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ROLL-TO-ROLL MANUFACTURING PROCESSES FOR PRODUCING
SELF-HEALING ELECTROACTIVE POLYMER DEVICES

T O S

This application claims the benefit, under 35 USC § 19(e), of U.S.

Provisional Application No,: 61/613,530 filed March 21, 2012 entitled "ROLL-

TO-ROLL MANUFACTURING PROCESS FOR SELF-HEALING

DIELECTRIC ELASTOMER TRANSDUCERS" the entirety of which is

incorporated herein by reference

FIELD OF THE INVENTION

The present invention is directed in general to manufacturing and more

specifically, to high volume manufacturing processes for producing electroactive

polymer cartridges and actuators.

BACKGROUND OF THE INVENTION

A tremendous variety of devices used today rely on actuators of one sort or

another to convert electrical energy to mechanical energy. Conversely, many

power generation applications operate by converting mechanical action into

electrical energy Employed to harvest mechanical energy in this fashion, the

same type of device may be referred to as a generator. Likewise, when the

structure is employed to convert physical stimulus such as vibration or pressure

into an electrical signal for measurement purposes, it may be characterized as a

sensor. Yet, the term "transducer" may be used to genetically refer to any of the

devices.

A number of design considerations favor the selection and use of advanced

dielectric elastomer materials, also referred to as "electroactive polymers", for the

fabrication of transducers. These considerations include potential force, power

density, power conversion/consumption, size, weight, cost, response time, duty

cycle, service requirements, environmental impact, etc. As such, in many

applications, electroactive polymer technology offers an ideal replacement for

piezoelectric, shape-memory alloy and electromagnetic devices such as motors

and solenoids.



An electroactive polymer transducer comprises two electrodes having

deformable characteristics and separated by a thin elasiomeric dielectric material.

When a voltage difference is applied to the electrodes, the oppositely charged

electrodes attract each other thereby compressing the polymer dielectric layer

therebetween. As the electrodes are pulled closer together, the dielectric poiymer

fi becomes thinner (the Z-axis component contracts) as it expands in the planar

directions (along the X- and Y-axes), i.e. the displacement of the film is in-plane.

The electroactive polymer film may also he configured to produce movement in a

direction orthogonal to the film structure (along the Z-axis), i.e., the displacement

of the film is out-of plane U.S. Pat. No. 7,567,681 discloses electroactive

polymer film constructs which provide such out-of-plane displacement - also

referred to as surface deformation or as thickness mode deflection.

The material and physical properties of the electroactive polymer film may

be varied and controlled to customize the deformation undergone by the

transducer. More specifically, factors such as the relative elasticity between the

polymer film and the electrode material, the relative thickness between the

polymer film and electrode material and/or the varying thickness of the polymer

film and/or electrode material, the physical pattern of the polymer film and/or

electrode material (to provide localized active and inactive areas), the tension or

pre-strain placed on the electroactive polymer film as a whole, and the amount of

voltage applied to or capacitance induced upon the film may be controlled and

varied to customize the features of the film when in an active mode.

Numerous applications exist that benefit from the advantages pr ided by

such electroactive polymer films whether using the film alone or using it in an

electroactive polymer actuator. One of the many applications involves the use of

electroactive polymer transducers as actuators to produce haptic feedback (the

communication of information to a user through forces applied to the user's body)

in user interface devices

Over time and continued operation, electroactive polymer cartridges may

undergo significant stresses due to flexing of the electrode diaphragm causing

stress cracks or fractures in the electrode, leading to premature failure.
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Accordingly, an electrode of a n electroactive polymer cartridge should be able to

undergo flexure while maintaining suitable operation over extended continued

operations. The present disclosure provides various apparatuses and processing

techniques for producing electroactive polymer cartridges comprising electrodes

capable of withstanding extended continued operation without failure. The

present disclosure also provides high-volume roll-to-rol3 manufacturing processes

for producing dielectric elastomer material based electrodes for electroactive

polymer cartridges.

SUMMARY QF THE INVENTION

Electroactive polymer devices that ca be used with these designs include,

but are not limited to planar, diaphragm, thickness mode, roll, and passive coupled

devices (hybrids) as well as any type of electroactive polymer device described in

the commonly assigned patents and applications cited herein.

In one embodiment, a process for producing a corrugated electrode for use

in an electroactive polymer cartridge is provided. The process comprises

positioning a laminated web comprising a support sheet laminated to a dielectric

elastomer film, the support sheet defining areas exposing portions of the dielectric

elastomer film; applying a force to stretch the positioned laminated support sheet-

dielectric elastomer film web in a direction that is orthogonal to a plane defined by

the web; applying an electrically conductive material to the laminated support

sheet-dielectric elastomer film web while the laminated support sheet-dielectric

elastomer film web is in a stretched state; and relaxing the laminated support

sheet-dielectric elastomer film web to form the corrugated electrode on the

dielectric elastomer film portion of the web. In some embodiments the support

sheet may be material that is printed or deposited rather than laminated onto the

dielectric elastomer film. It may require drying or curing as a subsequent process

step. In other embodiments, non-conductive material that is optionally rigid

may be deposited onto the stretched surface before or after an electrode material.

In some variations, the electroactive polymer actuator comprises at least

one electroactive polymer cartridge, where the electroactive polymer cartridge

Includes an electroactive polymer film comprising a dielectric elastomer layer,



wherein a portion of the dielectric elastomer layer is provided between first and

second electrodes wherein the overlapping portions of the electrodes define an

active area comprising the active portion, whereupon application of a triggering

signal to the electrodes causes movement of the active area to produce the haptic

effect, and wherein the first and second electrodes comprise an electrically

conductive material in a corrugated configuration.

The electroactive polymer actuator can include a plurality of discrete

electroactive polymer cartridges coupled together, where the electroactive

polymer actuator includes an increased active portion comprising each active area

of each electroactive polymer cartridge

As noted above, there remains a need to mass produce such electroactive

polymer devices while maintaining the performance characteristics obtained

through batch production or lower volume manufacturing processes.

The present disclosure provides a roll-to-roll manufacturing process for

producing electroactive polymer cartridges with self-healing electrodes. These

electrodes can undergo ablation around the dielectric failures in the electroactive

polymer film, which would prevent current from flowing through the ablated

failure points and forestall a catastrophic failure of the electroactive polymer

device. In one variation, the process comprises continuously advancing a film of

an elastomeric material from a supply of elastomeric material, optionally

mechanically straining the film to create a first pre-strained film section that

remains continuous with the supply of elastomeric material, supporting the film

section such that the first film section comprises a supported portion and an

unsupported portion, mechanically straining the fi m out of plane (e.g., applying a

force orthogonal to a plane defined by the film), depositing an electrically

conductive material on a first side of the unsupported portion of the first film

section while the film section is under strain, relaxing the film to create at least a

first corrugated electrode, and optionally mechanically straining the film in a

direction orthogonal to a plane defined by the film, depositing the electrically

conductive material on a second side of the unsupported portion of the first film



section opposing the first electrode while the section in under strain, and relaxing

the film to create at least a second corrugated electrode.

The strain of the film during the application of the electrically conductive

material may be orthogonal to the plane defined by the fi lm

Another variation disclosed herein the present invention includes an

electroactive polymer film for use in an electroaetive polymer device prepared by

a process comprising the steps of straining (deforming) a section of elastomeric

film in a direction orthogonal to a plane defined by the film, applying an

electrically conductive material to the strained section of the fi m, and relaxing the

film to form a corrugated electrode Two such films may be laminated together

along the surfaces opposite the electrode surfaces.

Another variation disclosed herein the present invention includes affixing

one or more frames, output bars, or flexures to the film surface.

These and other features, objects and advantages of the invention will

become apparent to those persons skilled in the art upon reading the details of the

invention as more fully described below n addition, variations of the processes

and devices described herein include combinations of the embodiments or of

aspects of the embodiments where possible are within the scope of this disclosure

even if those combinations are not explicitly shown or discussed.

BRIEF DES I TI OF TOE AW

The invention is best understood from the following detailed description

when read in conjunction with the accompanying drawings. To facilitate

understanding, the same reference numerals have been used (where practical) to

designate similar elements are common to the drawings included in the drawings

are the following:

Figs. A and IB illustrate atop perspective view of a transducer before

and after application of a voltage in accordance with one embodiment of the

present invention;

Fig, 2A illustrates an exemplary electroactive polymer cartridge in

accordance with one embodiment of the present invention;



Fig. 2B illustrates an exploded view of an electroactive polymer actuator,

inertial mass and actuator housing in accordance with one embodiment of the

present invention;

Fig 3A illustrates a schematic ro -to-ro process for preparing an

elastomeric film into an electroactive polymer film in accordance with one

embodiment of the present invention;

Fig. 3B illustrates two rolls of electroactive polymer films being combined

to produce an electroactive polymer device in accordance with one embodiment of

the present invention;

Figs. 4A and 4B illustrate an example of using a stiff belt member to assist

in controlling the desired strain on an elastomeric fi l in accordance with o e

embodiment of the present invention;

Fig. 5 illustrates a electroactive polymer cartridge with self-healing

corragated electrodes and a fatigue-resistant conductive bus in accordance with

one embodiment of the present invention;

Fig. 6 illustrates a micrograph detail of circumferential corrugated

electrodes produced in accordance with one embodiment of the present invention;

Fig. 7 is a flow diagram of a process for preparing a rigid polymer support

web for producing corrugated electrodes o an electroactive polymer cartridge in

accordance with one embodiment of the present invention;

Figs. 8A-8F illustrate a process for preparing a rigid polymer support for

producing electroactive polymer cartridges comprising corrugated electrodes in

accordance with one embodiment of the present invention, where:

Fig. 8A illustrates a rigid polymer support for producing frames for

electroactive polymer cartridges in accordance with one embodiment of the

present invention;

Fig. 8B illustrates the rigid polymer support shown in Fig. 8A with frames,

disks, and sprocket holes cut into the rigid polymer support in accordance with

one embodiment of the present invention:



Fig. 8C illustrates the pre-cut rigid polymer support shown in Fig 8B with

a release layer applied on top of the rigid polymer support in accordance with one

embodiment of the present invention;

Fig 8D illustrates the pre-cut coated rigid polymer support shown in Fig

8C w th adhesive tape laminated to the pre-cut frames to hold the disks in place

with respect to the frames in accordance with one embodiment of the present

invention;

Fig 8E illustrates the pre-cut coated rigid polymer support shown in Fig.

D with ring shaped slugs ejected from the pre-cut frames and disks that would

overlie the active area of the electroactive polymer cartridge in accordance with

one embodiment of the present invention;

Fig. 8F illustrates a partial sectional view of a pre-strained dielectric

elastomer film laminated between two sheets of rigid polymer supports processed

in accordance with Figs. 8A-8E in accordance with one embodiment of the

present invention;

Fig. 9A is a top view of an electroactive polymer cartridge comprising a

laminated frame, disk, and pre-strained dielectric elastomer film prior to applying

an electrically conductive material to the active area of the electroactive polymer

cartridge in accordance with one embodiment of the present invention;

Fig. 9B is a sectional view of the cartridge shown in Fig. A taken along

section 9B— 9B;

Fig. is a flow diagram of a stretched deposition process of applying an

electrically conductive material to an active area of an electroactive polymer

cartridge for producing corrugated electrodes in accordance with one embodiment

of the present invention;

Figs 1A-l F illustrates an electroactive polymer cartridge undergoing a

stretched deposition process for producing a corrugated electrode on a stretched

dielectric film portion of an electroactive polymer cartridge in accordance with

one embodiment of the present invention, where:



Fig. A is a cross-sectional view of an electroactive polymer cartridge in

a relaxed state prior to the stretched deposition process in accordance with one

embodiment of the present invention;

Fig. 1 B is a cross-sectional view of the cartridge in a stretched state

during the stretched deposition process in accordance with one embodiment of the

present invention;

Fig. C is a cross-sectional view of the cartridge in a relaxed state after

the stretched deposition process in accordance with one embodiment of the

present invention;

Fig. 1 D is an optional phase of the manufacturing process where the

cartridge is turned over to apply an electrically conductive material to an active

area of the cartridge in accordance with one embodiment of the present invention;

Fig. 1 E is a cross-sectional vie of the cartridge in a stretched state

during the stretched deposition process in accordance with one embodiment of the

present invention;

Fig. F is a cross-sectional view of the cartridge in a relaxed state after

the stretched deposition process in accordance with one embodiment of the

present invention;

Fig 12A is a top view of an electroactive polymer cartridge comprising a

laminated frame, disk, and pre-strained dielectric elastomer film coated with an

electrically conductive material by the stretched deposition process described in

comiection with Figs. A~l F to form a corrugated electrode in accordance with

one embodiment of the present invention;

Fig. 12B is a sectional view of the cartridge shown in Fig. 12A taken along

section 12B 12B;

Fig. 3 illustrates a generalized process for stretching a dielectric

elastomer film portion of an electroactive cartridge over frustoconical protrusions

formed on a sputtering drum in accordance with one embodiment of the present

invention;

Fig. 14 illustrates one embodiment of a sputtering drum comprising a

spacer and a belt comprising multiple rows of frustoconical protrusions for



stretching a dielectric elastomer film portion of an electroactive polymer cartridge

in accordance with one embodiment of the present invention;

Fig 5 illustrates a sputtering drum comprising multiple belts comprising

a plurality of frustoconical protrusions for stretching a dielectric elastomer film in

accordance with one embodiment of the present invention;

Fig. 6 is a detailed view of the button be t shown in Fig. showing how

the buttons hold the laminated disk diaphragms actuators in a stretched state

during the deposition process according to one embodiment of the present

invention;

Fig. 7 illustrates a roll-to-roll process for stripping the release layer from

an electroactive polymer cartridge in accordance with one embodiment of the

present invention;

Figs. 8-20 illustrate one aspect of a roll-to-roll stretched deposition

manufacturing process for producing dielectric elastomer electrodes for

electroactive polymer cartridges, where:

Fig 18 illustrates one aspect of a roll-to-roll manufacturing process for

producing a rigid polymer support for an electroactive polymer cartridge in

accordance with one embodiment of the present invention;

Fig. 9 illustrates one aspect of a roll~io~roll manufacturing process for

laminating a pre-strained dielectric elastomer film between two rigid polymer

supports in accordance with one embodiment of the present invention;

Fig. 20 is a continuous high-volume manufacturing process for producing

electroactive polymer cartridges with self-healing corrugated electrodes in

accordance with one embodiment of the present invention;

Fig. 2 1 illustrates one aspect of a roll-to-roll stretched deposition

manufacturing process for applying an electrically conductive material to a

stretched dielectric elastomer film in accordance with one embodiment of the

present invention;

Figs. 22-24 illustrate a fatigue-resistant conductive bus for an electroactive

polymer cartridge in accordance with one embodiment of the present invention,

where:



Fig. 22 illustrates a fatigue-resistant conductive bus to be applied on one

side of an eleciroactive polymer cartridge in accordance with one embodiment of

the present invention;

Fig, 23 illustrates a fatigue-resistant conductive bus to be applied on an

opposite side of the eleciroactive polymer cartridge in accordance with one

embodiment of the present invention;

Fig. 24 illustrates the fatigue-resistant conductive buses shown in Figs 22,

23 applied to both sides of the eleciroactive polymer cartridge in accordance with

one embodiment of the present invention;

Fig. 25 illustrates forming an encapsulation layer over the active area of an

eleciroactive polymer cartridge comprising the fatigue-resistant conductive buses

shown in Figs. 22-24 applied to both sides of the cartridge in accordance with one

embodiment of the present invention;

Fig. 26 illustrates one form of encapsulation layer over a first side of the

eleciroactive polymer cartridge in accordance with one embodiment of the present

invention;

Fig. 27 illustrates one form of encapsulation layer over a second side of the

eleciroactive polymer cartridge in accordance with one embodixnent of the present

invention;

Fig. 28A is a top view of an eleciroactive polymer cartridge with self-

healing corrugated electrodes produced by the a roll-to-roll stretched deposition

process and fatigue resistant conductive buses applied thereon in accordance with

one embodiment of the present invention;

Fig. 28B is a cross-sectional view of the electroactive polymer cartridge

shown in Fig. 28A with self-healing corrugated electrodes and fatigue resistant

conductive buses applied thereon in accordance with one embodiment of the

present invention;

Fig 29 illustrates a process for producing electrical connections for

stacked layers of eleciroactive polymer cartridges in accordance with one

embodiment of the present invention;

Variation of the invention from that shown in the figures is contemplated.



DETAILED D.E € ¾P :OF THE INVENTION

Examples of electroactive polymer devices and their applications are

described, for example, in U.S. Pat. Nos. 7,394,282; 7,378,783; 7,368,862;

7,362,032; 7,320,457; 7,259,503; 7,233,097; 7,224,106; 7,211,937; 7,199,501;

7,166,953; 7,064,472; 7,062,055; 7,052,594; 7,049,732; 7,034,432; 6,940,221:

6,91 1,764; 6,891,3 17; 6,882,086: 6,876,135; 6,812,624; 6,809,462; 6,806,621;

6,781,284; 6,768,246; 6,707,236; 6,664,718; 6,628,040; 6,586,859; 6,583,533;

6,545,384: 6,543,1 10; 6,376,971; 6,343,129; 7,952,261; 7,911,761; 7,492,076;

7,761,981; 7,521,847; 7,608,989; 7,626,319; 7,915,789; 7,750,532; 7,436,099;

7,199,501; 7,521,840; 7,595,580; and 7,567,681, and in U.S. Patent Application

Publication Nos. 2009/0154053; 2008/01 16764; 2007/0230222; 2007/0200457;

2010/0109486; and 20 1/128239, and PCT Publication No. WO2010/054014, the

entireties of which are incorporated herein by reference.

In various embodiments, the present invention provides a process for

producing a patterned deformable polymer film for use in a deformable polymer

device, the process including stretching an intermediary of a deformable film and

applying a conductive material to the film while under the stretched state to form

at least one electrode on a first surface of the deformable film, wherein the

electrode obtains a corrugated configuration when the polymer film is returned to

a relaxed state.

Films useful in embodiments of the present invention include, but are not

limited to those made from polymers such as silicone, polyurethane, acrylate,

hydrocarbon rubber, olefin copolymer, polyvinylidene fluoride copolymer,

fluoroelastomer, styrenic copolymer and adhesive elastomer.

Self-healing corrugated electrodes give dielectric elastomer transducers

high reliability. Roll-to-roll metal deposition is the most viable means of

producing these electrodes in volume. Thus, the roll-to-roll metal electrode

manufacturing process outlined here provides a solution to the reliability problem

that has hindered the commercial success of dielectric elastomer transducers for

the last several years.



η various aspects, the manufacturing processes described herein employ a

"button belt" for retrofitting a roll-to-roll sputtering chamber. In addition the

process employs a temporary support (tape) to suspend an island (the disk) during

lamination, then removing the temporary support after lamination. The process

also employs a single pair of sprockets to precisely laminate a rigid/soft/rigid

composite. The sprocket teeth align with sprocket holes in the lower/rigid

polyethylene terephthalate (PET) layer distend the soft polydimethylsiloxane

(PDMS) intermediary layer like a cone pushing on the center of a drum head, and

align the incoming/top/rigid PET layer.

t is noted that the figures discussed herein schematically illustrate

exemplary configurations of devices and processes that employ electroactive

polymer films or transducers having such electroactive polymer films. Many

variations are within the scope of this disclosure, for example, in variations of the

device the electroactive polymer transducers can be implemented to move a mass

to produce an inertia! haptic sensation. Alternatively, the electroactive polymer

transducer can produce movement in the electronic media device when coupled to

the assembly described herein. Electroactive transducers manufactured with the

processes disclosed here can be used as actuators, generators, or sensors in many

other applications including, without limitation, fluid handling systems, motion

control, adaptive optical devices, vibration control systems, and energy harvesting

systems.

In any application, the displacement created by the electroactive polymer

transducer can he exclusively in-plane which is sensed as lateral movement, or

can be out-of-plane (which is sensed as vertical displacement). Alternatively, the

electroactive polymer transducer material may be segmented to provide

independently addressable/movable sections so as to provide angular displacement

of the housing or electronic media device or combinations of other types of

displacement. In addition, any number of electroactive polymer transducers or

films (as disclosed in the applications and patent listed herein) can be incorporated

in the user interface devices described herein.



The electroactive polymer transducer ay be configured to displace to an

applied voltage which facilitates programming of a control system used with the

subject tactile feedback devices. Electroactive polymer transducers are ideal for

such applications for a number of reasons. For example, because of their light

weight and minimal components, electroactive polymer transducers offer a very

low profile and, as such, are ideal for use in sensory/haptic feedback applications.

Some embodiments of the present invention may be categorized into at

least three processes. A first process comprises producing a web of electroactive

polymer diaphragms. The first process comprises laser cutting or die cutting a

rigid polymer sheet (e.g., a 0.005" PET) to define frames and disks; coating the

PET with a water soluble release material (PVP); laminating adhesive tape to the

polymer sheet, so that the disk is held fixed with respect to the frame; ejecting

ring-shaped slugs formed between the ring and frame elements which would

overly constrain the active area of the transducer if they were not removed;

laminating this frame/disk film to both sides of a pre-strained dielectric; and

removing the tape that held the disks in place. A surface of the rigid polymer

sheet may be treated to modify its surface energy to prevent the formation of a

conductive film in subsequent process steps n a variation of this process the

frames and disks are defined by printing or patterning coating material onto one or

both surfaces of the electroactive polymer film. The coating material can be made

rigid through thermal or photo-exposure.

Once the web of electroactive polymer diaphragms is produced, a second

process is employed to apply an electrode formed of an electrical ly conductive

material (e.g., a metal) onto the surface of the electroactive polymer diaphragms

on the web. This process comprises stretching an individual electroactive polymer

diaphragm in a direction orthogonal to a plane defined by the cartridge (e.g.. out

of plane force) and applying (e.g., sputtering) an electrically conductive material

onto the surface of the electroactive polymer diaphragms in a roll-to-roll process.

After the metallization step, a third process may comprise stripping the

metal from the surface of the rigid polymer sheet defining the electroactive

polymer diaphragms; printing a fatigue-resistant carbon bus; printing an



encapsulation layer; forming vias; and s ng ating the completed electroactive

polymer transducers or cartridges from the web.

These and other processes are described in detail hereinbeiow. Prior to

describing such processes, however, Figs 1-4 provide a brief description of

general electroactive polymer structures and processes fo producing such

structures.

Accordingly, the description now turns to F gs A and IB, which

illustrate an example of an electroactive polymer film or membrane 10 structure.

A thin elastomeric dielectric film or layer is sandwiched between compliant or

stretchable electrode plates or layers 14 and 16, thereby forming a capacitive

structure or film. The length "1" and width "w" of the dielectric layer, as well as

that of the composite structure are much greater than its thickness "t". Preferably,

the dielectric layer has a thickness in the range from about 0 µν to about 0

µ η , with the total thickness of the structure in the range from about 15 µ to

about 10 em. Additionally, it is desirable to select the elastic modulus, thickness,

and/or the geometry of electrodes 14, 6 such that the additional stiffness they

contribute to the actuator is generally less than the stiffness of the dielectri c layer

12, which has a relatively low modulus of elasticity, i.e., less than about 100 MPa

and more preferably less than about 10 MPa, but is likely thicker than each of the

electrodes. Electrodes suitable for use with these compliant capacitive structures

are those capable of withstanding cyclic strains greater than about 1% without

failure e to mechanical fatigue.

As seen in Fig. IB, when a voltage is applied across the electrodes, the

unlike charges in the two electrodes 14, 6 are attracted to each other and these

electrostatic attractive forces compress the dielectric film 12 (along the Z-axis).

The dielectric film 12 is thereby caused to deflect with a change in electric field.

As electrodes 14, 6 are compliant, they change shape with dielectric layer 12. In

the context of the present disclosure, "deflection refers to any displacement,

expansion, contraction, torsion, linear or area strain, or any other deformation of a

portion of dielectric film 12. Depending on the architecture, e.g., a frame, in

which capacitive structure 10 is employed (collectively referred to as a



"transducer"), this deflection may be used to produce mechanical work. Various

different transducer architectures are disclosed and described in the above-

identified patent references.

With a voltage applied, the transducer film 10 continues to deflect until

mechanical forces balance the electrostatic forces driving the deflection. The

mechanical forces include elastic restoring forces of the dielectric layer 12, the

compliance or stretching of the electrodes 14, 6 and any external resistance

provided by a device and/or load coupled to transducer 10. The resultant

deflection of the transducer 1Θas a result of the applied voltage may also depend

on a number of other factors such as the dielectric constant of the elastomeric

material and its size and stiffness. Removal of the voltage and the induced charge

causes the reverse effects.

In some cases, the electrodes 14 and 16 may cover a limited portion of

dielectric film 2 relative to the total area of the film. This may be done to prevent

electrical breakdown around the edge of the dielectric or achieve customized

deflections in certain portions thereof. Dielectric material outside an active area

(the latter being a portion of the dielectric material having sufficient electrostatic

force to enable deflection of that portion) may be caused to act as an external

spring force on the active area during deflection. More specifically, material

outside the active area may resist or enhance active area deflection by its

contraction or expansion.

The dielectric film 12 may be pre-strained. The pre-strain improves

conversion between electrical and mechanical energy, i.e., the pre-strain allows

the dielectric film 12 to deflect more and provide greater mechanical work. Pre-

strain of a film may be described as the change in dimension in a direction after

pre-straining relative to the dimension in that direction before pre-straining. The

pre-strain may include elastic deformation of the dielectric film and be formed, for

example, by stretching the film in tension and fixing one or more of the edges

while stretched. The pre-strain may be imposed at the boundaries of the film or

for only a portion of the film and may be implemented by using a rigid frame or

by stiffening a portion of the film.



The transducer structure of Figs. 1A and B and other similar compliant

structures and the details of their constructs are ore fully described in many of

the referenced patents and publications disclosed herein.

Fig. 2A illustrates an exemplar}' electroactive polymer cartridge 12 having

an electroactive polymer transducer film 26 placed between rigid frame 8 where

the electroactive polymer film 26 is exposed in openings of the frame 8. The

exposed portion of the fi l 26 includes two working pairs of thin elastic

electrodes 32 on either side of the cartridge 12 where the electrodes 32 sandwich

or surround the exposed portion of the film 26. The electroacti ve polymer film 26

can have any number of configurations. However, in one example, the

electroactive polymer film 26 comprises a thin layer of elastomeric dielectric

polymer (e.g., made of acrylate, silicone, urethane, thermoplastic elastomer,

hydrocarbon rubber, fluoroelastomer, copolymer elastomer, or the like). When a

voltage difference is applied across the oppositely-charged electrodes 32 of each

working pair (i.e., across paired electrodes that are on either side of the film 26),

the opposed electrodes attract each other thereby compressing the dielectric

polymer layer 26 therebetween. The area between opposed electrodes is

considered the active area. As the electrodes are pulled closer together, the

dielectric polymer 26 becomes thinner (i.e., the Z-axis component contracts) as it

expands in the planar directions (i.e., the X- and Y-axes components expand) (See

Figs. B for axis references). Furthermore, like charges distributed across each

electrode may repel one another, thereby contributing to the expansion of the

elastic electrodes and dielectric films. The dielectric layer 26 is thereby caused to

deflect with a change in electric field. As the electrode material is also compliant,

the electrode layers change shape along with dielectric layer 26. As stated

hereinabove, deflection refers to any displacement, expansion, contraction,

torsion, linear or area strain, or any other deformation of a portion of dielectric

layer 26. This deflection may be used to produce mechanical work. As shown,

the dielectric layer 26 ca also include one or more mechanical output bars 34

The bars 34 can optionally provide attachment points for either an inertial mass



(as described below) or for direct coupling to a substrate in the electronic media

device.

In fabricating a transducer, an elastic film 26 can be stretched and held in a

pre-strained condition usually by a rigid frame 8. n those variations employing a

four-sided frame, the film can be stretched bi-axially. t has been observed that

pre-strain improves the dielectric strength of the polymer layer 26, thereby

enabling the use of higher electric fields and improving conversion between

electrical and mechanical energy, i.e., the pre-strain allows the film to deflect

more and provide greater mechanical work. Preferably, the electrode material is

applied after pre-straining the polymer layer, but may be applied beforehand. The

two electrodes provided on the same side of layer 26, referred to herein as same-

side electrode pairs, i.e., electrodes on the top side of dielectric layer 26 and

electrodes on a bottom side of dielectric layer 26. can be electrically isolated from

each other. The opposed electrodes on the opposite sides of the polymer layer

form two sets of working electrode pairs, i.e., electrodes spaced by the

electroactive polymer film 26 form one working electrode pair and electrodes

surrounding the adjacent exposed electroactive polymer film 26 form another

working electrode pair. Each same-side electrode pair can have the same polarity,

whereas the polarity of the electrodes of each working electrode pair is opposite

each other. Each electrode has an electrical contact portion configured for

electrical connection to a v tage source.

In this variation, the electrodes 32 are connected to a voltage source via a

flex connector 30 having leads 22, 24 that can be connected to the opposing poles

of the voltage source. The cartridge 12 also includes conductive vias 18, 20. The

conductive vias 8, 20 can provide a means to electrically couple the electrodes 8

with a respective lead 22 or 24 depending upon the polarity of the electrodes.

An electroactive polymer actuator for use in the processes and devices

described herein can then be formed in a number of different ways. For example,

the electroactive polymer can be formed by stacking a number of cartridges 12

together, having a single cartridge with multiple layers, or having multiple

cartridges with multiple layers. Manufacturing and yield considerations may



favor slacking single cartridges together to form the electroactive polymer

actuator n doing so, electrical connectivity between cartridges can be

maintained by electrically coupling the vias 8, 20 together so that adjacent

cartridges are coupled to the same voltage source or power supply.

The cartridge 12 shown in Fig. A includes three pairs of electrodes 32

separated by a single dielectric layer 26. n one variation, as shown in Fig. 2B,

two or more cartridges 12 are stacked together to form an electroactive actuator 14

that is coupled to an inertia! mass 50. Alternatively, the electroactive actuator 14

can be coupled directly to the electronic media device through a temporary

attachment plate or frame. As discussed below, the electroactive actuator 14 can

be placed within a cavity 52 t hat allows for movement of the actuator as desired.

The pocket 52 can be directly formed in a housing of a haptic case. Alternatively,

pocket 52 can be formed in a separate case 56 positioned within the housing of the

device if the latter, the material properties of the separate case 56 can be selected

based upon the needs of the actuator 14. For example, if the main body of the

haptic housing assembly is flexible, the separate case 56 can be made rigid to

provide protection to the electroactive actuator and/or the mass 50. In any event,

variations of the device and processes described herein include size of the cavity

52 with sufficient clearance to allow movement of the actuator 14 and/or mass 50

but a close enough tolerance so that the cavity 52 barrier (e.g., the haptic housing

or separate case 56) serves as a limit to prevent excessive movement of the

electroactive actuator 14. S ch a feature prevents the active areas of the actuator

14 from excessive displacement that can shorten the life of the actuator or

otherwise damage the actuator.

Additional examples of electroactive polymer films can be found in the

commonly assigned patents and patent applications disclosed and incorporated by

reference herein. Roll-to-roll manufacturing is a desirable way to produce high

volumes of electroactive polymer devices. Roll-to-roll manufacturing comprises

providing the unprocessed stock film material in a roll form, processing the

material as the stock material unrolls and ultimately singulating the finished

electroactive polymer devices at the conclusion of the assembly process. One can



also have a roll-to-sheet process where the film is advanced by sections in a step-

and-repeat fashion. The line is organized as a series of processing stations, and a

film section is advanced from station to station along the web.

The final configuration of the electroactive polymer films presents

challenges when trying to produce these films in high volume. For example, the

materials are preferably pre-strained to a specific, well-controlled degree prior to

assembly. Maintenance of a consistent web speed and tension and registration of

multiple printing o patterning steps are especially difficult on a deformable

substrate. Also, elastomeric materials are often prone to damage during the

manufacturing process and this damage can limit performance and reliability of

the finished devices.

To address these concerns and limitations, a novel process for producing

electroactive polymer devices addresses the issues discussed above n one

variation the process includes separating the stock film material 300, typically a

silicone, from a release liner (i.e., a liner of material that prevents the film from

sticking together). The stock film material 300 may comprise any material used

for fabrication of electroactive polymer devices such as disclosed in the references

incorporated by reference herein. The roll-to-roll process can include rollers

treated to release the stock film material 300 as it passes through the various

manufacturing processes. For example, such treatment ca include TEFLON

coatings or other release (or non-stick) coatings that prevents the film from

adhering to the roller. The rollers may also be covered with an intermediary layer

such as an engineered surface, a removable liner, a compliant layer, or a

deformable layer. Examples of engineered surfaces include, but are not limited to,

parchment paper, textured surfaces, screen mesh, non-stick surfaces, and polymer

sheets. Examples of deformable layers include, but are not limited to, foams an

soft network materials such those made from ethylene vinyl acetate, silicone,

olefins and polyurethanes. In an alternate variation, the process can include

replacing the roll of the stock film material 30 with a feed direct from a coating

or other manufacturing process that directly produces the film material 96.



As the film material 96 unwinds from the stock roll 300, a release liner

330 that separates layers of the film materia! 96 can be rewound 301. As noted

herein, the film material 96 may he pre-strained. In the illustrated variation the

film material 96 is stretched in a machine direction (direction parallel to the travel

of the materia! 96) using, for example rollers 3 2 traveling at different speeds.

The material 96 is then stretched in a transverse direction using a separate

mechanism 304. Variations include simultaneously stretching the material 96 i a

machine and transverse direction (i.e., bi-axial stretchers). The desired stretch

will depend upon the application as well as the desired performance of the

electroaetive polymer device. For example, the material can be stretched 30% in

either or both the machine and transverse direction.

In some cases, it may be desirable to provide a layer of support to the film

96 after stretching f so, a lamination layer 308 can be added to the film 96 to

provide additional support for processing of the film. As discussed below, the

lamina tion 308 also serves to reduce the occurrence of breaks in the film 96 as

well as limit the breakage areas to non-critical sections of the film 96. This

lamination layer 308 is sometimes referred to as a "rip-stop" layer or film. The

rip-stop lamination layer may also include an number of openings that allow for

further processing of the film 96. Though not shown, any number of cutouts can

be included in the rip-stop layer 3 8 as long as the ability to provide support is not.

lost and the film 96 does not buckle during processing. The rip-stop layer 3Θ

may comprise any number of polymeric materials, including polyethylene

terephthalate, polyester and polycarbonate. The rip-stop layer 308 may have a

surface treatment to optimize its interaction with the film 96. To provide

sufficient support and tea resistance, the rip-stop layer 308 should have good

surface blocking or bond to the film 96. Accordingly, the rip-stop layer 308 can

be laminated to the film 96 using a adhesive layer, coatings, or tape. Preferably,

the rip-stop layer 308 may include openings that allow for further processing of

the fi lm 96 into the electroaetive polymer device. These openings may be created

by any conventional process such as stamping, cutting etching, etc. Although the

laminated film 96 with rip-stop 308 can proceed through the manufacturing



process, as illustrated in Fig. 3A, alternate variations of the process can include re¬

winding the film 96 after lamination with the rip-stop layer 308.

A printed layer can be used as an alternative to a laminated rip-stop layer.

The printed material can he any material that can be applied to the film and cured

or dried in place that is tougher and more tear resistant than the film. Examples of

suitable materials include, but are no limited to, polyurethanes, silicones,

acrylates, and epoxy systems.

Next, the film 96 with rip-stop 308 is fed through one or more electrode

printing assemblies 310. The electrode printing assembly 310 may also optionally

print the bus bar connection for the electrodes on both sides of the film 96 Any

number of web-printing processes can produce the electrodes necessary for the

eiectroactive polymer device, including flexographic printing, gravure (also called

rotogravure or roto printing), screen printing, rotary screen printing, Ink j e

printing, aerosol jet printing, etc. The printing process may be adjusted for the

offset caused by the openings in the rip-stop layer (for example, the print rollers

can have raised bosses that are timed to print on the unlaminated portion of the

film 96). Furthermore, registration of the film 96 web positions may be necessary

to ensure electrodes are printed within the openings of the rip-stop lamination as

well as on the web of film 96. Any such registration commonly used in printing

or similar applications ay be applied to the process disclosed herein.

Fig. 3A also illustrates printing occurring on both surfaces of the film 96.

As noted above, electrode placement is required on each side of the film 96. n

alternate variations of the process, printing can occur on a single side of the film

96, which is then rewound and reprocessed with printing occurring on the

opposite side in a subsequent process. Alternatively, the single-sided printed film

may be stacked or laminated where the single electrode can be used to service two

adjacent fi lms in a multilayer stack. In any case, registration may be necessary to

ensure that printing of electrodes on opposing sides of the film material and on

different sections of the film is within manufacturing tolerances.

in one embodiment, the electrodes can be printed on one side or both sides

of the film 96 by first stretching the film 96 in a direction orthogonal to a plane



defined by the film 96 and then printing the electrode material onto the pre-

stretched film 96. When the f lm 96 is subsequently relaxed, the printed electrode

forms a corrugated electrode. Specific processes and materials used in forming

corrugated electrodes on a film are described in detail in connection with Figs. 5 ~

29 and are generally referred to throughout this description as stretched deposition

processes.

Once the electrodes are placed on the film 96, the film 96 can be re-wound

312 with an interleaf or separation layer 314 positioned between layers of the film

96. Alternatively, the film 96 can continue for additional processing to assemble

the electroactive polymer frame and support structures as described herein.

Fig. 3B illustrates an example of further processing of the printed

elastomeric film 96 material in a process that produces a double layered

electroactive polymer device. As shown, two sources of the printed film 96 can

be fed 316 or unwound and joined to form a double layer of electroactive polymer

film 96 The film may optionally be bonded or laminated depending upon the

desired application. Next one or more cartridge frames 3 8 may be added or

bonded to the fi lm 96 on both sides of the double layered electroactive polymer

film 96. In addition to placement of the frames, one or more output bars or center

discs 320 may be positioned by each electrode on the opposing sides of the double

layer electroactive polymer film 96. Structural elements such as flexures may also

be placed onto the film. Additional printing stations may be used to print

adhesives or structural materials for the frames, flexures, and output bars. Finally,

the finished electroactive polymer devices can be removed from the web (e.g., die

cut, punched, laser cut, etc.). Clearly, variations of the process may include

removal of the materials after any stage of processing so the device can be

completed in a batch process rather than on the conveyor assembly system.

Moreover, variations of the process include re-winding of the finished

electroactive polymer device for subsequent removal.

n an alternate variation a process for fabricating an electroactive polymer

device ay include UV, thermal, or surface treatment of the elastomeric polymer.

The present inventors have found that UV treatment of the film prior to depositing



electrodes on the film results in improved stroke performance of the finished

actuator. Although ot wishing to be bound to any particular theory, the present

inventors believe UV exposure, silicone, polyurethane, aerylate, hydrocarbon

rubber, olefin copolymer, polyvinylidene fluoride copolymer, fluoroelastomer,

styrenic copolymer, and adhesive elastomer may change the surface energy of the

film to improve uniformity of the electrode deposition. Further, the inventors

speculate that UV treatment may change the bulk modulus or other properties of

the elastomer making it more compliant and UV treatment may modify residual

functional groups in the polymer film that cross-link during thermal loading in the

manufacturing process.

Regardless of the actual mechanism, the present inventors have found UV

treatment is an effective way to improve the stroke performance of actuators. In

one example UV treatment improved a pulse response of an actuator b y 20% and

characterized the actuators with lower resonant frequency as compared to a non-

UV treated elastomer. The parameters for UV treatment will vary depending on a

umber of factors and the desired application of the end electroactive polymer

device n one example, it was found that UV curing of 6.5-7.0 J/cm2 was an

optimum point of UV treatment that improved stroke performance for actuators.

Another unexpected benefit of UV treatment (prior to deposition of electrodes)

that the queue time between UV treatment and electrode printing was not a

sensitive factor n the study conducted by the present inventors, the queue time

could last as long as 2.5 days. This finding may potentially allow for UV

treatment during or immediately after pre-straining the film. In some eases, i

may be possible to treat the elastomer ring film manufacture so that the benefits

are retained from when the eiastomeric film is made to when the film is processed

as described herein.

One of the problems with attempting to use roll-to-roil manufacturing for

eiastomeric films (such as silicone) is tha the film is relatively thin (e.g., 23 )

while having a very low modulus. The compliant film cannot remain flat without

applying pre-strain but at the same time, the film can tear or break easily.

Furthermore, to ensure that the device is manufactured to meet high actuator



perforniance, the film requires a high level of applied strain during printing and

lamination Without a frame to hold and maintain the pre-strain, the electrode

pattern printed on the film has a high chance of deforming and registration of the

printed patterns is likely to be poor. If the film deforms during the printing

operations, the film may be rendered non-functional for use in the electroactive

polymer actuators.

To address this issue, a variation of the inventive manufacturing process

includes applying a uni-axial pre-strain to the electroactive polymer film.

Experiments have shown that uni-axial strain can match the stroke performance of

regular bi-axial pre-strained films under certain conditions.

Uni-axial pre-strain magnitude can be defined by an index of thickness, the

same as biaxial pre-strain after stretching. For example, uni-axial strain (67%

thickness direction and 0% strain in XY direction) and biaxial strain (30% in two

directions) can have similar fiim thicicness ranges. The longer output bar direction

is parallel to the uni-axial pre-strain direction.

To achieve uni-axial pre-strain in a roll-to-roll system, perforated belts

360, as shown in Figs. 4A and 4B, may be used to hold the two edges of the

elastomeric film 96 in the web (longitudinal) direction. The uni-axial strain may

be applied by stretching the film in lateral direction, while in the web direction

there is zero or low pre-strain. The output bar of the electroactive polymer

cartridge can be designed o be perpendicular to the web direction.

The lateral and longitude position of the belts 360 can be controlled

precisely through the perforation rollers so the local strain will be consistent and

stable. This allows for multiple printing and drying/curing steps as described

herein, The major strain is defined by the distance between two belts 360 on the

two long edges of elastomeric film 96.

The belts 360 may be constructed from a material that is much stiffer than

the elastomeric fiim. For example, the belts 360 can comprise polyethylene

terephthalate, which has a Young's Modulus between 2800-3100 MPa and tensile

strength is 55-75 MPa. n contrast, silicone (a common material for the

elastomeric film) generally has a Young's Modulus of 0.1-5 MPa and tensile



strengih is 5-8 MPa. Accordingly, polyethylene terephthalate is about 1000 times

stiffer than silicone film.

When applying tension through the rollers 362 the majority of force will

be applied to the polyethylene terephthalate belt 360 rather than the film 96 For

example, assuming 5% elongation on the web, 400 out of 4 parts of force is

applied on the polyethylene terephthalate belt while 1 part is applied on silicone

film (assuming polyethylene terephthalate is 50 thick and 25 m wide; while

silicone film is 25 µ thick and 500 mm wide). This avoids the need to use

tension rollers directly on the silicone film to control the strain of the fi lm f

tension rollers were used, any small change in tension applied to the silicone film

would lead to a great change in film elongation which would be difficult to

control.

Biaxial stretching may be accomplished with perforated belts if the belts

are constructed of siretchable material or are segmented, e g with perforated lines,

so sections of the belt can separate upon stretch g along the web direction while

remaining engaged with the perforated rollers or guide chains along the edge of

the web.

The exemplary electroactive polymer cartridges described hereinabove

may comprise corrugated electrodes to improve continued operation and

significantly extend the lifetime of the electroactive polymer cartridges. The high-

volume roll-to-roll manufacturing processes described above also may be adapted

to produce electroactive polymer cartridges comprising corrugated electrodes. A

description of various embodiments of electroactive polymer cartridges

comprising corrugated electrodes and high- olume roll-to-roll manufacturing

processes for producing them are described hereinbelow. By way of context, a

corrugated thin metal film is capable of stretching fo many cycles without

breaking, thus, making it suitable for use as an electrode deposited on a dielectric

elastomer film diaphragm. The main advantage of corrugated electrodes is the

abi lity to self-heal when a fault occurs, allowing continued operation of the

electroactive polymer cartridge. High-volume roll-to-roll manufacturing

processes for the producing electroactive polymer cartridges comprising dielectric



elastomer films with corrugated electrodes formed thereon are described in

connection with Figs. 5-29.

There are two main approaches to producing corrugated electrodes on the

surface of a dielectric elastomer film. The first approach is by a molding process

and the second approach is by a stretched deposition process.

The molding approach, developed by the Danish Polymer institute and

Danfoss, involves casting a dielectric elastomer film on a corrugated carrier (the

mold) so that the bottom surface is corrugated and the top surface is flat, and then

laminating two such dielectric elastomer films back-to-back so that both outward

facing surfaces are corrugated. This molding/lamination method has some

drawbacks.

One drawback is the need for a mold. One technique employs a spin

casting polydimethylsiloxane (PDMS) on an etched silicon wafer, however, this is

not scalable to the production of thousands of square meters of dielectric per year.

Volume production would require development of a release film for dielectric

casting with lx] 0 µ corrugations. Another drawback involves release stress. If

a thin dielectric is desired (e.g., <30 µηι total) then two 15 µη thick layers must

be produced. It is difficult to peel thin ( µ η ), layer of soft elastomer from a

flat carrier without tearing or deforming it. It would be more difficult still to get

the elastomer off of a textured carrier. Y t another drawback with the

molding/lamination approach is registration. A diaphragm actuator requires

circular corrugations. Considerable time and cost might be required to correctly

register other parts (e.g. frames, output disks) with corrugated areas of the

dielectric, particularly once pre-strain is applied prior to placement of those parts.

Accordingly, although none of the drawbacks associated with the

molding/casting process are insurmountable, the stretched deposition process may

be more readily adapted to a roll-to-rol manufacturing process. Accordingly, the

remainder of this disclosure will be primarily focused on the stretched deposition

process. Nevertheless, other processes for forming corrugated electrodes, such as

the molding process, are still contemplated as being within the scope of the

present invention.



η a stretched deposition process for producing electrical interconnects,

metal or any suitable electrically conductive material is deposited or applied on a

flexible diaphragm while the diaphragm is stretched in a direction orthogonal to a

plane defined by the flexible diaphragm n electroactive polymer cartridges, the

flexible diaphragms are made of dielectric elastomer film. Therefore, corrugated

electrodes are formed on the dielectric elastomer film. After the stretched

deposition process (e.g., metallization) the flexible diaphragm is (e.g., dielectric

elastomer film) is relaxed to produce corrugations. No mold is required. Further,

rigid components placed on the dielectric elastomer film diaphragm before the

stretched deposition process enables stretching of the dielectric elastomer film.

Subsequently, registration of the corrugations with the rigid components of the

electroactive polymer cartridge actuator occurs automatically when the dielectric

elastomer film is relaxed. The stretched deposition process can be scaled to high

volume production using commercially available, roll-to-roll equipment such as

sputtering equipment, for example. Non-conductive materials can be deposited in

a similar fashion. This enables the incorporation of higher modulus materials

such as silica or polycarbonate into the material layer stack which could serve the

purpose of barrier layers, encapsulants. discharge suppression layers, and the like,

without degrading the performance of the electroactive polymer device.

High-volume roll-to-rol l manufacturing of electroactive polymer cartridges

is facilitated when they are provided in the for of a web and the application

equipment (e.g., sputtering, printing spraying, depositing, etc.) holds the

cartridges in a stretched state during the deposition process. Various structures

and techniques for holding the cartridges in a stretched state during the deposition

process are disclosed hereinbelow in connection with Figs, 15, 6, and 21.

Fig. 5 illustrates an electroactive polymer cartridge 500 comprising a self-

healing corrugated electrode 502 formed on the dielectric elastomer film by a

stretched deposition process in accordance with one aspect of the present

invention. A thin film connection 504 may be provided to connect the corrugated

electrode 502 to a voltage power supply. As described in more detail

hereinbelow, the corrugated electrode 502 may be formed by applying or



depositing any suitable electrically conductive material onto a stretched dielectric

elastomer film. In the illustrated embodiment, the self-healing corrugated

electrode 02 is formed of a silver (Ag) electrically conductive material, Other

electrically conductive materials include, for example, gold, copper, carbon,

palladium silver, conductive polymers, conductive inks, among others.

The electroactive polymer cartridge 500 also includes a fatigue-resistant

conductive bus 506, which will be described herembe!ow in connection with Figs.

22-28. In one embodiment, the fatigue-resistant conductive bus 506 is formed of

carbon, although any suitable conductive material may be employed provided that

it is compliant to span and fill mechanical cracks that may develop on the

corrugated electrodes 5Θ2 Conductive inks that include carbon or carbon

compounds may be employed for this purpose, for example.

A high- olume ro to ro l manufacturing process for producing

electroactive polymer cartridges 500 comprising corrugated electrodes 502 by a

stretched deposition process begins by laminating a pre-strained (stretched)

dielectric elastomer film between two rigid polymer supports. The dielectric

elastomer film is stretched in a direction that is orthogonal to a plane defined by

the film and held in that position while the electrically conductive material is

applied. Subsequently relaxing the dielectric elastomer film produces the

corrugations in the electrode.

Fig. 6 illustrates a micrograph detail 600 of corrugated electrode 602

produced by a stretched deposition process in accordance with one aspect of the

present invention. The three-sub details 600a-600c show that the corrugations

form circumferentially in a circular direction.

Fig. 7 is a flow diagram 700 of a process for preparing a rigid polymer

support web for producing corrugated electrodes on electroactive polymer

cartridges in accordance with one embodiment of the present invention, Initially,

a rigid polymer support material is cut 702 to define frame and disk portions of

the electroactive polymer cartridge. The pre-cut rigid polymer support material is

then coated 704 with a release material. An adhesive tape is subsequently

laminated 706 to the pre-cut coated rigid polymer support material such that the



disks are held in fixed relation with respect to the frames. Ring-shaped slugs are

formed between the ring and frame elements are then ejected 708 from the support

material. The ring-shaped slugs are lifted by pins on an underlying drum and

scooped off by prongs into a collection box. The pre-cut coated rigid polymer

support web is now ready to be wound on a stock roll for later lamination to a pre-

stretched dielectric elastomer f lm or, in a continuous process, may be fed directly

to a lamination station where the pre-cut coated rigid polymer support web is

laminated with a pre-stretehed dielectric elastomer film.

In a separate process, although it may be inline with the processes 702-

708, a dielectric elastomer film is pre-strained 710 in a planar direction as

described in connection with Figs. 3A, 4A. Then, two webs pre-cut coated rigid

polymer supports are laminated 712 to both sides of the pre-strained dielectric

elastomer film. The adhesive tape that held the disks in place also is removed

7 . T e output of the process illustrated by flow diagram 700 is a laminated pre-

strained dielectric elastomer film web 814 (Fig. 8F), referred to herein as a

"laminated support/film web." The laminated support/film web is suitable for use

in the stretched deposition process for producing corrugated electrodes. The

laminated support/film web can be rolled in a stock roll to be later used in the

stretched deposition electrode corrugation n applications such as high-volume

roll-to-roll manufacturing processes, however, the laminated support/film web is

fed directly to the stretched deposition process. The process illustrated in flow

diagram 70 is further explained below in connection with Figs. 8A-8F

Fig. 8A illustrates a rigid polymer support 800 for producing the frame and

disk structures of the electroaciive polymer cartridges in accordance with one

aspect of the present invention n one embodiment, the rigid polymer support

800 may comprise any number of polymeric materials, including PET, polyester,

polycarbonate, among others. The rigid polymer support 800 may have thickness

dimensions in the range of about 0.0025 inch (63.5 µ η) to 0.05 inch (1.27 mm)

and preferably about 0.005 inch (127 µ η), for example.

Fig. SB illustrates the rigid polymer support 800 shown in Fig. 8A with

frames 802, disks 804, and sprocket holes 8 6 cut into the rigid polymer support



800 for later lamination with a dielectric elastomer material. The frames 802 an

disks 804 can be cut into the rigid polymer support 800 using any suitable

technique, such as for example laser cutting, die cutting, razor cutting, milling,

among others. The sprocket holes 806 perforations also may be punched out by

pins or sprockets on a perforation roller. Alternatively, the sprocket holes 806

may be drilled or cut as pari of the overall manufacturing process. In one

embodiment, the sprocket holes 806 may be formed by laser cutting or die cutting

at the same time the frames 802 and disks 804 are cut into the rigid polymer

support ΘΘ. The sprocket holes 806 are configured and spaced to align with

sprocket teeth on a drum to ensure a tight «0.002 inch (50.8 , m ) error in

registration during the lamination and/or the stretched deposition process in

accordance with one embodiment of the present invention.

Fig. 8C illustrates the pre-cut rigid polymer support 800 shown in Fig. SB

with a release layer 80S applied on a top surface of the rigid polymer support 800.

The release layer 808 may be any suitable layer that enables the electrically

conductive material applied to the rigid polymer support 800 during the stretched

deposition process to be stripped or removed. Without the release layer 808, the

electrically conductive material applied during the stretched deposition process

would be difficult to remove from the rigid polymer support 800. In one

embodiment, the release layer 808 may be a water soluble material. In one

embodiment, the release layer 808 may be formed of any suitable water-soluble

polymer, such as, for example, PVT. In one embodiment, the water-soluble

polymer may be applied to the PET support layer at a thickness of about 0.1 µ η

or less to 0.3 µτη and preferably about 0.2 µη After the water-soluble PVP

polymer is applied to the PET support, it can be dried by any suitable heat source

such as, for example, a heat lamp or an infrared heat lamp, among others. The

PVP release layer 808 enables the electrically conductive layer applied to the PET

support during the stretched deposition process to be stripped off or removed. In a

ro -to-ro manufacturing process, the PVP release layer 808 may be stripped

using multiple cylinders or rolls and the application of a water mist. Tacky rolls

may also be used to remove the electrically conductive material from the support



layer when the support layer has been treated to prevent the formation of a

continuous film of electrically conductive material.

Fig. 8D illustrates the pre-cut coated rigid polymer support 800 shown in

Fig. 8C with adhesive tape 810 laminated to the pre-cut frames 802 to hold the

disks 804 in place with respect to the frames in accordance with one einbodiment

of the present invention. In one embodiment, the adhesive tape 810 may be a 3M

2 8 low profile adhesive tape. The adhesive tape 810 may be app ed by a tape

laminaior station of a roll-to-rol! manufacturing process, as described in more

detail hereinbelow.

Fig. 8E illustrates the pre-cut coated rigid polymer support shown in Fig.

8D with ring shaped slugs defined between the ring 804 and frame 802 elements

are ejected from the pre-cut frames 802 and disks 804 that would overlie the

active area of the electroactive polymer cartridge in accordance t one

embodiment of the present invention. After the ring shaped slug ejected, a ring

shaped opening 812 is left in the pre-cut coated rigid polymer support 800 that

will expose a corresponding portion of dielectric polymeric film defined as the

active area. This active area is coated with an electrically conductive material

during the stretched deposition process to form a corrugated electrode.

Fig. 8F illustrates a partial sectional view of a pre-strained dielectric

elastomer film 807 laminated between two sheets of rigid polymer supports 800A,

800B processed in accordance with Figs. 8A-8E in accordance with one

embodiment of the present invention. After the ring shaped slugs are removed

from the web, a dielectric elastomer film 807 is pre-strained and laminated

between two pre-cut coated rigid polymer supports 80ΘΑ , 800 to form a

laminated support/film web 814 as shown in Fig. 8F, where the pre-strained

dielectric elastomer film 807 is laminated between two sheets of the rigid polymer

supports 8Θ0Α , 8ΘΘΒ, processed in accordance with Fig. 7, to form a laminated

support/film web. The laminated support/film web is then ready to advance to the

ro!i-to-roll stretched deposition process according to various aspects of the present

invention.



Fig, 9A is a top view of an electroactive polymer cartridge 9 0 comprising

a laminated frame 802, a disk 804, and a pre-strained dielectric elastomer film 8Θ7

prior to applying an electrically conductive material to the active area of the 818

electroactive polymer cartridge 90 in accordance with one embodiment of the

present invention. Electrical connections §09.4, 809B are used to couple the

electrodes to a voltage power supply. Electrical connection 809A is located above

the dielectric elastomer film 807 whereas electrical connection 809 is located

below the dielectric elastomer film 807. The release layer 808 is also shown.

Fig. 9B is a sectional view of the electroacti ve polymer cartridge 900

shown in Fig. 9A taken along section 9B—9B. The pre-stretched dielectric

elastomer film 807 is laminated between first and second pre-cut rigid polymer

supports SOOA, 00B defining a top frame 8Θ2Α , a bottom frame 802B, a top disk

804A, and a bottom disk 804B with ring slugs removed to expose the dielectric

elastomer film 807. The release layer 808 is applied to the exposed surface of the

first and second pre-cut rigid polymer supports SOOA, 800B.

A top active area. 81 is located on a top side 820 of the cartridge 90 and

a bottom active area 822 is located on a bottom side 824 of the cartridge 900.

Once the corrugated electrodes are formed on the top and bottom acti ve areas 818,

822, a voltage potential can be applied to the top and bottom active areas 818, 822

of the pre-strained dielectric elastomer film 807 such that it behaves in the manner

described in connection with Figs. 1A, IB. The center portion 826 of the

cartridge 900 acts as a movable platform tha can move in the directions indicated

by the arrows.

Fig. 0 is a flow diagram 1000 of a stretched deposition process of

applying an electrically conductive material to an active area of an electroactive

polymer cartridge for producing corrugated electrodes in accordance with one

embodiment of the present invention. The laminated support/film web described

in connection with Fig 8F is advanced 0 2 and positioned in a deposition

station. At the deposition station a force is applied to the center of the disk

portion of an electroactive polymer cartridge to push out or stretch 1004 the

dielectric elastomer film 807 in a direction that is orthogonal to a plane defined by



the film 807 in a predetermined deformation n essence, this deforms the flexible

diaphragm of the electroactive polymer cartridge, n one embodiment, the

stretched configuration of the dielectric elastomer film 807 is a frustum, although

other geometric configurations are contemplated within the scope of this

disclosure, The center of the laminated disk is displaced to a first predetermined

distance 11 in the direction thai the force is applied. An electrically conductive

material is applied 1006 to the stretched dielect elastomer film 807, including

the frame and disk portions of the electroactive polymer cartridge. Once the

electrically conductive material is applied, the flexible diaphragm is allowed to

relax. Accordingly, the pre-strained dielectric elastomer film 807 is also relaxed

1008. The relaxation process enables the corrugated electrode to form on the

dielectric elastomer film 807. The coated laminated disk is then advanced to a

stripping station to strip 1010 away the portion of the electrically conductive

materia! applied to the release layer above the frame and disk portion of the

electroactive polymer cartridge. For example, a water-soluble release layer may

be stripped from the rigid polymer support by applying water and scrubbing the

surface of the laminated disk.

Optionally, the processes defined in steps 1002- 1 can be repeated to

form a corrugated electrode on the other side of the electroactive polymer

cartridge. Accordingly, when the process determines 1012 that the other side of

the electroactive polymer cartridge should be coated with electrically conductive

material the process 1 00 proceeds along the "yes" branch to laminated

support/film web is turned over 1014 over and steps 1002-1010 are repeated.

When both sides of the electroactive polymer cartridge are coated, the process

1000 proceeds along the no" path to a stripping station. It should be noted that

prior to applying the electrically conductive material to the other side of the

electroactive polymer cartridge, the flexible diaphragm is stretched in a direction

that is orthogonal to a plane defined by the cartridge to a second predetermined

distance h in the direction that the force is applied. n one embodiment, the

second predetermined distance h2 is less than the first predetermined distance hi.



In other embodiments, the second predetermined distance h2 may be equal to or

greater than the first predetermined distance hi.

Figs. A- F illustrate an electroactive polymer cartridge undergoing a

stretched deposition process for producing a corrugated electrode on a stretched

dielectric elastomer film 807 portion of the electroactive polymer cartridge 900 in

accordance with one embodiment of the present invention.

Fig. 1A is a cross-sectional view of an electroacti ve polymer cartridge

900 in a relaxed configuration prior to entering a deposition station (e.g.,

chamber). When the electroactive polymer cartridge 900 is advanced to the

deposition station, a force F indicated by the arrow is applied to stretch the

flexible diaphragm in a direction that is orthogonal to a plane defined by the

diaphragm, thus displacing the disk 804 to a predetermined distance hi as shown

in Fig. 11B.

Fig. 1 B is a cross-sectional view of the cartridge 900 in a stretched state

during the stretched deposition process in accordance with one embodiment of the

present invention. An electrically conductive material 02 is applied to the top

side 820 of the cartridge 900 by way of any suitable deposition technique as

discussed in more detail hereinbelow. As shown i Fig. 1 B, the diaphragm is

displaced by distance of h under the applied force Fl

Fig. C is a cross-sectional view of the cartridge 900 in a relaxed state

after the stretched deposition process in accordance with one embodiment of the

present invention. The relaxed configuration enables the formation of a

corrugated electrode 1104 in the top active area on the top side 820 of the

dielectric elastomer film 807. Note that during the deposition process, a layer

1106 of conductive material also is applied to the release layer 808 in the frame

802A and disk 804A portions of the cartridge 900.

As previously discussed, optionally, a corrugated electrode 1 0 (Fig.

1IF) may be formed on the bottom side 824 of the cartridge 900. Accordingly, as

shown in Fig. D, the cartridge 90 is turned over and is now prepared to receive

an electrically conductive material on the bottom side.



Fig. 1 E is a cross-sectional view of the cartridge 900 in a stretched state

during the stretched deposition process in accordance with one embodiment of the

present invention. An electrically conductive material 08 is applied to the

bottom side 824 of the dielectric elastomer film 807. In one embodiment the

electrically conductive material 1108 applied to the bottom side 824 may be the

same as the electrically conductive material 2 applied to the top side 820 of the

dielectric elastomer film 807. n other embodiments, however, these materials

1102, 1108 may be different. As shown in Fig. 11B, the diaphragm is displaced

by distance of h2 under the applied force F2.

Fig. 1IF is a cross-sectional view of the cartridge 900 in a relaxed state

after the stretched deposition process in accordance with one embodiment of the

present invention. The relaxed configuration enables the formation of a

corrugated electrode 1110 in the bottom active area 822 on the bottom side 824 of

the dielectric elastomer f m 807. Note that during the deposition process, a layer

1112 of conductive material also is applied to the release layer 808 in the frame

8 2 and disk 804B portions of the cartridge 900.

Fig. 12A is a top view of the electroactive polymer cartridge 90

comprising a laminated frame 802, disk 804, and pre-strained dielectric elastomer

film 8 7 coated with an electrically conductive material 1102 by the stretched

deposition process described in connection with Figs. 1lA-1 IF to form a

corrugated electrode 104 in accordance with one embodiment of the present

invention. Electrical connections 809A, 809B are used to couple the electrodes to

a voltage power supply. Electrical connection 80 A is located above the

dielectric elastomer film 807 whereas electrical connection 8Θ9Β is located below

the dielectric elastomer film 807. The release layer 808 is also shown.

Fig. 12B is a sectional view of the cartridge 900 shown i Fig. 12A taken

along section 12B— 12B. The dielectric elastomer film 807 laminated betwee

first and second pre-cut rigid polymer supports 800A, 800B defining a top frame

802A, a bottom frame 802B, a top disk 804A, and a bottom disk 802B with ring

slugs removed to expose the dielectric elastomer film 807. The release layer 808

has been applied to the surface of the first and second pre-cut rigid polymer



supports 800 A, 800B. The electrically conductive materia! 1102 is applied on top

of the release layer 808.

Once the corrugated electrodes 1104, 1110 are formed on the top and

bottom active areas 818, 822 of the pre-strained dielectric polymer film 807, a

voltage potential can be applied to the top and bottom active areas 818, 822 of the

pre-strained dielectric elastomer film 807 such that it behaves in the manner

described in connection with Figs. 1A, IB. The center portion 826 of the

cartridge 900 acts as a flexible diaphragm that is free to move.

In various embodiments, the deposition process for applying electrically

conductive materials to the top and/or bottom of the electroactive polymer

cartridge 900 may take many forms. For example, applying an electrically

conductive material by sputtering, evaporation, chemical vapor deposition (CVD),

offset printing, screen printing, spray printing, electrostatic spray printing,

flexography, pad printing, gravure printing, In et printing, aerosol jet printing,

curtain coating, extrusion coating, slot-die coating, among others, may prove

useful in the present manufacturing process.

The electrically conductive materials 1102, 08 also may be selected

from a plurality of materials such as, for example, gold, silver, copper, carbon,

palladium silver, conductive inks, conductive polymers, among others.

Fig. 3 illustrates a generalized process ί 300 for stretching the dielectric

elastomer film 807 portion of an electroactive cartridge 900 over frustocomcal

protrusions 1302 formed on a sputtering drum 1304 in accordance with one

embodiment of the present invention. The cartridges 9 0 are disposed on a

laminated support/film web 814 that advances into a sputtering chamber (not

shown) in the direction indicated by the arrow. The sputtering drum 1304 is

located in the sputtering chamber. The sputtering dru 1304 comprises a

plurality of convex frustocomcal protrusions 13 2 that stretch the dielectric

elastomer film 807 during the stretched deposition process. A portion of the web

814 is shown transparent in order to show the underlying frustocomcal protrusions

1302 on the surface of sputtering drum 1304. Although frustocomcal protrusions

13 2 are shown, other geometric features are contemplated.



Fig. 4 illustrates one embodiment of a sputtering drum 1400 comprising a

spacer 1402 and a "button" belt 1404 comprising multiple rows of frustoconical

protrusions 406 for stretching the dielectric elastomer film 807 portion of an

electroactive cartridge 900 in accordance with one embodiment of the present

invention. Fig. 4 illustrates one embodiment of a sputtering drum 1400

comprising a spacer 1402 and a button belt 1404 for stretching a laminated disk.

The spacer 1402 acts to adjust the degree of stretch, for example. The button belt

1404 is configured to retrofit onto existing sputtering drums 1400.

Fig. 5 illustrates a portion of a sputtering drum 1500 comprising a

plurality of button belts 1502, 1504 holding the laminated disk diaphragms in a

stretched state Each of the button belts 1502, 1504 comprises a plurality of

frustoconical convex features 1506, 08 that hold the laminated disk diaphragms

1506 in a stretched state during the deposition process for producing a corrugated

electrode thereon

Fig. 6 is a detailed view of the button belt 1500 shown in Fig. 5 showing

how the frustoconical convex features 1508 hold the laminated disk diaphragms in

a stretched state during the deposition process according to one embodiment of the

present invention.

Fig illustrates a roll-to-roll process 1700 for stripping the release layer

808 from the electroactive polymer cartridge 900 in accordance with one

embodiment of the present invention. As illustrated in Fig. 17, the release layer

SOS is removed by rolls 1702, 1704. The laminated film web 814 moves in the

direction indicated by the arrow. The electrically conductive material applied

during the stretched deposition process must be removed from the frame 802 and

disk 804 portions of the electroactive polymer cartridges 900. A first roll 1702

may be a passive nip roll with a slightly rough surface. For example, the surface

roughness of the first roll 1702 may be between 5 m and 50 µ . In between the

first roll 1702 and a second roll 1704, a water or isopropyl alcohol (I A) mist is

applied to the laminated support/film web 814. The second roll 1704 has a fixed

shaft plus a clean room wipe that is periodically rotated and replaced. As

previously discussed, the release layer may be formed of a material that soluble in



water or solvents. Accordingly, the release layer is dissolved and wiped away

from the rigid polymer support and the dielectric elastomer cartridges having

electrodes formed therein are produced.

Fig. illustrates one aspect of a roll-to-roll manufacturing process 1800

for producing a rigid polymer support for an eieetroactive polymer cartridge in

accordance with one embodiment of the present invention. In one variation the

process includes separating a stock ro l 2 comprising a rigid polymer support

material 1804, typically a rigid polymer support material such as PET from a

release liner (i.e., a liner of material that prevents the film from sticking together).

The stock support material 1804 may comprise any material used for fabrication

of eieetroactive polymer devices such as disclosed in the references incorporated

by reference herein. The roll-to-roll process can include rollers treated to release

the support material 804 as it passes through the various manufacturing

processes. For example, such treatment can include TEFLON coatings or other

release (or non-stick) coatings that prevents the film from adhering to the roller.

The rollers may also be covered with an intermediary layer such as an engineered

surface, a removable liner, a compliant layer, or a defonnable layer. Examples of

engineered surfaces include, but are not limited to, parchment paper, textured

surfaces, screen mesh, non-stick surfaces and polymer sheets. Examples of

defonnable layers include, but are not limited to, foams and soft network materials

such those made from ethylene vinyl acetate, silicone, olefin, and polyurethanes.

n an alternate variation, the process can include replacing the roll of the stock

support material 1 04 with a feed direct from an extrusion or other manufacturing

process.

As the support material 1804 unwinds from the stock roll 1802, a release

liner 1806 that separates layers of the support material 1804 can be rewound 1808.

As the unwound support material 1804 is fed, a laser 1810 cuts out frame and disk

portions of eieetroactive polymer cartridges, and optionally sprocket holes into

the support material 1804. A release material 1812 is then applied to a roll 1814

to form a release layer 1816 above the pre-cut support material 1804, A trimming

station 1818 trims the pre-cut coated support material 1804 to a suitable width. A



tape laminator 1820 laminates an adhesive tape 182 on the pre-cut coated support

material !804 in order to hold the disk portion fixed relative to the frame portion

of the eiectroactive polymer cartridge. A s ug ejector station 1824 comprises a

drum 1826 with pins 1828 to eject ring shaped slugs. The ring-shaped slugs are

lifted by the pins 1828 on the underlying dram 1826 and are scooped off y

prongs 1830 on a collection box. Once the rings shaped slugs are ejected, the web

832 can be re-wound in web stock roll 1834. Alternatively, the web 1832 ca

continue for additional processing to assemble the eiectroactive polymer frame

and support structures as described herein.

Fig. 9 illustrates one aspect of a roll-to-roll manufacturing process ί 900

for laminating a pre-strained dielectric elastomer film between two rigid polymer

supports in accordance with one embodiment of the present invention. As a

dielectric elastomer fi m 1904 unwinds from a stock roll 1902, a release liner 1906

that separates layers of the dielectric elastomer film 1904 can be rewound 1908

The dielectric elastomer film 1904 may be pre-strained. n the illustrated

variation the dielectric elastomer film 1904 is stretched in a machine direction

(direction parallel to the travel of the film 1904) using, for example rollers 1910

traveling at different speeds. The film 1904 is then stretched in a transverse

direction using a separate mechanism 1912. Variations include simultaneously

stretching the film 1904 in a machine and transverse direction (i.e., bi-axial

stretchers). The desired stretch will depend upon the application as we l as the

desired performance of the eiectroactive polymer device. For example, the

material can be stretched 30% in either or both the machine and transverse

direction.

Once the dielectric elastomer f lm 1904 is pre-strained, it is laminated

between two sheets of rigid polymer supports 83 A, 1832B unwound from web

stock rolls 1834A, 1834B by lamination rolls 1914A, 1914B. A laminated

support/film web 1916 exits at A and is ready to enter the roll-to-roll stretched

deposition process illustrated in Fig. 21.

Fig 20 is a continuous high-volume manufacturing process 200 for

producing eiectroactive polymer cartridges with self-healing corrugated electrodes



in accordance with one embodiment of the present invention The process 2000 is

a combination of the processes 1800 and 1900 performed simultaneously. The top

and bottom process lines 2 02Α , 2002B simultaneously produce the rigid polymer

supports 1832A, 1832B, which are laminated to a pre-strained dielectric elastomer

film 1904 to produce a laminated support/film web 1916 by lamination rolls

1914A, 1914B. Accordingly, the web does not have to be turned over in order to

process the other side. The laminated support/film web 1916 exits at A and is

ready to enter the roil-to-roll stretched deposition process illustrated in Fig. 2

For conciseness and brevity, steps in the process 2000 which are identical

to the processes 1800, 900 described in connection with Figs. 8 and 9 will not

be repeated as the processes are the same and similar reference numbers have

been used to indicate similar process steps, with the exception being that in Fig.

20, reference numerals referencing elements of the top process line 2 02Α have

an "A" suffix, whereas reference numerals referencing elements of the top process

line 20Θ2 have a "B" suffix. Otherwise, the processes depicted in top process

lines 2002A, 2002B are the same of the process 1800 shown in Fig. 8. The

process 1900 in Fig. 2 is the same of the process 1900 in Fig. .

Fig. 2 illustrates one aspect of a roll-to-roll stretched deposition

manufacturing process 2100 for applying an electrically conductive material to a

stretched dielectric elastomer film in accordance with one embodiment of the

present invention. Th lammated support/film web 1916 includes electroactive

polymer cartridges 900 as previously described. The laminated support/film web

1916 enters at A either from process 1900 or 2000. The laminated support/film

web 1916 enters a deposition chamber 21 2 where an underlying drum 2104

comprising frustoconieal projections 2106 stretches the laminated support/film

web 1916 as the drum rotates in a clockwise direction. Once the laminated

support/film web 1916 is stretched, an electrically conductive material 2108 is

applied to the electroactive polymer cartridges 900

After the application of the electrically conductive material 2108, the

process advances to a stripping station 2110 comprising first and second rolls

2112, 2114 and a fluid dispensing station 2116 to remove the release layer 808.



The first roll 2112 ay comprise a surface roughness 2118 to further assist the

release layer removal process. If the release layer is water soluble, the fluid

dispensing station 2116 applies a water based solution 2120 to assist in the

stripping process In other aspects, the fluid dispensing station 2 6 may apply an

ISA solution to assist in the stripping process.

Figs. 22-24 illustrate a fatigue-resistant conductive bus for a electroactive

polymer cartridge in accordance with one embodiment of the present invention.

Fig. 22 illustrates a fatigue-resistant conductive bus 2200 to be applied on a

corrugated electrode formed on one side of an electroactive polymer cartridge in

accordance with one embodiment of the present invention. Fig. 23 illustrates a

fatigue-resistant conductive bus 2300 to be applied on a corrugated electrode

formed on an opposite side of the electroactive polymer cartridge in accordance

with one embodiment of the present invention. Fig. 24 illustrates the fatigue-

resistant conductive buses 2200, 2300 shown in Figs. 22, 23 applied to both sides

of the electroactive polymer cartridge in accordance with one embodiment of the

present invention.

With reference now to Figs. 22-24, the fatigue-resistant conductive buses

2200, 2300 may be applied to the corrugated electrode portions of electroactive

polymer cartridges to extent the operable life of the cartridge. In one

embodiment, the fatigue-resistant conductive buses 2200, 2300 is formed of

carbon, although any suitable conductive material may be employed provided that

it is compliant to span and fill mechanical cracks that develop on the corrugated

electrodes. Conductive inks, for example, may be employed for this purpose. In

one embodiment, the fatigue-resistant buses 22 0, 2300 may be pad printed onto

the active areas of the electroactive polymer cartridge where the corrugated

electrodes are formed. In other embodiments, the fatigue-resistant buses 2200,

2300 may be applied to active areas of the active areas of the electroactive

polymer cartridge where the corrugated electrodes are formed by any suitable

technique, including, without limitation, screen printing, spray printing,

electrostatic spray printing, flexography, pad printing, gravure printing, In jet

printing, aerosol je printing, among others.



Fig. 25 illustrates an electroactive polymer cartridge 2500 comprising the

fatigue-resistant conductive buses shown 22Θ , 2300 in Figs. 22-24 applied to

both sides of the cartridge (only top side shown) in accordance with one

embodiment of the present invention. Both sides of the electroactive polymer

cartridge 2500 can be encapsulated with the encapsulations 2600, 70 shown in

Figs. 26 and 27, where Fig. 26 illustrates the encapsulation 26ΘΘ for a first side of

the electroactive polymer cartridge 2500 in accordance with one embodiment of

the present invention, and Fig. 27 illustrates the encapsulation 2700 for a second

side of the electroactive polymer cartridge 2500 in accordance with one

embodiment of the present invention.

Figs. 28A and 28B are top and cross-sectional views of an electroactive

polymer cartridge 900 with self-healing corrugated electrodes 1104, 110

produced by the a roll-to-roll stretched deposition process 1000, 2100 (Figs. 10,

21) and fatigue resistant conductive buses 2200, 2300 applied thereon in

accordance with one embodiment of the present invention.

Fig. 29 illustrates a process 2900 for producing electrical connections for

stacked layers of electroactive polymer cartridges 900 in accordance with one

embodiment of the present invention. Initially, the dielectric elastomer film 807 is

pierced "p" at piercing stations 2902, 2904 to form vias 2906, 2908 in a least two

electroactive polymer cartridges 900A, 90 B . Electrically conductive RTV

silicone (room temperature vulcanizing silicone) is dispensed "d" into the vias

2906, 2908 of corresponding electroactive polymer cartridges 900C, 9 D at

dispensing stations 2910. 2912. The electroactive polymer cartridges 900C, 900D

having received the electrically conductive RTV silicone are then laminated to

form a two layer electroactive polymer cartridge. The process of piercing vias,

dispensing electrically conductive R TV silicone, and laminating may be repeated

to stack additional layers of electroactive polymer cartridges.

Finally, finished electroactive polymer cartridges 900 of single or multiple

layers may be segmented into individual components suitable for tape and reel

delivery to customers or further processing n one aspect, the electroactive

polymer cartridges 900 may be surface mounted technology (SMT) compatible.



As for other details of the present invention, materials and alternate rel ated

configurations may be employed as within the level of those with skill in the

relevant art. The same may hold true with respect to process-based aspects of the

invention in terms of additional acts as commonly or logically employed. n

addition, though the invention has been described in reference to several

examples, optionally incorporating various features, the invention is not to be

limited to that which is described or indicated as contemplated with respect to

each variation of the invention. Various changes may be made to the invention

described and equivalents (whether recited herein or not included for the sake of

some brevity) may be substituted without departing from the true spirit and scope

of the invention. Any number of the individual parts or subassemblies shown may

be integrated in their design. Such changes or others may be undertaken or guided

by the principles of design for assembly.

Also, it is contemplated that any optional feature of the inventive

variations described may be set forth and claimed independently, or in

combination with any one or more of the features described herein. Reference to

a singular item, includes the possibility that there are plural of the same items

present. More specifically, as used herein and in the appended claims, the

singular forms "a," "an," "said," and "the" include plural referents unless the

specifically stated otherwise n other words, use of the articles allow for "at least

one" of the subject item in the description above as well as the claims below. It is

further noted that the claims may be drafted to exclude any optional element. As

such, this statement is intended to serve as antecedent basis for use of such

exclusive terminology as "solely," "only" and the like in connection with the

recitation of claim elements, or use of a "negative" limitation. Without the use of

such exclusive terminology, the term "comprising" in the claims shall allow for

the inclusion of any additional element irrespective of whether a given number

of elements are enumerated in the claim, or the addition of a feature could be

regarded as transforming the nature of an element set forth in the claims. Stated

otherwise, unless specifically defined herein, all technical and scientific terms



used herein are to be given as broad a commonly understood meaning as possible

while maintaining claim validity.



. A process for producing an electroactive polymer cartridge with a

corrugated surface, the process comprising:

positioning a web comprising a support material attached to a dielectric elastomer

i lm, the support material defining areas exposing portions of the dielectric

elastomer film;

applying a force to stretch the positioned web in a direction that is orthogonal to a

plane defined by the web:

applying a second material to the web while the web is in a stretched state; and

relaxing the web to form a corrugated layer on the dielectric elastomer film

portion of the web.

2 The process according to Claim 1, wherein the second material is

electrically conductive.

3. The process according to Claim 1, wherein the second material is

electrically non-conductive.

4. The process according to Claim wherein the support material is a

support sheet laminated to the dielectric elastomer film.

5. The process according to Claim , wherein the support material is printed,

6 . The process according to any of Claims 1 to 5 further comprising defining

elements of the electroactive polymer cartridge in the support material.

7. The process according to any one of Claims 1 to 6 further comprising

applying a release layer on the support mater l .

8. The process according to Claim 7, further comprising:



laminating an adhesive tape to the support sheet to hold cut-out elements fixed

re tive to a frame portion of the electroactive polymer cartridge;

ejecting slugs of the support sheet material defined between the elements and the

frame portion of the electroactive polymer cartridge; and

removing the laminated adhesive tape.

9. The process according to any one of Claims 7 and 8 further comprising

stripping the release layer.

10. The process according to Claim 1 further comprising applying a fatigue

resistant conductive bus on the corrugated area.

. The process according to Claim 0 further comprising applying an

encapsulation layer over the fatigue resistant conductive bus.

12. The process according to Claim 10, wherein the fatigue resistant

conductive bus is made of a conductive ink comprising carbon.

13. The process according to Claim 1 further comprising laminating the

dielectric elastomer film between a first and second support sheet.

14. The process according to Claim 1, wherein applying an electrically

conductive material is selected from the group consisting of sputtering,

evaporating, printing, spraying, depositing, chemical vapor deposition, offset

printing, screen printing, spray printing, electrostatic spray printing, ilexography,

pa printing, gravure printing, Ink jet printing, curtain coating, extrusion coating,

slot-die coating, kiss coating, roller coating, and aerosol jet printing, and/or

combinations thereof.

5. The process according to Claim 1, wherein the electrically conductive

material is selected from the group consisting of gold, silver, copper, carbon,



palladium silver, aluminum, conductive inks, conductive polymer and/or

combinations thereof.

6. The process according to Claim wherein positioning further comprises

positioning the laminated web in a deposition chamber.

. The process according to Claim , wherein applying a force to stretch the

film web in a direction that is orthogonal to a plane defined by the web further

comprises rotatably contacting a frustoconical projection on a dru with the web.

. A process for producing a corrugated electrode for use in an electroaetive

polymer cartridge, the process comprising:

positioning a laminated web comprising first and second sides, the laminated web

further comprising a dielectric elastomer film laminated between first and

second support sheets, the first and second support sheets defining areas

exposing portions of the dielectric elastomer film;

applying a first force to stretch the positioned laminated web in a direction tha is

orthogonal to a plane defined by the web to a first predetermined distance,

hi, in the direction of the applied first force;

applying a first electrically conductive material to the first side of the laminated

web while the laminated web is in a stretched state; and

relaxing the laminated web to form a first corrugated electrode on a first side of

the dielectric elastomer film portion of the web.

19. The process according to Claim further comprising:

turning over the laminated web;

positioning the web;

applying a second force to stretch the positioned laminated web in a direction that

is orthogonal to a plane defined by the web to a second predetermined

distance, h2, in the direction of the applied second force;



applying a second electrically conductive material to the second side of the

laminated web while the laminated weh is in a stretched state; and

relaxing the laminated web to form a second corrugated electrode on a second side

of the dielectric elastomer film portion of the web.

20. The process according to Claim 1 wherein the first predetermined

distance is greater than the second predetermined distance.

. The process according to Claim 8, wherein the first and second

electrically conductive materials are similar materials.

22. The process according to Claim 8, further comprising stripping a release

layer from the first and second sides of the laminated weh,

23 . The process according to Claim , further comprising;

applying a first fatigue resistant conductive bus on the first corrugated electrode;

applying a second fatigue resistant conductive bus on the second corrugated

electrode; and

applying a first encapsulation layer over the first fatigue resistant conductive bus;

applying a second encapsulation layer over the second fatigue resistant conductive

bus;

wherein the fatigue resistant conductive bus is made of a conductive ink

comprising carbon.
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