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tuator and an actuator assembly comprising multiple stacked actuators. The
stacked actuator can be manufactured using the following disclosed pro-
cesses: sheet stacking processes, a roll-to-sheet lamination process includ-
ing a vacuum belt process,various loop cast processes, and a continuous
laminations process. Various stacked actuators also are disclosed.
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STACKED ACTUATOR APPARATUS, SYSTEM, AND METHOD

RELATED APPLICATIONS

{8001} This application claims the benefit, under 35 USC § 118(e), of U.S.
Provisional Application Nos.: 61/722,954 filed November 6, 2012 entitied
“STACKED ACTUATOR MANUFACTURING CONCEPTS”; 61/823,534 filed
May 13, 2013 entitled “STACKED ACTUATOR MANUFACTURING
PROCESSES AND TEST METHODS”; and 61/810,328 filed April 10, 2013
entitled “STACKED ACTUATOR MANUFACTURING PROCESSES AND
TEST METHODRS”; the entirety of each of which is incorporated herein by

reference.

FIELD OF THE INVENTION

[080¢2] The present invention is directed in general to manufacturing processes
and test methods for stacked actuators. More particularly, the present invention is
directed to actuators having stacked layers of electroactive polymers. The present
invention is also directed to actuators having stacked layers of electroactive

polymers interspersed with layers of passive elastomers.

BACKGROUND OF THE INVENTION

{0803] A wremendous 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 (o as a generator. Likewise, when the
structure is emploved to convert physical stimulus such as vibration or pressure
into an electrical signal for measurement purposes, it may be characterized as g
sensor. Yet, the term “transducer” may be used to generically refer to any of the

devices.

10804] A number of design considerations favor the selection and use of advanced
dieleciric elastomer materials, also referred to as “electroactive polymers,” for the

fabrication of transducers. These considerations include force, power density,
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power conversion/consumption, size, weight, cost, response time, duty cycle,
service requirements, environmental impact, ete. 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.

[B00S] An electroactive polymer transducer comprises two clectrodes having
deformable characteristics and separated by a thin elastomeric dielectric material.
When a voltage difference is applied to the electrodes, the oppositely charged
electrodes attract each other thereby cormpressing the polymer dielectric layer
therebetween. As the electrodes are pulled closer together, the diclectric polymer
film becomes thinner (the Z-axis component contracts) as it expands in the planar
directions (along the X- and Y-axes), i.¢., the displacement of the film is in-plane.
The clectroactive polymer film may also be configured to produce movement in g
direction orthogonal to the film struciure (along the 7-axis), t.e., the displacement
of the film is out-of-plane. For example, 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.

10606] The material and physical properties of the clectroactive polymer film may
be varied and controlled to customize the deformation undergone by the
transducer. More specifically, factors such as the relative elasticily 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
clectrode 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 {o or capacitance induced upon the film may be controlled and
varied {o customize the features of the film when in an active mode.

{8007] Numerous applications exisi that benefit from the advantages provided 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
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electroactive polymer transducers as actuators to produce haptic, tactile,
vibrational feedback (the communication of information to a user through forces
applied to the user’s body), and the like, in user interface devices. There are many
known user interface devices which employ such feedback, typieally in response
to a force initiated by the user. Examples of user interface devices that may
employ such feedback include keyboards, keypads, game controlier, remote
control, louch screens, computer mice, trackballs, stylus sticks, joysticks, etc. The
user interface surface can comprise any surface that a user manipulates, engages,
and/or observes regarding feedback or information from the device. Examples of
such interface surfaces include, but are not limited to, akey {e.g., keysona

keyboard), a game pad or buttons, a display screen, etc.

[0008] The feedback provided by these types of interface devices is in the form of
physical sensations, such as vibrations, pulses, spring forces, ctc., which a user
senses either directly {e.g., via touching of the screen), indirectly (e.g., viaa
vibrational effect such a when a cell phone vibrates in a purse or bag) or otherwise
sensed {¢.g., via an action of a moving body that creates a pressure disturbance
sensed by the user). The proliferation of consumer electronic media devices such
as smatt phones, personal media players, portable computing devices, portable
gaming systems, electronic readers, eic., can create a situation where a sub-
segment of customers would benefit or desire an improved haptic effect in the
electronic media device. However, increasing feedback capabilities in every
model of an electronic media device may not be justified due to increased cost or
increased profile of the device. Moreover, customers of certain electronic media
devices may desire to only temporarily improve the haptic capabilities of the

electronic media device for certain activities.,

[0809] Use of electroactive polymer materials in consumer electronic media
devices as well as the numerous other commercial and consumer applications
highlights the need fo increase production volume while maintaining precision and

consistency of the films.



WO 2014/074554 PCT/US2013/068650

e

[3810] Conventional fabrication technigues for producing stacked electroactive
polymer actuators include batch processes where multiple dielectric layers are
laminated or cast in place. However, these techniques are inefficient and difficult
to scale to large volume manufacturing. The present disclosure provides semi-
continuous manufacturing techniques for producing stacked actuators that are
efficient and scalable to high volume manufacturing as compared to conventional

batch processes,

{0611] Modern manufacturing methods require the flexibility to support multiple
design alternatives and materials to support a broad product line. Any such
process must be scalable, stable and repeatable and consider both front end and
back end assembly processes. For example, it is desirable to assess the quality of
individual devices through a test such as voltage withstand yield at the front end
of the current stacking process. In addition, final assembly of a stacked actuator
into an actuator assembly requires a reliable method of making an electrical
connection. Conventional techniques are time consuming and not very scalable.
There is also a need for a process of more efficienily creating vias components

that is scalable for volume production as part of the back end assembly process.

10612] For high volume manufacturing, care must be taken to minimize process
variation and the introduction of defects. Some conventional methods for
producing stacked actuators require the application of an adhesive, usually by
spraying. Such techniques increase the diclectric thickness of the actuator, which
increases operating voltage. Variation in adhesive thickness contributes to
variation in yield and overall performance. Dielectric film lamination for stacked
actuators on a batch basis is very time consuming and contributes significant
opportunities for the occurrence of defects in the form of bubbles and wrinkles.
Conventional stacked actuator process may include casting and laminating one or
more thick polymer slabs onto the electroactive polymer stack. The process,
however, is slow, manual, and prone to defects as it is difficult to manipulate the

soft and fragile slabs,
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{8613} Conventional batch processes are not casily scalable into a high volume
manufacturing process. The present disclosure provides efficient and scalable
techniques for producing stackable actuators. Some techniques, such as printing
dielectric material, may help reduce the thickness of the dielectric layers, lower
operating voltages, and climinate the need for adhesive spraying and dielectric
film lamination, and are efficient and scalable for volume manufacturing. These
new methods also facilitate the cost-effective manufacturing of new device

architectures with enhanced performance.

SUMMARY QF THE INVENTION

{6814} In one embodiment, a roli-to-shect method for fabricating a multilayer
stack for the production of one or more stacked actuators is provided. The
inventive method comprises advancing a first electroactive polymer film to a fixed
position; applying a first electrode material to the electroactive polvmer filim;
optionally applying a first adhesive material fo the electroactive polymer filny;
optionally cutting the electroactive polymer film to a sheet of predetermined
length; advancing and laminating a second film eleciroactive polymer film over
the first electrode and adhesive materials of the first electroactive polymer filmy;
curing the laminated multilayer stack; applying a second electrode material to the
laminated multilayer stack; optionally applying a second adhesive material to the
laminated multilaver stack; optionally repeating the steps of applying the
electroactive polymer film and the electrode materials; cutting the laminated
multilayer stack to a sheet of a predetermined length; stacking the cut laminated

sheets; and laminating the cut laminated sheets.

{0815] In another embodiment, the electroactive polymer film may be formed
from a dielectric resin cast in-line before applying it to the moultilayer stack. In yet
another embodiment, the adhesive may be applied onto the electroactive polymer
film before it is applied to the multilayer stack. In another embodiment, one or
more passive polymer layers may be applied to the surfaces of the multilayer stack

or interspersed between the active electroactive polymer layers.
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19616} In onc cmbodiment, a loop method for fabricating a stacked actuator is
provided. The method comprises providing an electroactive polymer multilayer
stack in a semi~continuous cyelic process and during each cycle: applying a first
dielectric material to the film; applying a first electrode material in at least a first
pattern; applying a second dielectric material to the film; and applying a second

clectrode material in at least a second pattern.

[6617] In one embodiment, a loop cast method for fabricating a stacked actuator
is provided. The method comprises providing an electroactive polymer multilayer
stack in a semi-continuous cyclic process and during each cycle: applying a first
dielectric resin to the film; at least partially curing the first dielectric resin;
applying a first electrode material in at least a first pattern; applying a second
dielectric resin to the filmy; at least partially curing the second dielectric resin; and

applying a second electrode material in at least a second pattern.

{¢618] In one embodiment, a continuous loop laminating method for fabricating a
stacked actuator is provided. The method comprises providing a carrier linerin a
continuous cyclic process and during each cycle: laminating a first electroactive
polymer film onto the carrier liner; applying at least one electrode material to the
first laminated film layer; optionally applying at least one adhesive material to the

first laminated film layer; and curing the first laminated film layer.

18619} Any of the methods above may further comprise repeating the steps of
applying a dieleciric material to the multilayer stack and applying the electrode
materials to build up the number of lavers desired. The electrodes with the first
clectrode patiern are aligned through all the layers; similarly the electrodes with

the second electrode pattern are aligned through all the layers.

{6020] In one embodiment, the cychic process may imclude multiple applications
of dieleciric resin before applying the elecirode pattern to build up the thickoess of
the diclectric layer. In vet another embodiment, an adhesive may be applied onto
the electroactive polymer {ilm before it is applied to the multilayer stack. In other

embodiments, one or more passive polymer layers may be applied to the surfaces
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of the multilayer stack or interspersed between the active electroactive polymer

layers.

18621} The application of the dielectric layers, electrode layers, adhesive layers,
and passive polymers layers ray be distributed at different locations around the
ioop. In one embodiment, the loop is supported by a web driven by at least two

rollers, In another embodiment, the loop is supported by a rigid drum.

18022} In one embodiment, a stacked actuator 1s provided. The stacked actuator
comprises a plurality of active electroactive polymer layers arranged in a stack; a
first passive polymer layer attached to a first surface of the stacked plurality of
active electroactive polymer layers; and a second passive polymer layer attached
to a second surface of the stacked plurality of active clectroactive polymer layers,

wherein the second surface is opposite the first end.

{6023] In another embodiment, a stacked actuator with enhanced stroke
performance is provided. The stacked actuator comprises a plurality of active
electroactive polymer layers arranged in a stack and a plurality of passive polymer

layers interspersed between the active electroactive polymer layers.

10024} In one embodiment, a method of producing an actuator assembly is
provided, the method comprises providing electrical conpections to all of the
lavers in the multilayer stacked transducer by piercing at least a first via through
all of the first electrode patierns; piercing at least a second via through all of the
second electrode patterns; and filling the vias with a conductive material. In some
embodiments, it is advantageous to posiiion the vias near the center of the

footprint of the device.

{6025] In one embodiment, a method of producing an actuator assembly is
provided, the method comprises providing at least two stacked actuators; piercing
at lcast one via through each of the at least two stacked actuators; and filling the at

{east one via with a conductive material,

{8826] These and other features and advantages of the invention will become

apparent to those persons skilled in the art upon reading the details of the
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invention as more fully described below. In 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 DESCRIPTION OF THE DRAWINGS

[8627] 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:

{8028] FIG. 1A illustrates g roll-to-sheet lamination process according to one
embodiment of the present invention;

{8029] FIG. 1B is a detail view of the vacuum belt according to FIG. 1A;
B030] FIG. 2 shows a loop cast single coater process according to one
embodiment of the present invention;

16631} FIG. 3 depicts a loop cast multiple coater process according to one
embodiment of the present invention;

{8632} FIG. 4 illustrates a loop cast drum process according fo one embodiment
of the present invention;

188331 FIG. 5 shows a loop cast film roll and druom process according {0 one
embodiment of the present invention;

{6034} FIG. 6 depicis a continuous lamination process according (o one
embodiment of the present invention;

18035] FIG. 7 illustrates a stacked actuator according to one embodiment of the
present invention;

16036] FIG. 8 is a cross-sectional view of a stacked actuator according to one

embodiment of the present invention;
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{0037 FIG. 9 illusirates a stroke transmission multiplier stacked actuator
according 1o one embodiment of the present invention;

1G038] FIG. 10 shows the stroke length of a basic stacked actuator aceording to

one embodiment of the present invention;

[6039] FIG. 11 depicts an enhanced ground interface stacked actuator according

to one embodiment of the present invention;

10048] F1G. 12 illustrates a stroke transmission multiplier stacked actuator

according o one embodiment of the present invention;

10841} FIG. 13 provides a flow diagram of a stacked actuator manufacturing

process according to one embodiment of the present invention;

[6042] FIG. 14 depicts the standard method of positioning elecirical contacts on

the outside of a stacked actustor;

16843] FIG. 15 shows one embodiment of the internal contact stacked actuator of

the present invention; and

[8044] FIG 16 shows another embodiment of the internal contact stacked actuator

of the present invention.
{0845] Variation of the invention from that shown in the figures is contemplated.

RETAILED DESCRIFTION OF THE INVENTION

{8046] 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, 7,052,584, 7,049,732, 7,034,432; 6,940,221,
6,911,764; 6,891,317, 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; 6,543,110, 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; 7,436,049,
7,199,501; 7,521,840, 7,595,580; 7,567,681, 7,595,580; 7,608,989; 7,626,319;
7,750,532; 7,761,981, 7.911,761; 7,915,789; 7,952,261, §,183,739; 8,222,799,
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8,248,750, and in U.S. Patent Application Publication Nos. 2007/0200457;
2007/0230222; 2011/0128239; and 2012/0126959, the entirety of each of which is

incorporated herein by reference,

STACKED ACTUATOR MANUFACTURING PROCESSES

8847} Described hereinbelow are various embodiments of manufacturing
processes for mamufacturing stacked actuators. In various embodiments, a stacked

actuator may be manufactured using sheet stacking processes, a roll-to-sheet

and a semi-continuous lamination process. These processes are described

hereinbelow.

Sheet Stackine Process #1

{6048] In one embodiment, a sheet stacking manufacturing process includes
printing a dielectric material on a polymer film and laminating (stacking) multiple
layers of printed polymer films. Although practical devices can be made with up
to four lavers of laminated polymer film, there is no limitation to the number of
layers than can be stacked. The multiple layers can be stacked manually or
automatically with automatic assembly machines from McClellan Automation
Systems of NH, for example. Current batch frames and printing processes can be
utilized in this technique and may be ideally suited for development purposes. In
one embodiment, the polymer film may be pre-strained prior to the free standing

dielectric screen printing process.

Sheet Stacking Process # 2

6049] In another embodiment, another sheet stacking manufacturing process
inchades laminating a polymer film coming off of a stretcher to a platen or flat
plate. Electrodes and adhesive can be screen printed on one side. It is acceptable
to have the bottom layer inactive and electrically isolated. Another layer of
polymer film can be laminated to the stack on the platen / plate prior to the next
printing step. No pre-strain of the polymer film would be required for accurate

printing. Layer-to-layer alignment may be simplified by printing dieleciric
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material on clear polymer films., Accurate layer-to-layer printing on opaque film
is also contemplated but may require mechanical alignment techniques and the
polymer film will need to be mounted o a stable base. This technique may be

better suited for large scale manufacturing than Process #1.

Roll-To-Sheet Lamination Process

[0038] FIG. 1A tllustrates a roll-to-sheet lamingtion process 188 according to one
embodiment. The roll-to-sheet lamination process 184 may be employed to
fabricate stacked actuators according to various embodiments. In the illustrated
process 188, two rolls 182, 112 of electroactive polymer film 138, 139 feed the
process 168 line. The interleaf liner for cach film 138, 139 is removed by
respective rolls 184, 118 during the unwind process. A first electrode deposition
station 106 and a first adhesive deposition station 108 apply clectrode and
adhesive materials onto the first film 138. A second film 139 is laminated onto
the first film 138 after the electrode and adhesive deposition steps by lamination
rolls 114. The laminated film 148 is then cured at a curing station 116. The coat
tiner is removed from the second film 139 by a roll 118, A second electrode
deposition station 128 and a second adhesive deposition station 122 apply
diclectric and adhesive materials on the exposed side of the second film 142, A
vacuum belt 130, or similar apparatus, holds the elastic {ilim 142 as the coat hner
is removed from the first film 138 portion of the laminated filra 142 by a roll 134
and the film 144 is then laminated onto the stack. The film 144 is cut 126 into
sheets which are laminated by lamination roll 134 to create stacks 136. The sheet
lamination table 128 may move side-to-side in direction 132 or rise and fall to
receive a new laver. The process 108 is repeated until the desired number of

stacked layers is achieved.

{6051] In one embodiment, the web may be about 1m in width and move ina
continuous manner at about Imv/min., Other widths and speeds, however, are
contemplated and are within the scope of the present disclosure. The process can
also be carried out in a step-and-repeat manner. Deposition methods for electrode

and adhesive at stations 186 / 128, 188 / 122 may be sclected from a wide range of
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solutions including acrosol jet, ultrasonic spray, screen printing, rotary screen,

flexographic, gravure, etc.
: 5

[6832] FIG. 1B illustrates a detail view of the vacuum belt 138 according to one
embodiment. Additional mechanisms may be required to hold, precision align,
and laminate sheets for the vacuum belt 138 to hold the film 142 (F1G. 1A) during
peeling of the coat liner. In one embodiment, the vacuum belt 138 is porous or
has perforations over most of its width. The edges of the belt 138 are configured
to seal with sides of a vacuurn box 146. The surface area of the belt 136 over the
vacuum chamber 146 pulls the film 142 into firm contact with the belt 136, The
film 142 is released when it reaches the limit of the vacuum chamber. The
vacuum belt 130 concept may be useful in any design where unsupported
dielectric film is moving through a web system. It may prove particularly useful
in a roll-to-sheet concept because something must hold the film while peeling the

last liner. Multiple vacuum belis 138 can be used in series for long runs.

Loop Cast Single Coater Process

[0053] FIG. 2 illusirates a loop cast single coater process 288 according to one
embodiment. The loop cast single coater process 200 may be employed to
fabricate stacked actuators according to various embodiments. A belt or web of
electroactive polymer film 218 is supported by a plurality of rolls 202, 204, 286,
288. It should be kept in mind that although four rolls are shown, the illustrated
embodiment is not limited thereto. As the rolls 202, 284, 206, 208 rotate, the film
218 web rotates in the direction indicated by arrows 228, 222, A single coater 218
applies a layer of diglectric material onto the polymer film 218. The coater 218
may be any suitable coater including, without limitation, a slot die, extrusion
coater, knife coaler, curtain coater, and the like. A single curing station 212 cures
the dielectric material applied to the film 218. Electrode patterns A and B can be
prinied onto the film 218 by electrode deposition stations 214, 216. Different
patterns A, B may be achieved either by alternating between the two elecirode
deposition stations 214, 216 or shifting aligrument of a single electrode deposition

station. A similar concept may be applied to other embodiments illustrated herein
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as well with the coater 218 replaced by a lamination module. A new layer may be
added with each rotation of the film 218 web, Alternatively, the web may rotate
maultiple times between electrode depositions to build up the thickness of the

dielectric layers.

Loopn Cost Multinle Coaters Process

{0834] FIG. 3 illustrates a loop cast multiple coater process 388 according to one
embodiment. The loop cast multiple coater process 380 may be employed to
fabricate stacked actuators aceording to various embodiments. A belt or web of
electroactive polymer film 318 is supported by a plurality of rolls 362, 364, 306,
308. Again, although four rolls are shown, the illusirated embodiment is not
limited thereto. As the rolls 302, 304, 306, 308 rotate, the film 318 web rotates in
the direction indicated by arrows 322, 324, A first coater 318 applies a dielectric
layer of material onto the polymer film 318 and a second coater 328 applies a
passive layer of polyvmer material onto the polymer film 318, The second coater
320 can apply passive slab or stroke multiplication layers during some or all of the
rotations of the web loop. Such layers may be thicker or made of a different
material than the dieleciric material layers applied by the first coater 318, These
special layers also may be laminated onto the film 318. The coaters 318, 328 may
be any suitable coaters including, without limitation, slot dies, extrusion coaters,
knife coaters, curtain coaters, and the Hke. Multiple layer coatings such as those
from a two-layer slot die may also be applied simultaneously to eliminate the need
for separate coalers. In some device architectures, one of the layers could be a
conductive material to eliminate the need for one of the electrode deposition
stations. A single curing station 312 cures the passive and dielectric materials as
well as the electrode patterns applied to the film 318, Electrode palierns A and B
can be printed onto the film 318 by electrode deposition stations 314, 316.
Different patterns A, B can be achieved either by alternating between the two
electrode deposition stations 314, 316 or shifting alignment of a single electrode
deposition station. A similar concept may be applied to other embodiments
iltustrated herein as well with the coaters 318, 320 replaced by a lamination

module. A new layer is added with each rotation of the film 318 web.
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Alternatively, the web may rotate multiple times between electrode depositions to

build up the thickness of the dielectric or passive layers

Loop Cast Dyrum Process

{8055} FIG. 4 illustrates a loop cast drum process 488 according to one
embodiment. The loop cast drum process 488 may be employed to fabricate
stacked actuators according to various embodiments. A drum 482 rotates in the
direction indicaied by arrow 416 and provides a stable surface for coating and
printing. Dual coaters 404, 406 are provided to apply a passive layer of material
and a dielectric layer of material onto the surface of an electroactive polymer film
provided about the drum 482, Electrode patterns A and B can be printed onto the
filrs by electrode deposition stations 418, 428. Different patterns A, B can be
achieved cither by alternating between the two clectrode deposition stations 418,
428 or shifting alignment of a single electrode deposition station. Multiple curing
stations 408, 418, 412, 414 are provided about the drum 402 to cure the passive
and dielectric layers as well as the electrode patierns applied to the film. As
previously discussed, the coaters 404, 486 may be any suitable coaters including,
without limitation, slot dies, extrusion coaters, knife coaters, curtain coaters and
the like. The drum may be covered with a removable liner for ease of set-up and
clean-up or for removing and supporting the multilayer stack material at the end

of the fabrication process,

Loop Cast Film Roll And Drum Process

[0056] FIG. 5 illustrates a loop cast film roll and drum process 386 according to
one embodiment. The loop cast film roll and drurn process 388 may be employed
to fabricate stacked actuators according to various embodiments. As shown, the
loop / drum process 580 is employed in a lamination scheme. An electroactive
polymer film 518 is unwound from a film roll $16. The interleaf liner is peeled
by a first roll 512 and the coat liner is peeled by a second roll 314, The filn 518
is then laminated onto a film located about a drum 862, which rotates in the
direction indicated by arrow 52¢ by a lamination roll 388, Alternatively, the

interleaf liner can be pecled by lamination roll 588 to suppeort the electroactive
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polymer film 510 before lamination. Electrode patterns A and B can be printed
onto the film by electrode deposition stations 584, 586. Different patterns A, B
can be achieved either by alternating between the two electrode deposition

stations 384, 506 or shifiing alignment of a single electrode deposition station. An
adhesive deposition station 522 applies a layer of adhesive onto the film 518. A

curing station 518 cures the electrode and adhesive layers applied to the film 516,

Continuous Lamination Process

16057] FIG. 6 illustrates a continuous lamination process 688 according to one
embodiment. The continuous lamination process 688 may be employed to
fabricate stacked actuators according to various embodiments. A carrier liner 612
is threaded like a belt through the tool. Liners are removed from a precast film
roll 642, The interleaf liner is removed by a first roll 684 and a peel coat liner is
removed by a second roll 646. Alternatively, the interleaf liner can be removed by
lamination roll 618. The film 608 is laminated to the carrier liner 612 by
lamination roll 618. Electrode and adhesive pattern A is deposited using any
method by deposition stations 614, 616. Post deposition curing at curing station
618 prepares the adhesive for lamination. The liners are removed from a second
film roll 622. The interleaf liner is removed by a third roll 628 and a peel coat
liner is removed by a fourth roll 624, Alternatively, the peel coat liner 1s removed
by lamination roll §26. The film 621 is laminated to the belt 612 by lamination
roll 626. Electrode and adhesive pattern B is deposited on the second laminated
film 621. The belt 612 circulates until a desired number of layers are laminated.
The belt 612 is cut and sent to a segmenting tool. The web preferably is about Im
in width and moves al abowt a Tm/min continuous rate, although other widths and
speeds are contemplated as being within the scope of the present disclosure.
Deposition methods for the electrode and adhesive layers may be a range of
solutions including aerosol jet, ultrasonic spray, flexographie printing, rotary
screen, among others, The carrier liner needs good adbesion but will release at
end of the process 688. Process modules to apply additional materials and layers

can be added by varying the length of the belt 612.
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STACKED ACTUATOR MANUFACTURING PROCESSES AND TEST
METHODS

Stroke Multiplier Stacked Actuator

160581 FIG. 7 illustrates a stacked actuator 788 according to one embodiment.
The Stacked actuator 788 comprises top and bottom passive layers 762, 764 with
layers of electroactive polymer films 786 stacked to a desired thickness. In the
illustrated embodiment, the stacked actuator 788 is comprised of stacks active
layers of film 706 and pattered electrode up to a desired height. It has been
demoustrated, however, that the use of an enhanced ground interface design
improves the stroke of a stacked actuator. A passive layer at the ground and load
interfaces enables all active electroactive polymer layers to fully deform under an
electrical input.  In one embodiment, the stacked actuator 708 may comprise 20
dielectric layers of dielectric with alternate A/B patiern electrodes and fabricated
on a 0.030" (0.762 mm) silicone slab. Un-patterned adhesive is used between

tayers, which may be fabricated in various lengths and widths.

[0059] FIG. 8§ is a cross-sectional view of one-half of a stacked actuator 800
according to one embodiment. The depicted stacked actuator comprises 26 layers

of electroactive active polymer on top of a passive layer of elastomer {a slab).

[6068] 1t is relatively easy to add force to a stacked actuator 706, 866 by
increasing the actuator area. Stroke, however, generally requires adding layers
with a relatively small incremental improvement in stroke with each added layer
or the use of a separate mechanical transmission device to convert force into
stroke. Either approach adds cost and complexity to the sysiem solution, An
enhanced ground interface provides an improvement over basic stacked actuator
design because it replaces active electroactive polymer layers with a passive layer
at the points connected to solid surfaces. This is effective in small layer count
devices with relatively thin passive layers, but it reaches limits of effectiveness as

the layer count is increased.

{6661} F1G. 9 illustrates a stroke transmission multiplier stacked actuator 906

according to one embodiment. The stroke transmission multiplier stacked
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actuator 980 comprises one or more active electroactive polymer layers 568
interspersed by passive elastomer polymer layers 986, which act as stroke
multiplier layers, and then capped on the ends with passive elastomer polymer
layers 902, 804, which act as enhanced ground interfaces. This combination may
repeated until the desired active layer count is achieved. Such a configuration
may be particularly useful in applications where stroke is a primary concern and
excess force is available. Some lateral (x-y) force from the active electroactive
polymer layers 988 is applied to the deformation of the stroke multiplier layer
adding to the overall {2} stroke achieved by the stroke transmission multiplier
stacked actuator 988, The passive clastomer polymer layers 986 (stroke multiphier
layers) may preferably be 1-10 X the total thickness of the active electroactive
polymer layers 968, but there is no fundamental constraint and latitude for design
opiimization is envisioned. Also, the passive layers 302, 984 on the eunds may
have a thickness that is greater than the thickness of each of thicknesses of the
active electroactive polymer layers 986 and the passive elastomer polymer layers
942, 904. The modulus of a passive elastomer polymer layer 986 may preferably
be equal to or lower than the modulus of the active electroactive polymer layers
988, but there is no fundamental requirement and latitude for design optimization
is envisioned. The ends are capped with passive layers 902, 984 that act as a
ground interface to enhance the performance of the stroke transmission multiplier

stacked actuator 944,

{6062} Interspersing the passive elastomer layers 986 into a stack of active
glectroactive polymer layers 988 increases the displacement / stroke of the stroke
transmission multiplier stacked actuator 968, The passive elastomer polymer
layers $046 are interspersed between and bonded to the active electroactive
polymer layers 908, An actuated active electroactive polymer film layer 908
expands in area {x~y) while thinning (2). A passive polymer layer 886 is
deformed in the same manner by the motion of the active electroactive polymer
lavers 908 above and below. The result is greater stroke for a stacked actuator for
the same number of active electroactive polymer layers 988. Thus, for the same

number, area, shape, and thickness of active electroactive polymer layers 908
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{e.g., capacitance) the stroke transmission multiplier stacked actuator 88 is able

gy input. The use of inactive

to produce more stroke under the same electric ener
~ or passive polymer layers 986 to amplify the stroke, and may reduce the overall
cost of a stacked actuator compared to an equivalent corresponding increase in

active electroactive layer count where increased stoke is desired.

188631 FIGS. 10-12 illustrate a comparison in stroke length between a basic
stacked actuator 1008 shown in FIG. 10, an enhanced ground interface stacked
actuator 1108 shown in FIG. 11, and a stroke transmission multiplier stacked
actuator 1208 shown in FIG. 12, according to various embodiments. As shown,
the basic stacked actuator 1008 shown in FIG. 10 provides the shortest stroke
distance whereas the stroke transmission multiplier stacked actuator 1280 shown
in FIG. 12 provides the greatest stroke distance with the stroke distance of the
enhanced ground interface stacked actuator 1388 shown in FIG. 11 falling

therebetween.

10864} FIG. 10 illustrates the stroke length of a basic stacked actuator 1806
according to one embodiment. On the left side of the diagram, the basic stacked
actuator 168¢ is shown in an inactive form with the electroactive polymer layers
in a de-energized state. On the right side of the diagram, the basic stacked
actuator 1080’ is shown in an activated form with the electroactive polymer layers
1002 in an energized state. As shown, the difference in height between the de-
energized hasic stacked actuator 1888 and the energized basic stacked actuator

18086° is defined as the stroke do.

[6865] FIG. 11 illustrates an enhanced ground interface siacked actuator 1166
according to one embodiment. The enhanced ground stacked actuator 1166
comprises a plurality of electroactive polymer layers 1182 sandwiched between
passive elastomer polymer layers 1104, 1186, which act as an enhanced ground
interface. On the left side of the diagram, the enhanced ground stacked actuator
1186 is shown in an inactive form with the electroactive polymer layers in a de-
energized state. On the right side of the diagram, the enhanced ground stacked

actuator 1108° is shown in an activated form with the electroactive polymer layers
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1162 in an energized state. As shown, the difference in height between the de-
energized enhanced ground interface stacked actuator 1180 and the energized
enhanced ground interface stacked actuator 1188’ is defined as the stroke di,
which is greater than the stroke do oblained with the basic stacked actuator 1586

shown in FIG. 10.

18866] FIG. 12 illustrates a stroke transmission multiplier stacked actuator 1208
according to one embodiment. The stroke fransmission multiplier stacked
actuator 1268 comprises a plurality of active clectroactive polymer layers 968
interspersed between passive elastomer polymer layers 988, which act as stroke
multiplier layers, and capped on the ends by passive elastomer polymer layers
902, 904, which act as an enhanced ground interface. As shown in FIG. 12, inone
embodiment, the thickness of the passive elastomer polymer layers %06 is greater
than the thickness of the active electroactive polymer layers 988 and the end cap
passive layers 982, 984 are thicker than the passive elastomer polymer layers 986.
On the left side of the diagram, the stroke transmission multiplier stacked actuator
1286 is shown in an inactive form with the electroactive polymer layvers in a de-
energized state. On the right side of the diagram, the stroke transmission
multiplier stacked actuator 1286 is shown in an activated form with the
electroactive polymer layers 968 in an energized state. As shown, the difference
in height between the de-energized stroke transmission multiplier stacked actuator
120€ and the energized stroke transmission multiplier stacked actuator 1206° is
defined as the stroke do, which is greater than the stroke d; obtained with the
enhanced ground interface stacked actuator 1189 shown in FIG. 11 or the stroke

do obtained with the basic stacked actuator 1888 shown in FIG. 10

Stacked Actuator Manufacturing Process

10067} FIG. 13 illustrates a flow diagram of a stacked actuator manufacturing
process 1380 according to one embodiment. Generally, the process 1366 flow for
fabricating stacked actuators improves quality by reducing bubbles, wrinkles, and
other defects that are common when stacking multiple layers of polymeric

materials. Back-end preparation of a stacked actuator for test or use in a final
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application includes two general steps: (1) piercing or slicing vias into the
actuators; and (2) filling the vias with a conductive material to electrically connect
all of the layers in the stacked actuator. In one embodiment, the process 1366
employs a jig that slices the vias in the correct location for tilling the conductive
material, but aveiding the active area. In one embodiment, a dual-blade kuife jig
is employed 1o slice the vias. The process 13¢€ also includes a test method for
performing voltage withstand, resistance, and capacitance tests. The stacking
process cycle may be simplified o comprise the following steps: printing and
curing electrodes and printing and curing diclectric material. Multiple deposition
methods have been considered including screen printing, stencil printing,
spraying, doctor blade casting, slot die casting, and gravure printing, all of which
are contemplated to be within the scope of the present disclosure. Stencil printing
the silicone slab may poteatially be an order of magnitude faster than the current
casting processes, Other methods like continuous casting with a slot die or knife

blade are also considered to be within the scope of the present disclosure.

[4668] Furthermore, the process 1308 provides a method for creating robust
clectrical and mechanical connections from the stack actuator to a metallic
conductor {e.g., a conductive pad on a printed circuit board [PCB]), by one or
more of the following techniques: (1) dipping the ends of stacked actuator ina
conductive elastomer and curing it; (2) inserting the actuator and a printed circunit
board into the cavity of a die and injection molding conductive elastomer to form
terminals that join them; and (3) providing a base with conductive anchoring
elements that protrude in the vias and are captured by the conductive elastomer
when it is cured, to provide a mechanical armature that resists pull-out of the
terminal and adds conductive area to the metal/clastomer intertace in order to

reduce contact resistance.

[8069] Conductive silicone adheres to both the end of a stack actuatorand to a
printed circuit board or wire. Thus, a single material and process both fastens and
electrically connects the actuator to copper-based conductors which can be
soldered or terminated with conventional connectors. Molding the silicone around

a mechanical/electrical anchor soldered to a copper wire or copper pad on a
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printed circuit board increases pull-out strength and lowers electrical resistance.
Overmolding a compliant insulating laver of silicone provides further mechanical

robustness and prevents unintended electrical connections.

10878} The process 1388 increases productivity of fabricating stacked actuators
over conventional techniques and can be scaled to high volume production. The
process step of creating via connections allows tor the possibility of in-process

quality control, which may be desired for efficient process development. It also

addresses some scaling issues and process enables astomation.

[8071] Printing the diclectric enables thinner layers of dielectric which will help
achieve desired operating voltage levels. It also replaces two difficult and time
consuming process steps (adhesive deposition and film lamination) with one. The
adhesive deposition involves a high degree of process variation and adds to
dielectric thickness, resulting in poorer product consistency and higher operating
voltages. The second process replaced is film lamination, which can be time
consuming and laborious, and prone to defects such as bubbles, wrinkles, and
dielectric film damage. Printing dielectric is not only much faster than the
processes it replaces, it also doesn't have any of the negative consequences
described above. Stencil printing is a much faster and more efficient way to

produce thick passive layers in comparison to conventional methods.

{6872] The process 1388 may be employed to fabricate a actuator assembly by
cormbining two stacked actuators having, for example, 20 dielectric layers each, as
shown and described in connection with FIG. 7, for a total of, for example, 40
dieleciric layers when the two components are combined into one actuator
assembly., Conductive silicone and printed circuit board with anchoring elements

are utilized for elecirical connection and the assembly is encapsulated in silicone.

(8673} Turning now to the process 1308, which staris at 1382, the subsirate is
prepared 1304 by applying a mixture of silicone gel 1324 and silicone clastomer
1326 onto a shim interposed between release liners. The substrate is heat pressed
to flatten and cure, the shims and liners are removed and the substrate is cut to

size. The substrate in inserted into an aluminum platen. A frame is employed
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such that multiple subsirates can be processed simultaneously and then singulated
into individual components later in the process 1380 (e.g., at step 1314). The
substrate can alternatively be prepared by any other suitable technique including,
without limitation, stencil printing and slot die coating. Singulation can be done
with any suitable technigue including, without limitation, knife or blade cutting,
die cutting, laser cutting, ulirasonic cuiting, and water jet cuiting. Components
can he separated one at a thme or simultaneously in multiples with, for example,

an array or roller of cutting dies.

[8874] Adhesive 1328 is applied to the substrate and cured 1306, The adhesive
1328 may preferably be a silicone with tensile moedulus <1 MPa diluted with
solvent to a viscosity suitable for spraying. The adhesive 1328 may be applied
using any suitable technique where in one example technigue the adhesive 1328 is
sprayed onto the substrate with a spray gun. After application of the adhesive

1328, the substrate is pre~-cured at 80°C for abowt two minutes, for example.

{8675} Dielectric film 1338 and clectrode 1334 materials are laminated and
printed 1308 onto the substrate. The process steps 1386 and 1388 are repeated
until a desired number of dielectric layers is formed. For the dielectric film 1338
lamination portion of the process step 1308, the diclectric film 1330 is prepared on
a batch frame. The first liner is removed and the dielectric film 1338 is rolled
onto the stack and then the second liner is removed. A single or several patiterns
of electrodes 1334 may be used. Electrode 1334 patterns may be alternated on

each laver. In one embodiment, the clectrodes are screen printed on each layer.

[8876] Once a desired number of multiple layers of the stacked actustor have been
fabricated, vias are pierced into the stack and filled 1318 with an electrically
conductive material such as an elastomer loaded with conductive particles of, for
example, carbon black, or silver 1334. The actuator is then tested 1312 for
voltage withstand, resistance, and capacitance. Because the process has been
carried on a frame with multiple substrates, the stacked actuators may now be
singulated 1314 into individual components ready for the actuator assembly 1316

process. For the actuator assembly process 1316, a printed circutt board 1336
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with ring-shaped armatures 1338 soldered thereon is prepped and placed along
with two stacked actuators into a mold, Conductive elastomer 1348 is injected
and cured. The actuators are then placed into a potting mold and potling
elastomer 1342, 1344 is injected and cured fo provide an encapsulation layer. The
actuator assembly is tested 1348 and data 1346 is collected and analyzed. At
decision block 1328 it is determined if the actuator assembly passed or failed the
test. If it passed the test, it is placed in inventory 1322. Otherwise it is rejected

1348.

{0077} Some of the individual steps in the actuator assermbly process 1316 are
now explained in additional detail. In the printed circuit board 1336 preparation
step, for example, ring-shaped test-points {(two per printed circuil board element)
are soldered to the printed circuit boards 1336 that comprise the bases of the

actuator assemblies. Any residual soldering flux is then removed.

{(678] Prior to inserting the prepped printed circnit board 1336 into the mold with
the two stacked actuator components {actuators), any residual material is cleared
from the mold ports and cavitics. One the mold is loaded, it is closed, and

vacuum is applied to remove any residual air from the assembly.

100791 The conductive elastomer 1348 is then injected into the mold at, for
example, 45 PSI (0.31 MPa), although other suitable pressures are conternplated
to be within the scope of the present disclosure. The entire mold is then placed in
an oven to cure the conductive elastomer 13480, Once the conductive elastomer
1340 has cured, the mold is removed from the oven and the molded actuators are
ejected. Any flash or burrs left by the molding process are preferably trimrned

away.

(0688} The potting die is prepared by cleaning the injection ports and cavities.
The actuators are then loaded into the potting dies so that the printed circuil board
bases 1336 rest on an inner shoulder. This defines a void on the actuator side of
the printed circuit board into which potting compound is injected. The meold 1s

then closed.
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[0081] A two-part elastomer potting compound 1342, 1344 is mixed, degassed
under vacunm, and injected into the cavity through injection ports. The injection
ports are then closed and the filled mold is cured in an oven. Afier curing, the

mold is opened, the actuators are gjected, and any molding flash trimmed away.

[3682] Nexi, an electrical shield may optionally be laminated over the actuators.
The layer may be comprised of, for example, two insulating layers of
thermoplastic urethane {TPU) sandwiching a conductive layer of metallized
fabric. To facilitate assembly, a sheet of this composite shield may be vacuum-

formed and trimmed to it the actuators .

0083} As used herein dieleciric elastomer film may inchude, without limitation,
silicone elastomers, acrylic elastomers, polyurethanes, thermoplastic elastomers,
copolymers comprising polyvinylidene difluoride, pressure-sensitive adhesives,
fluoroelastomers, polymers comprising silicone and acrylic moieties, and the like.
The polymer matrix of the dielectric elastomer film may be a homopolymer or
copolymer, cross-linked or uncross-linked, linear or branched, etc. As will be
apparent to those skilled in the art, combinations of some of these materials may
be used as the polymer matrix in methods of this invention. Copolymers and

biends fall within the class of suitable polymers,

[8884] As used herein passive polymer materials include, without limitation, at
least the following materials silicone elastomers, acrylic elastomers,
polyurethanes, thermoplastic elastomers, copolymers comprising polyvinylidene
difluoride, pressure-sensitive adhesives, fluoroelastomers, polymers comprising

stlicone and acrylic moietics, and the like.

(38851 As used herein electrode materials include, without limitation, carbon or
metal filled formulations, metal which may be textured or patterned, conductive

polymers, and combinations thereof.
[0086] As used herein adhesive materials include, without limitation, at least the
following materials, polyurethanes, silicones, olefinic polymers and copolymers,

polyesters, acrylates, methacrylates, styrenie polymers and copolymers, vinyl
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polymers, thermoplastic elastomers, polyamides, cyanoacrylates, and

combinations of these materials.

[0087] FIG. 14 illustrates the standard method 1460 of positioning electrical
contacts on the outside of a stacked actuator. As can be appreciated by reference
to FIG. 14, inactive area 1418 surrounds the active area 1428 with the vias 1430
placed outside of the active area. Such ap arrangement consumes more space
when integrated into application assemblies because the tabs extend from the
active zone. The simple cut pattern requires considerable inactive wasted space.

Additionally, the elecirical contact at the end restricts movement.

16088} FI1G. 15 shows one embodiment of the internal contact stacked actuator of
the present invention in which the vias 1538 arc placed completely within the
active area 1528 of the stacked actuator 1560, The active area of the device 1528
is surrounded by the inactive area 1518, As can be appreciated, passing the
contact vias 15336 through the center of the stacked actuator 1508 is a wore
efficient use of space as it locates them in an area of zero motion which may result
in enhanced performance for some applications. This arrangement may be used in

a variety of geometries including round, square, rectangular, etc.

00891 FIG. 16 depicts another embodiment of the internal contact stacked
actuator of the present invention in which the vias 1630 are placed in the center of
the footprint of the active area 1628 of the stacked actuator 1688. The active area
1628 is swrounded by the inactive area 1638, Additional advaniages of this type
of arrangement may inchade: higher power density of actuator; easier integration
into application product; smaller ultimate size for application product, slightly
higher overall performance; betier isolation of electrical connections; and shorter
path for charging capacitor could reduce resistance heating and speed actuation
TESPOnse,

10898] As for other details of the present invention, materials and alternate related
configurations may be employed as within the level of those with skill in the
relevant art. The same may hold true with respect (o process-based aspects of the

invention in terms of additional acts as commonly or logically employed. In
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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 asserubly.

[0891] Also, it is conternplated 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 berein and in the appended claims, the

9% 8,

singular forms “a,” “an,” “said,” and “the” include plural referents unless the
specifically stated otherwise. In 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. Itis
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 elerent — 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.

108921 Various aspects of the subject matter described herein are set out in the

following numbered clauses:
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{0083] 1. A method of fabricating a stacked electroactive transducer, the method
comprising: providing a multilayer stack in a cyclic process and during each

cycle, applying a first dielectric material layer to the multilayer stack; applying to
the first dielectric material layer a first electrode material in at least a first pattern,;
applying a second dielectric material layer to the multilayer stack; and applying to

the multilayer stack a second electrode material in at least a second pattern.

18894} 2. The method according to Claim 1, wherein applying the first dielectric
material comprises applying to the film and at least partially curing a polymer

resin.

[0095] 3. The method according to Claim 1, wherein applying the first dielectric

material comprises laminating a polymer film from g roll.

16096} 4. The method according to any one of Claims 1 to 3 further comprising

applying an adhesive to the polymer film.

{8897 5. The method according to any onc of Claims 1 to 4 further comprising
applying at least onc passive polymer layer as part of the stacked electroactive

transducer.

{6098 6. The method according to any one of Claims 1 to 5, wherein the cyclic

process comprises a continuous loop process,

{6099} 7. The method according to Claim 6, wherein the continuous loop process

includes a belt supported by at least two rollers to support the polymer film.

{6180} 8. The method according to Claim 6, wherein the continuous loop process

includes a rotating drum o support the polymer film.

{#191] 9. The method according to any one of Claims 6 to 8, whercin film
application and electrode application and optionally adhesive application and

passive layer application occur at sites distributed around the continuous loop.

{4162} 10. The method according to any one of Claims 1 to 5 further comprising:
applying and advancing the first dielectric material a fixed length; applying the
first electrode material to the first dielectric material; optionally, applying a first

adhesive material to the first dielectric material; optionally, cutling the first



WO 2014/074554 PCT/US2013/068650

S28-

dielectric material to a predetermined length; applying the second dielectric
material over the first electrode and adhesive material of the first dielectric
material to form a multilayer stack; optionally, curing the multilayer stack;
applying the second electrode material to the multilayer stack; optionally,
applying a second adhesive material to the multilayer stack; optionally, repeating
the steps of applying diglectric material and applying electrode material;
optionally, applying a passive polvmer layer over the multilayer stack; cutting the
multilayer stack to a sheet of a predetermined length; and optionally, stacking and

laminating the cut multilayer stack sheets.

[6103] 11. The method according to any one of Claims 1 to 10 further
comprising: providing first vias to connect electrode layers with the first electrode
pattern and second vias to connect the clectrode layers with the second electrode
pattern and filling the first and second vias with a conductive material; and

optionally, singulating one or more individual devices from the multilayer stack,

[0184] 12. A stacked transducer made according to the method of any one of

Claims 110 11.

{6165] 13. The stacked transducer according to Claim 12, wherein the first and
second vias are positioned within the footprint of the transducer.

{3196} 14, The stacked transducer according to Claim 13, wherein the first and
second vias are positioned substantially at the center of the footprint of the
transducer.

{0187} 15, An actuator comprising a stacked transducer made according to the

method of Claim 12 or 13,

[0108] 16. A method of producing an sctuator assembly, the method comprising:
providing at least two stacked actuators; piercing at least one via through each of
the at least two stacked actuators; and filling the at least one via with a conductive

material,
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WHAT IS CLAIMED IS:

i. A method of fabricating a stacked electroactive transducer, the method

comprising:

providing a multilayer stack in a cyclic process and during each cycle,

applying a first diclectric material layer to the multilayer stack;

applying to the first dielectric material layer a first electrode material in at least a
first pattern;

applying a second dielectric material layer to the multilayer stack; and

applying to the multilayer stack a second electrode material 1n af least a second

patiern,
2. The method according to Claim 1, wherein applying the first dielectric

material comprises applying to the multilayer stack and at least partially curing a

polymer resin.

3 The method according to Claim 1, wherein applving the first dielectric

material comprises laminating a polymer film from a roll.

4, The method according to any one of Claims 1 to 3 further comprising

applying an adhesive to the polymer film.

5. The method according to any one of Claims 1 to 4 further comprising
applying at least one passive polymer layer as part of the stacked electroactive

iransducer.

6. The method according to any one of Claims 1 to 5, wherein the cyclic

process comprises a continuous loop process.

7. The method according to Claim 6, wherein the continuous loop process

includes a belt supported by at least two rollers o support the polymer film.
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g. 'The method according to Claim 6, wherein the continuous loop process

includes a rotating drum to support the polymer film.

9. The method according to any one of Claims 6 to 8, wherein filim
application and electrode application and optionally adhesive application and

passive laver application occur at sites distributed around the continuous loop.

10.  The method according to any one of Claims 1 1o 5 further comprising:

applying and advancing the first dielectric material a fixed length;

applying the first electrode material to the first dielectric material;

optionally, applying a first adhesive material to the first dielectric material;

optionally, cutting the first dielectric material to a predetermined length;

applying the second diclectric material over the first electrode and adhesive
material of the first dielectric material to form a multilayer stack;

optionally, curing the multilaver stack;

applying the second electrode material to the multilayer stack;

optionally, applying a second adhesive material to the multilayer stack;

optionally, repeating the steps of applying dielectric material and applying
electrode material;

optionally, applying a passive polymer layer over the multilayer stack;

cutting the multilayer stack to a sheet of a predetermined length; and

optionally, stacking and laminating the cut multilayer stack sheets.

11, The method according to any one of Claims 1 to 10 further comprising:

providing first vias to connect electrode layers with the first electrode pattern and
second vias to connect the electrode layers with the second electrode
pattern and filling the first and second vias with a conductive material; and

optionally, singulating one or more individual devices from the multilayer stack.

12, A stacked transducer made according to the method of any one of Claims

ito 1l
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13, The stacked transducer according to Claim 12, wherein the first and

second vias are positioned within the footprint of the transducer,

14 The stacked transdueer according to Claim 13, wherein the fleat and
sevemt vias are positioned substantially st the conter of the footprint of the

transdocer.

I3, A actuator conyprising g stacked ansducer misde according o the
} 8 i

method of Claim 12 o0 13

t6, A nwthod of producing an actuator assembly, the method comprising:
providing gt east two stacked actustors;
prercing af lesat e via through each of the af Teast two stacked setuators; and

filling the at kast angvia with a conductive material,
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