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7) ABSTRACT

The invention describes rolled electroactive polymer
devices. The invention also describes employment of these
devices in a wide array of applications and methods for their
fabrication. A rolled electroactive polymer device converts
between electrical and mechanical energy; and includes a
rolled electroactive polymer and at least two electrodes to
provide the mechanical/electrical energy conversion. Pre-
strain is typically applied to the polymer. In one embodi-
ment, a rolled electroactive polymer device employs a
mechanism, such as a spring, that provides a force to
prestrain the polymer. Since prestrain improves mechanical/
electrical energy conversion for many electroactive poly-
mers, the mechanism thus improves performance of the
rolled electroactive polymer device.
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ROLLED ELECTROACTIVE POLYMERS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority under 35 U.S.C.
§119(e) from co-pending U.S. Provisional Patent Applica-
tion No. 60/293,003 filed on May 22, 2001, which is
incorporated by reference for all purposes.

[0002] This application was made in part with government
support under contract number N00014-00-C-0497 awarded
by the Office of Naval Research. The government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

[0003] The present invention relates generally to electro-
active polymer devices that convert between electrical
energy and mechanical energy. More particularly, the
present invention relates to rolled electro active polymer
devices and methods of fabricating these devices. In many
applications, it is desirable to convert between electrical
energy and mechanical energy. Exemplary applications
requiring conversion from electrical to mechanical energy
include robotics, pumps, speakers, sensors, microfluidics,
shoes, general automation, disk drives, and prosthetic
devices. These applications include one or more transducers
that convert electrical energy into mechanical work—on a
macroscopic or microscopic level. Exemplary applications
requiring conversion from mechanical to electrical energy
include sensors and generators.

[0004] New high-performance polymers capable of con-
verting electrical energy to mechanical energy, and vice
versa, are now available for a wide range of energy conver-
sion applications. One class of these polymers, electroactive
elastomers, is gaining wider attention. Electroactive elas-
tomers may exhibit high energy density, stress, and electro-
mechanical coupling efficiency. The performance of these
polymers is notably increased when the polymers are pre-
strained in area. For example, a 10-fold to 25-fold increase
in area significantly improves performance of many elec-
troactive elastomers.

[0005] Conventionally, bulky and static frames are used to
apply and maintain prestrain for a single layer of electroac-
tive polymer. The frames also allow coupling between the
polymer and the external environment. These frames occupy
significantly more space and weigh much more than a single
polymer layer, and may compromise the energy density and
compact advantages that these new polymers provide.

[0006] Thus, improved techniques for implementing these
high-performance polymers would be desirable.

SUMMARY OF THE INVENTION

[0007] The present invention overcomes limitations in the
prior art and provides new rolled electroactive polymer
devices. The present invention also includes employment of
these devices in a wide array of applications and methods for
their fabrication. A rolled electroactive polymer device con-
verts between electrical and mechanical energy; and
includes a rolled electroactive polymer and at least two
electrodes to provide the mechanical/electrical energy con-
version. Prestrain may be applied to the polymer. In one
embodiment, a rolled electroactive polymer device employs

Jan. 9, 2003

a mechanism, such as a spring, that provides a force to strain
the polymer. In one embodiment, the mechanism adds to any
prestrain previously established in the polymer. In other
cases, no prestrain is previously applied in the polymer and
the mechanism establishes prestain in the polymer. Since
prestrain improves mechanical/electrical energy conversion
for many electroactive polymers, the mechanism thus
improves performance of the rolled electroactive polymer
device. In addition, the mechanism may provide other
benefits such as a varying force response with deflection,
which may be tuned to the needs of an application.

[0008] The rolled electroactive polymer transducer may
be employed for one or more functions. When a suitable
voltage is applied to electrodes in electrical communication
with a rolled electroactive polymer, the polymer deflects
(actuation). This deflection may be used to do mechanical
work. Whether or not the polymer deflects, electrical states
imposed on the polymer may be used to vary the stiffness or
damping provided by the polymer, which has various
mechanical uses. When a previously charged electroactive
polymer deflects, the electric field in the material is changed.
The change in electric field may be used to produce elec-
trical energy—for generation or sensing purposes. Thus,
some functions of use for an electroactive polymer include
actuation, variable stiffness or damping, generation or sens-
ing. Rolled electroactive polymer devices allow for compact
electroactive polymer device designs. The rolled devices
provide a potentially high electroactive polymer-to-structure
weight ratio, and can be configured to actuate in many ways
including linear axial extension/contraction, bending, and
multi-degree of freedom actuators that combine both exten-
sion and bending. Rolled electroactive polymers of the
present invention also provide a simple alternative for
obtaining multilayer electroactive polymer devices.

[0009] In one aspect, the present invention relates to a
device for converting between electrical and mechanical
energy. The device comprises a transducer comprising at
least two electrodes and a rolled electroactive polymer in
electrical communication with the at least two electrodes.
The device also comprises a mechanism having a first
element operably coupled to a first portion of the polymer
and a second element operably coupled to a second portion
of the polymer. The mechanism provides a force that strains
at least a portion of the polymer.

[0010] In another aspect, the present invention relates to a
method for fabricating an electroactive polymer device. The
method comprises disposing at least two electrodes on an
electroactive polymer. The method also comprises rolling
the electroactive polymer about a spring to produce a rolled
electroactive polymer. The method further comprises secur-
ing the rolled electroactive polymer to maintain its rolled
configuration.

[0011] In yet another aspect, the present invention relates
to a device for converting between electrical and mechanical
energy. The device comprises a transducer comprising at
least two electrodes and a rolled electroactive polymer in
electrical communication with the at least two electrodes.
The device also comprises a spring having a first spring
portion operably coupled to a first portion of the polymer
and a second spring portion operably coupled to a second
portion of the polymer.
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[0012] These and other features and advantages of the
present invention will be described in the following descrip-
tion of the invention and associated figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGS. 1A and 1B illustrate a top view of a
transducer portion before and after application of a voltage,
respectively, in accordance with one embodiment of the
present invention.

[0014] FIGS. 2A-2D illustrate a rolled electroactive poly-
mer device in accordance with one embodiment of the
present invention.

[0015] FIG. 2E illustrates an end piece for the rolled
electroactive polymer device of FIG. 2A in accordance with
one embodiment of the present invention.

[0016] FIG. 3A illustrates a monolithic transducer com-
prising a plurality of active areas on a single polymer in
accordance with one embodiment of the present invention.

[0017] FIG. 3B illustrates a monolithic transducer com-
prising a plurality of active areas on a single polymer, before
rolling, in accordance with one embodiment of the present
invention.

[0018] FIG. 3C illustrates a rolled transducer that pro-
duces two-dimensional output in accordance with one envi-
ronment of the present invention.

[0019] FIG. 3D illustrates the rolled transducer of FIG.
3C with actuation for one set of radially aligned active areas.

[0020] FIGS. 3E-G illustrate exemplary vertical cross-
sectional views of a nested electroactive polymer device in
accordance with one embodiment of the present invention.

[0021] FIGS. 3H-J illustrate exemplary vertical cross-
sectional views of a nested electroactive polymer device in
accordance with another embodiment of the present inven-
tion.

[0022] FIG. 3K illustrates a rolled electroactive polymer
device that allows a designer to vary the deflection vs. force
profile of the device.

[0023] FIG. 4 illustrates an electrical schematic of an
open loop variable stiffness/damping system in accordance
with one embodiment of the present invention.

[0024] FIG. 5A is block diagram of one or more active
areas connected to power conditioning electronics.

[0025] FIG. 5B is a circuit schematic of a device employ-
ing a rolled electroactive polymer transducer for one
embodiment of the present invention.

[0026] FIGS. 6 A-6D describe the manufacture of a rolled
electroactive polymer device in accordance with one
embodiment of the present invention.

[0027] FIG. 7 is a schematic of a sensor employing a
rolled electroactive polymer transducer according to one
embodiment of the present invention.

[0028] FIGS. 8A-8C illustrate the fabrication and imple-
mentation of a multilayer electroactive polymer device using
rolling techniques in accordance with one embodiment of
the present invention.
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[0029] FIGS. 8D and 8E illustrate side perspective views
of the pushrod application from FIG. 8C before and after
actuation, respectively.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0030] The present invention is described in detail with
reference to a few preferred embodiments as illustrated in
the accompanying drawings. In the following description,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be
apparent, however, to one skilled in the art, that the present
invention may be practiced without some or all of these
specific details. In other instances, well known process steps
and/or structures have not been described in detail in order
to not unnecessarily obscure the present invention.

[0031] 1. Electroactive Polymers

[0032] Before describing structures, fabrication and appli-
cations of rolled electroactive polymers of the present inven-
tion, the basic principles of electroactive polymer construc-
tion and operation will first be illuminated. The
transformation between electrical and mechanical energy in
devices of the present invention is based on energy conver-
sion of one or more active areas of an electroactive polymer.
Electroactive polymers are capable of converting between
mechanical energy and electrical energy. In some cases, an
electroactive polymer may change electrical properties (for
example, capacitance and resistance) with changing
mechanical strain.

[0033] To help illustrate the performance of an electroac-
tive polymer in converting between electrical energy and
mechanical energy, FIG. 1A illustrates a top perspective
view of a transducer portion 10 in accordance with one
embodiment of the present invention. The transducer portion
10 comprises a portion of an electroactive polymer 12 for
converting between electrical energy and mechanical
energy. In one embodiment, an electroactive polymer refers
to a polymer that acts as an insulating dielectric between two
electrodes and may deflect upon application of a voltage
difference between the two electrodes (a ‘dielectric elas-
tomer”). Top and bottom electrodes 14 and 16 are attached
to the electroactive polymer 12 on its top and bottom
surfaces, respectively, to provide a voltage difference across
polymer 12, or to receive electrical energy from the polymer
12. Polymer 12 may deflect with a change in electric field
provided by the top and bottom electrodes 14 and 16.
Deflection of the transducer portion 10 in response to a
change in electric field provided by the electrodes 14 and 16
is referred to as ‘actuation’. Actuation typically involves the
conversion of electrical energy to mechanical energy. As
polymer 12 changes in size, the deflection may be used to
produce mechanical work.

[0034] FIG. 1B illustrates a top perspective view of the
transducer portion 10 including deflection. In general,
deflection refers to any displacement, expansion, contrac-
tion, torsion, linear or area strain, or any other deformation
of a portion of the polymer 12. For actuation, a change in
electric field corresponding to the voltage difference applied
to or by the electrodes 14 and 16 produces mechanical
pressure within polymer 12. In this case, the unlike electrical
charges produced by electrodes 14 and 16 attract each other
and provide a compressive force between electrodes 14 and
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16 and an expansion force on polymer 12 in planar direc-
tions 18 and 20, causing polymer 12 to compress between
electrodes 14 and 16 and stretch in the planar directions 18
and 20.

[0035] Electrodes 14 and 16 are compliant and change
shape with polymer 12. The configuration of polymer 12 and
electrodes 14 and 16 provides for increasing polymer 12
response with deflection. More specifically, as the transducer
portion 10 deflects, compression of polymer 12 brings the
opposite charges of electrodes 14 and 16 closer and the
stretching of polymer 12 separates similar charges in each
electrode. In one embodiment, one of the electrodes 14 and
16 is ground. For actuation, the transducer portion 10
generally continues to deflect until mechanical forces bal-
ance the electrostatic forces driving the deflection. The
mechanical forces include elastic restoring forces of the
polymer 12 material, the compliance of electrodes 14 and
16, and any external resistance provided by a device and/or
load coupled to the transducer portion 10, etc. The deflection
of the transducer portion 10 as a result of an applied voltage
may also depend on a number of other factors such as the
polymer 12 dielectric constant and the size of polymer 12.

[0036] Electroactive polymers in accordance with the
present invention are capable of deflection in any direction.
After application of a voltage between the electrodes 14 and
16, the electroactive polymer 12 increases in size in both
planar directions 18 and 20. In some cases, the electroactive
polymer 12 is incompressible, e.g. has a substantially con-
stant volume under stress. In this case, the polymer 12
decreases in thickness as a result of the expansion in the
planar directions 18 and 20. It should be noted that the
present invention is not limited to incompressible polymers
and deflection of the polymer 12 may not conform to such
a simple relationship.

[0037] Application of a relatively large voltage difference
between electrodes 14 and 16 on the transducer portion 10
shown in FIG. 1A will cause transducer portion 10 to
change to a thinner, larger area shape as shown in FIG. 1B.
In this manner, the transducer portion 10 converts electrical
energy to mechanical energy. The transducer portion 10 may
also be used to convert mechanical energy to electrical
energy.

[0038] For actuation, the transducer portion 10 generally
continues to deflect until mechanical forces balance the
electrostatic forces driving the deflection. The mechanical
forces include elastic restoring forces of the polymer 12
material, the compliance of electrodes 14 and 16, and any
external resistance provided by a device and/or load coupled
to the transducer portion 10, etc. The deflection of the
transducer portion 10 as a result of an applied voltage may
also depend on a number of other factors such as the
polymer 12 dielectric constant and the size of polymer 12.

[0039] In one embodiment, electroactive polymer 12 is
pre-strained. Pre-strain of a polymer may be described, in
one or more directions, as the change in dimension in a
direction after pre-straining relative to the dimension in that
direction before pre-straining. The pre-strain may comprise
elastic deformation of polymer 12 and be formed, for
example, by stretching the polymer in tension and fixing one
or more of the edges while stretched. Alternatively, as will
be described in greater detail below, a mechanism such as a
spring may be coupled to different portions of an electro-
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active polymer and provide a force that strains a portion of
the polymer. For many polymers, pre-strain improves con-
version between electrical and mechanical energy. The
improved mechanical response enables greater mechanical
work for an electroactive polymer, e.g., larger deflections
and actuation pressures. In one embodiment, prestrain
improves the dielectric strength of the polymer. In another
embodiment, the prestrain is elastic. After actuation, an
elastically pre-strained polymer could, in principle, be
unfixed and return to its original state.

[0040] Inone embodiment, pre-strain is applied uniformly
over a portion of polymer 12 to produce an isotropic
pre-strained polymer. By way of example, an acrylic elas-
tomeric polymer may be stretched by 200 to 400 percent in
both planar directions. In another embodiment, pre-strain is
applied unequally in different directions for a portion of
polymer 12 to produce an anisotropic pre-strained polymer.
In this case, polymer 12 may deflect greater in one direction
than another when actuated. While not wishing to be bound
by theory, it is believed that pre-straining a polymer in one
direction may increase the stiffness of the polymer in the
pre-strain direction. Correspondingly, the polymer is rela-
tively stiffer in the high pre-strain direction and more
compliant in the low pre-strain direction and, upon actua-
tion, more deflection occurs in the low pre-strain direction.
In one embodiment, the deflection in direction 18 of trans-
ducer portion 10 can be enhanced by exploiting large
prestrain in the perpendicular direction 20. For example, an
acrylic elastomeric polymer used as the transducer portion
10 may be stretched by 10 percent in direction 18 and by 500
percent in the perpendicular direction 20. The quantity of
pre-strain for a polymer may be based on the polymer
material and the desired performance of the polymer in an
application. Prestrain suitable for use with the present inven-
tion is further described in commonly owned, copending
U.S. patent application Ser. No. 09/619,848, which is incor-
porated by reference for all purposes.

[0041] Generally, after the polymer is pre-strained, it may
be fixed to one or more objects or mechanisms. For a rigid
object, the object is preferably suitably stiff to maintain the
level of pre-strain desired in the polymer. A spring or other
suitable mechanism that provides a force to strain the
polymer may add to any prestrain previously established in
the polymer before attachment to the spring or mechanisms,
or may be responsible for all the prestrain in the polymer.
The polymer may be fixed to the one or more objects or
mechanisms according to any conventional method known
in the art such as a chemical adhesive, an adhesive layer or
material, mechanical attachment, etc.

[0042] Transducers and pre-strained polymers of the
present invention are not limited to any particular rolled
geometry or type of deflection. For example, the polymer
and electrodes may be formed into any geometry or shape
including tubes and multi-layer rolls, rolled polymers
attached between multiple rigid structures, rolled polymers
attached across a frame of any geometry—including curved
or complex geometries, across a frame having one or more
joints, etc. Deflection of a transducer according to the
present invention includes linear expansion and compres-
sion in one or more directions, bending, axial deflection
when the polymer is rolled, deflection out of a hole provided
on an outer cylindrical around the polymer, etc. Deflection
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of a transducer may be affected by how the polymer is
constrained by a frame or rigid structures attached to the
polymer.

[0043] Materials suitable for use as an electroactive poly-
mer with the present invention may include any substantially
insulating polymer or rubber (or combination thereof) that
deforms in response to an electrostatic force or whose
deformation results in a change in electric field. One suitable
material is NuSil CF19-2186 as provided by NuSil Tech-
nology of Carpenteria, Calif. Other exemplary materials
suitable for use as a pre-strained polymer include silicone
elastomers, acrylic elastomers such as VHB 4910 acrylic
elastomer as produced by 3M Corporation of St. Paul,
Minn., polyurethanes, thermoplastic elastomers, copolymers
comprising PVDE, pressure-sensitive adhesives, fluoroelas-
tomers, polymers comprising silicone and acrylic moieties,
and the like. Polymers comprising silicone and acrylic
moieties may include copolymers comprising silicone and
acrylic moieties, polymer blends comprising a silicone elas-
tomer and an acrylic elastomer, for example. Combinations
of some of these materials may also be used as the electro-
active polymer in transducers of this invention.

[0044] Materials used as an electroactive polymer may be
selected based on one or more material properties such as a
high electrical breakdown strength, a low modulus of elas-
ticity (for large or small deformations), a high dielectric
constant, etc. In one embodiment, the polymer is selected
such that is has an elastic modulus at most about 100 MPa.
In another embodiment, the polymer is selected such that is
has a maximum actuation pressure between about 0.05 MPa
and about 10 MPa, and preferably between about 0.3 MPa
and about 3 MPa. In another embodiment, the polymer is
selected such that is has a dielectric constant between about
2 and about 20, and preferably between about 2.5 and about
12.

[0045] An electroactive polymer layer in transducers of
the present invention may have a wide range of thicknesses.
In one embodiment, polymer thickness may range between
about 1 micrometer and 2 millimeters. Polymer thickness
may be reduced by stretching the film in one or both planar
directions. In many cases, electroactive polymers of the
present invention may be fabricated and implemented as thin
films. Thicknesses suitable for these thin films may be below
50 micrometers.

[0046] As electroactive polymers of the present invention
may deflect at high strains, electrodes attached to the poly-
mers should also deflect without compromising mechanical
or electrical performance. Generally, electrodes suitable for
use with the present invention may be of any shape and
material provided that they are able to supply a suitable
voltage to, or receive a suitable voltage from, an electroac-
tive polymer. The voltage may be either constant or varying
over time. In one embodiment, the electrodes adhere to a
surface of the polymer. Electrodes adhering to the polymer
are preferably compliant and conform to the changing shape
of the polymer. Correspondingly, the present invention may
include compliant electrodes that conform to the shape of an
electroactive polymer to which they are attached. The elec-
trodes may be only applied to a portion of an electroactive
polymer and define an active area according to their geom-
etry. Several examples of electrodes that only cover a
portion of an electroactive polymer will be described in
further detail below.
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[0047] Various types of electrodes suitable for use with the
present invention are described in commonly owned,
copending U.S. patent application Ser. No. 09/619,848,
which was previously incorporated by reference above.
Electrodes described therein and suitable for use with the
present invention include structured electrodes comprising
metal traces and charge distribution layers, textured elec-
trodes comprising varying out of plane dimensions, conduc-
tive greases such as carbon greases or silver greases, col-
loidal suspensions, high aspect ratio conductive materials
such as carbon fibrils and carbon nanotubes, and mixtures of
ionically conductive materials.

[0048] Materials used for electrodes of the present inven-
tion may vary. Suitable materials used in an electrode may
include graphite, carbon black, colloidal suspensions, thin
metals including silver and gold, silver filled and carbon
filled gels and polymers, and ionically or electronically
conductive polymers. In a specific embodiment, an electrode
suitable for use with the present invention comprises 80
percent carbon grease and 20 percent carbon black in a
silicone rubber binder such as Stockwell RTV60-CON as
produced by Stockwell Rubber Co. Inc. of Philadelphia, Pa.
The carbon grease is of the type such as NyoGel 756G as
provided by Nye Lubricant Inc. of Fairhaven, Mass. The
conductive grease may also be mixed with an elastomer,
such as silicon elastomer RTV 118 as produced by General
Electric of Waterford, N.Y., to provide a gel-like conductive
grease.

[0049] 1t is understood that certain electrode materials
may work well with particular polymers and may not work
as well for others. By way of example, carbon fibrils work
well with acrylic elastomer polymers while not as well with
silicone polymers. For most transducers, desirable proper-
ties for the compliant electrode may include one or more of
the following: low modulus of elasticity, low mechanical
damping, low surface resistivity, uniform resistivity, chemi-
cal and environmental stability, chemical compatibility with
the electroactive polymer, good adherence to the electroac-
tive polymer, and the ability to form smooth surfaces. In
some cases, a transducer of the present invention may
implement two different types of electrodes, e.g. a different
electrode type for each active area or different electrode
types on opposing sides of a polymer.

[0050] 2. Rolled Electroactive Polymer Devices

[0051] FIGS. 2A-2D show a rolled electroactive polymer
device 20 in accordance with one embodiment of the present
invention. FIG. 2A illustrates a side view of device 20. FIG.
2B illustrates an axial view of device 20 from the top end.
FIG. 2C illustrates an axial view of device 20 taken through
cross section A-A. FIG. 2D illustrates components of device
20 before rolling. Device 20 comprises a rolled electroactive
polymer 22, spring 24, end pieces 27 and 28, and various
fabrication components used to hold device 20 together.

[0052] Asillustrated in FIG. 2C, electroactive polymer 22
is rolled. In one embodiment, a rolled electroactive polymer
refers to an electroactive polymer with, or without elec-
trodes, wrapped round and round onto itself (e.g., like a
poster) or wrapped around another object (e.g., spring 24).
The polymer may be wound repeatedly and at the very least
comprises an outer layer portion of the polymer overlapping
at least an inner layer portion of the polymer. In one
embodiment, a rolled electroactive polymer refers to a
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spirally wound electroactive polymer wrapped around an
object or center. As the term is used herein, rolled is
independent of how the polymer achieves its rolled configu-
ration.

[0053] As illustrated by FIGS. 2C and 2D, electroactive
polymer 22 is rolled around the outside of spring 24. Spring
24 provides a force that strains at least a portion of polymer
22. The top end 244 of spring 24 is attached to rigid endpiece
27. Likewise, the bottom end 24b of spring 24 is attached to
rigid endpiece 28. The top edge 22a of polymer 22 (FIG.
2D) is wound about endpiece 27 and attached thereto using
a suitable adhesive. The bottom edge 22b of polymer 22 is
wound about endpiece 28 and attached thereto using an
adhesive. Thus, the top end 24a of spring 24 is operably
coupled to the top edge 22a of polymer 22 in that deflection
of top end 244 corresponds to deflection of the top edge 22a
of polymer 22. Likewise, the bottom end 24b of spring 24 is
operably coupled to the bottom edge 225 of polymer 22 and
deflection bottom end 24b corresponds to deflection of the
bottom edge 22b of polymer 22. Polymer 22 and spring 24
are capable of deflection between their respective bottom top
portions.

[0054] As mentioned above, many electroactive polymers
perform better when prestrained. For example, some poly-
mers exhibit a higher breakdown electric field strength,
electrically actuated strain, and energy density when pre-
strained. Spring 24 of device 20 provides forces that result
in both circumferential and axial prestrain onto polymer 22.

[0055] Spring 24 is a compression spring that provides an
outward force in opposing axial directions (FIG. 2A) that
axially stretches polymer 22 and strains polymer 22 in an
axial direction. Thus, spring 24 holds polymer 22 in tension
in axial direction 35. In one embodiment, polymer 22 has an
axial prestrain in direction 35 from about 50 to about 300
percent. As will be described in further detail below for
fabrication, device 20 may be fabricated by rolling a pre-
strained electroactive polymer film around spring 24 while
it the spring is compressed. Once released, spring 24 holds
the polymer 22 in tensile strain to achieve axial prestrain.

[0056] Spring 24 also maintains circumferential prestrain
on polymer 22. The prestrain may be established in polymer
22 longitudinally in direction 33 (FIG. 2D) before the
polymer is rolled about spring 24. Techniques to establish
prestrain in this direction during fabrication will be
described in greater detail below. Fixing or securing the
polymer after rolling, along with the substantially constant
outer dimensions for spring 24, maintains the circumferen-
tial prestrain about spring 24. In one embodiment, polymer
22 has a circumferential prestrain from about 100 to about
500 percent. In many cases, spring 24 provides forces that
result in anisotropic prestrain on polymer 22.

[0057] End pieces 27 and 28 are attached to opposite ends
of rolled electroactive polymer 22 and spring 24. FIG. 2E
illustrates a side view of end piece 27 in accordance with one
embodiment of the present invention. Endpiece 27 is a
circular structure that comprises an outer flange 274, an
interface portion 27b, and an inner hole 27c. Interface
portion 27b preferably has the same outer diameter as spring
24. The edges of interface portion 27b may also be rounded
to prevent polymer damage. Inner hole 27¢ is circular and
passes through the center of endpiece 27, from the top end
to the bottom outer end that includes outer flange 274. In a
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specific embodiment, endpiece 27 comprises aluminum,
magnesium or another machine metal. Inner hole 27¢ is
defined by a hole machined or similarly fabricated within
endpiece 27. In a specific embodiment, endpiece 27 com-
prises ¥ inch end caps with a % inch inner hole 27c.

[0058] Inone embodiment, polymer 22 does not extend all
the way to outer flange 27a and a gap 29 is left between the
outer portion edge of polymer 22 and the inside surface of
outer flange 27a. As will be described in further detail below,
an adhesive or glue may be added to the rolled electroactive
polymer device to maintain its rolled configuration. Gap 29
provides a dedicated space on endpiece 27 for an adhesive
or glue than the buildup to the outer diameter of the rolled
device and fix to all polymer layers in the roll to endpiece 27.
In a specific embodiment, gap 29 is between about 0 mm and
about 5 mm.

[0059] The portions of electroactive polymer 22 and
spring 24 between end pieces 27 and 28 may be considered
active to their functional purposes. Thus, end pieces 27 and
28 define an active region 32 of device 20 (FIG. 2A). End
pieces 27 and 28 provide a common structure for attachment
with spring 24 and with polymer 22. In addition, each end
piece 27 and 28 permits external mechanical and detachable
coupling to device 20. For example, device 20 may be
employed in a robotic application where endpiece 27 is
attached to an upstream link in a robot and endpiece 28 is
attached to a downstream link in the robot. Actuation of
electroactive polymer 22 then moves the downstream link
relative to the upstream link as determined by the degree of
freedom between the two links (e.g., rotation of link 2 about
a pin joint on link 1).

[0060] In a specific embodiment, inner hole 27¢ comprises
an internal thread capable of threaded interface with a
threaded member, such as a screw or threaded bolt. The
internal thread permits detachable mechanical attachment to
one end of device 20. For example, a screw may be threaded
into the internal thread within end piece 27 for external
attachment to a robotic element. For detachable mechanical
attachment internal to device 20, a nut or bolt to be threaded
into each end piece 27 and 28 and pass through the axial core
of spring 24, thereby fixing the two end pieces 27 and 28 to
each other. This allows device 20 to be held in any state of
deflection, such as a fully compressed state useful during
rolling. This may also be useful during storage of device 20
so that polymer 22 is not strained in storage.

[0061] In one embodiment, a stiff member or linear guide
30 is disposed within the spring core of spring 24. Since the
polymer 22 in spring 24 is substantially compliant between
end pieces 27 and 28, device 20 allows for both axial
deflection along direction 35 and bending of polymer 22 and
spring 24 away from its linear axis (the axis passing through
the center of spring 24). In some embodiments, only axial
deflection is desired. Linear guide 30 prevents bending of
device 20 between end pieces 27 and 28 about the linear
axis. Preferably, linear guide 30 does not interfere with the
axial deflection of device 20. For example, linear guide 30
preferably does not introduce frictional resistance between
itself and any portion of spring 24. With linear guide 30, or
any other suitable constraint that prevents motion outside of
axial direction 35, device 20 may act as a linear actuator or
generator with output strictly in direction 35. Linear guide
30 may be comprised of any suitably stiff material such as
wood, plastic, metal, etc.
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[0062] Polymer 22 is wound repeatedly about spring 22.
For single electroactive polymer layer construction, a rolled
electroactive polymer of the present invention may comprise
between about 2 and about 200 layers. In this case, a layer
refers to the number of polymer films or sheets encountered
in a radial cross-section of a rolled polymer. In some cases,
a rolled polymer comprises between about 5 and about 100
layers. In a specific embodiment, a rolled electroactive
polymer comprises between about 15 and about 50 layers.

[0063] Inanother embodiment, a rolled electroactive poly-
mer employs a multilayer structure. The multilayer structure
comprises multiple polymer layers disposed on each other
before rolling or winding. For example, a second electroac-
tive polymer layer, without electrodes patterned thereon,
may be disposed on an electroactive polymer having elec-
trodes patterned on both sides. The electrode immediately
between the two polymers services both polymer surfaces in
immediate contact. After rolling, the electrode on the bottom
side of the electroded polymer then contacts the top side of
the non-electroded polymer. In this manner, the second
electroactive polymer with no electrodes patterned thereon
uses the two electrodes on the first electroded polymer.

[0064] Other multilayer constructions are possible. For
example, a multilayer construction may comprise any even
number of polymer layers in which the odd number polymer
layers are electroded and the even number polymer layers
are not. The upper surface of the top non-electroded polymer
then relies on the electrode on the bottom of the stack after
rolling. Multilayer constructions having 2, 4, 6, 8, etc., are
possible this technique. In some cases, the number of layers
used in a multilayer construction may be limited by the
dimensions of the roll and thickness of polymer layers. As
the roll radius decreases, the number of permissible layers
typically decrease is well. Regardless of the number of
layers used, the rolled transducer is configured such that a
given polarity electrode does not touch an electrode of
opposite polarity. In one embodiment, multiple layers are
each individually electroded and every other polymer layer
is flipped before rolling such that electrodes in contact each
other after rolling are of a similar voltage or polarity.

[0065] The multilayer polymer stack may also comprise
more than one type of polymer For example, one or more
layers of a second polymer may be used to modify the
elasticity or stiffness of the rolled electroactive polymer
layers. This polymer may or may not be active in the
charging/discharging during the actuation. When a non-
active polymer layer is employed, the number of polymer
layers may be odd. The second polymer may also be another
type of electroactive polymer that varies the performance of
the rolled product.

[0066] In one embodiment, the outermost layer of a rolled
electroactive polymer does not comprise an electrode dis-
posed thereon. This may be done to provide a layer of
mechanical protection, or to electrically isolate electrodes on
the next inner layer.

[0067] Device 20 provides a compact electroactive poly-
mer device structure and improves overall electroactive
polymer device performance over conventional electroac-
tive polymer devices. For example, the multilayer structure
of device 20 modulates the overall spring constant of the
device relative to each of the individual polymer layers. In
addition, the increased stiffness of the device achieved via
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spring 24 increases the stiffness of device 20 and allows for
faster response in actuation, if desired.

[0068] In a specific embodiment, spring 24 is a compres-
sion spring such as catalog number 11422 as provided by
Century Spring of Los Angeles, Calif. This spring is char-
acterized by a spring force of 0.91 Ib/inch and dimensions of
4.38 inch free length, 1.17 inch solid length, 0.360 inch
outside diameter, 0.3 inch inside diameter. In this case,
rolled electroactive polymer device 20 has a height 36 from
about 5 to about 7 cm, a diameter 37 of about 0.8 to about
1.2 cm, and an active region between end pieces of about 4
to about 5 cm. The polymer is characterized by a circum-
ferential prestrain from about 300 to about 500 percent and
axial prestrain (including force contributions by spring 24)
from about 150 to about 250 percent.

[0069] Device 20 has many functional uses. As will be
described in further detail below, electroactive polymers of
the present invention may be used for actuation, generation,
sensing, variable stiffness and damping, or combinations
thereof. Thus, device 20 may be used in robotic application
for actuation and production of mechanical energy. Alter-
natively, rolled device 20 may contribute to stiffness and
damping control of a robotic link. Thus, either end piece 27
or 28 may be coupled to a potentially moving mechanical
link to receive mechanical energy from the link and damp
the motion. In this case, polymer 22 converts this mechani-
cal energy to electrical energy according to techniques
described below.

[0070] Although device 20 is illustrated with a single
spring 24 disposed internal to the rolled polymer, it is
understood that additional structures such as another spring
external to the polymer may also be used to provide strain
and prestrain forces. These external structures may be
attached to device 20 using end pieces 27 and 28 for
example.

[0071] The present invention also encompasses mecha-
nisms, other than a spring, used in a rolled electraoctive
polymer device to apply a force that strains a rolled polymer.
As the term is used herein, a mechanism used to provide
strain onto a rolled electroactive polymer generally refers to
a system or an arrangement of elements that are capable of
providing a force to different portions of a rolled electroac-
tive polymer. In many cases, the mechanism is flexible (e.g.,
a spring) or has moving parts (e.g., a pneumatic cylinder).
The mechanism may also comprises rigid parts (see the
frame of FIG. 8B). Strain may also be achieved using
mechanisms such as hydraulic actuators, pneumatic actua-
tors, and magnetic systems (e.g., FIG. 3K), for example.
Alternatively, compressible materials and foams may be
disposed internal to the roll to provide the strain forces and
allow for axial deflection.

[0072] Generally, the mechanism provides a force that
onto the polymer. In one embodiment, the force changes the
force vs. deflection characteristics of the device, such as to
provide a negative force response, as described below. In
another embodiment, the force strains the polymer. This
latter case implies that the polymer deflects in response to
the force, relative to its deflection state without the effects of
the mechanism. This strain may include prestrain as
described above. In one embodiment, the mechanism main-
tains or adds to any prestrain previously established in the
polymer, such prestrain provided by a fixture during rolling






