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Abstract

Design, Fabrication and Testing of Angled Fiber Suspenipklectrostatic Actuators
by
Bryan Edward Schubert
Doctor of Philosophy in Engineering - Electrical Enginegreand Computer Sciences
University of California, Berkeley

Professor Ronald S. Fearing, Chair

A suspension comprised of angled fibers is proposed as a newst@ achieving high strain,
high stress, energy dense electrostatic actuators. Arjedarrays have low density and can
be placed between the electrodes of a parallel plate or ae-type actuator to create a self-
contained actuator sheet with low mass and volume. Angledldiblso have a Poisson’s ratio of
zero, allowing the use of robust, rigid electrodes, and ttaybe composed of stiff materials with
low viscoelastic properties. This is in contrast to therali¢ive technology of dielectric elastomers
that depend on unreliable compliant electrodes and higisiyoelastic dielectrics. Performance
limits of an ideal nanometer-scale actuator, such as ertEgsity, stress and strain, and efficiency
are considered through theoretical modeling. A micromstate prototype is fabricated using a
novel fiber peeling technique that easily produces higleetsm@tio (1.8um radius, 66um long),
angled microfibers. The microfibers are used as a suspermi@darallel plate actuator. The
prototype actuator is characterized through static anduayn tests, to reveal a maximum static
strain of 3.4% at a static stress of 0.8 kPa (electric field3d® 1//um), a fast unloaded step response
of < 2ms, a@) of 12.9 and a power density of 12.8 W/kg when driving an inkldiad in resonance
at 845 Hz.



To my amazing wife, Jessica.



Contents

List of Figures iV
List of Tables X
1 Introduction 1
1.1 Contributions . . . . . . . . e e e e e e e 3
2 Survey of Actuators 4
2.1 PiezoelectricCeramiCsS . . . . . . . . e e e e e 4
2.2 Electroactive Polymers (EAPS) . . . . . . . . . e 7
2.2.1 ElectronicEAPS . . . . . . . ... 7
2.2.2 1onNiCEAPS . . . . . . e 15
2.3 CarbonNanotubes . . .. ... . . . . . . ... 16
2.4 Shape Memory Alloys (SMA) . . . . . . . . . . 17
2.5 Thermal Actuators . . . . . . . . . . . e 19
2.6 Magnetic ACtuators . . . . . . . . .. e 19
2.6.1 Electromagnetic . . .. ... . .. . ... 19
2.6.2 Magnetostrictive . . . . . ... 20
2.7 Electrostatic Actuators . . . . . . . . . e e e e 20
2.7.1 Parallel Plate Actuator . . . . . . . . . . . . .. e 20
2.7.2 CombDrive Actuator . . . . . . . . . .. 22
2.7.3 Electrostatic Induction Linear Actuator . . . . . .. . ... ... ... 23
2.8 ConcludingRemarks . . . . . . . . . .. . ... 24
3 Design and Modelling of Electrostatic Actuator 26
3.1 Dielectric . . . . . . e e 26
3.1.1 Dielectric Breakdown in Air . . . . . . . . . . . . . . . . . . ... 27
3.1.2 Dielectric Breakdown in Porous Material . . .. ............ 28
3.1.3 DielectricLoSSes . . . . . . . . o 29
3.2 SUSPENSION . . . . . e e 30
3.21 ldeal Stiffness. . . . . . . . . e 32



3.2.2 \ViscoelasticLosses . . . . . . .. .. e
3.2.3 Porous Supports . . . . ...
3.2.4 Angled Fiber Supports . . . . . .. ... ... .. e
3.3 Electrodes . . . . . . .
3.3.1 Squeeze-FilmDamping . . ... . ... ... . ...
3.3.2 ForceControl . . . . . . . . ... e
3.3.3 Performance - Stress, Strain and Work Density . . . . . .. .. ...
3.4 SystemModel . . . ... .
3.5 ConcludingRemarks . . . . . . . . . . ..

4 Fabrication

4.1 Fabrication in Comb Drive Actuator . . . . . . . . . . .. . .. ...
4.2 Methodsand materials . . . . . . . . . . . . . . ...
4.3 Fabricationresults. . . . . . . . . e
4.4 Modeling . . . . . . e
4.4.1 Radiusandlengthlimit. . .. ... ... ... .............
45 Concludingremarks . . . . . . . . e

5 Characterization and Testing
5.1 TestSetup . . . . . . o
5.2 BreakdownLimit . . . . . . .. ...
5.3 Capacitance . . . . . . . .
54 DCTesting . .. .. .. . @ . e
5.4.1 Displacementvs. ElectricField . . . .. ... .. .. ... . .....

542 DCStepResponse . . . . .. . . . . . . .

5.5 ACResponse . . . . . . . . . e

6 Conclusion
6.1 Future Work . . . . . .

Bibliography

A Fiber pulling angles

A7



List of Figures

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.

(o]

(a) Reference axes for piezoelectric subscripts. (bjripia hysteresis curve for
PZT [91]. Marked positions correspond to a. unpolarizedydiarized to satura-

tion and c. default state after polarization. . . . . ... .. ........... 6
(a) Comparison of approximate hysteresis loops for a abienroelectric (dashed
line) and a relaxor ferroelectric (P(VDF-TrFE)) (solidéi19]. (b) lllustration of

crystallized, polar polymers grafted to a flexible elastotveckbone. . . . . . . .. 9
lllustration of trapped charge in a cellular polymerrfowith bonded electrodes.

A voltage applied to the electrodes will cause this striectarcompress. . . . . . . 10
lllustration of dielectric elastomer with complianéefrodes compressing in thick-

ness and expanding transversely under an applied voltage. ... . . . .11

A sample of dielectric elastomer actuator configuratio(a) Spring roII actua—

tor with elastomer peeled back to show spring. (b) Foldedadot. (c) Bowtie
actuator. (d) Bimorph (top) and unimorph (bottom). . 14
IPMC actuation. Top figure is the neutral state. M|ddle1mg|s the state jUSt
after a voltage is applied to the electrodes, causing catiormove toward the
cathode. Bottom figure is after the pressure gradient causesfivards the anode,
relieving Some Stress. . . . . . . . .. 15
CNT actuator in aqueous solution of NaCl. Two gray regiaesSWNT sheets
bonded together by double-sided tape. The polarity of tipdiegvoltage causes

the ions to form a charged double layer on the SWNTSs. The clajaetion causes
mechanical deformations in the SWNTs, making the cantilbead [9]. . . . . . . 17
Top row shows crystal structure of the material durirgydifferent stages of SMA
actuator use. (a) SMA spring in low-temperature, undeformeartensite state.

(b) SMA spring in low-temperature, deformed martensitéestec) SMA spring in

high temperature austenite state. . . . . . . . . . . . . . ... .. ... 18
Parallel plate actuator. . . . . . . . . . . .. e 21



2.10 (a) Integrated force array. The polyimide beamg are 0.35um thick, the metal
layers are,, = 30 nm thick, and the air gap between beamf is: 1.2 m thick.
The support spacing is= 22 uym long. This actuator is only 2 to 4m thick into
the page [11, 43]. (b) Macroscale, distributed electrastaicro actuator. This
actuator is composed of flexible 7.8n thick polyimide film coated with 12.5 nm
of nickel. The double-sided tape is & thick. This actuator is 28 mm thick into

thepage [58]. . . . . . . . . e 22
2.11 Comb drive actuator shown at an angled perspective, etad df a single finger
fromthetopview. . . . . . . . e 32

2.12 Linear induction motor. In (1) charges are induced erstider by the rotor. In (2)
the charge on the rotor is switched, causing it to repel tidesand force it over
byonestep. . . . . . . . e 24

3.1 Electrical limits based on Paschen effect and field aamss air. (a) Maximum
voltage versus gap spacing. (b) Maximum field strength \gegsyp spacing. The
shaded regions denote the safe designlimits. . . . . . . .. ... ... .... 27

3.2 Electrostatic actuators using angled fibers and pomams fas support structures.
(a,b) Parallel plate. (c,d) Comb drive. Drawings on left stlew the actuators in
their default state, and drawings on the right show the &@ts@ompressing under
electrostatic pressure. . . . . . . . .. e e 31

3.3 (a) Spring force for linear spring and buckling springtfgd with electrostatic
force for a parallel plate actuator with arbitrary units. eTfilled dots are unsta-
ble points and the open dots are stable points. The arrowsstt@vdirection of
increasing voltage. (b) lllustration of spring betweengtlef plates. . . . . . . .. 33

3.4 Models for linear viscoelasticity in a material, andtplshowing approximate
displacement behavior for a constant applied force. (aytMselvin model. (b)
Maxwell model. (c) Combined Voigt-Kelvin and Maxwell modellied the Stan-
dard Solid [72] . . . . . . . e 35

3.5 Example compressive stress-strain behavior for eiffecellular foams. (a) Elas-
tomeric foam, where plateau region is from elastic bucklrigcell walls. (b)
Polymeric foam that shows a plateau region as a result ofipkaglding of cell
walls. (c) Brittle foam with jagged plateau region resultfngm brittle fracture of
cellwalls [31]. . . . . . . . . e 73

3.6 Normalized stress as a function of strain for an elagtenccell foam withm = 1
andD = 1. The values on the lines are the relative densjig®,. . . . . . . . . . 40



Vi

3.7 (@) Single angled pillar bending under electrostaticdpF’. Because the fiber

is part of a uniform array, the tip is allowed to translate baot rotate, so it must

support a momenty/. (b) Half of a total fiber. There is no moment on the tip of the

fiber because if the fiber is symmetric, the inflection poivt & Y 7df/d¢ = 0)

should be at the middle of the fiber. The initial angle fromtieat is «, and the

final position of the endpoints are andy.. (c) Fiber rotated to allow formulating

the problem as a vertical fiber with load angledhatrom vertical. The position

along the fiber is represented Ky and the angle at points along the fiber with

respecttovertical iI8(£). . . . . . . . . 42
3.8 Plots for low density polyethylene (LDPE) fibers with itieglR = 1 pm, total

length of L, = 100 um, density ofp = 4.854 x 10° m~2, and Elastic modulus

of Y = 200 MPa. (a) Shape of a fiber with initial angle af= 30° compressed

by an increasing force;,. Position normalized by length. (b) Fiber tip position,

normalized by length, as tip is loaded with an increasingdof),. (c) Stress-

strain curves in thg direction from the linearized, small displacement mode). (

Stress-strain curves in thedirection from the large-displacement, elastica model.7. 4
3.9 Plots for fibers with radiug = 1 um, total length ofZ; = 100 um, density ofp =

4.854 x 10° m~2, and Elastic modulus df = 200 MPa. (a) Maximum bending

stress versus strain in thedirection. (b) Maximum strain in thg direction when

outer radius of fiber comes in contact with the electrodetgdoversus initial fiber

3.10 Drawing of alternating parallel plate actuator supgbiby angled fibers. The
drawing on the left is the default state with no voltage agpliand the drawing
on the right shows the bending of the fiber supports in resptmthe electrostatic
force. The alternating design allows for pure linear corspi@. . . . . . ... .. 49

3.11 Drawing of bending strip actuator. The horizontal esalternating electrodes
supported by a thin strip. When alternating charge is apptiede electrodes, the
bending induced in the support strip causes the actuatasrtsact, as shown in
thedrawingontheright. . . . . .. .. . . . ... . .. 50

3.12 Drawing of complete actuator electromechanicalsyste . . . . . .. .. .. .. 56



4.1 (a) Heated rolling of vertical polypropylene (PP) fibeagt against glass [50]. (b)
Drawing of thermoplastic fiber arrays by separating polthaee mold at elevated
temperature [46]. (c) Bending of polyurethane fibers by expoto electron beam
[48]. (d) Fiber pulling by peeling of a thin mold filled with &ermoplastic. (e) A
pattern of holes in a thin silver layer is formed by nanosphghography. Then
metal-induced etching of a silicon (113) wafer producedehgilicon nanowires
[69]. (f) Fabrication of polysilicon mold with angled holéy tilted plasma etch-
ing. The dashed line represents the Faraday cage that theeptasma ions to be
perpendicular to the cathode. The mold is used to make petlyane fiber arrays
[44]. (g) SU-8 photoresist is exposed through a mask of hioyeangled, colli-
mated UV-light. The developed angled fibers can be used féinganolds [1].
(h) Angled carbon nanotubes (CNTSs) fabricated on nickel lgleat) dc, plasma-
assisted, hot-filament chemical vapor deposition (HFCVB).[1. . . . . . . . ..

4.2 Possible fabrication of comb drive actuator shown frbm ¢ross section of the
fingers. For large area sheets, the fingers could extendtfatha page (see Figure
3.2(c)), and the pattern could repeat to either side. (a} $ith one side of the
comb already fabricated. (b) Deposit a thin conformal iagah layer. (c) Deposit
a conformal sacrificial layer. (d) Perform a directionahgiwremove the sacrificial
layer at the tips and troughs. (e) Directionally deposit mper onto the tips and
troughs. A masking step will be required so that polymer datker than strips
are deposited. (f) Form the top electrode by depositing awective material into
the bottom comb. (g) Etch out the remaining sacrificial matei(h) Stretch the
combs apart to form the support fibers. Shearing the combsliet page while
pulling will create angled fibers like in Figure3.2. . . . . . .. ... ... ...

4.3 SEM of unpulled fibers. The filter was etched off in methglehloride. The fibers
are approximately mm in diameter and 13m in length. Scale bar is 1om. . . .

4.4 Parallel plate actuator fabrication by mold peeling) Raughen copper surface
of flex circuit using 355 nm UV laser ablation. (b) Laminateu$ thick HDPE

Vil

59

63

65

film to roughened copper at 175, 2.75 MPa and 1 mm/s. (c) Laminate HDPE

into 13 um thick polycarbonate (PC) filter with bm diameter pores at a density
of 4.84x10° m~2. (d) Peel filter off at a set temperature, speed and arfiglg,
(e) Attach leads to the top and bottom electrodes. (f) Boncttmper plate, spin-
coated with Protoplast, to tips of fibers by applying lighegsure at 8@C. . . . . .

4.5 Picture of fiber pulling setup with illustration of sara@rea. The sample is fixed
to the table, and the tab is attached to the x y stages. . . . ...

4.6 SEM images of fibers pulled at 0.1 mm/s and (a-d2&-f) 100‘C Peel angles
e, are (a,e) 0(b,f) 30° (c,g) 60 and (d,h) 90. Scale bars are 10m. SEMs
were taken at a 43ilt. A close up of a necked fiber tip is shownin (d). . . . ..

67



4.7

4.8

4.9
5.1

5.2

5.3

5.4

5.5

5.6

viii

Results for fiber peeling at various angles@froom temperature) and 90, and

at a constant speed of 0.1 mm/s. The plotted values are neeayrdrawing a

line from the fiber base to tip. (a) Fiber angte, versus peel angld,..;. (b)

Fiber length versus peel angle. The lines represent linisaofthe data. (c) Image

of fibers being peeled &,.., = 70° and 25C. (d) Image of fibers being peeled

at 0, = 70° and 90C. These are representative microscope images used for
measuring fiber angles and lengths. The scale bar is appatedydOum. . . . . . 70
lllustration of possible fiber pulling scenarios. (abétiis pulled out of the mold
undeformed. (b) Fiber is necked until the drawing force aldase force balance,
allowing the fiber to pull out of themold. . . . . .. .. .. ... .. .. ... 71
lllustration of (a) normalized radius and (b) stressusrelongation. . . . . . . .. 72

Picture of actuator test setup with illustration of séergrea. The sample is at-
tached to a high voltage source, and motion ingiteadx direction are measured
with fiber optic displacement sensors. Therobe is aligned with the peeling
directionofthesample. . . . . . . . . . .. ... .. ... ... 77
(a) Picture of dielectric breakdown zone near the cooh@n electrode. A pitis
apparent in the polymer layer. The scale bar is approximdtel:m. (b) Plot of
current versus voltage for sequential DC voltage sweepsakgiavn occurs when

the currentjumpsupfromzero.. . . . . . . . . . . ... e 78
(a) Plot of capacitance using equation 5.7. (b) lllugtraof samples that were
tested. The top electrode has an area of 5x5 mm, and the belémtnode is 7x25
mm. The polyethylene layer is/@m thick and the Protoplast layer is;j:m thick.

The samples are shown connected to a capacitance meter. . . . . . . 80
(a)y displacement (compression) and (bylisplacement (transverse) versus ap-
plied electric field for a sample peeled at°ldanhd 25C. The vertical line marks
when breakdown occurs. The dashed lines are displacemeulisged from small
displacement theory for a specifiagand the solid line with dots is from the elas-

ticamodel.. . . . . . .. e 83
lllustration of top plate attachment. The drawing shbas curved fibers become
less angled as a result of part of the fiber length bondingdadp plate. . . . . . . 84

(a) Repeated DC step response for a sample made by peeligigeand 90C. (b)

Close up of unfiltered data for the first step, and theoretiegd sesponses drawn
over the data. (c) Close up of first few milliseconds of the sesgponse. (d) Plot

of displacement over time for a constant force (481 mg weight. . . . . . . .. 86



5.7 Dynamic tests for a sample made &hd 90C. (a) The frequency response for
increasing voltage. The lowest voltage is 160 + 300V,,, and it increases by 50
Vi and 100V, up to 300V, + 600V,,. The magnitude is thg-displacement
divided by the applied voltage in decibels. (b) Bode plot Bsponse of linearized
model, usingp=0.13 Ns/m £=8800 N/m,m = 311 mg, V,=300V, go = 60 pum,
R = 380 k2 andy, = 0.5 um. (c,d) Plots of sample running at 30. + 600V,
at 10 Hz and nearresonance at870Hz.. . . . . . .. ... ... .. ... .. 88

6.1 Future fabrication methods. (a) Fiber peeling from etbsiold with regular pat-
tern. 1) Mold polycarbonate (PC) over silicon (Si) nanowemplate. 2) Remove
PC from Si and mold polyethylene (PE) on copper (Cu) into thenRild. 3)
Peel off mold. (b) Fiber stretching with attached electsodE) Sandwich a mold
between polymer and electrodes. 2) Etch out the mold. 3jcBtiend angle the
fibers to the desired dimensions. (c) Layered carbon naedfONT) actuator. 1)
Grow CNTs at an angle on nickel (Ni) substrate (see Figure £)lEncapsulate
CNTs in a sacrificial material and polish to provide flat sueféar deposition of
insulation layer and top electrode. 3) Deposit next layeLNf's at opposite angle
to create linear actuator. 4) Deposit insulation and edeletr 5) Remove sacrificial
encapsulation layers. . . . . ... e 92

A.1 Geometricdiagramofpeeling. . . . . . . .. ... . .. . .. . e 102



List of Tables

2.1

4.1

4.2

4.3

5.1

5.2

Comparison of actuator materialsArea strain. °Estimated value from calcula-
tions. / Effective modulus!Thickness strain. *Modulus varies between 28-40 GPa
for martensite and increases to 80 GPa for austenite [23]. . . . . .. ... .. 5

Comparison of fabricated micro- and nanofiber arrays.egisgatio is defined as
length/diameter. Angle is measured from vertical) (OAbbreviations: HDPE -
high-density polyethylene, PMMA - poly(methyl methacitgla PP - polypropy-

lene, PS - polystyrene, PUA - polyurethane acrylate, PU yyrethane, CNT -
carbonnanotube. . . . ... 0 6
Data taken from SEMs shown in Figure 4.6(d,h). The vatwe:f is calculated

from the length and radius data using Equation 4l@easured thickness of PC

filter using Mitutoyo ID-C112T spring-loaded calipefMeasured from optical

image of PC filter. For polyethylene, Masud et al. reportedlae/ofn = 0.43 [54]. 74
Data taken from side view optical images like those shioviAigure 4.7. The value

for o4 is calculated using Equation 4.9Vleasured from optical image of PC filter. 75

\Voltage and electric field at breakdown. Twenty samplesewested. The elec-

tric field predicted by the Paschen effect assumes an airlgapize of the mean
measured airgap [40]. . . . ... 78
The@ and f; values were measured from Figure 5.7. The damping andesgfn
were calculated using the and f, values. Massis» =311mg. . . . . . ... .. 87



Xi

Acknowledgments

There are a lot of people that have helped me during my gradsiaties at Berkeley. | would
first like to thank my advisor, Prof. Ronald Fearing, for hisistant encouragement, wisdom and
seemingly endless supply of clever ideas. | would also bkiank my other committee members,
Prof. Roya Maboudian and Prof. Ali Javey, for their insightfdmments on my research over the
years. | would also like to acknowledge Prof. Kyriakos Kompealos who was a valued member
of my qualifying committee. Additionally, | would like to &r my thanks to Prof. Kellar Autumn
and Prof. Robert Full for their help with my gecko-relatedei@sh.

Next, | would like to mention some of my fellow graduate stoide This group of people was
always willing to toss around ideas or offer assistance watlgh problems. Dr. Carmel Majidi
provided invaluable help with theoretical models. Dr. Rich&roff’'s Simulink models formed
the foundation for my experimental test setup. Dr. Brian Bu3h, Dae Ho Lee, Dr. Jongho
Lee and Andrew Gillies were always more than willing to SEMatdver crazy new device | had
fabricated. Andrew Gillies was also very patient in assgtvith data collection using his force
sensing apparatus. | would also like to thank Fernando &&ermudez, Paul Birkmeyer, Stan
Baek, Dr. Aaron Hoover and Dr. Erik Steltz for being nice erfotg let me win an occasional
game of nine ball. The rest of my lab is also deserving of tediok listening to my research
problems every week during group meeting, and for offerinpparous suggestions. They are (in
alphabetical order): Korok Chatterjee, Michael Cohen, XYao-u, Jaakko Karras, Nick Kohut,
Kevin Ma, Kevin Peterson and Andrew Pullin.

| would also like to acknowledge some of the friends that lehasade while working at Berke-
ley. They include Marci Meingast, Vincent Duindam, Ephratd@h, Alvaro Cardenas and Gelareh
Taban. They have been invaluable in making the most of mytiines

| would also like to thank my family, whose complete faith iy mbilities has kept me moti-
vated over the years. | would especially like to thank my leotin-law, Dr. Andrew McCarthy,
whose daily words of inspiration helped me through the diffitask of writing this dissertation.

Finally, I want to thank my wife for her love, patience and gog during this long process.
This task would have been much harder without her by my side.



Chapter 1

Introduction

Actuators are one of the key elements limiting the creatibdymamic micro-robots. At the
large scale, the robot designer has a wide choice of poweffidient, reliable actuation mecha-
nisms, including pneumatics and electromagnetic moto@yever, when transitioning to small
scale designs, traditional actuators, such as motorsnlieguffer issues related to low power
density and efficiency. For the case of motors, the housingrbes a significant part of the overall
weight, therefore lowering the power-to-weight ratio. thermore, extra gearing mechanisms are
generally required that lower the power-to-weight ratierefurther. Additionally, frictional losses
also become more significant in small motors [97].

For small scale robots, there is also a wide range of actt@tbnologies available, but most
are lacking in key aspects such as maximum stress and strargy density or reliability. Some
are well established, such as piezoelectric ceramics, treis) such as dielectric elastomers, are
the subject of ongoing research. However, as actuator tdmtp currently stands, there is not a
suitable solution for small-scale robotics. Of the manytexdogies, only a few have been used to
make working robots: DEAs in walking robots [12], IPMCs in swning robots [17], piezoelectric
ceramic in flying robots [98] and shape memory alloy in crag/liobots [35].

As with large-scale robots, small-scale robots requireiefit, energy dense actuation with
large strain and force capabilities, and good static anduayn reponses. Each technology has
advantages and disadvantages in terms of these metricdl &® wliscussed further in Chapter 2
(see Table 2.1). Shape memory alloy has a very high elastiggrdensity (0.78 J/g), but it is
too slow (<10 Hz) and inefficient for dynamic locomotion [93]. Piezartec ceramics have high
efficiency, stress and speed, but they can only produce sinaiths £0.1%) [91]. lonic polymer-
metal composites (IPMCs) also suffer from small stratnn8%) and can only be used as bending
actuators, but they require very little voltagel(-3 V) and can be used underwater (hence the large
number of swimming robots using these actuators) [17]. DE&ge the highest strains (30% up
to 380%) and they are able to generate large stressed/Pa), resulting in large elastic energy
density (3.4 J/g). However, they are not without their problems.

DEAs in principle are a nice compact electrostatic actudtbe elastic energy density is high
because the dielectric acts to both amplify the electridfiahd also serves as the suspension.



The highly compliant dielectric also allows large elastiams. However, in practice, the highly
compliant electrode introduces a number of problems. Tha$tRat report the largest strairs (
380%) suffer severely from creep, preventing them from inglcétatic loads because of pull-in
failures (dielectric creeps until the field reaches breakgp causing large losses at low frequen-
cies (90% at 10 Hz) [71]. A constant prestrain can be appbediffset these problems, but this
requires the addition of bulky frames around the actuat®y. [Eurthermore, because the dielectric
is incompressible, DEAs need flexible electrodes that cantaia electrical continuity with very
high strains. The electrode technology has advanced soatevith the use of CNTs that self-limit
breakdown, but even this solution can lead to losses due torazation [99]. Finally, because of
viscoelastic issues, DEAs need to be fairly thick to avorebidown at high fields{ 200 V/um),
and this translates into large voltages1 kV).

Building off the DEA concept of a sandwiched suspension, vappse a distributed support
structure composed of angled fibers that has an effectives®b ratio of zero. This allows
the use of rigid electrodes. Electrostatic actuators wgld relectrodes, such as parallel plate or
comb-drive actuators, are appealing because of their igieacy (~90%), long lifetime, quick
response timex100 kHz and limited primarily by actuator stiffness and miassead of diffusion
(IPMCs) or thermal transport (SMA)), and their ability fomlgpower static hold (ideally zero if
there is no leakage current).

However, electrostatic actuators with rigid electrodeffesdirom some of the same problems
as DEAs; namely, they require a high electric field to attaghtenergy density. There are two
problems with high electric fields. One problem is attainihgm, and the other is limiting the
required voltage. Both problems have the same solution; riekgap as small as possible. While
this is not an option with DEAs because of creep-relatedifad, angled fibers can be made out of
materials with low viscoelasticity because their comptgims primarily related to geometry. By
using more rigid materials, such as high-density polymenesp can be mitigated, allowing very
small gaps. However, the compliance and elastic strairt livili not suffer because, as will be
shown in Chapter 3, high elastic strains50%) are possible by adjusting the fiber angle.

One potential drawback of dividing the dielectric into mdual fibers is that it lowers the
relative permittivity. However, as will be discussed in ttem the design and modelling chapter,
decreasing the gap belowIn can increase the allowable electric field before breakdoyw8-4
orders of magnitude (up to 2300 M [36] equivalent ta> 23 MPa for a parallel plate actuator in
air). For a gap of 100 nm, applying just 10 V will result in ae@tostatic stress of 4 N/ém

Fiber supports also have a low densityd0% less than solid), allowing the creation of light-
weight actuators, which is important for small-scale rghweith low payload capability. Finally,
by incorporating the support structure within the electsdarbitrarily large sheets of actuator
material can be generated. These sheets can then easily, bellad, or stacked to create the
appropriate actuator dimensions for the application.

The following chapters will discuss the current field of attus through a detailed survey,
explore design criteria and actuator limits through modgJland fabricate and test a microscale
prototype of a parallel-plate actuator with angled micrexfisuspension.



1.1 Contributions
This work builds on the field of electrostatic actuators. Seally:

e Chapter 2 presents a detailed survey of the current smdé-actuator field. Technologies
considered are piezoelectrics (both ceramic and polymeti@pe memory alloy, dielectric
elastomers, ionic polymer-metal composites, carbon ndast sheets, thermal, magnetic
and electrostatic actuators.

e Chapter 3 explores the design considerations for createujrektatic actuators with compli-
ant, compressible dielectrics. Topics covered includeetietric field limit due to dielectric
breakdown; the elastic strain limits of angled fibers andopsrfoam supports; potential
losses due to the dielectric, viscoelasticity and air daigypand trade-offs between parallel-
plate and comb-drive type electrodes.

e Chapter 4 details a fabrication technique for generatindgahfigh-aspect-ratio microfibers
by controlled demolding through peeling. This chapter dsiks at the fiber radius and
length limits from the standpoint of cold-drawing of polyree

e Chapter 5 characterizes the parallel-plate, angled-fibesatar prototype through the use
of DC and AC analysis. The static and dynamic responses anpa@d with theoretical
predictions from Chapter 3. In particular, the strain, stréssses and power density are
estimated from experimental data and theoretical models.



Chapter 2

Survey of Actuators

The following is a comparison of some of the actuator techgiels that may be viable at the
small scale. Table 2.1 gives a comparison of representexiaenples of each technology. Most
of the numbers are from ideal laboratory settings so theyalmacessarily reflect the expected
performance of an integrated actuator. Often these numiegtsct practical considerations such as
the volume or weight of support structures necessary teaehiseful force and motion. Therefore,
these numbers should not be taken as absolute truth for eey tgchnology.

2.1 Piezoelectric Ceramics

Piezoelectric ceramics, such as lead zirconate titan&€)(Rre polycrystalline ferroelectric ma-
terials. Above the Curie temperature, these materials hawvdipoles and thus no polarization.
Below the Curie temperature, the positive and negative chsitge no longer cancel each other
out, so the unit cells display a built in electric dipole [9XBroups of neighboring dipoles will
align with each other to form polarized domains, known assé/diomains. The Weiss domains
throughout a material can be out of alignment with each dblye90* or 180, leading to no net
polarization. However, if a high enough poling voltage iplax to the material, the domains
can be forced to line up in the direction of the poling fieldysiag the material to stretch along
the poling direction. After the poling voltage is removelde domains reorder slightly, but they
remain approximately aligned, locking in some level of istralhe material now behaves like a
piezoelectric. However, the ceramic can become depothifzéis subjected to a high electric
field opposite to the poling field, a high mechanical streasthuses reorientation of the domains,
or if it is heated above its Curie temperature. The hystettesis for the described behavior is
shown in Figure 2.1(b).

Actuation can be caused by applying an electric field to teeqelectric. A field with the same
polarity as the original poling field will cause the matetlistretch in the field direction until all
the dipoles are aligned. Once the dipoles are aligned, asorg the voltage has no effect. If a
field is applied with opposite polarity to the original pdifield, then the material will compress



Actuator Maximum  Maximum Elastic Electric Specific Volume Bfficcy Specific  Frequency References
strain stress modulus field elastic elastic density
energy energy
density density
(%) (MPa) (MPa) (MV/m) (J/9) (Il (%) (g/cn?) (kHz)
Dielectric elastomer 380 7.2 3.0 412 3.4 3.4 60-80 1 0.03 [12, 67]
(prestrained acrylic) 79
Dielectric elastomer 7% 0.16 3.0 17 0.0057 0.0057 - 1 0.03 [12]
(unstrained acrylic) 7
Dielectric elastomer 64 3.0 1.0 350 0.75 0.75 90 1 2-20 [12, 67]
(prestrained silicone) 39
Dielectric elastomer 32 1.36 1.0 235 0.22 0.2 90 1 2-20 [12, 67]
(unstrained silicone)
Electrostrictive polymer 4.3 43 1000 150 0.49 0.92 ~80 1.8 >10 [12, 19]
(P(VDF-TrFE))
Liquid crystal elastomer 2 2 100 25 0.02 0.02 ~75 0.97 0.1 [12, 13, 38]
Ferroelectret 1.6 0.016 f1 54 0.00065 0.00026 - 04 <50 [7, 8,56, 94]
(polypropylene)
Piezoelectric ceramic 0.1 50 50000 15 0.003 0.025 >90 7.8 >20 [91, 70]
(PZT)
Piezoelectric polymer 0.1 3 3000 30 0.0008 0.0015 <1 1.8 1 [39]
(PVDF)
Shape memory alloy 5 100 >28000* N/A 0.78 5 <10 6.45 0.01 [23, 39]
(FlexinokR)
IPMC (Nafion) <10 10-30 100-500  0.004-0.28 0.06-0.18 0.15-0.45 - 25 <01 [60, 79, 80]
lonic gels 10 0.01 0.12 ~0.008 0.0005 0.0005 - ~1 <0.001 [51]
(PAAM-PAA)
Conductive polymer 15 3.3 220 0.03 0.051 0.049 0.024 0.96 0.000003 [83]
(PANI)
CNT (electrolytic) 0.08 8.4 1200 ~0.003 0.0025 0.0033 - 1.33 0.0001 [9]
CNT (aerogel) 1 3.2 320 ~0.2 0.02 0.016 - 0.8 1 [2]
Magnetostrictive 0.2 70 3500 N/A 0.008 0.07 <30 9.25 >1 [39, 25]
(Terfenol-D)
Electromagnetic 50 0.03 - - 0.0015 0.0025 >90 8 20 [12]
(voice coil)
Thermal (Al,§7'=200K) 0.48 326 68000 N/A 0.58 1.56 <10 2.7 <0.001 [12, 55]
Electrostatic 11 0.0082 0.075 65° 0.001 0.0009 >90 0.84 - [11, 43, 55]
(integrated force array)
Human muscle >40 0.35 60 N/A 0.067 0.07 >35 1.04 <10 [39]

(skeletal)

Table 2.1: Comparison of actuator materiatArea strain. °Estimated value from calculations!Effective modulus.

‘Thickness strain. *Modulus varies between 28-40 GPa fotenaite and increases to 80 GPa for austenite [23].



in the direction of the applied field. If this voltage is inased, it will eventually cause the dipoles
to realign with the new field, flipping their polarization éation. This behavior characterizes
dielectric hysteresis seen in piezoelectrics [91].
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Figure 2.1: (a) Reference axes for piezoelectric subscrip)sExample hysteresis curve for PZT
[91]. Marked positions correspond to a. unpolarized, bappéd to saturation and c. default state
after polarization.

The charge and strain of a piezoelectric are coupled beazfuse ability to act as either a
generator or actuator. The stral,is given by

S =sET + dE, (2.1)

where s” is the compliances( = 1/Y’) of the ceramic given a constant electric field, 7" is
the applied stress, andlis the piezoeletric charge constant. The piezoelectricgehaonstant
represents the materials ability to convert stress to iedumolarization (units of coulombs per
newton), or the induced strain per unit applied electridf{ahits of meters per volt). The dielectric
displacementD, is given by

D=dTl +€'E, (2.2)

wheree® is the permittivity under constant stress. All of the conggaepresent tensor quantities
since piezoelectric ceramics are anisotropic [91]. Fotamse, we can choose the Z axis of a
rectangular system to be the direction of positive poléioraand denote X, Y, and Zas 1, 2, and
3, respectively, with shear about these axes representéd®p, respectively (see Figure 2.1(a)).
Then, constants can be written with subscripts referenitiage values. For examplés; is the



induced polarization per unit applied stress in directipar®ds;, is the induced polarization in
direction 3 for a stress applied in direction 1 [91].

The piezoelectric constant is usually used as a metric fearaening the quality of a piezo-
electric material, where the better materials typicallyeha higherl value. For reference, PZT has
adsz value of~650 pm/V [70]. The maximum strain in piezoelectrics is lietitby the maximum
electric field strength and mechanical strain limit. If theldiis applied in the poling direction,
then the maximum field is determined by saturation (i.e haldomains are aligned). If the field is
applied opposite to the poling direction, then the maximanvihen depolarization starts to occur.
For PZT, saturation occurs atl.5 V/um, and depolarization takes place at 0.3M/[70]. If the
stress is set to zerd, = 0, then the maximum strain i$; = ds3 E3 = 0.02 to 0.1%. The stiffness
is around 50 GPa, so the stress is 10 to 50 MPa. The actuated g5 piezoelectric ceramics is
high, with operating frequencies well into the kilohertnga.

Because of the low strains achievable with piezoelectriaro@s, large displacements can not
be obtained with a single plate because it would necess#ayehigh fields. Therefore, most prac-
tical ceramic piezoelectric actuators use stacked shksstisieally connected in parallel to achieve
larger displacements at low voltages50 V). Another option is to use the ceramic as a bending
actuator by attaching it to either a sheet of unactuated mab{@nimorph) or another sheet of
piezoelectric material (bimorph) [91]. In the bimorph attr, the piezoelectric plates are electri-
cally connected such that one plate contracts while the etkgands, causing bending. While the
bending configuration can result in higher displacemerds t stack actuator, the piezoelectric
constant in the poling directionl{;) is usually about twice as large as in the transverse desti

(ds1)-

2.2 Electroactive Polymers (EAPS)

Generally stated, electroactive polymers are polymensdémonstrate some physical change in
response to an electric stimulus. These changes are dryeletitric fields and coulomb forces
in the case of Electronic EAPs, or they are the result of theem®nt of ions in the case of lonic
EAPs [57]. These two categories cover a wide variety of @deng polymers that can be used to
create actuators.

2.2.1 Electronic EAPs
Piezoelectric Polymers

Piezoelectric polymers have a non-centro-symmetric strachat results in the polymer chains
being polarizable [12]. Similar to piezoelectric ceramiagose dipoles align with an applied
electric field, piezoelectric polymers will change phase®rider to align their dipoles with an
applied electric field. The phase change results in a semigoeent polarization of the polymer.
The polarization is reversible by applying a high opposiéeteic field, or by heating the polymer



above its Curie temperature.

The most common piezoelectric polymer material is polygldene difluoride) (PVDF). This
material is widely used because it exhibits the best elewtnthanical responses at room tempera-
ture [19]. PVDF has four possible crystal structures, batttho most important to actuation are
the non-polan-phase and the highly polarphase. Both phases are stable at room temperature,
and both can be turned into a piezoelectric material by prppéng [52]. The defaultv-phase
can be turned into thg-phase by stretching the polymer at low temperatyr@(X’). This causes
orientation of the chains, making the polymer polar [52]e’BRphase requires a lower poling field
(50 V/um) than then-phase (100 to 300 Wim) to show piezoelectric behavior, and thghase
has a higher piezoelectric coefficiert{=30 pm/V) than thev-phase {33=10-15 pm/V) [52]. The
maximum stress and strain for PVDF is 3 MPa and 0.1%, reyadygtat 30 Vi.m [39].

Electrostrictive Polymers

Electrostrictive polymers are characterized as havingupotystalline groups within an amor-
phous or flexible material. These materials take advantagigecparaelectric-ferroelectric tran-
sition to achieve higher strains than piezoelectric polsgn®(VDF-TrFE) can be turned into an
electrostrictive polymer by introducing defects that @ase the crystallite size in solid PVDF
[12]. Defects can be introduced by exposing the polymerdgh{gnergy electron irradiation or by
adding chlorinated monomer to the copolymerization prec&ae modified material solves some
of the problems of the original polymer actuator, such agddrysteresis (see Figure 2.2(a)), a
narrow transition temperature region, and a high trarmsiteoperature [37]. The defects lower the
paraelectric-ferroelectric transition temperature tarn®@om temperature, broaden the transition
region, and lower the energy barrier between phase tranat@ns, reducing the hysteresis. The
improved polymer is termed a relaxor ferroelectric [37]. &@lr ferroelectrics have shown strain
in the thickness direction near 5% for materials with etastodulii of 0.3-1.2 GPa, under electric
fields near 150 \fim [12]. Strains of 2% have been shown with lower electric 8adfi13 V/jum

by increasing the dielectric constant of the material to [BJ0). These materials also possess elec-
tromechanical coupling factors in excess of 0.6 (normaltaaasverse directions) and an energy
density up to 1.1 J/g [19].

In addition to adding defects to solid PVDF, it is possiblecteate electrostrictive polymers
by grafting polar P(VDF-TrFE) crystal to a flexible elastamebackbone, as shown in Figure
2.2(b). Because the hybrid polymer is part polar crystalsgartielastomer, it benefits from both
the electrostriction effect and the Maxwell stress effeersin pure dielectric elastomer actuators.
However, the relative contribution of the Maxwell streskeef is less than 5% [6]. Demonstrated
strains are-4%, with stresses around 22 MPa for an electric field of 120W,/The elastic energy
density is 0.44 J/ci[86].

Other examples of electrostrictive polymers are liquidstay elastomers (LCEs). LCEs are
similar to graft polymers in that they are composed of ir#igally polarized elements, called
mesogens, grafted to an elastomer chain. The mesogendigrillvéth an electric field to cause
bulk stress and strain. LCEs have been used to produce st@aions4% at fields of 1.5 \/m and



speeds o~~100 Hz [12]. However, to reach the upper range of their endegsity -0.02 J/g),
stiffer LCEs (E=100 MPa) must be used, resulting in loweristraf 2% and a electromechanical
efficiency of 75% [38].

elastomer
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Figure 2.2: (a) Comparison of approximate hysteresis loopa hormal ferroelectric (dashed line)
and a relaxor ferroelectric (P(VDF-TrFE)) (solid line) J19b) lllustration of crystallized, polar
polymers grafted to a flexible elastomer backbone.

Ferroelectrets

Ferroelectrets represent a class of polymeric actuatemscterized by regions of trapped, perma-
nent charge separation. Polymer electrets are made ofylpghbus polymers, such as polypropy-
lene or poly(ethylene terephthalate), filled with a polatian gas [96]. The pores are typically
lens-shaped voids that are formed by filler particles whenpiblymer is highly stretched. How-
ever, the stretching produces flat voids that result infstifis with low electromechanical response
[8]. This is because the electromechanical response isndepé upon the effective modulus of
the material, and the effective modulus is dependent upenelative density [7]. In general, the
effective elastic modulus of a cellular material decreags#is decreased density roughly as

2
Yerr = Yo (ﬁ> 7 (2.3)
Po

wherey; is the bulk modulus of the material apglis the bulk density [31]. However, in ferroelec-
tret cellular films, a minimum in elastic modulus is seen alative density between 0.3 to 0.6 [7].
The minimum occurs here because, as the density is decrbgsmwhtinued gas pressurization,
the voids become more spherical, resulting in a highemst#$. Typical films have elastic moduli
in the range of £1-10 MPa in the thickness direction [8].
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Figure 2.3: lllustration of trapped charge in a cellularymoér foam with bonded electrodes. A
voltage applied to the electrodes will cause this strudiniempress.

The permanent charge in the pores (see Figure 2.3) is inducedbjecting the porous films
to high voltages ¥5 kV) that cause dielectric breakdown [12]. The electriaatharges create
permanent charge separation at the polymer-gas interfabe. trapped charge density can be
increased by filling the pores with gases that breakdowngdidrifield strengths [8].

Polymer electrets have properties similar to piezoelextiBy attaching conductive electrodes
to either side of the films, and applying a voltage, a chand@iéirthickness can be induced. For an
optimized film, the piezoelectric coefficient candyg >600 pm/V in the thickness direction [85].
Ferroelectrets also have a wide bandwidth ranging from ahfestz up to hundreds of kilohertz,
making them function well as audio and ultrasonic transtuf&5]. The maximum performance
of ferroelectrets is governed by the breakdown field. If theuator is continuously run at high
fields, the piezoelectric coefficient will start to degrad8][ Mellinger et al. found that for porous,
polypropylene ferroelectret films of varying thicknessed eell sizes, breakdown started to occur
at a field strength of-54 V/um [56].

Dielectric Elastomers

Dielectric elastomer actuators are capacitors that hawengpliant dielectric and stretchable elec-
trodes. When a voltage is applied across the electrodessi@pharges on the electrodes attract
each other, compressing the dielectric. However, becdugsdielectric is incompressible (Pois-
son’s ratio of 0.5), it must expand in the transverse dioasti The expansion in the transverse
directions is aided by the natural proclivity of the like ofpas on either electrode to repel each
other. This behavior is illustrated in Figure 2.4. The inellistress is called the Maxwell Stress,
and can be represented by, )

Py = 67'60‘9/_27 (2-4)
wheree, is the relative permittivity of the dielectrie,, is permittivity of free space) is the
voltage, andy is the thickness of the dielectric. Notice that this is elatice the magnitude of
the electrostatic stress developed between two parad&plwith rigid electrodes. The factor of
two is gained by having electrodes that can expand [12].

For free boundary conditions and strains less than 10%,haege in thickness follows from
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Hooke’s Law as, ,
P]W €r€Q %
Sy=—F=-— —, 2.5
Y Y Y g2 (2:5)
whereY is the elastic modulus of the dielectric afglis the strain in the thickness grdirection.
The strain in the transverse directions can be determired fhe incompressibility constraint of

the dielectric material [68],

Sp=(1+S,)" -1 (2.6)

Also of importance is the volumetric energy density of theuator. For a film with free boundary
conditions and small strains [66], the energy density is

2.2 4
V"

S 2.7)

[ PMSy ==

Another typical metric is the elastic energy density, whih, = 1/2¢,.
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Figure 2.4: lllustration of dielectric elastomer with collapt electrodes compressing in thickness
and expanding transversely under an applied voltage.

In practice, the strain of most dielectric elastomer acisais greater than 10%. In this case,
the assumption thatis the initial thicknesg, no longer holds. For this case, the more complicated
solution must be used [68],

=24 (s ) e9
where
f(Syo) = [2 +278,0 + (Z4+(2 227590)2)1/21 - : (2.9)
and
Syo = eV (2.10)

Y gt
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For the large deformations, the elastic energy densityl@utaed from [66]
ee = Y[S, —In(1+ S,)]. (2.11)

From these equations it is easy to see that the material piepef the dielectrics are very
important to the actuator performance. It is not surprighmen, that a lot of effort has been de-
voted to exploring different elastomers. Elastomers withing’s moduli ranging from 100 kPa up
to 4 MPa have been tried as actuator dielectrics [12]. Matesuch as polyurethane elastomers,
thermoplastic elastomers impregnated with oligomeris,@hd even Dr. Scholl’'s gelactiv tubing
have been tested as potential actuator dielectrics [12}veder, the two most widely used elas-
tomers are still acrylic elastomers and silicone rubberguétors made out of acrylic elastomers,
such as 3M’s VHB 4910, show the highest strains (380% in apga¥sures (7.2 MPa) and energy
densities (3.4 J/g) [12]. By contrast, the less viscoelasiiimones have a maximum strain of 63%
in area, maximum pressure of 3 MPa and elastic energy desfdity’5 J/g [12].

The high performance values reported for elastomers arergiynachieved by heavily pre-
straining the films (can be as high as 300% in some cases) T6ig].high prestrain enhances the
breakdown strength of the materials. This allows an ina&athe maximum applied field strength
by as much as-8x in some cases , and in turn increases the energy densgypréstrain can be
applied in one or two directions, stiffening the materiahnse directions and causing the material
to preferentially actuate in the lower prestrain direcsioRrestraining the material has also been
shown to increase the mechanical efficiency and response Spet it may cause a slight decrease
in the dielectric constant [12].

Actuators that use acrylic elastomers suffer from a numberablems because of viscoelas-
ticity. At low actuation speeds and static voltages, acrgtituators will experience pull-in failures
as a result of creep. For a constant applied voltage, theri@atéll continue to thin under the
Maxwell stress. As it thins, the electric field continuesriorease until the field reaches the di-
electric breakdown strength. The viscoelasticity is absponsible for attenuation of strain by as
much as 90% at 10 Hz [71]. The pull-in failures and frequeratgted attenuations can be partially
offset by prestraining the actuator [12]. However, mamtag prestrain requires the use of bulky
rigid frames that can significantly lower the energy denbiégause of added weight. This limits
the usefullness of prestrained actuators in micro-robotic

Ha et al. has developed an interesting solution for the a@stg problem in acrylic elas-
tomers [32]. Instead of using a frame to maintain the prastthey use an interpenetrating poly-
mer network (IPN). The acrylic is first prestrained. Thenjlevt is prestrained, a monomer and
initiator are sprayed onto the film and allowed to diffuseitiie matrix. Next, the monomer is
polymerized. When the prestrain is released, the IPN prsviiet acrylic from returning to its
initial zero-strain state, locking the prestrain into tHenfi The new material shows performance
metrics near that of the mechanically prestrained film, bthout the frame.

A problem for both acrylic and silicone elastomers is thedne very high voltages %1
kV). The necessary voltage can be lowered by increasing iteatkic constant, or by making
thinner films. Making thinner films is a good solution from gtandpoint of maintaining dielectric
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breakdown strength and loss characteristics. Howevanéhifilms are more susceptible to tearing
if any defects are present.

Increasing the relative permittivity allows for higher Megll pressures and energy densities
at lower electric fields. For pure elastomeric compoundstive permittivities range from 2-7
[12]. The value can be increased by adding metallic filletiplas to the elastomers. For example,
Gallone et al. were able to increase the dielectric consthatparticular silicone elastomer from
7, with no particles, up to 24 by adding 30% lead magnesiurbaielead titanate particles by
volume [28]. Other groups have reported relative perniiiis in excess of 4000 for polyurethane
films loaded with graphite [14]. However, the addition ofdilparticles has the effect of increasing
the elastic modulus, decreasing the ultimate stress aaid sénd lowering the breakdown voltage.
The lower breakdown strength can be a result of percolatiearing when the film is compressed
during actuation. The particles also typically increase dielectric losses of the material. The
best results have been achieved by mixing a silicone elastaiith a highly polarizable polymer,
poly(3-hexylthiophene) (PHT) [12, 16]. With a 1 wt.-% bleraltransverse strain of 7.6% with
a field of 8 Vjum was achieved compared with only 1% strain at O wt.-%. Howetés result
is somewhat misleading because the added PHT only incréaselielectric constant from 4.6 to
5.6, but the elastic modulus decreased from 100 kPa to 20FkBe the Maxwell stress equations,
it is clear that the change in modulus outweighed the sligahge in dielectric constant.

One of the fundamental components of a dielectric elast@uotrator is the compliant elec-
trode. Because the elastomeric materials are incompressilflexible electrode is necessary in
order to see any significant strain. Therefore, developatighile electrodes is another area of in-
tense research. An ideal electrode should maintain higdwdiivity over large strains, be very
compliant, survive repetitive expansion/contractionlegcand be fault tolerant. The most com-
mon electrode materials are metallic paints, carbon greamkgraphite or carbon powders [12].
Carbon greases are the best choice for very large straintexguzecause they are able to flow in
order to remain continuous over large area changes. Thegredalectrodes are easier to han-
dle than the greases, but large strains can separate thggsaenough to lose conductivity. The
powders are very simple to apply to sticky acrylic elast@n&b].

Solid metal films can be used as electrodes if the surfaceeotldtstomer has an appropriate
pattern. Silver and gold films deposited on elastomers wibleéd surface patterns have demon-
strated strains of 22 to 33% before the film starts to crack [2nometer-sized clusters of metal
ions can also be directly implanted into the surface of PD34fsl, can remain conductive at strains
up to 175%. This method allows actuators to be selectivetiepsed, but the patterned regions
have an increased elastic modulus of 50-350% [75].

Another option for electrode material are thin layers of C\(¥45 nm). CNT films can main-
tain conductivity at 200% area strains because their high@satio results in percolation at very
low concentrations [99]. CNTs are also somewhat robust tectiec breakdown through the elas-
tomer because, instead of creating a continuous short #keoa grease, the CNTs are burned
away at the breakdown site. However, because of the shanprdsaof the CNTs, high fields
can develop at exposed tips, causing discharging througlaith This kind of discharging will
eventually degrade the electrodes, and the actuatiom strtiistart to decrease.
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The discussion so far has presented the results of actuatdes ideal laboratory conditions,
most of which do not represent useful actuator configuratiéractical actuators using dielectric
elastomers have more modest performance. This is becatise aflded weight of passive com-
ponents needed to maintain prestrains, and also becausetimum values reported above can
not generally be sustained over numerous cycles withowgicgulamage. Actuator devices either
use the area expansion or thickness reduction to generatedatputs. Expansion type actuators
include bending (unimorph and bimorph), stretched-frastiregghragm, bowtie, bow, spider, spring
roll and extender. Thickness type actuators include fqldpdng and stacked [17]. Some of these
actuator configurations are represented in Figure 2.5.
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Figure 2.5: A sample of dielectric elastomer actuator caméiggons. (a) Spring roll actuator with
elastomer peeled back to show spring. (b) Folded actuatpBdwtie actuator. (d) Bimorph (top)
and unimorph (bottom).

The spring roll and stacked actuators are a couple of the os®fil actuator configurations
because they can provide high linear strains and forcessfitmg roll consists of a spring core and
two end caps that hold the elastomer in place. It is fabrithteattaching the rolled elastomer to
the end caps while the spring is compressed. Then, whentte ifreleased, the spring provides
a prestrain for the rolled film. The force output is set by tlhenber of layers rolled around the
spring. This device is capable of producing linear elorggatf 31% in the active area and forces
of 7.2 N (~60 kPa) for an actuator 45 mm in length, 12 mm in diameter andhirey 8 g [101].
Spring roll actuators have some problems with reliabiligcéuse of stress concentrations at the
end caps [12]. Patterning of the active area can allow thagpoll to bend by expanding isolated
sections.

Stacked actuators use the thickness direction to provisidatiement and forces. These de-
vices consist of stacks of thousands of individual films, sirgle continuous film folded many
times. A linear strain of 10.5% and stress of 3.75 kPa at 10/7&n have been achieved with a
folded silicone elastomer [63]. The folded actuator is pt&dly easier to fabricate than a lami-
nated stacked actuator. This is because in the folded ddawieere is only one electrode along a
continuous strip that is folded up into an actuator stackth\&ilayered actuator, each individual
layer needs to be properly electrically connected to thesraditing layer.
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2.2.2 lonic EAPs
lonic Polymer-Metal Composites (IPMCs)

lonic polymer-metal composites typically consist of a po&r membrane on the order of 20t
thick, coated on both sides with thin layers of metal [6]. Twdymer membrane is composed
of a poly-electrolyte with covalently-bonded, anionicesigroups. The negatively charged matrix
is balanced by adding mobile cations. When a voltage is appdiehe electrodes of a hydrated
IPMC, then the cations move toward the negatively chargedrelge. The diffusion causes the
negative side of the membrane to swell, making the actuatod boward the anode. The initial
diffusion creates a quick bending motion, but this is fokaiby a slow relaxation as the pressure
adjusts. The actuation process is illustrated in Figure e relaxation does not necessarily have
to be in the unbending direction. For example, the two modelyiused membrane materials have
opposite relaxation behaviors. For Nafion-based IPMCs akzgd by alkali metals, the relaxation
is in the direction of the cathode, and may even go past tengigosition. For Flemion-based
IPMCs, the relaxation is toward the anode, creating furtleeding [6].

IPMCs have the benefit of only requiring a few volts (1-3 V) fotumtion, and have been shown
to produce 3% strain and 30 MPa [12]. The actuation speedpisrakent on ionic diffusion, so it
can range from a few hertz up to a few hundred hertz. IPMCs hargetl applications because
they only actuate in a bending mode. However, their abititwork in wet environments has made
them useful in swimming robots and medical devices [63].
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Figure 2.6: IPMC actuation. Top figure is the neutral statéddi# figure is the state just after a

voltage is applied to the electrodes, causing cations teenmwvard the cathode. Bottom figure is
after the pressure gradient causes flow towards the and@®jnmg some stress.

lonic Gels

lonic gels are a type of hydrogel composed of a small fraatiocrosslinked polymer filled with
an electrolyte solution. lonic gels are used as actuatohtrolling the amount of solution that
is absorbed or expelled from the polymer. In polyacrylicddagels, the swelling is controlled by
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changing the pH either directly through the hydrating solubr by applying an electrical field.
The electric field causes migration of hydrogen ions out ahtw the gel, causing a pH change
[12]. Actuation under a DC field tends to cause bending bexatisinequal ion diffusion rates
throughout the gel. Because the principal mode of actuasodriven by diffusion, ionic gel
actuators respond fairly slowly to stimuli. However, faséetuation may be possible with gels
made by electro-spinning nanofibers [81]. The nanofibemsr @fmuch higher surface area to
volume ratio, allowing much faster actuation speeds [57].

lonic gel actuators can be limited by their need to be hydrakéowever, Liu and Calvert de-
veloped a clever work around that allows polyacrylimide ARA and polyacrylic acid (PAA) to
work in air [51]. Normally, when a voltage is applied across/drated PAA gel, water is expelled
from the material and it contracts. This is not a reversibtElenof actuation in air because the
water is difficult to recover. Liu and Calvert solved this peah by layering PAA and PAAM gels.
When water is expelled from the PAA, it is absorbed by the PAAMthat when the voltage is re-
moved, the water can be reabsorbed by the PAA. The contraotarea of the stiffer PAAY =650
kPa) forces the softer PAAMY(=390 kPa) to contract as well, and the whole stack increases i
thickness. This allows a reversible strain of 10% at 3 V. Utfieately, the solvent migration is
quite slow, taking 1 min to achieve the 10% strain.

Conductive Polymers

Conductive polymer actuators work by reversible redox teast The polymer is switched be-
tween the reduced and oxidized states by applying a smaligel-1-2 V) across a conductive
polymer in contact with an electrolyte solution [17]. Whileetpolymer is in the oxidized state,
excess charge causes the uptake of ions perpendicularpolgraer chain length [12]. The addi-
tional ions cause the polymer to expand. Then, when retum#te reduced state, the extra ions
migrate away, allowing the polymer to relax.

Stresses range from 1 to 5 MPa for polypyrrole and polyamidiotuators. Strains range from
1 to 35%, with the highest strains coming from polypyrrobeséd actuators [17]. However, while
strains of a few percent take a few seconds to realize, mawistwains near 30% can take a
few minutes to reach [17]. The mode of actuation is slow bseaurelies on the migration of
ions, and some of the ions are very large and not very mobillso,Aecause of the need for
electrolytes, conductive polymer actuators need to be irseckin solution, or they must have
proper encapsulation. Another notable downside is theyr ksv efficiency of~1% [12].

2.3 Carbon Nanotubes

Baughman et al. showed one of the first examples of a Carbon Wa¢CNT) based actuator
[9]. Their actuator consisted of an unordered mat of singdded carbon nanotubes (SWNTS),
approximately 15-35:m thick, immersed in a solution of NaCl. When a voltagel(V) was

applied to the device, actuation occurred through an exparg the carbon-carbon bond length
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as a result of charge injection (see Figure 2.7). This destgeved a maximum strain of 0.08%
at less than 1 Hz [9]. The small strain is due to the fact that S@/iénd to form bundles, so
the bond length is only increased on the outer nanotubes.inMex strains of 0.7% have been
achieved since the initial work, but the theoretical limittlois type of actuator is a strain of 1%
because the voltage is limited a4 V before redox occurs in the electrolyte [6]. This mateceah
produce high stresses (elastic modukis2 GPa), but is fairly slow with strains severely tapering
off at a few hertz [9].
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Figure 2.7: CNT actuator in aqueous solution of NaCl. Two gemyans are SWNT sheets bonded
together by double-sided tape. The polarity of the appl@thge causes the ions to form a charged
double layer on the SWNTSs. The charge injection causes machaeformations in the SWNTS,
making the cantilever bend [9].

CNT sheets pulled from multi-walled carbon nanotube (MWNTefis can be used as actu-
ators by suspending them over a distant ground plane angiaggiigh voltages ¥1 kV) [2].
These low density sheets (1.5 mg/mhange dimensions as a result of repulsion between nan-
otubes due to charge injection. The thin sheet8(Q um thick, 25 mm long, 2 mm wide) expand
in thickness by~200% and in width by~220%. The expansions in width and thickness are ac-
companied by a small strain in the length direction~df%. Sheets can be densified by wetting
them with ethanol and letting them dry. A sheet with a densit§.8 g/cn can generate a stress
of 3.2 MPa in the length contraction direction. CNT sheetsmapeh better at higher frequency
than CNT mats, showing 30% strain at 1.1 kHz [2].

2.4 Shape Memory Alloys (SMA)

Shape memory alloy (SMA) actuators work by changing theystal structure in response to

temperature. At low temperatures they have a martensitetate, which is characterized by a
monoclinic lattice. In two dimensions, this structure ledike a parallelogram. At high temper-

atures, the crystal structure changes to a cubic lattidkedcaustenite. There is hysteresis in the
structure change because of internal friction betweenvtioephases. The width of the hysteresis
is typically 10-50C [93].
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The shape memory effect is seen when the material is defowhdd cool, and then, upon
heating, the material returns to its original shape (seerEi@.8). This ability comes from the
crystal structure of the alloy. In the martensite structtine atoms naturally form rows of paral-
lelograms slanted in alternating directions. The rows carfobced into the same orientation by
deforming the structure with low stresses70 MPa) at low temperature. When the material is
heated, the structural deformation is relieved, and theefamched, high-strength austenite struc-
ture is recovered, generating stresses between 140 to 3d323P However, repeatedly using the
higher stresses can cause eventual failure of the material.
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Figure 2.8: Top row shows crystal structure of the matenalrdy the different stages of SMA
actuator use. (a) SMA spring in low-temperature, undefarmartensite state. (b) SMA spring in
low-temperature, deformed martensite state. (c) SMA ggrirhigh temperature austenite state.

There are a few different alloys that show this effect, bt thost widely used alloys are
composed mostly of nickel and titanium with small perceatagf other metals. The nickel ti-
tanium alloys are generally referred to as Nitinol. Thedeyalare popular because they have
high ductility, provide more recoverable motion, have dbere corrosion resistance, have stable
transformation temperatures, have high biocompatapditg are able to be electrically heated for
shape recovery [93].

Electrically actuated SMA works by resistive heating calubg passing current through the
material. Because this is a thermal process, the actuatitairig slow in ambient conditions
(~10 Hz). The actuation speed can be increased by activelyngowith water or compressed air.
Actuators with smaller dimensions also heat up and cool diaster. As a result, most actuators
are made with thin wire, 25 to 50@m in diameter, or thin films. The material strain recovery for
nickel-titanium alloys has a fundamental limit of 8%. If theaterial is strained more than 8% in
the martensite state, then dislocations will form and pnefidl shape recovery. For actuators that
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will be used over multiple cycles, the strain should be kegitMeen 4 to 5% [23]. To build up
large displacement, SMA wire is usually shape set at higlpegatures into a helical spring. The
spring can then be used as either a contraction or extensioatar by stretching or compressing
it, respectively, in the low temperature state.

The amount of current required to heat an SMA actuator alieyghase transition temperature
(~100C) is dependent on actuator dimensions, ambient temperataréhe properties of con-
tacting materials. As an example, a 14t diameter wire at room temperature requires 400 mA
to contract in 1 second, whereas a;2% diameter wire only needs 45 mA to contract in 1 second
[23]. Higher currents can be applied to the wires to increaseation speed, but this runs the risk
of overheating the wire or reaching stress limits becauseeonfial effects from the load.

2.5 Thermal Actuators

Actuators can be fabricated by taking advantage of therxdmsion in a single material, or the
thermal expansion mismatch between two different materiahy block of material that changes
dimensions upon heating can be used as an actuator. Theecimdeggth of a solid bar is

5L = LadT, (2.12)

wherel is the lengthyT is the change in temperature, amds the thermal expansion coefficient.
The blocked force is then
F =Y AadT, (2.13)

where A is the cross sectional area [47]. For a centimeter cubece ppé@luminum (=24
um/(m-K) andY=68 GPa [55]) subjected to a temperature change of 200K itaege in length

is 48 um or 0.48% strain, and the force is 32.6 kN or 326 MPa. This tfgctuation can produce
very large stresses, but the strains are fairly small. Higigplacements can be achieved by using
a bimaterial cantilever configuration and taking the begdiaflection as the output. Thermal ac-
tuation also suffers from slow recovery times because ofithe necessary to cool the material.
Efficiencies are also low because a lot of heat energy is dogte environment. As a result, this
simple mode of actuation does not represent a very praetitftial muscle technology.

2.6 Magnetic Actuators

2.6.1 Electromagnetic

Magnetic actuators rely on two primary mechanisms to geaedoaces and displacements. These
are electromagnetism and magnetostriction. Electrontagaetuators are typically composed

of some configuration containing a current-carrying wire anpermanent magnet. The current
carrying wire generates a magnetic field that interacts wighpermanent magnet to generate a
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force. This is the mechanism behind electric motors. Howewe will not consider electric
motors here because they are size limited. An example ofeadielectromagnetic actuator is
the voice coil found in speakers. A voice coil is composed wtent-carrying wires wrapped
around a spring-supported magnet. The direction of theeatiffow can be changed to either repel
or attract the magnet. Voice coils can have strains up to S08ocgenerate pressures in excess
of 100 kPa with high effiencies [12]. However, electromagnattuators have the drawback of
having constant power dissipation during static holds sThbecause the coils must be supplied
continuous current in order to maintain the magnetic field.

2.6.2 Magnetostrictive

Magnetostrictive actuators work through a change in matproperties in the presence of a mag-
netic field. Magnetostrictive alloys have a reversible geim dimension when their internal
magnetic domains align with a magnetic field. Pure nickeliaorl contract with an applied field,
but they only show strains 0£0.003%. Rare earth materials, such as the popular Terfenol-D
(Tby.27Dyo.73F€ o), €Xpand in a magnetic field with a strain of 0.2%, a stressOdMPa and an
energy density of 15-24 kJ/hj25, 39]. Magnetostrictive actuators are fabricated bydivig a
wire around a cylinder of the alloy. Achieving maximum stsirequires high magnetic fields,
100 kA/m, which leads to high resistive losses in the coil$ tiermal dissipation problems [39].

2.7 Electrostatic Actuators

2.7.1 Parallel Plate Actuator

Electrostatic forces have been used to create a numberfefatif types of actuators. The most
simple of these is the parallel plate actuator, shown inf&i@O, which consists of two conductive

plates separated by a dielectric and supported by somegsplements. When opposite charges
are applied to the plates, the attraction causes the plate®ve together. The electrical energy
stored in this system is

e= %(JVQ, (2.14)

where(' is the capacitance and is the voltage potential. If the fringing fields are neglectine
capacitance for a parallel plate configuration is

c-4 (2.15)
g

whereA is the area of the plate,is the permittivity of the dielectric, anglis the plate separation.

The force is given by
de  €AV? €A
= —F? 2.1
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wherekF is the electric field. Finally, the electrostatic pressugre i

1
P= §€E2. (2.17)
It is apparent from these equations that the performancéecfrestatic actuators is highly de-
pendent on the gap spacing. As was seen with dielectricoatestactuators, large voltages are
necessary if large gaps are used, so gap spacing should lveineid.
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Figure 2.9: Parallel plate actuator.

Parallel plate actuators have found a number of uses asatéelgcomponents in silicon-based,
opto-electronic devices [34] and high speed relays [59c@&i micro-machining techniques allow
precise control of small gap spacings necessary for lovageltactuation. However, these partic-
ular silicon-based devices are not immediately applicabbetificial muscle applications because
they are dependent upon bulky support structures, and #regrdy output forces of micronewtons
over distances of micrometers. In order to be useful as aimactuator, it is necessary to put the
actuators in series to scale up force and displacement bbeligaels. A few examples of scaled up
devices are present in the literature [11, 58]. These ds\ace composed of alternating, flexible
electrodes joined by rigid elements. When a voltage is agpptiehe structures, they collapse in
one direction, generating linear actuation.

Integrated Force Arrays (IFAs) created by Bobbio et al., shawFigure 2.10(a) [11], is a
device fabricated in the plane using micro-fabricatiorhteques. This results in an actuator sheet
composed of numerous (1.5 million elements) very thin gl§&:m). This device can generate
an electrostatic pressure 8.2 kPa with an overall strain of 11% at 100 V [43]. The maximum
strain possible in an actuator composed of many cells is

by 2ty +tp)

S = , 2.18
2ty + b + 1) (2.18)

wheret, is the air gap sizei,, is the metal thickness ang is the plate thickness. If the metal
and plate thicknesses are made very small, the strain agpmea maximum of 50% because of
the rigid supports. The actual structure only achieved ltt&rsbecause not all of the cells were
working properly. The theory also shows that the plates edgthe into contact at small voltages
because of pull-in. Pull-in occurs when the electric fielartst increasing more rapidly than the
mechanical restoring force, causing the plates to snaghegeHowever, this leads to hysteresis
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in the actuation. Jacobson et al. predicted that for a gieemgtry, the pull in voltage should be
35V, but the plates will not separate until the voltage isuced to 8 V [43].

d polyimide film
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Figure 2.10: (a) Integrated force array. The polyimide beanet, = 0.35,m thick, the metal
layers aret,,, = 30 nm thick, and the air gap between beams,is- 1.2 xm thick. The support
spacing isd = 22 um long. This actuator is only 2 to Am thick into the page [11, 43]. (b)
Macroscale, distributed electrostatic micro actuatoiis Hetuator is composed of flexible 7./
thick polyimide film coated with 12.5 nm of nickel. The doudieled tape is 2m thick. This
actuator is 28 mm thick into the page [58].

Minami et al., created a similar structure to the IFA, calieel Distributed Electrostatic Micro
Actuator (DEMA), shown in Figure 2.10(b) [58]. They builgtlactuator at both a centimeter scale
by stacking up metalized films, and a millimeter scale by gigihotolithography and electroplat-
ing. The macro model showed strains of 36% at 200 V (force veasneasured). The structure
in the macromodel takes advantage of very compliant filmg cavariable gap spacing that allows
the plates to zipper together. This is how they achieve langens at low fields§ ~0.36 V/um
in the center of the cells where the gap~850 :m). The microscale model had less thah%
strain at 200 V, and an estimated stress-dR0 Pa [58]. Even though the microscale actuator has
smaller gaps (1xm), it produces a much lower strain because of the highénas$ of the metal
structure.

2.7.2 Comb Drive Actuator

Comb drive actuators, shown in Figure 2.11, are another ti/pkeotrostatic actuator widely used
in silicon devices. They are popular in MEMS because, fon@mivoltage, their force output
remains constant with displacement, unlike parallel ptatiators. This greatly simplifies dis-
placement control. Also, they experience less air dampiag parallel plates and provide larger
strokes [88]. If we examine a single finger of a comb drive, wedgnore the fringing fields, the
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capacitance between the inner finger and the outer fingers is

B 2¢hx
- d

whereh is the height of the finger; is the finger overlap, and is the gap between fingers. As
we did with the parallel plate actuator, we differentiate #nergy with respect to the change in
displacement to get the force,

C

(2.19)

de ¢€h_,
“ora’
This force comes from the fringing fields at the tip of the findewing the finger in. For multiple
fingers, the force scales linearly with finger number (nunmdfesingle fingers with two fingers
on each side). From this equation, we notice that the forcependent on the gap between the
fingers, and is proportional to the height of the fingers, Wihscrepresentative of the overlap area.
Also, as previously stated, the force is not dependent uperdisplacement i, meaning that
there is no concern about pull-in instabilities. Comb drixgscally have forces in the micro- to
millinewton range, and displacements from 1 to 100 [102]. The corresponding stresses are in
the kilopascal range, with operating frequencies in kittheange. In order to become a practical
muscle-like actuator, work needs to be done on the suspessithat actuators can be placed in
series to achieve high displacements. Alternatively,dargerall displacements may be possible
by using comb drives in conjunction with ratcheting meckars [10].
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Figure 2.11: Comb drive actuator shown at an angled perspeeatid detail of a single finger from
the top view.

(2.20)

2.7.3 Electrostatic Induction Linear Actuator

Another type of electrostatic actuator is the electrostatduction motor [61]. This is a linear
actuator composed of a stator film and a slider film, shown guifg 2.12. The stator film has a
repeating pattern of parallel three-phase electrodes @deloen an insulating film [61]. The slider
has an insulating layer backed by a high resistance coaisgositive and negative voltages are
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sequentially applied to the stator phases, an oppositgelmimduced on the slider film. Because
the slider has high resistivity, the charges are slow to yletae stator phases are powered in a
sequence that alternates between repulsion and attragtiothe slider, causing the slider film to
move with respect to the stator. The sheets can be madeagitipitong to achieve specific stroke
lengths, and they can be stacked in parallel to increasevthilable force. Linear sliding forces of
6 N/n? (force over total electrode area) have been achieved witharithick film operating at a
speed of 420 mm/s and750 V [24].
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Figure 2.12: Linear induction motor. In (1) charges are oetlion the slider by the rotor. In (2)
the charge on the rotor is switched, causing it to repel tldeisand force it over by one step.

2.8 Concluding Remarks

There is clearly no shortage of small-scale actuator tdolgnes. However, not all actuators are
equal as Table 2.1 clearly shows. Each type of actuator haecifis use where it excels, but there
is not a good candidate for an all-purpose general actuat@nhall-scale robots. Some actuators
are speed limited due to thermal (SMA) or ionic transportM%) issues. Other actuators are
strain limited because they rely on crystallographic comfation changes (piezoelectric ceramics
and SMA). Finally, some have limited lifetime and requirékgusupport structures (DEAS).
Electrostatic actuators can have fast response timgékHz) that are typically limited by the
mechanical properties of the suspension and the load (mdsstifness). They can also have high
strains. For a parallel plate actuator operating in congoes the strain could easily bhe 50%.
Electrostatic actuators with rigid electrodes also gdhehave long lifetimes. Take for example,
MEMSs resonators that are continuously cycled at thousahtsrte for years. Stress and energy
density can also be quite high if sufficiently small gaps asedu As will be shown in the next
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chapter, it may be possible to create an actuator capabkneirgting>17 MPa if the gap is below
<1 pm.

The properties mentioned for electrostatic actuators ang appealing, but the challenge lies
in creating a self-contained actuator device. MEMs stmgstuequire external supports that limit
their uses to on chip actuation. DEAs are a type of monoligliectrostatic actuator, but they fall
short of ideal performance because of the dielectric efastanaterial. The material introduces
a number of problems, such as creep and electrode failuresvevér, the idea of having the
dielectric also serve as a suspension is a great one. Tlogviod chapters will explore possible
sandwiched suspensions that have a zero Poisson’s ratlowothe use of robust rigid electrodes
and materials with low viscoelasticity. This will faciliethe development of low-density, energy
dense actuators with high maximum stress and strain.
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Chapter 3

Design and Modelling of Electrostatic
Actuator

Any electrostatic actuator is composed of three fundanherdaes: the dielectric, the suspen-
sion and the electrodes. There are a number of choices foraddbhe components depending on
the application. However, for all actuators some of the irtgpd considerations are energy density
(both by volume and by mass), efficiency, force, strain diediftne. For small-scale robot applica-
tions, the energy density is of particular importance bsea size, power and weight limitations.
The following sections will explore the design consideras for each component of the actuator
so that these values are maximized.

To make this task tractable, we will only consider two examglspension designs and two
example electrode designs. The two prospective suspenarenangled fibers and porous foam.
They are chosen for examination because they both have Boisflon’s ratios, and therefore allow
the use of rigid electrodes. As already stated, rigid ebelets will contribute to the robustness of
the actuator. The two suspensions are also purposely chosane a low density and fit between
the electrodes, thereby limiting their impact on the acugblume and mass. Because they are
between the electrodes, they also act as the dielectritiesoitnpact on the breakdown strength
must be considered.

The two electrode configurations that are examined, papdlee and comb drive, were chosen
because of their compatibility with the suspensions, anthbge they both have desirable but
distinctly different performance advantages. For exaptpke comb drive provides a linear force-
voltage relationship, but the parallel plate electrodeglahigher elastic energy density.

3.1 Dielectric

In the two suspension designs considered, the dielectac@nbination of the support structure
material and a gas. This mixture will determine the maximulowable electric field before
breakdown and the dielectric losses.
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3.1.1 Dielectric Breakdown in Air

Electrostatic actuator performance is dependent uponldutrie field. Therefore, the maximum
safe electric field is one of the limiting factors for elestiatic actuation. If the dielectric is a
gas, electrostatic discharge may occur either througtaaehke breakdown or as a result of field
emission. The breakdown strength depends on the gas, sy ibendesirable to use gases with
a high breakdown strength. However, this will introduce ieed for encapsulation. For air, the
breakdown field is 3 \iim under normal conditions [33]. However, because the m&dsadun air
are free to move around, this value is influenced by the mesgndath of the particles. In order to
cause avalanche breakdown, electrons must gain enouglyestethat they ionize the atoms that
they collide with, initiating a cascade of current flow. ThasBhen effect predicts that there is a
minimum breakdown voltage when the gap gets small enoughetgept electrons from building
up the necessary energy to cause breakdown. The Pascheioedgigiven by

Bpy

A rEs Gy

wherep is the gas pressure, is the gap between electrodes, aBdand k£ are experimentally
determined constants that depend on the gas and electroeleahased [40]. For air with platinum
electrodespB = 2737.5 V/(kPacm) andk depends on the value pf (k = 2.0583(py) %172 for
0.0133 py <0.2 kPacm, k = 3.5134(py)% for 0.2< py <100 kPacm, andk = 4.6295 for
100< py <1400 kPacm) [40]. For the given constants, there is a minimum voltafye'330 V
whenpy = 0.14 kPacm, corresponding to a gap of 14n at a pressure of 1 atmosphere (101 kPa),
or an electric field of 24 \fim.
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Figure 3.1: Electrical limits based on Paschen effect atdidimission in air. (a) Maximum voltage
versus gap spacing. (b) Maximum field strength versus gaprgpaThe shaded regions denote
the safe design limits.
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The Paschen model predicts that after the minimum voltdgebteakdown voltage increases
sharply because the mean free path of air is on the same @ diee gap size. However, exper-
imental data shows that this effect is only valid for a smafige of gap sizes. Eventually, the
breakdown voltage actually decreases rapidly becausesairibet of field emission. Slade found
that as an iron needle approached a silver electrode, tlth@&asffect lost relevancy when the gap
reached G:m [82]. After this point, the breakdown voltage was lineathngap spacingy,

W = Ky, (3.2)

where K is an experimentally determined constant. For the pagicchse examined by Slade,
K was between 65 and 110 Mh. This constant represents the maximum electric field fpsga
less than Gum. The K value will be dependent on the electrode material used amdulface
roughness, but the reported values provide reasonabfeagset. Figure 3.1 shows the complete
breakdown limit as a function of gap size.

The work by Slade had a needle approach a bare electrode nvéh gap in between. Other
researchers have shown that the dielectric breakdowrgskrean be further increased by applying
a thin insulator on atomically flat electrodes. Horn and &miere able to achieve field strengths
up to 2300 V/im with silver electrodes coated in mica and silicon, and mg\an air gap less
than 1m [36]. However, the maximum field decreased to 60Qn/as the gap was increased
to 3 um. This value is higher than those reported by Slade due tinth#ating layers and the
atomic roughness of the surfaces. Any roughness can leduatges concentrations that initiate
breakdown [82]. The configuration of electrode-insulawrinsulator-electrode is similar to the
composition of actuators proposed in this document. Theeefit is likely that the maximum
electric field strength and electrostatic forces of an idealator with nanometer-scale gaps and
atomically-smooth, insulated electrodes could be qugé k- 500 V/ym and> 1.1 MPa).

3.1.2 Dielectric Breakdown in Porous Material

The breakdown strength of dielectrics that are a combinatfair and solid insulators also needs
to be examined because a number of the proposed designsi@orsach hybrid dielectrics as
support structures. In dielectrics composed of a comlmnadif air and solid material, such as
foam, the dielectric breakdown limits are less straighivemd to calculate than in either individual
case. Typically solid materials have a much higher breakdstrength than air. For instance, in
polymers the dielectric field strength ranges from 70@n/for low-density polyethylene up to
1200 V/um for poly(methyl methacrylate) [42]. The large range is ttuenaterial properties such
as molecular weight, crystallinity, and molecular pobarit

Researchers have shown that the introduction of gas filledisMowers the dielectric break-
down strength of a solid material, with higher porosity liegdto lower strengths [30, 56]. The
size of the pores and their distribution determines how nthehfield strength is lowered [3].
Smaller pores have less of an effect than larger pores, alsl\lwelexpected from the discussion in
the previous section. However, the dielectric strength pbeous material is not simply the field
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strength of the largest pore as predicted by the Paschert.d¥fellinger and Mellinger disproved
this hypothesis by looking at porous polypropylene [56].tHair experiments, they showed that
the breakdown strength greatly exceeded the value préedigt¢he Paschen effect. For example,
in a polypropylene foam with a maximum void size of 7.&, the expected breakdown strength
of an equally sized air gap was predicted toa&7 V/um, but the actual field strength of the foam
was>100 V/um. One possible explanation for this effect is that the tlilymer walls of the cells
provide a barrier that arrests avalanche breakdown. Wheléeld may be high enough to initiate
breakdown within the void, extra energy is necessary toicoatthe breakdown through the solid
dielectric [42]. The cascade will have an easier time pragiag if there is a high concentration of
voids. This is verified by Gerson et al. who showed that regjiwith many pores will have lower
strengths than more solid regions [30].

An absolute theory to describe this phenomenon is not dtailaecause of the numerous
material and geometrical considerations. However, therxg@ntal work done in this area shows
that the maximum field strength for systems with hybrid alrésdielectrics is generally higher
than those predicted for air only.

3.1.3 Dielectric Losses

Even if full breakdown does not occur, losses can still doseause the dielectric material is not a
perfect insulator. The loss can be modeled as a parallel RQitiwhere the capacitor is treated
as ideal and the resistor represents the losses [78]. Tlaeitaqpce value is
/
A
o= (3.3)
g

wheree’ is the dielectric constant’(= ¢,¢;) at frequencyw, A is the area and is the gap size.
The parallel resistance is
1 (0. +weA
— - Ye T 7 3.4
R g ) ( )
whereo, is the conductivity of the dielectric and is the loss factor.
Another typical way of representing the loss is by using tss tangent, also called the dissi-

pation factor [76],

e o,

tand, = — = )

€ we’

Air has a very small conductance, so it’s loss tangent is mesy [76]. Certain polymers also
have low dissipation factors. For instance, polyethylesges from 0.00003-0.00015 at kHz
frequencies [74]. In the structures proposed, dieleassés should be minimal since the dielectric

is composed of a mixture of air and good insulating materglsh as thermoplastics.

(3.5)
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3.2 Suspension

To achieve the maximum elastic energy density requiresugtsiie that can have 100% strain.
This is not very practical in terms of a realistic actuatacdagse, no matter how thin the electrodes
are, they will still have some finite thickness that must beetainto account. However, strains
close to 100% can be achieved in some regions of an actuatdrdl very thin, compliant support
structures located at the edges of the actuator. Althowghing isolated supports limits the actua-
tor to small areas or thick electrodes in order to avoid motd with uneven stress concentrations,
localized pull-in failures and adhesion problems that ddeidd to hysteresis.

A better approach is to have distributed support structurbe supports can either be rigid or
compliant, depending on if the electrodes are rigid or caampl The structures from Bobbio et
al. [11] and Minami et al. [58] are examples of rigid suppavith compliant electrodes. Having
rigid supports limits the maximum allowable strain of theéuator to be less than 50%, as shown
in Section 2.7.1. Having flexible electrodes also resultaan-uniform electrostatic forces and
displacements across the plates for a fixed voltage. Thikmérhe elastic energy density because
voltages need to be kept below the dielectric breakdown $igghgth for whichever region has the
smallest gap. Therefore, the regions with small gaps wilehthe maximum energy density, but
the nearby regions may be less optimal.

Dielectric elastomer actuators are an example of a systemasmpliant supports and com-
pliant electrodes. The compliant support is the solid dieie elastomer layer, and the compliant
electrodes are composed of carbon powders, greases onaaahotube sheets. Because the elas-
tomer is incompressible, it expands in area as it compraésseEkness. Therefore, the compliant
electrodes are a necessity rather than a design choice. bilitg o stretch allows for a factor
of two improvement in the electrostatic pressure over selttrodes, but this advantage is out-
weighed by the problems that arise from unreliable compkéactrodes.

The final option is an actuator that uses compliant suppodsigid electrodes. This option is
appealing because rigid electrodes are generally morestdian the compliant alternatives used
in dielectric elastomer actuators. Also, solid electraalésy easy fabrication of stacked actuators
in order to increase stroke length, and they provide stabfaces for force outputs and electrical
connections. Compliant supports offer the potential faiss in excess of 50%, as will be shown
in the following sections.

While completely rigid electrodes (rigid in bending and &théng) can be advantageous com-
pared to completely flexible electrodes (compliant in begdind stretching), there may be a mid-
dle ground where adding some flexibility to the electrodegld@enerate added functionality
without degrading robustness. For instance, a continubus,metal film can not tolerate large
stretching motions, but it could still function under bemgli This could allow for actuators that
can wrap around cylindrical surfaces. Discontinuous,goaéid sheets could also provide flexi-
bility, and produce surfaces that are continuously defotethrough control of isolated actuator
regions.

In order to allow the use of rigid electrodes, the distribuseipport ideally needs to have a
Poisson’s ratio of zero, so that motion is not restrictedigydlectrodes. This can be accomplished
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Figure 3.2: Electrostatic actuators using angled fiberspmndus foam as support structures. (a,b)
Parallel plate. (c,d) Comb drive. Drawings on left side shbes actuators in their default state,
and drawings on the right show the actuators compressingriatelctrostatic pressure.
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by using either porous materials or arrays of discrete gpglements. Figure 3.2 has drawings
showing how either support element could be used in panaldeét or comb drive actuators. The
behavior and expected performance of either option areeaghin detail in the following sections.

3.2.1 Ideal Stiffness

Before analyzing the suspensions in detail, it is useful ke & step back and consider the ideal
stiffness desired from a suspension. With both suspensgsiguds, it is possible to adjust the
magnitude of the stiffness, and also to decide whether itilshioe linear or non-linear with dis-
placement. The type of spring will affect the stability oétactuator and the power output.

Stability

First we consider the stability of of the system. Figure & 3hows the electrostatic force plotted
with the spring force for the system shown in Figure 3.3(lh)e Tinits are arbitrary because we are
just interested in the shape of the curves. The electrodtatie is

2
F=tea (Z) , (3.6)
2 g

wheree is the permittivity,A is the area)/ is voltage and; is gap size. The spring force is
Fy = k(90 — 9) (3.7)

for a linear spring, whereg, is the initial gap size. For a buckling spring, the force is

k(g0 — 9) for g > g. }
F, = , 3.8
{ ki(ge — g) + ka(go — gc) for g < g. (3.8)

whereyg. is the buckling transition.

In Figure 3.3(a), the closed dots represent unstable paimdshe open dots represent stable
points. The unstable points mark positions where, if thetedele is displaced any further, the
spring restoring force will be smaller than the electrostiirce, so the plate will collapse to zero
gap. The stable point marks the equilibrium position forgpecific voltage. This is the position
where the spring force and the electrostatic force balaAsdhe voltage is increased, eventually
there will only be one crossover point between the eledtmstorce and the spring force. This
point represents the pull-in voltage. For the linear sprihig found to be [78]

B 8/{598
Vpr =1/ A (3.9)
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Figure 3.3: (a) Spring force for linear spring and bucklipgisg plotted with electrostatic force for
a parallel plate actuator with arbitrary units. The filleddare unstable points and the open dots
are stable points. The arrow shows the direction of incngagoltage. (b) lllustration of spring
between parallel plates.

The pull in voltage corresponds to a gap size of

2

ger = 39o- (3.10)

For the buckling spring, the pull-in voltage will occur wher= g. if g. < 2g,/3, correspond-
ing to a voltage of

kl (QO - gc)g?
€A '
Otherwise, it will have the same pull-in voltage as the lmgaing.

Vs = (3.11)

Static Operation

For static operation, the linear spring will provide a largenge of stable displacements, unless
ge < 2go/3, In which case they provide the same general behavior. Hemvevbuckling type
spring might be advantageous in situations where the artnatds to be very stiff until a critical
voltage is applied.

In theory it is assumed that the plates will collapse to zep, dut in reality this is not the
case. This is because the spring will have some finite voluraewill eventually act as a hard
stop for the plate. If the springs were designed to withstaedull collapse without plastically
deforming, then the actuator could be used to provide a$&spping motion. Then, if a number
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of actuator layers were stacked, and if each layer were aiiedrseparately, it could create a large
linear actuator with discrete stepping motion. A pattersieget of this type of actuator might make
an interesting topological display.

Dynamic Operation

The full dynamic model will be discussed later, so for now,wik just mention a few brief spring
stiffness considerations for dynamic operation. As thiibtgaplot showed, the voltage determines
the stable point of operation for the actuator. If we assuméthe operating point is set by a DC
offset voltage, and that the system is excited about thigiposy an AC signal. Then, if the spring
is truly linear, the displacement will be very easy to préditowever, if this system is nonlinear,
then the AC excitation could lead to undesirable behavitsoAn a resonant mechanical system,
the spring and the mass determine the resonant frequenbg afystem. As the spring stiffness
is increased, the frequency also increases and vice vefdhe bpring is non-linear, then the
resonant frequency will change depending on the operavig.pThis could be a desirable trait
if multiple resonant frequencies are required for a singttesn. Besides resonance, the spring is
also important for impedance matching. When the actuataiving a load, the maximum power
transfer occurs when the impedance of the load matches tediamce of the source. Being able
to control the spring stiffness to help match the load is irtgpd. Once again, having a non-linear
spring complicates this procedure because the impedaticgotvonly be a function of frequency,
but also the operating point.

3.2.2 Viscoelastic Losses

Another consideration for suspensions are the loss mesianiThe loss mechanisms will deter-
mine the damping of the structure. The main losses in theesisspn will originate from material
properties. Specifically, viscoelastic damping may beigant for certain materials, such as
elastomeric foams.

The mechanical analog of dielectric loss is viscoelasss.ld/iscoelastic loss arises from inter-
nal friction as a material deforms [78]. Viscoelasticityaiproperty of all materials, however, for
some materials, such as metals and quartz, there is littieeadle deviation from linear elasticity
at room temperature [49]. However, if suspension elemertsnade from polymer materials, then
viscoelasticity needs consideration.

Linear viscoelasticity can be modelled as a combinatiorpahgs and dashpots. The spring
represents the linear elastic part of the material respavisiée the dashpot is the viscous compo-
nent. Figure 3.4 shows some of the possible combinationgreaddisplacement behavior over
time for a constant force. The slow increase in displacemeder a constant force is referred to
as creep.

The parallel combination shown in Figure 3.4(a) is knowrhasvigt-Kelvin model [49]. This
model is characterized by a slow increase in the displacefr@n the instant of initial loading.
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Figure 3.4: Models for linear viscoelasticity in a materiahd plots showing approximate dis-
placement behavior for a constant applied force. (a) Vigjiin model. (b) Maxwell model. (c)
Combined Voigt-Kelvin and Maxwell model called the Stand&adid [72]

The differential equation describing this model is

1. 1
r = —F 4 —F 3.12
b= Ft (3.12)
where the dots denote a derivative with respect to time.
The model in Figure 3.4(b) is the Maxwell model which puts$peing and dashpot in series,
allowing the system to have a fast initial response follolwgdonstant creep [49]. The differential

equation for this system is

1 b .
EF =x+ a (3.13)

The valuer, = b/k is the relaxation or creep time constant.

The final model is a combination of the two called the Stan&aniit [49]. This model is more
characteristic of an actual material. More components eaaddled to this model as needed to get
a better fit to observed behavior. This has a differentiabéiqo of

kika  Fq

(k1 + ko) + == = ?F+F. (3.14)
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As with dielectric losses, for dynamic operation the lossssally given as a loss tangent [49],

k//
tan d,, = k/&’; (3.15)
where for the standard solid
w27_2
E(w) =ko+ ky T w; 5 (3.16)
and o

For the standard solid the relaxation constant.is= b/k;. These equations show that the loss
tangent decreases with increasing frequency.

Semi-crystalline materials, such as polyethylene, do agéltonsiderable viscoelastic losses,
but they are still present. Osman et al. [64] found that tee tangent for high density polyethylene
varies from 6 at 0.0016 Hz ta0.5 at 160 Hz.

3.2.3 Porous Supports

Porous supports represent a simple solution for creatstgldited compliance because the mag-
nitude of the stiffness is easily tailored by adjusting tbegsity, as will be shown in the following
analysis. Also, there are a number of well established nastfar creating porous foams, includ-
ing the use of blowing agents or phase separation [31]. lyrpeis, blowing agents can be used to
introduce bubbles into a liquid polymer by thermal or cheahdecomposition. Then, the liquid is
solidified by cross-linking or cooling to lock in the cellulstructure. This process is well under-
stood, so that porosity, cell size, and cell structure (egdeor closed) can be precisely controlled.
However, blowing agents usually produce pores that are arf@nons in size. This might be too
large for very small gap actuators. To achieve pore sizel@nrider of 100 nm, more complicated
phase separation methods are necessary [31].

For linear actuators, we are interested in a porous strithat is subjected to uniaxial com-
pression. There is some variation between materials, lygieal stress strain curve for a cellular
structure in compression consists of three regions: lietastic, plateau and densification. For
small strains £5%), porous foam shows linear elasticity due to cell walldeg and stretching.
For larger strains (between 5% to 80% depending on density)stress of the foam plateaus be-
cause of cell wall buckling. Finally, at high strains§0%), the strain increases sharply because
the cells are densified into a solid-like material. The meaize and behavior of each region de-
pends on the properties of the cellular material, and whetheot it is an open cell foam, meaning
that the fluid in cells is free to flow between cells, or if it i€lased cell foam, meaning that the
fluid is trapped in the cells.

The approximate behavior of different foam types in comgimes is shown in Figure 3.5.
Foams made of brittle materials, such as ceramic foams,riexgge unrecoverable damage in
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Figure 3.5: Example compressive stress-strain behaviodifterent cellular foams. (a) Elas-
tomeric foam, where plateau region is from elastic buckbhgell walls. (b) Polymeric foam that
shows a plateau region as a result of plastic yielding of walls. (c) Brittle foam with jagged
plateau region resulting from brittle fracture of cell veIB1].

the plateau region as a result of brittle crushing of cetlateuctures. Polymer foams can also be-
come damaged during the plateau region if the stress witieircell walls reaches the yield stress
of the bulk material. For example, Zhang et al. found thaypapylene foams had 20% unre-
coverable strain after being compressively strained to flI¥]. By contrast, elastomeric foams,
such as polyurethane, are fully resilient from compresgi®0]. This makes elastomeric foams a
good candidate for high-strain, actuator support strestuHowever, viscoelastic losses could be
significant with an elastomeric material, and lead to sonte®tame problems as DEAs.

There are a number of models to describe the behavior of egpbn. A simple model pro-
posed by Gibson and Ashby [31] will be considered in the foilgy sections.

Linear Elastic

The stiffness of foam in the linear elastic region depends thre cells are open or closed, and the
relative density of the foarp,/p,, wherep;, is the density of the solid angl; is the density of the
foam. For open cell foams with low density(/p, < 0.1), the stiffness comes from cell bending,
but as the density increases, there is more of a contribfitton extension and compression of
the walls [31]. At low strain rates, the fluid within the cetlses not affect the stiffness unless it
is highly viscous. For closed cells, the stiffness comemfoell walls bending, compressing and
stretching, and from compression of trapped fluid. The iredaffective elastic modulus, for

open cell foams is
Yery pr\’
— == 3.18
2-(2) (3.18)
whereY; is the Young’s modulus for the solid material [31]. The maduior the closed cell foam
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wherev; is the Poisson ratio of the foarm, is the pressure in the cells, aftl — ¢) is percent
of solid material contained in the cell faces [31]. The Paigs ratio is completely dependent on
the foam cell structure, ranging from -0.1 to 0.5, and it doeisshow any dependence on relative
density. A Poisson ratio of near zero is typical of low dgn8iams in compression [100].

Both of the effective modulus equations are only valid fomficsamples that can be treated as
a continuous material, meaning the cell size is roughly 2@ smaller than the smallest sample
dimension [31]. In actuator use, if the cell size starts tprapch the gap size, then more detailed
analysis that considers the specific foam structure neduals performed. For example, the single-
level, fibrillar structures discussed in detail in the needtion are typical structural elements seen
in continuous foams.

Plateau - Yielding

As the foams are compressed, they eventually reach a tyitedd stress. The yielding is followed
by a plateau region whose length is dependent upon theveetignsity of the foam. Lower density
materials have longer plateau regions, and vice versa. fibet@f yielding and the shape of the
plateau region depend on whether the foam is elastic oriplastd whether it is open or closed
cell.

For open cell elastic foams with densjty/p, < 0.3, the elastic yield stress,,, is approxi-
mately

2
o = 0.05Y, (ﬁ> . (3.20)
Ps

This equation states that the yield stress occurs at 5% sfrhis value may change depending on
the specific foam, but it is consistent with a number of experits [31]. For lower density foams,
pr/ps < 0.3, a correction factor is added to account for higher stiffr&4],

2 1/2\ 2
7y = 0.03Y, (%) (1+(%> ) . (3.21)

Similarly, for closed cell elastic foams

2

Oel = 005}/:9 (&) + Po — Patm for pf/Ps <0.3 (322)
2 1/2\ 2

o = 0.03Y, (%) (1 n (%) ) ¥ Do — Datm for ps/ps > 0.3, (3.23)

wherep,;,, is the atmospheric pressure [31].
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Plateau - Post Yielding

The post buckling behavior also depends on whether the @edl®pen or closed. For open cell
elastic and plastic foams, the post buckling behavior isemsaly flat until densification. As it
approaches densification, the stress increases very guidkk behavior is given by

o =0y when S < Sp (1 — %) + Sg (3.24)
O S m 1
azjg(%fs) when S>&%F—5>+&h (3.25)

whereD andm are constants for specific foams, aglis the densification limited strain discussed
in the next section. As an example, Gibson and Ashby found 1 and D = 1 for a certain type
of polyethylene foam [31].

For closed cell elastic foams, the stress increases withdustrain because work needs to be
exerted in order to compress the trapped fluids. After bagklthe Poisson ratio is essentially
zero, so the stress for a closed cell foam increases as

2

Pf) PoS

o=005Y, (L) + P02 (3.26)
(ps 1—S—ps/ps

wheres is the strain. This equation may not apply to closed cell fearhose cells may rupture at
yielding. If this is the case, then the foam will behave sarliyl to an open cell foam [31].

Densification

Gibson and Ashby [31] report the onset of densification faset foams as occuring at strains of

L py
Se=1——=—. 3.27
0.3 ps ( )
This equation says that an elastic foam witfy p, > 0.3 starts densification immediately, and
therefore, does not have a noticeable plateau region.
The compression limit of a foam material is reached wherhalldells have collapsed to form
a solid material. This state is called densification, andilitaecur at different strains depending
on the the relative density of the material. Naturally, ehhigoorous structure will be able to reach
larger absolute strains than a less porous material. Fordymn and closed cell structures, the
strain limit is approximately
SD=1—14(ﬁ>. (3.28)
Ps
For actuator applications using rigid electrodes,$hevalue represents a fundamental strain limit
because the material will start acting like a solid, meaivag the Poisson’s ratio can no longer be
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assumed to be near or equal to zero.

Actuator Use

The stress strain behavior for an elastic foam with= 1 and D = 1 and different relative
densitiesp/ps, is plotted in Figure 3.6 using the equations reported herem this plot we can
estimate the behavior of an actuator that uses the foam asthgliant support structure. For low
relative densities, such as/p, = 0.1, a parallel plate actuator would be able to achieve nearly
70% strain just by overcoming the elastic yield stress. Ifassume an elastic material such as a
silicone rubber with a Young’s modulus near 1 MPa, the afaséld stress is onlyy,; ~ 600 Pa,
which for a relative permittivity of 1 equates to an elecftiedd of ~12 V/um. This is well below
the limit calculated in Section 3.1.1, meaning that the aictiucould potentially reach even higher
strain. In fact, at a field strength of 110 M, the maximum strain reaches 85% which is very
close to the densification limit of 86%. An actuator with tisspension would collapse as the
yield stress is reached, but the maximum strain would beédiirtio the densification straify,.
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Figure 3.6: Normalized stress as a function of strain forlaste open cell foam withn = 1 and
D = 1. The values on the lines are the relative densig®;.

3.2.4 Angled Fiber Supports

Open celled porous foams are essentially multilayer améyandomly oriented fibers. When the
overall dimensions of the foam are much larger than the iddal fiber elements~20x larger),
the foam acts like a homogeneous material. However, fotrelgtatic actuators that require very
small gaps, this means that the cell size must be even snralteder to get uniform behavior.
This can present some serious fabrication challenges.

Easier fabrication, and greater control of structural praps, can be obtained by reducing
the system to a single layer of highly ordered fibers. Spepifiperties can be easily prescribed
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by changing the fiber orientation, dimensions and matefile cross-sectional dimensions can
also be changed in order to provide desired directiondihesk properties. For instance, in a comb
drive actuator, the supports need to be compliant in the fileggth direction, but stiff in the finger
width direction to avoid stiction. This could be accompédiby using fibers with a rectangular or
oval cross-section.

Angled fibers are a good choice as a support structure betlagggrovide a more gradual
stress profile than vertical fibers or foams, which both baigitilsmall strains. Figure 3.2(a) shows
a sketch of an array of angled fibers acting as supports foralg@lgplate actuator. Angling also
allows the creation of very long compliant fibers that cah &tiin the small gaps necessary to
achieve high electric fields. Furthermore, there are a nurobpotential fabrication processes
available to create arrays of angled micro- and nanofibedgferent materials, including molding
and bending of polymers microfibers [1, 44, 50], and etchiigjlicon nanowires [69].

Problem Definition

Determining the stiffness of an array of angled cantilewtasts by examining a single element.
Consider the free body diagram in Figure 3.7(a). We will asstinat the fiber length does not
change as a result of loading, and because the fiber is thinre#pect to the length, we will
also neglect shear forces. Therefore, the change in fib@esiygon loading is purely a result of
bending. Itis also assumed that the number of fibers per teatare low, so that fibers do not run
into each other. Finally, the force at the tip of a fiber is acanirated force that comes from the
electrostatic pressure on the plate divided by the numbgberfs, /' = P./p, wherep is the areal
fiber density.

To satisfy equilibrium conditions, the force on the fiber tgsults in an equal and opposite
reaction force at the fiber base. Also, because the fiberti®pan array, and the connecting plates
are assumed to be rigid, the fiber ends can not rotate, so thsiyba able to support a moment.
These moments must be equal and opposite to prevent rotdtibie plates with respect to each
other.

If the fiber has a uniform cross section and a constant inthinalong its length, then the
inflection point will be at the midpoint of the fiber. At the iaéition point the curvature is zero
(do/d¢ = 0), so the moment is also zerd/( = Y 1df/d¢ = 0). This allows us to break the fiber
in half, so that each half is a fiber with one fixed end and one &m®d. A single half is shown
in Figure 3.7. The shape of the total fiber can be found by comgithe solution of the fiber in
Figure 3.7(b) with a free end fiber rotated 2&hd joined at the tips. Finally, to make the solution
of one half easier, we can rotate it such that it is a vertitarfivith an angled load as shown in
Figure 3.7(c).

The fiber bending problem is described by the Euler-Bernthdory of beam bending [72],
which states that the moment at any point along the beam jpional to the change in curvature
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Figure 3.7: (a) Single angled pillar bending under eletatosforce,F’. Because the fiber is part
of a uniform array, the tip is allowed to translate but noatet so it must support a moment,.

(b) Half of a total fiber. There is no moment on the tip of the ffibecause if the fiber is symmetric,
the inflection point {/ = Y 1df/d¢ = 0) should be at the middle of the fiber. The initial angle
from vertical is«, and the final position of the endpoints areandy.. (c) Fiber rotated to allow
formulating the problem as a vertical fiber with load angled &om vertical. The position along
the fiber is represented Iy and the angle at points along the fiber with respect to \&@isd (¢).

caused by the load. This relationship is summarized as

df
M =Yg, (3.29)

whereY is the Young’s modulus andlis the area moment of inertia, which is= 7 R*/4 for a
circular fiber with radiusk. The derivative of the anglé with respect to position along the fiber,
&, is equal to the inverse of the radius of curvatyre or

o 1
s pe
For the particular situation in Figure 3.7(c), the momeratrat point along the fiber is described
by

(3.30)

do
M = de—5 = Foup(Yne — Yn) + Fyn(Tpe — xn) = Fsina(Yne — Yn) + F cos a(x,. — ,,), (3.31)
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wherex,,. = z,(§ = L), Yen = yn(§ = L), andL = L;/2.

We will examine two solutions for equation 3.31. The firstie tase where displacements are
relatively small, (less than 10% of the length), so that dificptions can be made. This method
produces a simple linear model that is useful for quick apipnations of fiber array stiffness. We
will also examine the complete solution from the theory afséica. The elastica method describes
the complete nonlinear behavior of the fibers. This moddlpvdvide insights into performance
limits in the high strain regime.

Small Displacements

For small displacements, we use the standard linearizatimre the square of the slope, is as-
sumed small enough to neglect [27]. Then,

d?x
d@ dy2n dQZL'n
= = RS . 3.32)
2 2 (

We also assume that the length of the moment arm at the tipraaehange with deflection since
displacements are small. Thep, = L and the second term in equation 3.31 drops out. The
starting equation is then

d?z,, F o
a2 VI sina(L — yp,). (3.33)
We can solve this by direct integration by using the follogvboundary conditions,
dz,,
2, (6E=0)=9y,((=0)=0 and (—) =0. (3.34)
dYn ) c—g
We find that ther,, position of the tip is
3
xn(§=1L) sin av. (3.35)

T 3YI
To find the vertical displacement back in the original axes netice that

3

Ay =z, = L)sina = y7 S @ (3.36)
Then, the fiber stiffness in thedirection is
Y1
k, 5 (3.37)

L3sin’a’
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Finally, the total fiber stiffness in thedirection is

k, 3Y'1 121
kty — —

2 2L3sina  Lisin’a’

(3.38)

Similarly, the stiffness in the-direction due to an applied force in thedirection can be found
following the same steps. The result is

7

Yi 12Y [
iy = 2w =3 (3.39)

2 2[3sinacosa  Lisinacosa’

The two stiffnesses;, andk,,, have the opposite behavior ass varied. Increasing causes:,
to decrease ank,, to increase.

For the small displacement model, the stiffness of a singkr fis constant for all deflections.
This makes it easy to determine an effective modulus of aayast angled fibers. The strain of a
compressed fiber in thedirection is

2Ay
S, = . 3.40
Y Lycosa ( )
The stress is
oy = pky2Ay, (3.41)
wherep is the fiber density per area. Finally, the effective modiuse y-direction is
o 12pY' I cos
Yoppy = 2L = —. 3.42
i Sy L? sin’a (3.42)

Similarly, an effective modulus in the-direction as a result of stress in thealirection is

o. 12pY 1
Yofpay = — = ——t— 1Ly, 3.43
Thew =g~ L¥sinacosa (3.43)
wherelL, is the length of the actuator in thedirection (direction of fiber angling). For large area
actuatorsy. .., will be large andS, will be very small.
By knowing the effective modulus of the fiber arrays, the stes a result of the electrostatic
pressure can be determined easily from Hooke’s law,

(3.44)

Large Displacements

For large displacements, the solution to equation 3.31 umdoby employing elastica theory.
Frisch-Fay provides a concise solution to this problem byleging elliptic integrals [27]. The



45

position of points along the beam are

Ty = 1/ % {2pcos a(cosm — cosn) —sina[F(p,m) — F(p,n) +2E(p,n) — 2E(p,m)|}
(3.45)

Yn =1/ % {2psina(cosm — cosn) + cos a[F(p,m) — F(p,n) + 2E(p,n) — 2E(p, m)]},
(3.46)
where F'(e, @) and E(e, o) are the incomplete Legendre elliptic integrals of the fired gaecond

kind, respectively (see [27] for a complete definition). NMaue of p is found by solving the
following set of equations,

m = sin~! (M) (3.47)
p
L= 2K W)~ Fp.m)], (3.48)

whereK (p) = F(p,n/2) is the complete elliptic integral of the first kind. Once weolknp, we
can find the angle at the end of the fib#s = L) = 6,, from

0y = 2sin"'(p) — a. (3.49)

By knowing the angle at the two ends of the beam, we know theeergnge of) values, so we
can find then ands values,

n = sin~! (Sm (0 + O‘)/z)) (3.50)
: .
¢ =\ Lp.m) = P (351

The above equations describe the complete solution fordhdlfe fiber. To get the entire shape,
we simple rotate the solution by 188nd add it to the tip positions,,. andy,,.,

NG for 0<¢<L

am@%_{mﬁ—xdh—ﬂ mrL<ssLt} 259
oy for 0<&{<L

y”t(g) B { 2ync - yn(Lt - 5) for L < f S Lt } .

To get the fiber coordinates in terms of the original axes pibstions are multiplied by the

(3.53)
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rotation matrix,

{x}:[ co'soz sina]{xn]' (3.54)

Y — SN Ccosq Un

Figure 3.8(a) shows an example of the fiber shape when loatlednereasing force. As the fiber
deflects, it makes an s-shape because of the fixed ends. Big(b@ shows the fiber tip position
(x.,y.) during compression for different initial angles, The figure shows that the smaller the
the higher the possibledisplacement. The plots in Figure 3.8 are for fibers withuadi = 1 ym,
total length ofZ; = 100 pm, density ofp = 4.854 x 10° m~2, and Elastic modulus of = 200
MPa. These values are chosen because they are similar toaf&lolr structures seen in the next
chapters, however, the behavior can be generalized to tyihes of fibers.

The required stresses to achieve high strain seen in Fig8(a)&re quite reasonable for elec-
trostatic actuation. For example, consider the curve ferfither witha: = 45°. A stress of only
500 Pa is necessary to achieve 70% strain. This amount gEstea be generated electrostatically
with a field of only 10 V{um. Considering the discussion of field strength limits in #e&c8.1.1,
this is a reasonable value even at the large gag( xm) that would be required for a fiber with
Ly = 100 pm.

The fiber strain in thg-direction is

~ Licosa — 2y,

S 3.55
Y L;cosa ( )

The mean stress on a fiber array is related to the fiber depsity,

F
oy =3 = pF. (3.56)
An effective elastic modulus can be found from Hooke’s Law,
FL

Yo = oy o Pt (3.57)

Sy ~ Lycos o — 2y,

This equation shows that, unlike the small deflection cdmeeffective modulus is not a constant
value. Figure 3.8(c,d) compares thelirection stress strain curves for the small-displacdamen
linearized model and the large-displacement, elasticaeinothe linearized model matches the
elastica model well in regions with smajtdeflections. These regions are defined by small
values and small strains,, or for largea values and large strairts,. In fact, fora = 85°, the
curves are almost identical betwegn= 0 and 1. Another interesting feature is the buckling-like
behavior of fibers with small angles. The curve foe 5° in Figure 3.8(d) has a threshold stress
that needs to be overcome before significant strains can ievad. However, if more linear
behavior is desired, highervalues can be used.

The maximum strain of an array of angled fibers is determined few criteria. The first is
the elastic limit of the material. If an actuator is to witlistt a number of actuation cycles, the
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Figure 3.8: Plots for low density polyethylene (LDPE) fibeith radiusk = 1 um, total length of
L; = 100 pm, density ofp = 4.854 x 10° m~2, and Elastic modulus df = 200 MPa. (a) Shape
of a fiber with initial angle ofxr = 30° compressed by an increasing forég, Position normalized
by length. (b) Fiber tip position, normalized by length, isi$ loaded with an increasing force,
F,. (c) Stress-strain curves in thedirection from the linearized, small displacement modd). (
Stress-strain curves in thedirection from the large-displacement, elastica model.
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stress should be kept below the plastic yield stress of tienaé In the elastica model considered
above, the maximum stress from bending occurs at the ouger @ftthe fiber where the moment

is the highest,

M
Omaz = W}a.rr’ (358)

wherer is the fiber radius. The maximum moment is located at the ba#eediber, so from
equation 3.31,

Mpaw = Fynesina + Fx,,. cos a (3.59)

Figure 3.9(a) shows the maximum bending stress divided &tk elastic modulusy, ../ Y,
versus straing,, for different anglesy. The yield stress for polymers is approximately 5% of the
elastic modulus [55], which is represented by the dashed lirhe figure shows that for higher
initial angles, the maximum stress in the fiber never reatieyield stress, meaning that these
fibers should be able to withstand 100% strain in gheirection without becoming deformed.
The fibers with smallery values are limited to smaller strains. For example, wher 5°, the
maximum strain is~50% before yielding occurs. The maximum strain for diffeériédper arrays
will vary depending on the radius-to-length rat®/L,. As R/L, increases, the maximum strain
will become smaller, and as it decreases, the maximum sivélirbecome larger. The elastic
strain limit should be considered when designing the actust that it is within the stability
region determined by the spring stiffness and electraestatces. Otherwise, inadvertant plastic
deformation could occur.
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Figure 3.9: Plots for fibers with radiu8 = 1 pum, total length of; = 100 um, density of

p = 4.854 x 10° m~2, and Elastic modulus of = 200 MPa. (a) Maximum bending stress versus
strain in they direction. (b) Maximum strain in thg direction when outer radius of fiber comes in
contact with the electrodes plotted versus initial fiberlang.

The other criteria are geometrical considerations. Bectheséiber is confined between two
plates, none of the points along the fiber can have a negafwasition. For simplicity, it will be
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assumed that the max strain occurs once a point along theéaehnes, = 0, or when
Ymaz > 2Ye, (3.60)

wherey,... IS the maximumy-position along the fiber. Figure 3.9(b) shows the maximurairst
in the y-direction before the outer radius of the fibers come intotacinwith the plates. The
maximum strains are quite high, ranging from 85 to 89% fol@mfroma = 5° to 85°. In reality,
the array may be able to strain even further, but it is diffitmbredict the shape of the fibers once
they become confined.

Another geometrical constraint is imposed by adjacentdib@rdense arrays, this could greatly
limit the strain of the fiber array because of jamming and amtimebetween contacting fibers. This
problem can be avoided in arrays with regular patterns affidismt spacing by angling the fibers
in the direction that provides the most space for bending. dBanarrays will encounter more
problems from interfiber interactions, but for simpliciityjs assumed that fibers are able to slide
past one another.

T
T =

Figure 3.10: Drawing of alternating parallel plate actuatgoported by angled fibers. The drawing
on the left is the default state with no voltage applied, dredrawing on the right shows the
bending of the fiber supports in response to the electrodtaite. The alternating design allows
for pure linear compression.

So far, only the deflection in the-direction has been discussed in detail. However, as Figure
3.8(b) shows, the-deflection can be quite significant for small The deflection in the-direction
can be used as an additional output, or it can be removed byasiguctural elements on the ends
of the arrays that prevent the plates from moving in théirection. However, restricting the
motion will result in a stiffening of the array. A better sthn to achieve purely linear motion in
they direction is through alternating layers as shown in Figué23In this configuration, the
displacement is effectively canceled out, but the stiffn&fsa single layer is unaffected.

3.3 Electrodes

The distributed support structures outlined above are rgésering elements that can be used
with a number of electrode configurations. Their use hasadyrdbeen highlighted in parallel
plate and comb drive actuators. Other electrode configursitare possible, such as the bending



50

configuration shown in Figure 3.11. However, this type ofuatdrs is impractical because is
produces small strains, and it relies on the strength of bimestrip of material. Therefore, only
the parallel plate and comb-drive configurations are cameil here because they can produce
large strains, and they can have multiple layers to incré@seobustness, force and stroke of the
total actuator.

Figure 3.11: Drawing of bending strip actuator. The hortabivars are alternating electrodes
supported by a thin strip. When alternating charge is appli¢iae electrodes, the bending induced
in the support strip causes the actuator to contract, asrshothie drawing on the right.

There are a number of trade offs between the parallel platecamb drive designs including
fabrication, control and performance. The following seas provide an in-depth discussion of the
potential trade-offs.

3.3.1 Squeeze-Film Damping

Squeeze-film damping is the result of viscous drag from gas llletween moving plates. When
electrodes are pushed together, any trapped gas must bedpaishfrom between the plates, and
when the plates are separated again, a vacuum is createdullgafluid back into the cavity.
Because the proposed designs have open cavities, they wslitiject to squeeze-film damping
losses if they are not operated in vacuum.

For a plate actuator that has a large plate size relativestgdp size, the damping is related to
the length,L, and width,I//, of the plates and the position of the moving plate with respethe
fixed plate,y. Itis also a function of the viscosity of the fluid, and the velocity of the moving
plates,y. The damping force for small displacements is [20]

16cW3Lu .
= T“y (3.61)

wherey is the time derivative of the plate positignand

%% W
=1—-0.6—f — < 1. .62
c 06L or0<L< (3.62)

The above relationship is only valid for certain assumidfirst, it is assumed that the change
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in pressure of the fluid does not result in a change in temperd?8]. This assumption can be
made because the dimensions of the devices are such thatahygdn be rapidly dissipated.
Another condition is that the Reynolds number is small,

2
—“gzpf << 1.0, (3.63)

wherep; is the density of the fluid. The gap sizg, is the mean value of the air film thickness
during oscillations. For small displacements, =~ g¢o. This condition may not hold at high
frequencies or large gaps, but for a parallel plate actuaitira gap ofgy = 50 xm running at a
frequency of 250 Hz/{ ~ 1.8 x 1075 kg/(m-s) for air at 25C [4]), the Reynolds number is 0.25
[84].

Another condition is the no-slip boundary condition thatnist when the Knudsen number is
small. The Knudsen number is defined as the ratio of the mearpfith of the gas particles to the
film thickness,K,, = \/g., [90]. When the mean free path of the gas reaches one percdre of t
film thickness, slip-flow conditions can arise, causing tamgding effect to decrease [84]. Veijola
et al. [90] developed a simple expression to represent ki@iage as an effective viscosity,

1
eff — . 3.64
Hell = 17179.638K 1156 (3.64)

This equation shows that the effective viscosity of the gasehses as the Knudsen number in-
creases. The mean free path of air at room temperature awgdtieric pressure is approximately
90 nm [84], so the effect of damping can be reduced by decrgaise gap size below Om.

For large displacements, but small density changes, enuattl can be modified to represent
the higher damping forces. This is done by multiplying egure8.61 by

~3/2
fo= (1 —~ %) : (3.65)

whereAy is the plate displacement [84].
Finally, a useful number for squeeze-film damping is the sgaeaumber,
12 2 2
A (3.66)

. _
92 P, We

where P, is the mean gas pressure andis the cutoff frequency. The squeeze number is used
to determine the behavior of the damping. At low frequencédative to the cutoff frequency, the
squeeze number is small and the system acts like a puresfivesiamping element. For a square
plate at low damping numbers the damping coefficient redicces

_ 0.42A2

g3,

b , (3.67)
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where A is the plate area [4]. At high frequencies & w.), the gas film acts like a spring with

spring constant
k= PLA, (3.68)
Im
and the damping falls asd}* [4]. The cutoff frequency for a square plate 5 mm by 5 mm and
air gap size of 5:m at atmospheric pressure is near 73 kHz, so operation atXhEOXKkHz range
would experience mostly losses from air damping.

The choice of electrodes will affect the squeeze-film damp®olid electrodes easily trap air
because the only openings are at the edges. For large flitesan mean significant damping
losses. Therefore, it may be necessary to make holes ing¢b&ade to limit this effect [5]. For
a parallel plate the holes mean losing active electrode argdor the comb-drive configuration,
most of the electrostatic force comes from the combs, so yt lbeapossible to remove electrode
material at the bottoms of the troughs without greatly afferthe force.

3.3.2 Force Control

In terms of ease of control, the comb drive actuator is padfierto parallel plate because, as shown
in Section 2.7.2, the gap does not change with displacenfdm$. means that a constant voltage
will provide a constant electrostatic force regardlessefgosition along the stroke.

A parallel plate actuator, on the other hand, has to haveyangavoltage with displacement
in order to maintain a constant force. Using a constant gelia the parallel plate configuration
can also lead to breakdown and pull-in instabilities beedhs electric field and force continue to
increase as the gap becomes smaller. Alternatively, a@ainfirce can be maintained by using
charge control,

QQ
F= el
Charge control can still result in pull-in instabilities digeparasitic capacitances, but it can greatly
increase the stable range of a parallel plate actuator [77].

(3.69)

3.3.3 Performance - Stress, Strain and Work Density

As shown in Section 3.1.1, designing a device with gap siz#sd field emission regimeJ(6 um)
allows for the highest electric fields, and therefore, thghbst stress, strain and energy density.
The limits of these values for parallel plate and comb drstei@tors are compared below.
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Stress

The maximum stress is simple to calculate for the parallsieptlesign. Plugging the maximum
electric field,F,,., into equation 2.17,

(3.70)

and assuming a relative dielectric constant of 1, the maxiratress is betweesn, = 19 and 54
N/m? for E,,,, = 65 to 110 V/jum.

The maximum stress of a comb drive actuator is slightly mdffecdlt to calculate because of
the area. The area of a comb drive is equal to

A=2(b+d)h, (3.71)

whereb is the finger widthd is the gap between fingers, ahds the height of the fingers (see
Figure 2.11). This area assumes that the comb drive is atregesructure consisting of one
finger and half the area of the two adjacent fingers. Combiriagatea with equation 2.20 gives

the stress » - p
€ €
S (=) E? 3.72
T AT 2db+d) 2 (b+d> maz (3.72)

This equation shows that the maximum stress depends onttbelf& + d). If the finger width

b goes to zero, then the maximum stress is the same as for thlbepatate actuator. However,
because the finger will always have some finite width, the mara stress achievable with the
comb drive will always be less than for a parallel plate aictua

Strain

The ideal maximum strain for either actuator configuratiepehds on geometrical limits. Assum-
ing very thin plates, the strain of a parallel plate actueggiven by

_ Ay

S,
Y Yo

(3.73)
wherey is the original gap size anfly is the change in gap size. The maximum strain would be
close to 100% if the spring elements were completely consgrles However, as was shown in
the support section, even low density foams/p, = 0.1) have a maximum strain 6£86%.

The comb drive configuration starts off with a maximum ideehis half that of the parallel
plate configuration. If the fingers are allowed to move betwine two extremes of tips barely
intermeshed, to tips touching the opposite electrode, tiemaximum displacement is approxi-
mately the length of a fingel,. This means that, in the rest configuration, the total leidtne
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actuator i L. As the fingers are pulled in, the overlap is represented, lsp the strain is

T
S, = —, 3.74
5T (3.74)
where, because of geometrical constraints,. = L. Inreality, the allowable strain will be limited
by the support structures, as is the case for parallel platesalso by non-idealities of the electric

field behavior when the fingers are at the extreme positions.

Work Density

In general, work is defined as the applied force over the d@cgrhent, which for a constant force
is simply

W = Fd. (3.75)
The force and displacement are usually dependent uponzé®ftthe actuator, so a good way to

normalize this value, for comparison purposes, is to diligehe volume of the actuator. For a
parallel plate actuator, with a constant electric field,whek is

A
W= %EQAy. (3.76)

Dividing this value by the volume;, of the actuator gives

W eAAy , 1 9
— = E* = —eS,E”. 3.77
v 2 Ay 2€Sy ( )

This value is maximized when the initial gap,, equals the final displacemeny, or, in other
words, when the strairfy,, is 100%. As already noted, achieving 100% strain will beasgible
with support structures between the plates. Assuming atigl&ctric,c = 8.85 x 10~!2 F/m, and
the maximum electric fields found in Section 3.1E1= 65 to 110 V/jum, then the maximum work
per volume isV/v = 19S5, to 545, kJ/n?.

The available work per volume for a comb drive actuator isyg¢ascalculate. The force is

constant for a given voltage,
F = %VQ. (3.78)
As noted above, the displacement,has a maximum of the length of a fingdr, so the total

volume of the unactuated structure is twice the length tithesarea

v =2LA=2(b+d)(2L)h. (3.79)
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Then, the work per volume is

W chxV? V2

v 2d(b+d)2L)h 2d(b+d)

S, . (3.80)

If we substitute the electric field into the equation, it bees

W e d 9
> =3 (b+d) S.E”. (3.81)
This equation is interesting when compared to the resulafparallel plate actuator. It shows
that even as the finger width becomes very small, the highest per volume ratio expected is
still only half the value for an ideal parallel plate. Thistar of two lower value is due to the
maximum.S, =50% strain achievable with a comb drive compared with 100#4He parallel
plate. In practice, because the finger width will be somedindiue, the maximum energy density
is decreased even further. If the finger width is on the sarderas the finger spacing, then the
energy density is reduced by another factor of two.

The ideal parallel plate configuration has the highest ptssnergy density per volume of
any electrode configuration. Other configurations, likedbmb drive, introduce more unactuated
volume (electrodes), while reducing the possible straithefactuator.

3.4 System Model

Now that we have looked at the components of the actuator,reveeady to consider the entire
actuator system shown in Figure 3.12. The actuator has Hog/fog governing equation,

2
Foe AV i by ky, (3.82)
2(90 — y)?
wherem is the massk is the spring stiffness; is the damping ang is the displacement [53].
This system is difficult to analyze with standard technigoesause of the non-linearity. It can be
numerically integrated with a differential equation sejN®it this removes a lot of the insight into
the mechanics of the system. Another solution is to linesaiound an operating point to estimate
small signal behavior. The system equation can be linehasdollows,

. Qkyo

0

F.

OV = moy + boy + (k + k.)dy, (3.83)

wherey, andV; are the operating point values and

ky = — ( 2a ) k. (3.84)

11—«
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wherea = yy/go [53]. The spring constark, represents the effective spring softening that occurs
as the plates approach the pull-in instability [78].

o R

v

Figure 3.12: Drawing of complete actuator electromecharsgstem.

A transfer function can be developed from the linearizedaéiqus by taking Laplace trans-
forms. The resulting transfer function is,

3Y (s) 2kyo
= . 3.85
oVi(s)  Vo(s?m+ sb+k+ke) (3.85)

However, because of the series resistor, a transfer funfroon V, to V' is also necessary. This is

6V(s) 1 B 1
6Vi(s) 1+sCoR 1+ seAR/(go— o)

(3.86)

This equation will be used later for comparison with experal data. With the equations lin-
earized, we can treat the mechanical portion of the systemnaass-spring-damper with a force
source. This allows standard techniques, such as Bode pl@isalyze the system response at
different frequencies.

Some other quantities of interest are the resonant frequaamdt the quality factor. The spring
stiffness and mass will determine the resonant frequerttly [7

Jo Lk (3.87)

"o Vm
The resonant frequency will shift lower as the operatingipat, increases because of the electri-
cal stiffness. The quality factor can also be determineldafdamping is known,

2
Q- y (3.88)
So far, the model only shows the unloaded actuator. When aisoadided to the system, the
characteristics will change due to the added springs, desvgrel masses. In the loaded system,
ideally it is desirable to transfer as much power as possibla the source to load. To achieve

maximum power transfer, the actuator impedance shouldmta&cload impedance [62]. If these
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values are complex, meaning they contain both loss elenféatspers) and energy storage ele-
ments (springs and mass), then the complex source impedanchould be equal to the complex
conjugate,Z;, of the load impedance. Components will likely need to be dduteremoved, or
the operating frequency will have to be shifted in order taaindhe two impedances. It may also
be possible to take advantage of how the stiffness chandkgiva operating point for linear and
non-linear spring.

3.5 Concluding Remarks

This chapter has demonstrated the potential performanae a€tuator with a distributed suspen-
sion. The theoretical models are encouraging becauseltlogythat as the gap is made very small,
it may be possible to achieve very high electric fields2000 V/um), and high strains{50%) are
also possible. These two numbers translate to an elastigyedensity of more than 4.4 J/g. This
is comparable to the best dielectric elastomer actuato4si(g), but without the drawbacks of the
elastomeric dielectric. Furthermore, the estimated gneegsity assumes an average density of 1
g/cm?, but it may be possible to do better than this if the electsduve low density and are very
thin (possibly CNT sheets). For example, the relative dgmdithe structure would be determined
by,

Pr = LePe + (1 - Pe)Psp57 (389)

where P, is the fraction of the volume that is electrode aRdis the fraction of the remaining
volume that is support structure. Thevalues are densities. A very low mass would further
increase the specific elastic energy density. Thereforakemsense to pursue this design further.

In the next sections we will fabricate and test a micromsteate prototype. For the prototype,
we choose to use angled microfibers between parallel platdretles. We choose the angled
microfibers because, although both fiber arrays and foamtdeet@ provide the necessary high
compliance & 80% strain) and near zero Poisson’s ratio, the porous suppogtent potential
performance issues for future electrostatic actuatore wénometer-scale gaps. In order for a
foam between two 100 nm-spaced electrodes to show unifotravioa, the pore size needs to
be less than 5 nm. Whereas, uniform behavior can be achiewbdangled fibers with a length
greater than the gap spacing. The porous foam also requglely kiscoelastic materials in order
to achieve high elastic strains, but angled fibers can re@thdtastic strains simply by increasing
the fiber angle.

The parallel plate electrode configuration is chosen bectulss a higher elastic energy den-
sity than the comb-drive. Also, the parallel plate struetisr much simpler to fabricate than the
comb drive structure, which requires numerous challengirgo-fabrication steps.
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Chapter 4

Fabrication

Angled micro- and nanofibers are of interest to a wide vanégpplications, ranging from syn-
thetic gecko adhesives [1, 50] to field emission sources B&tause angled micro- and nanofibers
have such a broad range of uses, there is a correspondinggariety of fabrication techniques
that have been developed to produce them. Figure 4.1 givegeawview of some of the techniques,
and Table 4.1 provides some characteristic dimensionshoictted fiber arrays. Table 4.1 only
has values of actual fabricated arrays from the referenstesi| However, most of the techniques
could be used to produce a wider range of values than thodeidymoted. For example, the
mold drawing technique (shown in Figure 4.1(b)) was onlyduseproduce vertical fibers, but it
is easy to imagine adding a lateral force during the pullitegp $0 create a wide range of angled
fibers.

For actuators, a desirable fabrication technique is oneevites easy to control the aspect
ratio, radius, angle and density of the fiber arrays. Havewess to a number of materials also
makes a process more versatile because fabrication liomgabn size can be accommodated by
adjusting material properties. Also, the ability to creatéorm fibers over large areas is necessary
to facilitate easy fabrication of layered actuators. Thehteques highlighted in Figure 4.1 can be
broken down into three general categories: direct grovithjeg/molding, and thermo-mechanical
deformation. Each of the categories has advantages andvdigages in terms of the actuator
fabrication criteria. These differences are discusse@pifdbelow.

All of the fabrication methods are able to control the fibea@pg through various means. For
example, an etching/molding technique such as nanospitieogriaphy (Figure 4.1(e)) controls
the spacing by using larger particles than necessary ahdthgtthem down before metal deposi-
tion. The amount that the particles are etched determireesghcing between SiNWSs. In direct
growth methods, such as carbon nanotube (CNT) growth (Figdi@)), the CNT spacing is set
by the metal catalyst deposition. The remaining methods$rabspacing through mask or mold
definition.

Some of the techniques are for one specific material, but manybe generalized to a class
of materials. For instance, the direct growth techniquaiil®ried only for CNTs, but by using
CNT arrays as a master template for molding, a variety of oth&terials could be used. The
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Figure 4.1: (a) Heated rolling of vertical polypropylendPjHiber array against glass [50]. (b)
Drawing of thermoplastic fiber arrays by separating polthaee mold at elevated temperature
[46]. (c) Bending of polyurethane fibers by exposure to etectream [48]. (d) Fiber pulling by
peeling of a thin mold filled with a thermoplastic. (e) A pattef holes in a thin silver layer is
formed by nanosphere lithography. Then metal-inducedregabf a silicon (113) wafer produces
angled silicon nanowires [69]. (f) Fabrication of polysdn mold with angled holes by tilted
plasma etching. The dashed line represents the Faradaytlwg®rces the plasma ions to be
perpendicular to the cathode. The mold is used to make petlyane fiber arrays [44]. (g) SU-8
photoresist is exposed through a mask of holes by anglelimeteéd UV-light. The developed
angled fibers can be used for making molds [1]. (h) Angled@amrmanotubes (CNTs) fabricated
on nickel by angled, dc, plasma-assisted, hot-flament a&wapor deposition (HFCVD) [18].




60

Fabrication Aspect ratio Radiugrf) Angle Material ~ Reference
method

Heated rollers 30 0.3 ‘M5’ PP [50]
(Figure 4.1(a))

Mold drawing 18-25 0.04 0 PMMA, PS [46]
(Figure 4.1(b))

E-beam 10-12.5 0.04-0.05 °@C PUA [48]
irradiation

(Figure 4.1(c))

Mold peeling >45 1-2 5-70¢ HDPE

(Figure 4.1(d))

Nanosphere 12 0.1 °BO Silicon [69]
lithography

(Figure 4.1(e))

Plasma etching 6.9 0.2 B0 PUA [44, 45]
(Figure 4.1(f))

UV lithography <20 2-12.5 0-25° PU [1]
(Figure 4.1(9))

HFCVD >40 0.05-0.1 0,45°,90° CNT [18]

(Figure 4.1(h))

Table 4.1: Comparison of fabricated micro- and nanofiberyarraAspect ratio is defined as
length/diameter. Angle is measured from verticdl)(0Abbreviations: HDPE - high-density
polyethylene, PMMA - poly(methyl methacrylate), PP - palypylene, PS - polystyrene, PUA
- polyurethane acrylate, PU - polyurethane, CNT - carbon tudo®o
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deformation techniques are limited to deformable matgri&br stretching, these materials must
be able to withstand very large strains without breakingstioaterials become more deformable
at elevated temperatures, but for metals and ceramics thered temperatures are very high
(>400°C). Therefore, thermoplastic polymers are typically usechbse they can be deformed
at relatively low temperatures<QOC°C), and they can even withstand high elongation at room
temperature ¥500%). Thermoplastics also have a wide range of availalalstielmoduli from
200 MPa (LDPE) to 3 GPa (PS) [31].

In terms of ease of fabrication, direct growth methods asedimplest techniques because
they require the fewest number of steps. The hot filament camapor deposition (HFCVD)
technique for producing angled CNTs [18], shown in Figur€i),lis useful because it has good
control over fiber dimensions and angles. CNTs can have deamet a few nanometers for single
walled CNT up to hundreds of nanometers for multi-walled CNiid lbundles of CNTs [65], and
lengths can be in the tens of microns [18]. For actuatorsdidmeter would likely be kept small
to accommodate the very high elastic modulus of CNTs whichear 1©0.9 TPa for multiwalled
nanotubes [22]. The need to tilt the growth substrate coeld disadvantage by limiting the area
of the array that can be fabricated (also a problem for tifledma etching in Figure 4.1(f)). This
is because high tilts would require large CVD chambers anld élgctric fields as a result of the
large distance between the high and low edges of the sulastfdso, there may be uniformity
issues because of large differences in the filament-totisubslistance across the sample.

Etching/molding techniques such as those shown in Figur@e4y) can be used to produce
fibers with very precise dimensions. However, each procassbme limitations on feature size,
aspect ratio, and angle. For instance the angled UV lithmgr@rocess in Figure 4.1(g) is limited
by diffraction to angles less than §@nd it is limited by the wavelength of UV light and the SU-8
photoresist properties to aspect ratios less than 20 amdetikas greater than 2m [1]. Silicon
nanowires (SINWSs) from nanosphere lithography (Figuree))ldre limited to particular angles
because of preferential etching along different crysgmphic planes. For a (113) wafer, the re-
sulting SiNWSs have an approximate°3hgle [69]. The dimensions of the SINWs are determined
by etch time and the size of the particles used to pattern #taldayer. The wires can range from
nanometers to microns, but larger diameters and lengtheesaiit in increased non-uniformity of
wire dimensions [69]. The angled plasma etching techniguegure 4.1(f) can have diameters
in the hundred nanometer range [44] and aspect ratios gteate20 if the Bosch process is used
[92]. However, because the silicon holes are used as a nin@ddpect ratio can not be too high.
Very high aspect ratios introduce challenges for demoldimgss the mold is sacrificed.

Techniques that use thermo-mechanical processing aatypa post-processing step because
they rely on prefabricated arrays or molds. The methods showigure 4.1(a-d) could use some
of the previously mentioned fabrication techniques to terea array ready for deformation. In
fact, the original vertical fibers subjected to e-beam iatidn (Figure 4.1(c)) are made using a
plasma-etched silicon mold [48]. In deformation technijuke angling is done as a last step, so a
single mold can be reused to produce a number of fiber arrdgghifierent angles and dimensions.
This is advantageous over some of the other techniques \atsgrecific mold or pattern is required
for each different fiber array.
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The stretching deformation techniques (Figures 4.1(la§)more versatile than the bending
deformation methods (Figures 4.1(a,c)) because the filmeertiions and aspect ratios are only
partially dependent upon the original template used to ycedhe fiber array. As the fibers are
stretched, the length is increased while the diameter isedsed, so the aspect ratio is increased.
Being able to increase the aspect ratio gives the stretchetgads a significant advantage over
other techniques because very high aspect ratid90Q) are difficult to achieve through etching
and molding. Also, as was shown in Chapter 3, higher aspaotrate necessary to create very
compliant structures.

Of the stretching techniques, the mold drawing method iuiggt.1(b) ideally will have the
highest uniformity because the entire array is createdeasd@ime time. However, pulling an entire
array at once presents some practical challenges for ngelatige areas. First, keeping the mold
perfectly parallel with the fiber array requires extremealyqise alignment of the pulling apparatus
and the substrate. Second, depending on the fiber dengtjoittes necessary to pull an entire
array at once can become very large as the area increasesexdfople, consider a material like
HDPE which has a yield stress of 20 MPa, and suppose the doealdénsity is 10%. At room
temperature, it would take 200 N/énto yield all the fibers at once. The mold peeling method
eliminates both of these problems because the fiber stngtadcurs within a small strip. This
means that alignment only needs to be maintained over aristead of a plane, and this is au-
tomatically achieved because the portion of the mold beudlgg is still bonded to the substrate.
Also, because only a strip is being deformed, the peelingefes a function of width rather than
area. These reasons make the peeling method more prabacatitawing over the whole mold,
and they are why this method is chosen to create the comfilieems for actuators explored in this
document.

4.1 Fabrication in Comb Drive Actuator

It is apparent how all of the discussed fabrication methaxddcbe used to create suspensions
for actuators with parallel-plate type electrodes. HoweNes less obvious how this technology
might be used to generate distributed supports within a edrive actuator. The following is a
hypothetical process that combines a fiber pulling techangiih a micromolding method to create
perfectly aligned combs with distributed fiber supports.

Comb drive actuators are typically fabricated by standdrclosi micromachining techniques
[87]. However, this approach is only useful for creatingpiin actuators as shown in Figure 2.11.
This scale of actuator is perfect for small on-chip resorsatiout not for creating large, layered,
muscle-like actuators similar to those shown in Figure 3Re greatest challenge to fabricating
large area comb drive actuators is creating two combs thiédqily intermesh. Creating each side
separately and intermeshing them later requires that baéis are absolutely perfect. Any defect
in the pattern could prevent the actuator from coming togretiorrectly. If the combs are rigid,
this could ruin the whole actuator, and even if they have sthex@ility, defects create large dead
zones where no actuation occurs.
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Figure 4.2: Possible fabrication of comb drive actuatomsifyrom the cross section of the fingers.
For large area sheets, the fingers could extend far into tpe (s@e Figure 3.2(c)), and the pattern
could repeat to either side. (a) Start with one side of thelrafready fabricated. (b) Deposit a
thin conformal insulation layer. (c) Deposit a conformatrdcial layer. (d) Perform a directional
etch to remove the sacrificial layer at the tips and trougiisD{rectionally deposit a polymer onto
the tips and troughs. A masking step will be required so tlohtrper dots rather than strips are
deposited. (f) Form the top electrode by depositing a cotviiaterial into the bottom comb.
(9) Etch out the remaining sacrificial material. (h) Stretice combs apart to form the support
fibers. Shearing the combs into the page while pulling wilate angled fibers like in Figure 3.2.
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An alternative approach is to create one side of the combteerduse it as a mold to create the
second side. This ensures that the two sides intermeshcpenfegardless of defects. A generic
process is outlined in Figure 4.2 from the viewpoint of thegéncross section. For large area
sheets, the fingers extend into the page (see Figure 3.2(g))the pattern repeats to either side.
The first step is to form one side of the comb. High aspect fatgers could be fabricated by
patterning rows of carbon nanotubes or through deep reaictivetching (DRIE). Then, deposit a
thin conformal insulation layer, such as parylene. Nexiprfarmal sacrificial layer is deposited.
A directional etch (such as DRIE) is used to remove the sai@lificaterial at the tips and troughs
of the comb. After the etch, a polymer for supports is diewily deposited into the holes in the
sacrificial material. A masking step will be required beforafter the polymer support deposition,
so that discrete dots are deposited rather than stripsréh#ti@length of the trough (into the page).
The top comb is then formed by depositing a conductive nadterio the mold formed by the
bottom comb. After the top electrode has been depositedethaining sacrificial material is fully
etched away. Finally, the combs are pulled apart to set ttaeii@osition of the actuator by curing
the polymer through thermal or chemical means. Shearingdh®bs with respect to each other
into the page will form angled fibers as shown in Figure 3.2 a@¥ethis is not a simple process.
There are a number of difficult steps, such as the conform@dsiton and the precise stretching
steps.

The process outlined for fibers could easily be adjusteddaterfoam supports. If the polymer
support layer is deposited with blowing agents, then thelcatack in Figure 4.2(f) could be
heated to cause the foam to expand. Then, the sacrificial taygd be etched, and the stretching
step would not be necessary because the foam expansion seittlie default position. As with
the angled fiber approach, this process would be very cltatign A low energy coating on the
sacrificial layer would probably be necessary to allow thalos to slide without breaking during
foam expansion.

4.2 Methods and materials

High-aspect-ratio, pulled fibers are used as the suppaoutsate for the parallel-plate, electrostatic
actuators characterized in the Chapter 5. The pulled fibgrastgare fabricated by peeling high-
density polyethylene (HDPE) from a polycarbonate (PC) melduatlined in Figure 4.4.

The process starts by UV laser ablation (Coherent MATRIX-3&blaser) of copper on flex
circuit material (Dupont Pyralux AC182500E, L& of copper on 2%m of polyimide). The laser
ablates 1Qum spaced lines across the copper surface using a galvanmometéng at a speed of
200 mm/s. The laser pulses at 20 kHz with a pulse duration2tf ns and an average power of
~1.7 W. The roughened copper has a peak-to-peak height obdpmately 1m. The purpose
of the roughness is to allow better bonding of the HDPE to ihygper. Otherwise, the HDPE
delaminates during fiber pulling.

Next, 9 um thick HDPE film (Film-Gard high-density painter’'s plagtis laminated to the
roughened copper using a Cheminstruments Hot Roll Laminakarlaminator provides 2.75 MPa
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Figure 4.3: SEM of unpulled fibers. The filter was etched ofhigthylene chloride. The fibers are
approximately 5um in diameter and 13m in length. Scale bar is 10m.

of pressure at a speed of 1 mm/s and°I73Jsing the same lamination settings, a8 thick PC
filter (Millipore Isopore membrane filter) is filled with HDREhe filter has S5um diameter pores at
a density oft.84 x 10° m~2, measured optically. The filter has a smooth side and a radgh Ehe
smooth side is laminated against the HDPE to lower the napgeggeling force. Also, the pores
in the filter have a slightly tapered shape, where the opemirtpe smooth side is slightly smaller
than on the rough side. Therefore, by forcing the HDPE inéoside with the smaller opening, the
fiber is better anchored in the pore, allowing further strigtg during peeling. Figure 4.3 shows an
SEM image of the undeformed fibers, where the PC filter waseedtelway in methylene chloride
instead of peeled off.

The 5um pore size was chosen for its low fiber density, thin membrand the relatively
large fiber sizes. The micron-scale fiber size makes falwitaharacterization and verification
easy, but it still provides useful information for validati of the expected actuator performance
outlined in Chapter 3. The low fiber density is necessary teezeHow compliance with the large
fiber diameters. Finally, the thin membrane lowers thersgt of the film, so that it can bend
easily when pulled at sharp angles.

The fiber pulling setup is shown in Figure 4.5. The sample igdl(Loctite 406) to a glass
slide attached to a resistive heater. The resistive heagowered by a DC power supply (BK
Precision 1760A) controlled by a temperature controllem@@a CN1504-TC). The temperature
controller is set to a specific value during peeling, but itthates+3° during operation because
of the slow response time of the heating element. A tab matiefoa strip of printer paper is
glued to the PC membrane and clamped to the linear xy-stZgé®( Technologies T-LSR150B,
0.5 um resolution, 150 mm range, 0.00465 mm/s minimum speed, 26smmaximum speed).
Before pulling, the tab is positioned to have a prescribedlaegle,0,..;. Then, the stages are run
at a constant speed at a set pull ang)gy. The stage pull angle is exactly half the peel angle,
Oui = Opeer/2. The reason that the two angles are not equal is because shimpof the peel
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Figure 4.4: Parallel plate actuator fabrication by moldlipge (a) Roughen copper surface of flex
circuit using 355 nm UV laser ablation. (b) Laminat@® thick HDPE film to roughened copper
at 175C, 2.75 MPa and 1 mm/s. (c) Laminate HDPE into &8 thick polycarbonate (PC) filter
with 5 um diameter pores at a density of 4:84)° m=2. (d) Peel filter off at a set temperature,
speed and anglé,..;. (e) Attach leads to the top and bottom electrodes. (f) Bopatpper plate,
spin-coated with Protoplast, to tips of fibers by applyimgtipressure at 8C.
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front changes as the tab is pulled (see Appendix A for moraildt
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Figure 4.5: Picture of fiber pulling setup with illustratioh sample area. The sample is fixed to
the table, and the tab is attached to the x y stages.

Before bonding the top electrode to the fibers, thin coppeddddMWS Wire Industries 44
gauge wire) are soldered to the electrodes. This must be luefioee the plates are attached, so
that the soldering iron does not melt the fibers. Next, theaot is completed by bonding the
top electrode to the fibers. To get the top electrode to attadhe tips of the fiber arrays, a
low-temperature thermoplastic by the trade name ProtbéER/Aquaplast Corp.) is used. Pro-
toplast is a polycaprolactone-based polymer with a met@ngperature of 76C. The low temper-
ature allows bonding of the top plate to the HDPE fibers witlwawsing any thermal deformation.
To make sure that the Protoplast does not flow between thesfibad to avoid adding a thick
dielectric layer between the electrodes, a thin layer ofdpdast &1 m) is used. To get the thin
layer, the Protoplast is dissolved in methylene chlorid834vt%), and then spin-coated onto the
top electrode for 9 seconds at 600 rpm followed by 30 secon84GD rpm. The top electrode is
made of rough copper shim (Somers CopperBond extra thin faiFp6 xm copper film on 35
um copper carrier). Finally, the sample is placed on a hoeatB0C, and the top electrode is
pressed onto the fiber tips by the weight of a piece of glass @aist be taken to avoid any pres-
sure concentrations, or the fibers will get crushed and thelate will be bonded to the substrate,
creating a capacitor instead of an actuator.

4.3 Fabrication results

Angled fiber arrays were created by peeling the filter off afles betweenOand 90, at temper-
atures of 25C (room temperature) and high temperature’(®0r 100C), and at a constant speed
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of 0.1 mm/s. The SEM images in Figure 4.6 are for fibers thaevpeitled at 10€C. It is difficult

to discern much difference between the fibers pulled at remnperature, but there are clear qual-
itative differences between the fibers pulled at room tewipee and those pulled at 1. First,
the fibers pulled at elevated temperature are longer, ashvibeutxpected. Also, the fibers pulled at
high temperature appear to be less curved than those pultedra temperature, with the notable
exception of those pulled ét.., = 0°, whose tips are parallel to the substrate.

It is difficult to measure angles in the SEM images becauséetitted viewing angle, and
the unknown rotation of the sample with respect to the pgltirection. Therefore, for a more
guantitative description of the fibers, the fiber angles amdjths were measured manually from
side view microscope images (Nikon Eclipse L150 microsaejble infinity corrected 10x objec-
tive, and PAXcam 5 digital camera with 2592x1944 resoluie0.24 pm/pixel)). Two example
images are shown in Figure 4.7(c,d). Figure 4.7 shows hoiliee angle and length vary as a
function of the peeling angle. The angle and length is meashy connecting a line between the
base and tip of a fiber. This neglects the curvature of the,fgmert only provides approximate
fiber dimensions.

As the error bars show in Figures 4.7(a,b), there is a sigmfiamount of variation in the
measured values. This is partially from the low number ofrBlbeeasured because, as shown in
Figure 4.7(c,d), only 5-15 fibers are in focus in the side viem&ges. Also, there is a significant
amount of variation due to the randomness of the polycateommlds. Because the pores in
the mold are randomly distributed, there are some poresatigamerged together, resulting in
larger radius fibers that behave differently during strietgtthan fibers with the nominal radius.
Furthermore, there are likely defects within the polymenfdr polycarbonate mold surface that
lead to fibers peeling out at different points.

For the length measurements, the error is too large to convatapany specific length trend
due to peeling angle. However, there is a difference of apprately 10m in the average length
over all pulling angles for fibers pulled at room tempera{urg,, = 56 m) versus those pulled at
90°C (Lgyg = 66 um).

For the fiber angles, there is a noticeable trend betweenebkng anglef,.., and the fiber
anglea. The linear fits give the following relationships,

a = —0.350pcq + 41 for T =25°C 4.1)
a = —0.670pce + 65 for T = 90°C. (4.2)

These fits show that the higher temperature pulling provédegler range of possible fiber angles
(~5°-65°) than the room temperature pulling 10°-41°).

4.4 Modeling

The experimental results do not provide much insight ineorttechanics of the fiber peeling pro-
cess. In order to generalize this process for use with éiffematerials and molds, it is necessary
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Figure 4.6: SEM images of fibers pulled at 0.1 mm/s and (a-ti;Z6-f) 100C. Peel angled),...;,
are (a,e) 0(b,f) 3¢ (c,g) 60 and (d,h) 90. Scale bars are 10m. SEMs were taken at a %lt.
A close up of a necked fiber tip is shown in (d).
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Figure 4.7: Results for fiber peeling at various anglesC28oom temperature) and 90, and at

a constant speed of 0.1 mm/s. The plotted values are medsym@wing a line from the fiber
base to tip. (a) Fiber angle, versus peel anglé,..;. (b) Fiber length versus peel angle. The lines
represent linear fits to the data. (c) Image of fibers beintepextt,.., = 70° and 25C. (d) Image

of fibers being peeled &,.., = 70° and 90C. These are representative microscope images used
for measuring fiber angles and lengths. The scale bar is sippately 40m.
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to develop models that can explain the effects of the vanwasess parameters on the fiber array
dimension. The following section develops a model to oatline limits of the fiber radius and
length.

4.4.1 Radius and length limit

When amorphous or semi-crystalline polymer fibers, such befitylene, are pulled from a mold,
they either become elongated as a result of necking (colsingd, or they emerge from the mold
undeformed. The criteria for deciding whether or not a fibiérneeck or demold is the relationship
between the draw forcdy;, and the mold release forcg,,. If F; < F,,, then the fiber will start to

neck, but ifF; > F,,, the fiber will demold. Figure 4.8 illustrates these two soers. The fibers

are shown being pulled vertically for simplicity. In actuabld peeling, the fibers would be at an
angle, and in some cases, the fiber tip still in the mold may bed#ferent angle to the rest of the
fiber being pulled. In Figure 4.8(a), the fiber emerges froerttold undeformed, and in Figure
4.8(b), the fiber stretches until the release force and the firce are equal, allowing the fiber to
pull out of the mold. By comparing the stresses for a particoiald/material combination, the

maximum length can be determined.
iﬁﬂ

(a) (b)

Figure 4.8: lllustration of possible fiber pulling scenatio(a) Fiber is pulled out of the mold
undeformed. (b) Fiber is necked until the drawing force agldase force balance, allowing the
fiber to pull out of the mold.

The draw force is proportional to the draw stresg, which is the pressure necessary to ini-
tiate necking. Once necking starts, the true stress wittemecked region increases until all the
polymer chains within that region are aligned. When all thairch are aligned, the radius of the
necked region remains constant, as shown in Figure 4.9¢a9.rdtio of the drawn radius to the
original fiber radius is defined as = r;/r,. The radius ration, changes for different drawing



72

parameters and materials. For example, a faster drawiregispd result in a smallen [41]. For
set conditions, the minimum fiber radius will be

Tomin = TUTQ. (4.3)

For a constant drawing speed, the necking propagates iatontieformed section of the fiber for
a constant stress, [41, 54]. Figure 4.9(b) shows the engineering stress prediisus elongation
(current length/original length) seen for a fiber being meckAfter necking initiates, the stress
decreases because the radius of the fiber drops but the sttagssconstant (a plot of true stress
would not show a drop).

14y necking _oul /necklng
£ 3 neck propagation
S neck propagation ®
S N
0 0
elongation {0/ L) elongation ./ L)
() (b)

Figure 4.9: lllustration of (a) normalized radius and (logss versus elongation.

A side effect of creating fibers by cold drawing is that thewdrdibers have a higher yield
stress than unpulled fibers (40 MPa versus 10 MPa) [54]. Bhasresult of strain hardening from
aligning the polymer chains. Because the chains are alignigidher stress is required to cause the
fibers to yield more. Therefore, a stretched fiber array shbelable to achieve higher actuated
strains than an unstretched array.

While the draw force is constant throughout pulling, theasteforce decreases in proportion
to the surface area of the portion of the fiber still in contaith the pore. It is assumed that the
neck only propagates in the pore direction because it wakiel inore force to pull material out of
the substrate. Therefore, as the fiber gets longer, the Bthe Gber plug in the mold gets smaller.
As a result, the drawing force eventually overcomes thequutlforce. This occurs when

Fy = oqnrs = F,, = 7L,27r, (4.4)

whereo, is the draw stress; is the interfacial shear stress, is the drawn radius and,, is the
pore plug length.

Equation 4.4 can be used to determine the expected lengtfawhdibers if a few additional
assumptions are made. First, it is assumed that the tr@ms#igion between the necked and
undeformed portion of the fiber is small enough to be igno&etondly, the material is assumed



73

to be incompressible, so that the volume of the stretchediBliee same as that of the unstretched
fiber,
V= Lom“g = an’g + Lgmr3, (4.5)

The first assumption may not be true for certain drawing doys. For example, Hutchinson and
Neale found that the size of the transition region is depenadie the elongation rate, where slower
speeds correspond to longer transition regions [41].

Combining Equations 4.4 and 4.5 and substituting- nry, gives the following expression for
the fiber length,
oy (1), (4.6)
wherem = o,4/7 is the mold drawing ratio. As expected, this equation shdwas the fibers get
longer as the radius ratia, and mold drawing ratioy, get smaller. In the limit, the maximum
fiber length occurs when the interfacial shear stress is @giugh to keep the fiber in the pore
until the entire original fiber length has been stretchedhéodraw radius,

Ly
n?’

Loz = (47)

It is clear that then value is important for determining the length that a fiber ocaach. The

n value varies between materials because of factors suchysimltinity, and it varies with test
parameters such as temperature. In the literature, it igllysuot reported directly, but it can be
approximated from the draw ratio, which is the elongation value where drawing switches to
yielding. Therefore, using the incompressible criteria,

n=—. (4.8)

As an example, polyethylene has a draw ratio ef 5.3 (can stretch to over 500%) corresponding
ton = 0.43, and polycarbonate has= 1.7 son = 0.77 [54].

The maximum fiber length in Equation 4.7 is the limit for theejpgg arrangement used in the
results section because the top of the pore is open. Howepetymer was molded on both sides
of the filter, then there would be a strong enough supportitimee stretching the fiber beyond the
draw strength. After the entire fiber is drawn, the requirteglss to continue stretching increases to
the yield stress of the material [54]. Further elongatioh ientually result in the fiber breaking
somewhere along its length. If it could be controlled to kremaward the tip, then longer fibers
with smaller radii could be fabricated.

The proposed theory can be compared with length and radiasunements taken from SEMs
of drawn fibers. Figure 4.6(d,h) shows SEMs of fibers pulleg},at = 90° and 253C and 100C.

It is evident from these images that the fibers are indeedhifig in the manner proposed above.
The plug shape at the tip of the fibers can be easily identifiedast of the fibers pulled at room
temperature. However, for the high temperature sampleg e less plug-shaped fibers. This is
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Opeer T (°C) L Loy* ro° T4 n m

(um) (um) (um) (um)
or 25 57.9-15.8 13t1 2.46+:0.04 1.16:0.18 0.47| 0.99
el0 100 88.2:23.0 13t1 2.46+0.04 0.93:0.32 0.38| 1.7

Table 4.2: Data taken from SEMs shown in Figure 4.6(d,h). Vdae form is calculated from
the length and radius data using Equation 4&leasured thickness of PC filter using Mitutoyo
ID-C112T spring-loaded calipefMeasured from optical image of PC filter. For polyethylene,
Masud et al. reported a value of= 0.43 [54].

probably due to a decrease in the draw stress, allowing taesfib stay in the pores until the entire
fiber has necked. Table 4.2 presents data taken from the SElE®In Figure 4.6, and uses this
data to back out the mold drawing ratie. Only one peeling angle is considered because there
was not a strong correlation between angle and fiber length the the data in Figure 4.7(b).

The datain Table 4.2 producedarvalue of 0.99 for room temperature and 1.7 for 10lhese
values seem reasonable based on numbers reported fortpydéyet in the literature. Draw stress
ranges fromr; = 10 — 13 MPa [29, 54] and the interfacial shear stress for variougegibl/lene
composites ranges from= 2 — 9 MPa at room temperature. The valuerefwould therefore be
expected to be in the range of 1-6. As temperature goes uplr#ve stress decreases [29], and
the shear stress likely decreases as well, so a large chengéseen in the: value. Instead, the
increase im as a result of temperature is responsible for the large &antgngth between the
two samples. The value probably decreases because the polymer chains becoraenobile at
higher temperatures.

The draw force can also be approximated by looking at theefasressary to peel the filter at
90°. This can be done by measuring the length of the peel zbnesee Figure 4.7). The peel
zone is measured from where the filter starts to pull away fiteensample, until the base of the
outermost fiber being stretched. Then, knowing the fiberitiens the sample widthyw, and the
fiber radiusy, the peeling force is

E, = prrg Lywoy. (4.9)

This equation assumes that all the fibers within the peel hane reached the steady-state draw
stress.

Table 4.3 shows the measured data and the calculated dems.stihe peel force was measured
using the setup shown in Figure 4.5 by attaching the peebtalsix-axis force-torque sensor (ATI
Nano-43), and peeling at 0.1 mm/s. The calculated drawsssgd.6.2 MPa at 28 and 4.2 MPa
at 90C) are very close to those reported by Gent and Maddb(MPa at 25C and~5 MPa at
90°C) [29], adding further confidence to our analysis.
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a

epeel T (O C) Lp w P TOG Fp 0d
(nm) (mm) () (pm) (N) (MPa)

S0y 25 88.6t14.1 5 4.8410° 2.46£0.04 0.66:-0.02| 16.2

o0 90 139.5-16.5 5 4.8410° 2.46£0.04 0.272-:0.01| 4.2

Table 4.3: Data taken from side view optical images like ¢hglsown in Figure 4.7. The value for
o4 IS calculated using Equation 4. 9Veasured from optical image of PC filter.

4.5 Concluding remarks

The mold peeling method for producing high-aspect-ratigled microfibers shows promising
results. Fibers with lengths between 5049®, radii of 1-2,m and angles betweert @nd 70
were produced, at low peeling forces of 0.54 to 1.32 N/cm. dswhown that there is a clear
trend between mold peeling angle and fiber angle. Also, tiseaggood understanding of how the
fiber radius and length can be controlled by adjusting theerredf mold and process parameters.
However, more tests with other molds and polymers need teldenmed to verify the model that
was presented. Also, there needs to be more analysis of leowdhd stiffness and thickness affect
the fiber angle.
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Chapter 5

Characterization and Testing

In this Chapter, the samples fabricated in Chapter 4 are diesiraed and compared against the
theoretical models presented in Chapter 3. They are subjéetstatic and alternating electrical
signals to measure their peak performance in these two topgraodes. The actuator limitations
and deviations from theory are also discussed.

5.1 Test Setup

Tests are performed on the samples fabricated in Chapteng trs¢ testing apparatus shown in
Figure 5.1. Displacements are measured with an MTI-2100rtosensor (MTI Instruments, 40
nmy resolution and 30 nm resolution, 10Qum linear range and sampling rate up to 500 kHz).
The sensor measures displacements by monitoring the amblight transmitted between two
fiber optic probes. Therefore, before displacement testargbe performed on the samples, a
tab is needed on the top electrode to block the light. A taluifrom a sheet of 3 mil stainless
steel shim stock using the same UV laser mentioned in Chaptdihé tab is 5 mm wide and
5 mm tall. Thez-axis probe is positioned toward the base of the tab, and/{#ves probe is
positioned at the top of the tab. The short tab was chosenvi® dagesonance peak near 2382 Hz
(f = H/(2rL?*)\/Y/p, with Y = 193 GPa,p = 8000 kg/m* and H = 76.2 um [26, 55]). Our
interest will be in frequencies below 1000 Hz, so the resoeari the tab should not interfere.

The sample is powered using a TRek PZD700 piezo driver ampiadtage gain of 300 V/V
up to 1.4 kV). The input to the amplifier is either a 0-5 V DC sibgenerated by the analog output
of a Quanser Computing Q8 real time control board, or an ACasiffjom a BK Precision 4084
function generator. The BK Precision generator is contdotleough RS-232 communication.
A 380 K resistor is placed in series with the sample to limit the entrif breakdown occurs.
The resistor will not limit the actuator response at low freqcies due to charging time because
the actuator capacitance is in the picofarad range-(RC =~ 2 us, cut-off frequency isf. =
1/(277) =~ 80 kHz).

The current and voltage supplied by the amplifier are recbedeng with the MTI position
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data using the analog-to-digital inputs of the Quanser G8doThe Quanser board is controlled
by MATLAB xPC Target running on a standalone computer. Theang rate of the Quanser Q8
boards is 16.7 kHz, which is 3x the highest driving frequensgd.

y probe
% steel tab
R

X probe

fibers
peel direction

Figure 5.1: Picture of actuator test setup with illustratid sample area. The sample is attached to
a high voltage source, and motion in theandz direction are measured with fiber optic displace-
ment sensors. Theprobe is aligned with the peeling direction of the sample.

5.2 Breakdown Limit

The dielectric breakdown strength of the actuators wagdelsy increasing the applied voltage
until the source current jumped. Table 5.1 reports the geskalues found by testing twenty
different actuator samples. Half of the samples were fabeit at 25C and half at 90. Each
set of ten were made by peeling at angles betweeand 90 at 10 increments. The electric
field was calculated by dividing the applied voltage by the.gdhe gap for each sample was
measured optically at the center of the top electrode usMig@n Eclipse L150 microscope. The
gap values ranged from 43 to 9, with a mean size of 68m. The mean gap sizes depending
on fabrication temperature are o8 for sample made at 26 and 68um for samples made at
90°C. This is consistent with mean fiber lengths, (56 for 25°C and 66:m for 90°C), measured
in Chapter 4.

No definitive correlation was found between breakdown giifeand fiber angle or fabrication
temperature. Also, there was no apparent correlation Wwelgap size, contrary to what would be
expected from the discussion of the Paschen effect in Chaptdéowever, assuming an air gap of
the mean measured gap size, the Paschen effect prediciwigisgly close valuef = 9.4 V/um,
to mean measured electric field at breakdowns 9.7 V/um.
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Mean Standard Dev. Minimum Maximum

Gap size im) 63 13 43 90
Voltage (V) 598 137 356 904
Electric field (V/um) 9.7 2.2 5.1 13.9

Electric field Paschen (W) | 9.4 - - -

Table 5.1: Voltage and electric field at breakdown. Twentygas were tested. The electric field
predicted by the Paschen effect assumes an air gap the sl mkean measured air gap [40].

While the mean value matches well with the Paschen theory,ntlaly only be coincidental
considering that the full set of data has no apparent trehd.niost likely explanations for a lack
of a trend come from examining the actuator structure. Breakds most likely to occur where
the electrodes are the closest, where the insulation ishihedst, or where there are defects.
Because the gap was only measured at one location (the cénber sample), it is likely that it
does not represent the point with the smallest gap. Alsotaltegrication defects, the insulation
is not uniform across the whole sample, creating weak parhtese breakdown can occur at lower
than expected fields. Finally, the top electrodes do not audation covering their edges, and
the sharp corners may provide a point of high field conceotrggerfect for initiating breakdown.
In fact, Figure 5.2 shows a microscope image of an actuatoeecovhere breakdown occurred.

0.015

Lst hw
2nd M

3rd i
4th Faa
5th | | | | M‘
100 200 300 400 500 600 700
voltage (V)
(b)

Figure 5.2: (a) Picture of dielectric breakdown zone neardbrner of an electrode. A pit is
apparent in the polymer layer. The scale bar is approximdtel.m. (b) Plot of current versus
voltage for sequential DC voltage sweeps. Breakdown occhenvthe current jumps up from
zero.
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When breakdown occurs, the actuator acts like a short cirand current is free to flow be-
tween the electrodes. Figure 5.2 shows the measured cdueng sequential DC voltage sweeps
for an actuator made by peeling at an angle ¢f 46d 90C. The gap between the electrodes is
approximately 57:m. In the first sweep, breakdown does not occur until 582 Vjrbttie second
sweep, breakdown happens at only 446 V. The initial breakdd®stroys the insulation between
the electrodes, and this creates a weak point that is ableettktbown at a lower voltage. How-
ever, the third sweep shows that the breakdown increasestfre second sweep to 532 V. The
breakdown strength remains close to this value for theviotlg two sweeps. The recovery may
be a result of defect removal. If a defect is present (such fsagp asperity), it is more likely
to experience breakdown than the rest of the sample, and) eakdown occurs, the asperity
undergoes major destruction [82]. By destroying the weahtpthe breakdown strength is able to
recover and stabilize.

Even though the actuator is somewhat tolerant of breakddwamould be avoided because
complete recovery of the original breakdown strength iskeht. This means that the maximum
electric field, and, hence, the maximum displacement ancefare lowered. Also, if there is
widespread physical damage inflicted on the fiber suppattter performance issues could arise,
such as a change in stiffness.

5.3 Capacitance

The capacitances of the actuators were measured using ait&aXe1-200 R-C-L meter (0.1 pF
resolution). A control sample was also measured to find tkeive dielectric constant of the
polyethylene film. The control was fabricated in the samemea@s the actuator samples, except
the fiber making steps were skipped, and the top plate wassdladicectly to the flat polyethylene
layer. Illustrations of the control and actuator samplesstwown in Figure 5.3.

By measuring the capacitance of the control sample, thawelpermittivity of the polymer
insulation layer, composed ofifn of polyethylene and Am of Protoplast, can be calculated from
the following equation
gC
€A’
where( is the measured capacitangas the gap thickness, = 8.85 x 1072 F/m is the permit-
tivity of free space, and! is the electrode area. This equation assumes that the tapaecomes
from the parallel plate model that ignores the effects afgig fields. This is a valid assumption
because the plate dimensions are much greater than theiglpetss. The area of the top elec-
trode is 5 mm by 5 mm and the gap is only 2. There is some additional area in the form of a
tab that sticks off the side of the electrode. However, thisat used in calculations because it is
bent up from the sample so that it has a much larger gap thaieshef the electrode (see Figure
5.1). The measured capacitance of the control sample igpF8Bombining the values results in a
relative permittivity ofe, = 2.2. This is close to values found in the literature, where tledediric
constant can vary from 2.26-2.36 depending on polymer tde(tsigher density results in higher

(5.1)

€ =
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Figure 5.3: (a) Plot of capacitance using equation 5.7.l(imtfation of samples that were tested.
The top electrode has an area of 5x5 mm, and the bottom aledsdx25 mm. The polyethylene
layer is 9um thick and the Protoplast layer isidn thick. The samples are shown connected to a
capacitance meter.

permittivity) [21].

By knowing the dielectric constant of the polymer, predicticof actuator capacitance as a
function of gap thickness can be made if a proper model is.u$kdre are two states that must
be considered when developing an actuator capacitancel n@le is the fully compressed state,
where the fibers are completely pressed into the bottomretiet In this state, the dielectric is
assumed to be only made up of polymer. This is representdughgontrol sample. The other state
is when the dielectric is composed of a mixture of polyethgland air. The two states can be
linked together by assuming that the total capacitanceasiasscombination of two representative
capacitors(C; andCy, = Cy + C,. The capacitor that represents the insulating lay@rshas a
constant value of

¢, = oA (5.2)
9i
whereyg; is the thickness of the polyethylene insulation.

The capacitance of the fiber/air mixture can be further s#pdrinto two capacitors in parallel,
Cy andC,. Each capacitor represents a portion of the total electaoele,A. The amount of area
taken by each material is proportional to their respectoleme fractions. The total volume is

v = grA, (5.3)
whereg; is the fiber gap size. The volume taken up by fibers is a congtdunt given by

vy = prrg LA, (5.4)
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wherep is the areal fiber density, is the original fiber radius of the mold ard) is the length
of the holes in the mold. The mold values can be used becaisassumed that the volume of
material does not change during stretching. The fiber ctgras® is then

v eoer A g €06, A
vt gy gr 9r

Oy = (5.5)

whereg,, = prriLy is the thickness of a block of material with ardathat would be needed to
generate the fiber volume. As a result, must be greater than or equal gg. The minimum
thickness,g,,, is also subtracted from the total gap thickness of the cbsample (10um) to
estimate the insulation thicknegs This is because the fiber volume is taken from the original
polyethylene layer.

The volume of the capacitance composed of air decreasgsdesreases, so the capacitance
from air also decreases,

cz:”_%@éz(y—@vﬂé. (5.6)
Ve gf 9gr/ 9f

When the actuator is completely compressed, the capaciteoroeair goes to zero.

The total capacitance is

L1,
cC G Ci+a,

The line in Figure 5.3 is plotted from this equation usingftiitowing values:p = 4.84 x 10° m=2,
ro = 2.5 um, L = 13 um, g,, = 1.24 um and the values mentioned above. The theoretical curve
predicts capacitance values approximately 1-2 pF belowetmeasured (actuator values ranged
from 4-7 pF). The difference is probably due to parasiticacaances in the leads attached to the
actuators.

At large gaps and small displacement, the capacitance capgreximated from the standard
equation for a capacitor with an air gap,

(5.7)

fA

C = :
9gr

(5.8)

This is because, when the gap is large, the smaller capeeitdithe air dominates the total capac-
itance.

5.4 DC Testing

5.4.1 Displacement vs. Electric Field

Twenty samples in total were tested multiple times. The $esamples was made by varying
the peel angle by XObetween 0 and 90 at temperatures of 2& and 90C. The samples were
subjected to a voltage that increased at a rate of 100V/®wvhdx andy displacements were
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recorded. The electric field was determined by dividing thgliad voltage by the measured gap
size (measured optically prior to testing).

Figures 5.4(a,b) show plots of this experiment for one oktn@ples with the highest recorded
displacements (sample peeled at 40d 25C). Most samples were unable to reach this level of
displacement either because of dielectric breakdown dr $tiffness. The displacement curves for
this sample also show theoretical displacement curveg tisenequations for small displacements

from Chapter 3,
o, 12pYI cosa

Yoppg=—2 =" 5.9
fiw Sy L? sin’a (5-9)
wherel = mrt/4,
1 E?
Ay = =00 (5.10)
2 Yesry
and COS (¥
Axr = Ay——. (5.11)
S &

The small displacement equations are suitable for thisyaizabecause the maximum deflection
of 2 um is much smaller than the fiber length of ah. The fiber values used were taken from
Chapter 4p = 4.84 x 109 m™2,r = 1.2 um, L; = 56 um, Y = 200 MPa and thex values shown

in the plot legends. The initial gap sizes for the theorétoaves, calculated fromy = L, cos a,

are 55 and 53:im for « = 10.5° and 17, respectively. These values are close to the measured
actuator gap size of 5@m.

Thea values were chosen to match with thdisplacement. However, thedisplacement does
not match up perfectly with the linear spring theory. Indtghe data fits within a range of angle
values because it acts like a softening spring. This meatghkre is probably buckling taking
place, so the fiber can not be treated simply as a rigid caatilith a spring at the base. This is
also why the simple relation betweéwy andAz listed above does not hold, causing the predicted
x displacement values to be off.

A better fit to the data comes from using the elastica modél thi2 same fiber dimensions used
for the linear model. The fit from elastica theory also useberfangle valuey = 27.5°, closer to
the measured valuex(= 35° see Chapter 4) than the linear model. This is because, as wasa sh
in Chapter 3, the elastica model predicts that the fibers wftes as they are compressed, and this
behavior better matches the observed performance of thatact However, the elastica model
still overestimates the deflection. This is likely because the fibers are not pesfestthight, but
are instead more of a curved shape (see SEMs in Figure 4.6urved fiber would have less
displacement from a load in thedirection than a straight, angled fiber.

As already mentioned, the data in Figures 5.4(a,b) is atypar the set of samples. Most
samples could survive an electric field of 8N4, but some experienced breakdown at m/
Furthermore, the majority of the samples were too stiff tgeste significant displacements at
these low electric field values. The meadisplacement for all 20 actuators wAg =49 nm for
a field of E =5 V/um. Assuming a mean gap size @f =63 um, the mean effective modulus



83

w

2.5

—data__
-~ | --a=17 ~ 25l
E 21 a=105 ‘ E
"g = 2_7.50 | 2 ol
® ;5 elastica 1 @
e ‘ £ .5
Q ! O}
Q ! Q
c 1 : ks
o | o 1f
®) ! ©
= 0.5¢ : S 0.5
‘ 1 0 ]
00 5 10 15 0 5 10 15
electric field (V:m) electric field (Vi:m)
(a) (b)

Figure 5.4: (a) displacement (compression) and (bylisplacement (transverse) versus applied
electric field for a sample peeled at’ldhd 25C. The vertical line marks when breakdown occurs.
The dashed lines are displacements predicted from smalladisment theory for a specified
and the solid line with dots is from the elastica model.

of the fiber arrays i¥.;;, =142 kPa. This is 1400 times smaller than the bulk elastic rusdu
of the material, but still not soft enough to get appreciali$placements at the small electrostatic
pressure of only 110 Pa. From the effective modulus, andjubi® mean fiber dimension values
(p =484 x10°m=2,r = 1.05 um, L, = 61 um, Y = 200 MPa), the effective fiber angley, is
approximately 8.3

The large discrepancy between predicted and measurecckspénts is likely tied to a com-
bination of fabrication problems. As shown in the fabrioatchapter, there is a significant amount
of variation in length, angle and radius between fibers witm array. One possibility is that,
as the top plate is attached, the plate initially contaatsldingest, most compliant fibers. Then,
as the long fibers bend, the shorter, stiffer fibers come iotdact with the top plate. When the
sample is cooled down, the longer fibers are now effectivedysame length as the shorter fibers.
However, this is not consistent with the mean gap sizes ®attiuators (5&m for 25°C and 68
pm for 90°C), which are near the mean fiber lengths measured in the &iomcchapter (5¢:m
for 25°C and 66um for 90°C). Another similar possibility is related to the fact thag tibers are
curved, rather than straight. The angles measured in thieddéion chapter were from the base to
the tip of the fibers and neglected the curvature along thgtherHowever, during attachment of
the top plate, it is likely that a portion of the length of higleurved fibers, corresponding to large
« values, gets attached to the top plate, effectively lovgette anglex and the fiber length. This
concept is illustrated in Figure 5.5.



84

before after

Figure 5.5: lllustration of top plate attachment. The drayghows how curved fibers become less
angled as a result of part of the fiber length bonding to theptage.

5.4.2 DC Step Response

A repeated DC step response is shown in Figure 5.6 for a sdaipieated by peeling at 4&nd
90°C. The voltage of 600 V was cycled at a frequency of 10 Hz. Theecig of the step response
in Figure 5.6 shows that the initial reponse of the actuaaguite fast € 2 ms), but the quick
response is then followed by a long steady rise.

Careful consideration of the plot reveals that the meaniposif the plate drifts until a steady-
state value is reached. It is presumed that this is a resateep in the fiber supports. As discussed
in Chapter 3, creep occurs in polymer materials at room teatpes, and is especially noticeable
at low frequencies.

Figure 5.6(b) shows a close up of the first step with the th@aleviscoelastic curves super-
imposed on it. The displacement curves are for a step respuaere the step input is the elec-
trostatic force F.. The electrostatic force is assumed to be constant sinaigshcement is very
small compared to the gap size. The displacement curvesiae lgy the following equations.
For theKelvin-Voigtmodel

() = Fault) [ (1= )] 512
whereu(t) is the step function and. = b/k. For theMaxwellmodel
1 1
y(t) = Fou(t) [E + gtl : (5.13)

The Standard Solidnodel has a step response of

ki
y(t) = Foul(t) {k‘% Tl k2>€_t/%} : (5.14)
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where

b(ky + ko)
kiky

The curves show that there is not much difference betweevéxevell and Standard Solid models,

which both give reasonable approximations of the step respo

To verify that the effect is in fact mechanical creep, a sertpkt is performed where a weight
is placed on top of the actuator and the displacement isdedawith no voltage applied. Figure
5.6(d) shows the results of this test. The mass was choserovap a force equivalent to the
electrostatic force applied in the voltage step responke.ldrge spike in the beginning of the plot
is from when the mass was applied. The plot does not show @asdmscrease in the displacement,
but instead seemingly random fluctuations that can be at&tbto sensor drift. Furthermore, the
slow rise observed in the electrical step response (Fig@p had a slope of1 um/s, but the
mechanical step response (Figure 5.6(b)) shows fluctisaatibhO0 nm over 50 seconds.

It is possible that the observed creep is an electrostagagmnenon rather than a mechanical
one. When a dielectric with an air interface is placed in argjrelectric field, it can start to
accumulate surface charges [95]. The slow accumulationrfdee charges could lead to a steady
rise in voltage, causing the plate to slowly displace. Thelemused for mechanical creep have
electrical analogs to explain charging [89] (capacitoessprings and resistors are dashpots), so,
if the effect is actually due to dielectric charging, it istisarprising that the creep models are able
to approximate the behavior of the data. Dielectric chaygiould lead to breakdown or pull-in
failures if the actuator is used for extended static holdse dharge accumulation could also lead
to operating point drift (as seen in Figure 5.6), affectinggise positioning.

(5.15)

Te =

5.5 AC Response

Frequency sweeps were performed on the samples to detettminelynamic response. Because
of the high stiffnesses seen in the DC response section, s oh&92 mg was added to the 9 mg
top electrode to bring the resonant frequency down to a lasugh value to measure at the 16 kHz
sampling rate. The frequency sweeps were done with diffelentric fields to see how the system
changes with operating point. The driving signal is a simlisath DC offset, V., that sets the
operating point, and an AC signal with a peak-to-peak veltagce the DC voltagel/,, = 2V;..
The results are shown in Figure 5.7. From Figure 5.7(a), wdiod the resonance frequengy,
and the quality factor), and we can use them to estimate the damgingnd the stiffnesg;. To
accomplish this we use the following equations,

fo= i/ 2 (5.16)
v m
and
Q= 2mfom (5.17)

b
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Figure 5.6: (a) Repeated DC step response for a sample madeebggpat 40 and 90C. (b)
Close up of unfiltered data for the first step, and theoretiegl sesponses drawn over the data. (c)
Close up of first few milliseconds of the step response. (dj #fldisplacement over time for a
constant force (481 mg weight).
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Vae (V) Vip (V) fo(hz) Q@ b(Ns/m) & (N/m)
300 600 845 13.0 0.127 8766
250 500 870 11.4 0.149 9293
200 400 894 7.8 0224 9812
150 300 960 45 0417 11315

Table 5.2: The&) and f, values were measured from Figure 5.7. The damping andesdsfivere
calculated using th@ and f; values. Mass is» = 311 mg.

The @ is found from the plot by taking the resonant frequengy, and dividing by the -3db
bandwidth below the peak.

The values are shown in Table 5.2. The calculated stiffnakses are on the same order as
those calculated in the DC response section=( £.;rA/go, gives~20-30 kPa). As predicted
by the theory, the resonant frequency shifts to lower vahezsause of spring softening at higher
voltages. The higher voltages also have the effect of lowetihe damping losses. The modest
(@ value makes it advantageous to run the actuator at resanAsamn be seen in Figures 5.7(c)
and (d), the actuator gets approximately twice the disptece by running at resonance, and it has
lower losses.

The measured losses are likely a combination of viscoelastil squeeze-film damping. The
contribution from squeeze-film damping can be estimatedsbygthe equation presented in Chap-
ter 3 for low frequency oscillations,

0.42A%
g
Using a mean gap size @f, =59.5um, an area ofA =25x10~% m? and an air viscosity of
i =1.8x107° kg/(m-s), results in a squeeze-film dampingbo£0.022 Ns/m. This number may
be an underestimate because the squeeze-film equationesspamallel plates with no structures
in between, so it does not account for any added losses dedeatae to the air having to move
between the fibers.

The Bode plot in Figure 5.7(b) was generated by substitutiegyélues from Table 5.2€0.13
Ns/m,.£=8800 N/m,m = 311 mg, V,=300 V, go = 60 um, R = 380 k2 andy, = 0.5 um) into the
linearized transfer function,

b

(5.18)

Y (s) _ 2kyo 1 (5.19)
0Vi(s)  Vo(s*Pm+sb+k+k.) 1+ seAR/(go — vo) '

The Bode plot predicts a resonant frequency of 842 Hz and aytedtor of 12.6. The magnitude
of the transfer function closely matches the measured raggshown in Figure 5.7(a). These
numbers are very close to the measured values, so the mogiddenaseful in predicting future
operating values.

Predicting the power density of the actuator requires a fsum@ptions since we have only run
the actuator with a purely inertial load. If we assume thatltad is matched to the impedance
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Figure 5.7: Dynamic tests for a sample madé &0d 90C. (a) The frequency response for in-
creasing voltage. The lowest voltage is 150+ 300V, and it increases by 50;. and 100V, up

to 300V, + 600V,,. The magnitude is thg-displacement divided by the applied voltage in deci-
bels. (b) Bode plot for response of linearized model, usr@13 Ns/m .£=8800 N/m,m = 311
mg, V5=300 V, go = 60 um, R = 380 k2 andy, = 0.5 um. (c,d) Plots of sample running at 300
Vi + 600V, at 10 Hz and near resonance at 870 Hz.
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of the actuator, and that the load does not affect any of theatar values, we can estimate the
maximum power delivered to the load. The maximum power dedigt for a matched load is
calculated from the following equation:

1 F?
——mar, 5.20
8 b ( )
The F,,.. value was not measured during testing, but it can be estihfaben the maximum
voltage,V;,.uz»

Pmam -

2
Frae = 1eoA< Yinas > : (5.21)
2 90 — Yo

Using the values oft =25 mn¥, V.., =600 V, go =60 zm andy,=0.5 zm, the maximum force
IS Fiee =11 mN. Using the estimated damping ©f=0.127 Ns/m, the maximum power is,
P..-=120 uW. Finally, dividing by the total mass of the unloaded aabua®.4 mg, the estimated
power density is 12.8 W/kg. This number is mostly speculdbigeause our assumption that the
load does not change the behavior of the system is almosiimgrhot true. The power density is
only one to two orders of magnitude lower than other micruraiors. For instance, piezoelectric
actuators have a power density near 400 W/kg [26].
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Chapter 6

Conclusion

This work presented an innovative suspension design fdrliemganew, energy dense, robust,
compact electrostatic actuators. A review of the curremtator field found that, even though
there are a large number of established or emergent teanias)dhey are all lacking in certain
key aspects such as reliability, maximum stress and stairgsponse speed. Therefore, designs
for a new suspension for electrostatic actuators were ptegeThe critical innovation of the pro-
posed angled fiber and porous foam suspensions was the medPaesson ratio that allows the
suspension to be placed between standard parallel platecand drive electrodes to create an
actuator with reliable solid electrodes, potential higless (1.1 MPa) and elastic strain-60%),

a fast response and low mass and volume. A simple fabricatiethod involving molding and
peeling of microfibers showed that it is possible to creagh laispect ratio (66:1.8) angled ther-
moplastic fibers with a fixed radius controlled by the dravioraf the material. Finally, parallel
plate actuators using the angled microfiber arrays weredestd shown to have a fast response
time of <2 ms, maximum strain of 3.4% at a stress of 0.85 kPa (limitediblectric breakdown

at 13.9 Vium), and power density of 12.8 W/kg. While not exceptional, #sutts are promising
considering the limitations of the micrometer size scalatufe versions will take advantage of
nanometer-scale fibers and gaps in order to approach theettoadb limits of this design.

6.1 Future Work

Clearly the microscale design does not meet the high expacsadf the design chapter, but this
is not surprising because the design chapter outlined tislfor ideal nanometer-scale devices.
Major improvements in actuator performance are possibladressing the fabrication issues
discovered here, and by creating new techniques to gerstrattures at the nanometer scale.
The fiber peeling method used open molds with random pordrgp#uat resulted in highly
non-uniform fiber arrays. One possible improvement is tb@#ane side of the molds to prevent
overfilling, and therefore, prevent the large differencéber length that can lead to unpredictable
stiffness. Another improvement is to use a mold with a regptae spacing. This would limit
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the number of entangled fibers that can create stiff fiber lesrahd cause problems due to fiber-
fiber collisions. Both of these improvements could be acc@hed by using molds made from a
regular silicon template as shown in Figure 6.1(a).

The proposed improvements to the fiber peeling techniqueotdaddress the critical issue of
fiber shape. One of the problems with the current fiber arsjfsat the fibers are actually curved
instead of straight, angled beams. The fiber peeling metrasdused because it is able to create
large area fiber arrays with low forces and simple alignmidotvever, the alternative fiber pulling
technique mentioned in Chapter 4 might provide more idealeahfipbers. Figure 6.1(b) shows
how angled fibers could be formed with the electrodes alreéidghed. Having the fibers fixed at
both ends during stretching would prevent them from drogmo a curved shape, and it would
keep them from clumping together.

Improvements to the current process may not solve the yndgnpbroblem of low maximum
electric fields. The large gap size of the microscale actuatots the maximum electric field
strength. As was shown in the design chapter, electric fiel#80 times those achieved here
are possible with gap sizesl ym and atomically flat electrodes. It may be possible to use a
method such as in Figure 6.1(b) to create actuators at thesnale. However, stretched polymer
nanofibers may be too compliant for the high electrostatiesses possible at very small gaps.
Therefore, other materials need to be considered, suchrlasrcaanotubes (CNTSs). In the fabri-
cation chapter, a method was introduced for creating ar@iis using plasma-assisted chemical
vapor deposition. Building on this process, alternatingtayf electrodes and CNT suspensions
could be deposited to easily build up a multilayer actuasosreown in Figure 6.1(c).

In all the future processes considered, a challenge willdségaing the the electrodes so that
they are as thin as possible yet still strong enough to stifp®toads at the outputs. The fibers will
help reinforce the electrodes and distribute the load#iit pressure concentrations, but electrode
cracking in between fibers could be an issue.
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Figure 6.1: Future fabrication methods. (a) Fiber peelnognfclosed mold with regular pattern.
1) Mold polycarbonate (PC) over silicon (Si) nanowire tenypl2) Remove PC from Si and mold
polyethylene (PE) on copper (Cu) into the PC mold. 3) Peel affdm(b) Fiber stretching with

attached electrodes. 1) Sandwich a mold between polymeelacttodes. 2) Etch out the mold.
3) Stretch and angle the fibers to the desired dimensionsLaygred carbon nanotube (CNT)
actuator. 1) Grow CNTs at an angle on nickel (Ni) substrate {Sgure 4.1). 2) Encapsulate
CNTs in a sacrificial material and polish to provide flat suefé@r deposition of insulation layer
and top electrode. 3) Deposit next layer of CNTs at oppositgeaio create linear actuator. 4)
Deposit insulation and electrode. 5) Remove sacrificial pswgation layers.
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Appendix A

Fiber pulling angles

When creating angled fibers by peeling a mold from a statiosanyple using moving stages,
some consideration needs to be given to the peeling afigle, and the pulling angled,..;. As
shown in Figure A.1, the peeling angle is the angle of the motl respect to the substrate, and
the pulling angle is the angle of the motion of the stages waipect to the substrate. The pull and
peel angles are not the same, except for the case where- 0.

Figure A.1 shows two positions of a mold being peeled awanfitoe substrate. The pull angle
can be solved for using simple trigonometry if it is assuntet the mold material is not elastic.
Then, as it is peeled away from the substrate, the lengtheoimtbld not attached to the substrate
increases by an amount equal to the length of substrate edpd%. Then, the pull angle is,

_ Y 4 ALSIn e
0 = tan™? =t
pull = FA1 (x + AL) o (AL oS Opeer + AL

= tan! (tan @) = M (A.1)
2 2
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Figure A.1: Geometric diagram of peeling.





