate materials
Thickness Et3 (Nm)
Vendor
(µm)
5.24
12.5
1.02E-05

Substrate Young's Modulus (GPa)
Mylar
Film
Kapton
Tape
Scotch
Tape
VHB
F9473

DuPont

1.05

63.5

2.69E-04

McMaster-Carr

1.60

62.0

3.81E-04

McMaster-Carr

0.0002

260

3.52E-06

3M

A second method to predict the folding potential was introduced through the use of an
analytical model developed in MATLAB (see appendix A). Although the analytical model
calculates the curvature in a bending actuator, its results are still interesting in this application as
folding in this project is defined as localized bending. A plot of curvature κ (1/m), as a function
of the electric field was created. Higher values of κ indicates a small radius of curvature in the
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bend of the sample. Smaller radii of curvature are found in sharp folding angles, which is an
indicator for high folding potential. The plot shown in Figure 28 was used to verify experimental
results as well as predict which materials would have the sharpest angles.
By observing the trends shown in Figure 28 and Table 2, a material’s calculated Et3 value
appears to play a unique role in curvature. Mylar film, a material with a high Young’s Modulus
and low thickness has a calculated Et3 value of 1.02E-05 Nm. From Figure 28, Mylar film has a
higher calculated curvature in comparison to materials with higher Et3 values such as Kapton and
Scotch tape [20]. However, VHB F9473 seems to disrupt this trend. VHB F9473 has a Young’s
Modulus of 0.0002 Pa, thickness of 260 µm, and calculated Et3 value of 3.52E-06. The calculated
curvature of VHB F9473 from the analytical model is much lower than Mylar film, despite its
lower Et3 value.
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Figure 28. Plot of κ as a function of electric field
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A possible explanation for the difference in calculated curvature for Mylar film and VHB
F9473 can be seen in the material property which influences the Et3 value in each material. Mylar
film’s low Et3 value is due mainly to its very small thickness of 12.5 µm. However, the material
also has a Young’s Modulus of 5.24 GPa which is much higher than the other passive substrates
found in Table . Both of these material properties are conducive for folding in notched actuators.
A low thickness passive substrate is exhibits less resistance to deformation and easier to move in
comparison to a thicker substrate with more mass. High values of Young’s Modulus also give the
actuator the rigidity required for folding as opposed to bending. In contrast, VHB F9473 has a
very low Young’s Modulus and high thickness as compared to the Mylar film. Although the low
Young’s Modulus results in a calculated Et3 value lower than Mylar film, the substrate shows a
much lower calculated curvature from the analytical model.
A potential caveat in using the analytical model for VHB F9473 however, is the
material’s unusual mechanical properties. First, the ratio of the Young’s modulus of the material
to the Young’s modulus of the terpolymer is 0.001. This ratio is very low in comparison to
previous studies using the analytical model in which the lowest ratio of Young’s moduli is 0.85
[20]. Next, the ratio between the thicknesses of VHB F9473 to the thickness of the terpolymer is
approximately 8.6, which is much higher in comparison to the previous highest ratio of 1.78
[20]. Due to these uncommon material properties, caution is needed when predicting the folding
potential of VHB F9473 with the analytical model. Therefore, both the analytical model and Et3
values are considered to increase the robustness of each prediction.
Figure 29 shows a side by side comparison of four notched actuators with different
passive substrates. Each sample was created with a 6 cm x 2 cm unimorph sample, with 100 nm
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of silver sputtered on each side. The size and location of the notches in each sample followed the
layout found in the finger model from section 3.3.
From Figure 29, the Kapton tape sample and the Scotch tape sample exhibited similar
degrees of folding. This result is as expected though, as both materials have similar Et3 values
and were predicted to have similar curvature from the analytical model. The Mylar film sample
exhibited greater overall displacement and sharper folding angles than both the Kapton tape and
Scotch tape samples. These qualitative results help validity the predictions made above based on
Mylar film’s low Et3 value and high curvature from the analytical model. The VHB F9473
sample’s actuation offers a resolution to the discrepancy between the two predictions on folding
potential discussed earlier. From the snapshots, the VHB F9473 sample exhibited bending as
opposed to the desired folding motion. However, the overall displacement of the sample is higher
than both the Kapton tape and Scotch tape samples, which agrees well with the prediction made
from its low Et3 value.
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Figure 29. Comparison of the impact of passive substrate material properties on
folding potential

From the analytical model, VHB F9473 was predicted to have the lowest curvature out of
all four of the samples. Observing the curvature of all four samples at 55 MV/m, this prediction
appears to hold true. The curvature of the VHB F9473 sample is similar, if not lower, than the
curvature of the Kapton tape and Scotch tape samples at angle 1. In comparison, the Mylar film
sample exhibits the greatest curvature at angle 1 out of all of the samples. From these qualitative
results, the analytical model appears to be effective in predicting the curvature of the localized
bending in the notches. In other words, passive substrate materials with a high calculated
curvature from the analytical model are predicted to produce sharper folding angles. However, a
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material’s Et3 value appears to be effective in predicting the overall displacement, regardless if
the motion is bending or folding.
Measurements of the folding angles of each sample were taken and plotted in Figure 30
and Figure 31. No accurate angle measurements could be taken from the VHB F9473 results
however, due to a lack of clear folding. As discussed previously, VHB F9473 lacks the rigidity
needed to execute folding as opposed to bending. Although quantitative measurements could not
be taken, the results from the VHB F9473 sample’s actuation helps to identify a trend in these
results.
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Figure 30. Angle 1 measurements of passive substrate experiments
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Figure 31. Angle 2 measurements of passive substrate experiments

Mylar film shows the highest folding at angle 1 out of all four samples. As mentioned
previously, the material has not only a low Et3 value but also a high calculated curvature from the
analytical model. In comparison, Scotch tape and Kapton tape both have higher Et3 values and
lower calculated curvature. Both of these materials also produced less folding at angle 1 than the
Mylar film sample. Finally, VHB F9473 has the lowest Et3 value and calculated curvature out of
all four samples. Table 3 provides a summary of the relationship between curvature, Et3, and
folding potential as observed in this test.
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Table 3. Summary of properties influencing folding potential
Substrate

Mylar Film

Et3 (Nm)

Curvature

Folding Potential

Highest

Low

Highest

Kapton Tape

Moderate

Moderate

Moderate

Scotch Tape

Moderate

Moderate

Moderate

VHB F9473

Lowest

Lowest

Lowest

3.5 Gripper Devices as Application
In this section, a gripping device was designed to test the feasibility of using terpolymer
based actuators in a gripping application. The device was designed in Autodesk Inventor, and 3D
printed in polylactic acid using a fused deposition modeling (FDM) printer. Figure 32 shows the
front, top, right, and isometric views of the gripping fixture. At the center of the device is a threelegged base which connects the fixture a support rod. Attached to the base are three “sliders”
which can be adjusted to a desired position. The terpolymer samples can then be held in between
the gap in the slider. Figure 33 shows the assembled gripping fixture, with the sliders attached to
the central hub.
The gripping device demonstrates a gripping motion by first grabbing the object, holding
the object in the air, and then releasing the object. Previous tests on the terpolymer actuators
provided a selection of optimized samples for use in the gripping device. Based on its ease of
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frabication and consistent actuation, the finger model with scotch tape as the passive substrate
was chosen as the actuators for the gripping experiments.

Figure 32. Schematic of gripping fixture
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Figure 33. Assembled gripping fixture

Once the terpolymer samples are inserted into the gripping fixture, the copper electrodes
on each of the samples are connected to form a parallel circuit. The parallel circuit was created
by connecting all of the outside electrodes to the same voltage pole, and all the inside electrodes
to the other voltage pole. The coupled electrodes are then connected to a voltage amplifier and
function generator, similar to the actuation setup used to test the terpolymer samples. Figure 34
shows the front and left views of the gripper device’s setup. Objects are placed on top of a
miniature 3D printed scissor lift, which is raised up to the end of the terpolymer samples. A
string connected to the scissor lift allows the lift’s stage to be dropped once the gripper device
has grasped the object.
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Figure 34. Front and left views of gripper setup

The objects used to test the functionality of the gripping device are as follows: a 60 mm
pom-pom ball, a paper cylinder, and an inflated latex glove. The mass of the objects ranged from
1.70 to 3.78 grams, as depicted in Figure 35. Objects were selected based on their variation in
surface properties, densities, and shape. As seen in Figure 35, the terpolymer actuators behave
differently depending on the properties of the object which it is gripping. The voltage used in
each of these tests was 1.7 kV, which corresponded to an electric field of approximately 56
MV/m. This voltage was selected by incrementing the voltage output by 0.1 kV increments,
until the gripper was able to successfully hold the object consistently.
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60mm Pom Pom Ball
m = 2.28g
Actuation Video

Paper Cylinder
m = 1.70g
Paper Cylinder
Actuation
Video
m = 1.70g
Actuation Video

Paper Cylinder
m = 1.70g
Inflated Latex
Glove
Actuation
Video
m = 3.78g
Actuation Video

Figure 35. Gripper objects with actuation videos

Results from the gripping experiments were obtained qualitatively and helps demonstrate
one of the potential applications of terpolymer based actuators. As discussed in section 1.1,
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flexibility allows terpolymer based actuators to deform and mold itself against objects of varying
sizes and surface properties.
Two modes of gripping are shown in the experimental results from Figure 35. The first
mode is seen in the 60 mm Pom Pom Ball in which the terpolymer “grasps” the ball by fully
enveloping the object. The second mode of gripping is seen in the other two objects where the
terpolymer “pinches” the object midway in its body. In both of these cases, the terpolymer is
capable of deforming itself to conform to the contours of each object. For the paper cylinder, the
terpolymer bends around a vertical axis until it matches the curvature of the object. Similarly, the
terpolymer wraps irregularly around the inflated latex glove to match the object’s uneven
contours. An advantage of this deformation is the increased contact surface area between the
passive substrate on the terpolymer actuator and the object. Increased contact surface area creates
more friction between the two surfaces, improving the performance of the gripper.
The force exerted by each of the terpolymer actuators plays different roles in each mode
of actuation. For the grasping motion, the actuation force is able to act against the pull of gravity
as the terpolymer is able to wrap fully around the object. However, for the pinching motion the
actuation force acts perpendicular to the pull of gravity. For the pinching mode, the friction
between the passive substrate on the actuator and the surface of the object is mainly responsible
for holding the object against gravity.
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Chapter 4 – Conclusion and Future Work

4.1 Conclusion
In this project P(VDF-TrFE-CTFE) terpolymer, an electroactive polymer, was studied for
its actuation behavior. Actuation was first achieved through the use of unimorphs, which created
bending motion in the terpolymer. Local stress concentrations were then introduced through the
placement of notches and transformed the bending motion into folding. This project then focused
on studying the effect of several notched configurations, and their impact on the actuation of
P(VDF-TrFE-CTFE) terpolymer both qualitatively and quantitively. Each notched configuration
tested the effects of different parameters on the folding potential of the terpolymer. The
parameters tested in this experiment includes the impact of the notch size, the location of the
notches, and the passive substrate material. Finally, a gripping device was created to demonstrate
the use of terpolymer based actuators in a gripping application. The results discussed in Chapter
3 shows the varying effects of each of these parameters on the folding potential of the
terpolymer. The following sections will analyze the impact of each of these parameters in greater
detail and identify areas where the study could move forward in the future.

4.1.1 Notch Sizes
In this experiment two different tests were done to explore the effect of notch sizes on the
folding behavior of the terpolymer. The two different notch sizes in these tests were 1.0 cm and
0.5 cm long. The first test compared the actuation of a double notch configuration with 1.0 cm
notches, and a similar configuration with 0.5 cm notches. When compared side by side, the 0.5
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cm notches appear to yield lower folding angles as compared to the 1.0 cm notches. These results
were also seen in the next test in which double notch configurations with unequal notch sizes
were tested. The configurations used in these tests both consisted of one 0.5 cm notch and one
1.0 cm notch. The first configuration contained the 0.5cm notch at the top of the sample, and the
1.0 cm notch at the bottom. The second configuration had of the same size, but in the reverse
order. This reversal was done to control for the effects of the position of each notch.
From these tests, it appears as if larger notch sizes such as 1.0 cm produces sharper
folding angles as compared to smaller notches. However, since notches create folding by
introducing localized bending, caution must be used when increasing the notch size. Although
larger notch sizes appear to return sharper folding angles, choosing a notch size which is too
large will result in a large amount of bending and a lack of clearly defined folding. Therefore, it
is important to not only consider the size of the notch, but also the proportion of the sample
which the notch occupies.

4.1.2 Notch Locations
The location of the notches proved to be a significant factor influencing the folding
angles in the terpolymer actuators. The finger model explored the impact of varying the locations
of these folds, by positioning the notches at the ratios found in the Fibonacci sequence. Results
from the finger model experiment show an increase in folding when compared to a configuration
with the same sized notches.
In addition to creating sharper folds, the finger model exhibited folding behavior at lower
levels of electric fields in comparison to double notched configurations at even locations. Having
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folding occur at lower electric fields is advantageous in applications in which repeated actuation
is required. As a sample is actuated repeatedly higher levels of electric field, the terpolymer
breaks down and exhibits a decrease in folding. The early folding in the finger model allows the
sample to be tested at lower electric fields, extending the durability of the sample as an actuator.
The enhanced durability of the terpolymer samples proved to be vital in testing the
terpolymer based gripping device from Section 3.5. Unlike the tests done in Sections 3.1 to 3.4,
testing the gripping device required the electric field to be sustained for much longer periods of
time. However, due to the early folding created in the finger model, the gripper was able to be
applied at lower electric fields. As a result, the gripping device was able to undergo several tests
before showing signs of decreased performance.

4.1.3 Right Angle Limit
Although each configuration used in these experiments were different, an observation can
be made which spans across nearly all of these tests. In each experiment, the value of angle 2
appears to converge to a value of approximately 90o at higher levels of electric field, regardless
of the size or position of the notch. Interestingly, this effect is also seen in the scotch tape,
Kapton tape, and mylar film samples used in the experiments with different passive substrate
materials. As discussed previously for the finger model, initially the finger model exhibits
sharper folding angles at angle two when compared to the control sample. However, as the level
of electric field increases, this gap decreases until both angles are at around 90o.
An interesting exception to this effect is seen in the mylar film sample in the passive
substrate experiments. The sample appears to hit the 90o limit at around 40 MV/m, and sustains
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this angle up to a level of 50 MV/m. At 55MV/m however, the sample suddenly jumps to a 180o
angle as the sample forms a complete loop. Although this effect is outside the scope for this
experiment, it may be an area of interest for future work.

4.1.4 Gripping Device
The gripping device discussed in Section 3.5 demonstrated the use of terpolymer
actuations in a gripping application. Two modes of gripping were observed in these tests with the
gripping device. The first was a grasping motion, in which the terpolymer is able to fully wrap
around an object. This mode of gripping depends on the actuation force to hold the gripped
object against gravity. The second mode of gripping was a pinching motion, where the
terpolymer is only able to be in contact with part of the gripped object. In this mode, the friction
between the passive substrate material and the surface of the object is responsible for supporting
the object against the pull of gravity.
An observation can be made from both the grasping and pinching motions seen in these
gripping tests. First, successful gripping motion was seen in tests in which the contact area
between the terpolymer sample and the gripped object was maximized. Interestingly, this effect
appears to apply to both modes of gripping discussed in this project. For the grasping mode,
objects which are too small were difficult to grip successfully. Due to the decreased contact area
from grasping a small object, the terpolymer is unable to keep the object stable. However, for the
60 mm Pom Pom ball the terpolymer was able to keep in contact with the majority of the object
which kept the object stable. For the pinching mode, the contact area is responsible for creating
the friction which holds the object up. From this observation, the performance of the gripping

49

device can be increased by either increasing the actuation force or by selecting a passive
substrate material with a larger coefficient of static friction. By choosing the latter, the gripping
device may be able to support a larger load at lower levels of electric field.

4.2 Future Work
Overall, this study achieved its goal of maximizing the folding potential of P(VDF-TrFECTFE) terpolymer. However, more experiments could be done to further increase the
terpolymer’s folding angles. Based on the results of the passive substrate tests, thin films of high
stiffness could be tested to explore the limits of the analytical model and its dependent
parameters. Furthermore, the unimorph used in each configuration used scotch tape as the base
passive substrate material regardless of the material used for the notches. New configurations
made solely of one single passive substrate material such as mylar film may produce interesting
results.
The gripping device created in this study provides a starting point for a different direction
of research. As a simple prototype, the device could be developed further to take advantage of
the unique attributes of the terpolymer. Each sample in the gripping device must be actuated
simultaneously and at the same voltage due to the parallel circuitry in the device. Although
simple, this setup leaves large room for creativity in future improvements. For example, each
sample could be connected to a potentiometer which controls the displacement of each actuator
independently. This addition would allow for a more accurate emulation of the human hand, as
each finger on the hand is able to move independently and in varying degrees.
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The right-angle limit discussed in the previous section also offers a starting point for
potential future investigation. One point to note however, is that the effect was only observed
from the results of several different tests. As more samples are created and tested, more
phenomena may appear in the trends found in the data. For this reason, more work is needed in
this area to explore the full potential of P(VDF-TrFE-CTFE) terpolymer.
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Appendix A
Analytical Model

% MATLAB coding for n layered EAP based actuator by SAAD AHMED,
May 1 2015%
close all
clear all
%Parameters
alpha1 = 260/30; % thickness ratio of substrate (Scotch tape)
to polymer, tp=---um, ts=62um
alpha2 = 0; % thickness ratio of adhesive to polymer, tg=---um,
tp=---um
beta1 = 0.0002/0.2; % Modulus ratio of substrate to polymer,
Yp=0.2GPa, Ys=1.6 GPa
beta2 = 0; % Modulus ratio of adhesive to polymer, Yp=0.2GPa,
Yg=---GPa
ts=260E-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+(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(:));
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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)
*alpha2-alpha1^2*beta1);
T=(1/3)*(A(i)^3*beta2*alpha2^3+3*E(i)*beta2*alpha2^2+3*F(i)*beta
2*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
Efield = transpose(e_field);
plot(e_field,K)
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