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ABSTRACT

Refreshable Braille displays require many, smalhditer actuators to move the pins.
The electrostrictive P(VDF-TrFE-CFE) terpolymer qaovide the high strain and actuation
force under modest electric fields that are reguafkthis application. In this thesis, we develop
core-free tubular actuators and integrate themaro< 2 Braille cell. The films are solution cast,
stretched to 6 um thick, electroded, laminated anbdlayer, rolled into a 2 mm diameter tube,
bonded, and provided with top and bottom contaEtgperimental testing of 17 actuators
demonstrates significant strains (up to 4%) andkitey forces (1 N) at moderate electric fields

(100 MV/m). A novel Braille cell is designed arabficated using six of these actuators.
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Chapter 1

Introduction

The development of a full page refreshable Braliplay requires many, small diameter
actuators to move the pins. Commercially availalidplays are expensive, bulky and limited to
two lines of Braille characters. The piezoeledénding actuators used in these devices require a
significantly larger area than the Braille pinsrttselves. Designing a more compact, portable
system would enable the blind community to intezfeieely with computers, and have access to
new technologies such as the internet and e-mails.

The recent advancements in the field of Electrav&dPolymers (EAPs) make those
materials a promising solution for tactile disp&pplications The main challenge resides in
designing a miniature actuator that can meet bwBraille displacement and force requirements
while operating at low voltage. The designs thaehaeen investigated include multilayer
stacked actuators that contfecbistable electroactive polymers that use tempegatontro,
dielectric elastomer membranes that butkleand PVDF bending bimorph actuators coupled
with hydraulic fluidé.

Compared with other actuator materials, the elstiative P(VDF-TrFE) based
terpolymers and its blends offer several uniqueaathges including large transverse
electrostrictive strains (~5%) and high elastic olod (~1GPa) which can be exploited for
compact actuation devides® These actuator polymers can be fabricated iritofilims (down
to 1 um) enabling low operation voltages for pi@tcommercial devices.

,12,13,14,15,

Tubular actuators are commonly used as artificiadctes %hut have not been

considered for tactile devices. Their large diametel soft structure, usually requiring internal
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support springs, make them unsuitable for Brajfigliaations. In this thesis, we present a new
rolled actuator that meets all Braille display sfieations and the corresponding fabrication
process. Seventeen actuators made from P(VDF-THHERG ferroelectric polymer, are tested

experimentally and a cell containing six Brailleacdicters is successfully demonstrated.



Chapter 2

Actuator Design

The design of the actuator is driven by three megmstraints: the necessity of a compact
form factor, as well as providing the required tispment and blocking force for Braille
applications. In this section, the concept of theedree rolled actuator is presented, and then

strain and stress equations are used to dimenigieritaé actuator.

Concept

Figure 2.1 shows a schematic diagram of the P(VEFEICFE) cylindrical actuators
developed in this thesis. They consist of an edeletd bilayer film that is rolled into a tube. An
external electric field causes the film to conttéicbugh the thickness and extend longitudinally
in the actuation direction. The positive and nagaélectrodes are offset, allowing an electrical
contact at each end of the actuator. The numblaryefs, diameters, and length of the actuator
are designed to avoid buckling under maximum blugKorce. This means that the actuator does
not need an internal core, setting it apart froisterg devices. The P(VDF-TrFE-CFE)
ferroelectric polymer used in this application fd®s large electrostrictive strafi3.5% at 100

MV/m) and high modulus (~£ON/m?) for an easily read display.
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Figure 2.1 Actuator and Braille Cell Design: (a) Rted actuator concept (close-up inset shows four
offset electrodes) and (b) Braille cell.
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Design

The dimensions of the roll actuator are based stardard Braille c€ff, shown in Fig.
2.1(b). The center-to-center distance between tliacant dots is 2.5 mm, and the tip
displacement must exceed 0.5 mm while withstandingnimum force of 0.5 N. The blocking
force and free stroke of the actuator at the mamiroperating voltage are designed to satisfy

these specifications.



The actuator displacement
A=lg,
wherel is the active length of the actuator arid the strain at the applied voltage. The blogkin
force is
P =2EtWe
wheret andW are respectively the thickness and rolling widtlthe single layer film, ané is
the Young's modulus of the material in the axiakdiion (0.8 GPa).

The actuation voltage is chosen to provide an mdefoéld of 100 MV/m and a
corresponding strain of 3.5% without causing filredkdown. The average thickness of PVDF
films is 6um so the actuation voltage is 600 V. With 3.5%istes active length of 15 mm
provides the required 0.5 mm pin displacement.adaunt for manufacturing and material
variability, a length of 30 mm is used.

To enable a simple, core-free design, the actuatst be structurally stable under the
applied blocking force. Due to the large lengthfdéter ratio, Euler buckling is the most likely

failure mode. The critical buckling load

b - TEtW (1,2 — tW)
. (kL)? '

whereL is the total length of the actuatogjs the outer diameter, akdaccounts for
boundary conditiord. In this analysis, we take= 1, the worst case of pinned at both ends.

With zr,2» tW, the maximum buckling load is reached wihgandW are the largest and
L is the smallest. For the Braille actuatos 30 mm and = 6 um. The fabrication process and
cell design constrain 1.6 mmrs< 2.2 mm and 40 mm W< 75 mm. If we pick the largess =
2.2 mm andV = 75 mm, the maximum buckling load achievable ¢, @orresponding te= 1.5

%. Thus, the actuator is prone to buckling andisgémnsverse support in the Braille cell design.



Chapter 3

Fabrication Process

A fabrication process is developed to perform theassary steps in the making of the
rolled actuator, starting from pure PVDF powdere Tinocess involves solution casting,
stretching, annealing, electrode deposition, latinarolling and bonding. The procedure is

detailed hereafter.

Solution Casting

The polymer films are created using a solution tilegp and casting technique. PVDF
powder mixed with CFE and TrFE are dissolved ireatbd solvent solution. The solution is
poured onto a glass substrate, left at rest fdidl2s, and then placed in a conventional oven and
then a vaccum oven above room temperature (~80@°€ljrhinate any remaining solvent. Finally,
the film is removed from the glass substrate udigignized water. This method is very cost
effective and simple but it creates film with randg oriented polymer chains. To maximize

actuation strain, the polymer chains are alignéagus stretching process.

Stretching and Annealing

After the casting process, the P(VDF-TrFE-CFE) filitkness is typically between 50
and 70um. To reduce the actuation voltage the samplesteched down to a thickness of 6
pm. Stretching also aligns the polymer chains éaétuation direction, improving strain

performance. Using either a linear or roll-to-isilletching machine, the film, pulled in tension at



both ends, is locally heated with a hot wire, allugvthe film to stretch according to a user
defined ratio.

The abrupt change in temperature near the hotaréi@es residual stresses in the
stretched film. Annealing relaxes the film by hegttlose to the melting temperature followed
by slow cooling. Annealing also increases the afiiae phase content, which contributes to the

electrostrictive strain and improves the elasticoios.

Electrode Deposition

For the electrode deposition step, the film isitamesd onto 7.5 cm by 10 cm metal
frames using a repositionable spray adhesive agrshoFig. 3.1. A mask is temporarily placed
on top of the frame, delimiting an electrode patiefi30 mm by 75 mm. A Conductive Polymer
Solution (CPS — Clevd¥ FE-T) was used as the electrode (blue area orirfilfig. 2). CPS is
deposited onto the film using an ultrasonic nof3lenaer 130K50T). The electrode performance
(conductivity and capacitance, see Appendix A)éases with increasing electrode thickness but
the strain performance degrades due to the additmassive constraint on displacement. The
CPS spray time is adjusted to balance these ogposbiectives. A thin gold layer is also
deposited on the edge of the electrode patteimpoove electrical contact at the ends of the

actuator.
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Figure 3.1 PVDF film tensioned on a supporting frare with CPS and gold electrodes.

Lamination

Figure 3.2 schematically shows laminated bilayatk ®lectrodes on three and all four
sides. Four sided samples work well if the lamomais poor with gaps or air pockets. For high
guality laminations, however, three sided sampibsbé higher strain because there is less
passive electrode material constraining motione€lsided samples are also easier to fabricate,
requiring one less electrode deposition step. Bameous external pressure and heat are applied
to both films for successfully lamination. The leyare compressed using a vacuum bag (~ 10
cmHg) and then placed in an oven. The temperal®@°C) and heat exposure time (2 hours) are
optimized to maximize the interlayer bounding sitbrand equalize the capacitance between the
three and four layer designs. The optimized lationgprocess gave bilayers with similar
average capacitance (251 nF for 3 sided sampleg2&dF for 4 sided samples, see Appendix
B), indicating a high quality lamination. In thgpone could use only two electrodes in the
bilayer if the final step in the vacuum oven prasdx sufficiently high quality lamination of the

rolled bilayer.
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Figure 3.2 Bilayer lamination with electrodes on (4 sides and (b) 3 sides.

Rolling

Rolling transforms the flat bilayer to a wound ratttuator. The bilayer is removed from
the metal frame. Figure 3.3 shows the mandrel @etina core to wind the film around. During
winding, the bilayer is pulled along a flat surfdmethe rotating mandrel with a weight on the
film providing tension to prevent the formationwafinkles. The mandrel temporarily adheres to
the film during rolling using an adhesive. At temmgtares above 80°C the adhesive liquefies,
allowing the core to be easily removed from theiaitr after the lamination in a vacuum oven.
To prevent unraveling, another adhesive is ligiéposited on the end of the rolled sample,

permanently bonding the last two layers.
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Figure 3.3 Automated mandrel for the rolling proces.

Bonding and Electrical Contact

The last step of the actuator fabrication process heat the device at 90°C in a vacuum
oven for 90 min. The vacuum helps eliminate airkgte trapped in between layers during the
rolling process and the heat bonds all the robggils together, improving the mechanical
strength of the structure. Removing residual athimactuator is essential to improve the voltage
breakdown of the device. Lastly, steel balls anedea on both electrode ends using conductive

epoxy to serve as electromechanical contacts (ge8.B).

PVDF Film

Figure 3.4 An example core-free rolled P(VDF-CFE-TFE) actuator.
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Chapter 4

Experiments

To characterize the properties of the actuatorscanfirm that they meet the Braille
requirements, measurements of displacement, blgdkiice and capacitance are performed on

several fabricated samples. The results are diediusghis section.

Experimental Set up

Figure 4.1 shows the experimental set up usedatyzamthe performance of 19 actuators
fabricated using the process described in parAlllrek 609E-6 high voltage amplifier,
controlled by LabView, provides that actuation agk. The displacement and blocking force are
measured by a PolyTec OFV 534 laser vibrometeraahigansducer Techniques EBB-1
cantilever beam load cell, respectively. The curgaing through the actuator is also measured.
An acrylic block is machined with 1.9 — 2.4 mm diales to provide lateral support for the
actuator. Galden fluid is pumped into the blocknioimize arcing and improve heat dissipation.
The steel balls of the actuator are contacted wsimggnet on the bottom (positive end) that is
fixed to the acrylic block and a magnet on thettwi is soldered to a very thin (0.07 mm
diameter) copper wire connected to ground.

Table 4.1 shows the average and standard deviattite parameters and performance of
the 19 actuators fabricated and tested. The deaieerage 2 mm in diameter and 43.6 mm in

height formed from bilayers averaging 11 um inkhiss.



Figure 4.1 Displacement and force measurement sepu(1) Laser vibrometer. (2) Load cell. (3)

12

Actuator. (4) Supporting acrylic block. (5) High vdtage input. (6) Ground. (7) Galden fluid supply.

Table 4.1 P(VDF-TrFE-CFE) actuator properties

Property Average | Deviation| Max | Min
Length (mm) 43.6 1.2 45.4 42.(

B Active length 30 0 30 30

@ (mm)

2 Inner diameter

° 1.35 0.20 1.50 1.1

g (mm)

2 O“te(rmdr:f‘)meter 2.00 014 | 224 175
T_hlckness of 11 2 16 7
bilayer (um)

§ | Capacitance @ 2D 54, 49 349 | 185

= Hz (nF)

[&]

uij Loss @ 20 Hz 0.08 0.02 0.14 0.0
Strain at 100

— 2.03 0.81 4.18 0.82

_S Vipm (%)

S Force at 100

5

§ Vium (N) 1.05 0.26 1.30| 0.70

= Stiffness at 50
V/um (kN/m) 4.15 1.16 6.04 2.77
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Electrical Measurements

The capacitance and loss of the actuators are meghssing a precision LCR meter (HP
4284A). The theoretical capacitance

£0&-A
c = fofr
t

1]

wheree,is the electric constant,is the relative permittivity of P(VDF-CFE-TrFE) is the

active area of the actuator, anithe thickness of the single layer film. For thermage parameters
in Table 1l and permittivity, = 40 the expected value of capacitance is 290Tife actual
measured capacitance is less than theoreticaltiqteel, probably due to incomplete electroding

of the bilayer surfaces. The loss is also relétitgh due to resistance in the CPS electrodes.

Strain Results

The voltage applied during initial strain testirgnged from 200 V to approximately 700
V in 50 V increments. Two of the nineteen actuafatsicated failed immediately at 200 V. Of
the remaining 17 samples, 12 survived the entipeement and the other 5 failed at various
input voltages due to film defects (see Appendix C)

Fig. 4.2 shows the experimental results for an gtamevice. The voltage signal is
ramped at 100 V/s until reaching the desired véfig 4.2(a)). The signal is held constant for 60
seconds before being ramped back down to zerogldsiamp input rather than a step input
limits the maximum current during the charging msxto about 0.1 mA (Fig. 4.2(b)). A step
input of 650 V generates a current peak of appratéhy 2 mA, more than an order of magnitude
higher. High currents are likely to cause heatinigealized imperfections that ultimately lead to
breakdown. Figure 4.2(c) shows the displacemepbrese of the actuator peaking at more than

1.2 mm for an applied voltage of 750 V. After adguinitial transient, the actuator continues to
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slowly extend. This extension eventually reachesrestant steady state value after
approximately 600 s. When the voltage is turndgdtbé& actuator quickly contracts and then
slowly returns to zero displacement. This ‘revdesitreep effect® has been observed in
piezoelectric materials.

Figure 4.3 shows the average and standard deviattistnain versus electric field for the
17 actuators tested (the results at 100 MV/m & ial Tab. 11). At 100 MV/m, the average
strain is 2%, much lower than the performance exgefrom previously tested single layer
P(VDF-CFE-TrFE) film$®. The standard deviation is relatively large at medand high strains.
This variability can be explained by several fastoFirst, the actuators tend to move axialhy
transversely The acrylic block constrains this transverse muset but does not entirely
eliminate the associated reduction in the desirél displacement. Second, the capacitance data
also shows significant uncertainty, indicating sades in material properties and uniformity of
the electrode deposition. On average, actuatdtshigher capacitance also produce higher
displacement. Third, the adhesive deposited duhiagolling process, although minimal, could

restrain the axial displacement.



15

8007
|
CU (a) g
L
600 g
. |
b
w
U) il
©
=
o ]
=
slissliboas bt A RO SRR
L L L L L
10 20 30 40 50 80 90 100
Time (s)
U T T
(b) |
005 1
— ~,
S
= e T R S o 2 )
E Or G &Y
g 2\
3
O
-005F 1
01 1
Il L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
Time (s
T T T ( ) T
1200+ -"___.-----_..-----' “ =
o"—- L (c)
» 1
(’ 1
1000} \ .
- 1
3 '-.
1
= 80F NES———, . 1
c ,-y—\-\--‘-w-\-‘-‘-‘-‘ 1 'l
£ Wi
#
@ 600 it o
% eI I . ¥
o
@400 :
[a]
200
0 “
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4.2 Experimental time response for an examplactuator: (a) Voltage, (b) Current, and (c)
Displacement.



16

Strain (%)
N

50 75 100 125
Electric Field (V/um)

Figure 4.3 Experimentally measured strain versus ettric field for 17 actuators (blue diamond is the
mean value and error bars indicate + one standardeviation).

Force Results

Eight actuators are successfully tested for blagkimce by positioning the actuator tip in
contact with the load cell and applying the voltéigee trajectory shown in Fig. 4.4(a). The
voltage is ramped up, held constant for 30 s ambeal down. The blocking force results for one
actuator are shown in Fig. 4.4(b). For most ofabeiators, the response looks similar to this
example for voltages less than 300 V (see AppeDilixThe blocking force rises until the
applied voltage ramps down. The blocking forcthat voltage is chosen to be the value just
before the down ramp starts. For the example tmtaa400 V, however, the blocking force
does not grow monotonically, peaking before themoard ramp. In this case, the blocking
force produced by the device is higher than thcatiEuler load of the structure and the tube
bends laterally. The side walls of the acrylic l¢imit buckling to a certain extent but at 700 V
the actuator fails and no longer withstands higltu$o

Fig. 4.5 shows the average force and standardtamvi@r all tested samples with
summary results in Table Il. On average, the aotsare capable of producing 1 N of force at
100 MV/m. Buckling typically first occurs at eleictifields near 85 MV/m and failure is most

likely around 125 MV/m. This behavior is predictegthe buckling analysis in Section I,
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although the expected blocking force and buckloagllare roughly ten times larger than the
experimental measurements. Weak bounding betweelaybrs and geometric imperfections in
the fabricated actuators may be responsible foretieced experimentally observed buckling
load. The lower forces overall may be due to unefexdi softness in the load path or lower

material stiffness caused by high temperature g during lamination.

Voltage (V)

Force (N)

‘\
Cl L L]
%,

PR
= S

e

A Y

3
313
1

ERY

1
0 5 10 15 20 25 30 35 40
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Figure 4.4 Experimental time response for blockindorce tests: (a) Voltage and (b) Blocking force.
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Figure 4.5Average blocking force versus electric field for &ctuators (blue diamond is the meal
value and error bars indicate + one standard deviabn).

Self Healing

Electrical breakdown is a major concern in the glesif the actuator and several fai
due to hijh current and/or voltage operation. The film camensmall pin holes (diameter of a f
microns) and, as shown in Fig. 4.6, electrode déposan connect the positive and nega
electrodes of the actuator. This shorts the deacecould cause corlete failure of the actuat:
even at low electric fields. The CPS electrodetardPVDF blends used in this actua
however, exhibit a seliealing effect. It is believed that short burnsalgcand isolates the defe
from the remainder of the elecde. The electrodes disconnect are no longer sharteédhe
actuator can function as planned. Figure 4.7 shbe/soltage, current, and displacement o
actuator during a selfealing event. Att =5.5s, the current exhibissidden peal
correspondig to the burning of a defect. Simultaneously, tteation of the device

temporarily reduced but quickly recovers its pregitrenc
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Figure 4.6 Self-healing effect in PVDF terpolymer.
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Frequency Response and Cycle Life

Frequency response and cycle life of the devicestilén the testing phase, as more
samples are needed to get sufficient data (seerspp&). The actuators have a much lower
reliability when used in AC as compared to DC. weguencies above 10Hz, they tend to break
down and burn within a few cycles, even at low agés. It is believed that heat accumulation

due to higher currents is causing this failure. @cteiator survived 1000 cycles at 0.2 Hz and 700

V.
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Chapter 5

Braille Cell Design

In this section, we present the Braille applicatiom actuators were originally designed
for. Figure 5.1 shows a Braille cell using six attus that is designed, fabricated, and tested.
The cell dimensions are 40 mm x 12 mm x 70 mns ¢omposed of three subparts:

A top section, which contains the ceramic pins thatuser touches. The pins are 2.5

mm apart, and are connected to a metal plate thsas a common ground. A magnet
is glued on the bottom of each pin to contact dtaaors.

» A central acrylic block, which is the housing fdretactuators. Six holes of 2.2 mm
diameter are drilled 2.5 mm apart. A separate ®iesed to pass a ground wire to the
top metal plate.

A plastic base containing six set screws that abritee positive end of the actuators.
Each screw can be used to compensate for diffesentdhe initial lengths and
displacement performance of the actuators.

The cell is integrated into a demonstration boxitaming all the necessary electronics and
batteries to activate the actuators at 550 V. Aaibcable plugs into the bottom of the cell,
connecting to the set screws and to the ground &aeh pin can be individually turned on or off

using switches mounted on the box. The deviceriently being tested by the blind community.



Figure 5.1 Picture of the Braille cell with close-p views of the six pins spelling ‘PSU’.
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Chapter 6

Conclusion and Future Work

A core-free P(VDF-CFE-TrFE) thin film rolled actoatcan be fabricated using solution
casting, stretching/annealing, electroding, lamingatrolling, bonding, and electrical contacting.
The size of the actuator is scalable based on itid wnd length of available films and the
number of layers. In this research, 2 mm diameter44 mm long actuators are fabricated and
shown to provide up to 4% strain and 1 N of blogkiorce at 100 MV/m. The actuators display
beneficial self-healing and detrimental reversilyeep. To prevent premature failure, the current
(and hence bandwidth) of the actuators must bediniA Braille cell using a 3 x 2 array of
these actuators is successfully demonstrated. dthatars may also be suitable for a wide range
of other applications, including artificial musclesechanisms, smart structures, and robotics.

In the future, the biggest challenge will be tdyfdutomate the fabrication process of the
actuator, replacing the supporting frames by mariufang machines capable of performing
electrode deposition, lamination and rolling froolig of P(VDF-CFE-TrFE). This would
considerably reduce the production time of theatos as well as cost and workforce, and is
necessary if this technology is to be implementeidii page Braille displays that require
thousands of actuators.

Concerning the design of the device itself, seveliahges could be made to improve
performance and handiness. Using other electré@des@PS could improve the
electromechanical response of the actuators. Qlyretuminum electrodes are being tested as a
new alternative. Modifying the electrode patterarsthat both positive and negative contacts are

on the same end of the device would also makerialctonnections easier.
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Finally, more experiments need to be conducteetebunderstand the characteristics of the
actuator and the PVDF blends themselves. Lookirigegtiency response, as well as reliability,
would help understand why those devices work weldC, but fail after a few AC cycles.
Understanding and modeling the physical phenoméebind the slow reversible creep effect of

the displacement response would be a major advarddmthe characterization of this material.
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Appendix A

Capacitance and Loss data of the PVDF single layers

Table A.1 Electrode spraying data for single layersf P(VDF-TrFE-CFE) blends.
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T::::ZS :’:::;:Z c@20 c@100 |, O%f")Hz Loss@ | Loss @ | Loss @
Hz (nF) | Hz (nF) 20Hz | 100Hz | 1000 Hz
(um) (mL) (nF)
6.5 750 126 115 37 0.1 0.21 1.28
4.5 750 41 39 28 0.1 0.11 0.53
5 750 108 96 39 0.12 0.22 1.01
4 1000 128 119 92 0.13 0.11 0.44
4 1000 134 126 98 0.12 0.11 0.41
4 1000 165 156 126 0.1 0.09 0.4
5 1000 59 55 37 0.11 0.12 0.59
5 1000 183 172 144 0.11 0.09 0.32
5 1000 102 95 70 0.09 0.11 0.46
5 1000 167 158 136 0.08 0.08 0.28
5.5 1000 171 162 141 0.14 0.09 0.28
8 1000 93 86 77 0.14 0.09 0.17
6.5 1000 66 58 21 0.17 0.25 1.11
5.5 1000 79 74 63 0.11 0.09 0.27
7 1250 135 126 109 0.12 0.09 0.27
8 1250 122 113 98.5 0.14 0.1 0.26
4 1250 177 166 144 0.11 0.09 0.27
4.5 1250 174 164 146 0.1 0.08 0.22
5 1250 169 160 146 0.1 0.07 0.17
4.5 1250 220 207 172 0.09 0.09 0.35
5 1250 182 172 155 0.1 0.07 0.18
5 1250 79 73 54 0.1 0.11 0.38
8 1250 104 96 87 0.14 0.08 0.15
6 1500 143 133 120 0.11 0.08 0.14
6 1500 105 97 83 0.12 0.1 0.28
5 1500 130 121 109 0.1 0.08 0.18




Appendix B

Capacitance and Loss data of the PVDF bilayers

Table B.1 Electrode spraying data for bilayers of BvDF-TrFE-CFE) blends.

Number | Sprayed C@ 20 ce ce Loss@ | Loss@ | Loss @
Szg‘é‘:d ar?ﬂ‘)“t Hz (nF) 1(():;2 1c’(?$)HZ 20Hz | 100Hz | 1000 Hz
3 750 256 236 98 0.1 0.17 1.1
3 750 213 203 139 0.08 0.11 0.59
3 1000 284 268 176 0.09 0.11 0.64
3 1000 304 284 201 0.11 0.12 0.54
3 1000 111 106 73 0.11 0.12 0.6
3 1000 206 194 163 0.1 0.09 0.34
3 1250 259 248 220 006 | 007 0.27
3 1250 317 296 236 0.1 0.1 0.41
3 1250 208 193 173 014 | 0.09 0.19
3 1500 209 200 185 006 | 005 0.17
4 750 185 167 95 0.1 0.19 0.67
4 1000 292 277 236 0.08 0.08 0.33
4 1000 274 259 209 0.09 0.09 0.4
4 1000 349 334 276 006 | 008 0.39
4 1000 203 192 168 0.09 0.08 0.26
4 1250 254 244 224 0.07 006 | 0.18
4 1250 333 319 291 006 | 0.06 0.2
4 1250 282 272 248 004 | 005 0.2
4 1500 255 243 216 0.07 0.07 0.25

29
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Appendix C

Displacement data of the PVDF actuators

In this section, we provide all the displacemeptisurements recorded for the 17
actuators that withstood at least 500 V input (Rid. to Fig. A.17). Each figure shows the
applied voltage, the current flowing through theide, and the displacement response, all as a
function of time. The input voltage was ramped edta of 100 V/s until reaching the desired
value, to reduce the maximum current and avoidkal@an. A filter was used to remove the
noise from the current signal, except for actuatorsber 5 and 8, which were tested before the
filter was implemented. Finally, Fig. C.18 shows #irain vs. electric field for all samples,

obtained by combining the displacement data, tipiepvoltage, and the bilayer thickness.
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Figure C.1 Displacement characteristics of actuato#l for voltages ranging from 200V to 750V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.2 Displacement characteristics of actuato#2 for voltages ranging from 200V to 750V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.3 Displacement characteristics of actuato#3 for voltages ranging from 200V to 600V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.7 Displacement characteristics of actuato#7 for voltages ranging from 200V to 600V. (a)

Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.



38

500 [_ \ (a) g

400+ [

Voltage (V)

N
o
Q

e ——

100

1 I .
0 10 20 30 40 50 60 70 80 90 100

Time (s)

(b) -

01+ =

Current (mA)

0.2+ =

-0.3+ =)

.0.4L I 1 I I 1 I I I I
] 10 20 30 40 50 60 70 80 80 100

Time (s)

Displacement (um)

4] I

1 I =
g 10 20 30 40 50 60 70 80 90 100

Time (s)
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Figure C.9 Displacement characteristics of actuato#9 for voltages ranging from 200V to 650V. (a)

Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.10 Displacement characteristics of actuat@#10 for voltages ranging from 200V to 750V. (a)
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Figure C.11 Displacement characteristics of actuat@#11 for voltages ranging from 200V to 600V. (a)
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Figure C.13 Displacement characteristics of actuat@#13 for voltages ranging from 200V to 600V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.14 Displacement characteristics of actuat@t14 for voltages ranging from 200V to 700V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.15 Displacement characteristics of actuat@#15 for voltages ranging from 200V to 500V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.16 Displacement characteristics of actuat@#16 for voltages ranging from 200V to 700V. (a)
Voltage vs. time. (b) Current vs. time. (c) Displagment vs. time.
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Figure C.17 Displacement characteristics of actuata#17 for voltages ranging from 200V to 1050V.
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Figure C.18 Strain characteristics of all 17 actuairs as a function of the applied electric field.
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Appendix D

Force data of the PVDF actuators

In this section, we provide all the force measwsts recorded for the 8 actuators that
were tested using the cantilever beam load cetlhEgure shows the applied voltage and the
force response, as a function of time. The inpltage was ramped at a rate of 100 V/s until
reaching the desired value, to reduce the maximumeist and avoid breakdown. Finally, Fig.

D.8 shows the force vs. electric field for all sdesp obtained by combining the force data, the

applied voltage, and the bilayer thickness.
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Figure D.1 Force characteristics of actuator #2 fovoltages ranging from 200V to 500V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.2 Force characteristics of actuator #7 fovoltages ranging from 200V to 600V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.3 Force characteristics of actuator #9 fovoltages ranging from 200V to 600V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.4 Force characteristics of actuator #10 fovoltages ranging from 200V to 700V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.5 Force characteristics of actuator #12 fovoltages ranging from 200V to 700V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.6 Force characteristics of actuator #14 fovoltages ranging from 200V to 600V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.7 Force characteristics of actuator #16 fovoltages ranging from 200V to 700V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.8 Force characteristics of actuator #17 fovoltages ranging from 200V to 600V. (a) Voltage
vs. time. (b) Force vs. time.
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Figure D.9 Force characteristics of all 8 actuatorss a function of the applied electric field.

58



59
Appendix E

Hysteresis and frequency response data of the PVdetuators

In this section, we provide the hysteresis charatics of actuator #9 for different
frequencies at 600 V. This experiment was perforosdg a sine function as the input signal. In
Fig. F.1 through F.7, notice the well know shapa bf/steresis curve: the charge and discharge
of the actuator do not follow the same loading pattis is typical of a ferroelectric material.
Finally, Fig. F.8 shows the frequency responsecbfator #9 obtained from the hysteresis plots.
The maximum displacement corresponds to the DGgeltase. The frequency gain drops
drastically at low frequency because of the sloversible effect of the actuator. Frequencies

above 10 Hz were not tested, since the actuatilsafar that value.
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Figure E.1 Hysteresis characteristic of actuator #@at 400 V and 0.1 Hz input sine wave.
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Figure E.2 Hysteresis characteristic of actuator #@at 400 V and 0.25 Hz input sine wave.
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Figure E.3 Hysteresis characteristic of actuator #@t 400 V and 0.5 Hz input sine wave.
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Figure E.4 Hysteresis characteristic of actuator #@at 400 V and 1 Hz input sine wave.
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Figure E.5 Hysteresis characteristic of actuator #@t 400 V and 2 Hz input sine wave.
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Figure E.6 Hysteresis characteristic of actuator #@at 400 V and 5 Hz input sine wave.
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Figure E.7 Hysteresis characteristic of actuator #@t 400 V and 10 Hz input sine wave.
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Figure E.8 Frequency response of actuator #9 at 400
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Appendix F

Temperature dependence data of the PVDF actuators

In this section, we provide the displacement measants at 400 V for actuator #16 as a
function of temperature. This experiment was penfedt to confirm that temperature could
influence the strain performance of the device. Measurement cell was submerged in golden
oil, and placed on a heat plate with temperaturgrob An increase in displacement of 35% was
observed as temperature changed from 23°C to 408Xan conclude that a higher temperature
increases the strain characteristics of the aatuatdch is expected of PVDF based materials.

More testing is needed to get the general straitensperature response of the actuator.
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Figure F.19 Displacement characteristics of actuatag#16 at 400V as a function of temperature.



