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Abstract

Design, Fabrication and Testing of Angled Fiber Suspensionfor Electrostatic Actuators

by

Bryan Edward Schubert

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Ronald S. Fearing, Chair

A suspension comprised of angled fibers is proposed as a new means for achieving high strain,
high stress, energy dense electrostatic actuators. Angledfiber arrays have low density and can
be placed between the electrodes of a parallel plate or comb-drive type actuator to create a self-
contained actuator sheet with low mass and volume. Angled fibers also have a Poisson’s ratio of
zero, allowing the use of robust, rigid electrodes, and theycan be composed of stiff materials with
low viscoelastic properties. This is in contrast to the alternative technology of dielectric elastomers
that depend on unreliable compliant electrodes and highly viscoelastic dielectrics. Performance
limits of an ideal nanometer-scale actuator, such as energydensity, stress and strain, and efficiency
are considered through theoretical modeling. A micrometerscale prototype is fabricated using a
novel fiber peeling technique that easily produces high-aspect-ratio (1.8µm radius, 66µm long),
angled microfibers. The microfibers are used as a suspension for a parallel plate actuator. The
prototype actuator is characterized through static and dynamic tests, to reveal a maximum static
strain of 3.4% at a static stress of 0.8 kPa (electric field of 13.9 V/µm), a fast unloaded step response
of < 2 ms, aQ of 12.9 and a power density of 12.8 W/kg when driving an inertial load in resonance
at 845 Hz.
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Chapter 1

Introduction

Actuators are one of the key elements limiting the creation of dynamic micro-robots. At the
large scale, the robot designer has a wide choice of powerful, efficient, reliable actuation mecha-
nisms, including pneumatics and electromagnetic motors. However, when transitioning to small
scale designs, traditional actuators, such as motors, begin to suffer issues related to low power
density and efficiency. For the case of motors, the housing becomes a significant part of the overall
weight, therefore lowering the power-to-weight ratio. Furthermore, extra gearing mechanisms are
generally required that lower the power-to-weight ratio even further. Additionally, frictional losses
also become more significant in small motors [97].

For small scale robots, there is also a wide range of actuatortechnologies available, but most
are lacking in key aspects such as maximum stress and strain,energy density or reliability. Some
are well established, such as piezoelectric ceramics, and others, such as dielectric elastomers, are
the subject of ongoing research. However, as actuator technology currently stands, there is not a
suitable solution for small-scale robotics. Of the many technologies, only a few have been used to
make working robots: DEAs in walking robots [12], IPMCs in swimming robots [17], piezoelectric
ceramic in flying robots [98] and shape memory alloy in crawling robots [35].

As with large-scale robots, small-scale robots require efficient, energy dense actuation with
large strain and force capabilities, and good static and dynamic reponses. Each technology has
advantages and disadvantages in terms of these metrics as will be discussed further in Chapter 2
(see Table 2.1). Shape memory alloy has a very high elastic energy density (0.78 J/g), but it is
too slow (<10 Hz) and inefficient for dynamic locomotion [93]. Piezoelectric ceramics have high
efficiency, stress and speed, but they can only produce smallstrains (<0.1%) [91]. Ionic polymer-
metal composites (IPMCs) also suffer from small strains (<3%) and can only be used as bending
actuators, but they require very little voltage (∼1-3 V) and can be used underwater (hence the large
number of swimming robots using these actuators) [17]. DEAshave the highest strains (30% up
to 380%) and they are able to generate large stresses (>1 MPa), 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 actuator. The elastic energy density is high
because the dielectric acts to both amplify the electric field, and also serves as the suspension.
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The highly compliant dielectric also allows large elastic strains. However, in practice, the highly
compliant electrode introduces a number of problems. The DEAs that report the largest strains (>
380%) suffer severely from creep, preventing them from holding static loads because of pull-in
failures (dielectric creeps until the field reaches breakdown), causing large losses at low frequen-
cies (90% at 10 Hz) [71]. A constant prestrain can be applied to offset these problems, but this
requires the addition of bulky frames around the actuator [12]. Furthermore, because the dielectric
is incompressible, DEAs need flexible electrodes that can maintain electrical continuity with very
high strains. The electrode technology has advanced somewhat with the use of CNTs that self-limit
breakdown, but even this solution can lead to losses due to air ionization [99]. Finally, because of
viscoelastic issues, DEAs need to be fairly thick to avoid breakdown at high fields (> 200 V/µm),
and this translates into large voltages (> 1 kV).

Building off the DEA concept of a sandwiched suspension, we propose a distributed support
structure composed of angled fibers that has an effective Poisson’s ratio of zero. This allows
the use of rigid electrodes. Electrostatic actuators with rigid electrodes, such as parallel plate or
comb-drive actuators, are appealing because of their high efficiency (>90%), long lifetime, quick
response time (>100 kHz and limited primarily by actuator stiffness and massinstead of diffusion
(IPMCs) or thermal transport (SMA)), and their ability for low-power static hold (ideally zero if
there is no leakage current).

However, electrostatic actuators with rigid electrodes suffer from some of the same problems
as DEAs; namely, they require a high electric field to attain high energy density. There are two
problems with high electric fields. One problem is attainingthem, and the other is limiting the
required voltage. Both problems have the same solution; makethe gap as small as possible. While
this is not an option with DEAs because of creep-related failures, angled fibers can be made out of
materials with low viscoelasticity because their compliance is primarily related to geometry. By
using more rigid materials, such as high-density polymers,creep can be mitigated, allowing very
small gaps. However, the compliance and elastic strain limit will not suffer because, as will be
shown in Chapter 3, high elastic strains (>50%) are possible by adjusting the fiber angle.

One potential drawback of dividing the dielectric into individual fibers is that it lowers the
relative permittivity. However, as will be discussed in depth in the design and modelling chapter,
decreasing the gap below 1µm can increase the allowable electric field before breakdownby 3-4
orders of magnitude (up to 2300 V/µm [36] equivalent to> 23 MPa for a parallel plate actuator in
air). For a gap of 100 nm, applying just 10 V will result in an electrostatic stress of 4 N/cm2.

Fiber supports also have a low density (∼90% less than solid), allowing the creation of light-
weight actuators, which is important for small-scale robots with low payload capability. Finally,
by incorporating the support structure within the electrodes, arbitrarily large sheets of actuator
material can be generated. These sheets can then easily be cut, rolled, or stacked to create the
appropriate actuator dimensions for the application.

The following chapters will discuss the current field of actuators through a detailed survey,
explore design criteria and actuator limits through modelling, and fabricate and test a microscale
prototype of a parallel-plate actuator with angled microfiber suspension.
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1.1 Contributions

This work builds on the field of electrostatic actuators. Specifically:

• Chapter 2 presents a detailed survey of the current small-scale actuator field. Technologies
considered are piezoelectrics (both ceramic and polymeric), shape memory alloy, dielectric
elastomers, ionic polymer-metal composites, carbon nanotubes sheets, thermal, magnetic
and electrostatic actuators.

• Chapter 3 explores the design considerations for creating electrostatic actuators with compli-
ant, compressible dielectrics. Topics covered include theelectric field limit due to dielectric
breakdown; the elastic strain limits of angled fibers and porous foam supports; potential
losses due to the dielectric, viscoelasticity and air damping, and trade-offs between parallel-
plate and comb-drive type electrodes.

• Chapter 4 details a fabrication technique for generating angled, high-aspect-ratio microfibers
by controlled demolding through peeling. This chapter alsolooks at the fiber radius and
length limits from the standpoint of cold-drawing of polymers.

• Chapter 5 characterizes the parallel-plate, angled-fiber actuator prototype through the use
of DC and AC analysis. The static and dynamic responses are compared with theoretical
predictions from Chapter 3. In particular, the strain, stress, losses and power density are
estimated from experimental data and theoretical models.



4

Chapter 2

Survey of Actuators

The following is a comparison of some of the actuator technologies that may be viable at the
small scale. Table 2.1 gives a comparison of representativeexamples of each technology. Most
of the numbers are from ideal laboratory settings so they do not necessarily reflect the expected
performance of an integrated actuator. Often these numbersneglect practical considerations such as
the volume or weight of support structures necessary to achieve useful force and motion. Therefore,
these numbers should not be taken as absolute truth for any given technology.

2.1 Piezoelectric Ceramics

Piezoelectric ceramics, such as lead zirconate titanate (PZT), are polycrystalline ferroelectric ma-
terials. Above the Curie temperature, these materials have no dipoles and thus no polarization.
Below the Curie temperature, the positive and negative chargesites no longer cancel each other
out, so the unit cells display a built in electric dipole [91]. Groups of neighboring dipoles will
align with each other to form polarized domains, known as Weiss domains. The Weiss domains
throughout a material can be out of alignment with each otherby 90◦ or 180◦, leading to no net
polarization. However, if a high enough poling voltage is applied to the material, the domains
can be forced to line up in the direction of the poling field, causing the material to stretch along
the poling direction. After the poling voltage is removed, the domains reorder slightly, but they
remain approximately aligned, locking in some level of strain. The material now behaves like a
piezoelectric. However, the ceramic can become depolarized if it is subjected to a high electric
field opposite to the poling field, a high mechanical stress that causes reorientation of the domains,
or if it is heated above its Curie temperature. The hysteresisloop for the described behavior is
shown in Figure 2.1(b).

Actuation can be caused by applying an electric field to the piezoelectric. A field with the same
polarity as the original poling field will cause the materialto stretch in the field direction until all
the dipoles are aligned. Once the dipoles are aligned, increasing the voltage has no effect. If a
field is applied with opposite polarity to the original poling field, then the material will compress
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Actuator Maximum Maximum Elastic Electric Specific Volume Efficiency Specific Frequency References

strain stress modulus field elastic elastic density
energy energy
density density

(%) (MPa) (MPa) (MV/m) (J/g) (J/cm3) (%) (g/cm3) (kHz)
Dielectric elastomer 380a 7.2 3.0 412 3.4 3.4 60-80 1 0.03 [12, 67]
(prestrained acrylic) 79t

Dielectric elastomer 7.5a 0.16 3.0 17 0.0057 0.0057 - 1 0.03 [12]
(unstrained acrylic) 7t

Dielectric elastomer 64a 3.0 1.0 350 0.75 0.75 90 1 2-20 [12, 67]
(prestrained silicone) 39t

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 1f 54 0.00065 0.00026 - 0.4e <50 [7, 8, 56, 94]
(polypropylene)
Piezoelectric ceramic 0.1 50 50000 1.5 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]
(Flexinol R©)
IPMC (Nafion) <10 10-30 100-500 0.004-0.28 0.06-0.18 0.15-0.45 - 2.5 <0.1 [60, 79, 80]
Ionic gels 10 0.01 0.12e ∼0.008 0.0005 0.0005 - ∼1 <0.001 [51]
(PAAM-PAA)
Conductive polymer 1.5 3.3 220e 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 320e ∼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,δT=200K) 0.48 326 68000 N/A 0.58 1.56 <10 2.7 <0.001 [12, 55]
Electrostatic 11 0.0082 0.075f 65e 0.001 0.0009 >90 0.84e - [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 materials.aArea strain. eEstimated value from calculations.fEffective modulus.
tThickness strain. *Modulus varies between 28-40 GPa for martensite and increases to 80 GPa for austenite [23].
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in the direction of the applied field. If this voltage is increased, it will eventually cause the dipoles
to realign with the new field, flipping their polarization direction. This behavior characterizes
dielectric hysteresis seen in piezoelectrics [91].
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Figure 2.1: (a) Reference axes for piezoelectric subscripts. (b) Example hysteresis curve for PZT
[91]. Marked positions correspond to a. unpolarized, b. polarized to saturation and c. default state
after polarization.

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

S = sET + dE, (2.1)

wheresE is the compliance (s = 1/Y ) of the ceramic given a constant electric field,E, T is
the applied stress, andd is the piezoeletric charge constant. The piezoelectric charge constant
represents the materials ability to convert stress to induced polarization (units of coulombs per
newton), or the induced strain per unit applied electric field (units of meters per volt). The dielectric
displacement,D, is given by

D = dT + ǫTE, (2.2)

whereǫT is the permittivity under constant stress. All of the constants represent tensor quantities
since piezoelectric ceramics are anisotropic [91]. For instance, we can choose the Z axis of a
rectangular system to be the direction of positive polarization, and denote X, Y, and Z as 1, 2, and
3, respectively, with shear about these axes represented by4, 5, 6, respectively (see Figure 2.1(a)).
Then, constants can be written with subscripts referencingthese values. For example,d33 is the
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induced polarization per unit applied stress in direction 3, andd31, is the induced polarization in
direction 3 for a stress applied in direction 1 [91].

The piezoelectric constant is usually used as a metric for determining the quality of a piezo-
electric material, where the better materials typically have a higherd value. For reference, PZT has
ad33 value of∼650 pm/V [70]. The maximum strain in piezoelectrics is limited by the maximum
electric field strength and mechanical strain limit. If the field is applied in the poling direction,
then the maximum field is determined by saturation (i.e. all the domains are aligned). If the field is
applied opposite to the poling direction, then the maximum is when depolarization starts to occur.
For PZT, saturation occurs at∼1.5 V/µm, and depolarization takes place at 0.3 V/µm [70]. If the
stress is set to zero,T = 0, then the maximum strain isS3 = d33E3 = 0.02 to 0.1%. The stiffness
is around 50 GPa, so the stress is 10 to 50 MPa. The actuation speed of piezoelectric ceramics is
high, with operating frequencies well into the kilohertz range.

Because of the low strains achievable with piezoelectric ceramics, large displacements can not
be obtained with a single plate because it would necessitatevery high fields. Therefore, most prac-
tical ceramic piezoelectric actuators use stacked sheets electrically connected in parallel to achieve
larger displacements at low voltages (∼50 V). Another option is to use the ceramic as a bending
actuator by attaching it to either a sheet of unactuated material (unimorph) or another sheet of
piezoelectric material (bimorph) [91]. In the bimorph actuator, the piezoelectric plates are electri-
cally connected such that one plate contracts while the other expands, causing bending. While the
bending configuration can result in higher displacements than a stack actuator, the piezoelectric
constant in the poling direction (d33) is usually about twice as large as in the transverse directions
(d31).

2.2 Electroactive Polymers (EAPs)

Generally stated, electroactive polymers are polymers that demonstrate some physical change in
response to an electric stimulus. These changes are driven by electric fields and coulomb forces
in the case of Electronic EAPs, or they are the result of the movement of ions in the case of Ionic
EAPs [57]. These two categories cover a wide variety of interesting polymers that can be used to
create actuators.

2.2.1 Electronic EAPs

Piezoelectric Polymers

Piezoelectric polymers have a non-centro-symmetric structure that results in the polymer chains
being polarizable [12]. Similar to piezoelectric ceramics, whose dipoles align with an applied
electric field, piezoelectric polymers will change phases in order to align their dipoles with an
applied electric field. The phase change results in a semi-permanent polarization of the polymer.
The polarization is reversible by applying a high opposite electric field, or by heating the polymer
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above its Curie temperature.
The most common piezoelectric polymer material is poly(vinylidene difluoride) (PVDF). This

material is widely used because it exhibits the best electromechanical responses at room tempera-
ture [19]. PVDF has four possible crystal structures, but the two most important to actuation are
the non-polarα-phase and the highly polarβ-phase. Both phases are stable at room temperature,
and both can be turned into a piezoelectric material by proper poling [52]. The defaultα-phase
can be turned into theβ-phase by stretching the polymer at low temperature (<90◦). This causes
orientation of the chains, making the polymer polar [52]. Theβ-phase requires a lower poling field
(50 V/µm) than theα-phase (100 to 300 V/µm) to show piezoelectric behavior, and theβ-phase
has a higher piezoelectric coefficient (d33=30 pm/V) than theα-phase (d33=10-15 pm/V) [52]. The
maximum stress and strain for PVDF is 3 MPa and 0.1%, respectively, at 30 V/µm [39].

Electrostrictive Polymers

Electrostrictive polymers are characterized as having polar crystalline groups within an amor-
phous or flexible material. These materials take advantage of the paraelectric-ferroelectric tran-
sition to achieve higher strains than piezoelectric polymers. P(VDF-TrFE) can be turned into an
electrostrictive polymer by introducing defects that decrease the crystallite size in solid PVDF
[12]. Defects can be introduced by exposing the polymer to high-energy electron irradiation or by
adding chlorinated monomer to the copolymerization process. The modified material solves some
of the problems of the original polymer actuator, such as large hysteresis (see Figure 2.2(a)), a
narrow transition temperature region, and a high transition temperature [37]. The defects lower the
paraelectric-ferroelectric transition temperature to near room temperature, broaden the transition
region, and lower the energy barrier between phase transformations, reducing the hysteresis. The
improved polymer is termed a relaxor ferroelectric [37]. Relaxor ferroelectrics have shown strain
in the thickness direction near 5% for materials with elastic modulii of 0.3-1.2 GPa, under electric
fields near 150 V/µm [12]. Strains of 2% have been shown with lower electric fields of 13 V/µm
by increasing the dielectric constant of the material to 400[37]. These materials also possess elec-
tromechanical coupling factors in excess of 0.6 (normal andtransverse directions) and an energy
density up to 1.1 J/g [19].

In addition to adding defects to solid PVDF, it is possible tocreate electrostrictive polymers
by grafting polar P(VDF-TrFE) crystal to a flexible elastomeric backbone, as shown in Figure
2.2(b). Because the hybrid polymer is part polar crystals andpart elastomer, it benefits from both
the electrostriction effect and the Maxwell stress effect seen in pure dielectric elastomer actuators.
However, the relative contribution of the Maxwell stress effect is less than 5% [6]. Demonstrated
strains are∼4%, with stresses around 22 MPa for an electric field of 120 V/µm. The elastic energy
density is 0.44 J/cm3 [86].

Other examples of electrostrictive polymers are liquid crystal elastomers (LCEs). LCEs are
similar to graft polymers in that they are composed of intrinsically polarized elements, called
mesogens, grafted to an elastomer chain. The mesogens will align with an electric field to cause
bulk stress and strain. LCEs have been used to produce strainsup to 4% at fields of 1.5 V/µm and
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speeds of∼100 Hz [12]. However, to reach the upper range of their energydensity (∼0.02 J/g),
stiffer LCEs (E=100 MPa) must be used, resulting in lower strains of 2% and a electromechanical
efficiency of 75% [38].
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Figure 2.2: (a) Comparison of approximate hysteresis loops for a normal ferroelectric (dashed line)
and a relaxor ferroelectric (P(VDF-TrFE)) (solid line) [19]. (b) Illustration of crystallized, polar
polymers grafted to a flexible elastomer backbone.

Ferroelectrets

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

Yeff = Y0

(

ρ

ρ0

)2

, (2.3)

whereY0 is the bulk modulus of the material andρ0 is the bulk density [31]. However, in ferroelec-
tret cellular films, a minimum in elastic modulus is seen at a relative density between 0.3 to 0.6 [7].
The minimum occurs here because, as the density is decreasedby continued gas pressurization,
the voids become more spherical, resulting in a higher stiffness. Typical films have elastic moduli
in the range of E∼1-10 MPa in the thickness direction [8].
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Figure 2.3: Illustration of trapped charge in a cellular polymer foam with bonded electrodes. A
voltage applied to the electrodes will cause this structureto compress.

The permanent charge in the pores (see Figure 2.3) is inducedby subjecting the porous films
to high voltages (>5 kV) that cause dielectric breakdown [12]. The electrical discharges create
permanent charge separation at the polymer-gas interface.The trapped charge density can be
increased by filling the pores with gases that breakdown at higher field strengths [8].

Polymer electrets have properties similar to piezoelectrics. By attaching conductive electrodes
to either side of the films, and applying a voltage, a change infilm thickness can be induced. For an
optimized film, the piezoelectric coefficient can bed33 >600 pm/V in the thickness direction [85].
Ferroelectrets also have a wide bandwidth ranging from a fewhertz up to hundreds of kilohertz,
making them function well as audio and ultrasonic transducers [85]. The maximum performance
of ferroelectrets is governed by the breakdown field. If the actuator is continuously run at high
fields, the piezoelectric coefficient will start to degrade [73]. Mellinger et al. found that for porous,
polypropylene ferroelectret films of varying thicknesses and cell sizes, breakdown started to occur
at a field strength of∼54 V/µm [56].

Dielectric Elastomers

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

PM = ǫrǫ0
V 2

g2
, (2.4)

whereǫr is the relative permittivity of the dielectric,ǫ0 is permittivity of free space,V is the
voltage, andg is the thickness of the dielectric. Notice that this is exactly twice the magnitude of
the electrostatic stress developed between two parallel plates with rigid electrodes. The factor of
two is gained by having electrodes that can expand [12].

For free boundary conditions and strains less than 10%, the change in thickness follows from
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Hooke’s Law as,

Sy = −PM

Y
= −ǫrǫ0

Y

V 2

g2
, (2.5)

whereY is the elastic modulus of the dielectric andSy is the strain in the thickness ory-direction.
The strain in the transverse directions can be determined from the incompressibility constraint of
the dielectric material [68],

St = (1 + Sy)
−0.5 − 1. (2.6)

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

ea = PMSy =
ǫ2rǫ

2
0

Y

V 4

g4
. (2.7)

Another typical metric is the elastic energy density, whichis ee = 1/2ea.

V on
V off

Figure 2.4: Illustration of dielectric elastomer with compliant electrodes compressing in thickness
and expanding transversely under an applied voltage.

In practice, the strain of most dielectric elastomer actuators is greater than 10%. In this case,
the assumption thatg is the initial thicknessg0 no longer holds. For this case, the more complicated
solution must be used [68],

Sy = −2

3
+

1

3

(

f(Sy0) +
1

f(Sy0)

)

, (2.8)

where

f(Sy0) =

[

2 + 27Sy0 +
(−4 + (2 + 27Sy0)

2)1/2

2

]1/3

, (2.9)

and

Sy0 = −ǫrǫ0
Y

V 2

g20
. (2.10)
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For the large deformations, the elastic energy density is calculated from [66]

ee = Y [Sy − ln(1 + Sy)]. (2.11)

From these equations it is easy to see that the material properties of the dielectrics are very
important to the actuator performance. It is not surprisingthen, that a lot of effort has been de-
voted to exploring different elastomers. Elastomers with Young’s moduli ranging from 100 kPa up
to 4 MPa have been tried as actuator dielectrics [12]. Materials such as polyurethane elastomers,
thermoplastic elastomers impregnated with oligomeric oils, and even Dr. Scholl’s gelactiv tubing
have been tested as potential actuator dielectrics [12]. However, the two most widely used elas-
tomers are still acrylic elastomers and silicone rubbers. Actuators made out of acrylic elastomers,
such as 3M’s VHB 4910, show the highest strains (380% in area), pressures (7.2 MPa) and energy
densities (3.4 J/g) [12]. By contrast, the less viscoelasticsilicones have a maximum strain of 63%
in area, maximum pressure of 3 MPa and elastic energy densityof 0.75 J/g [12].

The high performance values reported for elastomers are generally achieved by heavily pre-
straining the films (can be as high as 300% in some cases) [67].The high prestrain enhances the
breakdown strength of the materials. This allows an increase in the maximum applied field strength
by as much as∼8x in some cases , and in turn increases the energy density. The prestrain can be
applied in one or two directions, stiffening the material inthose directions and causing the material
to preferentially actuate in the lower prestrain directions. Prestraining the material has also been
shown to increase the mechanical efficiency and response speed, but it may cause a slight decrease
in the dielectric constant [12].

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

Ha et al. has developed an interesting solution for the prestraining problem in acrylic elas-
tomers [32]. Instead of using a frame to maintain the prestrain, they use an interpenetrating poly-
mer network (IPN). The acrylic is first prestrained. Then, while it is prestrained, a monomer and
initiator are sprayed onto the film and allowed to diffuse into the matrix. Next, the monomer is
polymerized. When the prestrain is released, the IPN prevents the acrylic from returning to its
initial zero-strain state, locking the prestrain into the film. The new material shows performance
metrics near that of the mechanically prestrained film, but without the frame.

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

Increasing the relative permittivity allows for higher Maxwell pressures and energy densities
at lower electric fields. For pure elastomeric compounds, relative permittivities range from 2-7
[12]. The value can be increased by adding metallic filler particles to the elastomers. For example,
Gallone et al. were able to increase the dielectric constantof a particular silicone elastomer from
7, with no particles, up to 24 by adding 30% lead magnesium niobate-lead titanate particles by
volume [28]. Other groups have reported relative permittivities in excess of 4000 for polyurethane
films loaded with graphite [14]. However, the addition of filler particles has the effect of increasing
the elastic modulus, decreasing the ultimate stress and strain, and lowering the breakdown voltage.
The lower breakdown strength can be a result of percolation occuring when the film is compressed
during actuation. The particles also typically increase the dielectric losses of the material. The
best results have been achieved by mixing a silicone elastomer with a highly polarizable polymer,
poly(3-hexylthiophene) (PHT) [12, 16]. With a 1 wt.-% blend, a transverse strain of 7.6% with
a field of 8 V/µm was achieved compared with only 1% strain at 0 wt.-%. However, this result
is somewhat misleading because the added PHT only increasedthe dielectric constant from 4.6 to
5.6, but the elastic modulus decreased from 100 kPa to 20 kPa.From the Maxwell stress equations,
it is clear that the change in modulus outweighed the slight change in dielectric constant.

One of the fundamental components of a dielectric elastomeractuator is the compliant elec-
trode. Because the elastomeric materials are incompressible, a flexible electrode is necessary in
order to see any significant strain. Therefore, developing reliable electrodes is another area of in-
tense research. An ideal electrode should maintain high conductivity over large strains, be very
compliant, survive repetitive expansion/contraction cycles, and be fault tolerant. The most com-
mon electrode materials are metallic paints, carbon grease, and graphite or carbon powders [12].
Carbon greases are the best choice for very large strain actuators because they are able to flow in
order to remain continuous over large area changes. The powdered electrodes are easier to han-
dle than the greases, but large strains can separate the particles enough to lose conductivity. The
powders are very simple to apply to sticky acrylic elastomers [15].

Solid metal films can be used as electrodes if the surface of the elastomer has an appropriate
pattern. Silver and gold films deposited on elastomers with rippled surface patterns have demon-
strated strains of 22 to 33% before the film starts to crack [12]. Nanometer-sized clusters of metal
ions can also be directly implanted into the surface of PDMS,and can remain conductive at strains
up to 175%. This method allows actuators to be selectively patterned, but the patterned regions
have an increased elastic modulus of 50-350% [75].

Another option for electrode material are thin layers of CNTs(∼15 nm). CNT films can main-
tain conductivity at 200% area strains because their high aspect ratio results in percolation at very
low concentrations [99]. CNTs are also somewhat robust to dielectric breakdown through the elas-
tomer because, instead of creating a continuous short like carbon grease, the CNTs are burned
away at the breakdown site. However, because of the sharp features of the CNTs, high fields
can develop at exposed tips, causing discharging through the air. This kind of discharging will
eventually degrade the electrodes, and the actuation strain will start to decrease.
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The discussion so far has presented the results of actuatorsunder ideal laboratory conditions,
most of which do not represent useful actuator configurations. Practical actuators using dielectric
elastomers have more modest performance. This is because ofthe added weight of passive com-
ponents needed to maintain prestrains, and also because themaximum values reported above can
not generally be sustained over numerous cycles without causing damage. Actuator devices either
use the area expansion or thickness reduction to generate force outputs. Expansion type actuators
include bending (unimorph and bimorph), stretched-frame,diaphragm, bowtie, bow, spider, spring
roll and extender. Thickness type actuators include folded, spring 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 configurations. (a) Spring roll actuator with
elastomer peeled back to show spring. (b) Folded actuator. (c) Bowtie actuator. (d) Bimorph (top)
and unimorph (bottom).

The spring roll and stacked actuators are a couple of the moreuseful actuator configurations
because they can provide high linear strains and forces. Thespring roll consists of a spring core and
two end caps that hold the elastomer in place. It is fabricated by attaching the rolled elastomer to
the end caps while the spring is compressed. Then, when the force is released, the spring provides
a prestrain for the rolled film. The force output is set by the number of layers rolled around the
spring. This device is capable of producing linear elongation of 31% in the active area and forces
of 7.2 N (∼60 kPa) for an actuator 45 mm in length, 12 mm in diameter and weighing 8 g [101].
Spring roll actuators have some problems with reliability because of stress concentrations at the
end caps [12]. Patterning of the active area can allow the spring roll to bend by expanding isolated
sections.

Stacked actuators use the thickness direction to provide displacement and forces. These de-
vices consist of stacks of thousands of individual films, or asingle continuous film folded many
times. A linear strain of 10.5% and stress of 3.75 kPa at 10.75V/µm have been achieved with a
folded silicone elastomer [63]. The folded actuator is potentially easier to fabricate than a lami-
nated stacked actuator. This is because in the folded device, there is only one electrode along a
continuous strip that is folded up into an actuator stack. With a layered actuator, each individual
layer needs to be properly electrically connected to the alternating layer.
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2.2.2 Ionic EAPs

Ionic Polymer-Metal Composites (IPMCs)

Ionic polymer-metal composites typically consist of a polymer membrane on the order of 200µm
thick, coated on both sides with thin layers of metal [6]. Thepolymer membrane is composed
of a poly-electrolyte with covalently-bonded, anionic side groups. The negatively charged matrix
is balanced by adding mobile cations. When a voltage is applied to the electrodes of a hydrated
IPMC, then the cations move toward the negatively charged electrode. The diffusion causes the
negative side of the membrane to swell, making the actuator bend toward the anode. The initial
diffusion creates a quick bending motion, but this is followed by a slow relaxation as the pressure
adjusts. The actuation process is illustrated in Figure 2.6. The relaxation does not necessarily have
to be in the unbending direction. For example, the two most widely used membrane materials have
opposite relaxation behaviors. For Nafion-based IPMCs neutralized by alkali metals, the relaxation
is in the direction of the cathode, and may even go past the starting position. For Flemion-based
IPMCs, the relaxation is toward the anode, creating further bending [6].

IPMCs have the benefit of only requiring a few volts (1-3 V) for actuation, and have been shown
to produce 3% strain and 30 MPa [12]. The actuation speed is dependent on ionic diffusion, so it
can range from a few hertz up to a few hundred hertz. IPMCs have limited applications because
they only actuate in a bending mode. However, their ability to work in wet environments has made
them useful in swimming robots and medical devices [63].

polymer membrane

cation rich clusters

Figure 2.6: IPMC actuation. Top figure is the neutral state. Middle figure is the state just after a
voltage is applied to the electrodes, causing cations to move toward the cathode. Bottom figure is
after the pressure gradient causes flow towards the anode, relieving some stress.

Ionic Gels

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

Ionic gel actuators can be limited by their need to be hydrated. However, Liu and Calvert de-
veloped a clever work around that allows polyacrylimide (PAAM) and polyacrylic acid (PAA) to
work in air [51]. Normally, when a voltage is applied across ahydrated PAA gel, water is expelled
from the material and it contracts. This is not a reversible mode of actuation in air because the
water is difficult to recover. Liu and Calvert solved this problem by layering PAA and PAAM gels.
When water is expelled from the PAA, it is absorbed by the PAAM,so that when the voltage is re-
moved, the water can be reabsorbed by the PAA. The contraction in area of the stiffer PAA (Y =650
kPa) forces the softer PAAM (Y =390 kPa) to contract as well, and the whole stack increases in
thickness. This allows a reversible strain of 10% at 3 V. Unfortunately, the solvent migration is
quite slow, taking 1 min to achieve the 10% strain.

Conductive Polymers

Conductive polymer actuators work by reversible redox reactions. The polymer is switched be-
tween the reduced and oxidized states by applying a small voltage (∼1-2 V) across a conductive
polymer in contact with an electrolyte solution [17]. While the polymer is in the oxidized state,
excess charge causes the uptake of ions perpendicular to thepolymer chain length [12]. The addi-
tional ions cause the polymer to expand. Then, when returnedto the reduced state, the extra ions
migrate away, allowing the polymer to relax.

Stresses range from 1 to 5 MPa for polypyrrole and polyaniline actuators. Strains range from
1 to 35%, with the highest strains coming from polypyrrole-based actuators [17]. However, while
strains of a few percent take a few seconds to realize, maximum strains near 30% can take a
few minutes to reach [17]. The mode of actuation is slow because it relies on the migration of
ions, and some of the ions are very large and not very mobile. Also, because of the need for
electrolytes, conductive polymer actuators need to be immersed in solution, or they must have
proper encapsulation. Another notable downside is their very low efficiency of∼1% [12].

2.3 Carbon Nanotubes

Baughman et al. showed one of the first examples of a Carbon Nanotube (CNT) based actuator
[9]. Their actuator consisted of an unordered mat of single-walled carbon nanotubes (SWNTs),
approximately 15-35µm thick, immersed in a solution of NaCl. When a voltage (∼1 V) was
applied to the device, actuation occurred through an expansion of the carbon-carbon bond length
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as a result of charge injection (see Figure 2.7). This deviceachieved a maximum strain of 0.08%
at less than 1 Hz [9]. The small strain is due to the fact that SWNTs tend to form bundles, so
the bond length is only increased on the outer nanotubes. Maximum strains of 0.7% have been
achieved since the initial work, but the theoretical limit of this type of actuator is a strain of 1%
because the voltage is limited to∼4 V before redox occurs in the electrolyte [6]. This materialcan
produce high stresses (elastic modulus∼1.2 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 gray regions are SWNT sheets bonded
together by double-sided tape. The polarity of the applied voltage causes the ions to form a charged
double layer on the SWNTs. The charge injection causes mechanical deformations in the SWNTs,
making the cantilever bend [9].

CNT sheets pulled from multi-walled carbon nanotube (MWNT) forests can be used as actu-
ators by suspending them over a distant ground plane and applying high voltages (>1 kV) [2].
These low density sheets (1.5 mg/cm3) change dimensions as a result of repulsion between nan-
otubes due to charge injection. The thin sheets (∼20µm 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 of∼1%. Sheets can be densified by wetting
them with ethanol and letting them dry. A sheet with a densityof 0.8 g/cm3 can generate a stress
of 3.2 MPa in the length contraction direction. CNT sheets aremuch 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 their crystal structure in response to
temperature. At low temperatures they have a martensite structure, which is characterized by a
monoclinic lattice. In two dimensions, this structure looks like a parallelogram. At high temper-
atures, the crystal structure changes to a cubic lattice, called austenite. There is hysteresis in the
structure change because of internal friction between the two phases. The width of the hysteresis
is typically 10-50◦C [93].
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The shape memory effect is seen when the material is deformedwhile cool, and then, upon
heating, the material returns to its original shape (see Figure 2.8). This ability comes from the
crystal structure of the alloy. In the martensite structure, the atoms naturally form rows of paral-
lelograms slanted in alternating directions. The rows can be forced into the same orientation by
deforming the structure with low stresses (∼70 MPa) at low temperature. When the material is
heated, the structural deformation is relieved, and the undeformed, high-strength austenite struc-
ture is recovered, generating stresses between 140 to 345 MPa [23]. However, repeatedly using the
higher stresses can cause eventual failure of the material.

w

w

(a) (b) (c)

Figure 2.8: Top row shows crystal structure of the material during the different stages of SMA
actuator use. (a) SMA spring in low-temperature, undeformed martensite state. (b) SMA spring in
low-temperature, deformed martensite state. (c) SMA spring in high temperature austenite state.

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

Electrically actuated SMA works by resistive heating caused by passing current through the
material. Because this is a thermal process, the actuation isfairly slow in ambient conditions
(∼10 Hz). The actuation speed can be increased by actively cooling with water or compressed air.
Actuators with smaller dimensions also heat up and cool downfaster. As a result, most actuators
are made with thin wire, 25 to 500µm in diameter, or thin films. The material strain recovery for
nickel-titanium alloys has a fundamental limit of 8%. If thematerial is strained more than 8% in
the martensite state, then dislocations will form and prevent full shape recovery. For actuators that
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will be used over multiple cycles, the strain should be kept between 4 to 5% [23]. To build up
large displacement, SMA wire is usually shape set at high temperatures into a helical spring. The
spring can then be used as either a contraction or extension actuator by stretching or compressing
it, respectively, in the low temperature state.

The amount of current required to heat an SMA actuator above its phase transition temperature
(∼100◦C) is dependent on actuator dimensions, ambient temperatureand the properties of con-
tacting materials. As an example, a 150µm diameter wire at room temperature requires 400 mA
to contract in 1 second, whereas a 25µm diameter wire only needs 45 mA to contract in 1 second
[23]. Higher currents can be applied to the wires to increaseactuation speed, but this runs the risk
of overheating the wire or reaching stress limits because ofinertial effects from the load.

2.5 Thermal Actuators

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

δL = LαδT, (2.12)

whereL is the length,δT is the change in temperature, andα is the thermal expansion coefficient.
The blocked force is then

F = Y AαδT, (2.13)

whereA is the cross sectional area [47]. For a centimeter cubed piece of aluminum (α=24
µm/(m·K) andY =68 GPa [55]) subjected to a temperature change of 200K, the change in length
is 48µm or 0.48% strain, and the force is 32.6 kN or 326 MPa. This typeof actuation can produce
very large stresses, but the strains are fairly small. Higher displacements can be achieved by using
a bimaterial cantilever configuration and taking the bending deflection as the output. Thermal ac-
tuation also suffers from slow recovery times because of thetime necessary to cool the material.
Efficiencies are also low because a lot of heat energy is lost to the environment. As a result, this
simple mode of actuation does not represent a very practicalartificial muscle technology.

2.6 Magnetic Actuators

2.6.1 Electromagnetic

Magnetic actuators rely on two primary mechanisms to generate forces and displacements. These
are electromagnetism and magnetostriction. Electromagnetic actuators are typically composed
of some configuration containing a current-carrying wire and a permanent magnet. The current
carrying wire generates a magnetic field that interacts withthe permanent magnet to generate a
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force. This is the mechanism behind electric motors. However, we will not consider electric
motors here because they are size limited. An example of a linear electromagnetic actuator is
the voice coil found in speakers. A voice coil is composed of current-carrying wires wrapped
around a spring-supported magnet. The direction of the current flow can be changed to either repel
or attract the magnet. Voice coils can have strains up to 50% and generate pressures in excess
of 100 kPa with high effiencies [12]. However, electromagnetic actuators have the drawback of
having constant power dissipation during static holds. This is because 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 material properties in the presence of a mag-
netic field. Magnetostrictive alloys have a reversible change in dimension when their internal
magnetic domains align with a magnetic field. Pure nickel andiron contract with an applied field,
but they only show strains of∼0.003%. Rare earth materials, such as the popular Terfenol-D
(Tb0.27Dy0.73Fe1.9), expand in a magnetic field with a strain of 0.2%, a stress of 70 MPa and an
energy density of 15-24 kJ/m3 [25, 39]. Magnetostrictive actuators are fabricated by winding a
wire around a cylinder of the alloy. Achieving maximum strains requires high magnetic fields,
100 kA/m, which leads to high resistive losses in the coils and thermal dissipation problems [39].

2.7 Electrostatic Actuators

2.7.1 Parallel Plate Actuator

Electrostatic forces have been used to create a number of different types of actuators. The most
simple of these is the parallel plate actuator, shown in Figure 2.9, which consists of two conductive
plates separated by a dielectric and supported by some spring elements. When opposite charges
are applied to the plates, the attraction causes the plates to move together. The electrical energy
stored in this system is

e =
1

2
CV 2, (2.14)

whereC is the capacitance andV is the voltage potential. If the fringing fields are neglected, the
capacitance for a parallel plate configuration is

C =
ǫA

g
, (2.15)

whereA is the area of the plate,ǫ is the permittivity of the dielectric, andg is the plate separation.
The force is given by

F = −∂e

∂g
=

ǫAV 2

2g2
=

ǫA

2
E2, (2.16)
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whereE is the electric field. Finally, the electrostatic pressure is

P =
1

2
ǫE2. (2.17)

It is apparent from these equations that the performance of electrostatic actuators is highly de-
pendent on the gap spacing. As was seen with dielectric elastomer actuators, large voltages are
necessary if large gaps are used, so gap spacing should be minimized.

g
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Figure 2.9: Parallel plate actuator.

Parallel plate actuators have found a number of uses as integrated components in silicon-based,
opto-electronic devices [34] and high speed relays [59]. Silicon micro-machining techniques allow
precise control of small gap spacings necessary for low voltage actuation. However, these partic-
ular silicon-based devices are not immediately applicableto artificial muscle applications because
they are dependent upon bulky support structures, and they can only output forces of micronewtons
over distances of micrometers. In order to be useful as a robotic actuator, it is necessary to put the
actuators in series to scale up force and displacement to usable levels. A few examples of scaled up
devices are present in the literature [11, 58]. These devices are composed of alternating, flexible
electrodes joined by rigid elements. When a voltage is applied to the structures, they collapse in
one direction, generating linear actuation.

Integrated Force Arrays (IFAs) created by Bobbio et al., shown in Figure 2.10(a) [11], is a
device fabricated in the plane using micro-fabrication techniques. This results in an actuator sheet
composed of numerous (1.5 million elements) very thin plates (2µm). This device can generate
an electrostatic pressure of∼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

S =
tg + 2(tm + tp)

2(tg + tm + tp)
, (2.18)

wheretg is the air gap size,tm is the metal thickness andtp is the plate thickness. If the metal
and plate thicknesses are made very small, the strain approaches a maximum of 50% because of
the rigid supports. The actual structure only achieved 11% strain because not all of the cells were
working properly. The theory also shows that the plates willcome into contact at small voltages
because of pull-in. Pull-in occurs when the electric field starts increasing more rapidly than the
mechanical restoring force, causing the plates to snap together. However, this leads to hysteresis
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in the actuation. Jacobson et al. predicted that for a given geometry, the pull in voltage should be
35 V, but the plates will not separate until the voltage is reduced to 8 V [43].

rigid support pillar
polyimide beam
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d polyimide film
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double-sided tape
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Figure 2.10: (a) Integrated force array. The polyimide beams aretp = 0.35µm thick, the metal
layers aretm = 30 nm thick, and the air gap between beams istg = 1.2µm thick. The support
spacing isd = 22 µm long. This actuator is only 2 to 4µm thick into the page [11, 43]. (b)
Macroscale, distributed electrostatic micro actuator. This actuator is composed of flexible 7.5µm
thick polyimide film coated with 12.5 nm of nickel. The double-sided tape is 25µm thick. This
actuator is 28 mm thick into the page [58].

Minami et al., created a similar structure to the IFA, calledthe Distributed Electrostatic Micro
Actuator (DEMA), shown in Figure 2.10(b) [58]. They built the actuator at both a centimeter scale
by stacking up metalized films, and a millimeter scale by using photolithography and electroplat-
ing. The macro model showed strains of 36% at 200 V (force was not measured). The structure
in the macromodel takes advantage of very compliant films, and a variable gap spacing that allows
the plates to zipper together. This is how they achieve largestrains at low fields (E ∼0.36 V/µm
in the center of the cells where the gap is∼550µm). The microscale model had less than∼1%
strain at 200 V, and an estimated stress of∼420 Pa [58]. Even though the microscale actuator has
smaller gaps (15µm), it produces a much lower strain because of the higher stiffness of the metal
structure.

2.7.2 Comb Drive Actuator

Comb drive actuators, shown in Figure 2.11, are another type of electrostatic actuator widely used
in silicon devices. They are popular in MEMS because, for a given voltage, their force output
remains constant with displacement, unlike parallel plateactuators. This greatly simplifies dis-
placement control. Also, they experience less air damping than parallel plates and provide larger
strokes [88]. If we examine a single finger of a comb drive, andwe ignore the fringing fields, the
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capacitance between the inner finger and the outer fingers is

C =
2ǫhx

d
(2.19)

whereh is the height of the finger,x is the finger overlap, andd is the gap between fingers. As
we did with the parallel plate actuator, we differentiate the energy with respect to the change in
displacement to get the force,

F =
∂e

∂x
=

ǫh

d
V 2. (2.20)

This force comes from the fringing fields at the tip of the finger drawing the finger in. For multiple
fingers, the force scales linearly with finger number (numberof single fingers with two fingers
on each side). From this equation, we notice that the force isdependent on the gap between the
fingers, and is proportional to the height of the fingers, which is representative of the overlap area.
Also, as previously stated, the force is not dependent upon the displacement inx, meaning that
there is no concern about pull-in instabilities. Comb drivestypically have forces in the micro- to
millinewton range, and displacements from 1 to 100µm [102]. The corresponding stresses are in
the kilopascal range, with operating frequencies in kilohertz range. In order to become a practical
muscle-like actuator, work needs to be done on the suspension so that actuators can be placed in
series to achieve high displacements. Alternatively, large overall displacements may be possible
by using comb drives in conjunction with ratcheting mechanisms [10].
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Figure 2.11: Comb drive actuator shown at an angled perspective, and detail of a single finger from
the top view.

2.7.3 Electrostatic Induction Linear Actuator

Another type of electrostatic actuator is the electrostatic induction motor [61]. This is a linear
actuator composed of a stator film and a slider film, shown in Figure 2.12. The stator film has a
repeating pattern of parallel three-phase electrodes embedded in an insulating film [61]. The slider
has an insulating layer backed by a high resistance coating.As positive and negative voltages are
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sequentially applied to the stator phases, an opposite charge is induced on the slider film. Because
the slider has high resistivity, the charges are slow to decay. The stator phases are powered in a
sequence that alternates between repulsion and attractionwith the slider, causing the slider film to
move with respect to the stator. The sheets can be made arbitrarily long to achieve specific stroke
lengths, and they can be stacked in parallel to increase the available force. Linear sliding forces of
6 N/m2 (force over total electrode area) have been achieved with a 12 µm thick film operating at a
speed of 420 mm/s and±750 V [24].
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Figure 2.12: Linear induction motor. In (1) charges are induced on the slider by the rotor. In (2)
the charge on the rotor is switched, causing it to repel the slider and force it over by one step.

2.8 Concluding Remarks

There is clearly no shortage of small-scale actuator technologies. However, not all actuators are
equal as Table 2.1 clearly shows. Each type of actuator has a specific use where it excels, but there
is not a good candidate for an all-purpose general actuator for small-scale robots. Some actuators
are speed limited due to thermal (SMA) or ionic transport (IPMCs) issues. Other actuators are
strain limited because they rely on crystallographic conformation changes (piezoelectric ceramics
and SMA). Finally, some have limited lifetime and require bulky support structures (DEAs).

Electrostatic actuators can have fast response times (>1 kHz) that are typically limited by the
mechanical properties of the suspension and the load (mass and stiffness). They can also have high
strains. For a parallel plate actuator operating in compression, the strain could easily be> 50%.
Electrostatic actuators with rigid electrodes also generally have long lifetimes. Take for example,
MEMs resonators that are continuously cycled at thousands of hertz for years. Stress and energy
density can also be quite high if sufficiently small gaps are used. As will be shown in the next
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chapter, it may be possible to create an actuator capable of generating>17 MPa if the gap is below
<1 µm.

The properties mentioned for electrostatic actuators are very appealing, but the challenge lies
in creating a self-contained actuator device. MEMs structures require external supports that limit
their uses to on chip actuation. DEAs are a type of monolithic, electrostatic actuator, but they fall
short of ideal performance because of the dielectric elastomer material. The material introduces
a number of problems, such as creep and electrode failures. However, the idea of having the
dielectric also serve as a suspension is a great one. The following chapters will explore possible
sandwiched suspensions that have a zero Poisson’s ratio to allow the use of robust rigid electrodes
and materials with low viscoelasticity. This will facilitate the 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 fundamental pieces: the dielectric, the suspen-
sion and the electrodes. There are a number of choices for each of the components depending on
the application. However, for all actuators some of the important considerations are energy density
(both by volume and by mass), efficiency, force, strain and lifetime. For small-scale robot applica-
tions, the energy density is of particular importance because of size, power and weight limitations.
The following sections will explore the design considerations for each component of the actuator
so that these values are maximized.

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

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

3.1 Dielectric

In the two suspension designs considered, the dielectric isa combination of the support structure
material and a gas. This mixture will determine the maximum allowable electric field before
breakdown and the dielectric losses.
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3.1.1 Dielectric Breakdown in Air

Electrostatic actuator performance is dependent upon the electric field. Therefore, the maximum
safe electric field is one of the limiting factors for electrostatic actuation. If the dielectric is a
gas, electrostatic discharge may occur either through avalanche breakdown or as a result of field
emission. The breakdown strength depends on the gas, so it may be desirable to use gases with
a high breakdown strength. However, this will introduce theneed for encapsulation. For air, the
breakdown field is 3 V/µm under normal conditions [33]. However, because the molecules in air
are free to move around, this value is influenced by the mean free path of the particles. In order to
cause avalanche breakdown, electrons must gain enough energy so that they ionize the atoms that
they collide with, initiating a cascade of current flow. The Paschen effect predicts that there is a
minimum breakdown voltage when the gap gets small enough to prevent electrons from building
up the necessary energy to cause breakdown. The Paschen equation is given by

Vb =
Bpy

ln (py) + k
, (3.1)

wherep is the gas pressure,y is the gap between electrodes, andB and k are experimentally
determined constants that depend on the gas and electrode material used [40]. For air with platinum
electrodes,B = 2737.5 V/(kPa·cm) andk depends on the value ofpy (k = 2.0583(py)−0.1724 for
0.0133≤ py ≤0.2 kPa·cm, k = 3.5134(py)0.0599 for 0.2≤ py ≤100 kPa·cm, andk = 4.6295 for
100≤ py ≤1400 kPa·cm) [40]. For the given constants, there is a minimum voltageof ∼330 V
whenpy = 0.14 kPa·cm, corresponding to a gap of 14µm at a pressure of 1 atmosphere (101 kPa),
or an electric field of 24 V/µm.
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Figure 3.1: Electrical limits based on Paschen effect and field emission in air. (a) Maximum voltage
versus gap spacing. (b) Maximum field strength versus gap spacing. The shaded regions denote
the safe design limits.
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The Paschen model predicts that after the minimum voltage, the breakdown voltage increases
sharply because the mean free path of air is on the same order as the gap size. However, exper-
imental data shows that this effect is only valid for a small range of gap sizes. Eventually, the
breakdown voltage actually decreases rapidly because of the onset of field emission. Slade found
that as an iron needle approached a silver electrode, the Paschen effect lost relevancy when the gap
reached 6µm [82]. After this point, the breakdown voltage was linear with gap spacing,g,

Vb = Kg, (3.2)

whereK is an experimentally determined constant. For the particular case examined by Slade,
K was between 65 and 110 V/µm. This constant represents the maximum electric field for gaps
less than 6µm. TheK value will be dependent on the electrode material used and the surface
roughness, but the reported values provide reasonable estimates. 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 with an air gap in between. Other
researchers have shown that the dielectric breakdown strength can be further increased by applying
a thin insulator on atomically flat electrodes. Horn and Smith were able to achieve field strengths
up to 2300 V/µm with silver electrodes coated in mica and silicon, and having an air gap less
than 1µm [36]. However, the maximum field decreased to 600 V/µm as the gap was increased
to 3 µm. This value is higher than those reported by Slade due to theinsulating layers and the
atomic roughness of the surfaces. Any roughness can lead to charge concentrations that initiate
breakdown [82]. The configuration of electrode-insulator-air-insulator-electrode is similar to the
composition of actuators proposed in this document. Therefore, it is likely that the maximum
electric field strength and electrostatic forces of an idealactuator with nanometer-scale gaps and
atomically-smooth, insulated electrodes could be quite high (> 500 V/µm and> 1.1 MPa).

3.1.2 Dielectric Breakdown in Porous Material

The breakdown strength of dielectrics that are a combination of air and solid insulators also needs
to be examined because a number of the proposed designs consider such hybrid dielectrics as
support structures. In dielectrics composed of a combination of air and solid material, such as
foam, the dielectric breakdown limits are less straight forward to calculate than in either individual
case. Typically solid materials have a much higher breakdown strength than air. For instance, in
polymers the dielectric field strength ranges from 700 V/µm for low-density polyethylene up to
1200 V/µm for poly(methyl methacrylate) [42]. The large range is dueto material properties such
as molecular weight, crystallinity, and molecular polarity.

Researchers have shown that the introduction of gas filled voids lowers the dielectric break-
down strength of a solid material, with higher porosity leading to lower strengths [30, 56]. The
size of the pores and their distribution determines how muchthe field strength is lowered [3].
Smaller pores have less of an effect than larger pores, as would be expected from the discussion in
the previous section. However, the dielectric strength of aporous material is not simply the field
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strength of the largest pore as predicted by the Paschen effect. Mellinger and Mellinger disproved
this hypothesis by looking at porous polypropylene [56]. Intheir experiments, they showed that
the breakdown strength greatly exceeded the value predicted by the Paschen effect. For example,
in a polypropylene foam with a maximum void size of 7.5µm, the expected breakdown strength
of an equally sized air gap was predicted to be∼47 V/µm, but the actual field strength of the foam
was>100 V/µm. One possible explanation for this effect is that the thin polymer walls of the cells
provide a barrier that arrests avalanche breakdown. While the field may be high enough to initiate
breakdown within the void, extra energy is necessary to continue the breakdown through the solid
dielectric [42]. The cascade will have an easier time propagating if there is a high concentration of
voids. This is verified by Gerson et al. who showed that regions with many pores will have lower
strengths than more solid regions [30].

An absolute theory to describe this phenomenon is not available because of the numerous
material and geometrical considerations. However, the experimental work done in this area shows
that the maximum field strength for systems with hybrid air/solid dielectrics is generally higher
than those predicted for air only.

3.1.3 Dielectric Losses

Even if full breakdown does not occur, losses can still arisebecause the dielectric material is not a
perfect insulator. The loss can be modeled as a parallel RC circuit, where the capacitor is treated
as ideal and the resistor represents the losses [78]. The capacitance value is

C =
ǫ′A

g
, (3.3)

whereǫ′ is the dielectric constant (ǫ′ = ǫrǫ0) at frequencyω, A is the area andg is the gap size.
The parallel resistance is

1

R
=

(σe + ωǫ′′)A

g
, (3.4)

whereσe is the conductivity of the dielectric andǫ′′ is the loss factor.
Another typical way of representing the loss is by using the loss tangent, also called the dissi-

pation factor [76],

tan δe =
ǫ′′

ǫ′
=

σe

ωǫ′
. (3.5)

Air has a very small conductance, so it’s loss tangent is nearzero [76]. Certain polymers also
have low dissipation factors. For instance, polyethylene ranges from 0.00003-0.00015 at kHz
frequencies [74]. In the structures proposed, dielectric losses should be minimal since the dielectric
is composed of a mixture of air and good insulating materials, such as thermoplastics.
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3.2 Suspension

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

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

Dielectric elastomer actuators are an example of a system with compliant supports and com-
pliant electrodes. The compliant support is the solid dielectric elastomer layer, and the compliant
electrodes are composed of carbon powders, greases or carbon nanotube sheets. Because the elas-
tomer is incompressible, it expands in area as it compressesin thickness. Therefore, the compliant
electrodes are a necessity rather than a design choice. The ability to stretch allows for a factor
of two improvement in the electrostatic pressure over solidelectrodes, but this advantage is out-
weighed by the problems that arise from unreliable compliant electrodes.

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

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

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

3.2.1 Ideal Stiffness

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

Stability

First we consider the stability of of the system. Figure 3.3(a) shows the electrostatic force plotted
with the spring force for the system shown in Figure 3.3(b). The units are arbitrary because we are
just interested in the shape of the curves. The electrostatic force is

Fe =
1

2
ǫA

(

V

g

)2

, (3.6)

whereǫ is the permittivity,A is the area,V is voltage andg is gap size. The spring force is

Fs = k(g0 − g) (3.7)

for a linear spring, whereg0 is the initial gap size. For a buckling spring, the force is

Fs =

{

k1(g0 − g) for g ≥ gc
k1(gc − g) + k2(g0 − gc) for g < gc

}

, (3.8)

wheregc is the buckling transition.
In Figure 3.3(a), the closed dots represent unstable pointsand the open dots represent stable

points. The unstable points mark positions where, if the electrode is displaced any further, the
spring restoring force will be smaller than the electrostatic force, so the plate will collapse to zero
gap. The stable point marks the equilibrium position for thespecific voltage. This is the position
where the spring force and the electrostatic force balance.As the voltage is increased, eventually
there will only be one crossover point between the electrostatic force and the spring force. This
point represents the pull-in voltage. For the linear spring, it is found to be [78]

VPI =

√

8kg30
27ǫA

. (3.9)
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Figure 3.3: (a) Spring force for linear spring and buckling spring plotted with electrostatic force for
a parallel plate actuator with arbitrary units. The filled dots are unstable points and the open dots
are stable points. The arrow shows the direction of increasing voltage. (b) Illustration of spring
between parallel plates.

The pull in voltage corresponds to a gap size of

gPI =
2

3
g0. (3.10)

For the buckling spring, the pull-in voltage will occur wheng = gc if gc < 2g0/3, correspond-
ing to a voltage of

VPI =

√

k1(g0 − gc)g2c
ǫA

. (3.11)

Otherwise, it will have the same pull-in voltage as the linear spring.

Static Operation

For static operation, the linear spring will provide a larger range of stable displacements, unless
gc < 2g0/3, in which case they provide the same general behavior. However, a buckling type
spring might be advantageous in situations where the actuator needs to be very stiff until a critical
voltage is applied.

In theory it is assumed that the plates will collapse to zero gap, but in reality this is not the
case. This is because the spring will have some finite volume that will eventually act as a hard
stop for the plate. If the springs were designed to withstandthe full collapse without plastically
deforming, then the actuator could be used to provide a fast,stepping motion. Then, if a number
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of actuator layers were stacked, and if each layer were controlled separately, it could create a large
linear actuator with discrete stepping motion. A patternedsheet of this type of actuator might make
an interesting topological display.

Dynamic Operation

The full dynamic model will be discussed later, so for now, wewill just mention a few brief spring
stiffness considerations for dynamic operation. As the stability plot showed, the voltage determines
the stable point of operation for the actuator. If we assume that the operating point is set by a DC
offset voltage, and that the system is excited about this position by an AC signal. Then, if the spring
is truly linear, the displacement will be very easy to predict. However, if this system is nonlinear,
then the AC excitation could lead to undesirable behavior. Also, in a resonant mechanical system,
the spring and the mass determine the resonant frequency of the system. As the spring stiffness
is increased, the frequency also increases and vice versa. If the spring is non-linear, then the
resonant frequency will change depending on the operating point. This could be a desirable trait
if multiple resonant frequencies are required for a single system. Besides resonance, the spring is
also important for impedance matching. When the actuator is driving a load, the maximum power
transfer occurs when the impedance of the load matches the impedance of the source. Being able
to control the spring stiffness to help match the load is important. Once again, having a non-linear
spring complicates this procedure because the impedance will not only be a function of frequency,
but also the operating point.

3.2.2 Viscoelastic Losses

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

The mechanical analog of dielectric loss is viscoelastic loss. Viscoelastic loss arises from inter-
nal friction as a material deforms [78]. Viscoelasticity isa property of all materials, however, for
some materials, such as metals and quartz, there is little noticeable deviation from linear elasticity
at room temperature [49]. However, if suspension elements are made from polymer materials, then
viscoelasticity needs consideration.

Linear viscoelasticity can be modelled as a combination of springs and dashpots. The spring
represents the linear elastic part of the material response, while the dashpot is the viscous compo-
nent. Figure 3.4 shows some of the possible combinations andtheir displacement behavior over
time for a constant force. The slow increase in displacementunder a constant force is referred to
as creep.

The parallel combination shown in Figure 3.4(a) is known as the Voigt-Kelvin model [49]. This
model is characterized by a slow increase in the displacement from the instant of initial loading.
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Figure 3.4: Models for linear viscoelasticity in a material, and plots showing approximate dis-
placement behavior for a constant applied force. (a) Voigt-Kelvin model. (b) Maxwell model. (c)
Combined Voigt-Kelvin and Maxwell model called the StandardSolid [72]

The differential equation describing this model is

ẋ =
1

k
Ḟ +

1

b
F, (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 thespring and dashpot in series,

allowing the system to have a fast initial response followedby constant creep [49]. The differential
equation for this system is

1

k
F = x+

b

k
ẋ. (3.13)

The valueτr = b/k is the relaxation or creep time constant.
The final model is a combination of the two called the StandardSolid [49]. This model is more

characteristic of an actual material. More components can be added to this model as needed to get
a better fit to observed behavior. This has a differential equation of

(k1 + k2)ẋ+
k1k2
b

=
k1
b
F + Ḟ . (3.14)



36

As with dielectric losses, for dynamic operation the loss isusually given as a loss tangent [49],

tan δm =
k′′(ω)

k′(ω)
, (3.15)

where for the standard solid

k′(ω) = k2 + k1
ω2τ 2r

1 + ω2τ 2r
(3.16)

and
k′′(ω) = k1

ωτr
1 + ω2τ 2r

. (3.17)

For the standard solid the relaxation constant isτr = b/k1. These equations show that the loss
tangent decreases with increasing frequency.

Semi-crystalline materials, such as polyethylene, do not have considerable viscoelastic losses,
but they are still present. Osman et al. [64] found that the loss tangent for high density polyethylene
varies from 6 at 0.0016 Hz to<0.5 at 160 Hz.

3.2.3 Porous Supports

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

For linear actuators, we are interested in a porous structure that is subjected to uniaxial com-
pression. There is some variation between materials, but a typical stress strain curve for a cellular
structure in compression consists of three regions: linearelastic, plateau and densification. For
small strains (<5%), porous foam shows linear elasticity due to cell wall bending and stretching.
For larger strains (between 5% to 80% depending on density),the stress of the foam plateaus be-
cause of cell wall buckling. Finally, at high strains (>80%), the strain increases sharply because
the cells are densified into a solid-like material. The precise size and behavior of each region de-
pends on the properties of the cellular material, and whether or not it is an open cell foam, meaning
that the fluid in cells is free to flow between cells, or if it is aclosed cell foam, meaning that the
fluid is trapped in the cells.

The approximate behavior of different foam types in compression is shown in Figure 3.5.
Foams made of brittle materials, such as ceramic foams, experience unrecoverable damage in
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Figure 3.5: Example compressive stress-strain behavior for different cellular foams. (a) Elas-
tomeric foam, where plateau region is from elastic bucklingof cell walls. (b) Polymeric foam that
shows a plateau region as a result of plastic yielding of cellwalls. (c) Brittle foam with jagged
plateau region resulting from brittle fracture of cell walls [31].

the plateau region as a result of brittle crushing of cellular structures. Polymer foams can also be-
come damaged during the plateau region if the stress within the cell walls reaches the yield stress
of the bulk material. For example, Zhang et al. found that polypropylene foams had 20% unre-
coverable strain after being compressively strained to 80%[100]. By contrast, elastomeric foams,
such as polyurethane, are fully resilient from compression[100]. This makes elastomeric foams a
good candidate for high-strain, actuator support structures. However, viscoelastic losses could be
significant with an elastomeric material, and lead to some ofthe same problems as DEAs.

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

Linear Elastic

The stiffness of foam in the linear elastic region depends onif the cells are open or closed, and the
relative density of the foamρf/ρs, whereρs is the density of the solid andρf is the density of the
foam. For open cell foams with low density (ρf/ρs < 0.1), the stiffness comes from cell bending,
but as the density increases, there is more of a contributionfrom extension and compression of
the walls [31]. At low strain rates, the fluid within the cellsdoes not affect the stiffness unless it
is highly viscous. For closed cells, the stiffness comes from cell walls bending, compressing and
stretching, and from compression of trapped fluid. The relative effective elastic modulus,Yeff , for
open cell foams is

Yeff

Ys

=

(

ρf
ρs

)2

, (3.18)

whereYs is the Young’s modulus for the solid material [31]. The modulus for the closed cell foam
is

Yeff

Ys

= φ2

(

ρf
ρs

)2

+ (1− φ)
ρf
ρs

+
p0(1− 2νf )

Ys(1− ρf/ρs)
, (3.19)
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whereνf is the Poisson ratio of the foam,p0 is the pressure in the cells, and(1 − φ) is percent
of solid material contained in the cell faces [31]. The Poisson’s ratio is completely dependent on
the foam cell structure, ranging from -0.1 to 0.5, and it doesnot show any dependence on relative
density. A Poisson ratio of near zero is typical of low density foams in compression [100].

Both of the effective modulus equations are only valid for foam samples that can be treated as
a continuous material, meaning the cell size is roughly 20 times smaller than the smallest sample
dimension [31]. In actuator use, if the cell size starts to approach the gap size, then more detailed
analysis that considers the specific foam structure needs tobe performed. For example, the single-
level, fibrillar structures discussed in detail in the next section are typical structural elements seen
in continuous foams.

Plateau - Yielding

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

For open cell elastic foams with densityρf/ρs < 0.3, the elastic yield stress,σel, is approxi-
mately

σel = 0.05Ys

(

ρf
ρs

)2

. (3.20)

This equation states that the yield stress occurs at 5% strain. This value may change depending on
the specific foam, but it is consistent with a number of experiments [31]. For lower density foams,
ρf/ρs < 0.3, a correction factor is added to account for higher stiffness [31],

σel = 0.03Ys

(

ρf
ρs

)2
(

1 +

(

ρf
ρs

)1/2
)2

. (3.21)

Similarly, for closed cell elastic foams

σel = 0.05Ys

(

ρf
ρs

)2

+ p0 − patm for ρf/ρs < 0.3 (3.22)

σel = 0.03Ys

(

ρf
ρs

)2
(

1 +

(

ρf
ρs

)1/2
)2

+ p0 − patm for ρf/ρs > 0.3, (3.23)

wherepatm is the atmospheric pressure [31].
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Plateau - Post Yielding

The post buckling behavior also depends on whether the cellsare open or closed. For open cell
elastic and plastic foams, the post buckling behavior is essentially flat until densification. As it
approaches densification, the stress increases very quickly. This behavior is given by

σ = σel when S ≤ SD

(

1− 1

D

)

+ Sel (3.24)

σ =
σel

D

(

SD

SD − S

)m

when S > SD

(

1− 1

D

)

+ Sel, (3.25)

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

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

σ = 0.05Ys

(

ρf
ρs

)2

+
p0S

1− S − ρf/ρs
, (3.26)

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

Densification

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

Sc = 1− 1

0.3

ρf
ρs

. (3.27)

This equation says that an elastic foam withρf/ρs > 0.3 starts densification immediately, and
therefore, does not have a noticeable plateau region.

The compression limit of a foam material is reached when all the cells have collapsed to form
a solid material. This state is called densification, and it will occur at different strains depending
on the the relative density of the material. Naturally, a highly porous structure will be able to reach
larger absolute strains than a less porous material. For both open and closed cell structures, the
strain limit is approximately

SD = 1− 1.4

(

ρf
ρs

)

. (3.28)

For actuator applications using rigid electrodes, theSD value represents a fundamental strain limit
because the material will start acting like a solid, meaningthat 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 withm = 1 andD = 1 and different relative
densities,ρf/ρs, is plotted in Figure 3.6 using the equations reported here.From this plot we can
estimate the behavior of an actuator that uses the foam as thecompliant support structure. For low
relative densities, such asρf/ρs = 0.1, a parallel plate actuator would be able to achieve nearly
70% strain just by overcoming the elastic yield stress. If weassume an elastic material such as a
silicone rubber with a Young’s modulus near 1 MPa, the elastic yield stress is only,σel ≈ 600 Pa,
which for a relative permittivity of 1 equates to an electricfield of ∼12 V/µm. This is well below
the limit calculated in Section 3.1.1, meaning that the actuator could potentially reach even higher
strain. In fact, at a field strength of 110 V/µm, the maximum strain reaches 85% which is very
close to the densification limit of 86%. An actuator with thissuspension would collapse as the
yield stress is reached, but the maximum strain would be limited to the densification strain,SD.
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Figure 3.6: Normalized stress as a function of strain for an elastic open cell foam withm = 1 and
D = 1. The values on the lines are the relative densitiesρf/ρs.

3.2.4 Angled Fiber Supports

Open celled porous foams are essentially multilayer arraysof randomly oriented fibers. When the
overall dimensions of the foam are much larger than the individual fiber elements (∼20x larger),
the foam acts like a homogeneous material. However, for electrostatic actuators that require very
small gaps, this means that the cell size must be even smallerin order to get uniform behavior.
This can present some serious fabrication challenges.

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

Angled fibers are a good choice as a support structure becausethey provide a more gradual
stress profile than vertical fibers or foams, which both buckle at small strains. Figure 3.2(a) shows
a sketch of an array of angled fibers acting as supports for a parallel plate actuator. Angling also
allows the creation of very long compliant fibers that can still fit in the small gaps necessary to
achieve high electric fields. Furthermore, there are a number of potential fabrication processes
available to create arrays of angled micro- and nanofibers indifferent materials, including molding
and bending of polymers microfibers [1, 44, 50], and etching of silicon nanowires [69].

Problem Definition

Determining the stiffness of an array of angled cantileversstarts by examining a single element.
Consider the free body diagram in Figure 3.7(a). We will assume that the fiber length does not
change as a result of loading, and because the fiber is thin with respect to the length, we will
also neglect shear forces. Therefore, the change in fiber shape upon loading is purely a result of
bending. It is also assumed that the number of fibers per unit area are low, so that fibers do not run
into each other. Finally, the force at the tip of a fiber is a concentrated force that comes from the
electrostatic pressure on the plate divided by the number offibers,F = Pe/ρ, whereρ is the areal
fiber density.

To satisfy equilibrium conditions, the force on the fiber tipresults in an equal and opposite
reaction force at the fiber base. Also, because the fiber is part of an array, and the connecting plates
are assumed to be rigid, the fiber ends can not rotate, so they must be able to support a moment.
These moments must be equal and opposite to prevent rotationof the plates with respect to each
other.

If the fiber has a uniform cross section and a constant inclination along its length, then the
inflection point will be at the midpoint of the fiber. At the inflection point the curvature is zero
(dθ/dξ = 0), so the moment is also zero (M = Y Idθ/dξ = 0). This allows us to break the fiber
in half, so that each half is a fiber with one fixed end and one free end. A single half is shown
in Figure 3.7. The shape of the total fiber can be found by combining the solution of the fiber in
Figure 3.7(b) with a free end fiber rotated 180◦ and joined at the tips. Finally, to make the solution
of one half easier, we can rotate it such that it is a vertical fiber with an angled load as shown in
Figure 3.7(c).

The fiber bending problem is described by the Euler-Bernoullitheory of beam bending [72],
which states that the moment at any point along the beam is proportional to the change in curvature
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Figure 3.7: (a) Single angled pillar bending under electrostatic force,F . Because the fiber is part
of a uniform array, the tip is allowed to translate but not rotate, so it must support a moment,M .
(b) Half of a total fiber. There is no moment on the tip of the fiber because if the fiber is symmetric,
the inflection point (M = Y Idθ/dξ = 0) should be at the middle of the fiber. The initial angle
from vertical isα, and the final position of the endpoints arexc andyc. (c) Fiber rotated to allow
formulating the problem as a vertical fiber with load angled at α from vertical. The position along
the fiber is represented byξ, and the angle at points along the fiber with respect to vertical is θ(ξ).

caused by the load. This relationship is summarized as

M = Y I
dθ

dξ
, (3.29)

whereY is the Young’s modulus andI is the area moment of inertia, which isI = πR4/4 for a
circular fiber with radiusR. The derivative of the angleθ with respect to position along the fiber,
ξ, is equal to the inverse of the radius of curvature,ρc, or

dθ

dξ
=

1

ρc
. (3.30)

For the particular situation in Figure 3.7(c), the moment atany point along the fiber is described
by

M = Y I
dθ

dξ
= Fxn(ync − yn) +Fyn(xnc − xn) = F sinα(ync − yn) +F cosα(xnc − xn), (3.31)
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wherexnc = xn(ξ = L), ycn = yn(ξ = L), andL = Lt/2.
We will examine two solutions for equation 3.31. The first is the case where displacements are

relatively small, (less than 10% of the length), so that simplifications can be made. This method
produces a simple linear model that is useful for quick approximations of fiber array stiffness. We
will also examine the complete solution from the theory of elastica. The elastica method describes
the complete nonlinear behavior of the fibers. This model will provide insights into performance
limits in the high strain regime.

Small Displacements

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

dθ

dξ
=

d2xn

dy2n

1 +
(

dxn

dyn

)2
≈ d2xn

d2yn
. (3.32)

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

d2xn

dy2n
=

F

Y I
sinα(L− yn). (3.33)

We can solve this by direct integration by using the following boundary conditions,

xn(ξ = 0) = yn(ξ = 0) = 0 and

(

dxn

dyn

)

ξ=0

= 0. (3.34)

We find that thexn position of the tip is

xn(ξ = L) =
FL3

3Y I
sinα. (3.35)

To find the vertical displacement back in the original axes, we notice that

∆y = xn(ξ = L) sinα =
FL3

3Y I
sin2 α (3.36)

Then, the fiber stiffness in they direction is

ky =
3Y I

L3 sin2 α
. (3.37)
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Finally, the total fiber stiffness in they direction is

kty =
ky
2

=
3Y I

2L3 sin2 α
=

12Y I

L3
t sin

2 α
. (3.38)

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

ktxy =
kxy
2

=
3Y I

2L3 sinα cosα
=

12Y I

L3
t sinα cosα

. (3.39)

The two stiffnesses,ky andkxy, have the opposite behavior asα is varied. Increasingα causesky
to decrease andkxy to increase.

For the small displacement model, the stiffness of a single fiber is constant for all deflections.
This makes it easy to determine an effective modulus of an array of angled fibers. The strain of a
compressed fiber in they-direction is

Sy =
2∆y

Lt cosα
. (3.40)

The stress is
σy = ρkty2∆y, (3.41)

whereρ is the fiber density per area. Finally, the effective modulusin they-direction is

Yeff,y =
σy

Sy

=
12ρY I

L2
t

cosα

sin2 α
. (3.42)

Similarly, an effective modulus in thex-direction as a result of stress in they-direction is

Yeff,xy =
σy

Sx

=
12ρY I

L3
t sinα cosα

Lx, (3.43)

whereLx is the length of the actuator in thex-direction (direction of fiber angling). For large area
actuators,Yeff,xy will be large andSx will be very small.

By knowing the effective modulus of the fiber arrays, the strain as a result of the electrostatic
pressure can be determined easily from Hooke’s law,

Sy =
Pe

Yeff,y

. (3.44)

Large Displacements

For large displacements, the solution to equation 3.31 is found by employing elastica theory.
Frisch-Fay provides a concise solution to this problem by employing elliptic integrals [27]. The
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position of points along the beam are

xn =

√

Y I

F
{2p cosα(cosm− cosn)− sinα[F (p,m)− F (p, n) + 2E(p, n)− 2E(p,m)]}

(3.45)

yn =

√

Y I

F
{2p sinα(cosm− cosn) + cosα[F (p,m)− F (p, n) + 2E(p, n)− 2E(p,m)]} ,

(3.46)

whereF (•, •) andE(•, •) are the incomplete Legendre elliptic integrals of the first and second
kind, respectively (see [27] for a complete definition). Thevalue ofp is found by solving the
following set of equations,

m = sin−1

(

sin (α/2)

p

)

(3.47)

L =

√

Y I

F
[K(p)− F (p,m)], (3.48)

whereK(p) = F (p, π/2) is the complete elliptic integral of the first kind. Once we know p, we
can find the angle at the end of the fiber,θ(s = L) = θ0, from

θ0 = 2 sin−1(p)− α. (3.49)

By knowing the angle at the two ends of the beam, we know the entire range ofθ values, so we
can find then ands values,

n = sin−1

(

sin ((θ + α)/2)

p

)

(3.50)

ξ =

√

Y I

F
[F (p, n)− F (p,m)]. (3.51)

The above equations describe the complete solution for halfof the fiber. To get the entire shape,
we simple rotate the solution by 180◦ and add it to the tip positions,xnc andync,

xnt(ξ) =

{

xn(ξ) for 0 ≤ ξ < L
2xnc − xn(Lt − ξ) for L < ξ ≤ Lt

}

(3.52)

ynt(ξ) =

{

y(ξ) for 0 ≤ ξ < L
2ync − yn(Lt − ξ) for L < ξ ≤ Lt

}

. (3.53)

To get the fiber coordinates in terms of the original axes, thepositions are multiplied by the
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rotation matrix,
[

x
y

]

=

[

cosα sinα
− sinα cosα

] [

xn

yn

]

. (3.54)

Figure 3.8(a) shows an example of the fiber shape when loaded with increasing force. As the fiber
deflects, it makes an s-shape because of the fixed ends. Figure3.8(b) shows the fiber tip position
(xc, yc) during compression for different initial angles,α. The figure shows that the smaller theα,
the higher the possiblex displacement. The plots in Figure 3.8 are for fibers with radiusR = 1 µm,
total length ofLt = 100 µm, density ofρ = 4.854 × 109 m−2, and Elastic modulus ofY = 200
MPa. These values are chosen because they are similar to fabricated structures seen in the next
chapters, however, the behavior can be generalized to othertypes of fibers.

The required stresses to achieve high strain seen in Figure 3.8(a) are quite reasonable for elec-
trostatic actuation. For example, consider the curve for the fiber withα = 45◦. A stress of only
500 Pa is necessary to achieve 70% strain. This amount of stress can be generated electrostatically
with a field of only 10 V/µm. Considering the discussion of field strength limits in Section 3.1.1,
this is a reasonable value even at the large gap (∼ 70 µm) that would be required for a fiber with
Lt = 100 µm.

The fiber strain in they-direction is

Sy =
Lt cosα− 2yc

Lt cosα
. (3.55)

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

σy =
F

A
= ρF. (3.56)

An effective elastic modulus can be found from Hooke’s Law,

Yeff =
σy

Sy

=
ρFLt cosα

Lt cosα− 2yc
. (3.57)

This equation shows that, unlike the small deflection case, the effective modulus is not a constant
value. Figure 3.8(c,d) compares they-direction stress strain curves for the small-displacement,
linearized model and the large-displacement, elastica model. The linearized model matches the
elastica model well in regions with smally-deflections. These regions are defined by smallα
values and small strainsSy, or for largeα values and large strainsSy. In fact, forα = 85◦, the
curves are almost identical betweenSy = 0 and 1. Another interesting feature is the buckling-like
behavior of fibers with small angles. The curve forα = 5◦ in Figure 3.8(d) has a threshold stress
that needs to be overcome before significant strains can be achieved. However, if more linear
behavior is desired, higherα values can be used.

The maximum strain of an array of angled fibers is determined by a few criteria. The first is
the elastic limit of the material. If an actuator is to withstand a number of actuation cycles, the
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Figure 3.8: Plots for low density polyethylene (LDPE) fiberswith radiusR = 1 µm, total length of
Lt = 100 µm, density ofρ = 4.854 × 109 m−2, and Elastic modulus ofY = 200 MPa. (a) Shape
of a fiber with initial angle ofα = 30◦ compressed by an increasing force,Fy. Position normalized
by length. (b) Fiber tip position, normalized by length, as tip is loaded with an increasing force,
Fy. (c) Stress-strain curves in they direction from the linearized, small displacement model. (d)
Stress-strain curves in they direction from the large-displacement, elastica model.
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stress should be kept below the plastic yield stress of the material. In the elastica model considered
above, the maximum stress from bending occurs at the outer edge of the fiber where the moment
is the highest,

σmax =
Mmaxr

I
, (3.58)

wherer is the fiber radius. The maximum moment is located at the base of the fiber, so from
equation 3.31,

Mmax = Fync sinα + Fxnc cosα (3.59)

Figure 3.9(a) shows the maximum bending stress divided by the bulk elastic modulus,σmax/Y ,
versus strain,Sy, for different anglesα. The yield stress for polymers is approximately 5% of the
elastic modulus [55], which is represented by the dashed line. The figure shows that for higher
initial angles, the maximum stress in the fiber never reachesthe yield stress, meaning that these
fibers should be able to withstand 100% strain in they-direction without becoming deformed.
The fibers with smallerα values are limited to smaller strains. For example, whenα = 5◦, the
maximum strain is∼50% before yielding occurs. The maximum strain for different fiber arrays
will vary depending on the radius-to-length ratio,R/Lt. As R/Lt increases, the maximum strain
will become smaller, and as it decreases, the maximum strainwill become larger. The elastic
strain limit should be considered when designing the actuator so that it is within the stability
region determined by the spring stiffness and electrostatic forces. Otherwise, inadvertant plastic
deformation could occur.

0.0 0.2 0.4 0.6 0.8 1.0

0.00

0.02

0.04

0.06

0.08

m
ax

be
nd

in
g

st
re

ss
,σ m

a
x
/
Y

strain,Sy

α = 5◦

25◦

45◦

65◦

85◦

20 40 60 80

0.855

0.860

0.865

0.870

0.875

0.880

0.885

angle,α (degrees)

m
ax

st
ra

in
,S

y

(a) (b)

Figure 3.9: Plots for fibers with radiusR = 1 µm, total length ofLt = 100 µm, density of
ρ = 4.854× 109 m−2, and Elastic modulus ofY = 200 MPa. (a) Maximum bending stress versus
strain in they direction. (b) Maximum strain in they direction when outer radius of fiber comes in
contact with the electrodes plotted versus initial fiber angle,α.

The other criteria are geometrical considerations. Becausethe fiber is confined between two
plates, none of the points along the fiber can have a negativey position. For simplicity, it will be
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assumed that the max strain occurs once a point along the fiberreachesy = 0, or when

ymax > 2yc, (3.60)

whereymax is the maximumy-position along the fiber. Figure 3.9(b) shows the maximum strain
in the y-direction before the outer radius of the fibers come into contact with the plates. The
maximum strains are quite high, ranging from 85 to 89% for angles fromα = 5◦ to 85◦. In reality,
the array may be able to strain even further, but it is difficult to predict the shape of the fibers once
they become confined.

Another geometrical constraint is imposed by adjacent fibers. In dense arrays, this could greatly
limit the strain of the fiber array because of jamming and adhesion between contacting fibers. This
problem can be avoided in arrays with regular patterns and sufficient spacing by angling the fibers
in the direction that provides the most space for bending. Random arrays will encounter more
problems from interfiber interactions, but for simplicity,it is assumed that fibers are able to slide
past one another.

V

V

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

So far, only the deflection in they-direction has been discussed in detail. However, as Figure
3.8(b) shows, thex-deflection can be quite significant for smallα. The deflection in thex-direction
can be used as an additional output, or it can be removed by adding structural elements on the ends
of the arrays that prevent the plates from moving in thex direction. However, restricting thex
motion will result in a stiffening of the array. A better solution to achieve purely linear motion in
they direction is through alternating layers as shown in Figure 3.10. In this configuration, thex
displacement is effectively canceled out, but the stiffness of a single layer is unaffected.

3.3 Electrodes

The distributed support structures outlined above are general spring elements that can be used
with a number of electrode configurations. Their use has already been highlighted in parallel
plate and comb drive actuators. Other electrode configurations are possible, such as the bending
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configuration shown in Figure 3.11. However, this type of actuators is impractical because is
produces small strains, and it relies on the strength of one thin strip of material. Therefore, only
the parallel plate and comb-drive configurations are considered here because they can produce
large strains, and they can have multiple layers to increasethe robustness, force and stroke of the
total actuator.

+
− +

− +
− +

− +
−

Figure 3.11: Drawing of bending strip actuator. The horizontal bars are alternating electrodes
supported by a thin strip. When alternating charge is appliedto the electrodes, the bending induced
in the support strip causes the actuator to contract, as shown in the drawing on the right.

There are a number of trade offs between the parallel plate and comb drive designs including
fabrication, control and performance. The following sections 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 flow between moving plates. When
electrodes are pushed together, any trapped gas must be pushed out from between the plates, and
when the plates are separated again, a vacuum is created thatpulls fluid back into the cavity.
Because the proposed designs have open cavities, they will besubject to squeeze-film damping
losses if they are not operated in vacuum.

For a plate actuator that has a large plate size relative to the gap size, the damping is related to
the length,L, and width,W , of the plates and the position of the moving plate with respect to the
fixed plate,y. It is also a function of the viscosity of the fluid,µ, and the velocity of the moving
plates,ẏ. The damping force for small displacements is [20]

Fsf =
16cW 3Lµ

y3
ẏ, (3.61)

whereẏ is the time derivative of the plate positiony, and

c = 1− 0.6
W

L
for 0 <

W

L
< 1. (3.62)

The above relationship is only valid for certain assumptions. First, it is assumed that the change
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in pressure of the fluid does not result in a change in temperature [78]. This assumption can be
made because the dimensions of the devices are such that any heat can be rapidly dissipated.
Another condition is that the Reynolds number is small,

ωg2mρf
µ

<< 1.0, (3.63)

whereρf is the density of the fluid. The gap sizegm is the mean value of the air film thickness
during oscillations. For small displacements,gm ≈ g0. This condition may not hold at high
frequencies or large gaps, but for a parallel plate actuatorwith a gap ofg0 = 50 µm running at a
frequency of 250 Hz (µ ≈ 1.8 × 10−5 kg/(m·s) for air at 25◦C [4]), the Reynolds number is 0.25
[84].

Another condition is the no-slip boundary condition that ismet when the Knudsen number is
small. The Knudsen number is defined as the ratio of the mean free path of the gas particles to the
film thickness,Kn = λ/gm [90]. When the mean free path of the gas reaches one percent of the
film thickness, slip-flow conditions can arise, causing the damping effect to decrease [84]. Veijola
et al. [90] developed a simple expression to represent this change as an effective viscosity,

µeff =
µ

1 + 9.638K1.156
n

. (3.64)

This equation shows that the effective viscosity of the gas decreases as the Knudsen number in-
creases. The mean free path of air at room temperature and atmospheric pressure is approximately
90 nm [84], so the effect of damping can be reduced by decreasing the gap size below 9µm.

For large displacements, but small density changes, equation 3.61 can be modified to represent
the higher damping forces. This is done by multiplying equation 3.61 by

fD =

(

1− ∆y

gm

)−3/2

, (3.65)

where∆y is the plate displacement [84].
Finally, a useful number for squeeze-film damping is the squeeze number,

σd =
12µW 2

g2mPm

ω =
π2ω

ωc

, (3.66)

wherePm is the mean gas pressure andωc is the cutoff frequency. The squeeze number is used
to determine the behavior of the damping. At low frequenciesrelative to the cutoff frequency, the
squeeze number is small and the system acts like a purely resistive damping element. For a square
plate at low damping numbers the damping coefficient reducesto

b =
0.42A2µ

g3m
, (3.67)
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whereA is the plate area [4]. At high frequencies (ω > ωc), the gas film acts like a spring with
spring constant

k =
PmA

gm
, (3.68)

and the damping falls as 1/σ0.4
d [4]. The cutoff frequency for a square plate 5 mm by 5 mm and

air gap size of 50µm at atmospheric pressure is near 73 kHz, so operation at the 0.1-10 kHz range
would experience mostly losses from air damping.

The choice of electrodes will affect the squeeze-film damping. Solid electrodes easily trap air
because the only openings are at the edges. For large plates,this can mean significant damping
losses. Therefore, it may be necessary to make holes in the electrode to limit this effect [5]. For
a parallel plate the holes mean losing active electrode area, but for the comb-drive configuration,
most of the electrostatic force comes from the combs, so it may be possible to remove electrode
material at the bottoms of the troughs without greatly affecting the force.

3.3.2 Force Control

In terms of ease of control, the comb drive actuator is preferable to parallel plate because, as shown
in Section 2.7.2, the gap does not change with displacement.This means that a constant voltage
will provide a constant electrostatic force regardless of the position along the stroke.

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

F =
Q2

2ǫA
. (3.69)

Charge control can still result in pull-in instabilities dueto parasitic capacitances, but it can greatly
increase the stable range of a parallel plate actuator [77].

3.3.3 Performance - Stress, Strain and Work Density

As shown in Section 3.1.1, designing a device with gap sizes in the field emission regime (< 6 µm)
allows for the highest electric fields, and therefore, the highest stress, strain and energy density.
The limits of these values for parallel plate and comb drive actuators are compared below.
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Stress

The maximum stress is simple to calculate for the parallel plate design. Plugging the maximum
electric field,Emax into equation 2.17,

σy =
F

A
=

1

2
ǫE2

max, (3.70)

and assuming a relative dielectric constant of 1, the maximum stress is betweenσy = 19 and 54
N/m2 for Emax = 65 to 110 V/µm.

The maximum stress of a comb drive actuator is slightly more difficult 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 width,d is the gap between fingers, andh is the height of the fingers (see
Figure 2.11). This area assumes that the comb drive is a repeating structure consisting of one
finger and half the area of the two adjacent fingers. Combining the area with equation 2.20 gives
the stress

σx =
F

A
=

ǫV 2

2d(b+ d)
=

ǫ

2

(

d

b+ d

)

E2

max. (3.72)

This equation shows that the maximum stress depends on the ratio d/(b + d). If the finger width
b goes to zero, then the maximum stress is the same as for the parallel plate actuator. However,
because the finger will always have some finite width, the maximum stress achievable with the
comb drive will always be less than for a parallel plate actuator.

Strain

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

Sy =
∆y

y0
, (3.73)

wherey0 is the original gap size and∆y is the change in gap size. The maximum strain would be
close to 100% if the spring elements were completely compressible. However, as was shown in
the support section, even low density foams (ρf/ρs = 0.1) have a maximum strain of∼86%.

The comb drive configuration starts off with a maximum ideal strain half that of the parallel
plate configuration. If the fingers are allowed to move between the two extremes of tips barely
intermeshed, to tips touching the opposite electrode, thenthe maximum displacement is approxi-
mately the length of a finger,L. This means that, in the rest configuration, the total lengthof the
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actuator is2L. As the fingers are pulled in, the overlap is represented byx, so the strain is

Sx =
x

2L
, (3.74)

where, because of geometrical constraints,xmax = L. In reality, the allowable strain will be limited
by the support structures, as is the case for parallel plates, and also 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 displacement, which for a constant force
is simply

W = Fd. (3.75)

The force and displacement are usually dependent upon the size of the actuator, so a good way to
normalize this value, for comparison purposes, is to divideby the volume of the actuator. For a
parallel plate actuator, with a constant electric field, thework is

W =
ǫA

2
E2∆y. (3.76)

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

W

v
=

ǫA∆y

2Ay0
E2 =

1

2
ǫSyE

2. (3.77)

This value is maximized when the initial gap,y0, equals the final displacement,∆y, or, in other
words, when the strain,Sy, is 100%. As already noted, achieving 100% strain will be impossible
with support structures between the plates. Assuming an airdielectric,ǫ = 8.85× 10−12 F/m, and
the maximum electric fields found in Section 3.1.1,E = 65 to 110 V/µm, then the maximum work
per volume isW/v = 19Sy to 54Sy kJ/m3.

The available work per volume for a comb drive actuator is easy to calculate. The force is
constant for a given voltage,

F =
ǫh

d
V 2. (3.78)

As noted above, the displacement,x, has a maximum of the length of a finger,L, so the total
volume of the unactuated structure is twice the length timesthe area

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

W

v
=

ǫhxV 2

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

ǫV 2

2d(b+ d)
Sx. (3.80)

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

W

v
=

ǫ

2

(

d

b+ d

)

SxE
2. (3.81)

This equation is interesting when compared to the result fora parallel plate actuator. It shows
that even as the finger width becomes very small, the highest work per volume ratio expected is
still only half the value for an ideal parallel plate. This factor of two lower value is due to the
maximumSx =50% strain achievable with a comb drive compared with 100% for the parallel
plate. In practice, because the finger width will be some finite value, the maximum energy density
is decreased even further. If the finger width is on the same order as the finger spacing, then the
energy density is reduced by another factor of two.

The ideal parallel plate configuration has the highest possible energy density per volume of
any electrode configuration. Other configurations, like thecomb drive, introduce more unactuated
volume (electrodes), while reducing the possible strain ofthe actuator.

3.4 System Model

Now that we have looked at the components of the actuator, we are ready to consider the entire
actuator system shown in Figure 3.12. The actuator has the following governing equation,

Fe =
ǫAV 2

2(g0 − y)2
= mÿ + bẏ + ky, (3.82)

wherem is the mass,k is the spring stiffness,b is the damping andy is the displacement [53].
This system is difficult to analyze with standard techniquesbecause of the non-linearity. It can be
numerically integrated with a differential equation solver, but this removes a lot of the insight into
the mechanics of the system. Another solution is to linearize around an operating point to estimate
small signal behavior. The system equation can be linearized as follows,

Fe =
2ky0
V0

δV = mδÿ + bδẏ + (k + ke)δy, (3.83)

wherey0 andV0 are the operating point values and

ke = −
(

2α

1− α

)

k, (3.84)
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whereα = y0/g0 [53]. The spring constantke represents the effective spring softening that occurs
as the plates approach the pull-in instability [78].

+

−

g0

R

Vs V
k

m
y

b

Figure 3.12: Drawing of complete actuator electromechanical system.

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

δY (s)

δV (s)
=

2ky0
V0(s2m+ sb+ k + ke)

. (3.85)

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

δV (s)

δVs(s)
=

1

1 + sC0R
=

1

1 + sǫAR/(g0 − y0)
. (3.86)

This equation will be used later for comparison with experimental data. With the equations lin-
earized, we can treat the mechanical portion of the system asa mass-spring-damper with a force
source. This allows standard techniques, such as Bode plots to analyze the system response at
different frequencies.

Some other quantities of interest are the resonant frequency and the quality factor. The spring
stiffness and mass will determine the resonant frequency [78],

f0 =
1

2π

√

k

m
. (3.87)

The resonant frequency will shift lower as the operating point, y0, increases because of the electri-
cal stiffness. The quality factor can also be determined if the damping is known,

Q =
2πf0m

b
. (3.88)

So far, the model only shows the unloaded actuator. When a loadis added to the system, the
characteristics will change due to the added springs, dampers and masses. In the loaded system,
ideally it is desirable to transfer as much power as possiblefrom the source to load. To achieve
maximum power transfer, the actuator impedance should match the load impedance [62]. If these
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values are complex, meaning they contain both loss elements(dampers) and energy storage ele-
ments (springs and mass), then the complex source impedance, ZS, should be equal to the complex
conjugate,Z∗

L, of the load impedance. Components will likely need to be added or removed, or
the operating frequency will have to be shifted in order to match the two impedances. It may also
be possible to take advantage of how the stiffness changes with the operating point for linear and
non-linear spring.

3.5 Concluding Remarks

This chapter has demonstrated the potential performance ofan actuator with a distributed suspen-
sion. The theoretical models are encouraging because they show that as the gap is made very small,
it may be possible to achieve very high electric fields, (> 2000 V/µm), and high strains (>50%) are
also possible. These two numbers translate to an elastic energy density of more than 4.4 J/g. This
is comparable to the best dielectric elastomer actuators (3.4 J/g), but without the drawbacks of the
elastomeric dielectric. Furthermore, the estimated energy density assumes an average density of 1
g/cm3, but it may be possible to do better than this if the electrodes have low density and are very
thin (possibly CNT sheets). For example, the relative density of the structure would be determined
by,

ρr = Peρe + (1− Pe)Psρs, (3.89)

wherePe is the fraction of the volume that is electrode andPs is the fraction of the remaining
volume that is support structure. Theρ values are densities. A very low mass would further
increase the specific elastic energy density. Therefore is makes sense to pursue this design further.

In the next sections we will fabricate and test a micrometer-scale prototype. For the prototype,
we choose to use angled microfibers between parallel plate electrodes. We choose the angled
microfibers because, although both fiber arrays and foam are able to provide the necessary high
compliance (> 80% strain) and near zero Poisson’s ratio, the porous supportspresent potential
performance issues for future electrostatic actuators with nanometer-scale gaps. In order for a
foam between two 100 nm-spaced electrodes to show uniform behavior, the pore size needs to
be less than 5 nm. Whereas, uniform behavior can be achieved with angled fibers with a length
greater than the gap spacing. The porous foam also requires highly viscoelastic materials in order
to achieve high elastic strains, but angled fibers can reach high elastic strains simply by increasing
the fiber angle.

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

Fabrication

Angled micro- and nanofibers are of interest to a wide varietyof applications, ranging from syn-
thetic gecko adhesives [1, 50] to field emission sources [18]. Because angled micro- and nanofibers
have such a broad range of uses, there is a correspondingly large variety of fabrication techniques
that have been developed to produce them. Figure 4.1 gives anoverview of some of the techniques,
and Table 4.1 provides some characteristic dimensions of fabricated fiber arrays. Table 4.1 only
has values of actual fabricated arrays from the references listed. However, most of the techniques
could be used to produce a wider range of values than those explicitly noted. For example, the
mold drawing technique (shown in Figure 4.1(b)) was only used to produce vertical fibers, but it
is easy to imagine adding a lateral force during the pulling step to create a wide range of angled
fibers.

For actuators, a desirable fabrication technique is one where it is easy to control the aspect
ratio, radius, angle and density of the fiber arrays. Having access to a number of materials also
makes a process more versatile because fabrication limitations on size can be accommodated by
adjusting material properties. Also, the ability to createuniform fibers over large areas is necessary
to facilitate easy fabrication of layered actuators. The techniques highlighted in Figure 4.1 can be
broken down into three general categories: direct growth, etching/molding, and thermo-mechanical
deformation. Each of the categories has advantages and disadvantages in terms of the actuator
fabrication criteria. These differences are discussed in depth below.

All of the fabrication methods are able to control the fiber spacing through various means. For
example, an etching/molding technique such as nanosphere lithography (Figure 4.1(e)) controls
the spacing by using larger particles than necessary and etching them down before metal deposi-
tion. The amount that the particles are etched determines the spacing between SiNWs. In direct
growth methods, such as carbon nanotube (CNT) growth (Figure4.1(h)), the CNT spacing is set
by the metal catalyst deposition. The remaining methods control spacing through mask or mold
definition.

Some of the techniques are for one specific material, but manycan be generalized to a class
of materials. For instance, the direct growth technique is tailored only for CNTs, but by using
CNT arrays as a master template for molding, a variety of othermaterials could be used. The
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Figure 4.1: (a) Heated rolling of vertical polypropylene (PP) fiber array against glass [50]. (b)
Drawing of thermoplastic fiber arrays by separating polyurethane mold at elevated temperature
[46]. (c) Bending of polyurethane fibers by exposure to electron beam [48]. (d) Fiber pulling by
peeling of a thin mold filled with a thermoplastic. (e) A pattern of holes in a thin silver layer is
formed by nanosphere lithography. Then metal-induced etching of a silicon (113) wafer produces
angled silicon nanowires [69]. (f) Fabrication of polysilicon mold with angled holes by tilted
plasma etching. The dashed line represents the Faraday cagethat forces the plasma ions to be
perpendicular to the cathode. The mold is used to make polyurethane fiber arrays [44]. (g) SU-8
photoresist is exposed through a mask of holes by angled, collimated UV-light. The developed
angled fibers can be used for making molds [1]. (h) Angled carbon nanotubes (CNTs) fabricated
on nickel by angled, dc, plasma-assisted, hot-filament chemical vapor deposition (HFCVD) [18].
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Fabrication Aspect ratio Radius (µm) Angle Material Reference
method
Heated rollers 30 0.3 0◦,45◦ 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 0◦-30◦ PUA [48]
irradiation
(Figure 4.1(c))
Mold peeling >45 1-2 5◦-70◦ HDPE
(Figure 4.1(d))
Nanosphere 12 0.1 0◦,30◦ Silicon [69]
lithography
(Figure 4.1(e))
Plasma etching 6.9 0.2 0◦-60◦ PUA [44, 45]
(Figure 4.1(f))
UV lithography <20 2-12.5 0◦-25◦ PU [1]
(Figure 4.1(g))
HFCVD >40 0.05-0.1 0◦,45◦,90◦ CNT [18]
(Figure 4.1(h))

Table 4.1: Comparison of fabricated micro- and nanofiber arrays. Aspect ratio is defined as
length/diameter. Angle is measured from vertical (0◦). Abbreviations: HDPE - high-density
polyethylene, PMMA - poly(methyl methacrylate), PP - polypropylene, PS - polystyrene, PUA
- polyurethane acrylate, PU - polyurethane, CNT - carbon nanotube.
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deformation techniques are limited to deformable materials. For stretching, these materials must
be able to withstand very large strains without breaking. Most materials become more deformable
at elevated temperatures, but for metals and ceramics the required temperatures are very high
(>400◦C). Therefore, thermoplastic polymers are typically used because they can be deformed
at relatively low temperatures (<200◦C), and they can even withstand high elongation at room
temperature (>500%). Thermoplastics also have a wide range of available elastic moduli from
200 MPa (LDPE) to 3 GPa (PS) [31].

In terms of ease of fabrication, direct growth methods are the simplest techniques because
they require the fewest number of steps. The hot filament chemical vapor deposition (HFCVD)
technique for producing angled CNTs [18], shown in Figure 4.1(h), is useful because it has good
control over fiber dimensions and angles. CNTs can have diameters of a few nanometers for single
walled CNT up to hundreds of nanometers for multi-walled CNTs and bundles of CNTs [65], and
lengths can be in the tens of microns [18]. For actuators, thediameter would likely be kept small
to accommodate the very high elastic modulus of CNTs which is near 0.9 TPa for multiwalled
nanotubes [22]. The need to tilt the growth substrate could be a disadvantage by limiting the area
of the array that can be fabricated (also a problem for tiltedplasma etching in Figure 4.1(f)). This
is because high tilts would require large CVD chambers and high electric fields as a result of the
large distance between the high and low edges of the substrate. Also, there may be uniformity
issues because of large differences in the filament-to-substrate distance across the sample.

Etching/molding techniques such as those shown in Figure 4.1(e-g) can be used to produce
fibers with very precise dimensions. However, each process has some limitations on feature size,
aspect ratio, and angle. For instance the angled UV lithography process in Figure 4.1(g) is limited
by diffraction to angles less than 60◦, and it is limited by the wavelength of UV light and the SU-8
photoresist properties to aspect ratios less than 20 and diameters greater than 2µm [1]. Silicon
nanowires (SiNWs) from nanosphere lithography (Figure 4.1(e)) are limited to particular angles
because of preferential etching along different crystallographic planes. For a (113) wafer, the re-
sulting SiNWs have an approximate 30◦ angle [69]. The dimensions of the SiNWs are determined
by etch time and the size of the particles used to pattern the metal layer. The wires can range from
nanometers to microns, but larger diameters and lengths canresult in increased non-uniformity of
wire dimensions [69]. The angled plasma etching technique in Figure 4.1(f) can have diameters
in the hundred nanometer range [44] and aspect ratios greater than 20 if the Bosch process is used
[92]. However, because the silicon holes are used as a mold, the aspect ratio can not be too high.
Very high aspect ratios introduce challenges for demoldingunless the mold is sacrificed.

Techniques that use thermo-mechanical processing are typically a post-processing step because
they rely on prefabricated arrays or molds. The methods shown in Figure 4.1(a-d) could use some
of the previously mentioned fabrication techniques to create an array ready for deformation. In
fact, the original vertical fibers subjected to e-beam irradiation (Figure 4.1(c)) are made using a
plasma-etched silicon mold [48]. In deformation techniques, the angling is done as a last step, so a
single mold can be reused to produce a number of fiber arrays with different angles and dimensions.
This is advantageous over some of the other techniques wherea specific mold or pattern is required
for each different fiber array.
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The stretching deformation techniques (Figures 4.1(b,d))are more versatile than the bending
deformation methods (Figures 4.1(a,c)) because the fiber dimensions and aspect ratios are only
partially dependent upon the original template used to produce the fiber array. As the fibers are
stretched, the length is increased while the diameter is decreased, so the aspect ratio is increased.
Being able to increase the aspect ratio gives the stretching methods a significant advantage over
other techniques because very high aspect ratios (>100) are difficult to achieve through etching
and molding. Also, as was shown in Chapter 3, higher aspect ratios are necessary to create very
compliant structures.

Of the stretching techniques, the mold drawing method in Figure 4.1(b) ideally will have the
highest uniformity because the entire array is created at the same time. However, pulling an entire
array at once presents some practical challenges for creating large areas. First, keeping the mold
perfectly parallel with the fiber array requires extremely precise alignment of the pulling apparatus
and the substrate. Second, depending on the fiber density, the forces necessary to pull an entire
array at once can become very large as the area increases. Forexample, consider a material like
HDPE which has a yield stress of 20 MPa, and suppose the areal fiber density is 10%. At room
temperature, it would take 200 N/cm2 to yield all the fibers at once. The mold peeling method
eliminates both of these problems because the fiber stretching occurs within a small strip. This
means that alignment only needs to be maintained over a line instead of a plane, and this is au-
tomatically achieved because the portion of the mold being pulled is still bonded to the substrate.
Also, because only a strip is being deformed, the peeling force is a function of width rather than
area. These reasons make the peeling method more practical than drawing over the whole mold,
and they are why this method is chosen to create the compliantfibers for actuators explored in this
document.

4.1 Fabrication in Comb Drive Actuator

It is apparent how all of the discussed fabrication methods could be used to create suspensions
for actuators with parallel-plate type electrodes. However, it is less obvious how this technology
might be used to generate distributed supports within a comb-drive actuator. The following is a
hypothetical process that combines a fiber pulling technique with a micromolding method to create
perfectly aligned combs with distributed fiber supports.

Comb drive actuators are typically fabricated by standard silicon micromachining techniques
[87]. However, this approach is only useful for creating very thin actuators as shown in Figure 2.11.
This scale of actuator is perfect for small on-chip resonators, but not for creating large, layered,
muscle-like actuators similar to those shown in Figure 3.2.The greatest challenge to fabricating
large area comb drive actuators is creating two combs that perfectly intermesh. Creating each side
separately and intermeshing them later requires that both sides are absolutely perfect. Any defect
in the pattern could prevent the actuator from coming together correctly. If the combs are rigid,
this could ruin the whole actuator, and even if they have someflexibility, defects create large dead
zones where no actuation occurs.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4.2: Possible fabrication of comb drive actuator shown from the cross section of the fingers.
For large area sheets, the fingers could extend far into the page (see Figure 3.2(c)), and the pattern
could repeat to either side. (a) Start with one side of the comb already fabricated. (b) Deposit a
thin conformal insulation layer. (c) Deposit a conformal sacrificial layer. (d) Perform a directional
etch to remove the sacrificial layer at the tips and troughs. (e) Directionally deposit a polymer onto
the tips and troughs. A masking step will be required so that polymer dots rather than strips are
deposited. (f) Form the top electrode by depositing a conductive material into the bottom comb.
(g) Etch out the remaining sacrificial material. (h) Stretchthe combs apart to form the support
fibers. Shearing the combs into the page while pulling will create angled fibers like in Figure 3.2.
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An alternative approach is to create one side of the comb and then use it as a mold to create the
second side. This ensures that the two sides intermesh perfectly regardless of defects. A generic
process is outlined in Figure 4.2 from the viewpoint of the finger cross section. For large area
sheets, the fingers extend into the page (see Figure 3.2(c)),and the pattern repeats to either side.
The first step is to form one side of the comb. High aspect ratiofingers could be fabricated by
patterning rows of carbon nanotubes or through deep reactive ion etching (DRIE). Then, deposit a
thin conformal insulation layer, such as parylene. Next, a conformal sacrificial layer is deposited.
A directional etch (such as DRIE) is used to remove the sacrificial material at the tips and troughs
of the comb. After the etch, a polymer for supports is directionally deposited into the holes in the
sacrificial material. A masking step will be required beforeor after the polymer support deposition,
so that discrete dots are deposited rather than strips that are the length of the trough (into the page).
The top comb is then formed by depositing a conductive material into the mold formed by the
bottom comb. After the top electrode has been deposited, theremaining sacrificial material is fully
etched away. Finally, the combs are pulled apart to set the default position of the actuator by curing
the polymer through thermal or chemical means. Shearing thecombs with respect to each other
into the page will form angled fibers as shown in Figure 3.2. Clearly, this is not a simple process.
There are a number of difficult steps, such as the conformal deposition and the precise stretching
steps.

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

4.2 Methods and materials

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

The process starts by UV laser ablation (Coherent MATRIX-355 nm laser) of copper on flex
circuit material (Dupont Pyralux AC182500E, 18µm of copper on 25µm of polyimide). The laser
ablates 10µm spaced lines across the copper surface using a galvanometer running at a speed of
200 mm/s. The laser pulses at 20 kHz with a pulse duration of<20 ns and an average power of
∼1.7 W. The roughened copper has a peak-to-peak height of approximately 1µm. The purpose
of the roughness is to allow better bonding of the HDPE to the copper. Otherwise, the HDPE
delaminates during fiber pulling.

Next, 9µm thick HDPE film (Film-Gard high-density painter’s plastic) is laminated to the
roughened copper using a ChemInstruments Hot Roll Laminator.The laminator provides 2.75 MPa
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Figure 4.3: SEM of unpulled fibers. The filter was etched off inmethylene chloride. The fibers are
approximately 5µm in diameter and 13µm in length. Scale bar is 10µm.

of pressure at a speed of 1 mm/s and 175◦C. Using the same lamination settings, a 13µm thick PC
filter (Millipore Isopore membrane filter) is filled with HDPE. The filter has 5µm diameter pores at
a density of4.84×109 m−2, measured optically. The filter has a smooth side and a rough side. The
smooth side is laminated against the HDPE to lower the necessary peeling force. Also, the pores
in the filter have a slightly tapered shape, where the openingon the smooth side is slightly smaller
than on the rough side. Therefore, by forcing the HDPE into the side with the smaller opening, the
fiber is better anchored in the pore, allowing further stretching during peeling. Figure 4.3 shows an
SEM image of the undeformed fibers, where the PC filter was etched away in methylene chloride
instead of peeled off.

The 5µm pore size was chosen for its low fiber density, thin membrane, and the relatively
large fiber sizes. The micron-scale fiber size makes fabrication characterization and verification
easy, but it still provides useful information for validation of the expected actuator performance
outlined in Chapter 3. The low fiber density is necessary to achieve low compliance with the large
fiber diameters. Finally, the thin membrane lowers the stiffness 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 is glued (Loctite 406) to a glass
slide attached to a resistive heater. The resistive heater is powered by a DC power supply (BK
Precision 1760A) controlled by a temperature controller (Omega CN1504-TC). The temperature
controller is set to a specific value during peeling, but it fluctuates±3◦ during operation because
of the slow response time of the heating element. A tab made out of a strip of printer paper is
glued to the PC membrane and clamped to the linear xy-stages (Zaber Technologies T-LSR150B,
0.5 µm resolution, 150 mm range, 0.00465 mm/s minimum speed, 20 mm/s maximum speed).
Before pulling, the tab is positioned to have a prescribed peel angle,θpeel. Then, the stages are run
at a constant speed at a set pull angle,θpull. The stage pull angle is exactly half the peel angle,
θpull = θpeel/2. The reason that the two angles are not equal is because the position of the peel
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Figure 4.4: Parallel plate actuator fabrication by mold peeling. (a) Roughen copper surface of flex
circuit using 355 nm UV laser ablation. (b) Laminate 9µm thick HDPE film to roughened copper
at 175◦C, 2.75 MPa and 1 mm/s. (c) Laminate HDPE into 13µm thick polycarbonate (PC) filter
with 5 µm diameter pores at a density of 4.84×109 m−2. (d) Peel filter off at a set temperature,
speed and angle,θpeel. (e) Attach leads to the top and bottom electrodes. (f) Bond top copper plate,
spin-coated with Protoplast, to tips of fibers by applying light pressure at 80◦C.
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front changes as the tab is pulled (see Appendix A for more details).
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Figure 4.5: Picture of fiber pulling setup with illustrationof 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 copper leads (MWS Wire Industries 44
gauge wire) are soldered to the electrodes. This must be donebefore the plates are attached, so
that the soldering iron does not melt the fibers. Next, the actuator is completed by bonding the
top electrode to the fibers. To get the top electrode to attachto the tips of the fiber arrays, a
low-temperature thermoplastic by the trade name Protoplast (WFR/Aquaplast Corp.) is used. Pro-
toplast is a polycaprolactone-based polymer with a meltingtemperature of 76◦C. The low temper-
ature allows bonding of the top plate to the HDPE fibers without causing any thermal deformation.
To make sure that the Protoplast does not flow between the fibers, and to avoid adding a thick
dielectric layer between the electrodes, a thin layer of Protoplast (<1 µm) is used. To get the thin
layer, the Protoplast is dissolved in methylene chloride (4.35 wt%), and then spin-coated onto the
top electrode for 9 seconds at 600 rpm followed by 30 seconds at 3400 rpm. The top electrode is
made of rough copper shim (Somers CopperBond extra thin foil (XTF) 5 µm copper film on 35
µm copper carrier). Finally, the sample is placed on a hot plate at 80◦C, and the top electrode is
pressed onto the fiber tips by the weight of a piece of glass. Care must be taken to avoid any pres-
sure concentrations, or the fibers will get crushed and the top plate 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 at angles between 0◦ and 90◦, at temper-
atures of 25◦C (room temperature) and high temperature (90◦C or 100◦C), and at a constant speed
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of 0.1 mm/s. The SEM images in Figure 4.6 are for fibers that were pulled at 100◦C. It is difficult
to discern much difference between the fibers pulled at room temperature, but there are clear qual-
itative differences between the fibers pulled at room temperature and those pulled at 100◦C. First,
the fibers pulled at elevated temperature are longer, as would be expected. Also, the fibers pulled at
high temperature appear to be less curved than those pulled at room temperature, with the notable
exception of those pulled atθpeel = 0◦, whose tips are parallel to the substrate.

It is difficult to measure angles in the SEM images because of the tilted viewing angle, and
the unknown rotation of the sample with respect to the pulling direction. Therefore, for a more
quantitative description of the fibers, the fiber angles and lengths were measured manually from
side view microscope images (Nikon Eclipse L150 microscopewith infinity corrected 10x objec-
tive, and PAXcam 5 digital camera with 2592x1944 resolution(∼0.24µm/pixel)). Two example
images are shown in Figure 4.7(c,d). Figure 4.7 shows how thefiber angle and length vary as a
function of the peeling angle. The angle and length is measured by connecting a line between the
base and tip of a fiber. This neglects the curvature of the fiber, so it only provides approximate
fiber dimensions.

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

For the length measurements, the error is too large to come upwith any specific length trend
due to peeling angle. However, there is a difference of approximately 10µm in the average length
over all pulling angles for fibers pulled at room temperature(Lavg = 56 µm) versus those pulled at
90◦C (Lavg = 66 µm).

For the fiber angles, there is a noticeable trend between the peeling angle,θpeel and the fiber
angleα. The linear fits give the following relationships,

α = −0.35θpeel + 41 for T = 25◦C (4.1)

α = −0.67θpeel + 65 for T = 90◦C. (4.2)

These fits show that the higher temperature pulling providesa wider 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 into the mechanics of the fiber peeling pro-
cess. In order to generalize this process for use with different materials and molds, it is necessary
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Figure 4.6: SEM images of fibers pulled at 0.1 mm/s and (a-d) 25◦C (e-f) 100◦C. Peel angles,θpeel,
are (a,e) 0◦ (b,f) 30◦ (c,g) 60◦ and (d,h) 90◦. Scale bars are 10µm. SEMs were taken at a 45◦ tilt.
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 angles, 25◦C (room temperature) and 90◦C, and at
a constant speed of 0.1 mm/s. The plotted values are measuredby drawing a line from the fiber
base to tip. (a) Fiber angle,α, versus peel angle,θpeel. (b) Fiber length versus peel angle. The lines
represent linear fits to the data. (c) Image of fibers being peeled atθpeel = 70◦ and 25◦C. (d) Image
of fibers being peeled atθpeel = 70◦ and 90◦C. These are representative microscope images used
for measuring fiber angles and lengths. The scale bar is approximately 40µm.
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to develop models that can explain the effects of the variousprocess parameters on the fiber array
dimension. The following section develops a model to outline the limits of the fiber radius and
length.

4.4.1 Radius and length limit

When amorphous or semi-crystalline polymer fibers, such as polyethylene, are pulled from a mold,
they either become elongated as a result of necking (cold drawing), or they emerge from the mold
undeformed. The criteria for deciding whether or not a fiber will neck or demold is the relationship
between the draw force,Fd, and the mold release force,Fm. If Fd < Fm, then the fiber will start to
neck, but ifFd > Fm, the fiber will demold. Figure 4.8 illustrates these two scenarios. The fibers
are shown being pulled vertically for simplicity. In actualmold peeling, the fibers would be at an
angle, and in some cases, the fiber tip still in the mold may be at a different angle to the rest of the
fiber being pulled. In Figure 4.8(a), the fiber emerges from the mold undeformed, and in Figure
4.8(b), the fiber stretches until the release force and the draw force are equal, allowing the fiber to
pull out of the mold. By comparing the stresses for a particular mold/material combination, the
maximum length can be determined.

(a) (b)

Ln

Ld

rn

rd

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

The draw force is proportional to the draw stress,σd, which is the pressure necessary to ini-
tiate necking. Once necking starts, the true stress within the necked region increases until all the
polymer chains within that region are aligned. When all the chains are aligned, the radius of the
necked region remains constant, as shown in Figure 4.9(a). The ratio of the drawn radius to the
original fiber radius is defined asn = rd/r0. The radius ratio,n, changes for different drawing
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parameters and materials. For example, a faster drawing speed will result in a smallern [41]. For
set conditions, the minimum fiber radius will be

rmin = nr0. (4.3)

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

1

0

n

elongation (L/L0)

r d
/r

0

necking

neck propagation

0

σd

elongation (L/L0)

st
re

ss

necking

neck propagation

(a) (b)

Figure 4.9: Illustration of (a) normalized radius and (b) stress versus elongation.

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

While the draw force is constant throughout pulling, the release force decreases in proportion
to the surface area of the portion of the fiber still in contactwith the pore. It is assumed that the
neck only propagates in the pore direction because it would take more force to pull material out of
the substrate. Therefore, as the fiber gets longer, the size of the fiber plug in the mold gets smaller.
As a result, the drawing force eventually overcomes the pullout force. This occurs when

Fd = σdπr
2

d = Fm = τLn2πr0, (4.4)

whereσd is the draw stress,τ is the interfacial shear stress,rd is the drawn radius andLn is the
pore plug length.

Equation 4.4 can be used to determine the expected length of drawn fibers if a few additional
assumptions are made. First, it is assumed that the transition region between the necked and
undeformed portion of the fiber is small enough to be ignored.Secondly, the material is assumed
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to be incompressible, so that the volume of the stretched fiber is the same as that of the unstretched
fiber,

V = L0πr
2

0 = Lnπr
2

0 + Ldπr
2

d. (4.5)

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

Combining Equations 4.4 and 4.5 and substitutingrd = nr0, gives the following expression for
the fiber length,

L =
L0

n2
+

1

2
mr0(n

2 − 1), (4.6)

wherem = σd/τ is the mold drawing ratio. As expected, this equation shows that the fibers get
longer as the radius ratio,n, and mold drawing ratio,m, get smaller. In the limit, the maximum
fiber length occurs when the interfacial shear stress is highenough to keep the fiber in the pore
until the entire original fiber length has been stretched to the draw radius,

Lmax =
L0

n2
. (4.7)

It is clear that then value is important for determining the length that a fiber canreach. The
n value varies between materials because of factors such as crystallinity, and it varies with test
parameters such as temperature. In the literature, it is usually not reported directly, but it can be
approximated from the draw ratio,λ, which is the elongation value where drawing switches to
yielding. Therefore, using the incompressible criteria,

n =
1√
λ
. (4.8)

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

The maximum fiber length in Equation 4.7 is the limit for the peeling arrangement used in the
results section because the top of the pore is open. However,if polymer was molded on both sides
of the filter, then there would be a strong enough support to continue stretching the fiber beyond the
draw strength. After the entire fiber is drawn, the required stress to continue stretching increases to
the yield stress of the material [54]. Further elongation will eventually result in the fiber breaking
somewhere along its length. If it could be controlled to break toward the tip, then longer fibers
with smaller radii could be fabricated.

The proposed theory can be compared with length and radius measurements taken from SEMs
of drawn fibers. Figure 4.6(d,h) shows SEMs of fibers pulled atθpeel = 90◦ and 25◦C and 100◦C.
It is evident from these images that the fibers are indeed deforming in the manner proposed above.
The plug shape at the tip of the fibers can be easily identified in most of the fibers pulled at room
temperature. However, for the high temperature sample, there are less plug-shaped fibers. This is
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θpeel T (◦C) L L0
a r0

b rd n m
(µm) (µm) (µm) (µm)

90◦ 25 57.9±15.8 13±1 2.46±0.04 1.16±0.18 0.47 0.99
90◦ 100 88.2±23.0 13±1 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). Thevalue form is calculated from
the length and radius data using Equation 4.6.aMeasured thickness of PC filter using Mitutoyo
ID-C112T spring-loaded caliper.bMeasured from optical image of PC filter. For polyethylene,
Masud et al. reported a value ofn = 0.43 [54].

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

The data in Table 4.2 produced anm value of 0.99 for room temperature and 1.7 for 100◦. These
values seem reasonable based on numbers reported for polyethylene in the literature. Draw stress
ranges fromσd = 10 − 13 MPa [29, 54] and the interfacial shear stress for various polyethylene
composites ranges fromτ = 2 − 9 MPa at room temperature. The value ofm would therefore be
expected to be in the range of 1-6. As temperature goes up, thedraw stress decreases [29], and
the shear stress likely decreases as well, so a large change is not seen in them value. Instead, the
increase inn as a result of temperature is responsible for the large change in length between the
two samples. Then value probably decreases because the polymer chains becomemore mobile at
higher temperatures.

The draw force can also be approximated by looking at the force necessary to peel the filter at
90◦. This can be done by measuring the length of the peel zone,Lp, (see Figure 4.7). The peel
zone is measured from where the filter starts to pull away fromthe sample, until the base of the
outermost fiber being stretched. Then, knowing the fiber density, ρ, the sample width,w, and the
fiber radius,r0, the peeling force is

Fp = ρπr20Lpwσd. (4.9)

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

Table 4.3 shows the measured data and the calculated draw stress. The peel force was measured
using the setup shown in Figure 4.5 by attaching the peel tab to a six-axis force-torque sensor (ATI
Nano-43), and peeling at 0.1 mm/s. The calculated draw stresses (16.2 MPa at 25◦C and 4.2 MPa
at 90◦C) are very close to those reported by Gent and Madan (∼15 MPa at 25◦C and∼5 MPa at
90◦C) [29], adding further confidence to our analysis.
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θpeel T (◦C) Lp w ρa r0
a Fp σd

(µm) (mm) (m−2) (µm) (N) (MPa)
90◦ 25 88.6±14.1 5 4.84×109 2.46±0.04 0.66±0.02 16.2
90◦ 90 139.5±16.5 5 4.84×109 2.46±0.04 0.27±0.01 4.2

Table 4.3: Data taken from side view optical images like those shown in Figure 4.7. The value for
σd is calculated using Equation 4.9.aMeasured from optical image of PC filter.

4.5 Concluding remarks

The mold peeling method for producing high-aspect-ratio, angled microfibers shows promising
results. Fibers with lengths between 50-90µm, radii of 1-2µm and angles between 0◦ and 70◦

were produced, at low peeling forces of 0.54 to 1.32 N/cm. It was shown that there is a clear
trend between mold peeling angle and fiber angle. Also, thereis a good understanding of how the
fiber radius and length can be controlled by adjusting the material, mold and process parameters.
However, more tests with other molds and polymers need to be performed to verify the model that
was presented. Also, there needs to be more analysis of how the mold 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 characterized and compared against the
theoretical models presented in Chapter 3. They are subjected to static and alternating electrical
signals to measure their peak performance in these two operating modes. The actuator limitations
and deviations from theory are also discussed.

5.1 Test Setup

Tests are performed on the samples fabricated in Chapter 4 using the testing apparatus shown in
Figure 5.1. Displacements are measured with an MTI-2100 Fotonic sensor (MTI Instruments, 40
nm y resolution and 30 nmx resolution, 100µm linear range and sampling rate up to 500 kHz).
The sensor measures displacements by monitoring the amountof light transmitted between two
fiber optic probes. Therefore, before displacement testingcan be performed on the samples, a
tab is needed on the top electrode to block the light. A tab is cut from a sheet of 3 mil stainless
steel shim stock using the same UV laser mentioned in Chapter 4. The tab is 5 mm wide and
5 mm tall. Thex-axis probe is positioned toward the base of the tab, and they-axis probe is
positioned at the top of the tab. The short tab was chosen to have a resonance peak near 2382 Hz
(f = H/(2πL2)

√

Y/ρ, with Y = 193 GPa,ρ = 8000 kg/m3 andH = 76.2 µm [26, 55]). Our
interest will be in frequencies below 1000 Hz, so the resonance of the tab should not interfere.

The sample is powered using a TRek PZD700 piezo driver amplifier (voltage gain of 300 V/V
up to 1.4 kV). The input to the amplifier is either a 0-5 V DC signal generated by the analog output
of a Quanser Computing Q8 real time control board, or an AC signal from a BK Precision 4084
function generator. The BK Precision generator is controlled through RS-232 communication.
A 380 kΩ resistor is placed in series with the sample to limit the current if breakdown occurs.
The resistor will not limit the actuator response at low frequencies due to charging time because
the actuator capacitance is in the picofarad range (τ = RC ≈ 2 µs, cut-off frequency isfc =
1/(2πτ) ≈ 80 kHz).

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

y probe

x probe

y probe
x probe steel tab

fibers

R

V

peel direction

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

5.2 Breakdown Limit

The dielectric breakdown strength of the actuators was tested by increasing the applied voltage
until the source current jumped. Table 5.1 reports the average values found by testing twenty
different actuator samples. Half of the samples were fabricated at 25◦C and half at 90◦. Each
set of ten were made by peeling at angles between 0◦ and 90◦ at 10◦ increments. The electric
field was calculated by dividing the applied voltage by the gap. The gap for each sample was
measured optically at the center of the top electrode using aNikon Eclipse L150 microscope. The
gap values ranged from 43 to 90µm, with a mean size of 63µm. The mean gap sizes depending
on fabrication temperature are 58µm for sample made at 25◦C and 68µm for samples made at
90◦C. This is consistent with mean fiber lengths, (56µm for 25◦C and 66µm for 90◦C), measured
in Chapter 4.

No definitive correlation was found between breakdown strength and fiber angle or fabrication
temperature. Also, there was no apparent correlation with the gap size, contrary to what would be
expected from the discussion of the Paschen effect in Chapter3. However, assuming an air gap of
the mean measured gap size, the Paschen effect predicts a surprisingly close value,E = 9.4 V/µm,
to mean measured electric field at breakdown,E = 9.7 V/µm.
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Mean Standard Dev. Minimum Maximum
Gap size (µm) 63 13 43 90
Voltage (V) 598 137 356 904
Electric field (V/µm) 9.7 2.2 5.1 13.9
Electric field Paschen (V/µm) 9.4 - - -

Table 5.1: Voltage and electric field at breakdown. Twenty samples were tested. The electric field
predicted by the Paschen effect assumes an air gap the size ofthe mean measured air gap [40].

While the mean value matches well with the Paschen theory, this may only be coincidental
considering that the full set of data has no apparent trend. The most likely explanations for a lack
of a trend come from examining the actuator structure. Breakdown is most likely to occur where
the electrodes are the closest, where the insulation is the thinnest, or where there are defects.
Because the gap was only measured at one location (the center of the sample), it is likely that it
does not represent the point with the smallest gap. Also, dueto fabrication defects, the insulation
is not uniform across the whole sample, creating weak pointswhere breakdown can occur at lower
than expected fields. Finally, the top electrodes do not haveinsulation covering their edges, and
the sharp corners may provide a point of high field concentration perfect for initiating breakdown.
In fact, Figure 5.2 shows a microscope image of an actuator corner where breakdown occurred.
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Figure 5.2: (a) Picture of dielectric breakdown zone near the corner of an electrode. A pit is
apparent in the polymer layer. The scale bar is approximately 15 µm. (b) Plot of current versus
voltage for sequential DC voltage sweeps. Breakdown occurs when the current jumps up from
zero.
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When breakdown occurs, the actuator acts like a short circuit, and current is free to flow be-
tween the electrodes. Figure 5.2 shows the measured currentduring sequential DC voltage sweeps
for an actuator made by peeling at an angle of 10◦ and 90◦C. The gap between the electrodes is
approximately 57µm. In the first sweep, breakdown does not occur until 582 V, butin the second
sweep, breakdown happens at only 446 V. The initial breakdown destroys the insulation between
the electrodes, and this creates a weak point that is able to breakdown at a lower voltage. How-
ever, the third sweep shows that the breakdown increases from the second sweep to 532 V. The
breakdown strength remains close to this value for the following two sweeps. The recovery may
be a result of defect removal. If a defect is present (such as asharp asperity), it is more likely
to experience breakdown than the rest of the sample, and, when breakdown occurs, the asperity
undergoes major destruction [82]. By destroying the weak point, the breakdown strength is able to
recover and stabilize.

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

5.3 Capacitance

The capacitances of the actuators were measured using an Excelta TM-200 R-C-L meter (0.1 pF
resolution). A control sample was also measured to find the relative dielectric constant of the
polyethylene film. The control was fabricated in the same manner as the actuator samples, except
the fiber making steps were skipped, and the top plate was bonded directly to the flat polyethylene
layer. Illustrations of the control and actuator samples are shown in Figure 5.3.

By measuring the capacitance of the control sample, the relative permittivity of the polymer
insulation layer, composed of 9µm of polyethylene and 1µm of Protoplast, can be calculated from
the following equation

ǫr =
gC

ǫ0A
, (5.1)

whereC is the measured capacitance,g is the gap thickness,ǫ0 = 8.85× 10−12 F/m is the permit-
tivity of free space, andA is the electrode area. This equation assumes that the capacitance comes
from the parallel plate model that ignores the effects of fringing fields. This is a valid assumption
because the plate dimensions are much greater than the gap thickness. The area of the top elec-
trode is 5 mm by 5 mm and the gap is only 10µm. There is some additional area in the form of a
tab that sticks off the side of the electrode. However, this is not used in calculations because it is
bent up from the sample so that it has a much larger gap than therest of the electrode (see Figure
5.1). The measured capacitance of the control sample is 48.8pF. Combining the values results in a
relative permittivity ofǫr = 2.2. This is close to values found in the literature, where the dielectric
constant can vary from 2.26-2.36 depending on polymer density (higher density results in higher
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Figure 5.3: (a) Plot of capacitance using equation 5.7. (b) Illustration of samples that were tested.
The top electrode has an area of 5x5 mm, and the bottom electrode is 7x25 mm. The polyethylene
layer is 9µm thick and the Protoplast layer is 1µm thick. The samples are shown connected to a
capacitance meter.

permittivity) [21].
By knowing the dielectric constant of the polymer, predictions of actuator capacitance as a

function of gap thickness can be made if a proper model is used. There are two states that must
be considered when developing an actuator capacitance model. One is the fully compressed state,
where the fibers are completely pressed into the bottom electrode. In this state, the dielectric is
assumed to be only made up of polymer. This is represented by the control sample. The other state
is when the dielectric is composed of a mixture of polyethylene and air. The two states can be
linked together by assuming that the total capacitance is a series combination of two representative
capacitors,Ci andCfa = Cf + Ca. The capacitor that represents the insulating layers,Ci, has a
constant value of

Ci =
ǫ0ǫrA

gi
, (5.2)

wheregi is the thickness of the polyethylene insulation.
The capacitance of the fiber/air mixture can be further separated into two capacitors in parallel,

Cf andCa. Each capacitor represents a portion of the total electrodearea,A. The amount of area
taken by each material is proportional to their respective volume fractions. The total volume is

vt = gfA, (5.3)

wheregf is the fiber gap size. The volume taken up by fibers is a constantvalue given by

vf = ρπr20L0A, (5.4)
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whereρ is the areal fiber density,r0 is the original fiber radius of the mold andL0 is the length
of the holes in the mold. The mold values can be used because itis assumed that the volume of
material does not change during stretching. The fiber capacitance is then

Cf =
vf
vt

ǫ0ǫrA

gf
=

gm
gf

ǫ0ǫrA

gf
, (5.5)

wheregm = ρπr20L0 is the thickness of a block of material with areaA that would be needed to
generate the fiber volume. As a result,gf must be greater than or equal togm. The minimum
thickness,gm, is also subtracted from the total gap thickness of the control sample (10µm) to
estimate the insulation thicknessgi. This is because the fiber volume is taken from the original
polyethylene layer.

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

Ca =
vt − vp

vt

ǫ0A

gf
=

(

1− gm
gf

)

ǫ0A

gf
. (5.6)

When the actuator is completely compressed, the capacitancefrom air goes to zero.
The total capacitance is

1

C
=

1

Ci

+
1

Cf + Ca

. (5.7)

The line in Figure 5.3 is plotted from this equation using thefollowing values:ρ = 4.84×109 m−2,
r0 = 2.5 µm, L = 13 µm, gm = 1.24 µm and the values mentioned above. The theoretical curve
predicts capacitance values approximately 1-2 pF below those measured (actuator values ranged
from 4-7 pF). The difference is probably due to parasitic capacitances in the leads attached to the
actuators.

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

C =
ǫ0A

gf
. (5.8)

This is because, when the gap is large, the smaller capacitance of the 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 set of samples was made by varying
the peel angle by 10◦ between 0◦ and 90◦ at temperatures of 25◦C and 90◦C. The samples were
subjected to a voltage that increased at a rate of 100V/s while thex andy displacements were
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recorded. The electric field was determined by dividing the applied voltage by the measured gap
size (measured optically prior to testing).

Figures 5.4(a,b) show plots of this experiment for one of thesamples with the highest recorded
displacements (sample peeled at 10◦ and 25◦C). Most samples were unable to reach this level of
displacement either because of dielectric breakdown or high stiffness. The displacement curves for
this sample also show theoretical displacement curves using the equations for small displacements
from Chapter 3,

Yeff,y =
σy

Sy

=
12ρY I

L2
t

cosα

sin2 α
, (5.9)

whereI = πr4/4,

∆y =
1

2

ǫ0g0E
2

Yeff,y

(5.10)

and
∆x = ∆y

cosα

sinα
. (5.11)

The small displacement equations are suitable for this analysis because the maximum deflection
of 2 µm is much smaller than the fiber length of 56µm. The fiber values used were taken from
Chapter 4,ρ = 4.84× 109 m−2, r = 1.2 µm,Lt = 56 µm, Y = 200 MPa and theα values shown
in the plot legends. The initial gap sizes for the theoretical curves, calculated fromg0 = Lt cosα,
are 55 and 53µm for α = 10.5◦ and 17◦, respectively. These values are close to the measured
actuator gap size of 58µm.

Theα values were chosen to match with they displacement. However, they displacement does
not match up perfectly with the linear spring theory. Instead, the data fits within a range of angle
values because it acts like a softening spring. This means that there is probably buckling taking
place, so the fiber can not be treated simply as a rigid cantilever with a spring at the base. This is
also why the simple relation between∆y and∆x 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 model with the same fiber dimensions used
for the linear model. The fit from elastica theory also uses a fiber angle value,α = 27.5◦, closer to
the measured value (α = 35◦ see Chapter 4) than the linear model. This is because, as was shown
in Chapter 3, the elastica model predicts that the fibers will soften as they are compressed, and this
behavior better matches the observed performance of the actuator. However, the elastica model
still overestimates thex deflection. This is likely because the fibers are not perfectly straight, but
are instead more of a curved shape (see SEMs in Figure 4.6). A curved fiber would have lessx
displacement from a load in they-direction than a straight, angled fiber.

As already mentioned, the data in Figures 5.4(a,b) is atypical for the set of samples. Most
samples could survive an electric field of 8 V/µm, but some experienced breakdown at 5 V/µm.
Furthermore, the majority of the samples were too stiff to observe significant displacements at
these low electric field values. The meany displacement for all 20 actuators was∆y =49 nm for
a field ofE =5 V/µm. Assuming a mean gap size ofg0 =63 µm, the mean effective modulus
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Figure 5.4: (a)y displacement (compression) and (b)x displacement (transverse) versus applied
electric field for a sample peeled at 10◦ and 25◦C. The vertical line marks when breakdown occurs.
The dashed lines are displacements predicted from small displacement theory for a specifiedα,
and the solid line with dots is from the elastica model.

of the fiber arrays isYeff,y =142 kPa. This is 1400 times smaller than the bulk elastic modulus
of the material, but still not soft enough to get appreciabledisplacements at the small electrostatic
pressure of only 110 Pa. From the effective modulus, and using the mean fiber dimension values
(ρ = 4.84 × 109 m−2, r = 1.05 µm, Lt = 61 µm, Y = 200 MPa), the effective fiber angle,α, is
approximately 8.3◦.

The large discrepancy between predicted and measured displacements is likely tied to a com-
bination of fabrication problems. As shown in the fabrication chapter, there is a significant amount
of variation in length, angle and radius between fibers within an array. One possibility is that,
as the top plate is attached, the plate initially contacts the longest, most compliant fibers. Then,
as the long fibers bend, the shorter, stiffer fibers come into contact with the top plate. When the
sample is cooled down, the longer fibers are now effectively the same length as the shorter fibers.
However, this is not consistent with the mean gap sizes for the actuators (58µm for 25◦C and 68
µm for 90◦C), which are near the mean fiber lengths measured in the fabrication chapter (56µm
for 25◦C and 66µm for 90◦C). Another similar possibility is related to the fact that the fibers are
curved, rather than straight. The angles measured in the fabrication chapter were from the base to
the tip of the fibers and neglected the curvature along the length. However, during attachment of
the top plate, it is likely that a portion of the length of highly curved fibers, corresponding to large
α values, gets attached to the top plate, effectively lowering the angleα and the fiber length. This
concept is illustrated in Figure 5.5.
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Figure 5.5: Illustration of top plate attachment. The drawing shows how curved fibers become less
angled as a result of part of the fiber length bonding to the topplate.

5.4.2 DC Step Response

A repeated DC step response is shown in Figure 5.6 for a samplefabricated by peeling at 40◦ and
90◦C. The voltage of 600 V was cycled at a frequency of 10 Hz. The close up of the step response
in Figure 5.6 shows that the initial reponse of the actuator is quite fast (< 2 ms), but the quick
response is then followed by a long steady rise.

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

Figure 5.6(b) shows a close up of the first step with the theoretical viscoelastic curves super-
imposed on it. The displacement curves are for a step response, where the step input is the elec-
trostatic force,Fe. The electrostatic force is assumed to be constant since thedisplacement is very
small compared to the gap size. The displacement curves are given by the following equations.
For theKelvin-Voigtmodel

y(t) = Feu(t)

[

1

k
(1− e−t/τc)

]

, (5.12)

whereu(t) is the step function andτc = b/k. For theMaxwellmodel

y(t) = Feu(t)

[

1

k
+

1

b
t

]

. (5.13)

TheStandard Solidmodel has a step response of

y(t) = Feu(t)

[

1

k2
− k1

k2(k1 + k2)e−t/τc

]

, (5.14)
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where

τc =
b(k1 + k2)

k1k2
. (5.15)

The curves show that there is not much difference between theMaxwell and Standard Solid models,
which both give reasonable approximations of the step response.

To verify that the effect is in fact mechanical creep, a simple test is performed where a weight
is placed on top of the actuator and the displacement is recorded with no voltage applied. Figure
5.6(d) shows the results of this test. The mass was chosen to provide a force equivalent to the
electrostatic force applied in the voltage step response. The large spike in the beginning of the plot
is from when the mass was applied. The plot does not show a constant increase in the displacement,
but instead seemingly random fluctuations that can be attributed to sensor drift. Furthermore, the
slow rise observed in the electrical step response (Figure 5.6(b)) had a slope of∼1 µm/s, but the
mechanical step response (Figure 5.6(b)) shows fluctuations of 100 nm over 50 seconds.

It is possible that the observed creep is an electrostatic phenomenon rather than a mechanical
one. When a dielectric with an air interface is placed in a strong electric field, it can start to
accumulate surface charges [95]. The slow accumulation of surface charges could lead to a steady
rise in voltage, causing the plate to slowly displace. The models used for mechanical creep have
electrical analogs to explain charging [89] (capacitors are springs and resistors are dashpots), so,
if the effect is actually due to dielectric charging, it is not surprising that the creep models are able
to approximate the behavior of the data. Dielectric charging could lead to breakdown or pull-in
failures if the actuator is used for extended static holds. The charge accumulation could also lead
to operating point drift (as seen in Figure 5.6), affecting precise positioning.

5.5 AC Response

Frequency sweeps were performed on the samples to determinetheir dynamic response. Because
of the high stiffnesses seen in the DC response section, a mass of 302 mg was added to the 9 mg
top electrode to bring the resonant frequency down to a low enough value to measure at the 16 kHz
sampling rate. The frequency sweeps were done with different electric fields to see how the system
changes with operating point. The driving signal is a sinusoid with DC offset,Vdc, that sets the
operating point, and an AC signal with a peak-to-peak voltage twice the DC voltage,Vpp = 2Vdc.
The results are shown in Figure 5.7. From Figure 5.7(a), we can find the resonance frequency,f0,
and the quality factor,Q, and we can use them to estimate the damping,b, and the stiffness,k. To
accomplish this we use the following equations,

f0 =
1

2π

√

k

m
(5.16)

and

Q =
2πf0m

b
. (5.17)
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Figure 5.6: (a) Repeated DC step response for a sample made by peeling at 40◦ and 90◦C. (b)
Close up of unfiltered data for the first step, and theoretical step responses drawn over the data. (c)
Close up of first few milliseconds of the step response. (d) Plot of displacement over time for a
constant force (481 mg weight).
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Vdc (V) Vpp (V) f0 (hz) Q b (Ns/m) k (N/m)
300 600 845 13.0 0.127 8766
250 500 870 11.4 0.149 9293
200 400 894 7.8 0.224 9812
150 300 960 4.5 0.417 11315

Table 5.2: TheQ andf0 values were measured from Figure 5.7. The damping and stiffness were
calculated using theQ andf0 values. Mass ism = 311 mg.

The Q is found from the plot by taking the resonant frequency,f0, and dividing by the -3db
bandwidth below the peak.

The values are shown in Table 5.2. The calculated stiffness values are on the same order as
those calculated in the DC response section (k = EeffA/g0, gives∼20-30 kPa). As predicted
by the theory, the resonant frequency shifts to lower valuesbecause of spring softening at higher
voltages. The higher voltages also have the effect of lowering the damping losses. The modest
Q value makes it advantageous to run the actuator at resonance. As can be seen in Figures 5.7(c)
and (d), the actuator gets approximately twice the displacement by running at resonance, and it has
lower losses.

The measured losses are likely a combination of viscoelastic and squeeze-film damping. The
contribution from squeeze-film damping can be estimated by using the equation presented in Chap-
ter 3 for low frequency oscillations,

b =
0.42A2µ

g3m
. (5.18)

Using a mean gap size ofgm =59.5 µm, an area ofA =25×10−6 m2 and an air viscosity of
µ =1.8×10−5 kg/(m·s), results in a squeeze-film damping ofb =0.022 N·s/m. This number may
be an underestimate because the squeeze-film equation assumes parallel plates with no structures
in between, so it does not account for any added losses generated due to the air having to move
between the fibers.

The Bode plot in Figure 5.7(b) was generated by substituting the values from Table 5.2 (b=0.13
Ns/m,k=8800 N/m,m = 311 mg,V0=300 V,g0 = 60 µm,R = 380 kΩ andy0 = 0.5 µm) into the
linearized transfer function,

δY (s)

δVs(s)
=

2ky0
V0(s2m+ sb+ k + ke)

1

1 + sǫAR/(g0 − y0)
. (5.19)

The Bode plot predicts a resonant frequency of 842 Hz and a quality factor of 12.6. The magnitude
of the transfer function closely matches the measured magnitude shown in Figure 5.7(a). These
numbers are very close to the measured values, so the model may be useful in predicting future
operating values.

Predicting the power density of the actuator requires a few assumptions since we have only run
the actuator with a purely inertial load. If we assume that the load is matched to the impedance
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Figure 5.7: Dynamic tests for a sample made 60◦ and 90◦C. (a) The frequency response for in-
creasing voltage. The lowest voltage is 150Vdc + 300Vpp and it increases by 50Vdc and 100Vpp up
to 300Vdc + 600Vpp. The magnitude is they-displacement divided by the applied voltage in deci-
bels. (b) Bode plot for response of linearized model, usingb=0.13 Ns/m,k=8800 N/m,m = 311
mg,V0=300 V,g0 = 60 µm, R = 380 kΩ andy0 = 0.5 µm. (c,d) Plots of sample running at 300
Vdc + 600Vpp 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 the actuator values, we can estimate the
maximum power delivered to the load. The maximum power delivered for a matched load is
calculated from the following equation:

Pmax =
1

8

F 2
max

b
. (5.20)

The Fmax value was not measured during testing, but it can be estimated from the maximum
voltage,Vmax,

Fmax =
1

2
ǫ0A

(

Vmax

g0 − y0

)2

. (5.21)

Using the values ofA =25 mm2, Vmax =600 V, g0 =60µm andy0=0.5µm, the maximum force
is Fmax =11 mN. Using the estimated damping ofb =0.127 N·s/m, the maximum power is,
Pmax=120µW. Finally, dividing by the total mass of the unloaded actuator, 9.4 mg, the estimated
power density is 12.8 W/kg. This number is mostly speculativebecause our assumption that the
load does not change the behavior of the system is almost certainly not true. The power density is
only one to two orders of magnitude lower than other micro-actuators. 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 for enabling new, energy dense, robust,
compact electrostatic actuators. A review of the current actuator field found that, even though
there are a large number of established or emergent technologies, they are all lacking in certain
key aspects such as reliability, maximum stress and strain,or response speed. Therefore, designs
for a new suspension for electrostatic actuators were presented. The critical innovation of the pro-
posed angled fiber and porous foam suspensions was the near zero Poisson ratio that allows the
suspension to be placed between standard parallel plate andcomb drive electrodes to create an
actuator with reliable solid electrodes, potential high stress (>1.1 MPa) and elastic strain (>50%),
a fast response and low mass and volume. A simple fabricationmethod involving molding and
peeling of microfibers showed that it is possible to create high aspect ratio (66:1.8) angled ther-
moplastic fibers with a fixed radius controlled by the draw ratio of the material. Finally, parallel
plate actuators using the angled microfiber arrays were tested and shown to have a fast response
time of<2 ms, maximum strain of 3.4% at a stress of 0.85 kPa (limited bydielectric breakdown
at 13.9 V/µm), and power density of 12.8 W/kg. While not exceptional, the results are promising
considering the limitations of the micrometer size scale. Future versions will take advantage of
nanometer-scale fibers and gaps in order to approach the theoretical limits of this design.

6.1 Future Work

Clearly the microscale design does not meet the high expectations of the design chapter, but this
is not surprising because the design chapter outlined the limits for ideal nanometer-scale devices.
Major improvements in actuator performance are possible byaddressing the fabrication issues
discovered here, and by creating new techniques to generatestructures at the nanometer scale.

The fiber peeling method used open molds with random pore spacing that resulted in highly
non-uniform fiber arrays. One possible improvement is to seal off one side of the molds to prevent
overfilling, and therefore, prevent the large difference infiber length that can lead to unpredictable
stiffness. Another improvement is to use a mold with a regular pore spacing. This would limit
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the number of entangled fibers that can create stiff fiber bundles and cause problems due to fiber-
fiber collisions. Both of these improvements could be accomplished by using molds made from a
regular silicon template as shown in Figure 6.1(a).

The proposed improvements to the fiber peeling technique do not address the critical issue of
fiber shape. One of the problems with the current fiber arrays is that the fibers are actually curved
instead of straight, angled beams. The fiber peeling method was used because it is able to create
large area fiber arrays with low forces and simple alignment.However, the alternative fiber pulling
technique mentioned in Chapter 4 might provide more ideal angled fibers. Figure 6.1(b) shows
how angled fibers could be formed with the electrodes alreadyattached. Having the fibers fixed at
both ends during stretching would prevent them from drooping into a curved shape, and it would
keep them from clumping together.

Improvements to the current process may not solve the underlying problem of low maximum
electric fields. The large gap size of the microscale actuator limits the maximum electric field
strength. As was shown in the design chapter, electric fields∼200 times those achieved here
are possible with gap sizes<1 µm and atomically flat electrodes. It may be possible to use a
method such as in Figure 6.1(b) to create actuators at the nanoscale. However, stretched polymer
nanofibers may be too compliant for the high electrostatic stresses possible at very small gaps.
Therefore, other materials need to be considered, such as carbon nanotubes (CNTs). In the fabri-
cation chapter, a method was introduced for creating angledCNTs using plasma-assisted chemical
vapor deposition. Building on this process, alternating layers of electrodes and CNT suspensions
could be deposited to easily build up a multilayer actuator as shown in Figure 6.1(c).

In all the future processes considered, a challenge will be designing the the electrodes so that
they are as thin as possible yet still strong enough to support the loads at the outputs. The fibers will
help reinforce the electrodes and distribute the loads to limit pressure concentrations, but electrode
cracking in between fibers could be an issue.
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Figure 6.1: Future fabrication methods. (a) Fiber peeling from closed mold with regular pattern.
1) Mold polycarbonate (PC) over silicon (Si) nanowire template. 2) Remove PC from Si and mold
polyethylene (PE) on copper (Cu) into the PC mold. 3) Peel off mold. (b) Fiber stretching with
attached electrodes. 1) Sandwich a mold between polymer andelectrodes. 2) Etch out the mold.
3) Stretch and angle the fibers to the desired dimensions. (c)Layered carbon nanotube (CNT)
actuator. 1) Grow CNTs at an angle on nickel (Ni) substrate (see Figure 4.1). 2) Encapsulate
CNTs in a sacrificial material and polish to provide flat surface for deposition of insulation layer
and top electrode. 3) Deposit next layer of CNTs at opposite angle to create linear actuator. 4)
Deposit insulation and electrode. 5) Remove sacrificial encapsulation layers.
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Appendix A

Fiber pulling angles

When creating angled fibers by peeling a mold from a stationarysample using moving stages,
some consideration needs to be given to the peeling angle,θpeel, and the pulling angle,θpull. As
shown in Figure A.1, the peeling angle is the angle of the moldwith respect to the substrate, and
the pulling angle is the angle of the motion of the stages withrespect to the substrate. The pull and
peel angles are not the same, except for the case whereθpeel = 0.

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

θpull = tan−1

(

y

x+∆L

)

= tan−1

(

∆L sin θpeel
∆L cos θpeel +∆L

)

= tan−1

(

tan
θpeel
2

)

=
θpeel
2

(A.1)
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Figure A.1: Geometric diagram of peeling.




