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Description

[0001] US-A-5356500 discloses piezoelectric lami-
nate films using different polymeric laminates. Pelrine et
al: Sensors and Actuators A64(1998), 77-85 disclose
electrostrictive polymer materials used in solid state ac-
tuator technology.
[0002] PVDF is often not suitable for applications re-
quiring strains greater than 4 percent. Shape memory
alloys, such as nitinol, are capable of large strains and
force outputs. These shape memory alloys have been
limited from broad use by unacceptable energy efficien-
cy, poor response time and prohibitive cost.
[0003] In addition to the performance limitations of pi-
ezoelectric ceramics and irradiated PVDF, their fabrica-
tion often presents a barrier to acceptability. Single crys-
tal piezoelectric ceramics must be grown at high temper-
atures coupled with a very slow cooling down process.
Irradiated PVDF must be exposed to an electron beam
for processing. Both these processes are expensive and
complex and may limit acceptability of these materials.
[0004] In view of the foregoing, alternative devices that
convert from electrical to mechanical energy would be
desirable.

SUMMARY OF THE INVENTION

[0005] The present invention relates to a method of
fabricating a transducer and a transducer as defined by
the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006]

FIGs. 1A and 1B illustrate a top perspective view of
a transducer before and after application of a volt-
age.

FIG. 1C illustrates a textured surface for an elec-
troactive polymer having a wavelike profile.

FIG. 1D illustrates an electroactive polymer including
a textured surface having random texturing.

FIG. 1E illustrates a cross-sectional side view of a
diaphragm actuator including an electroactive poly-
mer before application of a voltage.

FIG. 1F illustrates a cross-sectional view of the elec-
troactive polymer diaphragm of FIG. 1E after appli-
cation of a voltage.

FIGs. 2A and 2B illustrate a bow actuator before and
after actuation.

FIG. 2C illustrates a bow actuator including addition-
al components to improve deflection.

FIG. 2D and 2E illustrate a linear motion actuator
before and after actuation.

FIG. 2F illustrates a cross-sectional side view of an
actuator including multiple polymer layers.

FIG. 2G illustrates a stacked multilayer actuator as
an example of artificial muscle.

FIG. 2H illustrates a linear actuator comprising an
electroactive polymer diaphragm.

FIG. 2I illustrates an inchworm-type actuator includ-
ing a rolled electroactive polymer.

FIG. 2J illustrates a stretched film actuator for pro-
viding deflection in one direction.

FIG. 2K illustrates a bending beam actuator.

FIG. 2L illustrates the bending beam actuator of FIG.
2K with a 90 degree bending angle.

FIG. 2M illustrates a bending beam actuator includ-
ing two polymer layers.

FIG. 3 illustrates a structured electrode that provides
one-directional compliance.

FIG. 4 illustrates a pre-strained polymer comprising
a structured electrode that is not directionally com-
pliant.

FIG. 5 illustrates textured electrodes.

FIG. 6 illustrates a two-stage cascaded pumping sys-
tem including two diaphragm actuator pumps.

FIG. 7A illustrates a process flow for fabricating an
electromechanical device having at least one pre-
strained polymer.

FIGs. 7B-F illustrate a process for fabricating an
electromechanical device having multiple polymer
layers.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0007] The present invention will now be described in
detail with reference to a few preferred embodiments
thereof 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 prac-
ticed without some or all of these specific details. In other
instances, well known process steps and/or structures
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have not been described in detail in order to not unnec-
essarily obscure the present invention.

1. OVERVIEW

[0008] Electroactive polymers deflect when actuated
by electrical energy. In one example, 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 elec-
trodes. In an example, polymers are pre-strained to im-
prove conversion between electrical and mechanical en-
ergy. The pre-strain improves the mechanical response
of an electroactive polymer relative to a non-strained
electroactive polymer. The improved mechanical re-
sponse enables greater mechanical work for an elec-
troactive polymer, e.g., larger deflections and actuation
pressures. For example, linear strains of at least about
200 percent and area strains of at least about 300 percent
are possible with pre-strained polymers of the present
invention. The pre-strain may vary in different directions
of a polymer. Combining directional variability of the pre-
strain, different ways to constrain a polymer, scalability
of electroactive polymers to both micro and macro levels,
and different polymer orientations (e.g., rolling or stack-
ing individual polymer layers) permits a broad range of
actuators that convert electrical energy into mechanical
work. These actuators find use in a wide range of appli-
cations.
[0009] As the electroactive polymers may deflect at
linear strains of at least about 200 percent, electrodes
attached to the polymers should also deflect without com-
promising mechanical or electrical performance. Corre-
spondingly compliant electrodes conform to the shape
of an electroactive polymer they are attached to. The
electrodes are capable of maintaining electrical commu-
nication even at the high deflections encountered with
pre-strained polymers of the present invention. By way
of example, strains of at least about 50 percent are com-
mon with electrodes of the present invention. In some
cases, compliance provided by the electrodes may vary
with direction.
[0010] As the pre-strained polymers are suitable for
use in both the micro and macro scales, in a wide variety
of actuators and in a broad range of applications, fabri-
cation processes used with the present invention vary
greatly. The present invention provides methods for fab-
ricating electromechanical devices including one or more
pre-strained polymers. Pre-strain may be achieved by a
number of techniques such as mechanically stretching
an electroactive polymer and fixing the polymer to one
or more solid members while it is stretched.

2. GENERAL STRUCTURE OF DEVICES

[0011] FIGs. 1A and 1B illustrate a top perspective
view of a transducer 100. The transducer 100 includes
a polymer 102 for translating between electrical energy

and mechanical energy. Top and bottom electrodes 104
and 106 are attached to the electroactive polymer 102
on its top and bottom surfaces respectively to provide a
voltage difference across a portion of the polymer 102.
The polymer 102 deflects with a change in electric field
provided by the top and bottom electrodes 104 and 106.
Deflection of the transducer 100 in response to a change
in electric field provided by the electrodes 104 and 106
is referred to as actuation. As the polymer 102 changes
in size, the deflection may be used to produce mechanical
work.
[0012] FIG. 1B illustrates a top perspective view of the
transducer 100 including deflection in response to a
change in electric field. Generally speaking, deflection
refers to any displacement, expansion, contraction, tor-
sion, linear or area strain, or any other deformation of a
portion of the polymer 102. The change in electric field
corresponding to the voltage difference produced by the
electrodes 104 and 106 produces mechanical pressure
within the pre-strained polymer 102. In this case, the un-
like electrical charges produced by the electrodes 104
and 106 are attracted to each other and provide a com-
pressive force between the electrodes 104 and 106 and
an expansion force on the polymer 102 in planar direc-
tions 108 and 110, causing the polymer 102 to compress
between the electrodes 104 and 106 and stretch in the
planar directions 108 and 110.
[0013] In some cases, the electrodes 104 and 106 cov-
er a limited portion of the polymer 102 relative to the total
area of the polymer. This may done to prevent electrical
breakdown around the edge of polymer 102 or achieve
customized deflections in certain portions of the polymer.
As the term is used herein, an active region is defined
as a portion of the polymer material 102 having sufficient
electrostatic force to enable deflection of the portion. As
will be described below, a polymer may have multiple
active regions. Polymer 102 material outside an active
area may act as an external spring force on the active
area during deflection. More specifically, material outside
the active area may resist active area deflection by its
contraction or expansion. Removal of the voltage differ-
ence and the induced charge causes the reverse effects.
[0014] The electrodes 104 and 106 are compliant and
change shape with the polymer 102. The configuration
of the polymer 102 and the electrodes 104 and 106 pro-
vides for increasing polymer 102 response with deflec-
tion. More specifically, as the transducer 100 deflects,
compression of the polymer 102 brings the opposite
charges of the electrodes 104 and 106 closer and stretch-
ing of the polymer 102 separates similar charges in each
electrode. In one embodiment, one of the electrodes 104
and 106 is ground.
[0015] Generally speaking, the transducer 100 contin-
ues to deflect until mechanical forces balance the elec-
trostatic forces driving the deflection. The mechanical
forces include elastic restoring forces of the polymer 102
material, the compliance of the electrodes 104 and 106,
and any external resistance provided by a device and/or
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load coupled to the transducer 100. The resultant deflec-
tion of the transducer 100 as a result of the applied volt-
age may also depend on a number of other factors such
as the polymer 102 dielectric constant and the polymer
102 size.
[0016] Electroactive polymers used in accordance with
the present invention are capable of deflection in any
direction. After application of the voltage between the
electrodes 104 and 106, the electroactive polymer 102
increases in size in both planar directions 108 and 110.
In some cases, the electroactive polymer 102 is incom-
pressible, e.g. has a substantially constant active area
deflection by its contraction or expansion. Removal of
the voltage difference and the induced charge causes
the reverse effects.
[0017] The electrodes 104 and 106 are compliant and
change shape with the polymer 102. The configuration
of the polymer 102 and the electrodes 104 and 106 pro-
vides for increasing polymer 102 response with deflec-
tion. More specifically, as the transducer 100 deflects,
compression of the polymer 102 brings the opposite
charges of the electrodes 104 and 106 closer and stretch-
ing of the polymer 102 separates similar charges in each
electrode. One of the electrodes 104 and 106 may be
ground.
[0018] Generally speaking, the transducer 100 contin-
ues to deflect until mechanical forces balance the elec-
trostatic forces driving the deflection. The mechanical
forces include elastic restoring forces of the polymer 102
material, the compliance of the electrodes 104 and 106,
and any external resistance provided by a device and/or
load coupled to the transducer 100. The resultant deflec-
tion of the transducer 100 as a result of the applied volt-
age may also depend on a number of other factors such
as the polymer 102 dielectric constant and the polymer
102 size.
[0019] Electroactive polymers are capable of deflec-
tion in any direction. After application of the voltage be-
tween the electrodes 104 and 106, the electroactive pol-
ymer 102 increases in size in both planar directions 108
and 110. In some cases, the electroactive polymer 102
is incompressible, e.g. has a substantially constant vol-
ume under stress. In this case, the polymer 102 decreas-
es in thickness as a result of the expansion in the planar
directions 108 and 110. It should be noted that the
present invention is not limited to incompressible poly-
mers and deflection of the polymer 102 may not conform
to such a simple relationship.
[0020] The electroactive polymer 102 is pre-strained.
The pre-strain improves conversion between electrical
and mechanical energy. In one embodiment, pre-strain
improves the dielectric strength of the polymer. For the
transducer 100, the pre-strain allows the electroactive
polymer 102 to deflect more and provide greater mechan-
ical work. Pre-strain of a polymer may be described in
one or more directions as the change in dimension in that
direction after pre-straining relative to the dimension in
that direction before pre-straining. The pre-strain may

comprise elastic deformation of the polymer 102 and be
formed, for example, by stretching the polymer in tension
and fixing one or more of the edges while stretched. In
one embodiment, the pre-strain is elastic. After actuation,
an elastically pre-strained polymer could, in principle, be
unfixed and return to its original state. The pre-strain may
be imposed at the boundaries using a rigid frame or may
be implemented locally for a portion of the polymer.
[0021] In one example, pre-strain is applied uniformly
over a portion of the polymer 102 to produce an isotropic
pre-strained polymer. By way of example, an acrylic elas-
tomeric polymer may be stretched by 200 - 400 percent
in both planar directions. In another example, pre-strain
is applied unequally in different directions for a portion
of the polymer 102 to produce an anisotropic pre-strained
polymer. In this case, the polymer 102 may deflect great-
er 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. Cor-
respondingly, the polymer is relatively stiffer in the high
pre-strain direction and more compliant in the low pre-
strain direction and, upon actuation, the majority of de-
flection occurs in the low pre-strain direction. In one em-
bodiment, the transducer 100 enhances deflection in the
direction 108 by exploiting large pre-strain in the perpen-
dicular direction 110. By way of example, an acrylic elas-
tomeric polymer used as the transducer 100 may be
stretched by 100 percent in the direction 108 and by 500
percent in the perpendicular direction 110. Construction
of the transducer 100 and geometric edge constraints
may also affect directional deflection as will be described
below with respect to actuators.
[0022] The quantity of pre-strain for a polymer may be
based on the electroactive polymer and the desired per-
formance of the polymer in an actuator or application.
For some polymers of the present invention, pre-strain
in one or more directions may range from -100 percent
to 600 percent. By way of example, for a VHB acrylic
elastomer having isotropic pre-strain, pre-strains of at
least about 100 percent, and preferably between about
200-400 percent, may be used in each direction. In one
embodiment, the polymer is pre-strained by a factor in
the range of about 1.5 times to 50 times the original area.
For an anisotropic acrylic pre-strained to enhance actu-
ation in a compliant direction, pre-strains between about
400-500 percent may be used in the stiffened direction
and pre-strains between about 20-200 percent may be
used in the compliant direction. In some cases, pre-strain
may be added in one direction such that a negative pre-
strain occurs in another direction, e.g. 600 percent in one
direction coupled with -100 percent in an orthogonal di-
rection. In these cases, the net change in area due to the
pre-strain is typically positive.
[0023] Pre-strain may affect other properties of the pol-
ymer 102. Large pre-strains may change the elastic prop-
erties of the polymer and bring it into a stiffer regime with
lower viscoelastic losses. For some polymers, pre-strain
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increases the electrical breakdown strength of the poly-
mer 102, which allows for higher electric fields to be used
within the polymer-permitting higher actuation pressures
and higher deflections.
[0024] Linear strain and area strain may be used to
describe the deflection of a pre-strained polymer. As the
term is used herein, linear strain of a pre-strained polymer
refers to the deflection per unit length along a line of de-
flection relative to the unactuated state. Maximum linear
strains (tensile or compressive) of at least about 50 per-
cent are common for pre-strained polymers of the present
invention. Of course, a polymer may deflect with a strain
less than the maximum, and the strain may be adjusted
by adjusting the applied voltage. For some pre-strained
polymers, maximum linear strains of at least about 100
percent are common. For polymers such as VHB 4910
as produced by 3M Corporation of St. Paul, MN, maxi-
mum linear strains in the range of 40 to 215 percent are
common. Area strain of an electroactive polymer refers
to the change in planar area, e.g. the change in the plane
defined by directions 108 and 110 in Figures 1A and 1B,
per unit area of the polymer upon actuation relative to
the unactuated state. Maximum area strains of at least
about 100 percent are possible for pre-strained polymers
of the present invention. For some pre-strained polymers,
maximum area strains in the range of 70 to 330 percent
are common.
[0025] Generally, after the polymer is pre-strained, it
may be fixed to one or more objects. Each object may
be suitably stiff to maintain the level of pre-strain desired
in the polymer. The polymer may be fixed to the one or
more objects according to any conventional method
known in the art such as a chemical adhesive, an adhe-
sive layer or material, mechanical attachment, etc.
[0026] Transducers and pre-strained polymers of the
present invention are not limited to any particular geom-
etry or linear deflection. For example, the polymer and
electrodes may be formed into any geometry or shape
including tubes and rolls, stretched polymers attached
between multiple rigid structures, stretched polymers at-
tached 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 com-
pression in one or more directions, bending, axial deflec-
tion when the polymer is rolled, deflection out of a hole
provided in a substrate, etc. Deflection of a transducer
may be affected by how the polymer is constrained by a
frame or rigid structures attached to the polymer. In one
embodiment, a flexible material that is stiffer in elongation
than the polymer is attached to one side of a transducer
induces bending when the polymer is actuated. In anoth-
er embodiment, a transducer that deflects radially out of
the plane is referred to as a diaphragm. A diaphragm
actuator will be described in more detail with respect to
FIGs. 1E and 1F.
[0027] Transducers (including methods of using them
and methods of fabricating them) are described in reports

available from the New Energy and Industrial Technology
Development Organization (NEDO) offices under the ref-
erence title "Annual Research Progress Report for R&D
of Micromachine Technology (R&D of High Functional
Maintenance System for Power Plant Facilities)" for
1999, the "Annual Research Progress Report for R&D of
Micromachine Technology (R&D of High Functional
Maintenance System for Power Plant Facilities)" for
1998, the "Annual Research Progress Report for R&D of
Micromachine Technology (R&D of High Functional
Maintenance System for Power Plant Facilities)" for
1997, or the "Annual Research Progress Report for R&D
of Micromachine Technology (R&D of High Functional
Maintenance System for Power Plant Facilities)" for
1996. NEDO has several offices in Japan in addition to
other offices in the United Sates, Australia, France, Thai-
land and China.
[0028] Electroactive polymers used in accordance with
the present invention include a textured surface. FIG. 1C
illustrates a textured surface 150 for an electroactive pol-
ymer 152 having a wavelike profile. The textured surface
150 allows the polymer 152 to deflect using bending of
surface waves 154. Bending of the surface waves 154
provides directional compliance in a direction 155 with
less resistance than bulk stretching for a stiff electrode
attached to the polymer 152 in the direction 155. The
textured surface 150 may be characterized by troughs
and crests, for example, about 0.1 micrometer to 40 mi-
crometers wide and about 0.1 micrometers to 20 microm-
eters deep. In this case, the wave width and depth is
substantially less than the thickness of the polymer. In a
specific embodiment, the troughs and crests are approx-
imately 10 micrometers wide and six micrometers deep
on a polymer layer with a thickness of 200 micrometers.
[0029] A thin layer of stiff material 156, such as an elec-
trode may be attached to the polymer 152 to provide the
wavelike profile. During fabrication, the electroactive pol-
ymer is stretched more than it can stretch when actuated,
and the thin layer of stiff material 156 is attached to the
stretched polymer 152 surface. Subsequently, the poly-
mer 152 is relaxed and the structure buckles to provide
the textured surface.
[0030] In general, a textured surface may comprise
any non-uniform or non-smooth surface topography that
allows a polymer to deflect using deformation in the pol-
ymer surface. By way of example, FIG. 1D illustrates an
electroactive polymer 160 including a roughened surface
161 having random texturing. The roughened surface
160 allows for planar deflection that is not directionally
compliant. Advantageously, deformation in surface to-
pography may allow deflection of a stiff electrode with
less resistance than bulk stretching or compression. It
should be noted that deflection of a pre-strained polymer
having a textured surface may comprise a combination
of surface deformation and bulk stretching of the polymer.
[0031] Textured or non-uniform surfaces for the poly-
mer may also allow the use of a barrier layer and/or elec-
trodes that rely on deformation of the textured surfaces.
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The electrodes may include metals that bend according
to the geometry of the polymer surface. The barrier layer
may be used to block charge in the event of local electrical
breakdown in the pre-strained polymer material.
[0032] Materials suitable for use as a pre-strained pol-
ymer with the present invention may include any sub-
stantially insulating polymer or rubber that deforms in re-
sponse to an electrostatic force or whose deformation
results in a change in electric field. One suitable material
is NuSil CF 19-2186 as provided by NuSil Technology of
Carpenteria, CA. Other exemplary materials suitable for
use as a pre-strained polymer include, any dielectric elas-
tomeric polymer, silicone rubbers, fluoroelastomers, sil-
icones such as Dow Coming HS3 as provided by Dow
Corning of Wilmington, Delaware, fluorosilicones such
as Dow Coming 730 as provided by Dow Coming of Wilm-
ington, Delaware, etc, and acrylic polymers such as any
acrylic in the 4900 VHB acrylic series as provided by 3M
Corp. of St. Paul, MN.
[0033] In many cases, materials used in accordance
with the present invention are commercially available pol-
ymers. The commercially available polymers may in-
clude, for example, any commercially available silicone
elastomer, polyurethane, PVDF copolymer and adhesive
elastomer. Using commercially available materials pro-
vides cost-effective alternatives for transducers and as-
sociated devices of the present invention. The use of
commercially available materials may simplify fabrica-
tion. In one embodiment, the commercially available pol-
ymer is a commercially available acrylic elastomer com-
prising mixtures of aliphatic acrylate that are photocured
during fabrication. The elasticity of the acrylic elastomer
results from a combination of the branched aliphatic
groups and crosslinking between the acrylic polymer
chains.
[0034] Materials used as a pre-strained polymer may
be selected based on one or more material properties
such as a high electrical breakdownstrength, a low mod-
ulus of elasticity - for large or small deformations, a high
dielectric constant, etc. In one embodiment, the polymer
is selected such that it has a maximum actuation pressure
between about 0.05 MPa and about 10 MPa, and pref-
erably between about 0.3 MPa and about 3 MPa. In yet
another embodiment, the polyer is selected such that it
has a dielectric constant between about 2 and about 20
and preferably between about 2.5 and 12. For some ap-
plications, an electroactive polymer is selected based on
one or more application demands such as a wide tem-
perature and/or humidity range, repeatability, accuracy,
low creep, reliability and endurance.
[0035] Suitable actuation voltages for pre-strained pol-
ymers used in the present invention may vary based on
the electroactive polymer material and its properties (e.g.
the dielectric constant) as well as the dimensions of the
polymer (e.g. the thickness between electrodes). By way
of example, actuation electric fields for the polymer 102
in Figure 1A may range in magnitude from about 0 V/m
to 440 megavolts/meter. Actuation voltages in this range

may produce a pressure in the range of about 0 Pa to
about 10 MPa. To achieve a transducer capable of higher
forces, the thickness of the polymer may be increased.
Alternatively, multiple polymer layers may be implement-
ed. Actuation voltages for a particular polymer may be
reduced by increasing the dielectric constant, decreasing
polymer thickness and decreasing the modulus of elas-
ticity, for example.
[0036] Pre-strained polymers used in the present in-
vention may cover a wide range of thicknesses. In one
embodiment, polymer thickness may range between
about 1 micrometer and 2 millimeters. Typical thickness-
es before pre-strain include 50 - 225 micrometers for
HS3, 25 - 75 micrometers for NuSil CF 19-2186, and 100
- 1000 micrometers for any of the 3M VHB 4900 series
acrylic polymers. Polymer thickness may be reduced by
stretching the film in one or both planar directions. In
many cases, pre-strained polymers may be fabricated
and implemented as thin films. Thicknesses suitable for
these thin films may be below 50 micrometers.

3. ACTUATORS

[0037] The deflection of a pre-strained polymer can be
used in a variety of ways to produce mechanical energy.
Generally speaking, electroactive polymers may be im-
plemented with a variety of actuators - including conven-
tional actuators retrofitted with a pre-strained polymer
and custom actuators specially designed for one or more
pre-strained polymers. Conventional actuators include
extenders, bending beams, stacks, diaphragms, etc.
Several different exemplary custom actuators will now
be discussed.
[0038] FIG. 1E illustrates a cross-sectional side view
of a diaphragm actuator 130 including a pre-strained pol-
ymer 131 before actuation. The pre-strained polymer 131
is attached to a frame 132. The frame 132 includes a
circular hole 133 that allows deflection of the polymer
131 perpendicular to the area of the circular hole 133.
The diaphragm actuator 130 includes circular electrodes
134 and 136 on either side of the polymer 131 to provide
a voltage difference across a portion of the polymer 131.
In the voltage-off configuration of FIG. 1E, the polymer
131 is stretched and secured to the frame 132 with ten-
sion to achieve pre-strain. Upon application of a suitable
voltage to the electrodes 134 and 136, the polymer film
131 expands away from the plane of the frame 132 as
illustrated in FIG. 1F. The electrodes 134 and 136 are
compliant and change shape with the pre-strained poly-
mer 131 as it deflects.
[0039] The diaphragm actuator 130 is capable of ex-
pansion in both directions away from the plane. The bot-
tom side 141 of the polymer 131 may include a bias pres-
sure that influences the expansion of the polymer film
131 to continually actuate upward in the direction of ar-
rows 143 (FIG. 1F). A swelling agent such as a small
amount of silicone oil may be applied to the bottom side
141 to influence the expansion of the polymer 131 in the
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direction of arrows 143. The swelling agent causes slight
permanent deflection in one direction as determined dur-
ing fabrication, e.g. by supplying a slight pressure on the
bottom side 141 when the swelling agent is applied. The
swelling agent allows the diaphragm to continually actu-
ate in a desired direction without using a bias pressure.
[0040] The amount of expansion for the diaphragm ac-
tuator 130 will vary based on a number of factors includ-
ing the polymer 131 material, the applied voltage, the
amount of pre-strain, any bias pressure, compliance of
the electrodes 134 and 136, etc. The polymer 131 may
be capable of deflections to a height 137 of at least about
50 percent of the hole diameter 139 and may take a hem-
ispheric shape at large deflections. In this case, an angle
147 formed between the polymer 131 and the frame 132
may be less than 90 degrees.
[0041] As mentioned earlier, expansion in one direc-
tion of an electroactive polymer may induce contractile
stresses in a second direction such as due to Poisson
effects. This may reduce the mechanical output for a
transducer that provides mechanical output in the second
direction. Correspondingly, actuators may be designed
to constrain a polymer in the non-output direction. In
some cases, actuators may be designed to improve me-
chanical output using deflection in the non-output direc-
tion.
[0042] An actuator which uses deflection in one planar
direction to improve mechanical output in the other planar
direction is a bow actuator. FIGs. 2A and 2B illustrate a
bow actuator 200 before and after actuation. The bow
actuator 200 is a planar mechanism comprising a flexible
frame 202 which provides mechanical assistance to im-
prove mechanical output for a polymer 206 attached to
the frame 202. The frame 202 includes six rigid members
204 connected at joints 205. The members 204 and joints
205 provide mechanical assistance by coupling polymer
deflection in a planar direction 208 into mechanical output
in a perpendicular planar direction 210. More specifically,
the frame 202 is arranged such that a small deflection of
the polymer 206 in the direction 208 improves displace-
ment in the perpendicular planar direction 210. Attached
to opposite (top and bottom) surfaces of the polymer 206
are electrodes 207 (bottom electrode on bottom side of
polymer 206 not shown) to provide a voltage difference
across a portion of the polymer 206.
[0043] The polymer 206 is configured with different lev-
els of pre-strain in its orthogonal directions. More specif-
ically, the electroactive polymer 206 includes a high pre-
strain in the planar direction 208, and little or no pre-strain
in the perpendicular planar direction 210. This anisotropic
pre-strain is arranged relative to the geometry of the
frame 202. More specifically, upon actuation across elec-
trodes 207 and 209, the polymer contracts in the high
pre-strained direction 208. With the restricted motion of
the frame 202 and the lever arm provided by the members
204, this contraction helps drive deflection in the perpen-
dicular planar direction 210. Thus, even for a short de-
flection of the polymer 206 in the high pre-strain direction

208, the frame 202 bows outward in the direction 210. In
this manner, a small contraction in the high pre-strain
direction 210 becomes a larger expansion in the relatively
low pre-strain direction 208.
[0044] Using the anisotropic pre-strain and constraint
provided by the frame 202, the bow actuator 200 allows
contraction in one direction to enhance mechanical de-
flection and electrical to mechanical conversion in anoth-
er. In other words, a load 211 (FIG. 2B) attached to the
bow actuator 200 is coupled to deflection of the polymer
206 in two directions - direction 208 and 210. Thus, as a
result of the differential pre-strain of the polymer 206 and
the geometry of the frame 202, the bow actuator 200 is
able to provide a larger mechanical displacement than
an electroactive polymer alone for common electrical in-
put.
[0045] The bow actuator 200 may be configured based
on the polymer 206. By way of example, the geometry
of the frame 202 and dimensions of the polymer 206 may
be adapted based on the polymer 206 material. In a spe-
cific embodiment using HS3 silicone as the polymer 206,
the polymer 206 preferably has a ratio in directions 208
and 210 of 9:2 with pre-strains about 270 percent and
-25 percent in the directions 208 and 210 respectively.
Using this arrangement, linear strains of at least about
100 percent in direction 210 are possible.
[0046] The pre-strain in the polymer 206 and constraint
provided by the frame 202 may also allow the bow actu-
ator 200 to utilize lower actuation voltages for the pre-
strained polymer 206 for a given deflection. As the bow
actuator 200 has a lower effective modulus of elasticity
in the low pre-strained direction 210, the mechanical con-
straint provided by the frame 202 allows the bow actuator
200 to be actuated in the direction 210 to a larger deflec-
tion with a lower voltage. In addition, the high pre-strain
in the direction 208 increases the breakdown strength of
the polymer 206, permitting higher voltages and higher
deflections for the bow actuator 200.
[0047] As mentioned earlier with respect FIG. 1A,
when a polymer expands as a result of electrostatic forc-
es, it continues to expand until mechanical forces bal-
ance the electrostatic pressure driving the expansion.
When the load 211 is attached to the bow actuator 200,
mechanical effects provided by the load 211 will influence
the force balance and deflection of the polymer 206. For
example, if the load 211 resists expansion of the bow
actuator 200, then the polymer 206 may not expand as
much as if were there no load.
[0048] The bow actuator 200 may include additional
components to provide mechanical assistance and en-
hance mechanical output. By way of example, springs
220 as shown in FIG. 2C may be attached to the bow
actuator 200 to enhance deflection in the direction 210.
The springs load the bow actuator 200 such that the
spring force exerted by the springs opposes resistance
provided by an external load. In some cases, the springs
220 provide increasing assistance for bow actuator 200
deflection. Spring elements may be built into the joints
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205 instead of the external springs 220 to enhance de-
flection of the bow actuator 200. In addition, pre-strain
may be increased to enhance deflection. The load may
also be coupled to the rigid members 204 on top and
bottom of the frame 202 rather than on the rigid members
of the side of the frame 202 (as shown in Figure 2B).
Since the top and bottom rigid members 204 contract
towards each other when voltage is applied as shown in
Figure 2B, the bow actuator 200 provides an exemplary
device contracts in the plane upon application of a voltage
rather than expands.
[0049] Although the bow actuator 200 of FIGs. 2A - 2C
illustrates a specific example of a custom actuator includ-
ing a flexible frame and an electroactive polymer, any
frame geometry or mechanical assistance to improve dis-
placement of an electroactive polymer is suitable for use
with the present invention.
[0050] The shape and constraint of the polymer may
affect deflection. An aspect ratio for an electroactive pol-
ymer is defined as the ratio of its length to width. If the
aspect ratio is high (e.g., an aspect ratio of at least about
4:1) and the polymer is constrained along its length by
rigid members, than the combination may result in a sub-
stantially one dimensional deflection in the width direc-
tion.
[0051] FIG. 2D and 2E illustrate a linear motion actu-
ator 230 before and after actuation. The linear motion
actuator 230 is a planar mechanism providing mechan-
ical output in one direction. The linear motion actuator
230 comprises a polymer 231 having a length 233 sub-
stantially greater than its width 234 (e.g., an aspect ratio
of at least about 4:1). The polymer 231 is attached on
opposite sides to stiff members 232 of a frame along its
length 233. The stiff members 232 have a greater stiff-
ness than the polymer 231. The geometric edge con-
straint provided by the stiff members 232 substantially
prevents displacement in a direction 236 along the pol-
ymer length 233 and facilitates deflection almost exclu-
sively in a direction 235. When the linear motion actuator
230 is implemented with a polymer 231 having anisotrop-
ic pre-strain, such as a higher pre-strain in the direction
236 than in the direction 235, then the polymer 231 is
stiffer in the direction 236 than in the direction 235 and
large deflections in the direction 235 may result. By way
of example, such an arrangement may produce linear
strains of at least about 200 percent for acrylics having
an anisotropic pre-strain.
[0052] A collection of electroactive polymers or actu-
ators may be mechanically linked to form a larger actuator
with a common output, e.g. force and/or displacement.
By using a small electroactive polymer as a base unit in
a collection, conversion of electric energy to mechanical
energy may be scaled according to an application. By
way of example, multiple linear motion actuators 230 may
be combined in series in the direction 235 to form an
actuator having a cumulative deflection of all the linear
motion actuators in the series. When transducing electric
energy into mechanical energy, electroactive polymers -

either individually or mechanically linked in a collection -
may be referred to as ’artificial muscle’. For purposes
herein, artificial muscle is defined as one or more trans-
ducers and/or actuators having a single output force
and/or displacement. Artificial muscle may be imple-
mented on a micro or macro level and may comprise any
one or more of the actuators described herein.
[0053] FIG. 2F illustrates cross-sectional side view of
a multilayer actuator 240 as an example of artificial mus-
cle. The multilayer actuator 240 includes four pre-
strained polymers 241 arranged in parallel and each at-
tached to a rigid frame 242 such that they have the same
deflection. Electrodes 243 and 244 are deposited on op-
posite surfaces of each polymer 241 and provide simul-
taneous electrostatic actuation to the four pre-strained
polymers 241. The multilayer actuator 240 provides cu-
mulative force output of the individual polymer layers 241.
[0054] Multiple electroactive polymer layers may be
used in place of one polymer to increase the force or
pressure output of an actuator. For example, ten elec-
troactive polymers may be layered to increase the pres-
sure output of the diaphragm actuator of FIG. 1E. FIG.
2G illustrates such a stacked multilayer diaphragm actu-
ator 245 as another example of artificial muscle. The
stacked multilayer actuator 245 includes three polymer
layers 246 layered upon each other and may be attached
by adhesive layers 247. Within the adhesive layers 247
are electrodes 248 and 249 that provide actuation to pol-
ymer layers 246. A relatively rigid plate 250 is attached
to the outermost polymer layer and patterned to include
holes 251 that allow deflection for the stacked multilayer
diaphragm actuator 245. By combining the polymer lay-
ers 246, the stacked multilayer actuator 245 provides cu-
mulative force output of the individual polymer layers 246.
[0055] In addition to the linear motion actuator 230 of
FIGs. 2D and 2E, electroactive polymers may be included
in a variety of actuators that provide linear displacement.
FIG. 2H illustrates a linear actuator 255 comprising an
electroactive polymer diaphragm 256. In this case, an
output shaft 257 is attached to a central portion of the
diaphragm 256 that deflects in a hole 258 of a frame 261.
Upon actuation and removal of electrostatic energy, the
output shaft 257 translates as indicated by arrow 259.
The linear actuator 255 may also include a compliant
spring element 260 that helps position the output shaft
257.
[0056] Pre-strained polymers may be rolled or folded
into linear transducers and actuators that deflect axially
upon actuation. As fabrication of electroactive polymers
is often simplest with fewer numbers of layers, rolled ac-
tuators provide an efficient manner of squeezing large
layers of polymer into a compact shape. Rolled or folded
transducers and actuators may include one or more lay-
ers of polymer rolled or folded to provide numerous layers
of polymer adjacent to each other. Rolled or folded ac-
tuators are applicable wherever linear actuators are
used, such as robotic legs and fingers, high force grip-
pers, and general-purpose linear actuators.
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[0057] FIG. 2I illustrates an inchworm-type actuator
262. The inchworm-type actuator 262 includes two or
more rolled pre-strained polymer layers with electrodes
263 that deflect axially along its cylindrical axis. The inch-
worm-type actuator 262 also includes electrostatic
clamps 264 and 265 for attaching and detaching to a
metal surface 268. The electrostatic clamps 264 and 265
allow the total stroke for the inchworm-type actuator 262
to be increased compared to an actuator without clamp-
ing. As the clamping force per unit weight for the electro-
static clamps 264 and 265 is high, the force per unit
weight advantages of pre-strained polymers are pre-
served with the inchworm-type actuator 262. The elec-
trostatic clamps 264 and 265 are attached to the inch-
worm-type actuator at connection regions 267. A body
266 of the inchworm-type actuator includes the connec-
tion regions 267 and the polymer 263 and has a degree
of freedom along the axial direction of the rolled polymer
263 between the connection regions 267. The electro-
static clamps 264 and 265 may include an insulating ad-
hesive 269 that prevents electrical shorting from the con-
ductive electrostatic clamps 264 and 265 to the metal
surface 268.
[0058] The inchworm-type actuator 262 moves up-
ward in a six step process. In step one, the inchworm-
type actuator 262 is immobilized at its respective ends
when both electrostatic clamps 264 and 265 are actuated
and the polymer 263 is relaxed. An electrostatic clamp
is actuated by applying a voltage difference between the
clamp and the metal surface 268. In step two, clamp 265
is released. Releasing one of the clamps 264 and 265
allows its respective end of the inchworm-type actuator
262 to move freely. In step three, the electroactive poly-
mer 263 is actuated and extends the inchworm-type ac-
tuator 262 upward. In step four, clamp 265 is actuated
and the inchworm-type actuator 262 is immobilized. In
step five, clamp 264 is released. In step six, the polymer
263 is relaxed and the inchworm-type actuator 262 con-
tracts. By cyclically repeating steps one through six, the
inchworm-type actuator 262 moves in the upward direc-
tion. By switching clamps 264 and 265 in the above six
step process, the inchworm-type actuator 262 moves in
a reverse direction.
[0059] Although the inchworm-type actuator 262 has
been described in terms of actuation using a single elec-
troactive polymer and two clamps, multiple segment inch-
worm-type actuators using multiple electroactive poly-
mers may be implemented. Multiple segment inchworm-
type actuators allow an inchworm-type actuator to in-
crease in length without becoming thicker. A two-seg-
ment inchworm-type actuator would use two rolled poly-
mers rather than one and three clamps rather than two.
In general, an n-segment inchworm-type actuator com-
prises n actuators between n+1 clamps.
[0060] FIG. 2J illustrates a stretched film actuator 270
for providing linear deflection. The stretched film actuator
270 includes a rigid frame 271 having a hole 272. A pre-
strained polymer 273 is attached in tension to the frame

271 and spans the hole 272. A rigid bar 274 is attached
to the center of the polymer 273 and provides external
displacement corresponding to deflection of the polymer
273. Compliant electrode pairs 275 and 276 are pat-
terned on both top and bottom surfaces of the polymer
273 on the left and right sides respectively of the rigid
bar 274. When the electrode pair 275 is actuated, a por-
tion of the polymer 273 between and in the vicinity of the
top and bottom electrode pair 275 expands relative to
the rest of the polymer 273 and the existing tension in
the remainder of the polymer 273 pulls the rigid bar 274
to move to the right. Conversely, when the electrode pair
276 is actuated, a second portion of the polymer 273
affected by the electrode pair 276 expands relative to the
rest of the polymer 273 and allows the rigid bar 274 to
move to the left. Alternating actuation of the electrodes
275 and 276 provides an effectively larger total stroke
279 for the rigid bar 274. One variation of this actuator
includes adding anisotropic pre-strain to the polymer
such that the polymer has high pre-strain (and stiffness)
in the direction perpendicular to the rigid bar displace-
ment. Another variation is to eliminate one of the elec-
trode pairs. For the benefit of simplifying the design, this
variation reduces the stroke 279 for the stretched film
actuator 270. In this case, the portion of the polymer no
longer used by the removed electrode now responds pas-
sively like a restoring spring.
[0061] FIG. 2K illustrates a bending beam actuator
280. The bending beam actuator 280 includes a polymer
281 fixed at one end by a rigid support 282 and attached
to a flexible thin material 283 such as polyimide or mylar
using an adhesive layer, for example. The flexible thin
material 283 has a modulus of elasticity greater than the
polymer 281. The difference in modulus of elasticity for
the top and bottom sides 286 and 287 of the bending
beam actuator 280 causes the bending beam actuator
280 to bend upon actuation. Electrodes 284 and 285 are
attached to the opposite sides of the polymer 281 to pro-
vide electrical energy. The bending beam actuator 280
includes a free end 288 having a single bending degree
of freedom. Deflection of the free end 288 may be meas-
ured by the difference in angle between the free end 288
and the end fixed by the rigid support 282. FIG. 2L illus-
trates the bending beam actuator 280 with a 90 degree
bending angle.
[0062] The maximum bending angle for the bending
beam actuator 280 will vary with a number of factors in-
cluding the polymer material, the actuator length, the
bending stiffness of the electrodes 284 and 285 and flex-
ible thin material 283, etc. For a bending beam actuator
280 comprising Dow Coming HS3 silicone, gold elec-
trodes and an active area of 3.5 mm in length, bending
angles over 225 degrees are attainable. For the bending
beam actuator 280, as the length of the active area in-
creases, increased bending angles are attainable. Cor-
respondingly, by extending the active length of the above
mentioned bending beam actuator to 5 mm allows for a
bending angle approaching 360 degrees.
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[0063] In one embodiment, one of the electrodes may
act as the flexible thin material 283. Any thin metal, such
as gold, having a low bending stiffness and a high tensile
stiffness may be suitable for an electrode acting as the
flexible thin material 283. A barrier layer may be attached
between one of the electrodes 284 and 285 and the pol-
ymer 281 to minimize the effect of any localized break-
down in the polymer. Breakdown may be defined as the
point at which the polymer cannot sustain the applied
voltage. The barrier layer is typically thinner than the pol-
ymer 281 and has a higher dielectric constant than the
polymer 281 such that the voltage drop mainly occurs
across the polymer 281. It is often preferable that the
barrier layer have a high dielectric breakdown strength.
[0064] FIG. 2M illustrates a bending beam actuator
290. The bending beam actuator 290 includes top and
bottom pre-strained polymers 291 and 292 fixed at one
end by a rigid support 296. Each of the polymers 291 and
292 may be independently actuated. Independent actu-
ation is achieved by separate electrical control of top and
bottom electrodes 293 and 294 attached to the top and
bottom electroactive polymers 291 and 292, respectively.
A common electrode 295 is situated between the top and
bottom electroactive polymers 291 and 292 and attached
to both. The common electrode 295 may be of sufficient
stiffness to maintain the pre-strain on the polymer layers
291 and 292 while still permitting extension and bending.
[0065] Actuating the top electroactive polymer 291 us-
ing the top pair of electrodes 293 and 295 causes the
bending beam actuator 290 to bend downward. Actuating
the bottom polymer 292 using the bottom pair of elec-
trodes 294 and 295 causes the bending beam actuator
290 to bend upward. Thus, independent use of the top
and bottom electroactive polymers 291 and 292 allows
the bending beam actuator 290 to be controlled along a
radial direction 297. When both top and bottom polymers
291 and 292 are actuated simultaneously - and are of
substantially similar size and material - the bending beam
actuator 290 extends in length along the linear direction
298. Combining the ability to control motion in the radial
direction 297 and the linear direction 298, the bending
beam actuator 290 becomes a two-degree-offreedom
actuator. Correspondingly, independent actuation and
control of the top and bottom polymers 291 and 292 al-
lows a free end 299 of the bending beam actuator 290
to execute complex motions such as circular or elliptical
paths.

4. PERFORMANCE

[0066] A transducer in accordance with the present in-
vention converts between electrical energy and mechan-
ical energy. Transducer performance may be character-
ized in terms of the transducer by itself, the performance
of the transducer in an actuator, or the performance of
the transducer in a specific application (e.g., a number
of transducers implemented in a motor). Pre-straining
electroactive polymers having an elastic modulus below

about 100MPa provide substantial improvements in
transducer performance.
[0067] Characterizing the performance of a transducer
by itself usually relates to the material properties of the
polymer and electrodes. Performance of an electroactive
polymer may be described independent of polymer size
by parameters such as strain, energy density, actuation
pressure, actuation pressure density and efficiency. It
should be noted that the performance characterization
of pre-strained polymers and their respective transduc-
ers described below may vary for different electroactive
polymers and electrodes.
[0068] Pre-strained polymers of the present invention
may have an effective modulus in the range of about 0.1
to about 100 MPa. Actuation pressure is defined as the
change in force within a pre-strained polymer per unit
cross-sectional area between actuated and unactuated
states. In some cases, pre-strained polymers of the
present invention may have an actuation pressure in the
range of about 0 to about 100 MPa, and more preferebly
in the range 0.1 to 10 MPa. Specific elastic energy density
- defined as the energy of deformation of a unit mass of
the material in the transition between actuated and un-
actuated states - may also be used to describe an elec-
troactive polymer where weight is important. Pre-strained
polymers of the present invention may have a specific
elastic energy density of over 3 J/g.
[0069] The performance of a pre-strained polymer may
also be described, independent of polymer size, by effi-
ciency. Electromechanical efficiency is defined as the ra-
tio of mechanical output energy to electrical input energy.
Electromechanical efficiency greater than 80 percent is
achievable with some pre-strained polymers. The time
for a pre-strained polymer to rise (or fall) to its maximum
(or minimum) actuation pressure is referred to as its re-
sponse time. Pre-strained polymer polymers used in ac-
cordance with the present invention may accommodate
a wide range of response times. Depending on the size
and configuration of the polymer, response times may
range from about 0.01 milliseconds to 1 second, for ex-
ample. A pre-strained polymer excited at a high rate may
also be characterized by an operational frequency. Max-
imum operational frequencies suitable for use with the
present invention may be in the range of about 100 Hz
to 100 kHz. Operational frequencies in this range allow
pre-strained polymers to be used in various acoustic ap-
plications (e.g., speakers). In some embodiments, pre-
strained polymers may be operated at a resonant fre-
quency to improve mechanical output.
[0070] Performance of an actuator may be described
by a performance parameter specific to the actuator. By
way of example, performance of an actuator of a certain
size and weight may be quantified by parameters such
as stroke or displacement, force, actuator response
time.. Characterizing the performance of a transducer in
an application relates to how well the transducer is em-
bodied in a particular application (e.g. in robotics). Per-
formance of a transducer in an application may be de-
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scribed by a performance parameter specific to the ap-
plication (e.g., force/unit weight in robotic applications).
Application specific parameters include stroke or dis-
placement, force, actuator response time, frequency re-
sponse, efficiency, etc. These parameters may depend
on the size, mass and/or the design of the transducer
and the particular application.
[0071] It should be noted that desirable material prop-
erties for an electroactive polymer may vary with an ac-
tuator or application. To produce a large actuation pres-
sures and large strain for an application, a pre-strained
polymer may be implemented with one of a high dielectric
strength, a high dielectric constant, and a low modulus
of elasticity. Additionally, a polymer may include one of
a high-volume resistivity and low mechanical damping
for maximizing energy efficiency for an application.

5. ELECTRODES

[0072] As mentioned above, transducers of the
present invention include one or more electrodes for ac-
tuating an electroactive polymer. Generally speaking,
electrodes suitable for use with the present invention may
be of any shape and material provided they are able to
supply or receive a suitable voltage, either constant or
varying over time, to or from an electroactive polymer. In
one embodiment, the electrodes adhere to a surface of
the polymer. Electrodes adhering to the polymer are pref-
erably compliant and conform to the changing shape of
the polymer. The electrodes may be only applied to a
portion of an electroactive polymer and define an active
area according to their geometry.
[0073] The compliant electrodes are capable of deflec-
tion in one or more directions. Linear strain may be used
to describe the deflection of a compliant electrode in one
of these directions. As the term is used herein, linear
strain of a compliant electrode refers to the deflection per
unit length along a line of deflection. Maximum linear
strains (tensile or compressive) of at least about 50 per-
cent are possible for compliant electrodes of the present
invention. For some compliant electrodes, maximum lin-
ear strains of at least about 100 percent are common. Of
course, an electrode may deflect with a strain less than
the maximum. In one embodiment, the compliant elec-
trode is a ’structured electrode’ that comprises one or
more regions of high conductivity and one or more re-
gions of low conductivity.
[0074] FIG. 3 illustrates a top surface view of a struc-
tured electrode 501 that provides one-directional com-
pliance for use with the present invention. The structured
electrode 501 includes metal traces 502 patterned in par-
allel lines over a charge distribution layer 503- both of
which cover an active area of a polymer (not shown). The
metal traces 502 and charge distribution layer 503 are
applied to opposite surfaces of the polymer. Thus, the
cross section, from top to bottom, of a transducer includ-
ing structured electrodes 501 on opposite surfaces is:
top metal traces, top charge distribution layer, polymer,

bottom charge distribution layer, bottom metal traces.
Metal traces 502 on either surface of the polymer act as
electrodes for electroactive polymer material between
them. In another embodiment, the bottom electrode may
be a compliant, uniform electrode. The charge distribu-
tion layer 503 facilitates distribution of charge between
metal traces 502. Together, the high conductivity metal
traces 502 quickly conduct charge across the active area
to the low conductivity charge distribution layer 503 which
distributes the charge uniformly across the surface of the
polymer between the traces 502. The charge distribution
layer 503 is compliant. As a result, the structured elec-
trode 501 allows deflection in a compliant direction 506
perpendicular to the parallel metal traces 502.
[0075] Actuation for the entire polymer may be
achieved by extending the length of the parallel metal
traces 502 across the length of the polymer and by im-
plementing a suitable number of traces 502 across the
polymer width. In one embodiment, the metal traces 502
are spaced at intervals in the order of 400 micrometers
and have a thickness of about 20 to 100 nanometers.
The width of the traces is typically much less than the
spacing. To increase the overall speed of response for
the structured electrode 501, the distance between metal
traces 502 may be reduced. The metal traces 502 may
comprise gold, silver, aluminum and many other metals
and relatively rigid conductive materials. In one embod-
iment, metal traces on opposite surfaces of an electroac-
tive polymer are offset from one another to improve
charge distribution through the polymer layer and prevent
direct metal-to-metal electrical breakdowns.
[0076] Deflection of the parallel metal traces 502 along
their axis greater than the elastic allowance of the metal
trace material may lead to damage of the metal traces
502. To prevent damage in this manner, the polymer may
be constrained by a rigid structure that prevents deflec-
tion of the polymer and the metal traces 502 along their
axis. The rigid members 232 of the linear motion actuator
of FIG. 2D and 2E are suitable in this regard. In another
embodiment, the metal traces 502 may be undulated
slightly on the surface of the polymer 500. These undu-
lations add compliance to the traces 502 along their axis
and allow deflection in this direction.
[0077] In general, the charge distribution layer 503 has
a conductance greater than the electroactive polymer but
less than the metal traces. The non-stringent conductivity
requirements of the charge distribution layer 503 allow a
wide variety of materials to be used. By way of example,
the charge distribution layer may comprise carbon black,
fluoroelastomer with colloidal silver, a water-based latex
rubber emulsion with a small percentage in mass loading
of sodium iodide, and polyurethane with tetrathiafulava-
lene/tetracyanoquinodimethane (TTF/TCNQ) charge
transfer complex. These materials are able to form thin
uniform layers with even coverage and have a surface
conductivity sufficient to conduct the charge between
metal traces 502 before substantial charge leaks into the
surroundings. In one embodiment, material for the
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charge distribution layer 503 is selected based on the
RC time constant of the polymer. By way of example,
surface resistivity for the charge distribution layer 503
suitable for the present invention may be in the range of
106 - 1011 ohms. It should also be noted that in some
embodiments, a charge distribution layer is not used and
the metal traces 502 are patterned directly on the poly-
mer. In this case, air or another chemical species on the
polymer surface may be sufficient to carry charge be-
tween the traces. This effect may be enhanced by in-
creasing the surface conductivity through surface treat-
ments such as plasma etching or ion implantation.
[0078] In another embodiment, multiple metal elec-
trodes are situated on the same side of a polymer and
extend the width of the polymer. The electrodes provide
compliance in the direction perpendicular to width. Two
adjacent metal electrodes act as electrodes for polymer
material between them. The multiple metal electrodes
alternate in this manner and alternating electrodes may
be in electrical communication to provide synchronous
activation of the polymer.
[0079] FIG. 4 illustrates a pre-strained polymer 510 un-
derlying a structured electrode that is not directionally
compliant. The structured electrode includes metal trac-
es 512 patterned directly on one surface of the electroac-
tive polymer 510 in evenly spaced parallel lines forming
a ’zig-zag’ pattern. Two metal traces 512 on opposite
surfaces of the polymer act as electrodes for the elec-
troactive polymer 510 material between them. The ’zig-
zag’ pattern of the metal traces 512 allows for expansion
and contraction of the polymer and the structure elec-
trode in multiple directions 514 and 516.
[0080] Using an array of metal traces as described with
respect to FIGs. 3 and 4 permits the use of charge dis-
tribution layers having a lower conductance. More spe-
cifically, as the spacing between metal traces decreases,
the required conductance of the material between the
traces may diminish. In this manner, it is possible to use
materials that are not normally considered conductive to
be used as a charge distribution layers. By way of exam-
ple, polymers having a surface resistivity of 1010 ohms
may be used as an charge distribution layer in this man-
ner. Rubber was used as a charge distribution layer as
part of a structured electrode on a polymer layer having
a thickness of 25 micrometers and spacing between par-
allel metal traces of about 500 micrometers. In addition
to reducing the required conductance for a charge distri-
bution layer, closely spaced metal traces also increase
the speed of actuation since the charge need only travel
through the charge distribution layer for a short distance
between closely spaced metal traces.
[0081] Although structured electrodes have been de-
scribed in terms of two specific metal trace configura-
tions; structured electrodes in accordance with the
present invention may be patterned in any suitable man-
ner. As one skilled in the art will appreciate, various uni-
formly distributed metallic trace patterns may provide
charge on the surface of a polymer while providing com-

pliance in one or more directions. In some cases, a struc-
tured electrode may be attached to the surface of polymer
in a non-uniform manner. As actuation of the polymer
may be limited to an active region within suitable prox-
imity of a pair of patterned metal traces, specialized active
and non-active regions for an electroactive polymer may
be defined by custom patterning of the metal traces.
These active and non-active regions may be formed to
custom geometries and high resolutions according to
conventional metal trace deposition techniques. Extend-
ing this practice across the entire surface of an electroac-
tive polymer, custom patterns for structured electrodes
comprising numerous custom geometry active regions
may result in specialized and non-uniform actuation of
the electroactive polymer according to the pattern of the
structured electrodes.
[0082] ’Textured electrodes’ comprising varying out of
plane dimensions may be used to provide a compliant
electrode. FIG. 5 illustrates exemplary textured elec-
trodes 520 and 521. The textured electrodes 520 and
521 are attached to opposite surfaces of an electroactive
polymer 522 such that deflection of the polymer 522 re-
sults in planar and non-planar deformation of the textured
electrodes 520 and 521. The planar and non-planar com-
pliance of the electrodes 520 and 521 is provided by an
undulating pattern which, upon planar and/or thickness
deflection of the polymer 522, provides directional com-
pliance in a direction 526. To provide substantially uni-
form compliance for the textured electrodes 520 and 521,
the undulating pattern is implemented across the entire
surface of the electroactive polymer in the direction 526.
The textured electrodes 520 and 521 may be comprised
of metal having a thickness which allows bending without
cracking of the metal to provide compliance. Typically,
the textured electrode 520 is configured such that non-
planar deflection of the electrodes 520 and 521 is much
less than the thickness of the polymer 522 in order to
provide a substantially constant electric field to the pol-
ymer 522. Textured electrodes may provide compliance
in more than one direction. A rough textured electrode
may provide compliance in orthogonal planar directions.
The rough textured electrode may have a topography
similar to the rough surface of FIG. 1D.
[0083] Compliant electrodes may comprise a conduc-
tive grease such as carbon grease or silver grease. The
conductive grease provides compliance in multiple direc-
tions. Particles may be added to increase the conductivity
of the polymer. By way of example, carbon particles may
be combined with a polymer binder such as silicone to
produce a carbon grease that has low elasticity and high
conductivity. Other materials may be blended into the
conductive grease to alter one or more material proper-
ties. Conductive greases in accordance with the present
invention are suitable for deflections of at least about 100
percent strain.
[0084] Compliant electrodes may also include colloidal
suspensions. Colloidal suspensions contain submicrom-
eter sized particles, such as graphite, silver and gold, in
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a liquid vehicle. Generally speaking, any colloidal sus-
pension having sufficient loading of conductive particles
may be used as an electrode used in accordance with
the present invention. A conductive grease including col-
loidal sized conductive particles may be mixed with a
conductive silicone including colloidal sized conductive
particles in a silicone binder to produce a colloidal sus-
pension that cures to form a conductive semi-solid. An
advantage of colloidal suspensions is that they may be
patterned on the surface of a polymer by spraying, dip
coating and other techniques that allow for a thin uniform
coating of a liquid. To facilitate adhesion between the
polymer and an electrode, a binder may be added to the
electrode. By way of example, a water-based latex rubber
or silicone may be added as a binder to a colloidal sus-
pension including graphite.
[0085] Compliant electrodes may be achieved using a
high aspect ratio conductive material such as carbon fi-
brils and carbon nanotubes. These high aspect ratio car-
bon materials may form high surface conductivities in
thin layers. High aspect ratio carbon materials may impart
high conductivity to the surface of the polymer at relatively
low electrode thicknesses due to the high interconnec-
tivity of the high aspect ratio carbon materials. By way of
example, thicknesses for electrodes made with common
forms of carbon that are not high-aspect ratio may be in
the range of 5 - 50 micrometers while thicknesses for
electrodes made with carbon fibril or carbon nanotube
electrodes may be less than 2-4 micrometers. Area ex-
pansions well over 100 percent in multiple directions are
suitable with carbon fibril and carbon nanotube elec-
trodes on acrylic and other polymers. High aspect ratio
carbon materials may include the use of a polymer binder
to increase adhesion with the electroactive polymer layer.
Advantageously, the use of polymer binder allows a spe-
cific binder to be selected based on adhesion with a par-
ticular electroactive polymer layer and based on elastic
and mechanical properties of the polymer.
[0086] High-aspect-ratio carbon electrodes may be
fabricated thin enough such that the opacity of the elec-
trodes may be varied according to polymer deflection.
By way of example, the electrodes may be made thin
enough such that the electrode changes from opaque to
semitransparent upon planar expansion. This ability to
manipulate the opacity of the electrode may allow trans-
ducers of the present invention to be applied to a number
of various optical applications as will be described below.
[0087] Mixtures of ionically conductive materials may
be used for the compliant electrodes. This may include,
for example, water based polymer materials such as glyc-
erol or salt in gelatin, iodine-doped natural rubbers and
water-based emulsions to which organic salts such as
potassium iodide are added. For hydrophobic electroac-
tive polymers that may not adhere well to a water based
electrode, the surface of the polymer may be pretreated
by plasma etching or with a fine powder such as graphite
or carbon black to increase adherence.
[0088] Materials used for the electrodes may vary

greatly. Suitable materials used in an electrode may in-
clude graphite, carbon black, colloidal suspensions, thin
metals including silver and gold, silver filled and carbon
filled gels and polymers, ionically or electronically con-
ductive polymers. 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 Stock-
well Rubber Co. Inc. of Philadelphia, PA. The carbon
grease is of the type such as Circuit Works 7200 as pro-
vided by ChemTronics Inc. of Kennesaw, GA. The con-
ductive grease may also be mixed with an elastomer,
such as silicon elastomer RTV 118 as produced by Gen-
eral Electric of Waterford, NY, to provide a gel-like con-
ductive grease.
[0089] It 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
properties for the compliant electrode may include any
one of a low modulus of elasticity, low mechanical damp-
ing, a low surface resistivity, uniform resistivity, chemical
and environmental stability, chemical compatibility with
the electroactive polymer, good adherence to the elec-
troactive polymer, and an ability to form smooth surfaces.
In some cases, it may be desirable for the electrode ma-
terial to be suitable for precise patterning during fabrica-
tion. By way of example, the compliant electrode may be
spray coated onto the polymer. In this case, material
properties which benefit spray coating would be desira-
ble. In some cases, a transducer of the present invention
may implement two different types of electrodes. By way
of example, a diaphragm actuator may have a structured
electrode attached to its top surface and a high aspect
ratio carbon material deposited on the bottom side.
[0090] Electronic drivers are connected to the elec-
trodes. The voltage provided to electroactive polymer will
depend upon specifics of an application. In one embod-
iment, a transducer of the present invention is driven elec-
trically by modulating an applied voltage about a DC bias
voltage. Modulation about a bias voltage allows for im-
proved sensitivity and linearity of the transducer to the
applied voltage. By way of example, a transducer used
in an audio application may be driven by a signal of up
to 200 to 1000 volts peak to peak on top of a bias voltage
ranging from about 750 to 2000 volts DC.

6. APPLICATIONS

[0091] As the present invention includes transducers
that may be implemented in both the micro and macro
scales, and with a wide variety of actuator designs, the
present invention finds use in a broad range of applica-
tions where electrical energy is converted into mechan-
ical energy. Provided below are several exemplary ap-
plications for some of the actuators described above.
Broadly speaking, the transducers of the present inven-
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tion may find use in any application requiring conversion
from mechanical to electrical energy.
[0092] As mentioned before, electroactive polymers,
either individually or mechanically linked in a collection,
may be referred to as artificial muscle. The term artificial
muscle in itself implies that these actuators are well-suit-
ed for application to biologically inspired robots or bio-
medical applications where the duplication of muscle,
mammalian or other, is desired. By way of example, ap-
plications such as prosthetic limbs, exoskeletons, and
artificial hearts may benefit from pre-strained polymers
of the present invention. The size scalability of electroac-
tive polymers and the ability to use any number of trans-
ducers or polymer actuators in a collection allow artificial
muscle in accordance with the present invention to be
used in a range in applications greater than their biolog-
ical counterparts. As transducers and actuators of the
present invention have a performance range far outside
their biological counterparts, the present invention is not
limited to artificial muscle having a performance corre-
sponding to real muscle, and may indeed include appli-
cations requiring performance outside that of real mus-
cle.
[0093] In one example of artificial muscle, a collection
of linear motion actuators comprises two or more layers
of pre-strained polymer sandwiched together and at-
tached to two rigid plates at opposite edges of each pol-
ymer. Electrodes are sealed into the center between
each of the polymer layers. All of the linear motion actu-
ators in the collection may take advantage of geometric
constraints provided by the rigid plates and anisotropic
pre-strain to restrict deformation of the polymer in the
actuated direction. An advantage of the layered construc-
tion is that as many electroactive polymer layers as re-
quired may be stacked in parallel in order to produce the
desired force. Further, the stroke of this linear motion
actuator configuration may be increased by adding sim-
ilar linear motion actuators in series.
[0094] In the micro domain, the pre-strained polymers
may range in thickness from several micrometers to sev-
eral millimeters and preferably from several micrometers
to hundreds of micrometers. Micro pre-strained polymers
are well-suited for applications such as inkjets, actuated
valves, micropumps, inchworm-type actuators, pointing
mirrors, sound generators, microclamps, and micro ro-
botic applications. Micro robotic applications may include
micro robot legs, grippers, pointer actuators for CCD
cameras, wire feeders for micro welding and repair,
clamping actuators to hold rigid positions, and ultrasonic
actuators to transmit data over measured distances. In
another application, a diaphragm actuator may be imple-
mented in an array of similar electroactive polymer dia-
phragms in a planar configuration on a single surface.
By way of example, an array may include sixty-two dia-
phragms with the diameter of 150 micrometers each ar-
ranged in a planar configuration. In one embodiment, the
array of diaphragm actuators may be formed on a silicon
wafer. Diaphragm actuator arrays produced in this man-

ner may include, for example, from 5 to 10,000 or more
diaphragms each having a diameter in the range of 60
to 150 micrometers. The array may be placed upon grid
plates having suitably spaced holes for each diaphragm.
[0095] In the macro domain, each of the actuators de-
scribed above may be well suited to its own set of appli-
cations. For example, the inchworm-type actuator of FIG.
2I is suitable for use with small robots capable of navi-
gating through pipes less than 2 cm in diameter. Other
actuators are well-suited, for example, with applications
such as robotics, solenoids, sound generators, linear ac-
tuators, aerospace actuators, and general automation.
[0096] In another embodiment, a transducer of the
present invention is used as an optical modulation device
or an optical switch. The transducer includes an electrode
whose opacity varies with deflection. A transparent or
substantially translucent pre-strained polymer is at-
tached to the opacity varying electrode and deflection of
the polymer is used to modulate opacity of device. In the
case of an optical switch, the opacity varying transducer
interrupts a light source communicating with a light sen-
sor. Thus, deflection of the transparent polymer causes
the opacity varying electrode to deflect and affect the
light sensor. The opacity varying electrode may include
carbon fibrils or carbon nanotubes that become less
opaque as electrode area increases and the area fibril
density decreases. An optical modulation device com-
prised of an electroactive polymer and an opacity varying
electrode may be designed to precisely modulate the
amount of light transmitted through the device.
[0097] Diaphragm actuators may be used as pumps,
valves, etc. A diaphragm actuator having a pre-strained
polymer is suitable for use as a pump. Pumping action
is created by repeatedly actuating the polymer. Elec-
troactive polymer pumps in accordance with the present
invention may be implemented both in micro and macro
scales. By way of example, the diaphragm may be used
as a pump having a diameter in the range of about 150
micrometers to about 2 centimeters. These pumps may
include polymer strains over 100 percent and may pro-
duce pressures of 20 kPa or more.
[0098] FIG. 6 illustrates a two-stage cascaded pump-
ing system including diaphragm pumps 540 and 542. The
diaphragm pumps 540 and 542 include pre-strained pol-
ymers 544 and 546 attached to frames 545 and 547. The
polymers 544 and 546 deflect within holes 548 and 550
in the frames 545 and 547 respectively in a direction per-
pendicular to the plane of the holes 548 and 550. The
frames 545 and 547 along with the polymers 544 and
546 define cavities 551 and 552. The pump 540 includes
a plunger 553 having a spring 560 for providing a bias to
the diaphragm 544 towards the cavity 551.
[0099] A one-way valve 555 permits inlet of a fluid or
gas into the cavity 551. A one-way valve 556 permits
outlet of the fluid or gas out of the cavity 551 into the
cavity 552. In addition, a one-way valve 558 permits exit
of the fluid or gas from the cavity 552. Upon actuation of
the polymers 544 and 546, the polymers deflect in turn
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to change the pressure within the cavities 551 and 552
respectively, thereby moving fluid or gas from the one-
way valve 555 to the cavity 551, out the valve 556, into
the cavity 552, and out the valve 558.
[0100] In the cascaded two-stage pumping system of
FIG. 6, the diaphragm pump 542 does not include a bias
since the pressurized output from the diaphragm pump
540 biases the pump 542. In one case, only the first pump
in a cascaded series of diaphragm pumps uses a bias
pressure - or any other mechanism for self priming. In
some cases, diaphragm pumps provided in an array may
include voltages provided by electronic timing to increase
pumping efficiency. In the arrangement shown in Figure
6, polymers 544 and 546 are actuated simultaneously
for best performance. For other arrangements which may
involve more diaphragm pumps in the cascade, the elec-
tronic timing for the different actuators is ideally set so
that one pump contracts in cavity volume while the next
pump in the series (as determined by the one-way valves)
expands. In a specific arrangement, the diaphragm pump
540 supplies gas at a rate of 40 ml/min and a pressure
about 1 kPa while the diaphragm pump 542 supplies gas
at substantially the same flow rate but increases the pres-
sure to 2.5 kPa.
[0101] Bending beam actuators, such as those de-
scribed with respect to FIGs. 2K-2M, may be used in a
variety of commercial and aerospace devices and appli-
cations such as fans, , electrical switches and relays, and
light scanners - on the micro and macro level. For bending
beam actuators used as light scanners, a reflective sur-
face such as aluminized mylar may be bonded to the free
end of a bending beam actuator. More specifically, light
is reflected when the bending beam is actuated and light
passes when the bending beam is at rest. The reflector
may then be used to reflect incoming light and form a
scanned beam to form an arc or line according to the
deflection of the actuator. Arrays of bending beam actu-
ators may also be used for flat-panel displays, to control
airflow over a surface, for low profile speakers and vibra-
tion suppressors, as "smart furs" for controlling heat
transfer and/or light absorption on a surface, and may
act as cilia in a coordinated manner to manipulate ob-
jects.
[0102] Polymers and polymer films that are rolled into
a tubular or multilayer cylinder actuator may be imple-
mented as a piston that expands axially upon actuation.
Such an actuator is analogous to a hydraulic or pneu-
matic piston, and may be implemented in any device or
application that uses these traditional forms of linear de-
flection.
[0103] An electroactive polymer actuator may also op-
erate at high speeds for a variety of applications including
sound generators and acoustic speakers, inkjet printers,
fast MEMS switches etc. In a specific arrangement, an
electroactive polymer diaphragm is used as a light scan-
ner. More specifically, a mirror may be placed on a flexure
that pushes down on a 5 mm diameter electroactive pol-
ymer diaphragm to provide a mirrored flexure. Good

scanning of images at a scanning angle from about 10
to 30 degrees may be accomplished with voltages in the
range of about 190 to 300 volts and frequencies in the
range of about 30 to 300 Hz. Much larger scanning an-
gles, up to 90 degrees for example, may also be accom-
modated using voltages in the range of 400 to 500 V. In
addition, higher frequencies may be used with a stiffer
mirrored flexure.

7. FABRICATION

[0104] As the pre-strained polymers may be imple-
mented both in the micro and macro scales, in a wide
variety of actuator designs, with a wide range of materi-
als, and in a broad range of applications, fabrication proc-
esses used with the present invention may vary greatly.
[0105] FIG. 7A illustrates a process flow 600 for fabri-
cating an electromechanical device having at least one
electroactive polymer layer. In some cases, fabrication
processes of the present invention may include conven-
tional materials and techniques such as commercially
available polymers and techniques used in fabrication of
microelectronics and electronics technologies. For ex-
ample, micro diaphragm actuators may be produced in
situ on silicon using conventional techniques to form the
holes and apply the polymer and electrodes.
[0106] The process flow 600 begins by receiving or
fabricating a polymer (602). The polymer may be re-
ceived or fabricated according to several methods. The
polymer may be a commercially available product such
as a commercially available acrylic elastomer film or a
film produced by one of casting, dipping, spin coating or
spraying. The polymer may be produced while minimiz-
ing variations in thickness or any other defects that may
compromise the maximize electric field that can be ap-
plied across the polymer and thus compromise perform-
ance.
[0107] Spin coating typically involves applying a poly-
mer mixture on a rigid substrate and spinning to a desired
thickness. The polymer mixture may include the polymer,
a curing agent and a volatile dispersant or solvent. The
amount of dispersant, the volatility of the dispersant, and
the spin speed may be altered to produce a desired pol-
ymer. By way of example, polyurethane films may be
spin coated in a solution of polyurethane and tetrahydro-
furan (THF) or cyclohexanone. In the case of silicon sub-
strates, the polymer may be spin coated on an aluminized
plastic or a silicon carbide. The aluminum and silicon
carbide form a sacrificial layer that is subsequently re-
moved by a suitable etchant. Films in the range of one
micrometer thick may been produced by spin coating in
this manner. Spin coating of polymer films, such as sili-
cone, may be done on a smooth non-sticking plastic sub-
strate, such as polymethyl methacrylate or teflon. The
polymer film may then be released by mechanically peel-
ing or with the assistance of alcohol or other suitable
release agent. Spin coating is also suitable for producing
thicker polymers in the range of 10 -750 micrometers. In
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some cases, the polymer mixture may be centrifuged pri-
or to spin coating to remove unwanted materials such as
fillers, particulates, impurities and pigments used in com-
mercial polymers. To increase centrifuge efficacy or to
improve thickness consistency, a polymer may be diluted
in a solvent to lower its viscosity; e.g. silicone may be
disbursed in naptha.
[0108] The polymer is then pre-strained in one or more
directions (604). Pre-strain may be achieved by mechan-
ically stretching a polymer in or more directions and fixing
it to one or more solid members (e.g, rigid plates) while
strained. Another technique for maintaining pre-strain in-
cludes the use of one or more stiffeners. The stiffeners
are long rigid structures placed on a polymer while it is
in a pre-strained state, e.g. while it is stretched. The stiff-
eners maintain the pre-strain along their axis. The stiff-
eners may be arranged in parallel or other configurations
to achieve directional compliance of the transducer. It
should be noted that the increased stiffness along the
stiffener axis comprises the increased stiffness provided
by the stiffener material as well as the increased stiffness
of the polymer in the pre-strain direction.
[0109] Surfaces on the pre-strained polymer are tex-
tured. To provide texturing, a polymer may be stretched
more than it can stretch when actuated, and a thin layer
of stiff material is deposited on the stretched polymer
surface. For example, the stiff material may be a polymer
that is cured while the electroactive polymer is stretched.
After curing, the electroactive polymer is relaxed and the
structure buckles to provide the textured surface. The
thickness of the stiff material may be altered to provide
texturing on any scale, including submicrometer levels.
In another process, textured surfaces are produced by
reactive ion etching (RIE). By way of example, RIE may
be performed on a pre-strained polymer comprising sili-
con with an RIE gas comprising 90 percent carbon
tetrafluoride and 10 percent oxygen to form a surface
with wave troughs and crests 4 to 5 micrometers in depth.
[0110] One or more electrodes are then formed on the
polymer (606). For the silicone polymer altered by RIE
mentioned above, a thin layer of gold may be sputter
deposited on the RIE textured surface to provide a tex-
tured electrode. Alternatively, one or more graphite elec-
trodes may be patterned and deposited using a stencil.
Electrodes comprising conductive greases mixed with a
conductive silicone may be fabricated by dissolving the
conductive grease and the uncured conductive silicone
in a solvent. The solution may then be sprayed on the
electroactive polymer material and may include a mask
or stencil to achieve a particular pattern.
[0111] The metal traces of the structured electrodes
of FIGs. 3 and 4 may be patterned photolithographically
on top of the polymer or charge distribution layer. By way
of example, a layer of gold is sputter deposited before
depositing a photoresist over the gold. The photoresist
and gold may be patterned according to conventional
photolithographic techniques, e.g. using a mask followed
by one or more rinses to remove the photoresist. A charge

distribution layer added between the polymer and the
metal traces may be deposited by spin coating, for ex-
ample.
[0112] In a specific method, a structured electrode is
formed on a polymer by sputter depositing gold for about
2 to 3 minutes (according to a desired thickness) at about
150 angstroms per minute. HPR 506 photoresist as pro-
vided by Arch Chemicals, of Norwalk, Connecticut is then
spin coated on the gold at about 500 to 1500 rpm for
about 20 to 30 seconds and then baked at about 90 de-
grees Celsius. A mask is then applied before exposing
the photoresist to UV light and development to remove
unmasked portions of the photoresist. The gold is then
etched away and the film is rinsed. The remaining pho-
toresist is removed by exposure to UV light, development
and rinsing. The gold traces may then be stretched to
enhance strain tolerance.
[0113] Textured electrodes may also be patterned
photolithographically. In this case, a photoresist is de-
posited on a pre-strained polymer and patterned using a
mask. Plasma etching may remove portions of the elec-
troactive polymer not protected by the mask in a desired
pattern. The mask may be subsequently removed by a
suitable wet etch. The active surfaces of the polymer may
then be covered with the thin layer of gold deposited by
sputtering, for example.
[0114] The transducer, comprising the one or more
polymer layers and electrodes, is then packaged accord-
ing to an application (608). Packaging may also include
assembly of multiple transducers mechanically linked or
stacked as multiple layers. In addition, mechanical and
electrical connections to the transducers may be formed
according to an application.
[0115] The present invention also provides alternative
methods for fabricating electromechanical devices in-
cluding multiple layers of pre-strained polymer. In one
embodiment, a process for fabricating electromechanical
devices begins by obtaining or fabricating a polymer lay-
er. The polymer is then stretched to the desired pre-strain
and attached to a first rigid frame. Next electrodes are
deposited onto both sides of the polymer so as to define
active areas and establish electrical connections. The
electrodes may be patterned by a variety of well-known
techniques such as spray coating through a mask. If de-
sired, a second polymer layer is then stretched on a sec-
ond frame. Electrodes are then patterned on this second
polymer layer. The second polymer layer is then coupled
to the first layer by stacking their respective frames. Lay-
ers of suitable compliant adhesives may be used to bond
the two layers and electrodes, if needed. The size of the
frames is chosen so as not to interfere with the polymer
layers making intimate contact. If interference is present,
then it may be desirable to remove the second frame,
e.g., by cutting away the polymer layer around the pe-
riphery of the first frame. If desired, a third layer of polymer
with electrodes may be added in a manner similar to how
the second layer was added to the first. This procedure
may be continued until a desired number of layers is
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reached.
[0116] Rigid frames, rigid members or other electrical
and mechanical connectors are then attached to the pol-
ymer layers, e.g., by gluing. If desired, the polymer may
then be removed from the first frame. In some cases, the
first frame may serve as a structural part of the final ac-
tuator or actuators. For example, the first frame may be
an array of holes to produce an array of diaphragm ac-
tuators.
[0117] FIGs. 7B-F illustrate a second process for fab-
ricating an electromechanical device 640 having multiple
layers of electroactive polymer. The process begins by
producing a pre-strained polymer 622 on a suitable rigid
substrate 624, e.g. by spin coating a polymer on a
polymethyl methacrylate (PMMA) disk, stretching the
polymer (FIG. 7B) and then attaching it to rigid substrate
624. After the polymer 622 is cured, electrodes 625 are
patterned on the exposed side 626 of the polymer 622.
A solid member 627 such as a flexible film including one
of polyimide, mylar or acetate film is then deposited onto
the electroactive polymer 622 (FIG. 7C) with a suitable
adhesive 628.
[0118] The rigid substrate 624 is then released from
the electroactive polymer 622 (FIG. 7D). A releasing
agent such as isopropyl alcohol may be used to facilitate
the release. Electrodes 629 are then patterned on the
previously unexposed side of the polymer 622. The as-
sembly is then bonded to another electroactive polymer
layer 630 attached to a rigid substrate 631 (FIG. 7E).
Polymer layers 622 and 630 may be bonded by an ad-
hesive layer 632 comprising GE RTV 118 silicone, for
example. The rigid substrate 631 is then released from
the polymer 630 and electrodes 633 are patterned on the
available side 634 of the polymer 630. If additional poly-
mer layers are desired, the steps of adding a polymer
layer, removing the rigid substrate, and adding elec-
trodes may be repeated to produce as many polymer
layers as desired. Polymer layer 635 has been added in
this manner. To facilitate electrical communication to
electrodes in the inner layers of the device 640, a metal
pin may be pushed through the structure to make contact
with electrodes in each layer.
[0119] The solid member 627 may then be patterned
or removed as needed to provide the frame or mechanical
connections required by the specific actuator type. Dia-
phragm actuators may be formed by patterning solid
member 627 to form holes 636 which provide active re-
gions for the electromechanical device 640 using a suit-
able mask or etch technique (FIG. 7F). If the active area
is not large and electrodes may be added to the active
regions of the polymers without damage, the solid mem-
ber 627 may be patterned with the holes 636 prior to
attachment to the polymer 622.
[0120] For the process of FIGs. 7B-F, the rigid sub-
strate 624 is typically released from the electroactive pol-
ymer 622 by peeling the flexible electroactive polymer.
Peeling is well-suited for fabricating devices comprising
electroactive polymers with a substantially flat profile.

Sacrificial layers may be used between the polymer or
electrodes and the rigid substrate to facilitate release.
The sacrificial layers allow the polymer, electrodes and
attached assembly to be released from a rigid substrate
by etching away the sacrificial layer. Metals comprising
aluminum and silver are suitable for use as the sacrificial
layers, for example. The use of metals allows the sacri-
ficial layers to be etched away by liquids that do not affect
the polymer layers. Metal sacrificial layers may also be
easily patterned with various masking techniques to pro-
vide frames, connectors for other structural components
for the electromechanical device 640. The sacrificial lay-
ers may also be used to fabricate devices comprising
transducers with non flat profiles, e.g. using rigid sub-
strates shaped as tubes. For geometrically complex
transducers, sacrificial layers may be used in combina-
tion with dip coating to provide the complex geometry.
[0121] Although fabrication of pre-strained polymers
has been briefly described with respect to a few specific
examples, fabrication processes and techniques may
vary accordingly for any the actuators or applications de-
scribed above. For example, the process for fabricating
a diaphragm actuator may include spin coating a polymer
on a substrate before a structured electrode is fabricated
on the polymer. The polymer is then stretched and rigid
frames including one or more holes sized for the active
area of each diaphragm actuator are bonded to the pre-
strained polymer, including any overlap portions of the
structured electrode. In another process, holes are
etched into the substrate instead of using a separate rigid
frame, e.g. when the substrate is comprised of silicon.
The substrate is then released from the polymer and an
electrode is attached to the bottom side of the polymer.

Claims

1. A method of fabricating a transducer comprising a
pre-strained electroactive polymer (152, 160) and
one or more electrodes, the method comprising:

- elastically pre-straining a polymer in order to
improve a mechanical response of the elec-
troactive polymer relative to a non-strained elec-
troactive polymer,
- forming the one or more electrodes on the pre-
strained polymer, and
- characterised by texturing a surface of the
electroactive polymer.

2. The method of claim 1, wherein the polymer is one
of a commercially available silicone elastomer, poly-
urethane, PVDF copolymer or adhesive elastomer.

3. The method of claim 1, further comprising spin coat-
ing a polymer mixture to produce the polymer.

4. The method of claim 3, further comprising releasing
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the polymer from a rigid substrate used in the spin
coating.

5. The method of claim 1, wherein the texturing com-
prises attaching a layer of stiff material to the elec-
troactive polymer and relaxing the electroactive pol-
ymer and the stiff material.

6. The method of claim 1, wherein the forming one or
more electrodes comprises spraying the one or more
electrodes onto the pre-strained polymer using a
mask.

7. The method of claim 1, wherein one or more elec-
trodes are patterned photolithographically on the
pre-strained polymer.

8. The method of claim 1, further comprising attaching
a solid member to a portion of a second pre-strained
polymer.

9. The method of claim 1, further comprising assem-
bling the polymer and the one or more electrodes in
an actuator.

10. The method of claim 1, wherein pre-straining the pol-
ymer comprises attaching a structural elastomer to
the pre-strained polymer.

11. The method of claim 1, wherein the structural elas-
tomer is patterned.

12. The method of claim 1, wherein pre-straining the pol-
ymer comprises attaching one or more stiffeners.

13. The method of claim 1, wherein the polymer is pre-
strained by a factor in the range of about 1.5 times
to 50 times the original area.

14. The method of claim 1, wherein a first portion of the
polymer is pre-strained to form the pre-strained pol-
ymer, further comprising the step of fixing a second
portion of the pre-strained polymer to a solid mem-
ber.

15. The method according to any of the preceding
claims, further comprising the steps of pre-straining
a second electroactive polymer to form a second pre-
strained polymer, forming one or more electrodes on
the second pre-strained polymer and coupling the
first pre-strained polymer to the second pre-strained
polymer.

16. The method according to any of the preceding
claims, wherein the electroactive polymer has an
elastic modulus below about 100MPa.

17. The method according to any of the preceding

claims, wherein an original area of the polymer is
elastically pre-strained by a factor in the range of 1.5
times to 50 times the original area of the polymer.

18. A transducer comprising an electroactive polymer
for converting from electrical energy to mechanical
energy, the transducer comprising at least two elec-
trodes, and a polymer (152,160) arranged in a man-
ner which causes a portion of the polymer to deflect
in response to a change in electric field, wherein a
portion of the polymer is elastically prestrained,
characterised in that the polymer has a textured
surface.

19. The transducer of claims 17 or 18, wherein the trans-
ducer has a maximum linear strain of at least about
50 percent in response to the change in electric field.

20. The transducer of claims 18 or 19 wherein the pre-
strain is applied to a first orthogonal direction at a
pre-strain greater than pre-strain in a second orthog-
onal direction.

21. The transducer of claim 19, further comprising a bar-
rier layer.

22. The transducer of any of claims 18-21, wherein the
polymer has a thickness between 1 micrometer and
2 millimeters.

23. The transducer of any of claims 18-22, wherein the
portion of the electroactive polymer deflects out of a
plane of the electroactive polymer in response to the
change in electric field.

24. The transducer of any of claims 18-23, further com-
prising a stiff member attached to a portion of the
polymer.

25. The transducer of claim 24, wherein the stiff member
is included in a frame.

26. The transducer of any claims 18-25, wherein one of
the at least two electrodes is compliant.

27. The transducer of any of the claims 18-26, further
comprising a second electroactive polymer arranged
in a manner which causes a portion of the second
electroactive polymer to deflect in response to a sec-
ond change in electric field and the second electroac-
tive polymer is coupled to the first pre-strained elec-
troactive polymer.

28. The transducer of any of claims 18-27, further com-
prising a flexible frame coupled to the electroactive
polymer, the frame providing mechanical assistance
to improve displacement in the first direction.
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29. The transducer of claim 22, wherein the mechanical
assistance changes the resting position of the trans-
ducer.

30. The transducer of claim 29, wherein the polymer
comprises pre-strain in a second direction which im-
proves displacement in the first direction.

31. The transducer of any of claims 18-30, wherein the
transducer further comprises a flexible member hav-
ing a fixed end and free end, the flexible member
comprising a portion of the pre-strained electroactive
polymer.

32. The transducer of claim 31, wherein the flexible
member has a stiffness greater than the electroac-
tive polymer.

33. The transducer of any of claims 18-32, further com-
prising:

- a frame attached to a second portion of the
electroactive polymer, the frame comprising at
least one circular hole, wherein the first portion
deflects out of the plane of the at least one cir-
cular hole in response to the change in electric
field.

34. The transducer of claim 33, further comprising a bias
pressure added to a first side of the electroactive
polymer.

35. The transducer of claim 34, wherein the bias pres-
sure is provided by a swelling agent.

36. The transducer of any of claims 18-19, or 21-26, fur-
ther comprising a body having at least one degree
of freedom between a first body portion and a second
body portion, the body including the polymer at-
tached to the first body portion and the second body
portion; the transducer also comprising a first clamp
attached to the first body portion and a second clamp
attached to the second body portion.

37. The transducer of claim 36, wherein the electroactive
polymer is rolled.

38. The transducer of claim 37, wherein the first and sec-
ond clamps are electrostatic clamps.

39. The transducer of claims 18-38, wherein at least two
electrodes comprise a compliant portion in contact
with the polymer, wherein the compliant portion is
capable of deflection with a maximum linear strain
of at least 50 percent.

40. The transducer of claim 39, wherein the compliant
portion comprises one or more regions of high con-

ductivity and one or more regions of low conductivity.

41. A transducer of claim 39, wherein the electrode com-
prises a colloidal suspension.

42. The transducer of any of claims 38-41, wherein the
electrode comprises a conductive grease.

43. The transducer of any of claims 38-42, wherein the
electrode comprises a high aspect ratio carbon ma-
terial.

44. The transducer of any of claims 38-43, wherein the
electrode comprises a mixture of ionically conductive
materials.

45. The transducer according to any of the preceding
claims 18-44, wherein the electroactive polymer has
an elastic modulus of below about 100 MPa.

46. The transducer according to any of the preceding
claims 18-45, wherein the original area of the poly-
mer is elastically pre-strained by a factor in the range
of 1.5 times to 50 times the original area of the pol-
ymer.

Patentansprüche

1. Verfahren zum Herstellen eines Transducers, wel-
cher ein vorgespanntes elektroaktives Polymer
(152, 160) und eine oder mehrere Elektroden um-
fasst, wobei das Verfahren umfasst:

- elastisches Vorspannen eines Polymers, um
eine mechanische Reaktion des elektroaktiven
Polymers relativ zu einem nicht vorgespannten
elektroaktiven Polymer zu verbessern,
- Bilden der einen oder mehren Elektroden auf
dem vorgespannten Polymer, und

gekennzeichnet durch Texturieren einer Oberflä-
che des elektroaktiven Polymers.

2. Verfahren nach Anspruch 1, wobei das Polymer ei-
nes ist von einem kommerziell erhältlichen Silikon-
elastomer, Polyurethan, PVDF Copolymer oder haf-
tendes Elastomer.

3. Verfahren nach Anspruch 1, weiterhin ein Rotations-
beschichten einer Polymermischung umfassend,
um das Polymer herzustellen.

4. Verfahren nach Anspruch 3, weiterhin ein Freigeben
des Polymers aus einem festen Substrat umfas-
send, welches beim Rotationsbeschichten verwen-
det wird.
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5. Verfahren nach Anspruch 1, wobei das Texturieren
ein Anbringen einer Schicht aus steifem Material auf
das elektroaktive Polymer und ein Entspannen des
elektroaktiven Polymers und des steifen Materials
umfasst.

6. Verfahren nach Anspruch 1, wobei das Bilden einer
oder mehrerer Elektroden ein Sprühen der einen
oder mehreren Elektroden auf das vorgespannte Po-
lymer unter Verwendung einer Maske umfasst.

7. Verfahren nach Anspruch 1, wobei eine oder meh-
rere Elektroden photolithographisch auf das vorge-
spannte Polymer gemustert werden.

8. Verfahren nach Anspruch 1, weiterhin ein Anbringen
eines festen Elements an einem Abschnitt eines
zweiten vorgespannten Polymers umfassend.

9. Verfahren nach Anspruch 1, weiterhin ein Zusam-
menbauen des Polymers und der einen oder meh-
reren Elektroden in einem Aktuator umfassend.

10. Verfahren nach Anspruch 1, wobei ein Vorspannen
des Polymers ein Anbringen eines strukturellen Ela-
stomers an dem vorgespannten Polymer umfasst.

11. Verfahren nach Anspruch 1, wobei das strukturelle
Elastomer gemustert ist.

12. Verfahren nach Anspruch 1, wobei ein Vorspannen
des Polymers ein Anbringen von einem oder meh-
reren Aussteifungen umfasst.

13. Verfahren nach Anspruch 1, wobei das Polymer um
einen Faktor in dem Bereich ungefähr des 1,5fachen
bis 50fachen des ursprünglichen Bereichs vorge-
spannt ist.

14. Verfahren nach Anspruch 1, wobei ein erster Ab-
schnitt des Polymers vorgespannt ist, um das vor-
gespannte Polymer zu bilden, welches weiterhin den
Schritt des Fixierens eines zweiten Abschnitts des
vorgespannten Polymers an einem festen Element
umfasst.

15. Verfahren nach irgendeinem der vorherigen Ansprü-
che, weiterhin die Schritte des Vorspannens eines
zweiten elektroaktiven Polymers umfassend, um ein
zweites vorgespanntes Polymer zu bilden, Bildens
der einen oder mehreren Elektroden auf das zweite
vorgespannte Polymer und Koppelns des ersten vor-
gespannten Polymers an das zweite vorgespannte
Polymer.

16. Verfahren gemäß irgendeinem der vorherigen An-
sprüche, wobei das elektroaktive olymer ein Elasti-
zitätsmodul unter ungefähr 100 MPa aufweist.

17. Verfahren gemäß irgendeinem der vorherigen An-
sprüche, wobei ein ursprünglicher Bereich des Po-
lymers elastisch um einen Faktor in dem Bereich des
1,5fachen bis 50fachen des ursprünglichen Bereichs
des Polymers vorgespannt ist.

18. Transducer, umfassend ein elektroaktives Polymer
zum Umwandeln von elektrischer Energie in mecha-
nische Energie, wobei der Tranducer zumindest
zwei Elektroden, und ein Polymer (152, 160) um-
fasst, welche auf eine Weise angeordnet sind, wel-
che bewirkt, dass sich ein Abschnitt des Polymers
in Reaktion auf eine Änderung des elektrischen Fel-
des abbiegt, wobei ein Abschnitt des Polymers ela-
stisch vorgespannt ist, dadurch gekennzeichnet,
dass das Polymer eine texturierte Oberfläche auf-
weist.

19. Transducer nach Anspruch 17 oder 18, wobei der
Transducer eine maximale lineare elastische Verfor-
mung von zumindest ungefähr 50 Prozent in Reak-
tion auf die Änderung im elektrischen Feld aufweist.

20. Transducer nach Anspruch 18 oder 19, wobei die
Vorspannung auf eine erste orthogonale Richtung
mit einer Vorspannung angewandt wird, die größer
als die Vorspannung in einer zweiten orthogonalen
Richtung ist.

21. Transducer nach Anspruch 19, weiterhin eine Sperr-
schicht umfassend.

22. Transducer nach irgendeinem der Ansprüche 18 bis
21, wobei das Polymer eine Dicke zwischen 1 Mi-
krometer und 2 Millimetern aufweist.

23. Transducer nach irgendeinem der Ansprüche 18 bis
22, wobei der Abschnitt des elektroaktiven Polymers
sich aus einer Ebene des elektroaktiven Polymers
in Reaktion auf die Änderung im elektrischen Feld
biegt.

24. Transducer nach irgendeinem der Ansprüche 18 bis
23, weiterhin ein steifes Element umfassend, wel-
ches an einem Abschnitt des Polymers angebracht
ist.

25. Transducer nach Anspruch 24, wobei das steife Ele-
ment in einem Rahmen enthalten ist.

26. Transducer nach irgendeinem der Ansprüche 18 bis
25, wobei eine von den zumindest zwei Elektroden
normkonform ist.

27. Transducer nach irgendeinem der Ansprüche 18 bis
26, weiterhin ein zweites elektroaktives Polymer um-
fassend, welches auf eine Weise angeordnet ist,
welche bewirkt, dass ein Abschnitt des zweiten elek-
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troaktiven Polymers sich in Reaktion auf eine zweite
Änderung im elektrischen Feld biegt und das zweite
elektroaktive Polymer an das erste vorgespannte
elektroaktive Polymer gekoppelt ist.

28. Transducer nach irgendeinem der Ansprüche 18 bis
27, weiterhin einen flexiblen Rahmen umfassend,
welcher an das elektroaktive Polymer gekoppelt ist,
wobei der Rahmen eine mechanische Hilfestellung
vorsieht, um eine Verschiebung in der ersten Rich-
tung zu verbessern.

29. Transducer nach Anspruch 22, wobei die mechani-
sche Hilfestellung die Ruheposition des Transdu-
cers ändert.

30. Transducer nach Anspruch 29, wobei das Polymer
eine Vorspannung in einer zweiten Richtung um-
fasst, welche eine Verschiebung in der ersten Rich-
tung verbessert.

31. Transducer nach irgendeinem der Ansprüche 18 bis
30, wobei der Transducer weiterhin ein flexibles Ele-
ment umfasst, welches ein fixiertes Ende und ein
freies Ende aufweist, wobei das flexible Element ei-
nen Abschnitt des vorgespannten elektroaktiven Po-
lymers umfasst.

32. Transducer nach Anspruch 31, wobei das flexible
Element eine Steifigkeit aufweist, welche größer als
das elektroaktive Polymer ist.

33. Transducer nach irgendeinem der Ansprüche 18 bis
32, weiterhin umfassend:

- einen Rahmen, welcher an einen zweiten Ab-
schnitt des elektroaktiven Polymers angebracht
ist, wobei der Rahmen zumindest ein kreisför-
miges Loch umfasst, wobei sich der erste Ab-
schnitt aus der Ebene von dem zumindest einen
kreisförmigen Loch heraus in Reaktion auf die
Änderung im elektrischen Feld heraus biegt.

34. Transducer nach Anspruch 33, weiterhin umfas-
send, dass ein Vorspanndruck einer ersten Seite des
elektroaktiven Polymers hinzugefügt wird.

35. Transducer nach Anspruch 34, wobei der Vorspann-
druck durch ein Quellmittel vorgesehen wird.

36. Transducer nach irgendeinem der Ansprüche 18 bis
19 oder 21 bis 26, weiterhin einen Körper umfas-
send, welcher zumindest einen Freiheitsgrad zwi-
schen einem ersten Körperabschnitt und einem
zweiten Körperabschnitt aufweist, wobei der Körper
das Polymer enthält, welches an dem ersten Kör-
perabschnitt und dem zweiten Körperabschnitt an-
gebracht ist; wobei der Transducer auch eine erste

Klammer umfasst, welche an dem ersten Körperab-
schnitt angebracht ist, und eine zweite Klammer,
welche an dem zweiten Körperabschnitt angebracht
ist.

37. Transducer nach Anspruch 36, wobei das elektro-
aktive Polymer gerollt ist.

38. Transducer nach Anspruch 37, wobei die ersten und
zweiten Klammern elektrostatische Klammern sind.

39. Transducer nach den Ansprüchen 18 bis 38, wobei
zumindest zwei Elektroden einen normkonformen
Abschnitt umfassen, welcher in Kontakt mit dem Po-
lymer ist, wobei der normkonforme Abschnitt in der
Lage des Biegens mit einer maximalen linearen ela-
stischen Verformung von zumindest 50 Prozent ist.

40. Transducer nach Anspruch 39, wobei der normkon-
forme Abschnitt einen oder mehrere Bereiche von
hoher Leitfähigkeit und einen oder mehrere Bereiche
von niedriger Leitfähigkeit umfasst.

41. Transducer nach Anspruch 39, wobei die Elektrode
eine kolloidale Suspension umfasst.

42. Transducer nach irgendeinem der Ansprüche 38 bis
41, wobei die Elektrode ein leitendes Schmierfett
umfasst.

43. Transducer nach irgendeinem der Ansprüche 38 bis
42, wobei die Elektrode ein Kohlenstoffmaterial mit
hohem Streckungsverhältnis umfasst.

44. Transducer nach irgendeinem der Ansprüche 38 bis
43, wobei die Elektrode eine Mischung aus ionischen
leitfähigen Materialien umfasst.

45. Transducer nach irgendeinem der Ansprüche 18 bis
44, wobei das elektroaktive Polymer ein Elastizitäts-
modul von unterhalb ungefähr 100 MPa aufweist.

46. Transducer nach irgendeinem der vorherigen An-
sprüche 18 bis 45, wobei der ursprüngliche Bereich
des Polymers elastisch um einen Faktor in dem Be-
reich des 1,5fachen bis 50fachen des ursprüngli-
chen Bereichs des Polymers vorgespannt ist.

Revendications

1. Procédé de fabrication d’un transducteur compre-
nant un polymère électroactif précontraint (152, 160)
et une ou plusieurs électrodes, le procédé consistant
à :

- précontraindre de manière élastique un poly-
mère afin d’améliorer une réponse mécanique

39 40 



EP 1 221 180 B1

22

5

10

15

20

25

30

35

40

45

50

55

du polymère électroactif par rapport à un poly-
mère électroactif non contraint,
- former lesdites une ou plusieurs électrodes sur
le polymère précontraint, et

caractérisé par l’étape consistant à texturer une
surface du polymère électroactif.

2. Procédé selon la revendication 1, dans lequel le po-
lymère est l’un d’un élastomère de silicone, d’un po-
lyuréthane, d’un copolymère de PVDF ou d’un élas-
tomère adhésif, disponibles dans le commerce.

3. Procédé selon la revendication 1, consistant en outre
à déposer par centrifugation un mélange de polymè-
res pour produire le polymère.

4. Procédé selon la revendication 3, consistant en outre
à libérer le polymère d’un substrat rigide utilisé lors
du dépôt par centrifugation.

5. Procédé selon la revendication 1, dans lequel la tex-
turation comprend la fixation d’une couche de ma-
tériau rigide au polymère électroactif et la relaxation
du polymère électroactif et du matériau rigide.

6. Procédé selon la revendication 1, dans lequel la for-
mation d’une ou de plusieurs électrodes comprend
la pulvérisation desdites une ou plusieurs électrodes
sur le polymère précontraint en utilisant un masque.

7. Procédé selon la revendication 1, dans lequel une
ou plusieurs électrodes sont dessinées photolitho-
graphiquement sur le polymère précontraint.

8. Procédé selon la revendication 1, consistant en outre
à fixer un élément solide à une partie d’un deuxième
polymère précontraint.

9. Procédé selon la revendication 1, consistant en outre
à assembler le polymère et lesdites une ou plusieurs
électrodes dans un actionneur.

10. Procédé selon la revendication 1, dans lequel la pré-
contrainte du polymère comprend la fixation d’un
élastomère structurel au polymère précontraint.

11. Procédé selon la revendication 1, dans lequel l’élas-
tomère structurel est dessiné.

12. Procédé selon la revendication 1, dans lequel la pré-
contrainte du polymère comprend la fixation d’un ou
de plusieurs raidisseurs.

13. Procédé selon la revendication 1, dans lequel le po-
lymère est précontraint d’un facteur dans la plage
d’environ 1,5 fois à 50 fois l’aire d’origine.

14. Procédé selon la revendication 1, dans lequel une
première partie du polymère est précontrainte pour
former le polymère précontraint, comprenant en
outre l’étape consistant à fixer une deuxième partie
du polymère précontraint à un élément solide.

15. Procédé selon l’une quelconque des revendications
précédentes, comprenant en outre les étapes con-
sistant à précontraindre un deuxième polymère élec-
troactif pour former un deuxième polymère précon-
traint, former une ou plusieurs électrodes sur le
deuxième polymère précontraint et accoupler le pre-
mier polymère précontraint au deuxième polymère
précontraint.

16. Procédé selon l’une quelconque des revendications
précédentes, dans lequel le polymère électroactif a
un module d’élasticité inférieur à environ 100 MPa.

17. Procédé selon l’une quelconque des revendications
précédentes, dans lequel une aire d’origine du po-
lymère est précontrainte de manière élastique d’un
facteur dans la plage de 1,5 fois à 50 fois l’aire d’ori-
gine du polymère.

18. Transducteur comprenant un polymère électroactif
pour convertir une énergie électrique en une énergie
mécanique, le transducteur comprenant au moins
deux électrodes, et un polymère (152, 160) agencé
d’une manière qui provoque la déflexion d’une partie
du polymère en réponse à une variation du champ
électrique, dans lequel une partie du polymère est
précontrainte de manière élastique, caractérisé en
ce que le polymère a une surface texturée.

19. Transducteur selon la revendication 17 ou 18, dans
lequel le transducteur a une contrainte linéaire maxi-
mum d’environ au moins 50 % en réponse à la va-
riation du champ électrique.

20. Transducteur selon la revendication 18 ou 19, dans
lequel la précontrainte est appliquée dans une pre-
mière direction orthogonale à une valeur de précon-
trainte supérieure à celle dans une deuxième direc-
tion orthogonale.

21. Transducteur selon la revendication 19, comprenant
en outre une couche de barrière.

22. Transducteur selon l’une quelconque des revendi-
cations 18 à 21, dans lequel le polymère a une épais-
seur entre 1 micromètre et 2 millimètres.

23. Transducteur selon l’une quelconque des revendi-
cations 18 à 22, dans lequel la partie du polymère
électroactif défléchit hors d’un plan du polymère
électroactif en réponse à la variation du champ élec-
trique.
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24. Transducteur selon l’une quelconque des revendi-
cations 18 à 23, comprenant en outre un élément
rigide fixé à une partie du polymère.

25. Transducteur selon la revendication 24, dans lequel
l’élément rigide est inclus dans un cadre.

26. Transducteur selon l’une quelconque des revendi-
cations 18 à 25, dans lequel l’une desdites au moins
deux électrodes est souple.

27. Transducteur selon l’une quelconque des revendi-
cations 18 à 26, comprenant en outre un deuxième
polymère électroactif agencé de manière à provo-
quer la déflexion d’une partie du deuxième polymère
électroactif en réponse à une deuxième variation du
champ électrique, le deuxième polymère électroactif
étant accouplé au premier polymère électroactif pré-
contraint.

28. Transducteur selon l’une quelconque des revendi-
cations 18 à 27, comprenant en outre un cadre flexi-
ble accouplé au polymère électroactif, le cadre four-
nissant une assistance mécanique pour améliorer le
déplacement dans la première direction.

29. Transducteur selon la revendication 22, dans lequel
l’assistance mécanique modifie la position de repos
du transducteur.

30. Transducteur selon la revendication 29, dans lequel
le polymère comprend une précontrainte dans une
deuxième direction qui améliore le déplacement
dans la première direction.

31. Transducteur selon l’une quelconque des revendi-
cations 18 à 30, dans lequel le transducteur com-
prend en outre un élément flexible ayant une extré-
mité fixée et une extrémité libre, l’élément flexible
comprenant une partie du polymère électroactif pré-
contraint.

32. Transducteur selon la revendication 31, dans lequel
l’élément flexible a une raideur supérieure à celle du
polymère électroactif.

33. Transducteur selon l’une quelconque des revendi-
cations 18 à 32, comprenant en outre :

- un cadre fixé à une deuxième partie du poly-
mère électroactif, le cadre comprenant au moins
un trou circulaire, dans lequel la première partie
défléchit hors du plan dudit au moins un trou
circulaire en réponse à la variation du champ
électrique.

34. Transducteur selon la revendication 33, comprenant
en outre une pression de sollicitation ajoutée à un

premier côté du polymère électroactif.

35. Transducteur selon la revendication 34, dans lequel
la pression de sollicitation est fournie par un agent
gonflant.

36. Transducteur selon l’une quelconque des revendi-
cations 18 à 19, ou 21 à 26, comprenant en outre un
corps ayant au moins un degré de liberté entre une
première partie de corps et une deuxième partie de
corps, le corps comprenant le polymère fixé à la pre-
mière partie de corps et à la deuxième partie de
corps ; le transducteur comprenant également une
première pince fixée à la première partie de corps
et une deuxième pince fixée à la deuxième partie de
corps.

37. Transducteur selon la revendication 36, dans lequel
le polymère électroactif est enroulé.

38. Transducteur selon la revendication 37, dans lequel
les première et deuxième pinces sont des pinces
électrostatiques.

39. Transducteur selon les revendications 18 à 38, dans
lequel au moins deux électrodes comprennent une
partie souple en contact avec le polymère, dans le-
quel la partie souple est capable de défléchir avec
une contrainte linéaire maximum d’au moins 50 %.

40. Transducteur selon la revendication 39, dans lequel
la partie souple comprend une ou plusieurs régions
de conductivité élevée et une ou plusieurs régions
de faible conductivité.

41. Transducteur selon la revendication 39, dans lequel
l’électrode comprend une suspension colloïdale.

42. Transducteur selon l’une quelconque des revendi-
cations 38 à 41, dans lequel l’électrode comprend
une graisse conductrice.

43. Transducteur selon l’une quelconque des revendi-
cations 38 à 42, dans lequel l’électrode comprend
un matériau à base de carbone à rapport d’aspect
élevé.

44. Transducteur selon l’une quelconque des revendi-
cations 38 à 43, dans lequel l’électrode comprend
un mélange de matériaux ioniquement conducteurs.

45. Transducteur selon l’une quelconque des revendi-
cations 18 à 44 précédentes, dans lequel le polymè-
re électroactif a un module d’élasticité inférieur à en-
viron 100 MPa.

46. Transducteur selon l’une quelconque des revendi-
cations 18 à 45 précédentes, dans lequel l’aire d’ori-
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gine du polymère est précontrainte de manière élas-
tique d’un facteur dans la plage de 1,5 fois à 50 fois
l’aire d’origine du polymère.
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