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INDEPENDENT TUNING OF AUDIO DEVICES EMPLOYING
ELECTROACTIVE POLYMER ACTUATORS

16081} This application claims the benefit, under 35 USC § 119(e), of United States
provisional patent application numbers: 61/805,269, filed March 26, 2013, entitled “IN-EAR
HEADPHONES WITH DIELECTRIC ELASTOMER ACTUATORS,” 61/813,886, filed
April 19, 2013, entitled “BEARPHONE DESIGN TO INTEGRATE DIELECTRIC
ELASTOMER,” 61/846,669, filed July 16, 2013, entitled “INDEPENDENT TUNING OF
VIVITOUCH AND VOLUME LEVELS FOR HEADPHONES,” and 61/868,245, filed
Angust 21, 2013, entitled “RELAXATION HEADPHONES USING VIVITOUCH

ACTUATORS” the entire disclosure of each of which is hereby incorporated by reference.

FIELD OF THE INVENTION

{80821 In various embodiments, the present disclosure relates generally to electroactive
polymer devices. More particularly, the present disclosure relates to independently tunable

electroactive polymer devices such as audio devices.

BACKGROUND OF THE INVENTION

16083] A tremendous variety of devices used today rely on actuators of one sort or
another to convert clectrical 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 generically refer
to any of the devices.

10604} 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.
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{6085] An electroactive polymer transducer comprises two electrodes having deformable
characteristics and separated by a thin elastomeric dielectric material. When a voltage
difference is applied to the clectrodes, the oppositely charged electrodes attract each other
thereby compressing the polymer diclectric layer therebetween. As the electrodes are pulled
closer together, the dielectric polymer film 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 be configured to produce
movement in a direction orthogonal 1o the film structure {(along the Z-axis), t.e, the
displacement of the film is out-of-plane. U.8. 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.

{8006] The material and physical properties of the eleciroactive 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 elecirode
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
fension or pre-strain placed on the electroactive polymer film as a whele, and the amount of
voltage applied to or capacitance induced upon the film may be controiled and varied to

customize the features of the film when in an aciive mode.

19087} Recent advances in headphone technology have incorporated electroactive
polymer actuators into headphones to enhance audio guality as described in PCT Publication
No. WO/2012/173669, the entire disclosure of which is hereby incorporated by reference.
The headphones comprise at least one conventional acoustic speaker which provides a sonic
response by providing sound waves that travel through the ear canal to vibrate the ear drum
as well as at least one electroactive polymer actuator that induces vibrations in the bone and
tissue surrounding the ear which are experienced as a conductive audio response through
bone conduction. The at least one electroactive polymer actuator is driven by a high voltage
signal that is derived from the same low-voltage audio signal that drives the acoustic speaker
although it may have been processed to enhance specific regions of the frequency spectrum,
particularly low frequencies that are difficult to achieve with acoustic speakers. While over-

the-car and on-ear headphones comprising electroactive polymer actuators have been
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demonstrated, it has been more difficult to incorporate these actuators into in-ear headphones

or earphones,

[6008] While independent volume tuning of individual acoustic speakers on stereo
headphones already exists, incorporation of electroactive polymer actuator technology for
headphones and audio devices generally is still new, Conventional technology for
headphones and audio devices generally does not allow custom tuning of electroactive
polymer actuator generated conductive audio responses and volume level control independent
of the sonic audio response and volume for each side of a pair of headphones or speakers,

generally

[6069] It is known that low frequency phenomena can induce imaproved states of
relaxation. Coupling low frequency vibrations or sounds fo the human body can help people
to better relax. Some conventional methods use large chairs or apparatus that are not eastly
moved or transported. Other methods use standard headphones and sound waves in an
attempt to have transportable relaxation apparatus. In some cases, sound waves with
different frequencies are introduced in each car to ¢licit a binaural response. Because
conveniional headphones do not directly produce sound waves at the frequencies of interest,
most acoustic methods use frequency differences of fairly high frequencies (for example, 400
Hz and 405 Hz to get a § Hz difference). Most other methods of adding vibration use
gccentric rotating masses attached to electric motors. These are not dynamic and result in
monotonic vibrations with a very narrow range of operating frequencies. The incorporation
of electroactive polymer actuators that can be independently driven over a broad range of

amplitudes and frequencies of inlerest can enable many new applications.

SUMMARY OF THE INVENTION

18816} Accordingly, the present invention provides various devices integrated with
electroactive polymer actuators to provide independently controllable or tunable acoustic and
conductive audio stimulation. In one embodiment, a device comprises at least two
electroactive polymer actuators that are spatially separated, wherein each actuator is driven
with g signal controlling frequency and amplitude. In one embodiment, a different drive
signal is used for each actuator. The different drive signals may be chosen such that they

provide an interference beat at et a third set of frequencies.



WO 2014/160757 PCT/US2014/031830
A

8611} In another embodiment, the device is an audio device that further comprises at
least one acoustic speaker which is optionally driven at a set of frequencies and amplitude
different from at least one of the electroactive polymer actuators. The drive signals of the
electroactive polymer actuators may be chosen such that they provide an interference beat
and may provide a binaural conductive audio response. The conductive audio respounse may
be entirely distinct from the sonic audio response from the acoustic speaker. Inone
embodiment, the conductive audio response is designed to couple to brain waves that can

lead to stress relief, relaxation or stimulation of a user of the audio device.

{0012] In another embodiment, the audio device is an over-the-ear or on-ear headphone.
In another embodiment, the audic device is an in-ear headphone or earphone. The earphone
may have a configuration which decouples the sound tube from the earphone case to
accommodate an electroactive polymer actuator and accompanying high voltage leads.
18013} Electroactive polymer devices that can 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 coramonly assigned
patents and applications cited herein,

19014] These and other advantages and benefits of the present invention will be apparent

from the Detailed Description of the Invention herein below.

BRIEF DESCRIPTION OF THE FIGURES

8015} The present invention will now be described for purposes of illustration and not
limitation in conjunction with the figures, wherein:

6016} FIGS. 1A and 1B illustrate a top perspective view of a transducer before and after
application of a voltage in accordance with the present invention;

{66171 FIG. 2A illustrates an exemplary electroactive polymer cartridge 1n accordance
with the present invention;

{00158] FIG. 2B illustrates an exploded view of an electroactive polymer actuator, inertial
mass and actuator housing in accordance with the present invention;

{1019 FIG. 3 is a cutaway view of an electroactive polymer system to dlustrate the

principle of operation in accordance with the present invention;
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90261 FIG. 4 is a schematic diagram of an electroactive polymer system to illustrate the
principle of operation in accordance with the present invention;

8021 FIG. 5 is an exploded side view of an audio device comprising independent
control of frequency and volume levels for each channel in accordance with the present

invention;

[6022] FIG. 6 is a level control switch for independent control of volume and vibration

levels for each channel of the audio device shown in FIG. 5;

16623] FIG. 7 is an exploded view of an audio device comprising an independently

tunable electroactive polymer actuator in accordance with the present invention;
10024] FIG. 8 is a cross-sectional view of the audio device shown in FIG. 7;
{6025} FIG. 9 is a diagram of a electroactive polymer /acoustic audio device in
accordance with the present invention;

10026} FIG. 10 is a block diagram of an clectronic topology for an independently funable

actuator electronic system in accordance with the present invention;

16027} FIG. 11 is a graphical depiction of acoustic response of a headphone with

electroactive polymer actuators turned on;

6028} FIG. 12 is a graphical depiction of acoustic response of the headpbones with

electroactive actuators of FIG. 11 turned on and actuator gains set to minimum;

[B8028] FIG. 13 is a graphical depiction of acceleration of headphone ear cups versus

frequency measured on a Head And Torso Simulator (HATS);

{6036] FIG. 14 is a graphical depiction of acceleration of headphone ear cups comprising

electroactive polvmer actuators versus frequency measured on a human test subject;

18031} FIG. 15 is a cross-sectional view of a hub-mounted audio device located inside the

ear canal in accordance the present invention;

{0032} FIG. 16 is a cross-sectional view of a wall mounted audio device located inside

the ear canal in accordance with the present invention;

[8033] FIG. 17 is a cross-sectional view of a fully potted audio device located inside the

ear canal in accordance with the present invention;

16034 FIG. 18 is a diagram of a conventional earphone;
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{8035} FIG. 19 is a diagram of an earphone in accordance with the present invention;
{0036} FIGS. 20A-20D iHlustrate placement of electroactive polymer actuator in an ear
bud in accordance with the present invention;
18037} FIG. 21 is a graphical depiction of frequency response of the ear bud shown in
FIGS. 20A-20D in accordance with the present invention;
[BG38] FIG. 22 illustrates an improved potting fixture for placing the electroactive
polymer actuator into ear buds in accordance with the present inventiony
[8039] FIGS. 23A-23D illustrate an clectroactive polymer actuator placement in an ear
bud in accordance with the present invention,
[6040] FIG. 24 is a graphical depiction of a finite element analysis rough draft model
prediction of movement of the electroactive polymer actuator within the ear bud;
{0041} FIG. 25A is a graphical depiction of measured movement consistent with the
prediction shown in FIG. 24 in accordance with the present invention;
10042} FIG. 25B is a sectional view of the ear bud and the ¢lectroactive polymer actuator
mounied therein in accordance with the present invention;
16643} FIG. 26 is iHlustrates high potential voltage (HiPot) testing of an electroactive
polymer actuator enhanced car bud in accordance with the present invention;
[6044] FIG. 27 shows an eleciroactive polymer actuator enhanced ear bud made
according to the process described in connection with FIG. 26;
{6045] FIGS, 28A-28C iltustrate some additional movement strategies such as a pision
mode (FIG. 28A), a bender mode (FIG. 28B) and a basket mode (FIG. 28C) in accordance

with the present invention;

{0046} FIGS. 29A and 29B illustrate potential issues arising out of the piston mode
movement shown in FIG. 28A;

{6447} FIGS. 30 and 31 illustrate the bender mode previously discussed in connection
with FIG, 28B;

{8048} FIG. 32A is an exploded view of a unimorph electroactive polymer actuator

inchading relative dimensions thereof in accordance with the present invention;
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{60491 FIG. 328 is an assembled view of the unimorph electroactive polymer actuator

shown in FIG. 32A,;

{0050} FIG. 33 is an assembled view of several unimorph electroactive polymer actuators

shown in FIGS. 32A and 32B in accordance with the present invention;

{8081} FIG3. 34 is a graphical depiction of measured movement of roll bender

glectroactive polymer actuators;

18052} FIG. 35A illustrates spring rate on tension roll from loaded hoops in accordance

with the present invention;
[6053] FIG. 358 is a graphical depiction of force as a function of stretch ratio; and
[0054] FIG. 36 illustrates a diagram of the hursan ear.

DETAILED DESCRIPTION OF THE INVENTION

[60585] Examples of electroactive polymer devices, their applications, and methods of
manufacturing 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, 6,911,764
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, 7,436,099, 7,199,501; 7,521,840, 7,595,580; 7,567,681, 7,595,380;
7,608,989; 7,626,319, 7,750,532, 7,761,981, 7,911,761; 7,915,788; 7,952,261; 8,183,739,
8,222,799; 8,248,750, and in U.8. Patent Application Publication Nos.: 2007/0200457;
2007/0230222; 2011/0128239; 2012/012695%9; 2012/0126667; 2012/0206248; 2013/0002587;
2013/0194082; and in PCT Publeation Nos.: W{/2011/097020; W(0/2012/099850;
WO/2012/099854; WO/2012/118916; WO/2012/120009; WO/2012/122438;
WO/2012/122440; WO/2012/122440; WO/2012/129357; WO/2012/136503;
WO/2012/148644; WO/2012/156423; WO/2012/173669; WO/2012/175533;
WO/2013/037508; WO/2013/049485; WO/2013/059560; W{/2013/059562;
WO/2013/103470; WO/2013/142552; WO/2013/148641; WO/2013/155377,
WO/2013/192143; WO/2014/006003; WO/2014/028819; WO/2014/028822;

W(/2014/028825; the entirety of each of which is incorporated herein by reference.
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{6056} Before explaining the embodiments of the inventive electroactive polymer based
devices in detail, it should be noted that the disclosed embodiments are not limited in
application or use to the details of construction and arrangement of parts tllustrated in the
accompanying drawings and description. The disclosed embodiments may be implemented
or incorporaied in other embodiments, variations and modifications, and may be practiced or
carricd out in various ways, Further, unless otherwise indicated, the terms and expressions
employed herein have been chosen for the purpose of describing the embodiments for
illustrative purposes and for the convenience of the reader and are not intended for the
purposes of limiting any of the embodiments to the particular ones disclosed. Further, it
should be understood that any one or more of the disclosed embodiments, expressions of
embodirnents, and examples can be combined with any one or more of the other disclosed
embodiments, expressions of embodiments, and examples, without lmitation. Thus, the
combination of an element disclosed in one embodiment and an element disclosed in another
embodiment is considered to be within the scope of the present disclosure and appended

claims.

{6657] FIGS. 1-4 provide a brief description of electroactive polymer structures.
Accordingly, the description now turns to FIGS. 1A and 1B, which illustrate an example of
an clectroactive polymer film or membrane 18 structure. A thin elastomeric dielectric film or
layer 12 is sandwiched between complant or stretchable electrode plates or layers 14 and 16,
thereby forming a capacitive structure or film. The length “L” and width “w” of the
dielectric layer, as well as that of the composite structure, are much greater than its thickness
“4”, Preferably, the dielectric layer has a thickness in the range from about 10 ym to about
100 pm, with the total thickness of the structure in the range from about 15 pm to about 10
cm. Additionally, it is desirable 1o select the elastic modulus, thickness, and/or the geometry
of electrodes 14, 16 such that the additional stiffness they contribute {o the actuator is
generally less than the stiffness of the dielectric layer 12, which has a relatively low modulus
of elasticity, i.e., preferably 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 due to mechanical fatigue.

{0058} As shown in FIG. 1B, when a voltage is applied across the electrodes, the unlike

charges in the two electrodes 14, 16 are attracted to each other and these electrostatic
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attractive forces compress the dielectric film 12 (along the Z-axis). The diclectric film 12 is
thereby caused to deflect with a change in electric field. &s electrodes 14, 16 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 sirain,
or any other deformation of a portion of diclectric film 12. Depending on the architecture,
e.g., a frame in which capacitive structure 18 is employed {collectively referred to as a
“transducer”), this deflection may be used to produce mechanical work, Various transducer

architectures are disclosed and described in the above-identified patent references.

{0639] With a voliage applied, the transducer film 16 continues to deflect until mechanical
forces balance the electrostatic forces driving the deflection. The mechanical forces inchude
elastic restoring forces of the dielectric 1ayér 12, the compliance or stretching of the
electrodes 14, 16 and any exiernal resistance provided by a device and/or load coupled {o
transducer 1. The resultant deflection of the transducer 18 as a result of the applied voltage
may also depend on a number of other factors such as the dielectric constant of the
clastomeric material and iis size and stiffness. Removal of the voltage difference and the

induced charge causes the reverse effects.

[8868] In some cases, the electrodes 14 and 16 may cover a limited portion of dielectric film
12 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 arca during deflection. More specifically, material
outside the active area may resist or enhance active area deflection by ifs contraction or

eXpansion.

{0061} The dielectric film 12 may be pre-sirained. The pre-strain improves conversion
between electrical and mechanical energy, i.e., the pre-sirain allows the dielectric film 12 to
deflect more and provide greater mechanical work. Pre-strain of a filin 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 clastic 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
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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.

[0062] The transducer structure of FIGS. 1A and 1B and other similar compliant structures
and the details of their consiructs are more fully described in many of the referenced patents

and publications disclosed herein.

[0863] FIG. 2A illustrates an exemplary electroactive polymer cartridge 12 having an
electroactive polymer transducer filra 26 placed between rigid frame 8 where the
electroactive polymer filim 26 is exposed in openings of the frame 8. The exposed portion of
the film 26 includes three 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 eleciroactive 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).

{6864] When a voltage difference is applied across the oppositely~-charged electrodes 32 of
each working pair (i.c., 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 clecirodes 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. 1B for axis references). Furthermore, in variations where the
electrodes contain conductive particles, like charges distributed across each electrode may
cause conductive particles embedded within that electrode to repel one another, thereby
contributing to the expansion of the elastic clectrodes and dielectric films. In alternate
varigtions, electrodes do not contain conductive particles {e.g., textured sputtered metal
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 fayer 26.

{8063} As stated elsewhere herein, 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 can also include one or more mechanical output regions or bars 34, The regions or
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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.

{0666} Tn fabricating a transducer, an elastic film 26 can be stretched and held in a pre-
strained condition usually by a rigid frame 8. In those variations employing a four-sided
frame, the {ilm can be stretched bi-axially. It 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, 1.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, 1.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 clectrodes of each working electrode pair is opposite
cach other. Each electrode has an electrical contact portion configured for electrical

connection to a voltage source.

{3867] 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, 28. The conductive vias 18, 26
can provide a means to elecirically couple the clectrodes 8 with a respective lead 22 or 24

depending upon the polarity of the electrodes.

{3868] The cartridge 12 illustrated in FIG. 2A shows a 3-bar actuator configuration.
However, the devices and processes described herein are not limited to any particular
configuration, unless specifically claimed. Preferably, the number of the bars 34 depends on
the active area desired for the intended application. The total amount of active area, ¢.g., the
total amount of area between electrodes, can be varied depending on the mass that the
actuator is trying to move and the desired frequency of movement. In one example, selection
of the number of bars is determined by first assessing the size of the object to be moved, and

then the mass of the object is determined. The actuator design is then obtained by
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configuring a design that will move that object at the desired frequency range. Clearly, any

number of actuator designs is within the scope of the disclosure,

{3069] 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 cariridges with multiple layers.
Manufacturing and yield considerations may favor stacking single cartridges together to form
the electroactive polymer actuator. In doing so, electrical connectivity between cartridges
can be maintained by electrically coupling the vias 18, 20 together so that adjacent cartridges

are coupled to the same voltage source or power supply.

({0878} The cartridge 12 shown in FIG. 2A includes three pairs of electrodes 32 separated by
a single dielectric layer 26. In 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 inertial mass
80, Alternatively, the electroactive actuator 14 can be coupled directly {o the electronic
media device through an intermediary attachment plate or frame. As discussed below, the
electroactive actoator 14 may be placed within a cavity 52 that allows for movement of the
actuator as desired. The pocket §2 may be directly formed in a housing of a case,
Alternatively, pocket 52 may be formed in a separate case 36 positioned within the housing
of the device. If the later, the material properties of the separate case 36 may be selected
based upon the needs of the actuator 14. For example, if the main body of the housing
assembly is flexible, the separate case 36 can be made rigid to provide protection to the
electroactive actuator and/or the mass 38, 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
82 barrier {e.g., the housing or separate case 86) serves as a limit to prevent excessive
movement of the electroactive actuator 14. Such a feature prevents the active areas of the
actuator 14 from excessive displacerment that can shorten the life of the actuator or otherwise

damage the actuator.

{80711 FIGS. 3-4 provide a description of an electroactive polymer based module suitable
for use in the devices such as headphones. FIG. 3 is a partial cutaway view of an
electroactive polymer system that may be integrally incorporated to provide motion effects.

Accordingly, in one embodiment the system comprises an electroactive polymer module 286,
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An electroactive polymer actuator 222 is configured to slide an output plate 282 (e.g., sliding
surface) relative to a fixed plate 284 (c.g., fixed surface) when energized by a veltage *V.”
The plates 202, 284 are scparated by steel balls, and have features that coustrain movement {o
the desired direction, limit travel, and withstand drop tests. For integration into headphones,

the top plate 282 may be attached to an inertial mass.

{0672] Segmenting the electroactive polymer actuator 222 within a given {ootprint into (n)
sections is a convenient method for setiing the passive stiffuess and blocked force of the
electroactive polymer system. A pre-streiched diclectric is held in place by the rigid material
that defines an exiernal frame such as the fixed plate 284 and one or more windows within
the frame. Inside each window is an output bar 212 of the same rigid frame material, and on
one or both sides of the output bar 212 are clectrodes 288. Alternatively, an adhesive may
replace the rigid frame material as disclosed in co-assigned PCT Publication No.

WO/2012/099854; the entire disclosure of which is hereby incorporated by reference,

[0873] Applying the potential difference (V) across the dielectric on one side of the output
bar 212 creates electrostatic pressure in the elastomer which causes the electrode area to
expand and exert force on the ouiput bar 212, This force scales with the effective cross
section of the electroactive polymer actator 222, and therefore increases linearly with the
number of segments, cach of which adds to the effective width of the actuator. The passive
spring rate scales with n?, as each additional segment effectively stiffens the device twice,
first by shortening it in the stretching direction (X} and second by adding to the width {Y)
that resists displacement. Both spring rate and blocked force scale linearly with the number

of dielectric layers {(m).

{0074] Among the advantages of electroactive polymer modules 288 is the ability to generate
lfow frequency vibrations jnside the ear cup housings that can be felt substantially
immediately by the user. In addition, electroactive polymer modules 280 consume low
power, and are well suifed for customizable design and performance options. The
electroactive polymer module 288 is representative of electroactive polymer modules

developed by Artificial Muscle, Inc., of Sunnyvale, CA, USA.

[6075] Still with reference to FIG. 3, many of the design variables of the electroactive
polymer module 200, {(e.g., thickness, footprint) may be fixed by the needs of module
integrators while other variables (e.g., number of dicleciric layers, operating voltage) may be

constrained by cost. Because actuator geometry — the allocation of footprint to rigid
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supporting structure versus active dielectric — does not impact cost much, it may be a
reasonable way to tatlor performance of the electroactive polymer module 26@ to an

application where the module 208 is integrated with headphones or other device.

[8876] Computer implemented modeling techniques can be eruployed to gauge the merits of
different actuator geometries, such as: (1) Mechanics of the Handset/User System; (2}
Actuator Performance; and (3) User Sensation. Together, these three components provide a
computer-implemented process for estimating the capability of candidate designs and using
the estimated capability data to select an electroactive polymer design suitable for mass
production. The model predicts the capability for two kinds of effects: long effects (e.g.
gaming and music), and short effects (e.g. key clicks). “Capability” is defined herein as the
maximum sensation a module can produce in service. Such computer-implemented processes
for estimating the capability of candidate designs are described in more detail in commonly
assigned PCT Publication No. WO/2011/102898, the entire disclosure of which is hereby

incorporated by reference.

10877] FIG. 4 is a schematic diagram of an electroactive polymer system 308 designed to
illustrate the principle of operation of electroactive polymer modules. The electroactive
polymer system 380 comprises a power source 382, shown as a low voltage direct current
{1¥C) ba&ery for Hlustrative purposes, electrically coupled to an electroactive polymer module
304. In accordance with the present disclosure, the power source {Vyay) represents the output
of an audio signal source configured to generate low frequency audio signals below about
200 Hz, for example, and in one embodiment between about 2 Hz to about 200 Hz, where the
term “about” stands for £10%. The electroactive polymer module 384 comprises a thin
elastomeric dielectric element 386 disposed {e.g., sandwiched) between two conductive
clectrodes 3084, 388B. The conductive electrodes 308A, 308B are siretchable (e.g.,
conformable) and may be printed on the top and botiom portions of the elastomeric dielectric

element 306 using any suitable technique, such as, for example screen printing.

[0078] The electroactive polyvmer module 364 is activated by coupling the battery 382 (e.g.,
signal source) to an actuator circuit 318 by closing a switch 312, The actuator circuit 318
converts the low DC voltage Vaa signal into a higher DC voltage Vs signal suitable for
driving the electroactive polymer module 384, In accordance with the present disclosure, an
additional circuit may be located within the opening 124 defined by the housing 118, where

the circuit is configured to convert the low voltage low frequency audio signal from the audio
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signal source, to a higher voltage signal suitable for driving the electroactive polymer

actuator 122 as shown in FIGS, 1A-18,

188791 Returning to FIG. 4, when the voltage Vi is applied to the conductive electrodes
308A, 308B the clastomeric dielectric element 386 contracts in the vertical direction (V) and
expands in the horizontal direction (H) under electrostatic pressure. The coniraction and
expansion of the ¢lastomeric diglectric element 306 can be harnessed as motion. The amount
of motion or displacement is proportional to the input voltage Via. The motion or

displacement may be amplified by a suitable configuration of electroactive polymer actuators,

[6088] The following description is directed to independent tuning of amplitude and
frequency of motion and volume levels for headphones. FIG. 5 is an exploded side view of
an electroactive polymer device 408 comprising independent tuning of motion and volume
levels for each channel in accordance with present invention. As shown in FIG. §, the
electroactive polymer device is shown in the form of a headphone. The electroactive
polymer device 408 comprises a headband 402 and first and second ear cushions 484, 484:,
first and second speakers 4061, 486z, first and second drive electronics 4081, 4882, first and
second electroactive polymer actuators 418y, 4182, and first and second ear cups 4124, 4122,
The “first” components correspond to a first channel of the electroactive polymer device 486
and the “second” components correspond to the second channel of the electroactive polymer
device 408.

[8081] FIG. 6 is a level control switch 428 for independent control of volume and motion
levels for each channel of the audio device 488 shown in FIG. 5. The level control switch
428 comprises four separate swiiches 422y, 4223, 4244, 424, to control left speaker 4063
volume, right speaker 4862 volume, left electroactive polymer actuator 419y, and right

electroactive polymer actuator 418, respectively.

10082] With reference to both FIGS. 5 and 6, the level conirol switch 428 provides
independent control of motion from the electroactive polymer actuators 4181, 4162 and sound
volume from the speakers 486, 4062 for the electroactive polymer device 488. The level
control switch 420 comprises a first volume control switch 4224 to control the volume level
of the first speaker 486: and a second volume control switch 4222 1o control the volume level
of the second speaker 4062 independenily. The level control switch 428 also comprises a first

vibration control switch 424; to control the meotion level of the first electroactive polymer
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actuators 4181 and a second vibration control switch 4242 to conirol the motion level of the

second electroactive polymer actuators 4162 independently.

{0083} Accordingly, the present invention allows custom and independent tuning of the
motions produced by the electroactive polymer actuators 416y, 4182 and the sound volume
and content produced by the speakers 486y, 4862 for each side of the electroactive polymer
device 488. As shown in FIG. 6, for example, using the ] to 10 level control switch 4221 the
user could tune the sound volume level of the first speaker 4061 1o 6 and using the 1 to 10
level control switch 424s the user could tune the motion level of the first electroactive
polymer actuator 418: to & on the first side {(e.g., right side). At the same, using the 1to 10
fevel control switch 4222 the user could tune the sound volume level of the second speaker
4862 to 4 and using the 1 to 10 level control switch 4242 the user could tune the motion level

of the second electroactive polymer actuator 4182 10 3 on the second side (e.g., left side).

{8084} The combination of independent volume and motion tuning control can be
advantageous for individuals that are hard of hearing because the {echnology allows someone
to feel their music including frequencies that a person may not be able to hear, Furthermore,
being able to independently tune the electroactive polymer actuators 418y, 410 is
advantageous because users may have asymmetric hearing loss. For example, someone with
hearing loss may have 80% hearing loss in the right ear and have only 60% hearing loss in
the left ear. Thus, someone with that profile may want to turn up the volume level as well as
the electroactive polymer actuator level on the right side but turn down the volume level and
the clectroactive polymer actuator level on the left side, relative to the right side. Even ifan
individual does not have hearing loss, they may prefer to experience different levels of
metion by the electroactive polymer actuator {conductive audio response} on one ear versus

the other.

{BBHES] It will be appreciated that the level control switch 428 mechanism for the
electrogctive polymer device 488 speaker volume level as well as electroactive polymer
actuator level may be integrated cither directly into the electroactive polymer device 4806 car

cups 412+, 4122 or as a separate wired or wireless controller.

[0086] The following description is directed to relaxation headphones including eleciroactive
polymer actuators. Low frequency phenomena may jnduce improved states of relaxation
{see, PHOTOSONIX and ILIGHTZ products as examples). Thus, coupling low frequency

vibrations or sounds to the human body may better help people to relax. Some methods use
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large chairs or apparatus which is not easily moved or casily transported. Other techniques
use standard headphones and sound waves in an attempt to provide a transportable relaxation
apparatus. Because conventional headphones do not directly produce sound waves at the
frequencies of interest, most acoustic methods use frequency differences of fairly high
frequencies, for example 400 Hz and 405 Hz, to obtain 4 5 Hz difference. In addition, a sonic
audio response due to sound waves may not be as effective at coupling into a human body as

a conductive audio response which can be transmitted by the skeletal system.

10087} FIG. 7 is an exploded view of a device 430 comprising an electroactive polymer
actuator 432 in accordance with the present invention. FIG. & is a cross-sectional view of the
audio device 430 shown in FIG. 7 in accordance with the present invention. With reference
now to both FIGS, 7 and 8, the audio device 436 comprises an electroactive polymer actuator
432 attached to an exterior portion of a sound cavity cover 436, A speaker 438 is located
within the cavity defined by the sound cavity cover 436. A speaker housing 448 is rigidly
attached to an ear cup housing 434 and supports the speaker 438, the sound cavily cover 436,
and the electroactive polymer actuator 432 therebetween. A cushion 442 may be attached to

the speaker housing 448,

{0088} Still with reference to both FIGS. 7 and &, there are many different device {e.g.,
headphone) architectures including over-the-car (circumaural) and on-the-ear (supra-aural}
configurations. In addition, the acoustic cavity may be: {1} open; (2} closed; or (3} closed
with an acoustic port. The electroactive polymer actuator 432 (e.g., electroactive polymer
motion element or module) can be used in over-car and on-ear headphones fo improve the
user experience by enhancing the low frequency content of the audio. Preferably, the
electroactive polymer actuator 432 is coupled directly to the sound cavity cover 436 portion
of the audio device 430, which is rigidly attached to the speaker housing 449 and the cushion
442, As shown, the surface outside of the sound cavity cover 436, behind the speaker 438,

may be utilized to mount the electroactive polymer actuator 432.

[6089] The electroactive polymer actuator 432 may be integrated in over-the-ear and on-the-
ear headphones to improve the user experience by enhancing the low frequency content of the
audio being plaved. The electroactive pelymer actuator 432 may preferably be attached to a
rigid flat surface, such as the back of the sound cavity cover 436, onone side and to a
suspended mass on the other side. The electroactive polymer actuator 432 moves the mass

relative o the speaker housing 4480, according to the low frequency portion of the audio
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signals it receives. A suspended mass attached to the speaker housing 448 through the
electroactive polymer actuator 432 results in a mass-spring-damper system. The movement
direction of the electroactive polymer actuator 432 may be best when oriented in parallel plan
relative to the ear, orthogonal to the axis of the acoustic driver (to minimize acoustic
artifacts).

{38%98] Accordingly, the eleciroactive polymer device depicted in FIGK. 7 and 8 may be
employed to create binaural frequencies that humans may feel. The created effect influences

the theta brainwaves of humans inducing the brain {o enier a state of deep relaxation.

18091} As illustrated in FIGS. 7 and 8, the device 430 includes a pair of headphones in which
a pair of electroactive polymer actuators 432 has been mounted. An inertial mass of about 26
g may be added to each of the electroactive polymer actuators 432 to produce soothing
motion (vibration) phenomena in the headphones 438. Stereo electronies, discussed below in
connection with FIGS. 9-11, provide for full independent left and right side motion
{vibration} and left and right side sound level control, as discussed above in connection with

FIGS, 4 and 3, to provide the relaxang experience to the user.

{8092 Lower mechanical resonant frequencies are used as compared to headphones
optimized for music listening. For example, in one embodiment, the resonant frequency was

selected around 44 Hz, even though lower frequencies are achievable.

{8093} As discussed above, most other methods of adding vibration use eccentric rotating
masses attached to clectric motors which cannot be controlled over a wide arbitrary range of
frequencies and amplitude. Such technigues are not dynamic and result in monotonic motion
centered around a single frequency. The electroactive polymer actuators 432 are dynamic
and can be controlled to a wide varicty of sensations and effects. With electroactive polymer
actuators 432, the device 438 may generate freguencies that cannot be heard but be felt by
humans to influence the theta brainwaves. Relaxation experts may be able to design better
programs using such an electroactive polymer actuator 432 enabled low-frequency device
430. Humans may enter a relaxation state for their body and brain on a button press and

using a mobile device.

{0894} It should be understood that although the discussion above centers on the application

of low-frequency stimuli to induce a relaxation state for the user, the present invention may
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also be used with drive signals designed to provide stimulation or increased alertness in the

user and more generally to provide stress relief for the user.

[6895] Most audio content can be delivered as a two-channel, real-time analog signal such as
stereo music, for example. In other instances, the audio content may be delivered as
streaming digital information. The analog audio signals may be processed to extract
meaningful content. This real-time content may be directed to the electroactive polymer

actuators 432 to produce compelling motion/acoustic effects.

{8896} FIGS. 9-11 describe an electronics system design that may be employed to operate the
electroactive polymer devices 488, 438 described in connection with FIGS, 4-8. As to each
device 480, 430, the electronics system may require a upique implementation based on its

features and specific design, therefore the electronics system described hercin is generic.

188971 Accordingly, turning now to FIG. 9, there is shown a diagram of a electroactive
polymer /acoustic audio device 588 in accordance with one embodiment of the present
invention. Preferably, the audio source 502 delivers audio content as two two-channel real-
time analog signals. In other instances, the audio source 542 may deliver streaming digital
information. The audio source S82 includes any one of a PC, IPOD, IPHONE, USB, 3.5 mm,
stereo, among other audio sources 582, The audio source 382 outputs a one or two channel
acoustic signal 504 and a one or two channel motion signal 5386. The acoustic and meotion
signals S84, 806 arc processed to extract meaningful content. The acoustic signal 504 is
processed by acoustic electronic system 388 and the motion signal 566 is processed by an
actuator clectronic system 514, The user may provide input 326 in any of the audio source

562, the acoustic electronic system 508, or the actuator electronic system 514.

{8098} The acoustic clectronic system 308 may comprise relatively simple audio electronics
ot more sophisticated digital signal processing (DSP) electronic cireuits. In some
embodiments, the acoustic elecironic system 508 may comprise passive or active noise
canceling circuits. The acoustic clectronic system 588 includes a left chanvel output section
$10: and a right channel output section 5142 1o independently drive left and right speakers
8123, 512, respectively. Thus, the left and right speakers 5121, §122 produce stereo sound
with independent volume level conirol. In one embodiment, however, one output signal may
be used fo drive both speakers §121, 5122 at once. Both amplitude and frequency of the low
voltage electrical signals output from the left channel cutput section 318 and the right

channel output section 518; are independently tunable.



WO 2014/160757 PCT/US2014/031830
20~

{0099} The motion signal 306 is processed by the actnator electronic system 514 to extract
meaningful content. The actuator electronic system 514 comprises a signal processing
section 822 and a high voliage amplifier section 524, The signal processing section 322
receives the motion signal 306 from the audio source 562 and prepares the signal for feeding
into the high voltage amplifier section 524. The high voltage amplifier section 524 includes a
left charmel ouiput section 5161 and a right channe! output section 3162 to independently
drive left and right clectroactive polymer actuators 5181, 5182, respectively, in the direction
indicated by arrows 5281, 8202, respectively. The real-time motion sigual 506 is thus directed
to the electroactive polymer actuators 5181, 818z to produce compelling motion effects. In
one embodiment, however, one output signal may be used to drive both electroactive polymer
actuators 5181, 5182 at once. Both amplitude and frequency of the high voltage electrical
signals output from the left channel output section 5161 and the right channel output section

§1&2 are independently tunable.

[3180] FIG. 10 is a block diagram 668 of an electronic topology for an independently tunable
actuator electronic system in accordance with the present invention. The actuator electronic
system 606 is suitable for independently driving electroactive polymer actuators, such as the
electroactive polymer actuators 518y, 318z described in connection with FIG, 9. As shown in
FIG. 19, the block diagram 606 of the elecironic circuit for generating low frequency motion
signals 6141, 614R for driving the electroactive polymer actuators 616L, 616R, respectively.
A variety of signal conditioning, amplifying, compensating, and driving circuits are also
implemented. In particular, an analog audio signal module 682 receives analog motion
signals from a differential arplifier source, or any suitable source. In one embodiment, the

differential amplifier may be implemented with any suitable integrated circuit amplifier.

10101} From the analog audio signal module 682, the signal is passed to a low frequency
digital filter module 686. The low frequency digital filter module 686 may be implemented
using any suitable circuit technique and may comprise a microcontroller and a programmable
gate array circuit, among other digital or analog processing circuit elements. In one
embodiment, the low frequency digital filter module 686 may be implemented with any
suitable programmable system, such as, for example a programmable system-on-chip

controller.

10162} A low frequency amplifier module 688 amplifies the output of the low frequency

digital filter 606 and the output is passed fo the programmable gate array circuil. Inone
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embodiment, the low frequency amplifier module 688 may be implemented using any

suitable integrated circuit amplifier.

(4163} The output of the low frequency digital filter 686 is provided to a non-linear inverse
transform circuit {(square root circuit) such as an inverse polynomial circuit 618, which
provides the electronic audio signal compensation to remove unwanted distortions in the
audio signal used to move the electroactive polymer actuators. In other words, the inverse
polynomial circuit 618 approximates an inverse function to lincarize the electroactive
polymer actuators, for example. In various embodiments, the inverse polynomial circuit 618
may be implemented using integrated circuits, programmable circuits, piecewise linear
circuits and/or any combinations thereof. In one embodiment a piccewise linear circuit can
be used to approximate a non-lingar function, such as sine, square-root, logarithmice,
exponential, and the like, for example. The quality of the approximation depends on the
number of segments emploved by the plecewise linear circuit and the strategy used in
determining the segments. There are two approaches to building piecewise linear circuits: (1)
non-linear voltage dividers with diodes {(or transistors) used {o swiich between the segments
and (2) summing the outpuis of a chain of saturating amplificrs. Both of these approaches
may be emploved and are technically equivalent although each has its advantages and

disadvantages.

[¢164] The diode approach has the advantage of simplicity but the disadvantages include
temperature dependence on the switching thresholds and relatively slow response. The
saturating amplifier method has the disadvantage of complexity but the advantages of
minimal temperature dependence on thresholds and high speed. In various embodiments, the
inverse polynomial circuit 610 may be implemented as a compression or an expansion circuit,
each type having a different circuit topology. A compression circuit compresses the dynamic
range of an input signal whereas an expansion circnit expands the dynamic range. Examples
of compression circuits include square-root, logarithmic, and sine and generally employ non-
linear voltage divider techniques. One example of an expansion circuit is an exponential

function.

{3165] In other embodiments, a combination of compression and expanston circutts may be
employed to iraplement the inverse polynomial circuit 818 to linearize electroactive polymer
actuators, for example. One embodiment of a piccewise lingar circuit using diode swilching

to approximate an inverse square-root function may be employed. The output of the inverse
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polynomial circuit 618 is provided to a high voltage power amplifier 612 for amplification to
a level sufficient to drive the eleciroactive polymer actuator module. Preferably, the voltage
required to drive the electroactive polymer actuator module may range from a few hundred
volts (V) to several thousand volis (kV), with a nominal driving voltage of about 1 kV. Aleft
channel output 614L of the high voltage amplifier 612 is provided to a left reflex actuator and
mass 6161, e.g., to an electroactive polymer actuator located in a left ear cup of the
headphones. A right channel cutput §14R of the high voltage amplifier 612 is provided to a
right reflex actuator and mass 616R, ¢.g., to an electroactive polymer actuator located in a
right ear cup of the headphones. In one embodiment, single phase actuators can be improved
using a square root circuit in the sensory enhanced headphones comprising ¢lectroactive
polymer actuators. Non-linear control technigues also may be eroployed in multi-phase

actuators, for example.

6186} Accordingly, as described in connection with FIGS. 5-10, in one ernbodirnent of the
present invention provides an apparatus for applying binaural frequencies that a human can
feel. For example, if a person is in beta stage (highly alert) and a stimulus of 10Hz is applied
to his/her brain for some time, the brain frequency is likely to change towards the applied
stimulus. The effect will feel relaxing to the person; a phenomenon known as “frequency

following response.”

{0197} Electroactive polymer actuators and driving techniques described in connection with
FIGS. 5-10 may be used to generate motion signals to stimulate the brain using a binaural
technigue. The stimulus may be applied using binaural beats, If the left element is presented
with a steady tone of 500Hz and the right element a steady tone of 510Hz, these two tones
combine in the brain. The difference, 10Hz, is perceived by the brain and 1s a very effective
stimulus for brainwave eniraimment. This 10Hz is formed entirely by the brain. The devices
described in connection with FIGS. 5-10 mat be employed to move one side of a person’s
head with a first motion signal at a first frequency (1) and the other side of the person’s head
with a second motion signal at a second frequency (/7). The left and right motion signals do
not mix together, but rather constructively interfere to create a binaural beat with a frequency
roughly equal to the frequency difference (Af = /2~ f7) which is perceived by brain. .

[0108] For example, to obtain a motion stimulus of 10Hz, motion signals of 50Hz and 60Hz,

or 40Hz and 50Hz, or 80Hz and 901z should be applied. The electronic system 680

described in FIG. 10 is configured to respond to signals between ~1Hez and ~150Hz. The
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electroactive polymer actuators have a mechanical resonance around 44 Hz when placed on a

human subject. Optimum frequencies are in approximately the 20 Hz to 80 Hz range.

13109] It will be appreciated that the motion level in each channel can be independently
controfled to customize the binaural effect using electroactive polymer actuators. Inone
embodiment, where the devices have independently controlled acoustic and motion levels,
the binaural stimulus may be enhanced using a combination of audible frequencies and
motion frequencies to generate binawral stimulus to the brain. Table 1 below depicts the

effect of binaural beats.

[0116] TABLE 1

State Freguency range State of mind
Delta | 7;0,5 H? - 4Hz 'E}é(—:p steep
‘ Theta 4Hz - 8Hz Drowsiness {also first §tage of sleep)
Alpha 8Hz - 14Hz Relaxed but alert
Beta 14Hz - 30Hz Highly alert and focused

[8111] FIGS. 11-14 are graphical depiction of test results conducted with a modified ATH-
M30 Headphones. The headphones included three bar/two layer actuators installed into
flexure modules using a 26 g inertial mass, as described by way of exarople in FIGS. 2A and
28B. Only one bar of three was connected to the mass which reduced the spring constant by a
factor of three. This resulted in a significantly lower mechanical resonant {requency than the
typical headphones used for audio enhancement. The acoustic volume levels and actuator
motion levels may be operated independently or together as described in connected with
FIGS. 5-10. This is a full stereo system with independent gains on both actuators, At
minimum gain setting, 100 mV peak-to-peak (“pk-pk™) produces full output to the actuators.
At maximum gain setting, 25 mV pk-pk produces full ouiput to the actuators. A quick check
of the acoustic response after modification shows no significant differences from a standard
ATH-M30 headphone. A chirp frequency response from 20 Hz-20 kHz is shown below. The

test signal is 200 mV pk-pk and a logarithmic sweep oceurring in one second.
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[6112] FIG. 11 is a graphical depiction 788 of acoustic response of a headphone with
electroactive polymer actuators turned on. Freguency (Hez) is shown along the horizontal axis

on 8 logarithmic scale and Acoustic Respouase [y(f)| is shown along the vertical axis.

[8113] FIG. 12 is a graphical depiction 718 of acoustic response of the headphones with
electroactive actuators in FIG. 11 turned on and actuator gains set to minimum. Frequency
(Hz) is shown along the horizontal axis on a logarithmic scale and Acoustic Response {y(f)] is

shown along the vertical axis.

{6114} FIG. 13 is a graphical depiction 728 of acceleration of headphone ear cups versus
frequency measured on a Head And Torso Simulator (HATS). Frequency (Hz) is shown
along the horizontal axis on a logarithmic scale and Acceleration (g) is shown along the
vertical axis. The resonant frequency measured on HATS (B&K 4128¢ Head and Torso
Simuldator) was about 53 Hz but measures around 44 Hz when placed on a hursan test subject
{see FIG. 14). The vertical scaling on FIG. 13 15 0.0312 was 0.1 g peak (0.2 g’s peak-to-peak.
Left and right vertical (Y} axis and horizontal {X) axis acceleration was measured versus
vibration frequency of the electroactive polymer actuator. As shown in FIG. 12, four curves
were plotted: the left X-axis 726, the left Y-axis 722, the right X-axis 728, and the right Y-
axis 724. Because the electroactive polyvmer actuators were configured to move primarily in
the X-direction relative to the Y-direction, as shown in FIG. 12, the right X-axis and the left
X-axis 726 accelerations were greater than the corresponding right Y-axis 734 and left Y-axis

722 accelerations.

{6115} FIG. 14 is a graphical depiction 730 of acceleration of headphone ear cups comprising
clectroactive polymer actuators versus frequency measured oun a human test. Frequency (Hz)
is shown along the horizontal axis on a logarithmic scale and Acceleration (g) is shown along
the vertical axis. The resonant frequency measured s about 44 Hz when placed on a human
test subject. The vertical scaling on FIG. 13 15 0.0312 i3 0.1 g peak (0.2 ¢’s peak-to-peak).

As shown in FIG. 13, four curves are plotted: the lefi X-axis 736, the left Y-axis 732, the
right X~axis 738, and the right Y-axis 734, Because the electroactive polymer actuators were
configured to move primarily in the X-direction relative to the Y-~direction, as shown in FIG.
12, the right X-axis and the left X-axis 726 accelerations were greater than the corresponding

right Y-axis 724 and left Y-axis 722 accelerations.

{0116] The following description of the present invention is directed to integration of an

electroactive polymer actuator info an car bud insert of an carphone. The assembly safely
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shields the electroactive polyruer actuator and high voltage wires to minimize the risk of
shock. FIGS, 15-17 illustrate three approaches to conforming an integrated electroactive

polymer actuator/ear bud into an car.

[8117] FIG. 15 is a cross-sectional view of 2 hub-mounied audio device 880 located inside
the ear canal 808 in accordance with one embodiment of the present invention. The hub-
mounted audio device 838 comprises a wall 886 and a potted electroactive polymer actuator
884 mounted about a hub 802. As shown in FIG. 13, an inner portion 818 of the potted
electroactive polymer actuator 884 contacts an outer surface 812 abut the perimeter of the
hub 802 and outer portions 814 of the electroactive polymer actuator 804 contact inner
portions of the wall 866 whereas other surfaces 816, 817 of the electroactive polymer
actuator 884 do not contact the wall 886 and rather define openings 818, 819 between the
wall 886 and the outer surfaces 816, 817. The openings 818, 819 are separated by the hub
802 and potied clectroactive polymer 804,

10118] FIG. 16 is a cross-sectional view of a wall-mounted audio device 828 located nside
the ear canal 808 in accordance with one embodiment of the present invention. The wall-
mounted audio device 820 comprises a wall 826 and a potted electroactive polymer actuator
824 mounted to the wall 826 rather than a hub 822. As shown in FIG. 16, an outer surface
828 of the potted electroactive polymer 824 contacts an inner portion of the wall 826 about
the perimeter thereof. Portions 838 on an inner surface of the potted electroactive polymer
824 contact the hub 822 and defines openings 832, 834 between portions 836, 838 of the

polted electroactive polymer actuator 834 and outer surfaces of the hub 822.

8119} FIG. 17 is a cross-sectional view of a fully potied andio device 848 located inside the
ear canal 808 in accordance with one embodiment of the present invention. The fully potted
audio device 840 comprises a hub 842, a potted clectroactive polymer actuator 844, and a
wall 846. The potted clectroactive polymer actuator 844 occupies the entire space between
the inner surface 848 of the wall 846 and the outer surface 852 of the hub 842, Accordingly,
the outer surface 850 of the potted clectroactive polymer actuator 844 is in contact with the
inner surface 848 of the wall 846 and the inner surface 854 of the potted clectroactive

polymer actuator 844 is in contact with the outer surface 8582 of the hub 842,
(6128} FIG. 18 is a diagram of a conventional carphone 860. The conventional earphone 868

includes a rigid case back 862, a rigid case front 864, and a flexible rubber ecar bud 866. A

rigid sound tube 868 is molded into the rigid case front 864. The conventional earphone 868
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is built using two pieces, with the rigid sound tube 868 rigidly attached to the rigid front case

864 of the earphone 864,

[B3121] FIG. 19 is a diagram of an earphone 878 in accordance with the present invention.
The carphone 878 comprises a rigid case back 872, a rigid case front 874, and a flexible
rubber ¢ar bud 876. Tn accordance with this embodiment of the present invention, however, a
rigid sound tube 878 is formed as an integral feature of the otherwise flexible rubber ear bud
876. During assembly, the end 884 of the sound tube 878 is attached to the rigid case front
874, for example using adhesive, snap-fit, or ulirasonic welding. This provides a
straightforward means of routing high-voltage leads 888 (HV+), 882 (GND) into the case

front 874 and case back 872 during assembly.

13122} Accordingly, the new configuration of the earphone 870 described in FIG. 19
decouples the rigid sound tube 878 from the rigid front case 874 of the earphone 870 to
accommodate an electroactive polymer actuator and accompanying high voltage leads 886,
882. This embodiment of the present invention integrates the dielectric elastomer actuator
into the car bud 876 insert portion of the earphone 878 as described in connection with FIGS.
15-17. The assembly safely shields the electroactive polymer actuator and the high voliage

wires 888, 882 (o minimize the risk of shock.

{0123] As shown in FIG. 19, the high voltage wires 888, 882 are routed nside the protective
rigid case front 872 at the earliest possible point, minimizing shock hazard. Furthermore, the
earphone 870 ﬁrovides a rigid foundation for building up the flexible ear bud 876, enabling
better precision when molding in or otherwise integrating the electroactive polymer actuator
into the ear bud 876, as discussed in connection with FIGS. 15-17. Finally, the earphone 878
configuration shown in FIG. 19 cnables the designers to coniroel space that was previously
taken up by the rigid “sound tube” of the rigid case front and the “hub” of the flexible ear

bud. As space is at a premium in the car canal, it is helpful to be able to minimize the radial

thickness of these passive parts, and leave more room for the electroactive polymer actuator.

10124] FIGS. 20A-200D illustrate placement of electroactive polymer actuator 890 in an ear
bud 876 in accordance with the present invention. The car bud 876 is coupled to the rigid
front case 874. The high-voltage wires 884, 882 are electrically coupled to the electroactive
polymer 898 and in FIGS. 204, 20B are seen exiting the end of the rigid front case 874, As

shown in FIG. 20D, the electroactive polymer 898 are located within a cavity 892 formed
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inside the flexible ear bud 876. As shown in FIG. 20D, the electroactive polymer 898 are in

contact with the wall of the ear bud 876 but not the hub 892,

{0125} FIG. 21 is a graphical depiction of frequency response of the ear bud 876 shown in
FIGS. 20A-200 in accordance with the present invention. The acoustic response was
adequate, The tactile response was low when held in fingertips, there was no sensation at
~f=20-100 Hz and were detectable at ~=100-200 Hz. Futurc configurations inspired by
these results include addition of strain relief at sofi-stiff transition - Soft = ear bud 876 and
electroactive polymer actuator 886, Siiff = wire-wrap leads 888, 882, I'or measurements, a
cast silicone ear and canal was considered ideal as it would match body stiffvess: (Shore 00
35). An LDM laser was shined through the silicone to measure movement of a laser dot on

the ear bud surface. The LDM laser was moved to get multiple points.

{6126] For electrical insulation, zero-defect isolation of ~1-1.8 kV is required and the
insulation must not over-constrain movement. Because the ear bud 876 surface has
compound curvature, it requires precise molds and fixtures. Other desirable methods of

manufacturing the ear bud 876 include machining or 3D printing.

10127} FIG. 22 illustrates an improved potting fixture 900 for placing the electroactive
polymer actuator 89¢ into ear buds 876 in accordance with the present invention. As shown,
the electroactive polymer 876 and the high voltage wires 880, 882 located through various
openings 902 formed on a cover portion of the potting fixture 998, The ear buds 876 are
aligned along corresponding receiving holes 986 formed in a bottom case portion 208 of the
potting fixture 988, As shown in FIG. 22, the clectroactive polymer 898 electrically coupled
to the high voltage wires 880, 882 are inserted into openings 918 formed in the ear buds 876

and the entire assembly is then inserted into receiving holes 986 in the bottom case 968 where

the assembly is potted.

3128 FIGS. 23A-23D are photographs showing an electroactive polymer actuator 898
placement in an ear bud 876 in accordance with the present invention. In FIG. 23A, the
electroactive polymer actuator 898 elecirically coupled to high-voliage wires 889, 882 is
shown fo the left of a sectioned portion of the car bud 876. A detail view of the sectioned ear
bud 876 is shown in FIG. 23C. FIGS. 23B and 23D show sectional views of the clectroactive

polymer actuator 888 mounied inside the ear bud 876.
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181297 FIG. 24 is a graphical depiction of a finite element analysis rough draft model

prediction of movement of the electroactive polymer actuator 898 within the ear bud 876,

18130} FIG. 254 is a graphical depiction 928 of measured movement consistent with the
prediction shown in FIG. 24 in accordance with the present invention. FIG. 25Bisa
sectional view of the ear bud 876 and the electroactive polymer actuator 8%¢ mounted therein
in accordance with the present invention. A medium ear bud 876 with a 20 layer
electroactive polymer actuator 898, one slab, potted in a potting compound, 1.8 kV, free
stroke was used to generate the data for FIG. 25A. The angle 8 was varied from -5 degrees to
60 degrees and the rmeasurements plotted in the graph 820 shown in FIG. 25A were taken at -
5 degrees, 10 degrees, 30 degrees, and 60 degrees. With reference to both FIGS, 25A and
258, the solid triangles { & ) represent 60 degrees; the solid circles (8) represent 30 degrees;
the solid squares (m) represent 10 degrees; and the solid diamonds {#) represent -5 degrees.
The amplitude distribution was consistent with finite element rough draft shown in FIG, 24.
The direction also agreed (field on radius reduced), whereas the peak amplitude was lower

than the model.

[0131] FIG. 26 is a photograph depicting the results of high potential voltage (HiPot) testing
of an electroactive polymer actuator enhanced car bud in accordance with the present
invention. The procedure is as follows: contact with Al foil 822 repeat 5% to ensure all
surface tested. Voltage=3600 DC (2x operating voltage). Time =1000 sec. No failures (N=2
samples). A device made in this manner is illustrated in FIG. 27 and had V=1.6kV (35
V/um), a frequency=60-120 Hz. The tactile sensation was detected in pinch grip (3/3
subjects). A tactile sensation was detected in the car canal (3/3 subjeets) and was reported to

be not annoying (3/3).

{0132} FIGS. 28A-28C illustrate some additional movement strategies such as a piston mode
(FIG. 28A), a bender mode (FIG. 28R) and a basket mode (FI1G. 28C) in accordance with the
present invention. As shown in FIG. 28A, in piston mode the motion is along the
longitudinal axis defined by the electroactive polymer actuator 938, As shown in FIG. 284,
excitation by a voltage poteniial causes electroactive polymer actuator 938 to clongate by Ad
in the longitudinal direction defined by the electroactive polymer actuator 936, In FIG. 288,
in bender mode the electroactive polymer actuator 932 bends under a force F like a beam for
a displacement in the Y direction of Ay relative to X, by an angle of 8. In the basket mode

shown in FIG. 28C, the electroactive polymer 934 is shaped like a basket and is capable of
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expanding and collapsing under the influence of a high-voltage potential between the HV+
and GND wires,

{6133] FIGS. 29A and 298 illustrate some potential issues arising out of the piston mode
movement depicted in FIG. 28A. In the piston wode, the electroactive polymer actuator 938
stack or roll may buckle instead of elongating in the longitudinal direction defined by the
electroactive polymer actuator %36,

{8134} FIGS. 30 and 31 illustrate the bender mode previously discussed in connection with
FIG. 288, In FIG. 30, the bending angle 8 is determined and in FIG. 31, the Ay displacement
is determined. As shown in FIG. 30, the straight beam 932 is represented by the expression:
{#135] Sr=(r:+)8

{8136] and the bent beam 934 is represented by the expression:

{6137} Si=pri=¢{

{4138} The angle 6 is small ~3.2° and is calculated according to the following:

{6139] In FIG. 31 it is shown that for a small angle 88, Ay=0.57mm and is calculated

according to the following:

Small angle approx
@mr""é@

Ay max sind

A
Ay = X, 55?& jﬁww
(S

[0.018 m]1.017 - 11
[0.003m]
Ay = 000057 m=0.57 mm

Ay =10.010 m}sin(

101461

{0141] FIG. 32A is an exploded view of a unimorph electroactive polymer actuator 948
including relative dimensions thereof in accordance with the present invention. FIG. 32B is
an assembled view of the unimorph electroactive polymer actuator 948 shown in FIG. 32A.
With reference now to both FIGS. 32A and 32B, the umimorph electroactive polymer actuator
940 comprises an electroactive polymer roll 942, an electrically insulated sheet %44, and an

clectrical conductor 946. Although a set of suitable dimensions for implementing a unimorph



WO 2014/160757 PCT/US2014/031830
3}~

slectroactive polymer actuator 948 is disclosed in connection with the present invention, such
dimensions should not be construed in a limiting manner. Rather, such dimensions may be
modified for any suitable applications without departing from the overall scope of the present

invention.
[0142] FIG. 33 is photograph showing several unimorph electroactive polymer actuators 949.

[6143] FIG. 34 is a graphical depiction 942 of measured movement of roll bender
electroactive polymer actuators, Theory: Ax=0.57 mm; Observed: Ax=0.25-0.35 mny;

Fblock=0.025 N.

[8144] FIG. 35A illustrates spring ratc on tension roll from loaded hoops 848 in accordance
with the present invention. FIG. 358 is a graphical depiction 847 of force as a function of
siretch ratio. From pure geometry, about a 30% increase in force can be achieved using a
linear spring on the hoop. But this would require a great fattening of the electroactive
polymer actuator. 10 degrees is about acceptable. But this only gives strain of 1.5%. Many
smaller hoops at about 40 degrees could be accepiable. -20 degrees gives 6% strain; 30
degrees gives 15% strain; 40 degrees gives 30% strain. Nonlinear (strain sofiening) hoop

spring could increase the steepness of the negative rate.

18145] The force F is calculated as follows:

Fwfy
F

Fom

Y sing

F, = F,cos8
F, = F cotd
|Fly| = kd sin & cot & = kd cos &

x=dcosf

[0146] An average human ear canal is about 26 mm in length and 7 mm in diameter. The
outer part of the canal consists of a cartilaginous soft body and a 0.5 - 1.0 mm thick skin with
glands and hair follicles. The glands produce ear wax, which has an important role in
keeping the ear canal clean and protecting it from bacteria, fungi and insects. The outer soft
part of the canal forms one third to one half of total canal length. The remaining inner part of
the canal rests on the opening of the bony skull and the skin in this part of the canal is tightly
applied to the bone. The skin here is approximately 0.2 mun thick and it may be easily

injured or ruptured.
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[0147] FIG. 36 is a diagram of the human ear 1608, Applied sound pressure 1602 at the ear
canal entrance 1004, radiated sound pressure at the car canal entrance 1064, applied force or
displacement at the actuator attachment points 10888, and displacement of the {ootplate center

in the direction of the longitudinal stapes axis 1618 are shown.

[0148] The foregoing examples of the present invention are offered for the purpose of
iltustration and not limitation. It will be apparcnt to those skilled in the art that the
embodiments described herein may be modified or revised in various ways without departing
from the spirit and scope of the invention. The scope of the invention is {o be measured by

the appended claims.

{0149} It is to be appreciated that the emabodiments described herein illustrate example
implementations, and that the functional elements, logical blocks, program meodules, and
circuits elements may be implemented in various other ways which are consistent with the
described embodiments. Furthermore, the operations performed by such functional elements,
logical blocks, program modules, and circuits elements may be combined and/or separated
for a given implementation and may be performed by a greater nuraber or fewer number of
components or program modules. As will be apparent to those of skill in the art upon reading
the present disclosure, each of the individual embodiments described and illustrated herein
has discrete components and features which may be readily separated from or combined with
the features of any of the other several embodiments without departing from the scope of the
present disclosure. Any recited method can be carried out in the order of events recited or in

any other order which is logically possible.

[0158] It will be appreciated that those skilled in the art will be able to devise various
arrangements which, although not explicitly described or shown herein, embody the
principles of the present disclosure and are included within the scope thereof. Furthermore,
all examples and conditional language recited herein are principally intended to aid the reader
in understanding the principles described in the present disclosure and the concepts
contributed to furthering the art, and are to be construed as being without limitation to such
specifically recited examples and conditions. Moreover, all statements herein reciting
principles, embodiments, and embodiments as well as specific examples thereof, are intended
to encompass both structural and functional equivalents thereof. Additionally, it is intended
that such cquivalents include both currently known equivalents and equivalenis developed in

the future, i.e., any elements developed that perform the same function, regardiess of
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structure. The scope of the present disclosure, therefore, is not intended to be limited to the
exemplary embodiments and embodiments shown and described herein. Rather, the scope of

present disclosure is embodied by the appended claims.

8151} Groupings of alternative elements or embodiments disclosed herein are not {o be
construed as Hmitations. Each group member may be referred to and claimed individually or
in any combination with other merabers of the group or other elements found herein. Itis
anticipated that one or more members of a group may be included in, or deleted from, a group

for reasons of convenicnce and/or patentability.

[0152] While certain features of the embodiments have been illustrated as described above,
many modifications, substitutions, changes and equivalents will now occur to those skilled in
the art. It is therefore to be understood that the appended claims are intended to cover all
such modifications and changes as fall within the scope of the disclosed embodiments and

appended claims.

{01583} Various aspects of the subject matter described herein are set out in the following

numbered clauses:

{3184} 1. An electroactive polymer device comprising: first and second electroactive
polymer actuators which are spatially separated, cach of the electroactive polymer actuators
comprising an electroactive polymer film, at least one pair of opposing compliant electrodes,
and at least one mechanical output region, wherein the mechanical cutput region is
configured o move in response to an activation signal being applied to the electroactive
polymer film; wherein the first electroactive polymer actoator is configured to receive a first
high voltage electrical signal and the second electroactive polymer actuator is configured to
receive a second high voltage electrical signal, wherein the first and second high voltage

clectrical signals are independently tunable in both frequency and amplitude.

[8185] 2. The electroactive polymer device according to Clause 1, wherein the first high
voltage electrical signal has a first frequency track and the second high voltage electrical
signal has a second frequency track, wherein the first frequency track is not the same as the

second frequency frack.

[0156] 3. The electroactive polymer device according to clause 2, wherein the frequencies

of the first and second frequency tracks are approximately in the range of ~1Hz and ~150Hz.
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[0157] 4. The eleciroactive polymer device according to any of clauses 1 to 3 wherein the
electroactive polymer device is an audio device further comprising at least one acoustic
speaker which is configured o receive a first low voltage electrical signal that is tunable in

both frequency and amplitude independently from the electroactive polymer actuators.

[0188] 5. The electroactive polymer device according to clause 4 {urther comprising at least
a second acoustic speaker which is configured to receive a second low voltage electrical
signal that is tunable in both frequency and amplitude independently from the electroactive

polymer actuators.

[0139] 6. The electroactive polymer device according to clause 5, wherein amplitude and
frequency of each of the first and second low voltage electrical signals is independently

tunable for each of the first and second acoustic speakers.

[0160] 7. The eleciroactive polymer device according to one of clauses 1 to 6, wherein the
device comprises one of an over-the-car headphone, an inside-the-ear headphone, aa in-the-
ear andio device, a personal sound amplification device, a stress relicf aid, a relaxation aid, a
stimulation aid, and a hearing aid.

{6161} 8. The electroactive polymer device according to any of clauses 1 to 7 wherein the
first and second electroactive polymer acluators are situated to provide motion on separate
locations on a user’s head and are driven to provide a binaural beat that is approximately the

difference between the frequencies of the first and second electroactive polymer actuators.

[0162] 9. The electroactive polymer device according to one of clauses { 1o 8, wherein the
device comprises an in-the-ear device, further comprising: a first hub; a first wall; and

wherein the first electroactive polymer actuator located between the hub and the wall,

[0163] 10. The in-the-ear device according to clause 9, wherein the first electroactive
polymer actuator is potted in a potting compound and is mounted to the hub and defines at
least one cavity between an interior surface of the wall and an exterior surface of the
electroactive polymer actuator or wherein the first electroactive polymer actuator is potted in
a poiting compound and mounted to the wall and defines at least one cavity between an
interior surface of the electroactive polymer actuator and an exterior surface of the hub, or
wherein the first electroactive polymer aciuator is potied in a potting compound and is
mounted to the wall and the hub to fill the space defined between an interior surface of the

wall and an exterior surface of the hub.
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[0164] 11. The in-the-ear device according to clause 9, further comprising: a second hub; a

second wall; and wherein the second electroactive polymer actuator located between the hub

and the wall.

[0165] 12. The electroactive polymer device according to one of clauses 1 to 11, wherein
the device comprises an in-the-ear audio device, further comprising: a first rigid case back; a
first rigid case front; a first flexible rubber ear bud; wherein the first electroactive polymer

actuator is located within the flexible ear bud.

13166} 13. The in-the-ear audio device according to clause 12, further including a rigid
sound tube formed as an integral feature of the flexible rubber ear bud, wherein the rigid

sound tube is configured to attach to the rigid case front.

{6167} 14. The in-the-ear audio device according to clause 12, further comprising: a second
rigid case back; a second rigid case front; a second flexible rubber ear bud; wherein the

second electroactive polymer actuator located within the flexible ear bud.

[8168] 15. A method of driving the device according to any of clauses 1 to 14 wherein the
first and second electroactive polymer actuators are driven to provide a conductive audio
response that couples to brain waves to induce one of mental relaxation or mental

stimulation.
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WHAT IS CLAIMED IS:

1. An electroactive polymer device comprising:

first and second electroactive polymer actuators which are spatially separated, cach of the
electroactive polymer actuators comprising an clectroactive polymer film, at least one
pair of opposing compliant electrodes, and at least one mechanical ocutput region,
wherein the mechanical output region is configured to move in response {0 an
activation signal being applicd to the electroactive polymer film;

wherein the first electroactive polymer actuator is configured to receive a first high voltage

electrical signal and the second electroactive polymer actuator is configured to receive a

second high voltage electrical signal, wherein the first and second high voltage electrical

signals are independently tunable in both frequency and amplitude.

2. The electroactive polymer device according to Claim 1, wherein the first high voltage
electrical signal has a first frequency track and the second high voltage electrical signal has a
second frequency track, wherein the first frequency track is not the same as the second
frequency track.

3. The electroactive polymer device according to Claim 2, wherein the frequencies of

the first and second frequency tracks are approximately in the range of ~1Hz and ~150Hz.

4, The electroactive polymer device according to any of Claims 1 to 3 wherein the
electroactive polymer device is an audio device further comprising at least one acoustic
speaker which is configured to receive a first low voltage electrical signal that is tunable in
both frequency and amplitude independently from the electroactive polymer actuators.

3. The electiroactive polymer device according to Claim 4 further comprising at least a
second acoustic speaker which is configured to receive a second low voltage electrical signal
that is tunable in both frequency and amplitude independently from the electroactive polymer

actuators.

6. The electroactive polymer device according to Claim 3, wherein amplitude and
frequency of each of the first and second low voliage electrical signals is independently

tunable for each of the first and second acoustic speakers.



WO 2014/160757 PCT/US2014/031830

7. The electroactive polymer device according io one of Claims 1 to 6, wherein the
device comprises one of an over-the-ear headphone, an inside-the-ear headphone, an in-the-
ear audio device, a personal sound amplification device, a stress relief aid, a relaxation aid, 2

stimulation aid, and a hearing aid.

8. The electroactive polymer device according to any of Claims 1 to 7 whevrein the first
and second electroactive polymer actuators are situated to provide motion on separate
locations on a user’s head and are driven to provide a binaural beat that is approximately the

difference between the frequencies of the first and second electroactive polymer actuators.

9. The electroactive polymer device according o one of Claims 1 to 8, wherein the
device comprises an in-the-car device, further comprising:

a first hub;

a first wall: and

wherein the first electroactive polymer actuator located between the hub and the wall.

10.  The in-the-ear device according to Claim 9, wherein the first electroactive polymer
actuator is potied in a potling compound and is mounted to the hob and defines at least one
cavity between an interior surface of the wall and an exterior surface of the clectroactive
polymer actuator or wherein the first electroactive polymer actuator is potted in a potting
compound and mounted to the wall and defines at least one cavity between an interior surface
of the electroactive polymer actuator and an exterior surface of the hub, or wherein the first
electroactive polymer actuator is potted in a poiting compound and is mounted to the wall
and the hub to fill the space defined between an interior surface of the wall and an exierior

surtace of the hub.

11, The in-the-ear device according to Claim 9, further comprising:
a second hub;
a second wall; and

wherein the second electroactive polymer actuator located between the hub and the wall.
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12, The clectrosetive polymer device according to one of Claimy 1 to 11, whersin the
device comprises an in-the-ear audio device, further comprising:

a first rigid case bagk;

o frst rigid case frong

a first flenible rubber ear bud;

wherein the fird electroactive polymer actuator is located within the flexible sar bud.

13, The in-the-car audio device according to Claim 12, fwrther tncluding a rigid sound
tube formed as an btepral feature of the Sexible robber sar bud, whersin the rigid sound tube

ix vonfigured 10 attach o e rigid vase front.

14, The in-the-ear andiv device according to Claim 12, further comprising
a sevond vigid vase backs

a seeond rigid case front;

g second Hexible rabber car by

wherein the second slectroactive pubymer sctuator focated within the fexible ear boad,

1S, Amethod of deiving the devite according to any of Claims 1 to 14 wheretn the fiest
and second electroactive polymer actuntors are driven to provide 8 conductive audio response

that couples to hrainwaves to induce one of mental relaration or mental stimulation.
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