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where the nanovoids include a fill gas.
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GAS-SOLUBLE NANOVOIDED POLYMERS

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a Continuation of U.S. Applica-
tion Ser. No. 16/524,631 filed on 29 Jul. 2019, the disclosure
of which is incorporated, in its entirety, by this reference.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] The accompanying drawings illustrate a number of
exemplary embodiments and are a part of the specification.
Together with the following description, these drawings
demonstrate and explain various principles of the instant
disclosure.

[0003] FIG. 1 is a schematic illustration of a gas-impreg-
nated nanovoided polymer actuator according to some
embodiments.

[0004] FIG. 2 is a schematic illustration of a gas-impreg-
nated nanovoided polymer actuator according to further
embodiments.

[0005] FIG. 3 is a schematic illustration of a gas-impreg-
nated nanovoided polymer according to some embodiments.
[0006] FIG. 4 is a schematic illustration of a gas-impreg-
nated nanovoided polymer actuator according to further
embodiments.

[0007] FIG. 5 show a multi-layer gas-impregnated nano-
voided polymer actuator according to various embodiments.
[0008] FIG. 6 is an illustration of an exemplary artificial-
reality headband that may be used in connection with embo-
diments of this disclosure.

[0009] FIG. 7 is an illustration of exemplary augmented-
reality glasses that may be used in connection with embodi-
ments of this disclosure.

[0010] FIG. 8 is an illustration of an exemplary virtual-
reality headset that may be used in connection with embodi-
ments of this disclosure.

[0011] FIG. 9 is an illustration of exemplary haptic
devices that may be used in connection with embodiments
of this disclosure.

[0012] FIG. 10 is an illustration of an exemplary virtual-
reality environment according to embodiments of this
disclosure.

[0013] FIG. 11 is an illustration of an exemplary augmen-
ted-reality environment according to embodiments of this
disclosure.

[0014] Throughout the drawings, identical reference char-
acters and descriptions indicate similar, but not necessarily
identical, elements. While the exemplary embodiments
described herein are susceptible to various modifications
and alternative forms, specific embodiments have been
shown by way of example in the drawings and will be
described in detail herein. However, the exemplary embodi-
ments described herein are not intended to be limited to the
particular forms disclosed. Rather, the present disclosure
covers all modifications, equivalents, and alternatives fall-
ing within the scope of the appended claims.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0015] Polymer materials may be incorporated into a vari-
ety of different optic and electro-optic device architectures,
including active and passive optics and electroactive
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devices. Electroactive polymer (EAP) materials, for
instance, may change their shape under the influence of an
electric field. EAP materials have been investigated for use
in various technologies, including actuation, sensing and/or
energy harvesting. Lightweight and conformable, electroac-
tive polymers may be incorporated into wearable devices
such as haptic devices and are attractive candidates for
emerging technologies including virtual reality/augmented
reality devices where a comfortable, adjustable form factor
is desired.

[0016] Virtual reality (VR) and augmented reality (AR)
eyewear devices or headsets, for instance, may enable
users to experience events, such as interactions with people
in a computer-generated simulation of a three-dimensional
world or viewing data superimposed on a real-world view.
VR/AR eyewear devices and headsets may also be used for
purposes other than recreation. For example, governments
may use such devices for military training, medical profes-
sionals may use such devices to simulate surgery, and engi-
neers may use such devices as design visualization aids.
[0017] These and other applications may leverage one or
more characteristics of thin film polymer materials, includ-
ing the refractive index to manipulate light and/or in the
example of electroactive applications, the piezoelectric
effect to generate a lateral deformation as a response to com-
pression between conductive electrodes. In some embodi-
ments, the electroactive response may include a mechanical
response to an electrical input that varies over the spatial
extent of the device, with the electrical input being applied
by a control circuit to a layer of electroactive material
located between paired electrodes. The mechanical response
may be termed an actuation, and example devices may be, or
include, actuators. In particular embodiments, a deformable
optical element and an electroactive layer may be co-inte-
grated whereby the optical element may itself be actuatable.
Deformation of the electroactive polymer may be used to
actuate optical elements in an optical assembly, such as a
lens system. Notwithstanding recent developments, it
would be advantageous to provide polymer materials having
improved characteristics, including a controllable deforma-
tion response and/or a tunable refractive index.

[0018] The present disclosure is generally directed to the
formation of nanovoided polymers (NVPs), and more parti-
cularly to gas-impregnated nanovoided polymers, as well as
systems and devices incorporating such polymers. A nano-
voided polymer actuator, for instance, may include an elas-
tomeric polymer matrix disposed between conductive elec-
trodes and a plurality of gas-filled voids distributed
throughout the polymer matrix. Example fill gases include,
but are not limited to, Ar, N,, Kr, Xe, O,, SF¢s, CHF3, CF,,
C,Fg, CsFyg, air, and the like. Applicants have shown that
various fill gases may suppress hysteresis and creep of the
polymer that may be associated with repeated actuation,
while increasing resistance to dielectric breakdown, thus
improving dependability and lifetime of the device. The
actuator may be hermetically sealed to inhibit the ingress
of environmental contamination, including moisture and
solid particulates. Sealing compositions may include poly-
mers such as poly(vinyl acetate), poly(vinyl alcohol),
poly(ethylene vinyl alcohol), polyurethane, polyvinylidene
fluoride, poly-chloro-trifluoroethylene, polyhedral oligo-
meric silsesquioxane, chloro-fluoropolymers, and aliphatic
or semi-aromatic polyamides, and the like.
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[0019] The fill gas may be readily soluble in the polymer
matrix but substantially insoluble in the sealing composition
such that, during actuation, the fill gas may exit and reenter
the voids as well as the polymer matrix. In certain embodi-
ments, the sealed actuator may include a gas reservoir con-
figured to reversibly contain gas that is expelled from the
polymer. According to some embodiments, a hermetically
sealed actuator may beneficially resist the adverse effects
of moisture, as well as solid and other liquid or gaseous
contamination, which may improve device reliability and
performance.

[0020] In contrast to traditional optical materials that may
have either a static index of refraction or an index that can be
switched between two static states, nanovoided polymers
represent a class of optical materials where the index of
refraction can be tuned over a range of values to advanta-
geously control the interaction of these materials with light.
[0021] In accordance with various embodiments, a nano-
voided polymer material may include a polymer matrix and
a plurality of at least partially gas-filled nanoscale voids dis-
persed throughout the matrix. The polymer matrix material
may include a deformable, electroactive polymer that may
be symmetric with regard to electrical charge (e.g., polydi-
methylsiloxane (PDMS), acrylates, etc.) or asymmetric
(e.g., poled polyvinylidene fluoride (PVDF) or its copoly-
mers such as poly(vinylidenefluoride-co-trifluoroethylene)
(PVDF-TrFE)). Such materials, according to some embodi-
ments, may have a dielectric constant or relative permittiv-
ity, such as, for example, a dielectric constant ranging from
approximately 1.2 to approximately 30.

[0022] As used herein, “electroactive polymers” may, in
some examples, refer to polymers that exhibit a change in
size or shape when stimulated by an electric field. Some
electroactive polymers may find limited applications due
to a low breakdown voltage with respect to the operating
voltage used by electroactive devices (e.g., actuators). Elec-
troactive devices with reduced operating voltages and
higher energy densities may be useful for many
applications.

[0023] The physical origin of the compressive nature of
electroactive polymers in the presence of an electrostatic
field (E-field), being the force created between opposite
electric charges, is that of the Maxwell stress, which is
expressed mathematically with the Maxwell stress tensor.
The level of strain or deformation induced by a given E-
field is dependent on the square of the E-field strength, the
dielectric constant of the electroactive polymer, and on the
elastic compliance of the material in question. Compliance
in this case is the change of strain with respect to stress or,
equivalently, in more practical terms, the change in displa-
cement with respect to force.

[0024] As used herein, an “elastomer” or “elastomeric”
material may, in some examples, refer to a material with
viscoelasticity (i.e., both viscosity and elasticity), generally
low elastic modulus (a measure of the stiffness of a solid
material), and high failure strain compared with other mate-
rials. In some embodiments, an electroactive polymer may
include an elastomer material that has an effective Poisson’s
ratio of less than approximately 0.35 (e.g., less than approxi-
mately 0.3, less than approximately 0.25, less than approxi-
mately 0.2, less than approximately 0.15, less than approxi-
mately 0.1, or less than approximately 0.05, including
ranges between any of the foregoing values). In at least
one example, the elastomer material may have an effective
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density that is less than approximately 90% (e.g., less than
approximately 80%, less than approximately 70%, less than
approximately 60%, less than approximately 50%, less than
approximately 40%) of the elastomer when densified (e.g.,
when the elastomer is compressed, for example, by an
applied voltage to make the elastomer more dense). An
“effective density” may, in some examples, be determined
as the density of a nanovoided material divided by the den-
sity of an equivalent volume of un-voided material.

[0025] Example polymer materials forming electroactive
polymers may include, without limitation, styrenes, polye-
sters, polycarbonates, epoxies and/or halogenated polymers.
Additional example nanovoided polymer materials include
silicone-based polymers, such as poly(dimethyl siloxane),
and acrylic polymers, such as ethyl acrylate, butyl acrylate,
octyl acrylate, ethoxyethoxy ethyl acrylate, chloromethyl
acrylate, methacrylic acid, dimethacrylate oligomers, allyl
glycidyl ether, fluorinated acrylates, cyanoacrylate or N-
methylol acrylamide. Further example nanovoided polymer
materials may include silicone acrylate polymers, and
urethane polymers, as well as mixtures of the foregoing.
The nanovoided polymer may be an elastomer or a thermo-
set polymer, for example.

[0026] As used herein the terminology ‘“nanovoids,”
“nanoscale voids,” “nanovoided,” and the like, may refer
to voids having at least one sub-micron dimension, i.e., a
length and/or width and/or depth, of less than 1000 nm. In
some embodiments, the void size may be between approxi-
mately 10 nm and approximately 1000 nm (e.g., approxi-
mately 10 nm, approximately 20 nm, approximately
30 nm, approximately 40 nm, approximately 50 nm,
approximately 60 nm, approximately 70 nm, approximately
80 nm, approximately 90 nm, approximately 100 nm,
approximately 110 nm, approximately 120 nm, approxi-
mately 130 nm, approximately 140 nm, approximately
150 nm, approximately 160 nm, approximately 170 nm,
approximately 180 nm, approximately 190 nm, approxi-
mately 200 nm, approximately 250 nm, approximately
300 nm, approximately 400 nm, approximately 500 nm,
approximately 600 nm, approximately 700 nm, approxi-
mately 800 nm, approximately 900 nm, or approximately
1000 nm, including ranges between any of the foregoing
values).

[0027] In example nanovoided polymers, the nanovoids
may be randomly distributed throughout the polymer
matrix, without exhibiting any long-range order, or the
nanovoids may exhibit a regular, periodic structure having
aregular repeat distance of approximately 20 nm to approxi-
mately 1000 nm. In both disordered and ordered structures,
the nanovoids may be discrete, closed-celled voids, open-
celled voids that may be at least partially interconnected,
or combinations thereof. For open-celled voids, the void
size (d) may be the minimum average diameter of the cell.
The voids may be any suitable size and, in some embodi-
ments, the voids may approach the scale of the thickness of a
nanovoided polymer layer. [0028] In certain embodiments,
the nanovoids may occupy approximately 1% to approxi-
mately 90% by volume of the nanovoided polymer matrix,
e.g., approximately 1%, approximately 2%, approximately
5%, approximately 10%, approximately 20%, approxi-
mately 30%, approximately 40%, approximately 50%,
approximately 60%, approximately 70%, approximately
80%, or approximately 90%, including ranges between any
of the foregoing values.
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[0028] According to some embodiments, the nanovoids
may be substantially spherical, although the void shape is
not particularly limited. For instance, in addition to, or in
lieu of spherical voids, the nanovoided polymer material
may include voids that are oblate, prolate, lenticular,
ovoid, or any other regular or irregular form, etc., and may
be characterized by a convex and/or a concave cross-sec-
tional shape. The void shape may be isotropic or anisotro-
pic. Moreover, the topology of the voids throughout the
polymer matrix may be uniform or non-uniform.

[0029] As used herein “topology” with reference to the
nanovoids refers to their overall arrangement within the
nanovoided polymer matrix and may include their size and
shape as well as their respective distribution (density, peri-
odicity, etc.) throughout the polymer matrix. According to
various embodiments, nanovoids may be distributed homo-
geneously or non-homogeneously. In certain embodiments,
the nanovoided polymer may have a “spatially-varying
topology” whereby at least one topological feature may
change as a function of position. By way of example, the
size of the voids and/or the void size distribution may vary
spatially within the nanovoided polymer material, i.e., later-
ally and/or with respect to a thickness of a nanovoided poly-
mer layer. In a similar vein, a nanovoided polymer thin film
may have a constant density of nanovoids or the density of
nanovoids may increase or decrease as a function of posi-
tion, e.g., thickness. Adjusting the void fraction of an EAP,
for instance, can be used to tune its compressive stress-strain
characteristics.

[0030] In some embodiments, the nanovoids may be at
least partiallyfilled with a gas. A gas may be incorporated
into the nanovoids to suppress electrical breakdown of an
electroactive polymer element (for example, during capaci-
tive actuation). The gas may include argon, nitrogen, kryp-
ton, xenon, oxygen, sulfur hexafluoride, an organofluoride,
air and/or any other suitable gas. In some embodiments,
such a gas may have a high dielectric strength. In some
embodiments, the gas composition may be selected to tune
the optical and mechanical properties of the nanovoided
polymer, including the scattering, reflection, absorption,
and/or transmission of light.

[0031] A sealing layer may be formed over the gas-
impregnated nanovoided polymer to inhibit loss of the fill
gas and/or limit exposure of the nanovoided polymer to var-
ious sources of contamination, including solid particulates
such as dust, and liquids such as water. In various embodi-
ments, the sealing layer may be transparent and/or translu-
cent, thin, flexible, impermeable, non-toxic, and configured
to form a hermetic barrier. In embodiments, the sealing layer
may include an organic layer, such as an elastomer, or an
inorganic layer, such as a glass composition.

[0032] The sealing layer, in certain embodiments, may
have an optical transmissivity of at least approximately
50%, e.g., approximately 50%, approximately 60%,
approximately 70%, approximately 80%, approximately
90%, approximately 95%, approximately 97%, approxi-
mately 98%, or approximately 99%, including ranges
between any of the foregoing values., and may be formed
to a thickness effective to substantially inhibit the transpira-
tion of moisture.

[0033] A “flexible” sealing layer may be capable of exhi-
biting, without breaking or spalling, a bend radius of less
than approximately 1 meter, e.g., less than 1, 0.5, 0.2, 0.1
or 0.05 m. The bend radius of an example sealing layer may
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be less than approximately 30, 20, 10, 5, 2 or 1 cm, for
example. In further embodiments, the bend radius of a flex-
ible sealing layer may be less than approximately 1 cm, e.g.,
less than 1, 0.5, 0.2, 0.1, 0.05 or 0.02 cm. An actuator
including a flexible sealing layer, for example, can reliably
operate for up to 200000 actuation cycles.

[0034] Reference herein to a “hermetic sealing layer” or
“hermetic barrier” and the like may, in various examples,
refer to a layer that is substantially airtight and substantially
impervious to moisture. According to certain embodiments,
a hermetic sealing layer may be configured to limit the tran-
spiration (diffusion) of oxygen to less than approximately
10-2 cm3/m?/day (e.g., less than approximately 10-3 cm3/
m2/day) and limit the transpiration (diffusion) of water to
less than approximately 10-2 g/m2/day (e.g., less than
approximately 10-3, 10-4, 10-5 or 10-6 g/m?/day, including
ranges between any of the foregoing values).

[0035] In accordance with various embodiments, a nano-
voided polymer layer may be disposed between a primary
electrode and a secondary electrode. According to some
embodiments, an actuator may include a primary electrode,
a secondary electrode overlapping at least a portion of the
primary electrode, and a gas-impregnated nanovoided poly-
mer layer disposed between and abutting the primary elec-
trode and the secondary electrode. A sealing layer may be
formed over the actuator to inhibit the egress of the fill gas
and the ingress of contaminants such as moisture.

[0036] In some embodiments, the application of a voltage
to a nanovoided polymer layer may change the internal pres-
sure of gasses within the nanovoided regions thereof. In this
regard, gasses may diffuse either into or out of the nano-
voided polymer matrix during dimensional changes asso-
ciated with its deformation. Such changes in void topology
can affect, for example, the hysteresis of an electroactive
device incorporating the electroactive polymer during
dimensional changes, and also may result in drift when the
nanovoided polymer layer’s dimensions are rapidly chan-
ged. Capacitive actuation, mechanical actuation, or actua-
tion of the nanovoided polymer layer by other methods
may be used to reversibly manipulate the void topology.
[0037] In certain embodiments, the dielectric constant (k)
of the nanovoided polymer may be increased by incorporat-
ing nanoparticles into the polymer matrix and/or into the
nanovoids. Example high-k nanoparticles include barium
titanate, TiO,, CeO,, BaSrTiOs, PbLaZrTiO3;, PbMgNbO;
+PbTi05, Ta,0s3, and Al,Os, as well as combinations
thereof

[0038] In some embodiments, the nanovoided polymer
material may include an elastomeric polymer matrix having
an elastic modulus of less than approximately 10 GPa (e.g.,
approximately 10 GPa, approximately 5 GPa, approxi-
mately 2 GPa, approximately 1 GPa, approximately
0.5 GPa, approximately 0.2 GPa, approximately 0.1 GPa,
or approximately 0.05 GPa, approximately 0.01 GPa,
approximately 0.005 GPa, approximately 0.001 GPa,
including ranges between any of the foregoing values).
[0039] Polymer materials including voids having nanos-
cale dimensions may possess a number of advantageous
attributes. For example, nanovoided polymers may exhibit
a higher transmission of visible light than their larger voided
counterparts. Also, the incorporation of nanovoids into a
polymer matrix may augment the permittivity of the result-
ing composite. Furthermore, the high surface area-to-
volume ratio associated with nanovoided polymers will pro-
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vide a greater interfacial area between the nanovoids and the
surrounding polymer matrix. With such a high surface area
structure, electric charge can accumulate at the void-matrix
interface, which can enable greater polarizability and, con-
sequently, increased permittivity (g,) of the composite.
Additionally, because ions, such as plasma electrons, can
only be accelerated over small distances within voids having
nanoscale dimensions, the likelithood of molecular collisions
that liberate additional ions and create a breakdown cascade
is decreased, which may result in the nanovoided material
exhibiting a greater breakdown strength than un-voided or
even macro-voided polymers. In some embodiments, an
ordered nanovoid architecture may provide a controlled
deformation response, while a disordered nanovoided struc-
ture may provide enhanced resistance to crack propagation
and thus improved mechanical durability.

[0040] Methods of forming a nanovoided polymer and a
nanovoided polymer-containing actuator may include
depositing a polymer precursor composition containing a
curable material and a solvent onto a substrate, curing the
polymer precursor to form a polymer matrix, selectively
removing the solvent from the polymer matrix to form a
nanovoided polymer, and introducing a fill gas into the
nanovoids. A sealing layer may be formed over the gas-
filled nanovoided polymer to at least partially encapsulate
the polymer.

[0041] The curable material may include silicones (includ-
ing those based on polydimethyl siloxanes), acrylates
(including polymethyl methacrylate, ethyl acrylate, butyl
acrylate, di-, tri-, and poly functional acrylates for crosslin-
kers), styrenes, urethanes, polyesters, polycarbonates,
epoxies, halogenated polymers, imides, olefins, homopoly-
mers, copolymers, block copolymers, and combinations
thereof. Example solvents include water and other organic
compounds such as alcohols, ketones, esters, ethers, alipha-
tic organic solvents, and the like, including mixtures thereof.
[0042] According to some embodiments, in addition to a
solvent and a curable material, the polymer precursor com-
position may include one or more of a porogen, polymeriza-
tion initiator, surfactant, emulsifier, and/or other additive(s)
such as cross-linking agents. In some embodiments, various
components of the polymer precursor composition may be
combined into a single mixture and deposited simulta-
neously. Alternatively, the various components may be
deposited individually (i.e., in succession), or in any suitable
combination(s).

[0043] The deposited polymer precursor composition may
form a precursor coating on the substrate, which may be
cured to cross-link and polymerize the curable material. A
curing source such as a light source or a heat source, for
example, may be used to process the mixture and may
include an energized array of filaments that may generate
energy to sufficiently heat the curable material. According
to some embodiments, the precursor coating thickness may
range from approximately 10 nm to approximately 10 milli-
meters, e.g., approximately 10 nm, approximately 20 nm,
approximately 50 nm, approximately 100 nm, approxi-
mately 200 nm, approximately 500 nm, approximately
1000 nm, approximately 2000 nm, approximately
5000 nm, approximately 10 micrometers, approximately
20 micrometers, approximately 50 micrometers, approxi-
mately 100 micrometers, approximately 200 micrometers,
approximately 500 micrometers, approximately 1000 micro-
meters, approximately 2000 micrometers, approximately
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5000 micrometers, or approximately 10000 micrometers,
including ranges between any of the foregoing values.
[0044] In some embodiments, polymerization may be
achieved by exposing the precursor coating to heat or actinic
radiation. In some examples, “actinic radiation” may refer to
energy capable of breaking covalent bonds in a material.
Examples include -electrons, electron beams, x-rays,
gamma rays, ultraviolet and visible light, and ions at appro-
priately high energy levels. By way of example, a single UV
lamp or a set of UV lamps may be used as a source for
actinic radiation. When using a high lamp power, the curing
time may be reduced. Another source for actinic radiation
may include a laser (e.g., a UV, IR, or visible laser) or light
emitting diode (LED).

[0045] Additionally or alternatively, a heat source such as
a heat lamp may generate heat to initiate reaction between
monomers, monomer initiators, and/or cross-linking agents.
The monomers, monomer initiators, and/or cross-linking
agents may react upon heating and/or actinic radiation expo-
sure to form a polymer as described herein.

[0046] In some embodiments, polymerization may be free
radical initiated. Free radical initiation may be performed by
exposure to actinic radiation or heat. In addition to, or in lieu
of, actinic radiation and heat-generated free radicals, poly-
merization of the nanovoided polymer may be atom transfer
radical initiated, electrochemically initiated, plasma
initiated, or ultrasonically initiated, as well as combinations
of the foregoing. In certain embodiments, example additives
to the polymer precursor composition that may be used to
induce free radical initiation include azo compounds, perox-
ides, and halogens.

[0047] In some embodiments, a polymerization catalyst
may be used. Example polymerization catalysts, which
may be incorporated into the polymer precursor composi-
tion, include, hydrosilylation catalysts, polyamines, sulfur,
styrenes, epoxies, isocyanates, and higher fatty acids or their
esters, as well as combinations thereof.

[0048] According to some embodiments, curing of the
precursor coating may be performed during a deposition
step, or curing may be performed after depositing one or
more layers. In some embodiments, the polymerization pro-
cess may not be limited to a single curing step. Rather, it
may be possible to carry out polymerization by two or
more steps, whereby, as an example, the precursor coating
may be exposed to two or more lamps of the same type or
two or more different lamps in sequence. The curing tem-
perature of different curing steps may be the same or differ-
ent. The lamp power and dose from different lamps may also
be the same or different. In one embodiment, the polymer-
ization may be carried out in air; however, polymerizing in
an inert gas atmosphere such as nitrogen or argon is also
contemplated.

[0049] In various aspects, the curing time may depend on
the reactivity of the precursor coating, the thickness of the
precursor coating, the type of polymerization initiator and
the dose if actinic radiation, for example. The curing time
may be approximately less than 5 minutes, less than 3 min-
utes, or less than 1 minute. In another embodiment, short
curing times of less than 30 seconds may be used for mass
production.

[0050] As will be appreciated, curing of the deposited
layer may additionally induce phase separation between
the nascent polymer layer and the liquid solvent. In a further
processing step, the liquid solvent, which may be segregated
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into discrete regions, may be removed from the polymer
matrix to form voids, i.e., in regions previously occupied
by the liquid solvent. In some embodiments, a change in
temperature or pressure may be used to evaporate the sol-
vent from the polymer matrix. In some embodiments, as will
be appreciated by those skilled in the art, the liquid solvent
may be removed from the cross-linked polymer by super-
critical fluid extraction. Example materials that may be
used for supercritical fluid extraction include carbon diox-
ide, methanol, ethanol, acetone, nitrous oxide, and water, as
well as combinations thereof. For instance, carbon dioxide
may be combined with methanol and/or ethanol as co-
solvents.

[0051] In certain embodiments, the liquid solvent may
form an emulsion with one or more components of the poly-
mer precursor composition, e.g., during curing, and the
emulsion may be removed from the cross-linked polymer
to form nanovoids. In some embodiments, a change in tem-
perature and/or pressure may be used to liberate the emulsi-
fied material from the polymer matrix.

[0052] Example methods for forming an emulsion include
high pressure homogenization, ultrasonication, water dilu-
tion, an increase (decrease) in temperature to above
(below) a phase inversion temperature of the polymer pre-
cursor composition, and/or a change in concentration of the
polymer precursor composition to achieve an emulsion
inversion point. An emulsion may be formed using low or
high energy methods, i.e., by exposure to an energy source
having an output power density of from approximately
103 W/kg to approximately 1010 W/kg, e.g., 103 W/kg,
104 W/kg, 105 W/kg, 106 W/kg, 107 W/kg, 108 W/kg,
10° W/kg, or 1010 W/kg, including ranges between any of
the foregoing values.

[0053] In some embodiments, an emulsion may be formed
prior to depositing the polymer precursor composition. In
some embodiments, an emulsion may be formed by treating
the precursor coating, i.e., after depositing the polymer pre-
cursor composition.

[0054] In addition to the foregoing, various manufacturing
methods may be used to form nanovoided polymer materi-
als, such as nanovoided polymer thin films having a disor-
dered arrangement of nanovoids or an ordered arrangement
of nanovoids. Methods for forming nanovoided polymer
thin films having randomly-distributed (i.e., disordered)
voids include selectively depositing a polymer composition
or a polymeric precursor composition to form voids in situ,
or depositing a polymer or polymeric precursor composition
containing a templating agent and then selectively removing
the templating agent, while a regular (i.e., ordered) arrange-
ment of voids may be formed by self-assembly or various
lithography techniques.

[0055] As disclosed herein, dynamic processing may be
used to form nanovoided polymer materials having a void
topology that varies as a function of position, e.g., laterally
or as a function of thickness. That is, according to various
embodiments, one or more process conditions may be chan-
ged during the act of depositing in order to control the archi-
tecture as well as the associated properties of the nano-
voided polymer layers.

[0056] The nanovoided polymer layers disclosed herein
may be incorporated into various devices. According to cer-
tain embodiments, a device may include a primary elec-
trode, a secondary electrode overlapping at least a portion
of the primary electrode, and a gas-impregnated nanovoided
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polymer layer disposed between and abutting the primary
electrode and the secondary electrode. A sealing layer may
at least partially envelope the nanovoided polymer layer.
[0057] In accordance with various embodiments, an
example method includes (i) forming an actuator compris-
ing a primary electrode, a secondary electrode overlapping
at least a portion of the primary electrode, and a nanovoided
polymer layer disposed between and abutting the primary
electrode and the secondary electrode, (i) introducing a fill
gas into nanovoids of the nanovoided polymer layer, and
(ii1) forming a sealing layer over the gas-filled nanovoided
polymer layer.

[0058] The electrodes (e.g., the primary electrode and the
secondary electrode) may include one or more electrically
conductive materials, such as a metal, a semiconductor (e.g.,
a doped semiconductor), carbon nanotubes, graphene, oxi-
dized graphene, fluorinated graphene, hydrogenated gra-
phene, other graphene derivatives, carbon black, transparent
conductive oxides (TCOs, e.g., indium tin oxide (ITO), zinc
oxide (ZnO), etc.), or other electrically conducting materi-
als. In some embodiments, the electrodes may include a
metal such as aluminum, gold, silver, platinum, palladium,
nickel, tantalum, tin, copper, indium, gallium, zinc, alloys
thereof, and the like. Further example transparent conduc-
tive oxides include, without limitation, aluminum-doped
zinc oxide, fluorine-doped tin oxide, indium-doped cad-
mium oxide, indium zinc oxide, indium gallium tin oxide,
indium gallium zinc oxide, indium gallium zinc tin oxide,
strontium vanadate, strontium niobate, strontium molyb-
date, calcium molybdate, and indium zinc tin oxide.

[0059] In some embodiments, the electrodes (e.g., the pri-
mary electrode and the secondary electrode) may have a
thickness of approximately 1 nm to approximately
1000 nm, with an example thickness of approximately
10 nm to approximately 50 nm. Some of the electrodes
may be designed to allow healing of electrical breakdown
(e.g., associated with the electric breakdown of elastomeric
polymer materials). A thickness of an electrode that includes
a self-healing material (e.g., a graphene electrode) may be
approximately 20 nm. In some embodiments, a common
electrode may be shaped to allow compression and expan-
sion of an electroactive device during operation.

[0060] The electrodes in some configurations may be con-
figured to stretch elastically. In such embodiments, the elec-
trodes may include TCOs, graphene, carbon nanotubes, and
the like. In other embodiments, relatively rigid electrodes
(e.g. electrodes including a metal such as aluminum) may
be used. The electrode, i.e., the electrode material, may be
selected to achieve a desired deformability, transparency,
and optical clarity for a given application. By way of exam-
ple, the yield point of a deformable electrode may occur at
an engineering strain of at least 0.5%.

[0061] The electrodes (e.g., the primary electrode and the
secondary electrode) may be fabricated using any suitable
process. For example, the electrodes may be fabricated
using physical vapor deposition (PVD), chemical vapor
deposition (CVD), evaporation, spray-coating, spin-coating,
atomic layer deposition (ALD), and the like. In another
aspect, the electrodes may be manufactured using a thermal
evaporator, a sputtering system, a spray coater, a spin-
coater, etc.

[0062] In some embodiments, one or more electrodes may
be electrically interconnected, e.g., through a contact layer,
to a common electrode. In some embodiments, an electro-
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active device may have a first common electrode connected
to a first plurality of electrodes, and a second common elec-
trode connected to a second plurality of electrodes. In some
embodiments, electrodes (e.g., one of a first plurality of
electrodes and one of a second plurality of electrodes) may
be electrically isolated from each other using an insulator,
such as a dielectric layer.

[0063] An insulator may include a material without appre-
ciable electrical conductivity, and may include a dielectric
material, such as, for example, an acrylate or silicone poly-
mer. In some embodiments, an electrode (or other electrical
connector) may include a metal. In some embodiments, an
electrode (such as an electrical contact) or an electrical con-
nector may include a similar material to other similar
components.

[0064] The application of a voltage between the electrodes
can cause compression of the intervening nanovoided poly-
mer layer(s) in the direction of the applied electric field and
an associated expansion or contraction of the polymer
layer(s) in one or more transverse dimensions. In some
embodiments, an applied voltage (e.g., to the primary elec-
trode and/or the secondary electrode) may create at least
approximately 0.1% strain (e.g., an amount of deformation
in the direction of the applied force resulting from the
applied voltage divided by the initial dimension of the mate-
rial) in the gas-impregnated electroactive polymer ele-
ment(s) in at least one direction (e.g., an X, y, or z direction
with respect to a defined coordinate system).

[0065] In some embodiments, a first electrode may over-
lap (e.g., overlap in a parallel direction) at least a portion of
a second electrode. The first and second electrodes may be
generally parallel and spaced apart. A third electrode may
overlap at least a portion of either the first or second elec-
trode. An actuator may include a first nanovoided polymer
(e.g., an elastomer material) and may be disposed between a
first pair of electrodes (e.g., the first electrode and the sec-
ond electrode). The actuator may further include a second
elastomer material, which may be disposed between a sec-
ond pair of electrodes (e.g., the first electrode and the third
electrode). In some embodiments, there may be an electrode
that is common to both the first pair of electrodes and the
second pair of electrodes.

[0066] In some embodiments, a common electrode may be
electrically coupled (e.g., electrically contacted at an inter-
face having a low contact resistance) to one or more other
electrodes, e.g., a second electrode and a third electrode
located on either side of a first electrode. In some embodi-
ments, an electroactive device may include additional elec-
troactive elements interleaved between electrodes, for
example in a stacked configuration. For example, electrodes
may form an interdigitated stack of electrodes, with alter-
nate electrodes connected to a first common electrode and
the remaining alternate electrodes connected to a second
common electrode.

[0067] In some applications, an electroactive device used
in connection with the principles disclosed herein may
include a first electrode, a second electrode, and a gas-
impregnated nanovoided polymer layer disposed between
the first electrode and the second electrode. The gas-impreg-
nated nanovoided polymer may include a polymer matrix
and a plurality of gas-filled voids distributed throughout
the matrix. Voids may be generally isolated from each
other, or, at least in part, interconnected through an open-
cell structure. The plurality of voids may have a uniform
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or non-uniform distribution within the polymer layer, and
the electroactive device may have a uniform or non-uniform
electroactive response when an electrical signal is applied
between the first electrode and the second electrode, based
on the uniform or non-uniform distribution of voids. A seal-
ing layer may be formed over the electroactive device.
According to certain embodiments, one or more of the elec-
trodes, including one or more of the common electrodes,
may extend through the sealing layer to enable electrical
connections to be made thereto.

[0068] In certain embodiments, the fill gas may be readily
soluble in the nanovoided polymer matrix yet substantially
insoluble in the sealing layer. In various examples, a differ-
ence in Hildebrand solubility parameter between the fill gas
and the nanovoided polymer may be less than 2 MPa%,
whereas a difference in Hildebrand solubility parameter
between the fill gas and the sealing layer may be at least
5 MPa*.

[0069] In certain embodiments, the nanovoids may be dis-
tributed uniformly or non-uniformly throughout the poly-
mer matrix. A non-uniform distribution of voids may
include a spatial variation in at least one of void diameter,
void volume, void number density, void volume fraction, or
void orientation (e.g., in the case of anisotropic voids). A
non-uniform distribution of voids within an electroactive
element may include a functional dependence on a distance
parameter, such as a distance from an edge and/or center of
an electroactive element.

[0070] A non-uniform electroactive response may include
a first deformation of a first portion of the electroactive
device that differs from a second deformation of a second
portion of the electroactive device. A deformation may
include a compression (for example, parallel to an applied
electric field), change in curvature, or other change in a
dimensional parameter, such as length, width, height, and
the like, in one or more directions. An electroactive device
may have a first deformation associated with the application
of a first voltage between the first and second electrodes, and
a second deformation associated with the application of a
second voltage between the first and second electrodes,
with the first and second deformations being appreciably
different. An electrical signal may include a potential differ-
ence, which may include a direct or alternating voltage.
[0071] By way of example, an electroactive element may
have a generally rectangular shape with a generally uniform
thickness. In some embodiments, the volume fraction of
voids may increase monotonically along a direction parallel
to a longer side and/or a shorter side of the rectangular
shape. In some examples, the void volume fraction may
have a highest value in some portion of the electroactive
element and decrease from the highest portion to portions
with lower void volume fractions elsewhere, for example
proximate an edge. In some examples, the void volume frac-
tion may have a lowest value in some portion of the electro-
active element and increase from the lowest portion to por-
tions with higher void volume fractions elsewhere, for
example proximate an edge of the electroactive element.
[0072] According to further embodiments, an electroac-
tive element may have a disk shape. The volume fraction
of voids may vary as a function of a radial distance from
the disk center. In some embodiments, the volume fraction
may be highest in a central portion of a disk-shaped electro-
active element and decrease along a radial direction to an
edge. In some embodiments, the volume fraction may be
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lowest in a central portion and increase along a radial direc-
tion to an edge. The variation in void volume fraction may
have a functional relationship with a distance parameter, for
example including one or more of a linear, quadratic, sinu-
soidal, undulating, parabolic, or other functional relation-
ship with a distance parameter along one or more of the
relevant distance parameters. For example, a distance para-
meter may be determined as the distance along an edge,
obliquely across, from a center, or other distance measure-
ment for a given electroactive element.

[0073] In some embodiments, an electroactive device may
include a first electrode, a second electrode, a gas-filled
nanovoided polymer layer located between the first elec-
trode and the second electrode, and a sealing layer arranged
peripheral to the polymer layer and electrodes. The electro-
active device may be configured to operate as an actuator of,
in some embodiments, as a sensor. Application of a mechan-
ical input to a portion of the electroactive device may gen-
erate an electric signal between the first electrode and the
second electrode. The electrical response to a mechanical
variation may vary over the electroactive device, with the
magnitude being determined, at least in part, by the location
of the mechanical input relative to the distribution of voids
within the nanovoided polymer. The electroactive device
may include a first portion and a second portion, for
instance, where a first voltage generated by a mechanical
input to the first portion may be appreciably different from
a second voltage generated by a similar mechanical input to
the second portion.

[0074] In some embodiments, the electroactive device
may be a component of a wearable device. The wearable
device may include a helmet or other headwear, an eyewear
frame, a glove, a belt, or any device configured to be posi-
tioned adjacent to or proximate the body of a user, for exam-
ple to support the electroactive device proximate a user
when the user wears the wearable device, and the electroac-
tive device may be configured to provide, for example, a
tactile signal to the user.

[0075] The electroactive device may be configured to pro-
vide an electrical signal correlated with a configuration of a
body part, such as a joint angle. For example, the electrical
signal may be used to determine a joint angle of a finger
portion, wrist, elbow, knee, ankle, toe, or other body joint,
or the bend angle of a mechanical device. For example, the
wearable device may be a glove, and the electroactive
device may be configured to provide an electrical signal
based, at least in part, on a joint angle within a hand of the
user wearing the glove, such as the angle between portions
of a finger. In some embodiments, a method includes gen-
erating an electroactive response in an electroactive device,
the electroactive device including a gas-filled nanovoided
polymer layer located between a first electrode and a second
electrode, wherein the electroactive response to an electrical
input or a mechanical input may vary appreciably over a
spatial extent of the electroactive device due to a uniform
or a non-uniform distribution of voids within the nano-
voided polymer.

[0076] In some embodiments, the electroactive response
may include an electrical signal having a characteristic indi-
cative of a location of the mechanical input to the electro-
active device, the electrical signal being measured between
the first electrode and the second electrode. The electrical
signal may be a termed sensor signal, and in some embodi-
ments, the electroactive device may be, or include, a sensor.

Mar. 9, 2023

In some embodiments, an electroactive device may be used
as both an actuator and a sensor. In some embodiments, the
electroactive device may be supported against a hand of a
user, and the electrical signal may be used to determine a
gesture by the user, such as a finger movement. In some
embodiments, typing inputs by a user, e.g., into a virtual
keyboard, may be determined from sensor signals.

[0077] According to some embodiments, the frequency of
alternating voltage may be selected to provide an appreci-
able haptic sensation on the skin of a user. In some embodi-
ments, the frequency may be higher than the highest
mechanical response frequency of the device, so that defor-
mation may occur in response to the applied RMS electric
field but with no appreciable oscillatory mechanical
response to the applied frequency. The applied electrical sig-
nal may generate non-uniform constriction of the gas-
impregnated nanovoided polymer layer between the first
and second electrodes. A non-uniform electroactive
response may include a curvature of a surface of the electro-
active device, which may in some embodiments be a com-
pound curvature.

[0078] Further to the foregoing, various fabrication meth-
ods are discussed herein. Various deposition methods,
including spin-coating, inkjet printing, chemical vapor
deposition, vapor coating, thermal spraying, extrusion, or
lamination may be used to form a nanovoided polymer
layer. In certain embodiments, a nanovoided polymer layer
may be deposited directly onto an electrode. In certain
embodiments, an electrode may be deposited directly onto
a nanovoided polymer layer. In alternate embodiments, a
nanovoided polymer layer may be deposited onto a provi-
sional substrate and transferred to an electrode or an elec-
troded substrate.

[0079] Properties of a nanovoided polymer layer may be
varied across its spatial extent by varying one or more pro-
cess parameters, such as wavelength, intensity, substrate
temperature, other process temperature, gas pressure, appli-
cation of additional radiation, chemical concentration gradi-
ents, chemical composition variations (e.g., to control
micelle size), or other process parameter. Non-uniform
void size distributions may be obtained, for example, by
varying the size of sacrificial regions within a polymer layer.
[0080] Methods of forming an -electroactive device
include forming electrodes and nanovoided polymer layers
sequentially (e.g., via vapor deposition, coating, printing,
etc.) or simultaneously (e.g., via co-flowing, coextrusion,
slot die coating, etc.). Alternatively, the nanovoided poly-
mer layers may be deposited using initiated chemical
vapor deposition (iICVD), where, for example, suitable
monomers of the desired polymers may be used to form
the desired coating. In some embodiments, monomers, oli-
gomers, and/or prepolymers for forming the polymer may
optionally be mixed with a solvent and the solvent may be
removed from the polymer matrix during and/or following
curing to form nanovoids.

[0081] A method of fabricating an electroactive device
may include depositing a curable material onto a first elec-
trode, curing the deposited curable material to form a nano-
voided polymer layer and depositing an electrically conduc-
tive material onto a surface of the a nanovoided polymer
layer opposite the first electrode to form a second electrode.
In some embodiments, the cured material may have a Pois-
son’s ratio of approximately 0.35 or less. In some embodi-
ments, a method may further include depositing an addi-
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tional curable material onto a surface of the second electrode
opposite the nanovoided polymer layer, curing the deposited
additional curable material to form a second a nanovoided
polymer layer including a second cured elastomer material,
and depositing an additional electrically conductive material
onto a surface of the second a nanovoided polymer layer
opposite the second electrode to form a third electrode.
[0082] In some embodiments, a method of fabricating a
nanovoided polymer layer may include vaporizing a curable
material, or a precursor thereof, where depositing the cur-
able material may include depositing the vaporized curable
material onto a first electrode. In some embodiments, a
method of fabricating a nanovoided polymer layer may
include printing the polymer or precursor thereof (such as
a curable material) onto an electrode. In some embodiments,
a method may also include combining a polymer precursor
material with at least one other component to form a deposi-
tion mixture. In some embodiments, a method may include
combining a curable material with particles of a material
having a high dielectric constant to form a deposition
mixture.

[0083] According to some embodiments, a method may
include positioning a curable material between a first elec-
trically conductive material and a second electrically con-
ductive material. The positioned curable material may be
cured to form a nanovoided polymer layer. In some embodi-
ments, the cured material may have a Poisson’s ratio of
approximately 0.35 or less. In some embodiments, at least
one of the first electrically conductive material or the second
electrically conductive material may include a curable elec-
trically conductive material, and the method may further
include curing the at least one of the first electrically con-
ductive material or the second electrically conductive mate-
rial to form an electrode. In this example, curing the at least
one of the first electrically conductive material or the second
electrically conductive material may include curing the at
least one of the first electrically conductive material or the
second electrically conductive material during curing of the
positioned curable material.

[0084] In some embodiments, a curable material and at
least one of a first electrically conductive material or a sec-
ond electrically conductive material may be flowable during
positioning of the curable material. A method of fabricating
an electroactive device may further include flowing a cur-
able material and at least one of the first electrically conduc-
tive material or the second electrically conductive material
simultaneously onto a substrate.

[0085] In some embodiments, methods for fabricating an
electroactive device (e.g., an actuator) may include masks
(e.g., shadow masks) to control the patterns of deposited
materials. In some embodiments, the electroactive device
may be fabricated on a surface enclosed by a deposition
chamber, which may be evacuated (e.g., using one or more
mechanical vacuum pumps to a predetermined level such as
10-6 Torr or below). A deposition chamber may include a
rigid material (e.g., steel, aluminum, brass, glass, acrylic,
and the like). A surface used for deposition may include a
rotating drum. In some embodiments, the rotation may gen-
erate centrifugal energy and cause the deposited material to
spread more uniformly over any underlying sequentially
deposited materials (e.g., electrodes, polymer layers, and
the like) that are mechanically coupled to the surface. In
some embodiments, the surface may be fixed and the
deposition and curing systems may move relative to the sur-
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face, or both the surface, the deposition, and/or curing sys-
tems may be moving simultaneously.

[0086] In some embodiments, an electroactive device
(e.g., an actuator, sensor, and the like) may be fabricated
by: providing an electrically conductive layer (e.g., a first
electrode) having a first surface; depositing (e.g., vapor
depositing) a polymer (e.g., an electroactive polymer) or
polymer precursor (such as a monomer) onto the electrically
conductive layer; as needed, forming a polymer such as an
electroactive polymer from the polymer precursor (e.g., by
curing or a similar process); and depositing another electri-
cally conductive layer (e.g., a second electrode) onto the
electroactive polymer. In some embodiments, the method
may further include repeating one or more of the above to
fabricate additional layers (e.g., second electroactive ele-
ment, other electrodes, and the like). An electroactive device
may have a stacked configuration.

[0087] In some embodiments, an electroactive device may
be fabricated by first depositing a first electrode, and then
depositing a curable material (e.g., a monomer) on the first
electrode (e.g., deposited using a vapor deposition process).
In some embodiments, an inlet to a deposition chamber may
open and may input an appropriate monomer initiator for
starting a chemical reaction. In some embodiments, “mono-
mer,” as used herein, may refer to a monomer that forms a
given polymer (i.e., as part of an electroactive element). In
other examples, polymerization of a polymer precursor
(such as a monomer) may include exposure to radiation
(e.g., visible, UV, x-ray or gamma radiation), exposure to
other radiation (e.g., electron beams, ultrasound), heat,
exposure to a chemical species (such as a catalyst, initiator,
and the like).

[0088] Deposited curable material may be cured with a
source of radiation (e.g., electromagnetic radiation, such as
UV and/or visible light) to form a nanovoided polymer layer
that includes a cured elastomer material, for example by
photopolymerization. In some embodiments, a radiation
source may include an energized array of filaments that
may generate electromagnetic radiation, a semiconductor
device such as light-emitting diode (LED) or semiconductor
laser, other laser, fluorescence or an optical harmonic gen-
eration source, and the like. A monomer and an initiator (if
used) may react upon exposure to radiation to form a nano-
voided polymer. In some embodiments, radiation may
include radiation having an energy (e.g., intensity and/or
photon energy) capable of breaking covalent bonds in a
material. Further radiation examples may include electrons,
electron beams, ions (such as protons, nuclei, and ionized
atoms), x-rays, gamma rays, ultraviolet or visible light, or
other radiation, e.g., having appropriately high energy
levels. In some embodiments, the cured material may
include at least one non-polymeric component in a plurality
of defined regions and the method may further include
removing at least a portion of the at least one non-polymeric
component from the cured elastomer material to form a
voided (e.g., nanovoided) polymer layer.

[0089] In some embodiments, a deposition chamber may
have an exhaust port configured to open to release at least a
portion of the vapor in the chamber during and/or between
one or more depositions of the materials (e.g., monomers,
oligomers, monomer initiators, conductive materials, etc.).
In some embodiments, a deposition chamber may be purged
(e.g., with a gas or the application of a vacuum, or both) to
remove a portion of the vapor (e.g., monomers, oligomers,
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monomer initiators, metal particles, and any resultant by-
products). Thereafter, one or more of the previous steps
may be repeated (e.g., for a second electroactive element).
In this way, individual layers of an electroactive device may
be maintained at high purity levels.

[0090] In some embodiments, the deposition of materials
(e.g., monomers, oligomers, monomer initiators, conductive
materials, etc.) to form an electroactive device may be per-
formed using a deposition process, such as chemical vapor
deposition (CVD), to be described further below. CVD may
refer to a vacuum deposition method used to produce high-
quality, high-performance, solid materials. In CVD, a sub-
strate may be exposed to one or more precursors, which may
react and/or decompose on or proximate the substrate sur-
face to produce the desired deposit (e.g., one or more elec-
trodes, electroactive polymers, etc.). Frequently, volatile by-
products are also produced, which may be removed by gas
flow through the chamber.

[0091] In some embodiments, an electroactive device may
be fabricated using an atmospheric pressure CVD (APCVD)
coating formation technique (e.g., CVD at atmospheric
pressure). In some embodiments, an electroactive device
may be fabricated using a low-pressure CVD (LPCVD) pro-
cess (e.g., CVD at sub-atmospheric pressures). In some
embodiments, LPCVD may make use of reduced pressures
that may reduce unwanted gas-phase reactions and improve
the deposited material’s uniformity across the substrate. In
one aspect, a fabrication apparatus may apply an ultrahigh
vacuum CVD (UHVCVD) process (e.g., CVD at very low
pressure, typically below approximately 10-6 Pa (equiva-
lently, approximately 10-8 Torr)).

[0092] In some embodiments, an electroactive device may
be fabricated using an aerosol assisted CVD (AACVD) pro-
cess (e.g., a CVD process in which the precursors are trans-
ported to the electroactive device) by means of a liquid/gas
aerosol, which may be generated ultrasonically or with elec-
trospray. In some embodiments, AACVD may be used with
non-volatile precursors. In some embodiments, an electro-
active device may be fabricated using a direct liquid injec-
tion CVD (DLICVD) process (e.g., a CVD process in which
the precursors are in liquid form, for example, a liquid or
solid dissolved in a solvent). Liquid solutions may be
injected in a deposition chamber towards one or more injec-
tors. The precursor vapors may then be transported to the
substrate as in CVD. DLICVD may be used on liquid or
solid precursors, and high growth rates for the deposited
materials may be reached using this technique.

[0093] In some embodiments, an electroactive device may
be fabricated using a hot wall CVD process (e.g., CVD in
which the deposition chamber is heated by an external
power source and the electroactive device is heated by radia-
tion from the heated wall of the deposition chamber). In
another aspect, an electroactive device may be fabricated
using a cold wall CVD process (e.g., a CVD process in
which only the substrate is directly heated, for example, by
induction, while the walls of the chamber are maintained at
room temperature).

[0094] In some embodiments, an electroactive device may
be fabricated using a microwave plasma-assisted CVD
(MPCVD) process, where microwaves are used to enhance
chemical reaction rates of the precursors. In another aspect,
an electroactive device may be fabricated using a plasma-
enhanced CVD (PECVD) process (e.g., CVD that uses
plasma to enhance chemical reaction rates of the precur-
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sors). In some embodiments, PECVD processing may
allow deposition of materials at lower temperatures, which
may be useful in withstanding damage to the electroactive
device or in depositing certain materials (e.g., organic mate-
rials and/or some polymers).

[0095] In some embodiments, an electroactive device may
be fabricated using a remote plasma-enhanced CVD
(RPECVD) process. In some embodiments, RPECVD may
be similar to PECVD except that the deposited layer(s) may
not be directly in the plasma discharge region. In some
embodiments, the removal of the deposited layer(s) from
the plasma region may allow for the reduction of processing
temperatures down to room temperature.

[0096] In some embodiments, an electroactive device may
be fabricated using an atomic-layer CVD (ALCVD) pro-
cess. In some embodiments, ALCVD may deposit succes-
sive layers of different substances to produce layered, crys-
talline film coatings.

[0097] In some embodiments, an electroactive device may
be fabricated using a combustion chemical vapor deposition
(CCVD) process. In some embodiments, CCVD (also
referred to as flame pyrolysis) may refer to an open-atmo-
sphere, flame-based technique for depositing high-quality
thin films (e.g., layers of material ranging from fractions of
a nanometer (monolayer) to several micrometers in thick-
ness) and nanomaterials, which may be used in forming
the electroactive device.

[0098] In some embodiments, an electroactive device may
be fabricated using a hot filament CVD (HFCVD) process,
which may also be referred to as catalytic CVD (cat-CVD)
or initiated CVD (iCVD). In some embodiments, this pro-
cess may use a hot filament to chemically decompose the
source gases to form the materials of the electroactive
device. Moreover, the filament temperature and temperature
of portions of the electroactive device may be independently
controlled, allowing colder temperatures for better adsorp-
tion rates at the substrate, and higher temperatures necessary
for decomposition of precursors to free radicals at the
filament.

[0099] In some embodiments, an electroactive device may
be fabricated using a hybrid physical-chemical vapor
deposition (HPCVD) process. HPCVD may involve both
chemical decomposition of a precursor gas and vaporization
of a solid source to form the materials on a substrate.
[0100] In some embodiments, an electroactive device may
be fabricated using a metalorganic chemical vapor deposi-
tion (MOCVD) process (e.g., a CVD process that uses meta-
lorganic precursors) to form materials on the substrate. For
example, an electrode may be formed on a nanovoided poly-
mer layer using this approach.

[0101] In some embodiments, an electroactive device may
be fabricated using a rapid thermal CVD (RTCVD) process.
This CVD process uses heating lamps or other methods to
rapidly heat the substrate. Heating only the substrate rather
than the precursors or chamber walls may reduce unwanted
gas-phase reactions that may lead to particle formation
within the deposition chamber.

[0102] In some embodiments, an electroactive device may
be fabricated using a photo-initiated CVD (PICVD) process.
This process may use UV light to stimulate chemical reac-
tions in the precursor materials used to make the materials
for the electroactive device. Under certain conditions,
PICVD may be operated at or near atmospheric pressure.
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[0103] In some embodiments, electroactive devices may
be fabricated by depositing a curable material (e.g., a mono-
mer such as an acrylate or a silicone) and a solvent for the
curable material onto a substrate, heating the curable mate-
rial with at least a portion of the solvent remaining with the
cured monomer, and removing the solvent from the cured
monomer. Using this process, voids such as nanovoids
may be formed in the polymer layer. In some embodiments,
a flowable material (e.g., a solvent) may be combined with
the curable materials (e.g., monomers and conductive mate-
rials) to create a flowable mixture that may be used for pro-
ducing electroactive polymers with nanovoids. The mono-
mers may be monofunctional or polyfunctional, or mixtures
thereof. Polyfunctional monomers may be used as crosslink-
ing agents to add rigidity or to form elastomers. Polyfunc-
tional monomers may include difunctional materials such as
bisphenol fluorene (EO) diacrylate, trifunctional materials
such as trimethylolpropane triacrylate (TMPTA), and/or
higher functional materials. Other types of monomers may
be used, including, for example, isocyanates, and these may
be mixed with monomers with different curing mechanisms.
[0104] In some embodiments, the flowable material may
be combined (e.g., mixed) with a curable material (e.g., a
monomer). In some embodiments, a curable material may
be combined with at least one non-curable component
(e.g., particles of a material having a high dielectric con-
stant) to form a mixture including the curable material and
the at least one non-curable component, for example, on an
electrode (e.g., a first electrode or a second electrode) of the
electroactive device. Alternatively, the flowable material
(e.g., solvent) may be introduced into a vaporizer to deposit
(e.g., via vaporization or, in alternative embodiments, via
printing) a curable material onto an electrode. In some
embodiments, a flowable material (e.g., solvent) may be
deposited as a separate layer either on top or below a curable
material (e.g., a monomer) and the solvent and curable
material may be allowed to inter-diffuse before being
cured to generate an electroactive polymer having
nanovoids.

[0105] In some embodiments, after the curable material is
cured, the solvent may be allowed to evaporate before
another electroactive polymer layer or another electrode is
formed. In some embodiments, the evaporation of the sol-
vent may be accelerated by the application of heat to the
surface with a heater, which may, for example, be disposed
within a drum forming surface and/or any other suitable
location, or by reducing the pressure of the solvent above
the substrate using a cold trap (e.g., a device that condenses
vapors into a liquid or solid), or a combination thereof. [so-
lators (not shown) may be added to the deposition chamber
to prevent, for example, the solvent vapor from interfering
with the radiation source or the electrode source.

[0106] In some embodiments, the solvent may have a
vapor pressure that is similar to at least one of the monomers
being evaporated. The solvent may dissolve both the mono-
mer and the generated electroactive polymer, or the solvent
may dissolve only the monomer. Alternatively, the solvent
may have low solubility for the monomer, or plurality of
monomers if there is a mixture of monomers being applied.
Furthermore, the solvent may be immiscible with at least
one of the monomers and may at least partially phase sepa-
rate when condensed on the substrate.

[0107] In some embodiments, there may be multiple
vaporizers, with each of the multiple vaporizers applying a
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different material, including solvents, non-solvents, mono-
mers, and/or ceramic precursors such as tetraethyl orthosili-
cate and water, and optionally a catalyst for forming a sol-
gel such as HCI or ammonia.

[0108] In some embodiments, a method of generating a
nanovoided polymer for use in connection with an electro-
active device (such as electroactive devices described var-
iously herein) may include co-depositing a monomer or
mixture of monomers, a surfactant, and a nonsolvent mate-
rial associated with the monomer(s) which is compatible
with the surfactant. In various examples, the monomer(s)
may include, but not be limited to, ethyl acrylate, butyl acry-
late, octyl acrylate, ethoxy ethyl acrylate, 2-chloroethyl
vinyl ether, chloromethyl acrylate, methacrylic acid, allyl
glycidyl ether, and/or N-methylol acrylamide. Other curing
agents such as polyamines, higher fatty acids or their esters,
and/or sulfur may be used as the monomer(s). In some
aspects, the surfactant may be ionic or non-ionic. In another
aspect, the non-solvent material may include organic and/or
inorganic non-solvent materials. For instance, the non-sol-
vent material may include water or a hydrocarbon or may
include a highly polar organic compound such as ethylene
glycol. As noted, the monomer or monomers, non-solvent,
and surfactant may be co-deposited. Alternatively, the
monomer or monomers, non-solvent, and/or surfactant
may be deposited sequentially. In one aspect, a substrate
temperature may be controlled to generate and control one
or more properties of the resulting emulsion generated by
co-depositing or sequentially depositing the monomer or
monomers, non-solvent, and surfactant. The substrate may
be treated to prevent destabilization of the emulsion. For
example, an aluminum layer may be coated with a thin poly-
mer layer made by depositing a monomer followed by cur-
ing the monomer.

[0109] Further to the disclosed methods for forming a
nanovoided polymer as well as adjacent electrodes, a sealing
layer may be formed over the electroded polymer architec-
ture. In accordance with various embodiments, the sealing
layer may be formed using physical vapor deposition
(PVD), chemical vapor deposition (CVD), evaporation,
spray-coating, spin-coating, atomic layer deposition
(ALD), and the like, and may include any composition sui-
table to form a barrier that inhibits or prevents the ingress of
contamination, including moisture, into the electroactive
device. Example sealing layer compositions may include
poly(vinyl acetate), poly(vinyl alcohol), poly(ethylene
vinyl alcohol), polyurethane, polyvinylidene fluoride, poly-
chloro-trifluoroethylene, polyhedral oligomeric silsesquiox-
ane, chloro-fluoropolymers, and aliphatic or semi-aromatic
polyamides.

[0110] As will be appreciated, the sealing layer may be
formed after incorporating a fill gas into the nanovoided
polymer layer(s). A fill gas may be introduced into a nano-
voided polymer within the deposition chamber, i.e., before
or after forming conductive electrodes. In an example
method, a deposition chamber containing an electroded
nanovoided polymer layer may be evacuated and backfilled
with a fill gas. In certain embodiments, the fill gas may be
incorporated (i.e., absorbed) into the nanovoids as well as
into the polymer matrix. Example fill gases include, but
are not limited to, Ar, N,, Kr, Xe, O,, SFy, CHF;, CF,,
C2F6, C3Fg, and air.

[0111] According to some embodiments, the sealing layer
may be formed directly over the nanovoided polymer.
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According to some embodiments, the sealing layer may be
formed directly over the electrodes. According to some
embodiments, the sealing layer may be displaced from one
or both of the nanovoided polymer layer(s) and the electro-
de(s) to form an empty space, i.e., a gas reservoir, which
may be configured to reversibly contain fill gas that is
expelled from the polymer.

[0112] According to some embodiments, the gas reservoir
may include a getter material, such as a moisture getter. A
layer of getter material may be formed over an inner surface
of the gas reservoir, such as over an exposed surface of an
electrode. Example moisture getter materials include micro-
porous polyimides and microporous polyamides, which may
irreversibly absorb moisture contained within the gas
Teservoir.

[0113] While the gas-impregnated nanovoided materials
of the present disclosure are described generally in connec-
tion with mechanical actuators, the nanovoided materials
may be used in other fields. For example, the nanovoided
polymers may be used, as part of, or in combination with
passive and active optics, including a lens, mirror, holo-
graphic element, beam splitter, optical filter, optical retarda-
tion films, polarizers, compensators, reflective films, align-
ment layers, color filters, antistatic protection sheets,
electromagnetic interference protection sheets, polariza-
tion-controlled lenses for autostereoscopic three-dimen-
sional displays, and infrared reflection films, and the like.
[0114] An adjustable lens, for instance, may include any
suitable type of lens with adjustable optical properties (e.g.,
adjustable optical power/focal length, correcting for wave-
front distortion and/or aberrations, etc.), a liquid lens, a gel
lens, or other adjustable lens. For example, an adjustable
lens may include a deformable exterior layer filled with an
optical medium such as a liquid or a semi-solid material
(e.g., a gel, a semi-solid polymer, etc.). An adjustable lens
may include one or more substantially transparent materials
(at wavelengths of application) that may deform and/or flow
under pressure.

[0115] A deformable optical element may include a sub-
stantially transparent and elastic material. For example, a
deformable optical element may include a natural or syn-
thetic elastomer that returns to a resting state when a
deforming force is removed. In some embodiments, a
deformable optical element may be deformed using an elec-
troactive device generating a directly-driven force to pro-
duce a desired optical power or other optical property, e.g.,
for a lens or other optical element. In some embodiments,
actuation forces may be applied around a perimeter of a
deformable lens and may be generally uniform or variable
around the perimeter of a lens. In some embodiments, elec-
troactive devices may be used to actuate deformable optical
elements in optical assemblies (e.g., lens systems).

[0116] In some embodiment, a lens assembly may include
multiple deformable optical elements (e.g., multiple
deformable lenses, such as liquid lenses), where the defor-
mation is provided by one or more electroactive devices, in
accordance with example embodiments of the disclosure.
[0117] According to some embodiments, an optical ele-
ment may include a tunable lens and an electroded layer of
a gas-impregnated nanovoided polymer disposed over a first
surface of the tunable lens. The tunable lens may be a liquid
lens, for example, and may have a geometry selected from
prismatic, freeform, plano, meniscus, bi-convex, plano-con-
vex, biconcave, or plano-concave. In certain embodiments,
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a further optical element may be disposed over a second
surface of the tunable lens. The optical element may be
incorporated into a head mounted display, e.g., within a
transparent aperture thereof.

[0118] In the presence of an electrostatic field (E-field), an
electroactive polymer (i.e., a gas-impregnated nanovoided
polymer) may deform (e.g., compress, elongate, bend, etc.)
according to the magnitude and direction of the applied
field. As the potential difference (i.e., voltage difference)
between the electrodes is increased or decreased (e.g.,
from zero potential) the amount of deformation may also
increase, principally along electric field lines. This deforma-
tion may achieve saturation when a certain electrostatic field
strength has been reached. With no electrostatic field, the
electroactive polymer may be in its relaxed state undergoing
no induced deformation, or stated equivalently, no induced
strain, either internal or external.

[0119] In accordance with various embodiments, liquid
lenses can be used to enhance imaging system flexibility
across a wide variety of applications that benefit from
rapid focusing. According to certain embodiments, by inte-
grating an actuatable liquid lens, an imaging system can
rapidly change the plane of focus to provide a sharper
image, independent of an object’s distance from the camera.
The use of liquid lenses may be particularly advantageous
for applications that involve focusing at multiple distances,
where objects under inspection may have different sizes or
may be located at varying distances from the lens, such as
package sorting, barcode reading, security, and rapid auto-
mation, in addition to virtual reality/augmented reality
devices.

[0120] Further example structures that may be operated in
conjunction with an electroactive device having a gas-
impregnated layer of a nanovoided polymer include tunable
prisms and gratings as well as tunable form birefringent
structures, which may include either a patterned nanovoided
polymer layer having a uniform porosity or an un-patterned
nanovoided polymer layer having spatially variable
porosity.

[0121] In some embodiments, the optical performance of a
nanovoided polymer grating may be tuned through actuation
of the grating, which may modify the pitch of the grating
elements. In some embodiments, a fill gas-impregnated
nanovoided polymer layer having a tunable refractive
index may be incorporated into an actively switchable opti-
cal waveguide. According to some embodiments, one or
more optical properties of an optical element may be tuned
through capacitive actuation, mechanical actuation, and/or
acoustic actuation. According to some embodiments, one
or more properties of a nanovoided polymer layer may be
tuned over the spatial extent of the layer by locally varying
the void topology, i.e., during printing.

[0122] An electroactive device may include a plurality of
stacked layers. For example, an electroactive device may
include multiple nanovoided polymer layers each arranged
between a pair of electrodes. For example, an electroactive
device may include a stack of from two electroactive layers
and corresponding electrodes to thousands of electroactive
layers (e.g., approximately 5, approximately 10, approxi-
mately 20, approximately 30, approximately 40, approxi-
mately 50, approximately 100, approximately 200, approxi-
mately 300, approximately 400, approximately 500,
approximately 600, approximately 700, approximately
800, approximately 900, approximately 1000, approxi-
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mately 2000, or greater than approximately 2000 electroac-
tive layers, including ranges between any of the foregoing
values). A large number of layers may be used to achieve a
high displacement output, where the overall device displa-
cement may be expressed as the sum of the displacement of
each layer.

[0123] In some embodiments, an electrode may be shared
between layers; for example, a device may have alternating
electrodes and nanovoided polymer layers located between
neighboring pairs of electrodes. Various stacked configura-
tions can be constructed in different geometries that alter the
shape, alignment, and spacing between layers. Such com-
plex arrangements can enable compression, extension,
twisting, and/or bending when operating the electroactive
device.

[0124] Features from any of the embodiments described
herein may be used in combination with one another in
accordance with the general principles described herein.
These and other embodiments, features, and advantages
will be more fully understood upon reading the following
detailed description in conjunction with the accompanying
drawings and claims.

[0125] The following will provide, with reference to
FIGS. 1-11, a detailed description of methods and systems
related to the manufacture and implementation of gas-
impregnated nanovoided polymers. The discussion asso-
ciated with FIGS. 1-5 includes a description of actuator
and passive optic architectures including nanovoided poly-
mer layers having a fill gas disposed within the nanovoids
according to various embodiments. The discussion asso-
ciated with FIGS. 6-11 relates to exemplary virtual reality
and augmented reality devices that may include an optical
element including a gas soluble nanovoided polymer.
[0126] The application of a voltage between the electrodes
can cause compression of an intervening nanovoided poly-
mer layer in the direction of the applied electric field and an
associated expansion or contraction of the nanovoided poly-
mer layer in one or more transverse dimensions. Such actua-
tion can be used to manipulate the topology of nanovoids
within the polymer matrix and, in turn, the optical and
mechanical properties of the actuator.

[0127] A sealed actuator including a nanovoided polymer
layer having gas-filled voids is shown schematically in FIG.
1. Sealed actuator 100 includes a pair of nanovoided poly-
mer layers, with each layer being driven by a pair of electro-
des. FIG. 1A shows the actuator 100 in an unactuated state
having a first nanovoided polymer layer 110, a second nano-
voided polymer layer 120, a primary electrode 131 disposed
between the first and second nanovoided polymer layers
110, 120, a secondary electrode 132 disposed over a lower
surface of the first nanovoided polymer layer 110, and a ter-
tiary electrode 133 disposed over an upper surface of the
second nanovoided polymer layer 120.

[0128] In some embodiments, the primary electrode 131
may overlap (e.g., overlap in a horizontal direction) at
least a portion of the secondary electrode 132, and the ter-
tiary electrode 133 may overlap at least a portion of the pri-
mary electrode 131. The first nanovoided polymer layer 110
may include a first elastomeric material disposed between
and abutting the primary electrode 131 and the secondary
electrode 132. The second electroactive polymer layer 120
may include a second elastomeric material disposed
between and abutting the primary electrode 131 and the ter-
tiary electrode 133. Each of the first and second nanovoided
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polymer layers 110, 120 includes a respective polymer
matrix 112, 122 having a plurality of nanovoids 114, 124
dispersed throughout the matrix. The nanovoids 114, 124
may be at least partially filled, e.g., entirely filled, with a
fill gas 116, 126.

[0129] In the illustrated embodiment, the primary elec-
trode 131 may be connected to a first contact layer 141,
whereas the secondary electrode 132 and the tertiary elec-
trode 133 may each be connected to a second contact layer
142. A hermetic sealing layer 150 may envelope actuator
100, including the gas-impregnated first and second nano-
voided polymer layers 110, 120 and the electrodes (e.g., pri-
mary electrode 131, secondary electrode 132, tertiary elec-
trode 133, first contact layer 141, and second contact layer
142). A first common electrode 141a electrically connected
to the first contact layer 141 and a second common electrode
142a electrically connected to the second contact layer 142
may each extend through the sealing layer 150 to provide
electrical connections to the primary, secondary and tertiary
electrodes 131, 132, 133.

[0130] In some embodiments, the contact layers (e.g., the
first contact layer 141 and the second contact layer 142) may
be structured in a number of different ways than shown. For
example, the contact layers may form a sloped shape, or
may be a more complex shape (e.g., patterned or freeform).
In some embodiments, the contact layers may be shaped to
allow compression and expansion of the actuator 100 during
operation.

[0131] Referring to FIG. 1B, according to some embodi-
ments, the application of a voltage across the nanovoided
polymer layers 110, 120 may cause compression of the
layers and an attendant lateral expansion. In the actuated
state of FIG. 1B, the fill gas expelled from deformed nano-
voids 1145, 124 may be absorbed by the polymer matrix
112, 122.

[0132] According to further embodiments, a sealed actua-
tor including a nanovoided polymer layer having gas-filled
voids is shown in FIG. 2. Sealed actuator 200 includes a pair
of nanovoided polymer layers, with each layer being driven
by a pair of electrodes. FIG. 2A shows the actuator 200 in an
unactuated state having a first nanovoided polymer layer
210, a second nanovoided polymer layer 220, a primary
electrode 231 disposed between the first and second nano-
voided polymer layers 210, 220, a secondary electrode 232
disposed over a lower surface of the first nanovoided poly-
mer layer 210, and a tertiary electrode 233 disposed over an
upper surface of the second nanovoided polymer layer 220.
[0133] The primary electrode 231 may overlap (e.g., over-
lap in a horizontal direction) at least a portion of the second-
ary electrode 232, and the tertiary electrode 233 may over-
lap at least a portion of the primary electrode 231. The first
nanovoided polymer layer 210 may include a first elasto-
meric material disposed between and abutting the primary
electrode 231 and the secondary electrode 232. The second
electroactive polymer layer 220 may include a second elas-
tomeric material disposed between and abutting the primary
electrode 231 and the tertiary electrode 233. Each of the first
and second nanovoided polymer layers 210, 220 includes a
respective polymer matrix 212, 222 having a plurality of
nanovoids 214, 224 dispersed throughout the respective
matrix. The nanovoids 214, 224 may be at least partially
filled, e.g., entirely filled, with a fill gas 216, 226.

[0134] As illustrated, the primary electrode 231 may be
connected to a first contact layer 241, whereas the secondary
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electrode 232 and the tertiary electrode 233 may each be
connected to a second contact layer 242. A hermetic sealing
layer 250 may envelope actuator 200, including the gas-
impregnated first and second nanovoided polymer layers
210, 220 and the electrodes (e.g., primary electrode 231,
secondary electrode 232, tertiary electrode 233, first contact
layer 241, and second contact layer 242). A first common
electrode 241a electrically connected to the first contact
layer 241 and a second common electrode 242a electrically
connected to the second contact layer 242 may each extend
through the sealing layer 250 to provide electrical connec-
tions to the primary, secondary, and tertiary electrodes 231,
232, 233.

[0135] According to certain embodiments, the sealing
layer 250 may be formed directly over portions of the nano-
voided polymer layers 210, 220, directly over exposed por-
tions of the electrodes, e.g., lower surface of secondary elec-
trode 232 and upper surface of tertiary electrode 233, and/or
over exposed surfaces of the first and second contact layers
241, 242. In certain embodiments, the sealing layer 250 may
be spaced away from portions the nanovoided polymer
layer(s) and/or one or more of the electrodes to form a gap
or gas reservoir 260 proximate to the actuator 200.

[0136] As shown in FIG. 2A and FIG. 2B, the gas reser-
voir 260 may include a moisture getter 270, such as a layer
of a suitable getter material disposed over an inner surface
of the gas reservoir 260. A layer of getter material 270 may
be formed over a surface of a contact layer, for example,
prior to forming the sealing layer 250. Example moisture
getter materials include microporous polyimides and micro-
porous polyamides, which may absorb moisture contained
within the gas reservoir 260.

[0137] As in the embodiment of FIG. 1, the contact layers
(e.g., the first contact layer 241 and the second contact layer
242) may be structured in a number of different ways. For
example, the contact layers may form a sloped shape, or
may be a more complex shape (e.g., patterned or freeform).
In some embodiments, the contact layers may be shaped to
allow compression and expansion of the actuator 200 during
operation.

[0138] Referring to FIG. 2B, according to some embodi-
ments, the application of a voltage across the nanovoided
polymer layers 210, 220 may cause compression of the
polymer layers and an attendant lateral expansion. In the
actuated state of FIG. 2B, the fill gas expelled from
deformed nanovoids 2145, 224h may be absorbed by the
polymer matrix 212, 222 and/or desorbed from the polymer
matrix 212, 222 into gas reservoir 260 as gas molecules 280.
[0139] According to further embodiments, a gas-impreg-
nated nanovoided polymer layer is shown schematically in
FIG. 3. The sealed nanovoided polymer layer 300 includes
polymer matrix 322 having a plurality of nanovoids 324 dis-
persed throughout the matrix 322. The nanovoids 324 may
be at least partially filled, e.g., entirely filled, with a fill gas
326. A hermetic sealing layer 350 may envelope the nano-
voided polymer layer. For instance, hermetic sealing layer
350 may be disposed over, e.g., directly over, gas-impreg-
nated polymer matrix 322.

[0140] According to still further embodiments, a sealed
nanovoided polymer layer having gas-filled voids is shown
in FIG. 4. Referring initially to FIG. 4A, the sealed nano-
voided polymer layer 400 may be formed over a substrate
405 and may include a polymer matrix 422 having a plur-
ality of nanovoids 424 dispersed throughout the matrix 422.
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The nanovoids 424 may be at least partially filled, e.g.,
entirely filled, with a fill gas 426. A hermetic sealing layer
450 may be formed over the polymer matrix 422. According
to certain embodiments, the sealing layer 450 may be spaced
away from portions of the polymer matrix 422 to form a gap
or gas reservoir 460 proximate to the nanovoided polymer
layer.

[0141] As shown in FIG. 4A, the gas reservoir 460 may
include a moisture getter 470, such as a layer of a suitable
getter material disposed over an inner surface of the gas
reservoir 460. For example, a layer of getter material 470
may be formed over an exposed surface of the substrate
405 with gas reservoir 460.

[0142] Referring to FIG. 4B, a sealed nanovoided polymer
layer 401 may include a polymer matrix 422 having a plur-
ality of nanovoids 424 dispersed throughout the matrix 422.
The nanovoids 424 may be at least partially filled, e.g.,
entirely filled, with a fill gas 426. Sealed nanovoided poly-
mer layer 401 may be disposed between substrate 405 and a
capping layer 407. A hermetic sealing layer 450 may be
formed peripheral to the polymer matrix 422 and, in certain
embodiments, may be spaced away from the polymer matrix
422 to form a gas reservoir 460. A layer of getter material
470 may be formed over an exposed surface of the substrate
405 with gas reservoir 460. Substrate 405 and capping layer
407 may include a glass or polymer, such as a transparent
glass or polymer, for example. As will be appreciated, the
un-electroded nanovoided polymer layers of FIG. 3 and
FIG. 4 may be incorporated into a variety of passive optics,
for example.

[0143] According to further embodiments, a sealed multi-
layer actuator including a plurality of nanovoided polymer
layers having gas-filled voids and disposed between alter-
nating electrodes is shown schematically in FIG. 5. Sealed
multilayer actuator 500 may include a plurality of interdigi-
tated electrodes, including a primary electrode 531, a sec-
ondary electrode 532 spaced away from the primary elec-
trode 531, and an electroactive layer 510 disposed between
the primary electrode 531 and the secondary electrode 532.
The electroactive layer 510 may include a polymer matrix
512 having a plurality of nanovoids (not shown) dispersed
throughout the matrix 512. The nanovoids may be at least
partially filled, e.g., entirely filled, with a fill gas. The actua-
tor stack 500 may additionally include a primary contact
layer 541 overlying and in electrical contact with a sidewall
of the primary electrode 531, and a secondary contact layer
542 overlying and in electrical contact with a sidewall of the
secondary electrode 534. A hermetic sealing layer S50 may
envelope multilayer actuator 500.

Example Embodiments

[0144] Example 1: An actuator includes a primary elec-
trode, a secondary electrode overlapping at least a portion
of the primary electrode, a nanovoided polymer layer dis-
posed between and abutting the primary electrode and the
secondary electrode, the nanovoided polymer layer includ-
ing a plurality of nanovoids dispersed throughout a polymer
matrix, and a sealing layer at least partially encapsulating
the nanovoided polymer layer, wherein the nanovoids
include a fill gas.

[0145] Example 2: The actuator of Example 1, wherein the
polymer matrix includes an elastomer.
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[0146] Example 3: The actuator of any of Examples 1 and
2, wherein the sealing layer is configured to retain the fill gas
within the actuator.

[0147] Example 4: The actuator of any of Examples 1-3,
wherein the sealing layer is configured to inhibit the ingress
of contaminants into the actuator.

[0148] Example 5: The actuator of any of Examples 1-4,
wherein the sealing layer includes an elastomer.

[0149] Example 6: The actuator of any of Examples 1-5,
wherein the sealing layer includes at least one of poly(vinyl
acetate), poly(vinyl alcohol), poly(ethylene vinyl alcohol),
polyurethane, polyvinylidene fluoride, poly-chloro-trifluor-
octhylene, polyhedral oligomeric silsesquioxane, chloro-
fluoropolymers, and aliphatic or semi-aromatic polyamides.
[0150] Example 7: The actuator of any of Examples 1-6,
wherein a difference in Hildebrand solubility parameter
between the fill gas and the sealing layer is at least
5 MPal2,

[0151] Example 8: The actuator of any of Examples 1-7,
wherein a mechanical stiffness of the sealing layer is less
than a mechanical stiffness of the nanovoided polymer layer.
[0152] Example 9: The actuator of any of Examples 1-8,
wherein the fill gas includes at least one of Ar, N,, Kr, Xe,
02, SFG, CHF3, CF4, C2F5, C3Fg, and air.

[0153] Example 10: The actuator of any of Examples 1-9,
wherein a difference in Hildebrand solubility parameter
between the nanovoided polymer and the fill gas is less
than 2 MPal/2.

[0154] Example 11: The actuator of any of Examples 1-
10, further including a gas reservoir at least partially encap-
sulated by the sealing layer.

[0155] Example 12: The actuator of Example 11, further
including a layer of getter material located within the gas
Teservoir.

[0156] Example 13: The actuator of Example 11 or 12,
wherein at least a portion of the polymer matrix is directly
exposed to the gas reservoir.

[0157] Example 14: An actuator includes: a primary elec-
trode, a secondary electrode overlapping at least a portion of
the primary electrode, a nanovoided polymer layer disposed
between and abutting the primary electrode and the second-
ary electrode, a fill gas located within nanovoids of the
nanovoided polymer layer, a hermetic sealing layer at least
partially encapsulating the nanovoided polymer layer, and a
gas reservoir located proximate to the nanovoided polymer
layer.

[0158] Example 15: The actuator of Example 14, wherein
the sealing layer includes an elastomer.

[0159] Example 16: The actuator of Example 14 or 15,
wherein the sealing layer includes at least one of poly(vinyl
acetate), poly(vinyl alcohol), polyethylene vinyl alcohol),
polyurethane, polyvinylidene fluoride, poly-chloro-trifluor-
octhylene, polyhedral oligomeric silsesquioxane, chloro-
fluoropolymers, and aliphatic or semi-aromatic polyamides
[0160] Example 17: The actuator of any of Examples 14-
16, wherein the nanovoided polymer layer and the gas reser-
voir are encapsulated by the sealing layer.

[0161] Example 18: A method includes forming an actua-
tor includes (i) a primary electrode, a secondary electrode
overlapping at least a portion of the primary electrode, and
a nanovoided polymer layer disposed between and abutting
the primary electrode and the secondary electrode, (ii) intro-
ducing a fill gas into nanovoids of the nanovoided polymer
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layer, and (ii1) forming a sealing layer over the nanovoided
polymer layer.

[0162] Example 19: The method of Example 18, where
introducing the fill gas into the nanovoids includes placing
the actuator within a vacuum processing chamber prior to
forming the sealing layer, evacuating the vacuum processing
chamber, and introducing the fill gas into the vacuum pro-
cessing chamber.

[0163] Example 20: The method of Example 18 or 19,
where the sealing layer is formed within the vacuum proces-
sing chamber after introducing the fill gas into the vacuum
processing chamber.

[0164] Embodiments of the present disclosure may
include or be implemented in conjunction with various
types of artificial-reality systems. Artificial reality is a
form of reality that has been adjusted in some manner before
presentation to a user, which may include, e.g., a virtual
reality, an augmented reality, a mixed reality, a hybrid rea-
lity, or some combination and/or derivative thereof. Artifi-
cial-reality content may include completely generated con-
tent or generated content combined with captured (e.g., real-
world) content. The artificial-reality content may include
video, audio, haptic feedback, or some combination thereof,
any of which may be presented in a single channel or in
multiple channels (such as stereo video that produces a
three-dimensional (3D) effect to the viewer). Additionally,
in some embodiments, artificial reality may also be asso-
ciated with applications, products, accessories, services, or
some combination thereof, that are used to, e.g., create con-
tent in an artificial reality and/or are otherwise used in (e.g.,
to perform activities in) an artificial reality.

[0165] Artificial-reality systems may be implemented in a
variety of different form factors and configurations. Some
artificial-reality systems may be designed to work without
near-eye displays (NEDs), an example of which is augmen-
ted-reality system 600 in FIG. 6. Other artificial-reality sys-
tems may include an NED that also provides visibility into
the real world (e.g., augmented-reality system 700 in FIG. 7)
or that visually immerses a user in an artificial reality (e.g.,
virtual-reality system 800 in FIG. 8). While some artificial-
reality devices may be self-contained systems, other artifi-
cial-reality devices may communicate and/or coordinate
with external devices to provide an artificial-reality experi-
ence to a user. Examples of such external devices include
handheld controllers, mobile devices, desktop computers,
devices worn by a user, devices worn by one or more other
users, and/or any other suitable external system.

[0166] Turning to FIG. 6, augmented-reality system 600
generally represents a wearable device dimensioned to fit
about a body part (e.g., a head) of a user. As shown in
FIG. 6, system 600 may include a frame 602 and a camera
assembly 604 that is coupled to frame 602 and configured to
gather information about a local environment by observing
the local environment. Augmented-reality system 600 may
also include one or more audio devices, such as output audio
transducers 608(A) and 608(B) and input audio transducers
610. Output audio transducers 608(A) and 608(B) may pro-
vide audio feedback and/or content to a user, and input audio
transducers 610 may capture audio in a user’s environment.
[0167] As shown, augmented-reality system 600 may not
necessarily include an NED positioned in front of a user’s
eyes. Augmented-reality systems without NEDs may take a
variety of forms, such as head bands, hats, hair bands, belts,
watches, wrist bands, ankle bands, rings, neckbands, neck-
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laces, chest bands, eyewear frames, and/or any other suita-
ble type or form of apparatus. While augmented-reality sys-
tem 600 may not include an NED, augmented-reality system
600 may include other types of screens or visual feedback
devices (e.g., a display screen integrated into a side of frame
602).

[0168] The embodiments discussed in this disclosure may
also be implemented in augmented-reality systems that
include one or more NEDs. For example, as shown in FIG.
7, augmented-reality system 700 may include an eyewear
device 702 with a frame 710 configured to hold a left display
device 715(A) and a right display device 715(B) in front of a
user’s eyes. Display devices 715(A) and 715(B) may act
together or independently to present an image or series of
images to a user. While augmented-reality system 700
includes two displays, embodiments of this disclosure may
be implemented in augmented-reality systems with a single
NED or more than two NEDs.

[0169] In some embodiments, augmented-reality system
700 may include one or more sensors, such as sensor 740.
Sensor 740 may generate measurement signals in response
to motion of augmented-reality system 700 and may be
located on substantially any portion of frame 710. Sensor
740 may represent a position sensor, an inertial measure-
ment unit (IMU), a depth camera assembly, or any combina-
tion thereof. In some embodiments, augmented-reality sys-
tem 700 may or may not include sensor 740 or may include
more than one sensor. In embodiments in which sensor 740
includes an IMU, the IMU may generate calibration data
based on measurement signals from sensor 740. Examples
of sensor 740 may include, without limitation, acceler-
ometers, gyroscopes, magnetometers, other suitable types
of sensors that detect motion, sensors used for error correc-
tion of the IMU, or some combination thereof.

[0170] Augmented-reality system 700 may also include a
microphone array with a plurality of acoustic transducers
T20(A)- 720()), referred to collectively as acoustic transdu-
cers 720. Acoustic transducers 720 may be transducers that
detect air pressure variations induced by sound waves. Each
acoustic transducer 720 may be configured to detect sound
and convert the detected sound into an electronic format
(e.g., an analog or digital format). The microphone array
in FIG. 2 may include, for example, ten acoustic transdu-
cers: 720(A) and 720(B), which may be designed to be
placed inside a corresponding ear of the user, acoustic trans-
ducers 720(C), 720(D), 720(E), 720(F), 720(G), and 720
(H), which may be positioned at various locations on
frame 710, and/or acoustic transducers 720(I) and 720(]),
which may be positioned on a corresponding neckband 705.
[0171] In some embodiments, one or more of acoustic
transducers 720(A)-(F) may be used as output transducers
(e.g., speakers). For example, acoustic transducers 720(A)
and/or 720(B) may be earbuds or any other suitable type
of headphone or speaker.

[0172] The configuration of acoustic transducers 720 of
the microphone array may vary. While augmented-reality
system 700 is shown in FIG. 7 as having ten acoustic trans-
ducers 720, the number of acoustic transducers 720 may be
greater or less than ten. In some embodiments, using higher
numbers of acoustic transducers 720 may increase the
amount of audio information collected and/or the sensitivity
and accuracy of the audio information. In contrast, using a
lower number of acoustic transducers 720 may decrease the
computing power required by an associated controller 750
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to process the collected audio information. In addition, the
position of each acoustic transducer 720 of the microphone
array may vary. For example, the position of an acoustic
transducer 720 may include a defined position on the user,
a defined coordinate on frame 710, an orientation associated
with each acoustic transducer 720, or some combination
thereof.

[0173] Acoustic transducers 720(A) and 720(B) may be
positioned on different parts of the user’s ear, such as behind
the pinna or within the auricle or fossa. Or, there may be
additional acoustic transducers 720 on or surrounding the
ear in addition to acoustic transducers 720 inside the ear
canal. Having an acoustic transducer 720 positioned next
to an ear canal of a user may enable the microphone array
to collect information on how sounds arrive at the ear canal.
By positioning at least two of acoustic transducers 720 on
either side of a user’s head (e.g., as binaural microphones),
augmented-reality device 700 may simulate binaural hear-
ing and capture a 3D stereo sound field around about a user’s
head. In some embodiments, acoustic transducers 720(A)
and 720(B) may be connected to augmented-reality system
700 via a wired connection 730, and in other embodiments,
acoustic transducers 720(A) and 720(B) may be connected
to augmented-reality system 700 via a wireless connection
(e.g., a Bluetooth connection). In still other embodiments,
acoustic transducers 720(A) and 720(B) may not be used
at all in conjunction with augmented-reality system 700.
[0174] Acoustic transducers 720 on frame 710 may be
positioned along the length of the temples, across the bridge,
above or below display devices 715(A) and 715(B), or some
combination thereof. Acoustic transducers 720 may be
oriented such that the microphone array is able to detect
sounds in a wide range of directions surrounding the user
wearing the augmented-reality system 700. In some embo-
diments, an optimization process may be performed during
manufacturing of augmented-reality system 700 to deter-
mine relative positioning of each acoustic transducer 720
in the microphone array.

[0175] In some examples, augmented-reality system 700
may include or be connected to an external device (e.g., a
paired device), such as neckband 705. Neckband 705 gener-
ally represents any type or form of paired device. Thus, the
following discussion of neckband 705 may also apply to
various other paired devices, such as charging cases, smart
watches, smart phones, wrist bands, other wearable devices,
hand-held controllers, tablet computers, laptop computers
and other external compute devices, etc.

[0176] As shown, neckband 705 may be coupled to eye-
wear device 702 via one or more connectors. The connectors
may be wired or wireless and may include electrical and/or
non-electrical (e.g., structural) components. In some cases,
eyewear device 702 and neckband 705 may operate inde-
pendently without any wired or wireless connection
between them. While FIG. 7 illustrates the components of
eyewear device 702 and neckband 705 in example locations
on eyewear device 702 and neckband 705, the components
may be located elsewhere and/or distributed differently on
eyewear device 702 and/or neckband 705. In some embodi-
ments, the components of eyewear device 702 and neckband
705 may be located on one or more additional peripheral
devices paired with eyewear device 702, neckband 705, or
some combination thereof.

[0177] Pairing external devices, such as neckband 705,
with augmented-reality eyewear devices may enable the
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eyewear devices to achieve the form factor of a pair of
glasses while still providing sufficient battery and computa-
tion power for expanded capabilities. Some or all of the bat-
tery power, computational resources, and/or additional fea-
tures of augmented-reality system 700 may be provided by a
paired device or shared between a paired device and an eye-
wear device, thus reducing the weight, heat profile, and form
factor of the eyewear device overall while still retaining
desired functionality. For example, neckband 705 may
allow components that would otherwise be included on an
eyewear device to be included in neckband 705 since users
may tolerate a heavier weight load on their shoulders than
they would tolerate on their heads. Neckband 705 may also
have a larger surface area over which to diffuse and disperse
heat to the ambient environment. Thus, neckband 705 may
allow for greater battery and computation capacity than
might otherwise have been possible on a stand-alone eye-
wear device. Since weight carried in neckband 705 may be
less invasive to a user than weight carried in eyewear device
702, a user may tolerate wearing a lighter eyewear device
and carrying or wearing the paired device for greater lengths
of time than a user would tolerate wearing a heavy standa-
lone eyewear device, thereby enabling users to more fully
incorporate artificial-reality environments into their day-to-
day activities.

[0178] Neckband 705 may be communicatively coupled
with eyewear device 702 and/or to other devices. These
other devices may provide certain functions (e.g., tracking,
localizing, depth mapping, processing, storage, etc.) to aug-
mented-reality system 700. In the embodiment of FIG. 7,
neckband 705 may include two acoustic transducers (e.g.,
720(1) and 720())) that are part of the microphone array
(or potentially form their own microphone subarray). Neck-
band 705 may also include a controller 725 and a power
source 735.

[0179] Acoustic transducers 720(]) and 720(J) of neck-
band 705 may be configured to detect sound and convert
the detected sound into an electronic format (analog or digi-
tal). In the embodiment of FIG. 7, acoustic transducers 720
(D) and 720(J) may be positioned on neckband 705, thereby
increasing the distance between the neckband acoustic
transducers 720(I) and 720(J) and other acoustic transducers
720 positioned on eyewear device 702. In some cases,
increasing the distance between acoustic transducers 720
of the microphone array may improve the accuracy of beam-
forming performed via the microphone array. For example,
if a sound is detected by acoustic transducers 720(C) and
720(D) and the distance between acoustic transducers 720
(C) and 720(D) is greater than, e.g., the distance between
acoustic transducers 720(D) and 720(E), the determined
source location of the detected sound may be more accurate
than if the sound had been detected by acoustic transducers
720(D) and 720(E).

[0180] Controller 725 of neckband 705 may process infor-
mation generated by the sensors on neckband 705 and/or
augmented-reality system 700. For example, controller 725
may process information from the microphone array that
describes sounds detected by the microphone array. For
each detected sound, controller 725 may perform a direc-
tion-of-arrival (DOA) estimation to estimate a direction
from which the detected sound arrived at the microphone
array. As the microphone array detects sounds, controller
725 may populate an audio data set with the information.
In embodiments in which augmented-reality system 700
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includes an inertial measurement unit, controller 725 may
compute all inertial and spatial calculations from the IMU
located on eyewear device 702. A connector may convey
information between augmented-reality system 700 and
neckband 705 and between augmented-reality system 700
and controller 725. The information may be in the form of
optical data, electrical data, wireless data, or any other trans-
mittable data form. Moving the processing of information
generated by augmented-reality system 700 to neckband
705 may reduce weight and heat in eyewear device 702,
making it more comfortable to the user.

[0181] Power source 735 in neckband 705 may provide
power to eyewear device 702 and/or to neckband 705.
Power source 735 may include, without limitation, lithium
ion batteries, lithium-polymer batteries, primary lithium
batteries, alkaline batteries, or any other form of power sto-
rage. In some cases, power source 735 may be a wired
power source. Including power source 735 on neckband
705 instead of on eyewear device 702 may help better dis-
tribute the weight and heat generated by power source 735.
[0182] As noted, some artificial-reality systems may,
instead of blending an artificial reality with actual reality,
substantially replace one or more of a user’s sensory percep-
tions of the real world with a virtual experience. One exam-
ple of this type of system is a head-worn display system,
such as virtual-reality system 800 in FIG. 8, that mostly or
completely covers a user’s field of view. Virtual-reality sys-
tem 800 may include a front rigid body 802 and a band 804
shaped to fit around a user’s head. Virtual-reality system 800
may also include output audio transducers 806(A) and 806
(B). Furthermore, while not shown in FIG. 8, front rigid
body 802 may include one or more electronic elements,
including one or more electronic displays, one or more iner-
tial measurement units (IMUs), one or more tracking emit-
ters or detectors, and/or any other suitable device or system
for creating an artificial reality experience.

[0183] Aurtificial-reality systems may include a variety of
types of visual feedback mechanisms. For example, display
devices in augmented-reality system 700 and/or virtual-rea-
lity system 800 may include one or more liquid crystal dis-
plays (LCDs), light emitting diode (LED) displays, organic
LED (OLED) displays, and/or any other suitable type of dis-
play screen. Artificial-reality systems may include a single
display screen for both eyes or may provide a display screen
for each eye, which may allow for additional flexibility for
varifocal adjustments or for correcting a user’s refractive
error. Some artificial-reality systems may also include opti-
cal subsystems having one or more lenses (e.g., conven-
tional concave or convex lenses, Fresnel lenses, adjustable
liquid lenses, etc.) through which a user may view a display
screen.

[0184] In addition to or instead of using display screens,
some artificial-reality systems may include one or more pro-
jection systems. For example, display devices in augmen-
ted-reality system 700 and/or virtual-reality system 800
may include micro-LED projectors that project light
(using, e.g., a waveguide) into display devices, such as
clear combiner lenses that allow ambient light to pass
through. The display devices may refract the projected
light toward a user’s pupil and may enable a user to simul-
taneously view both artificial-reality content and the real
world. Artificial-reality systems may also be configured
with any other suitable type or form of image projection
system.
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[0185] Artificial-reality systems may also include various
types of computer vision components and subsystems. For
example, augmented-reality system 600, augmented-reality
system 700, and/or virtual-reality system 800 may include
one or more optical sensors, such as two-dimensional (2D)
or 3D cameras, time-of-flight depth sensors, single-beam or
sweeping laser rangefinders, 3D LiDAR sensors, and/or any
other suitable type or form of optical sensor. An artificial-
reality system may process data from one or more of these
sensors to identify a location of a user, to map the real world,
to provide a user with context about real-world surround-
ings, and/or to perform a variety of other functions.

[0186] Artificial-reality systems may also include one or
more input and/or output audio transducers. In the examples
shown in FIGS. 6 and 8, output audio transducers 608(A),
608(B), 806(A), and 806(B) may include voice coil speak-
ers, ribbon speakers, electrostatic speakers, piezoelectric
speakers, bone conduction transducers, cartilage conduction
transducers, and/or any other suitable type or form of audio
transducer. Similarly, input audio transducers 610 may
include condenser microphones, dynamic microphones, rib-
bon microphones, and/or any other type or form of input
transducer. In some embodiments, a single transducer may
be used for both audio input and audio output.

[0187] While not shown in FIGS. 6-8, artificial-reality
systems may include tactile (i.e., haptic) feedback systems,
which may be incorporated into headwear, gloves, body
suits, handheld controllers, environmental devices (e.g.,
chairs, floormats, etc.), and/or any other type of device or
system. Haptic feedback systems may provide various
types of cutaneous feedback, including vibration, force,
traction, texture, and/or temperature. Haptic feedback sys-
tems may also provide various types of kinesthetic feed-
back, such as motion and compliance. Haptic feedback
may be implemented using motors, piezoelectric actuators,
fluidic systems, and/or a variety of other types of feedback
mechanisms. Haptic feedback systems may be implemented
independent of other artificial-reality devices, within other
artificial-reality devices, and/or in conjunction with other
artificial-reality devices.

[0188] By providing haptic sensations, audible content,
and/or visual content, artificial-reality systems may create
an entire virtual experience or enhance a user’s real-world
experience in a variety of contexts and environments. For
instance, artificial-reality systems may assist or extend a
user’s perception, memory, or cognition within a particular
environment. Some systems may enhance a user’s interac-
tions with other people in the real world or may enable more
immersive interactions with other people in a virtual world.
Artificial-reality systems may also be used for educational
purposes (e.g., for teaching or training in schools, hospitals,
government organizations, military organizations, business
enterprises, etc.), entertainment purposes (e.g., for playing
video games, listening to music, watching video content,
etc.), and/or for accessibility purposes (e.g., as hearing
aids, visuals aids, etc.). The embodiments disclosed herein
may enable or enhance a user’s artificial-reality experience
in one or more of these contexts and environments and/or in
other contexts and environments.

[0189] As noted, artificial-reality systems 600, 700, and
800 may be used with a variety of other types of devices
to provide a more compelling artificial-reality experience.
These devices may be haptic interfaces with transducers
that provide haptic feedback and/or that collect haptic infor-

Mar. 9, 2023

mation about a user’s interaction with an environment. The
artificial-reality systems disclosed herein may include var-
ious types of haptic interfaces that detect or convey various
types of haptic information, including tactile feedback (e.g.,
feedback that a user detects via nerves in the skin, which
may also be referred to as cutaneous feedback) and/or kines-
thetic feedback (e.g., feedback that a user detects via recep-
tors located in muscles, joints, and/or tendons).

[0190] Haptic feedback may be provided by interfaces
positioned within a user’s environment (e.g., chairs, tables,
floors, etc.) and/or interfaces on articles that may be worn or
carried by a user (e.g., gloves, wristbands, etc.). As an
example, FIG. 9 illustrates a vibrotactile system 900 in the
form of a wearable glove (haptic device 910) and wristband
(haptic device 920). Haptic device 910 and haptic device
920 are shown as examples of wearable devices that include
a flexible, wearable textile material 930 that is shaped and
configured for positioning against a user’s hand and wrist,
respectively. This disclosure also includes vibrotactile sys-
tems that may be shaped and configured for positioning
against other human body parts, such as a finger, an arm, a
head, a torso, a foot, or a leg. By way of example and not
limitation, vibrotactile systems according to various embo-
diments of the present disclosure may also be in the form of
a glove, a headband, an armband, a sleeve, a head covering,
a sock, a shirt, or pants, among other possibilities. In some
examples, the term “textile” may include any flexible, wear-
able material, including woven fabric, non-woven fabric,
leather, cloth, a flexible polymer material, composite mate-
rials, etc.

[0191] One or more vibrotactile devices 940 may be posi-
tioned at least partially within one or more corresponding
pockets formed in textile material 930 of vibrotactile system
900. Vibrotactile devices 940 may be positioned in locations
to provide a vibrating sensation (e.g., haptic feedback) to a
user of vibrotactile system 900. For example, vibrotactile
devices 940 may be positioned to be against the user’s fin-
ger(s), thumb, or wrist, as shown in FIG. 9. Vibrotactile
devices 940 may, in some examples, be sufficiently flexible
to conform to or bend with the user’s corresponding body
part(s).

[0192] A power source 950 (e.g., a battery) for applying a
voltage to the vibrotactile devices 940 for activation thereof
may be electrically coupled to vibrotactile devices 940, such
as via conductive wiring 952. In some examples, each of
vibrotactile devices 940 may be independently electrically
coupled to power source 950 for individual activation. In
some embodiments, a processor 960 may be operatively
coupled to power source 950 and configured (e.g., pro-
grammed) to control activation of vibrotactile devices 940.
[0193] Vibrotactile system 900 may be implemented in a
variety of ways. In some examples, vibrotactile system 900
may be a standalone system with integral subsystems and
components for operation independent of other devices
and systems. As another example, vibrotactile system 900
may be configured for interaction with another device or
system 970. For example, vibrotactile system 900 may, in
some examples, include a communications interface 980
for receiving and/or sending signals to the other device or
system 970. The other device or system 970 may be a
mobile device, a gaming console, an artificial-reality (e.g.,
virtual-reality, augmented-reality, mixed-reality) device, a
personal computer, a tablet computer, a network device
(e.g., a modem, a router, etc.), a handheld controller, etc.
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Communications interface 980 may enable communications
between vibrotactile system 900 and the other device or sys-
tem 970 via a wireless (e.g., Wi-Fi, Bluetooth, cellular,
radio, etc.) link or a wired link. If present, communications
interface 980 may be in communication with processor 960,
such as to provide a signal to processor 960 to activate or
deactivate one or more of the vibrotactile devices 940.
[0194] Vibrotactile system 900 may optionally include
other subsystems and components, such as touch-sensitive
pads 990, pressure sensors, motion sensors, position sen-
sors, lighting elements, and/or user interface elements
(e.g., an on/off button, a vibration control element, etc.).
During use, vibrotactile devices 940 may be configured to
be activated for a variety of different reasons, such as in
response to the user’s interaction with user interface ele-
ments, a signal from the motion or position sensors, a signal
from the touch-sensitive pads 990, a signal from the pres-
sure sensors, a signal from the other device or system 970,
etc.

[0195] Although power source 950, processor 960, and
communications interface 980 are illustrated in FIG. 9 as
being positioned in haptic device 920, the present disclosure
is not so limited. For example, one or more of power source
950, processor 960, or communications interface 980 may
be positioned within haptic device 910 or within another
wearable textile.

[0196] Haptic wearables, such as those shown in and
described in connection with FIG. 9, may be implemented
in a variety of types of artificial-reality systems and envir-
onments. FIG. 10 shows an example artificial-reality envir-
onment 1000 including one head-mounted virtual-reality
display and two haptic devices (i.e., gloves), and in other
embodiments any number and/or combination of these com-
ponents and other components may be included in an artifi-
cial-reality system. For example, in some embodiments
there may be multiple head-mounted displays each having
an associated haptic device, with each head-mounted dis-
play and each haptic device communicating with the same
console, portable computing device, or other computing
system.

[0197] Head-mounted display 1002 generally represents
any type or form of virtual-reality system, such as virtual-
reality system 800 in FIG. 8. Haptic device 1004 generally
represents any type or form of wearable device, worn by a
use of an artificial-reality system, that provides haptic feed-
back to the user to give the user the perception that he or she
is physically engaging with a virtual object. In some embo-
diments, haptic device 1004 may provide haptic feedback by
applying vibration, motion, and/or force to the user. For
example, haptic device 1004 may limit or augment a user’s
movement. To give a specific example, haptic device 1004
may limit a user’s hand from moving forward so that the
user has the perception that his or her hand has come in
physical contact with a virtual wall. In this specific example,
one or more actuators within the haptic advice may achieve
the physical-movement restriction by pumping fluid into an
inflatable bladder of the haptic device. In some examples, a
user may also use haptic device 1004 to send action requests
to a console. Examples of action requests include, without
limitation, requests to start an application and/or end the
application and/or requests to perform a particular action
within the application.

[0198] While haptic interfaces may be used with virtual-
reality systems, as shown in FIG. 10, haptic interfaces may
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also be used with augmented-reality systems, as shown in
FIG. 11. FIG. 11 is a perspective view a user 1110 interact-
ing with an augmented-reality system 1100. In this example,
user 1110 may wear a pair of augmented-reality glasses
1120 that have one or more displays 1122 and that are paired
with a haptic device 1130. Haptic device 1130 may be a
wristband that includes a plurality of band elements 1132
and a tensioning mechanism 1134 that connects band ele-
ments 1132 to one another.

[0199] One or more of band elements 1132 may include
any type or form of actuator suitable for providing haptic
feedback. For example, one or more of band elements
1132 may be configured to provide one or more of various
types of cutaneous feedback, including vibration, force,
traction, texture, and/or temperature. To provide such feed-
back, band elements 1132 may include one or more of var-
ious types of actuators. In some embodiments, an actuator
may include a layer of nanovoided polymer sandwiched
between conductive electrodes. In one example, each of
band elements 1132 may include a vibrotactor (e.g., a vibro-
tactile actuator) configured to vibrate in unison or indepen-
dently to provide one or more of various types of haptic
sensations to a user. Alternatively, only a single band ele-
ment or a subset of band elements may include vibrotactors.
[0200] Haptic devices 910, 920, 1004, and 1130 may
include any suitable number and/or type of haptic transdu-
cer, sensor, and/or feedback mechanism. For example, hap-
tic devices 910, 920, 1004, and 1130 may include one or
more mechanical transducers, piezoelectric transducers,
and/or fluidic transducers. Haptic devices 910, 920, 1004,
and 1130 may also include various combinations of different
types and forms of transducers that work together or inde-
pendently to enhance a user’s artificial-reality experience. In
one example, each of band elements 1132 of haptic device
1130 may include a vibrotactor (e.g., a vibrotactile actuator)
configured to vibrate in unison or independently to provide
one or more of various types of haptic sensations to a user.
[0201] As discussed throughout the instant disclosure, the
disclosed devices, systems, and methods may provide one or
more advantages over conventional devices, systems, and
methods. For example, in contrast to prior devices, the elec-
troactive devices presented herein may include electroactive
elements that achieve substantially uniform strain in the pre-
sence of an electrostatic field produced by a potential differ-
ence between paired electrodes, permitting the electroactive
devices to achieve, for example, improvements in both
energy density and specific power density. Such uniform
strain may reduce or eliminate unwanted deformations in
the electroactive elements and may result in greater overall
deformation, such as compression, of the electroactive ele-
ments, providing a greater degree of movement of surface
regions of the electroactive elements while requiring a lower
amount of energy to provide such deformation. The electro-
active elements may include polymer materials having
nanovoided regions that allow for additional compression
in the presence of a voltage gradient in comparison to non-
voided materials. Additionally, an electroactive device may
be formed in a stacked structure having a plurality of gas-
impregnated electroactive elements that are layered with
multiple electrodes, enabling the plurality of electroactive
elements to be actuated in conjunction with each other in a
single device that may undergo a more substantial degree of
deformation (e.g., compression and/or expansion) in com-
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parison to an electroactive device having a single electroac-
tive element or layer.

[0202] Electroactive devices described and shown herein
may be utilized in any suitable technologies, without limita-
tion. For example, such electroactive devices may be uti-
lized as mechanical actuators to actuate movement of adja-
cent components. [n at least one embodiment, the disclosed
electroactive devices may be incorporated into optical sys-
tems such as adjustable lenses (e.g., fluid-filled lenses) to
actuate movement of one or more optical layers. Such actua-
tion may, for example, allow for selected movement of lens
layers of an adjustable lens, resulting in deformation of the
lens layers to adjust optical characteristics (e.g., focal point,
spherical correction, cylindrical correction, axial correction,
etc.) of the adjustable lens. In some embodiments, electro-
active devices as disclosed herein may be utilized as actua-
tors in micromechanical apparatuses, such as microelectro-
mechanical devices. Additionally or alternatively,
electroactive devices may be used for converting mechani-
cal energy to electrical energy for use in energy harvesting
systems and/or sensor apparatuses.

[0203] The process parameters and sequence of the steps
described and/or illustrated herein are given by way of
example only and can be varied as desired. For example,
while the steps illustrated and/or described herein may be
shown or discussed in a particular order, these steps do not
necessarily need to be performed in the order illustrated or
discussed. The various exemplary methods described and/or
illustrated herein may also omit one or more of the steps
described or illustrated herein or include additional steps
in addition to those disclosed.

[0204] The preceding description has been provided to
enable others skilled in the art to best utilize various aspects
of the exemplary embodiments disclosed herein. This
exemplary description is not intended to be exhaustive or
to be limited to any precise form disclosed. Many modifica-
tions and variations are possible without departing from the
spirit and scope of the present disclosure. The embodiments
disclosed herein should be considered in all respects illus-
trative and not restrictive. Reference should be made to the
appended claims and their equivalents in determining the
scope of the present disclosure.

[0205] Unless otherwise noted, the terms “connected to”
and “coupled to” (and their derivatives), as used in the spe-
cification and claims, are to be construed as permitting both
direct and indirect (i.e., via other elements or components)
comnection. In addition, the terms “a” or “an,” as used in the
specification and claims, are to be construed as meaning “at
least one of.” Finally, for ease of use, the terms “including”
and “having” (and their derivatives), as used in the specifi-
cation and claims, are interchangeable with and have the
same meaning as the word “comprising.”

What is claimed is:

1. An actuator comprising:

aprimary electrode;

a secondary electrode overlapping at least a portion of the
primary electrode; and
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ananovoided polymer layer disposed between and abutting
the primary electrode and the secondary electrode, the
nanovoided polymer layer comprising a plurality of
nanovoids dispersed throughout a polymer matrix,
wherein the nanovoids comprise a fill gas.

2. The actuator of claim 1, wherein the polymer matrix
comprises an elastomer.

3. The actuator of claim 1, wherein the fill gas comprises at
least one OfAr, N2, Kr, Xe, 02, SFé, CHF3, CF4, C2F5, C3F8,
and air.

4. The actuator of claim 1, wherein a difference in Hildeb-
rand solubility parameter between the nanovoided polymer
and the fill gas is less than 2 MPa*:.

5. The actuator of claim 1, further comprising a layer of
getter material located within a gas reservoir proximate to
the nanovoided polymer layer.

6. The actuator of claim 5, wherein at least a portion of the
polymer matrix is directly exposed to the gas reservoir.

7. An actuator comprising:

a primary electrode;

a secondary electrode overlapping at least a portion of the

primary electrode;

ananovoided polymer layer disposed between and abutting

the primary electrode and the secondary electrode;

afill gas located within nanovoids of the nanovoided poly-

mer layer; and

a hermetic sealing layer at least partially encapsulating the

nanovoided polymer layer.

8. The actuator of claim 7, wherein the hermetic sealing
layer comprises an elastomer.

9. The actuator of claim 7, wherein the hermetic sealing
layer comprises at least one of poly(vinyl acetate), poly(vinyl
alcohol), poly(ethylene vinyl alcohol), polyurethane, polyvi-
nylidene fluoride, poly-chloro-trifluoroethylene, polyhedral
oligomeric silsesquioxane, chloro-fluoropolymers, and ali-
phatic or semi-aromatic polyamides.

10. The actuator of claim 7, wherein the nanovoided poly-
mer layer is fully encapsulated by the hermetic sealing layer.

11. A method comprising:

forming an actuator comprising a primary electrode, a sec-

ondary electrode overlapping at least a portion of the pri-
mary electrode, and a nanovoided polymer layer dis-
posed between and abutting the primary electrode and
the secondary electrode; and

introducing a fill gas into nanovoids of the nanovoided

polymer layer.

12. The method of claim 11, wherein introducing the fill gas
into the nanovoids comprises:

placing the actuator within a vacuum processing chamber;

evacuating the vacuum processing chamber; and

introducing the fill gas into the vacuum processing
chamber.

13. The method of claim 11, wherein a sealing layer is
formed around the nanovoided polymer layer within the
vacuum processing chamber after introducing the fill gas
into the vacuum processing chamber.
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