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SPECIFICATION

COILED ACTUATOR SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED APPLICATIONS
{6001] This application claims the benefit of U.S. Provisional Patent Application No.
62/483,839, filed April 10, 2017 entitled “COILED ACTUATOR SYSTEM AND
METHOD,” which application is hereby incorporated herein by reference in its entirety and
for all purposes.
16002} This application is also related to U.S. Application No. XX/XXX, XXX filed April
10, 2018 entitled “COILED ACTUATOR SYSTEM AND METHOD” and having attorney
docket number 0105198-019US0 and is also related to US application 15/160,439 filed May
20, 2016 entitled “SYSTEM AND METHOD FOR THERMALLY ADAPTIVE
MATERIALS,” which applications are hereby incorporated herein by reference in their
entirety and for all purposes.

GOVERNMENT RIGHTS

{6003} This invention was made with government support under DE-ARC000536
awarded by the U.S. Department of Energy. The government has certain rights in the

invention.

BRIEF DESCRIPTION OF THE DRAWINGS
{0004] Fig. 115 an illustration of a twisted fiber, filament, or varn, showing the fiber bias
angle (iper).
{0005] Fig 215 an illustration of a twisted and coiled fiber or varn, showing the fiber bias
angle (e, coil bias angle (oeen), cotl diameter (D), and fiber diameter (&),
{0006} Figs. 3a and 3b are illustrations of two example cotled fibers or varns with

different coil bias angles.



WO 2018/191291 PCT/US2018/026941

{6007} Figs. 4a and 4b are illustrations of another example of a twisted fiber or yarn
generated by removing a sacrificial layer to increase the distance or spacing between the
cotls.

{G003] Figs. 5a and 5b illustrates a further example of a cotled fiber or yarn produced by
wrapping a twisted fiber or yarn around a mandrel or core material, such as another fiber or
varn, and the freed cotled fiber or varn being produced after removing the mandrel or central
cote material.

{600Y] Figs. 6a and 6b illustrate a still further example of a cotled fiber or yvarn produced
by wrapping a twisted fiber or yarn around a core material that includes a central core
covered in a removable material, and iliustrate the example cotled fiber or yarn produced
after dissolving or reacting the removable material, leaving behind a central material at the
center of the coiled fiber or yarn,

1001¢] Figs. 7a and 7b tllustrate an example of a twisted fiber or varn cotled around a
mandre] or central core in such a way that the fiber or yarn is not in contact with a nearest
netghbor, and further ilustrate the coiled fiber or yarn produced after removing the mandrel
or central core.

{001 1] Figs. 8a and 8b tllustrate another example of a twisted fiber or yarn that ts coiled
around a mandrel or central core alongside a second fiber or yarn that serves as a spacer for
the twisted fiber or yarn and illustrate the coiled fiber or yarn that is produced by removing
the mandrel or central core and the spacer fiber or yarn.

{0012} Fig. 9a illustrates two twisted fibers or yarns coiled around a mandrel or central
core.

10013] Fig. 9b illustrates the two coiled fiber or varn actuators that are produced after
removing the mandrel or central core of Fig. 9a. The two coiled actuators are illustrated
nested within each other.

16014} Fig. 10 dlustrates an example production process for twisted fibers that tncludes
process monitoring and feedback.

{6015] Fig. 11a illustrates an example of a fiber coiling system that includes a fiber

source spool that feeds a fiber to an uptake spool that recetves and winds the fiber.
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{0016} Fig. 11b illustrates the fiber cotling system of Fig. 11a where a coil nucleation
region has propagated toward the uptake spool compared to Fig. 11a.

{6017} Fig. 11c illustrates the fiber coiling system of Fig. 11a where a coil nucleation
region has propagated toward the source spool compared to Fig. 11a.

{001 8] Fig. 12ais an iilustration of kinking or normal snarl that can be produced in a
fiber or yarn through the insertion of twist.

{0019] Fig. 12b is an illustration of a cylindrical snarl that can be produced in a fiber or
varn through the insertion of twist.

{0028} Figs. 13 and 14 show two environmentally responsive coiled fiber actuators. The
microscope tmages show coils with similar geometry that were produced by two different
methods. The length of the scale bar s 0.5 mm.

{0021] Figs. 15a, 15b, 163, 16b, 17a, 17b and 18 illustrate example embodiments of
bimorphs that include one or more coiled fiber actuator.

{0022] Fig. 19 presents effective linear coefficient of thermal expansion (CTE) data for
over 200 example twisted and coiled homochiral fiber actuators with various coil index
vahaes ().

{0023} It should be noted that the figures are not drawn to scale and that elements of
similar structures or functions are generally represented by like reference numerals for
lustrative purposes throughout the figures. It also should be noted that the figures are only
intended to facilitate the description of the preferred embodiments. The figures do not
illustrate every aspect of the described embodiments and do not limit the scope of the present

disclosure.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
[0024] In vartous embodiments, coiled actuators (“artificial muscles”) can be produced
through a twist insertion process. For example, a fiber can be twisted to the point of coiling.
In another example, a fiber can be twisted nearly to the point of colling and then wrapped
around a mandrel or fiber or yarn core. Although various examples discussed herein refer to a

fiber, 1t should be clear that various embodiments can comprise any suttable elongated
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element, including a fiber, filament, ribbon, varn, line, or the like. Additionally, as used
herein, a ‘fiber’ can encompass any such elongated elements, including a yarn comprising
one or more fibers or other elements, a fiber comprising a single elongated element, or the
like. Accordingly, the term “fiber’ should be construed to broadly encompass any such
elongated element or elements unless the context dictates otherwise.

{0025] In some embodiments, the coiled actuator fibers discussed herein can be used for
actuating textiles. For example, such textiles can be used in the production of clothing that
reacts to various types of environmental conditions, including temperature, moisture,
humidity, and the like. In some implementations there can be minimal loading of the textile
and/or the textile may need to operate around body temperature, and various embodiments
can be configured for desirable operation under such operating conditions. Further
embodiments can be configured for varicus other suitable purposes or applications and
therefore the examples that relate to configuration for use by human or animal users should
not be construed to be limiting on the numercus applications of the actuators disclosed
herein.

{0026] Various embodiments can have numerous advantages for some uses or
implementations. For example, some embodiments of actuators can include larger thermal
response values for actuators produced using manufacturing-friendly techniques, where the
actuators have a controlled coil contact temperature and range of thermal response.

{6027} Cotled thermal fiber or yvarn actuators, in accordance with various embodiments,
can be made via cotling from twisting to the point of writhe or snarling (self-coiled or coiled-
by-twisting}, via coiling around a mandrel or other suitable material that serves as a core
about which the fiber or fibers can be wound (coiled-by-wrapping}, or other suitable method.
In various examples, such a core can be removable in part or in whole, including removal via
dissolving as discussed in more detail herein,

{¢0238] In some examples, conventional yarn production machinery such as spinning or
twisting machines are unable to reliably produce desirable controlled-geometry fiber or yarn
actuators that are coiled-by-twisting. The production of such yarns can be highly sensitive to

variables such as ambient temperature and humidity, input filament crystallinity and
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orientation, friction, defects in the input filament, variations in spindle speed, feed rate, or
take-up speed, input filament diameter, yarn tension, and the hike.

{06029} However, as discussed in more detail herein, in various embodiments, a careful
balance between varn tension, varn feed rate, inserted twists/m, package take up rate, flyer (or
ring and traveler) rotational rate during varn production, and the like, can yield highly twisted
or coiled actuators with controllable geometry. One or more of these parameters may need to
be changed or adjusted during production to account for fluctuations in the aforementioned
variabies; however, some conventional production machines do not allow for changes in such
parameters during production. Furthermore, parameters for one position or spindle may need
to be changed differently than the parameters in another position or spindle, a task that may
be impossible for some systems if several positions are driven with a common drive.
Accordingly, novel machines that provide for such functionalities are disclosed herein.

{0036} Example methods to insert twist into a filament yarn or fiber (etther a
monocfilament or a multifilament) can include ring twisting, friction spinning, two-for-one
twisting, and the like. Ring spinning can be a process that utilizes the motion of a guide,
called a traveler, which freely circulates around a ring to insert twist and simultaneously wind
the formed yvarn onto a bobbin. In a production environment, spindles can be driven using a
common belt drive system. The amount of twist inserted 1nto a fiber can be determined by the
speed of the yarn coming off of the feed rolls and the rotational rate of the spindle. The
traveler (also known as a follower) can have a rotational speed that can lag that of the spindie
due to friction and tension. The difference tn rotational speeds between the traveler and the
spindle can result in yarn take-up around a bobbin. Flyer spinning and roving can follow a
similar principle to ring spinning, where a flyer rotates around a rotating spindle at a different
speed, resulting in twist insertion and yarn take-up. In two-for-one twisting, twist levels can
be controlled by setting the yarn feed rate and the spindle rotational speed or the take-up reel
rotational speed and the spindle rotational speed. Motors controlling the varn feed, spindies,
and/or take-up reels for different posttions on a production machine can be driven with a

common belt drive system for economy or other purpose.

L
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{6031} Winding a highly twisted fiber around a mandrel or other core material such as
another fiber or yarn can, in some embodiments, provide a route to larger diameter, more
open coils with larger cotl spring index values, providing a method of addressing the thermal
response. However, in some examples, winding about a mandrel may not be well-sutted for
mass manutacture because of the chalienges of removing the mandrel from the coiled fiber or
varn actuator that is produced. Mandrel winding can be more appropriate for mass
manutacture in some examples if the process includes a short mandrel, possibly tapered at
one end, which can be held on one side where fiber, fibers, or yarn, are fed in for wrapping
around the mandrel. As the fiber coils about the mandrel and advances, the fiber can fall off
the end of the maundrel and can be wound onto a cone or drum. For fiber or yarn actuators, in
some embodiments the twisted fiber, fibers, or yarns used in the wrapping or winding process
have been set (by heating, steam, or chemical or mechanical treatment) prior to wrapping or
winding, and in some embodiments can be set after the winding or wrapping process. In some
examples, as described in more detail berein, a sacrificial material can be used as a corein a
process where a fiber or yarn is cotled through winding or wrapping arcund the sacrificial
material, and the sacrificial material can be later removed through physical means,
dissolution, melting, washing, chemical methods, or the like.

{0032] {One approach that can address coil geometry (e.g., thermal response) and/or coil
spacing {(e.g., active temperature range) can include the use of sacrificial materials. In one
such embodiment, a coextruded multicomponent fiber such as a core-sheath structure, or the
like, can be twisted and coiled (e.g., from insertion of twist or through winding around a
mandre] or other core material, and the coiled actuators can be optionally untwisted) to form
a thermal actuator. By dissolving or chemically reacting the sheath so that the sheath is
removed, the spring index of the coil can be increased, simulianeously increasing the coil
spacing of some examples. In some examples, the removal of the sheath material (or
materials) can be done either prior to heat setting or after heat setting.

{6033} Some twisting and spinning techniques and machines can be limited in their
rotational rate by the need to rotate a yarn or fiber package. False twist techniques can

overcome these practical rotational speed limits by spinning a much smaller mass; however,
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in various examples, such methods may not insert true twist and may not aliow for the
production of highly twisted and coiled fibers and yarns having desirable properties. The high
rotational rates of some false twist techniques can be utilized in a twisting or cotling process,
in some examples, if the imparted twist is let out on the side on which the fiber or yarn is fed
into the twister, thereby the other side of the twisting unit can be tmparting real twist and may
not simply be removing the twist imparted on the opposite side of the twisting unit. Twist can
be let out on the feed-in side of the machinery through two similar approaches. One approach
is to feed individual staple fibers into the unit and form a yarn at the site of the twisting unit,
simtlar to open-~end spinning. In various examples, the machinery does not need to spina
jarge mass and there may be no false-twisting because the yarn can be formed at the site of
rotation. A second approach 1s to twist the extruded fiber as a part of an in-line process,
where the twist is let out due to molecular slip near the site of extrusion of the melt, gel, or
solution.

{0034] Fig. T shows an example 100A of a twisted fiber 100 showing the fiber bias angle
{Caner). A level of twist in the fiber 100, tn this example, 1s represented by dashed hines 105
twisting across the fiber 100. In various embodiments, a twist level can be directly observed
and determingd from a fiber 100 through examination under a microscope. As shown in Fig,
1, a fiber bias angle ogper can be determined by measuring an angle between the observed
twist at the fiber surface and the axial direction of the fiber 100. For an untwisted fiber the
fiber bias angle will be 0° in various examples.

{0035] Fibers, filaments, and varns can be twisted during processing and in end-use
applications. The fiber and yarmn actuators described herein can have what ts described as a
“high level of twist” {or being “highly twisted”), which tn some examples can include an
embodiments, and in further embodiments a fiber bias angle e of between 25 % to 50° In
some examples “highly twisted” or having a “high level of twist” can include an amount of
twist that generates a fiber bias angle ol of greater than or equal to 10°, 15°, 20°, 25°, 30°,
35°, 40°, 45°, 50°, or 55° and the ltke. As twist is inserted into a fiber or yarn and the fiber bias

angle increases the fiber or yarn has a tendency to snarl. The onset of this snarling depends on

~3
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a number of variables, including environmental conditions, the material, the material’s
processing history, and the tension on the fiber or yarn. Often fiber or yarn snarls when the
fiber bias angle Uaper 1S above 40°, in some cases arcund 45° In some embodiments it is
advantageous to produce a highly twisted fiber or varn with a fiber bias angle ot between
30° and 40°, decreasing the likelihood of initiating snarl while stiil producing a highly twisted
filament that can be used to produce a cotled fiber actuator by wrapping arcund a core
material.

16036} Conditions for producing such highly twisted fibers 100 can vary with
environmental conditions, material identity, material processing history, and fiber diameter,
with larger diameters in some examples requiring less twist {o bring about a given fiber bias
angle Orper. In 8 yarn, the effective fiber bias angle oaper can be understood to be the angle of
a filament at the surface of the twisted or highly twisted yarn.

{6037} For fiber materials like nylon, polyester, and the like, coefficient of thermal
expansion {CTE) values can be around 0.05 mm/m/°C, in some examples, and in further
examples, do not exceed about 0.1 mm/m/°C. In drawn fibers or sheets, the ordering of
polymeric chains can give rise to anisotropic properties and CTE values can drop by a factor
of ten or more in the draw direction in some examples, or becoming negative in further
examples. However, a thermomechanical response of a fiber 100 can be effectively
amplified in some examples through the use of a coil or spring structure. Commodity fibers
and varns can be coiled or “cylindrically snarled” through the insertion of a high level of
twist, producing coiled fiber thermal actuators in accordance with some embodiments that
can be described as “artificial muscles,” essentially fibers or varns that have been coiled like
a spring so that they have giant or exaggerated thermal expansion properties.

16038} Fig. 2 1s an tllustration of an example 1008 of a twisted and cotled fiber 100,
showing a fiber bias angle (dlmer), coil bias angle (¢}, coil diameter (), and fiber diameter
{d). The fiber 100 of Fig. 1 is shown tn a coiled configuration that defines a cavity 220 that
extends within the coiled fiber 100. In this example, adjacent coil portions 240 of the coiled
fiber 100 are spaced apart to define a space 260 between the adjacent coil portions 240. For

example, a first and second coil portion 2404, 240B of the coiled fiber 100 define a first
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space 260A and the second and third coil portions 2408, 240C of the coiled fiber 100 defined
a second space 2060B. In this example, the first and second spaces 260A, 2608 define a
contiguous space 260 that extends within the coiled fiber 100, In further examples as
described tn more detail heretn, coil portions 240 of the cotled fiber 100 can engage such that
some or all of the space 260 between portions 240 of the cotled fiber 100 becomes absent
{e.g., Fig. 3b).

{0039} A twisted fiber 100 can have a fiber bias angle Ogper 88 shown in Figs. 1 and 2. In
a fiber 100 twisted to the point of coiling, the fiber bias angle otuyer can be determined by the
material and the process conditions used to form the coil. However, in some embodiments,
this may not lead to the optimal or desired fiber bias angle cpe, Tor a particular targeted
temperature response. Coil formation through winding or wrapping around a mandrel or other
core can enable the formation of coils produced from one or more fibers 100 that have been
highly twisted o produce the desired fiber bias angle oiner. In some embodiments, a desired
fiber bias angle qgper can be between 30° and 50°, and more preferably between 35° and 45° in
some examples.

{¢040] Coil diameter (D), and fiber diameter () can be used to calculate a coil spring
index (). For example, spring index () can be defined in spring mechanics as ' = [/d,
where o is the fiber diameter and D 1s the nominal coil diameter as measured by the fiber
centerline as tllustrated in Fig. 2. A coil or spring with a large spring index {C) can be more
open, with a larger diameter, while a coil with a small spring index {C} can more closely
resemble a tight coil with a small diameter. Properties such as the effective Coefticient of
Thermal Expansion (CTE} and stiffness (e.g., modulus) of a coiled actuator can be dependent
on the geometry of the coil {e.g., the spring index C and the coil bias angle e, with the
structure of the fiber also contributing, including the fiber bias angle dgper). In some
embodiments, by varying the spring index (), actuation sitroke and/or stress can be funable
to desired parameters.

10041] In various embodiments, the thermal response of a cotled fiber 100 can be
controlied through the geometry of the coil 100. In some applications it is advantageous to

maximize the thermal response of the cotled fiber 100, which in some examples can require a
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large coil diameter (1} (e.g., relative to the fiber diameter (). Coiled fibers 100 formed
without winding around a mandrel, yarn, fiber, or other core, can be limited to small coil
diameters (/) and small values of the coil spring index ((} in some examples. To move
beyond this limitation with fiber and varn actuators produced by self-coiling, to achieve large
cotl diameters ({2} with a cotl spring index () substantially above about 1.7, above 2.0, or
above 2.5, and effective coefficients of thermal expansion (CTE) of -2 mm/m/K or greater in
magnitude, the as-formed coil of some embodiments can be untwisted (that is, twisted in the
reverse direction, opposite to the direction of the inserted twist that brought about the coiling)
to remove excess restdual twist and residual compressive mechanical stress. This untwist can
change the geomelry of the coils, tncreasing thetr diameter, but in various embodiments does
not need to be carried out to the point of removing cotls to achieve the desired results. In
some embodiments, the largest coil diameters (D) are realized not by carrying out the
controtled untwisting under the tensile loads that were appropriate for the cotling process, but
rather under small loads (e.g., <50% of the load used during the coiling step) or even near-
zero loads (e.g., <10% of the load used during the coiling step, a negligible tensile toad, or
the like}. Untwisting, in some embodiments, can be used to influence the coil spring index
(C} and/or geometry of coils produced through a winding process.

{0042] The cotl bias angle (0o} can be determined by measuring an angle between the
axial direction of the twisted fiber 100 and an imaginary line orthogonal to the direction that
the coiled fiber 100 runs along. As a cotled fiber 100 is stretched like a spring a coil bias
angle (0en) can increase, and for a given cotled fiber 100, the coil bias angle (oo} can reach
its smallest value when the coiled fiber 100 is fully compressed to the point of coil portions
240 of the fiber 100 coming into contact with each other.

16043} I addition to the coil spring index (), which can reflect the overall coil diameter
(1) with respect to the fiber diameter (&), of the fiber 100 from which the cotl is made, the
coti bias angle on can be 3 measure of the structure of the coil that relates to the properties
of the coil. When cotls form under the influence of excesstve or high twist {coiled-by-
twisting) portions 240 of the coiled fiber 100 can come into physical contact with each, with

each cotl portion 240 touching its neighbor coil portion 240. An optimal stacking of such

~10 -
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cotls can lead to a minimization of the coil bias angle g and can generate a maximized
response to a change in temperature or other environmental parameter. If the cotled fiber 100
is physically extended and the coils pull apart to generate space 260 between coil portions
240, the coil bias angle g can increase and the temperature response can be reduced in
some examples,

{0044] While various cotled fiber actuators that are coiled through the insertion of twist
{cotled-by-twisting} can form coils with the minimum coil bias angle o for a coil of that
size, when coils are formed by winding around a core material (coiled-by-wrapping), in some
examples as described herein, there can be some additional control over the coil bias angle
Oleoil that 18 possible, as the wrapped fiber or varn can be spaced in such a way that the coil
bias angle ol 18 at its minimum value for the coil spring index (C) (adjacent coils are in
contact with each other) or so that the coil bias angle o 15 farger (with some amount of
spacing 260 between adjacent cotl portions 240}, In some applications, it can be
advantageous to maximize the thermal response of the actuator, requiring smaller coil bias
angle o Control of the coil bias angle aco can also be related to control of the coil-to-coil
contact temperature and the actuator’s environmental response range,

{6045} As with Fig. 1, a level of twist in the fiber 100 is represented by dashed lines 105
twisting across the fiber 100, Toward the bottom of the illustration of Fig. 2, the twisted fiber
100 ts shown in cross section and the dashed arrow represents a direction of the twist in the
twisted fiber 100, As tllustrated in the example of Fig. 2, the twist ts in the Z-direction, as is
the coil, and therefore the coiled fiber 100 can be defined as being homochiral. Further
exampies of coiled fibers 100 can have any suitabie chirality. Near the top of the ilustration,
the fiber or coil is shown through dashed lines as an indication that the fiber 100 coil can
continue with arbitrary length. Accordingly, cotled fibers 100 as discussed herein can have
any suitable length in various embodiments. Shaded sections of the twisted fiber represent the
portion of the cotled fiber 100 receding into the illustration page.

{0046} Figs. 3a and 3b tllustrate the example coiled fiber 100B of Fig. 2 in two different
configurations having different coil bias angles. The coiled fiber 100 of Fig. 3a has similar

spring index () as that of the coiled fiber 100 of Fig. 3b. In various examples, the coiled
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fiber 100B of Fig. 3b can be stretched to generate a configuration similar to the coiled fiber
configuration of Fig. 3a, through a mechanical stress, through a change in temperature that
generates an expanston, or the like. Similarly, the coiled fiber 100B of Fig. 3a can be
compressed to generate a configuration similar to the coiled fiber configuration of Fig. 3a,
through a mechanical stress, through a change in temperature that generates a compression,
or the like. The example cotled fibers 100 of Figs. 3a and 3b are homochiral and a decrease in
temperature can lead to a lingar expansion of the cotled fiber 100 in some embodiments.
{0047] Figs. 4a and 4b show the use of a sacrificial material 410 in the control of coil
geometry of a coiled fiber 100. For example, Fig. 4a illustrates a core coiled fiber 100 having
a shell 410 (or an island in a sea), where the shell 410 can be a removable material. For
example, in some embodiments, the shell 410 can be removable {e.g., via washing, chemical
dissolving, or the like), and a resulting coiled fiber 100, as shown in the example of Fig. 4b,
can have additional spacing between coils of the fiber 100 and/or a different coil index value.
For example, as shown in Fig. 4b, space 260 can be generated between respective portions
240 of the cotled fiber 100, Although the cotled fiber 100 of Figs. 4a and 4b does not depict a
twist in the fiber 100, in further embodiments, the coiled fiber 100 can comprise a twist of
any suitable amount.

{¢0438] Fig. Sa and Sb show the use of a sacrificial core 510 in the control of cotl
geometry, showing a twisted fiber 100 wrapped arcund a core 510 that can define the inner
diameter of the coiled fiber 100. The dashed lines of the core 510 indicate that the core 510
can have any suitable length. The core 510 can be disposed within the cavity 220 of the
coiled fiber 100 and can comprise element including a mandrel, filament, varn, or the like. In
vartous embodiments, the core 510 as shown in Fig. 5a can be removed (e.g., physically,
chemically, or other suitable way) to vield a free coiled fiber 100 as shown in Fig. Sb. In one
embodiment, the central core 510 can comprise a filament or yarn that include a solubie
polymer such as polyvinyl alcohol, ethylene vinyl alcohol, or the like, that can be dissolved in
water or other solvent, including at any suitable temperature such as room terperature, 40 °C,

60 °C, 80 °C, or higher or lower temperature.
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{0049] For production methods that wrap one or more twisted fiber 100 around a
sacrifictal core S10, the core 510 need not be completely removed, and in some instances it
can be desirable to have a portion of the core 510 remain. Having a portion of the core 510
rematning in the cavity 220 of the coiled actuator fiber 100 can be advantageous in a number
of other ways, including cases where the remaining material is conductive {(e.g., a metal,
compaostte, organic material, or the like) and can allow heating of the material, and cases
where the material is extensible (e.g., due to its chemical nature, mechanical structure, or the
jike), allowing for easy linear extension but adding strength to the material with respect to
bending or buckling,

{6050} By way of illustration, a water-soluble fiber could be used as the core 510 in a
covered yvarn, where the covering fiber or fibers were twisted prior to or during the winding
that constitutes the wrapping of the core 510, and after setting the wound fibers 100, the core
510 can be removed through a washing step. A number of materials are appropriate for use as
a central sacrificial core 510, such as water soluble polymeric filaments or yarns, organic-
soluble polymeric filaments or yarns, or filaments or yarns that are readily dissoived or
degraded in the presence of acid or base, oxidizing or reducing ageunts, or other chemical
reagent.

16051} As one non-limiting example, an “islands-in-sea” yarn can be used as a sacrificial
core 510, and upon washing out the “sea” component of the yarn a fine-fiber yam can remain
inside the cavity 220 of the cotl actuator. These fibers could be useful in moisture
management or limiting the range of motion of the fiber actuator. In the case of a homochiral
fiber actuator, an effective minumum length can be realized at a coil contact temperature {i.¢,
where some or all portions 240 of cotled fiber 100 come in contact such that space 260 is
partially or fully absent; a homochiral fiber actuator will have physical space between its
cotls at temperatures below the coil contact temperature), but as temperatures drop and the
coil expands, the extent of the motion of the coiled fiber 100 can be limited by the presence
of one or more fibers running through the cavity 220 of the coiled fiber 100. An “islands-in-
sea” yarn can be made from a multi-component extruded fiber, where at least one component

can be soluble or otherwise removable, enabling the formation of fine features, including
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“istands,” of a non-sacrificial material tn a “sea” of the sacrificial material. At some point in
the processing, the sacrificial material can be removed, leaving behind the “islands,” which
can be fine-featured fibers that would be difficult to handle at high speed on some machinery
if they had not been protected by the sacrificial “sea” material.

{6052} For example, Figs. 6a and 6b illustrate another example 100E of a coiled fiber 100
that can be produced by wrapping a twisted fiber 100 around a core 510 that comprises a
removable shell material 610 and an inner material 620. In the example of Fig. 6a, the core
510 can comprise an outer layer or shell material 510 that can be soluble or otherwise
removable, and after wrapping the twisted fiber 100 around the core 510 the removable shell
material 610 can be dissolved or otherwise taken away, freeing the coiled fiber 100 to move
while feaving a smaller central core inner material 620 as shown in Fig. 6b. While this
remaining core material is ilustrated as a single matertal in a single strand, it can comprise
multiple materials and/or multiple strands in some embodiments.

{0053] Through the control of the number of twists or wraps per meter about a core 510
the coil spacing can be controlled for an actuator comprising one or more coiled fiber 100
produced by winding, including cotled fibers 100 with or without spaces 260 between
portions 240 of the cotled fiber 100. For example, Fig. 7a illustrates another example 100F of
a twisted fiber 100 coiled around core 510 (e.g., a mandrel or central core having one or more
material as discussed herein} in such a way that each fiber yarn coil portion 240 is not in
contact with the nearest neighboring coil portion 240 such that space 260 is generated within
the coiled fiber 100. Upon removal of the core 510 as shown in Fig. 7b (e.g., via dissolution,
physical removal, or the like) the coiled fiber 100 can become free for unimpeded motion
response to changing environmental conditions (e.g., temperature, humidity, and the like as
discussed herein}.

{6054} Spacing between coil portions 240 can also be controlied through the use of
spacing fibers 830, as shown in Fig. 8a. For example, as shown in the example 100G of Fig.
3a, a twisted fiber 100 can be cotled around a core 510 {e.g., a mandrel a mandrel or central
core having one or more material as discussed herein} and can be wrapped alongside a

spacing fiber 830 that serves as a spacer for the twisted fiber 100. The spacing fiber 830 can
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be disposed between respective coil portions 240 and prevent the coil portions 240 from
coming into contact with each other. This approach can offer a way to control the coil-coil
spacing in the coiled fiber 100. Fig. &b shows a remaining coiled fiber 100 after removal of
the spacing fiber 830 and core 510. As discussed herein, the spacing fiber 830 and core 510
can be removable in various suitable ways, including dissolution via solvent, physical
removal, or the like.

{0055] Fig. 9a illustrates a first and second twisted fiber 100, 100; cotled around core
510 {e.g., a mandrel), with the two twisted fibers 100, 100; sitting alongside each other. Fig,
9a shows a structure 900 comprising the two fibers 100, 100, wrapped around the removable
core 510 and Fig. 9b illustrates the structure 900 of the two nested cotled actuator fibers 100,
100; after being released from the core 510. The two fibers 1005, 100, are illustrated to show
the twist and both coils are shown as homochiral cotls. In the example structure 900 of Figs.
9a and 9b, the second fiber 100, is shown having smaller size of about 80% of the first fiber
100;. In further examples, the two fibers 100, 100, can be the same size, or can be and
suitable ditferent size or diameter. In some embodiments, when exposed to a change in
environmental condition, such as a decrease in temperature, the structure comprising 900 the
two nested coil fibers 1004, 100, shown in physical contact with each other in Figs. 9a and
9b, can respectively expand and the linear length of the nested structure 900 can increase. As
with other illustrations, a portion of an example actuator is shown, but such fiber or yarn
materials can have arbitrary length.

{6056} Removal of a sacrificial core 510, in part or in full, can provide a free coiled fiber
actuator on a spool or inline in a process, but the sacrificial core can also be removed at the
fabric or fintshed product stage. As one non-limiting example, a soluble sacrificial core can
be used to coil a highly twisted filament, and after knitting or weaving a fabric that includes
the wrapped structure the sacrificial core may be removed. In such cases, during fabric
production and processing the sacrificial core can provide dimensional stabtlity and
contribute to ease of handling,

{G057] Cotled fibers 100 can be manufactured in various suitable ways. For example, a

cotling machine can be used to generate a coil in a linear fiber 100 as discussed in more detail
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herein. In some embodiments, such a coiling machine can comprise sensors to monitor
coiling of the fiber 100 and modify parameters of the coiling machine based on data from
such sensors. For example, in some embodiments, it can be advantageous to monttor fiber
properties and to use the real-time information to control production. The cutput of a sensor
can be used in a feedback loop to adjust machine parameters to yield highly twisted varns
with desired geometric and mechanical properties and with minimal faults. One or more
portion of a coiling machine may be individually controllable.

{(058] When a fiber 100 1s twisted to the point of coiling, it can be desirable to know
where along the feed path the varn has coiled so that parameters such as yarn tension, varn
feed rate, inserted twists/m, package take up rate, or flyer rotational rate can be adjusted to
prevent faults. Examples of faults can include yaro breakage, vamn snagging, or undesired or
uncontrolled snarling. Some sensors can detect faults (e.g., yarn breakage) and output a signal
to stop the machine or alert a technician that a fault has occurred.

16059] One example strategy for producing coiled fibers 100 with controllable geometry
is to determine a twist level along the length of the fiber 100, and adjust spindle speed, tlyer
speed, and/or take-up reel speed to uptake the highly twisted {and possibly cotied) varn
around a bobbin or spool. In some examples, if the twisted or coiled fiber 100 is not taken up
property around a bobbin, it can result in a fauit. The twist level along the length of the fiber
100 can be determined by adding one or more sensors along the fiber path 100, Sensor output
can be used in a feedback loop to adjust machine parameters to prevent fauilts and/or produce
cotled fibers 100 with a desired geometry. Such sensors include optical sensors {e.g., CCD or
camera system, encoders, laser micrometers, optical micrometers, laser interferometers, and
the like), mechanical sensors (such as a spring-loaded mechanical switch, or the hike), and/or
electrical sensors {(such as potentiometers, strain sensors, piezo sensors, and the like).

{0060} The geometry of a twisted fiber 100 can be measured during production either
directly (e.g., by measuring the diameter of the twisted fiber 100} or indirectly {e.g., by
measuring other properties that are correlated with the geometry of the twisted fiber 100).

Sensor output can be used in a feedback loop to adjust machine parameters {e.g., tension,
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twisting speed, feed rate, take up rate, and the like) in real-time until a desired twist level and
geometry 1s produced.

{0061 ] Properties that can be correlated with the twist level and geometry of an active
fiber 100 can include (but are not limited to) filament hue/reflectivity, luster, filament or fiber
diameter (), timpedance, strain, fiber smoothness or texture, local fiber velocity, and the hike.
For example, highly twisted areas of the fiber 100 can have a velocity that is much lower than
the velocity of the areas where there are low twist levels. If a conductive filament or fiber 100
is being twisted, Hall effect sensors can be used in some embodiments.

10062] In various embodiments, one or more tension sensors or feeders can be placed
along a fiber path and data from such sensors can be used to control the geometry of the
twisted fiber during manufacturing. Highly twisted fibers 100 can expertence axial
contraction, which can increase the tension in the fiber 100 in some examples unless the feed
rate is adjusted to compensate for the axial contraction. Sensors that measure coll geometry
{either directly or indirectly} and/or a related process control system can be added to
machines that impart a false twist or to machines that impart a real twist in fibers 100,

{¢063] Sensor output, such as the size of a fiber 100 at a given position along the fiber
path, can feedback into a process control of the machine and can inform the take-up speed,
tension, twisting rate, feed rate, or other process variables. In some embodiments it can be
advantageous to consider the output of a plurality of sensors along the fiber path and/or the
output from one or more process measurements, such as fiber size, fiber velocity, tension, and
ambient conditions such as temperature and humidity. Some sensors, such as cameras, can
provide more than one piece of information, for example indicating both fiber diameter (&)
and fiber velocity.

16064} As a non-limiting example, sensors can be used to monttor and control twist level
in the production of a highly twisted filament, varn or fiber 100. The fiber bias angle Grper
can contribute to the performance properties of a fiber or yarn actuator, and the twist level in
a filament, fiber, fibers, or yarn, can be monitored during production and provide feedback
important for the control of the twisting process and the fiber bias angle otgye, that is

produced. For example, twist information can be used to change the uptake rate or tension on
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the fiber. A camera is one example of a sensor that can offer information on the twist level of
the filament, which can be via a determination of the fiber diameter (d}, which can get thicker
upon twisting; via a direct measurement of the fiber bias angle daner, 0F via ancther suitable
method.

{0065] In another non-limiting example, sensors can be used to monitor the cotling of an
environmentally responsive actuator fiber 100 and can provide information useful in the
control of the production of a coiled fiber 100. For example, a camera or other suitable vision
system can offer information on the twist level of the fiber 100 and can be used to monitor
twist level of the fiber 100 prior to coiling; can be used to monitor the rate or coiling or
position of cotling along the fiber 100 and such information can be used in determining an
appropriate rate of uptake for the cotled fiber 100 and/or in adjusting tension. In some
embodiments, such a system can determine a coil diameter (), which can be important in the
ultimate properties of the fiber 100 tn some examples, and can provide coil diameter
information to a control system of the machine to increase or decrease tension, which can
directly impact the coil diameter (13) as a coiled fiber 100 is produced.

{¢066] A variety of information from sensors, directly monitoring the process or
monitoring ambient conditions, can be integrated into a control system of a coiling machine.
As a non-limiting example, ambient humidity, temperature measurements, and the like, can
be used with in-line process measurement of the coil diameter (1) to provide information on
the control of tension and/or uptake rate of the fiber 100 being processed.

{0067} For example, Fig. 10 ts a diagram of a production method 1000, which in some
embodiments can be monitored and controlied by sensors to make the process automated in
part or in whole such that user interaction is not necessary for some or all portions of the
method 1000, At 1010, fiber or yarn from a source is tensioned and fed into a position where
the material is twisted at 1020. Twisted and possibly cotled fiber or yarn can then be taken up
onto a bobbin or spool at 1030, The three stages 1010, 1020, 1030 are illustrated in boxes
with solid lines surrounding them, and the material transfer from tension to twist to uptake is

shown through solid arrows. Process sensors 1040 and ambient sensors 1050 are represented
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in boxes with dashed edges and the dashed arrows shown between the various boxes illustrate
feedback for control of stages 1010, 1020, 1030,

10068&] As an example of how a sensor {e.g., sensors 1040, 1050} can impact process
conditions and control, environmental sensors monitoring temperature and humidity can
inform a set point for tension of the fiber, and a feeder can allow more material to enter into a
twisting zone if the tension becomes too large. In other words, in some examples, data from
one or both of the sensors 1040, 1050 can be used to determine and implement a tension
setting and/or feed rate for the fiber, which can include increasing or decreasing tenston
and/or increasing or decreasing a feed rate. Such a feed rate can include feeding from a fiber
source and/or feeding to a twisting zone. For example, under some environmental conditions
it can be desirable to increase or decrease a twisting rate, and so temperature and/or refative
humidity data from ambient sensors 1050 can inform twist rate.

{0069] In some embodiments, a sensor monitoring the process 1040, (e.g., a camera), can
provide information for the control of the both the tension 1010 and uptake rate 1030. As a
non-limiting example, the process sensor(s} 1040 can comprise a vision system such as a
camera, which can be used to monitor the formation of a cotl in a fiber during a process
where a highly twisted fiber is further twisted to induce coiling. Prior to coiling, the fiber or
varn can have a certain thickness that the vision system can see and measure through a pixel
count or other suitable process as a part of an image analysis. Twist insertion can change the
thickness of the fiber, but coiling can change the effective thickness of the fiber dramatically,
increasing the pixel count across the width of the material.

{¢070] If a coil is nucleated tn the twist process, additional inserted twist can grow the
cotl and propagate the cotl through the twisted fiber or varn. Within the field of view of the
vision system, tmage analysis can be used to determine the presence of a caoil, and by
comparing frames in a video, the velocity of the advance or retreat of the coil can be
determined. As the coiled fiber or yarn is taken up onto a spool or bobbin at 1030, if the
uptake rate is too high, the coil might move out of the field of view of the process sensor
1040 {(e.g., out of view of a vision system)}. Alternatively, if the uptake rate is too low, the

propagation of the coil might proceed through the entire field of view of the process sensor
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1040 and the coil structure can move back in the system toward the tension feeder. The
migration of the coil propagation back toward the tension feeder and the migration of the coil
propagation forward toward the uptake bobbin can be undesirable. Accordingly, information
from the process sensor 1040 {e.g., an image or video analysis of data from a camera or other
vision system)}, can be used in the control of the process to keep it stabie. In other words, data
from a process sensor 1040 can be used to control variables such as tension, feed rate, twist
rate, uptake rate, and the like, to maintain a cotl nucleation point at desired location or within
a desired location range.

{0071} For example, Fig. 11a llustrates an example of a fiber coiling system 1100 that
includes a fiber source spool 1102 that feeds a fiber 100 to an uptake spool 1104 that receives
and winds the fiber 100. It should be noted that the configuration of the fiber coiling system
1100 of Fig. 11ais only an example of one configuration of such a fiber coiling system 1100,
and any other suitable fiber sources, fiber uptake and tensioning elements are within the
scope and spirit of the present disclosure.

{06072] As further shown in Fig. 11a, the fiber 100 can comprise a linear portion 1110 that
comes off the source spool 1102 and a coiled portion 1120 that is wound onto the uptake
spool 1104, A coil nucleation region 1130 separates the linear and cotled portions 1110, 1120
and is a location where the linear portion 1110 of the fiber 100 becomes the coiled portion
1120 as the fiber is moving from the source spool 1102 to the uptake spool 1104,
Additionally, Fig. 11a illustrates a coil nucleation window 1140 which can be monitored by
one or more process sensor 1040, such as a camera 1150 as shown in the example system
1100 of Fig. 11a.

{6073} The coil nucleation window 1140 can comprise a desirable location in which the
coil nucleation region 1130 should be positioned. As the fiber 100 is moving between the
source and uptake spools 1102, 1104 and becoming coiled at the coil nucleation region 1130
on the fiber 100, the coil nucleation region 1130 can propagate toward the uptake spool 1104
{e.g., as shown in Fig. 11b) and can propagate toward the source spool 1102 (e.g., as shown
in Fig. 11c¢), which can potentially move the coil nucleation region 1130 out of the coil

nucleation window 1140 {e.g., as shown in Figs. 11b and t1c¢). Accordingly, the system 1100
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can monitor the location and movement of the cotl nucleation region 1130 via the one or
more process sensor 1040 and adjust the operating configuration of the system 1100 in real
time to maintain the coil nucleation region 1130 within the coil nucleation window 1140
and/or to move the coil mucleation region back into the cotl mucleation window 1140,

{6074} As an example, if the propagating coil portion 1120 moves toward the uptake
bobbin or spoot 1104, the rate of uptake at the update spool 1104 can be reduced to move the
cotl nucleation region 1130 toward the source spool 1102, In ancther example, if the
propagating cotl portion 1120 moves toward the fiber feeder spool 1102, the uptake rate at
the uptake spool 1104 can be increased. By monitoring the velocity of the coil nucleation
region 1130, and not just the position of coil nucleation region 1130, it can be possible adjust
the uptake rate at the uptake spool 1104 1n accordance with the propagation rate of coil
nucleation region 1130 propagation. However, in further embodiments, adequate process
stability can be achieved through only the identification of the position of the propagating
coil nucleation region 1130. In some embodiments, the uptake rate at the uptake spool 1104
can be kept at a constant value and a change in the location and/or rate of the propagation of
the coil nucleation region 1130 tn the production process can feed back on the control of the
twisting rate of the fiber 100, which can increase twist to coil more rapidly, thereby moving
the coil nucleation region 1130 propagation away from the uptake spool 1104 and toward the
fiber source spool 1102, In further embodiments, decreasing the twisting rate of the fiber 100
can reduce cotling rate and can move propagation of the coil nucleation region 1130 away
from the fiber source spool 1102 and toward the uptake spool 1104,

{6075] As another example, a process sensor 1040 in the production method 1000 as
illustrated in Fig. 10 can provide information to the control system to influence the geometry
of the coiled fiber 100 that is produced by the system 1100, As an example, image or video
analysis of data from a camera 1150, or the like, can be used to determine a coil spring index
{C} of the coiled material by referencing the fiber diameter (d) to the coil diameter (D) (see
Figs. 1 and 2}, both of which can be measured in various suitable ways (e g., through pixel
counting across an image or frame of the material during processing}. In some embodiments,

the coil spring index () can be a relative measure, not an absolute measure, so referencing
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pixel counts can be one simple way to determine the coil spring index (C) and partially
understand the geometry of the as-formed coil portion 1120, Accordingly, in some examples,
a calibration may not be needed. In various embodiments, if the monitored or determined coil
spring index () ts found to be too small or below a defined minimumn cotl spring index
threshold, tension of the fiber 100 can be reduced. Alternatively, if the monitored or
determined coil spring index () is found to be too large or above a defined maximum coil
spring index threshold, tension of the fiber 100 can be increased.

{6076] It can be desirable in some embodiments to increase production rate of a twisted
cotl actuator. However, in some examples, high twisting speeds can increase the likelihood of
the fiber forming an undesirable kink or normal snarl (see Fig. 12a), instead of a cylindrical
snarling that produces a coil (see Fig. 12b). Higher tensions on a fiber 100 can reduce the
jikelihood of kinking due to twist liveliness (the formation of normal snarl) in some
examples, but higher tenstons can produce a tighter cotl 1n a fiber 100 with a smaller spring
index ().

16077} An alternative example approach can be to limit the physical space afforded to the
twisting fiber 100 so that the fiber 100 does not have the physical space required to undergo
the distortion associated with forming a kink or normal snard (see Fig. 12a). Both normal and
cylindrical snarling can require the fiber 100 to undergo a physical distortion in some
embodiments, but a kink or normal snarl can sit orthogonal to the stretch direction of the
fiber, requiring more space in some examples. By limiting the space afforded to the snarling
fiber or yarn, for example, through the use of a constraining tube, or the like, it can be
possible in some examples to retain enough physical space for cylindrical snarling to occur,
while at the same time removing the space that would be required to form a kink or normal
snatl,

{0078} For example, in some embodiments, a cotling machine 100 can comprise a
constraining tube through which the fiber 100 extends, with the constraining tube having an
internal diameter that is greater than or equal to a desired coil diameter (12} or maximum coil
diameter, and less than or equal to a diameter or width of a kink or normal snarl that can be

alternatively generated by the fiber 100,



WO 2018/191291 PCT/US2018/026941

16079] As discussed herein, cotl geometry and/or coil spacing can influence properties of
twisted and coiled actuators for various embodiments of the actuators. However, control of
cotl geometry and/or spacing can be achieved in various suitable ways. For example, one
approach can be to control production temperature and/or motisture levels during production,
Just as it can be advantageous to utilize different tensile foads during twisting and untwisting
in some examples, it can be advantageous to utilize different temperatures (or moisture
levels) during twisting and untwisting steps in some examples. Alternatively, it can be
advantageous to alter tension in response to temperature,

1008¢] In various embodiments, one or more coiled fibers 100 as discussed herein can
define a coiled fiber actuator that can be responsive to environmental conditions such as
temperature, humidity, moisture, or the like. For practical use of such coiled fiber actuators,
in some embodiments it can be desirable to control the thermal response (e.g., the stroke,
Alength/Atemperature) and/or the range or limit of temperature response. For a given fiber
material, the magnitude of the thermal response can be influenced by the geometry or
structure of the coii, including the coil bias angle weon and the coil diameter (D) or openness
of the coil {e.g., a larger cotl diameter {12} which can give rise to a large coil spring index (C)
and such a coul can have a larger thermal response). Additionally, one end of the range of
temperature response can be controlled through the spacing of the coils (e.g., once the cotl
portions 240 come into contact with each other the contraction of the cotled actuator requires
compression of the material and the magnitude of the thermal response can be greatly
diminished).

{¢081] For practical use of coiled actuators, in some examples it can be desirable for such
cotled actuators to have a desired thermal response (g.g., amount of actuation for a given
change in temperature, Astrain/AT) and it can be desirable for such coiled actmators to
respond over a temperature range that is relevant for the application. In some cases, it may be
advantageous to have control over the range of motion, as well, a minimum effective length
{e.g., at a certain temperature} and a maximum length (e g., at another temperature), with

actuation effectively occurring only between those two temperatures and two lengths.
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{0082} For some embodiments of thermal actuators with negative coefficients of thermal
expansion, those that have fiber and cotl twist in the same direction {e.g., homochiral coils),
at and above a certain temperature the coils can come into contact with each other {coil
contact temperature}, reaching an effective minimum length for the actuator. In various
examples, a homochiral coiled fiber actuator will have physical space between iis coils when
its temperature is below its coil contact temperature. Artificial muscles can be used in
robotics applications where they can move a mass. In these applications, initially loading the
cotied actuator can stretch the actuator’s coils and can pull them apart, allowing the load to be
lifted on contraction of the actuator. However, in applications where the actuator is not pre-
stretched or pre-loaded, it can be necessary tn some embodiments for the coiled fiber to
actuate within the temperature range of interest. For applications in garments and others
where actuation can be destred near body temperature, the actuator may not reach a state of
compression in some examples, where the coils are in contact with their neighbors, until a
temperature outside of the desired active range, allowing motion across the entire range of
interest. However, some existing methods for producing coiled actuators yield actuators that
require cold temperatures (e.g., less than 10 °C) to lengthen when the actuators are unloaded,
as they might be in some apparel examples. Control over the physical spacing between coils
and the coil contact temperature where neighboring coils touch and large response to
temperature drops off, can be important for the production of a coiled fiber actuator that is
practical for actuating textiles, especially for apparel and bedding.

{0083} In vartous embodiments, controlling the spacing 260 between coll portions 240
can be used for controlling the coil contact temperature, the temperature above which some
cotl actuators can be effectively inactive. To increase spacing 260 between coil portions 240,
the residual excess twist and compressive stress in the as-produced coils can be reduced or
removed through untwisting as described above. Cotiled fiber actuators can be heat set (e g,
annealed) and the setting conditions can also contribute to the spacing between coils. The coil
can be, by design, temperature responsive, and can respond to the large temperature applied
during heat setting, which, depending on the material, can exceed 200 °C in some examples.

Depending on the specific anneal conditions (e.g., time, temperature, the presence of any
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facilitating agents such as water, and the like), some amount of residual compressive stress in
the material can be removed in some examples. Any portion that remains or is produced
through the heat setting can influence the coil spacing in various embodiments.

{¢084] Heat setting can be performed at various suitable temperatures and for various
suitable times. For examples, in some embodiments heat setting can be performed at 140 °C,
170 °C, or 200 °C. In further examples, heat setting can be performed at temperatures iess
than or equal to 150 °C, 140 °C, or 130 °C and the like. In still further examples, heat treating
can be performed at temperatures greater than 100 °C, 110 °C, 120 °C, 130 °C or 140 °C.
Temperature ranges for such heat treating can be within a range between any of these
example temperatures. In some examples, colled actuators can be heat treated within a
desired temperature range for various suitable time periods, including 15 minutes, 30
minutes, 1 hour, 2 hours, 3 hours or 4 hours. Additionally, heat treating can be performed
within a suitable range bounded by any of these example time periods.

{(085] For the same heat set conditions, three non-limiting example cases are described
herein. A first example is a case where the fiber actuator is free to move during the setting
procedure. The high temperature of the process can cause the coil to compress, and then the
actuator can be set in that compressed position. Coming out of the heat setting procedure, as
the temperature cools, the cotl can have a tendency to expand, but any residual compression
may work against that cotl expansion in some examples and the cotls may still be in contact
with each other at room temperature or the temperature range of interest for the intended
application.

{¢086] A second example heat setting procedure physically constrains the fiber actuator
during an annealing process so that the temperature increase does not physically bring the
coils into tighter contact with each other. There are a number of ways to apply such
constraint, for example one embodiment includes taking up the fiber actuator on a spool and
constraining the entire lot of fiber during the set procedure, such as by wrapping the spool
with sheeting or tape that is able to withstand the conditions of the setting procedure. After
the setting process, in some embodiments, the cooled actuator coils can have a tendency to

expand and can separate more than the case where the heat set actuators are free to contract
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during a set process. Fiber actuators that are constrained during a heat set process can have a
coil contact temperature at a higher value than for similar actuators heat set without physical
counstraint, and the higher coil contact temperature can enable the use of the actuator,
unloaded, at room and body temperatures, or at other desired temperatures. As discussed
herein, body temperature can include temperatures including about 37.0 °C, 38.0 °C, 39.0 °C,
or the like, as well as temperatures commonly found at the skin or in the environment around
the skin, including about 27.0 °C, 28.0°C, 29.0°C, 30.0°C, 31.0°C, 32.0°C, 33.0°C, 34 .0
°C,35.0°C, 36.0 °C, or the like. As discussed herein, room temperature can include
temperatures including about 10.0 °C, 15.0°C | 20.0°C, 25.0 °C, 30°C, or the like.

{G087] A third example heat set procedure can be similar to the second example in that
the third example constrains the fiber actuator during a heat set process, but it does so by
intentionally stretching the actuator during the process. This can further shift the coll contact
temperature to a higher value in some embodiments. For each of these three cases,
temperature, time, and the presence of any chemical agents that facilitate the setting of the
material can be additional factors.

{¢083] For environmentally responsive twisted and coiled fiber and yarn actuators, in
some embodiments, if the setting procedure is modified to shift the coil contact temperature
to higher values the coil can become more extended (as reflected in a larger coil bias angle
Ueoil) Al fower temperatures and the thermal response of the actuator can be diminished. For
some example applications in garments and textiles it can be desirable to have both a large

thermal response (e.g.,

CTE| =2 2 mm/nm/K) and a high coil contact temperature {e.g., 20 °C,
in some cases more preferably 40 °C).

{0089] For coiling that is brought about through winding, untwisting can be used to
expand cotl diameter (13} and can influence coil spacing 260 in some embodiments.
Furthermore, the spacing 260 between coils portions 240 of some embodiments can be
controlied by winding the twisted, active fiber 100 around a mandrel or other core material
510 with some spacing 260 between coil portions 240 (see Fig. 7a) and/or by winding the
active fiber 100 together with a sacrificial fiber 830 around a mandrel or other core material

510 such that the sacrificial fiber 830 acts as a physical spacer between the coil portions 240
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{See Fig. Ba). The sacrifictal material 830 can be physically removed (e.g., unwinding it from
the coils), dissolved, removed by chemical means, or the like. The sacrificial material can
have a diameter or size comparable to that of the twisted fiber 100 that 13 being coiled, or the
sacrificial matertal 830 can be larger or smaller as a way of controlling the spacing 260
between coils in the final actuator fiber 100

{¢090] In some embodiments, the coil contact temperature can be used to limit the range
of motion of the actuator. In some applications it can be advantageous to limit the minimum
fength of the actuator, and by controlling the coil contact temperature the minimum length
can be set to that temperature and any higher temperatures. While there can be some change
as temperatures continue 1o increase in some examples, the change can be much smaller as
the coils are not free to move {this description assumes the coiled actuator expands as
temperatures are reduced, as is the case for homochiral coils; heterochiral coils, where coil
direction is opposite twist direction, can have the opposite behavior and can contract to a
minimal size as temperature is reduced and cotl-coil contact as made, and once coil portions
240 are in direct contact with neighboring coil portions 240 {(see e.g., Fig. 3b), cotl portions
240 can have a substantially reduced thermal contraction at temperatures below the cotl
contact temperature).

{6091] The control of the coil contact temperature can offer a type of control over the
stiffness {e.g., effective modulus) of the actuator. In various embodiments, when the coil
portions 240 come into contact, the actuator can become much stiffer, which canbe usedina
design that incorporates the fiber actuator,

16092} In some examples, by wrapping fibers around the actuator so that the actuator is
an environmentally responsive core protected within a yarn, the extension of the actuator can
be controlled. As the actuating core lengthens, the outer fibers {e.g., continuous filaments,
staple fibers, or the like) can be pulied into an increasingly linear orientation and can reach a
point where the outer fibers are sufficiently straight to engage their resistance to tensile
extenston. At this point, in varicus examples the actuator can enter into a thermal response
zone where additional extension can be greatly hindered by the wrapping fibers, effectively

creating a maximum length for the actuator. Wrapping or shrouding the coiled actuators can

£
3
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confer a number of other benefits, in some embodiments, including improved hand feel,
appearance, protection from snags, control of wicking, moisture handling, chemical
resistance, overall volume of the actuating varn, and the like. Wrapping can also be used to
balance out the torque of the fiber actuator. For example, the actuator can be constrained at
both ends for the twisting action of the coils to translate into a linear dimensional change with
a temperature change. This constraint requirement can be eliminated if the actator is
wrapped or plied with fibers in the opposite direction of twist {e.g., a 7 twisted actuator can
be wrapped or plied with fibers in the § direction).

6093} While various examples disclosed herein relate to the thermal response of the
coiled actuators, these materials can be moisture and/or chemical sensitive, in addition or in
the alternative, and where temperature or environmental response or adaptation is referred to
it is meant to include moisture, water, and/or chemical sensitivity.

{0094} Vartous embodiments described herein can include monofilament or multifilament
varn. However, in further examples, staple yarns can be used to produce coiled thermal
actuators. In some embodiments, tndividual fibers in such a vam can be crosslinked through
surface-surface interactions or the yvarg, in an extended form where coils are separated, can be
impregnated with a crosslinking or polymerizing agent to improve long term integrity of the
thermally responsive yarn. In some examples, the yarn itself can serve as a vehicle for the
distribution of a hiquid polymerizing agent through wicking. Simtlarly, a material can be used
as a coating over a staple or multifilament yarn to act as a filler or glaze. Such material can
comprise a sizing agent applied as a solution or can comprise a polymer applied through a
melt process. In some embodiments, this protective material can be removed after the
twisting and coiling of a fiber or varn actuator, having served as a sacrificial material that
aided in the production of the actuator.

{6095} An example approach to creating coils with the desired geometry (e.g., high
spring index C, low coil bias angle o, controlied spacing 260 between the coil portions
240, and the like} can include braiding one or more pre-twisted (but not cotled in some
examples) fibers 100 with one or more sacrificial fibers. The braiding can be done with or

without a core 510. The braid can be heat sef and the sacrificial fibers and core can be
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removed through physical means, dissolution, melting, washing, chemical methods, or the
like.

{0096} Another example approach to creating coils with the desired geometry (e.g., high
spring index C, low coil bias angle tei, controlled spacing 260 between the coil portions
240, and the like) can include wrapping or winding one or more pre-twisted (but not cotled in
some examples) fibers 100 around one or more sacrificial fibers or yarns. The ong or more
sacrificial fibers can define the geometry of a central cavity 220 of the coil that is formed
around the one or more sacrificial fibers. The wrapped or covered fiber or yvarn can be heat
set and the sacrificial fiber or fibers can be removed through physical means, dissolution,
melting, washing, chemical methods, or the like, freeing the wrapped fiber coils from the
core. In this example approach to actuator production, the sacrificial core can serve as a
template or structure around which the fibers can be wound. The fibers or yarn used to wrap
around the core can be monoftlaments, continuous filament yarns, or can be staple fiber
yarns, optionally prepared with a removable size and/or lubricant to facilitate the formation of
the coiled structure.

{6097] In some examples, including for fine yarns that can have high spring indices, the
effective modulus can be too low to achieve a desired thermal or mechanical performance. To
increase the effective modulus, the cotls can be wrapped around an elastic or non-elastic core
during production, the core can remain a part of the yarn in the final product. The coils may
also be wrapped around a multicomponent core in some examples, where part of the core can
be removed after wrapping/heat setting through dissolution, by chemical or physical means,
or the like.

{6098} The wrapping of one or more fibers 100 around a sacrificial core 510 can also be
used in a cross yarn covering, where a first set of one or more fibers 100 are wrapped around
the core 310 in one direction (8 or 2}, followed by an additional covering where a second set
of one or more fibers 100 are wrapped in the opposite direction (Z or S} around the core 510
and the first wrapping, which can comprise the first set of one or more fibers 100, In some
embodiments, both first and second sets of fibers 100 can be highly twisted, yvielding a nested

cotled actuator where an exterior homochiral coil with Z-twist surrounds an interior
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homochiral coll with S-twist, or an exterior homochiral coil with S-twist surrounds an interior
homochiral coil with Z-twist, which can produce a balanced or partially balanced actuating
yarn. In some embodiments, only one of the first or second sets of fibers is highly twisted and
the other set of fibers can be present for support, restraint, protection, bulk, or other suitable
purpose.

16099} For fibers or vams with smaller diameters (e.g., less than 0.25 mm), commercial
wrapping or covering machinery may not be able to provide an appropriate level of twisting
or coiling per linear length to produce a compact coiled actuator with a minimized coil bias
angle 0. In one non-limiting example, a wrapping machine that is able to coil <5000 coils
per meter could wrap a central sacrificial fiber or varn with highly twisted 100 micrometer
filament, leaving a space of >100 micrometers between each coil. Such spacing can be left in
the coiled material, but, alternatively, a second highly twisted filament {or second and third,
or second and third and fourth, and so forth) can be wrapped simultaneously around the
central core material, forming two coils, each nested inside the other. While the
environmental response would not change due to the presence of the nested coil in some
exampies, the nested cotl or coils can have some differences in properties. For example, the
contraction range can be reduced due to the presence of a second coil. In another example,
the total combined stiffness of the nested coils can be higher than that of an individual coil. In
terms of production, adding a second filament may not add processing time to the coiling step
in varicus examples and can improve reliability as the two {or more) filaments can settie
against each other during the production process and effectively constrain each other.

{60100] In some embodiments, heat application may not be necessary to set the coilsina
desired geometry. For example, mechanical setting through plastic deformation can be
utilized. Chemical methods can also be used 10 some examples to remove residual
mechanical stresses and set the cotls in the desired geometry.

{00101]  Fibers with special cross-sections, including hollow-core precursor fibers and the
like, can be used to increase the insulation value and decrease the weight of some actuators

produced from the fibers. In various embodiments, non-circular cross-sections can increase
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the surface area of the fiber 100, providing enhancement in wicking, drying, feel, and the
like.

{860102] Cotled actuators or artificial muscles comprising one or more cotled fibers 100 as
discussed herein can have various suitable applications in apparel, bedding, drapes,
insulation, and the like. For example, in some embodiments, apparel such as a coat, sweater,
or the like, can comprise an adaptive fabric comprising a plurality of coiled actuators
comprising a plurality of coiled fibers 100 with a first layer of the adaptive fabric configured
to surround and face the body of a wearer and a second tayer configured to face the external
environment of the wearer. Such a configuration can include a liner and/or outer face in
which the adaptive fabric can be disposed. In other embodiments only a single adaptive layer
may be used in a garment ot other product.

{60103]  In various embodiments, apparel comprising adaptive fabric can be configured to
change configurations based on the body temperature of the wearer and/or the temperature of
the external environment, which can include lofting or flatiening to provide for increased or
decreased insulation based on temperature. For example, where the environmental
temperature is colder than a desired comfortable temperature for the immediate environment
of a user {e.g., around 27 °C) an external and/or internal layer of the adaptive fabric can be
configured to loft to provide improved insulation from the cold for the user, with a greater
amount of loft and tnsulation at lower temperatures. Alternatively, where the environmental
temperature s warmer than is comfortable for a user, an external and/or internal layer of the
adaptive fabric can be configured to flatten to provide decreased insulation for the user.
{00104] Additionally, the adaptive fabric of apparel can be configured to change
configuration based on humidity associated with the body of a wearer and direct such
humidity away from the body of the wearer. For example, where a user sweats while wearing
apparel comprising adaptive fabric and generates humidity, the adaptive fabric can be
configured to become more porous and/or flatten to allow such humidity to escape from
within the apparel toward the outside of the apparel and away from the user.

{00105]  Adaptive fabric or textiies comprising a plurality of coiled actuators can be

generated in various suitable ways and can have various suitable characteristics. For example,
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the difference in coefficient of thermal expansion (ACTE) between two materials is a term
that can indicate a range of motion or deflection of a structure such as a bimorph or other
structure having a plurality of coiled actuators. With some example materials the ACTE term
can be 100-200 um/m/K, which may not be desirable for some embodiments. Accordingly,
various embodiments of a bimorph can comprise a highly twisted coil actuator as described
herein (e.g., Figs. 15a, 15b, 16a, 16b, 173, 17b and 18}, which in some embodiments can have
an effective CTE value of 1000 pm/m/K or more, providing a ACTE value of the same
magnitude. In some examples, such CTE values can find use in bimorph and bilayer
structures having desirable deflection or bending characteristics.

{00106] In various embodiments, a cotled actuator can function as a thermally-responsive
tensie actator (linear motion) and/or a torsional actuator (rotational motion). In further
embodiments, through the use of a complementary material, the structures described herein
can translate linear motion of a coiled actuator into motion in an orthogonal direction. Such
embodiments can be desirable for use in thermally responsive varns, fills, felis, fabrics, or the
like, which can comprise garments and other articles that thicken upon exposure to low
temperatures.

{80107] In various embodiments, it can be desirable to pair materials where difference
between the CTE values of the two paired materials (ACTE) 1s large. Accordingly, coiled
actuators 1210 having large CTE values can be desirable for use in bimorphs and structures
comprising bimorphs. In some embodiments, coiled actuators can have positive CTE
characteristics (e.g., expanding with temperature increase, heterochiral coils where the twist
and cotl directions are opposite) or farge negative CTE characteristics {e.g., contracting with
a temperature increase, homochiral coils where the twist and cotl directions are the same). In
various embodiments, and as described herein, pairing opposing cotled actuators together
comprising the same filament material can generate a larger ACTE.

{00108] In various embodiments, bimorphs can comprise twisted coil actuators where
linear displacement of the actuator due to a temperature change can induce an out-of-plane or
orthogonal deflection in the bimorph, leading to an effective change in height or thickness of

the bimorph.
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{00109] Figs. 15a and 15b illustrate one example 1500A of a bimorph 1500 comprising a
coiled actuator fiber 100 and a filament 1520 coupled at a first and second end 1530, 1540,
The coiled actuator fiber 100 and filament 1520 can be only coupled at the first and second
end 1530, 1540 and/or can be coupled along a portion of their lengths.

{00118] In various embodiments the coiled actuator fiber 100 can expand or contract
fengthwise in response to a temperature change. For example, the coiled actuator fiber 100
can contract on cooling (heterochiral fiber actuator, twist and cotl directions are opposite} or
expand on cooling (homochiral fiber actuator, twist and coil directions are the same). In
various embodiments, the filament 1520 can expand, contract, or exhibit no substantial
change lengthwise.

{60111] Fig 15aillustrates the bimorph 1S00A in a flat configuration at a first temperature
on the left and first contracted configuration on the right caused by a temperature change.
Fig. 15b illustrates the bimorph 1500A of Fig. 15a in a flat configuration at the first
temperature on the left and second contracted configuration on the right caused by a
temperature change opposite from the temperature change tllustrated in Fig. 15a. For
example, Fig. 15a can illustrate a change in configuration based on a negative temperature
change and Fig. 15b can illustrate a change in configuration based on a positive temperature
change.

{00112] In vartous embodiments, the cotled actuator fiber 100 and filament 1520 can be
configured to both bend as shown in the example embodiment of Figs. 15a and 15b, with the
lengths of the cotled actuator fiber 100 and filament 1520 abutting in both bent and straight
configurations. In further embodiments, the coiled actuator fiber 100 and filament 1520 can
be configured to bend in different ways, and the cotled actuator fiber 100 and filament 1520
may not abut in flat and/or bent configurations.

{60113] For example, Fig. 16a illustrates an example embodiment 15008 of a bimorph
1500 having a cotled actuator fiber 100 and filament 1620, wherein the coiled actuator fiber
100 maintains a linear configuration when the bimorph 1500 15 in a flat configuration (left)

and a bent configuration (right}. In this example, the cotled actuator fiber 100 is shown
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contracting due 1o a temperature change, which causes the filament 1620 to bend away from
the coiled actuator fiber 100.

{60114] Similarly, Fig. 16b tllustrates another example 1500C of a bimorph 1500
comprising a first and second filament 16204, 16208 with a coiled actuator fiber 100
between the first and second filament 16204, 16208, In this example, the bimorph 1500C 1s
shown contracting due to a temperature change, which causes the filaments 16204, 16208 to
bend away from the coiled actuator fiber 100, which maintains a linear configuration.
{00115] Figs. 17a and 17b illustrate two examples 15000, 1500E of bimorphs 1500
comprising a first and second coiled actuator fibers 100A1, 110B1 coupled at a first and
second end 1530, 1540, In some embodiments, the coiled actuator fibers 100A1, 110B1 can
be coupled along a portion of their tength. Fig. 17a illustrates an example embodiment 1500D
wherein the coiled actuator fibers 100A1, 110B1 have an opposing thermal response and
remain adjoining in both a flat (left) and bent configuration {right). In contrast, Fig. 17b
iltustrates an example embodiment 1500E wherein the coiled actuator fibers 100A1, 11081
are adjoining in a flat configuration (left) and can separate in a beunt configuration (right).
{00116] Fig. 18 tlustrates an example embodiment of a bimorph 1500F having a coiled
actuator fiber 100 and filament 1520, wherein the filament 1520 maintains a linear
configuration when the bimorph 1500 1s in a flat configuration (Jeft) and a bent configuration
(right}. In this example 1500F, the coiled actuator fiber 100 is shown expanding due to a
temperature change, which causes the coiled actuator fiber 100 to bend away from the
filament 1520.

{60117]  In various embodiments, one or more twisted coil actuator fiber 100 can be
coupied with one or more rigid counter filament 1520 that can act as an immobile structure
against which an actuator fiber 100 can be displaced orthogonally, creating a structure with
minimal linear expansion that still changes its effective thickness. Fig. 18 illustrates one
example of such a structure.

{00118] In addition to desirable effective CTE values, coiled actuator fibers 100 can offer
some processing or fabrication advantages, such as mechanical connection routes not

available to sheet structures and the advantage of producing both positive and negative CTE



WO 2018/191291 PCT/US2018/026941

cotls from the same length of material as discussed herein. The effective CTE values of the
coiled actuator fibers 100 can be maximized when the spring constant for the coiled actuator
fibers 100 1s large, leaving an open cavity 220 at the center of the coil. Cotled actuator fibers
100 can also be desirable due to porosity, density, and breathability, and the like, which can
be present 1n such a structure.

{00119]  In various embodiments, one or more cotled actuator fibers 100 and/or bimorph
1500 can be woven or stitched through fabrics or thin films to create bimorph sheet structures
with large effective ACTE values and corresponding large deflections. In further
embodiments, one of more cotled actuator fibers 100 can be stitched or bonded to sheets to
create bimorph sheets. In some embodiments, one or more coiled actuator with alternating
cotl segments with alternating expanding and countracting segments of opposite chirality can
be stitched or bonded to the surface of a sheet or fabric. Sheet structures can be formed where
the sheet or ribbon takes on a sinuscidal profile as temperature changes due to the positive
and negative thermally respounsive zones within the alternating-chirality coiled actuator fibers
100. Embodiments of alternating-chirality coiled actuators can have applications in a variety
of fields. For example, various embodiments can be configured for production of thermally
adaptive garments, where alternating chirality coils can be used in a traditional lockstitch to
create alternating positive and negative CTE regions on the surface of a fabric, inducing an
undulation in the fabric as the temperature changes. In some embodiments, the second yarn or
fiber in the lockstitch not need to be a large-CTE or twisted coil actuator material.

{6012¢] In some embodiments, a plurality of coiled actuator fibers 100 can be laid out
side-by-side and woven or stitched together, creating a sheet or faver with a desirable CTE in
a single direction. In still further embodiments, such sheets having different CTEs {e.g., one
with a large positive CTE and one with a large negative CTE} can be paired to produce flat
bimorph sheets with desirable differences in thermal expansion and a desirable radius of
curvature.

{00121] In further embodiments, coiled actuator fibers 100 can be stitched onto a thin-film,
membrane, or fabric, which can impart thermally responsive properties to such a thin-film,

membrane, or fabric. Accordingly, various embodiments can remove the need for deeper



WO 2018/191291 PCT/US2018/026941

integration of the selected materials with the insulation material or fabric. In such
embodiments the thermally responsive material can additionally be part of the weave, it can
be the primary body of the insulation, it can be the substrate, or it can be adhered to another
material through an adbesive or thermal bond.

{00122] Additonally, coiled actuator fibers 100 can be used to generate branched
structures stmilar to those in goose down. For example, in some embodiments, by dragging a
twisted fiber 100 through a layer of thin fibers during a coiling process, the thin fibers can be
captured or caught in the coils, forming a branched structure with favorable insulating, tactile,
and structural properties, in the larger context of a variable insufation.

{00123] A coiled actuator fiber 100 can serve as a linear or torsional actuator. In various
embodiments, as discussed herein, pairing two different materials can generate cut-of-plane
or orthogonal motion. In some embodiments, woven or knit structures that antagonistically
patr twisted coils with different CTE characteristics can comprise a thermally responsive
bimorph 1500, In some embodiments, a plurality of materials can be woven together in
various suitable ways to generate a gross physical structure of the weave that changes in
response to temperature. Such a woven structure can comprise, coiled actuator fibers 100, or
other suitable materials or structure that is changes configuration or length in response to
temperature.

{00124] In vartous embodiments, a woven or knit structure can serve as a constraint by
aligning fibers so that the overall motion is cohesive and not characterized by the random
individual squirm of a disparate group of fibers, which can be desirable for a thermally
adaptive material and maximizing its deflection or change in its effective thickness.

{00125] In further embodiments, temperature sensitive structures can include non-adaptive
constraints such as a fiber, yarn, or fabric that the active material works against, where the
non-adaptive material stays linear, straight, or flat, and the active material lofts due to
expansion, or where the active material stays linear, straight, or flat and the non-adaptive
material fofts due to the active material’s contraction. Appropriate constraints through

weaving, knitting or the use of adhesives can generate a desired temperature response in such
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structures. In some embodiments it can be advantageous to employ a constraint that limits the
range of motion of the material.

{80126] In further embodiments, a coiled actuator fiber 100 or artificial muscles
comprising one or more coiled fibers 100 can be used in various suitable ways, including one
or more of: (1) a textile or braid, {ii} a mechanical mechanism for opening and closing
shutters or blinds to regulate light transmission or air flow, (iit) a mechanical drive for a
medical device or toy, (iv) a macro- or micro~-sized pump, valve drive, or fluidic mixer, (v} a
mechanical relay for opening and closing an electronic circuit or opening and closing a lock,
{(vi}a torsional drive for a rotating electrode used in highly sensitive electrochemical analyte
analysis, (vii) a mechanical drive for an optical device, (viil) a mechanical drive for an optical
device that opens and closes an optical shutter, translates or rotates a lens or light diffuser,
provides deformation that changes the focal length of a compliant lens, or rotates or translates
pixels on a display to provide a changing image on the display, (ix) a mechanical drive that
provides tactile information, (X) a mechanical drive that provide tactile information for a
haptic device in a surgeons glove or a Braille display, (xt} a mechanical drive system for a
smart surface that enables change 10 surface structure, (xi1) a mechanical drive system for an
exoskeleton, prosthetic limb, or robot, (xit1) a mechanical drive system for providing realistic
facial expressions for humanoid robots, (xiv) smart packaging for temperature sensitive
materials that opens and closes vents or changes porosity in response to ambient temperature,
{xv) a mechanical system that opeuns or closes a valve in response to ambient temperature or a
temperature resulting from photothermal heating, (xvi) a mechanical drive using
photothermal heating or electrical heating that controls the orientation of solar cells with
respect 1o the direction of the sun, (xvii} a micro device that is photo-thermally actuated,
{xvtii} a thermally or photothermally actuated energy harvester that uses fluctuations in
temperature to produce mechanical energy that is harvested as electrical energy, (xix) a
close-fitting garment, wherein thermal actuation is used to facilitate entry into the garment,
(xx) a device for providing adjustable compliance, wherein the adjustable compliance is
provided by electrothermal actuation, (xxi} a translational or rotational positioner, and the

fike.
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{00127] The described embodiments are susceptible to various modifications and
alternative forms, and specific examples thereof have been shown by way of examples and
are herein described in detail. It should be understood, however, that the described
embodiments are not to be limited to the particular forms or methods disclosed, but to the
contrary, the present disclosure is to cover all modifications, equivalents, and alternatives.
FIRST AND SECOND EXAMPLES

{00128] Figs. 13 and 14 show two environmentally responsive coiled fiber actuators
produced according to the methods described herein. The microscope tmages of Figs. 13 and
14 show coils with geometry that were produced by two different methods. The length of the
scale baris 0.5 mm.

{80129] In Fig 13, the highly twisted fiber coil was made from a 0.1 mm polyamide
filament by twisting under tension to the point of inducing cotling, twisting the coils in the
opposite direction {untwisting) under a reduced ioad, and heat setting. The coil index was
direction of the fiber actuator was measured and found to be -4.2 mm/m/K.

{60130] In Fig 14, the highly twisted fiber coil was made from a 0.1 mm polyamide
filament by twisting under tension prior to the point of inducing coiling and then wrapping
around a sacrificial fiber core, followed by heat setting and removal of the core. The coll
index was measured and found to be about 2.8, and the linear thermal expansion coefficient
in the axial direction of the fiber actuator was measured and found to be -4.6 mm/m/K. Both
cotled fiber actuators were produced from the same polyamide filament and both coils were
homochiral, with a negative thermal expansion coetficient, expanding upon cooling rather
than heating. The coils in the coiled-by-twisting material (Fig. 13) show a small space
between each other, while the coils are touching or nearly touching in the cotled-by-wrapping
material (Fig. 14).

ADDITIONAL EXAMPLES

{00131] Using these techniques described above thermal actuators have been produced
with CTE values with a magnitude above 5 mm/m/K (for a coil with a negative thermal

expansion that means values less than -5 mm/m/K, or -0.005 per K} and actuators with



WO 2018/191291 PCT/US2018/026941

magnitudes above 2 mm/m/K have also been produced. All of these example
implementations actuate around body temperature and enable the production of responsive
textiles appropriate for apparel applications.

{00132] Fig. 19 presents effective linear coefficient of thermal expansion (CTE) data for
over 200 twisted and coiled homochiral fiber actuators with various coil index values (C).
The dashed line represents a linear fit of the data (R” = 0.7). None of the data are for mandrel-
wound or core~wrapped actuators; all of the data represent coils produced through twisting to
the potnt of bringing about cotling. To achieve coil index values above approximately 1.75,
the as-formed coils were partially untwisted, increasing both the coil index value and the
magnitude of the coefficient of linear expansion. The coils with a larger coil spring index (C),
in general, had a coll contact temperature high enough to allow expansion and contraction
around body temperature. These cotls with larger spring index, made of different materials
and under different conditions, also exhibited varniability in the spacing between cotls and the
coil bias angle, explaining some of the increase in dispersion in the data at higher values of C.
The data represent coils produced from fibers in the polyamide, polyester, and polyolefin
families, with various fiber or yarmn sizes ranging from 0.05 mm to more than 0.3 mm tn
diameter. The data also represent coils heat set under a range of conditions.

{60133] Table 1 summarizes the measured thermal expansion coefficient data from a series
of twisted and cotled polyester fiber actuators that were heat set at different temperatures. Six
{6) fiber actuators were produced for annealing at each of the temperatures, 140 °C, 170 °C,
and 200 °C, for a total of 18 fiber actuators. The actuators were all produced under similar
conditions and were nominally the same prior to the annealing step. At each temperature, half
ot the fiber actuators that were annealed were S-twist homochiral actuators, and half were 2-
twist homochiral actuators. All three heat set conditions were appropriate for producing a
large-stroke thermally responsive material, but the lower temperatures, 140 °C and 170 °C,
produced fiber actuators with a meaningfully larger magnitude of thermal response. Each of

the heat set procedures was carried out for two (2) hours.
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Heat set temperature

‘ 140 °C 170 °C 200 °C
Gy
Average coefficient of
thermal expansion -3.9 -3.8 -3.0
{(mm/m/ C}
Relative standard

13.8% 6.4% 6.5%

deviation (%)

Table 1: Summary data for twisted and coiled polyester fiber actuators heat set at different
temperatures.

{60134] Lower temperature heat set conditions can also be used, even for materials with
high melting points. For example, autoclave conditions (121 °C saturated and pressurized
steam for 15-20 minutes) can be sufficient to relax some twist liveliness in highly twisted
polyamides, which can reduce the tension required for reliably handling highly twisted and/or
cotied material. Generally, it is desirable to heat set at temperatures above the glass transition
temperature of the material, which for common polymers used in textiles, such as polyesters
and polyamides, is typically less than 100 °C. For polyolefin materials the glass transition
temperature may be much lower, often below 0 °C, and heat set temperatures tess than 100 °C
are often adequate.

{80135] Using the techniques described herein, twisting fiber to the point of inducing
cotitng has been shown to be able to produce a homochiral cotled fiber actuator with an
effective linear coefficient of thermal expansion value larger than -9 mm/m/K. Additional
optimization is possible, and such values are not an upper end of performance. Furthermore,
methods of wrapping twisted fiber around a core can produce similar results and can enable
superior conirol over the structure of the coil that is produced in some examples, thereby
providing a route to better performance.

{60136] Embodiments of the disclosure can be described in view of the following clauses:
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1. A method of constructing a thermally adaptive garment configured to be worn
on and to at least partially surround a portion of the body of a user, the thermally adaptive
garment comprising:

generating a plurality of coiled actuator fibers, with each of the plurality of
coiled actuator fibers being generated by:
twisting a fiber to generate a highly twisted fiber having a fiber bias
angle Qupe: between 25° and 50°
wrapping the highly twisted fiber around a sacrificial core to generate a
coil in the highly twisted fiber;
setting the highly twisted fiber coil by applying heat or a chemical
setting agent to the highly twisted fiber cotl disposed on the sacrificial core;
and
removing the sacrificial core by dissolving the sacrificial coreina
solvent to generate a coiled actuator fiber having the following characteristics:
a coil spring index () greater than or equal to 2.0,
a coll portion contact temperature greater than or equal to 20
°C
a thermal response of |[CTE| > 2 mm/ov/K, and
a fiber bias angle Qe between 25% and 50°;
generating a thermally adaptive fabric that comprises the generated plurality of
coiled actuator fibers;
generating a garment body defined by the thermally adaptive fabric that
includes:
an internal portion having an internal face configured to face the body
of a wearing user; and
an external portion having an external face configured to face an
environment external to the wearing user,
wherein the thermally adaptive fabric is configured to assume a base

configuration in response {o a first environmental temperature range, and
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wherein the thermally adaptive fabric is configured to assume a lofied
configuration in response 1o a second environmental temperature range
separate from the first environmental temperature range.
2. The method of clause 1, wherein the fiber comprises one of a varn comprising
one or more fibers, or a fiber comprising a single elongated element.
3. The method of clause 1 or 2, wherein the sacrificial core is removed through
dissolution in water.
4. The method of any of clauses 1-3, wherein the sacrifictal core comprises a
water soluble polymer moncfilament, filament varn, or staple yarn,
5. The method of any of clauses 1-4, wherein the sacrificial core is removed after
the coiled actuator fibers have been incorporated into a fabric,
6. A method of generating a plurality of coiled actuator fibers, with each of the
plurality of cotled actuator fibers being generated by:
twisting a fiber to generate a twisted fiber having a fiber bias angle
Cliver DEtWeen 25° and 507
wrapping the twisted fiber around a sacrificial core to generate a coil in
the twisted fiber;
setting the highly twisted fiber coil by applying heat or a chemical
setting agent to the twisted fiber coil disposed on the sacrificial core; and
removing the sacrificial core by dissolving the sacrificial coreina
solvent to generate a coiled actuator fiber having two or more the following
characteristics:
a coil spring index () greater than or equal to 2.0,
a coil portion contact temperature greater than or equal to 20
°C
a thermal response of {CTE! > 2 mm/nV/K, and

a fiber bias angle Qe between 25° and 50°.

:\1

The method of clause 6, wherein the fiber comprises one of a yarn comprising

one or more fibers or other elements, a fiber comprising a single elongated element.
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8. A method of generating a cotled actuator fiber comprising:
twisting a fiber 10 generate a twisted fiber;
wrapping the twisted fiber around a core o generate a cotl in the
twisted fiber; and
removing at least a portion of the core to generate a coiled actuator
fiber.
9. The method of clause 8, wherein the fiber comprises one of’ a yarn comprising
one or more fibers, or a fiber comprising a single elongated element.
10. The method of clause 8 or 9, further comprising the setting of the coiled
actuator fiber by heat or chemical treatment.
it The method of clause 10, wherein setting the twisted fiber coil is carried out
prior to the partial or complete removal of the core.
12. The method of clause 10, wherein the setting of the twisted fiber coil is carried
out on a spool of the coiled actuator fiber.
13, The method of any of clauses 8-12, wherein the coiled actuator fiber
comprises a coil spring index () greater than or equal to 2.0,
14. The method of any of clauses 8-13, wherein the coiled actuator fiber
comprises a coil portion contact temperature greater than or equal to 10 °C.
15, The method of any of clauses 8-14, wherein the coiled actuator fiber
comprises a thermal respouse of |[CTE| > 2 mm/m/K.
16.  The method of any of clauses 8-15, wherein the method further comprises
wrapping at least two twisted fibers around a core to generate coils in the twisted fibers.
17.  The method of any of clauses 8-16, wherein the core is removed through
a. dissolution;
b. chemical reaction;
¢. or combinations thereof
18. The method of clause 17, wherein the core further comprises a non-removable
portion that is not dissolvable or chemically reactive under the same conditions as the

removable portion, ieaving a portion of the core.
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19, The method of any of clauses 8-18, wherein twisting the fiber to generate the
twisted fiber comprises twisting the fiber to have a fiber bias angle cner greater than 25°.
20. The method of any of clauses 8-19, wherein twisting the fiber to generate the
twisted fiber comprises twisting the fiber to have a fiber bias angle taper between 30° and 40°,
21 A method for making a coiled fiber actuator that has physical space between
its cotls when
a. the coiled fiber s at body temperature and
b. is unloaded,
where the cotled fiber actuator is set by at least one of either
a. heator
b. chemical treatment
while under physical constraint that prevents substantial expansion or contraction of the
cotled fiber actuator during the setting process.
22, The method of clause 21, wherein the cotled actuator fiber comprises a coil
spring index (() greater than or equal to 2.0.
23, The method of clause 21 or 22, wherein the coiled fiber actuator comprises a

thermal response of |CTE| > 2 mm/m/K.

24, The method of any of clauses 21-23, wherein the physical constraint applied
during setting is applied to a spool of the coiled fiber actuator.
25. The method of any of clauses 21-24, wherein the physical constraint applied
during setting
a. prevents substantial expansion or contraction of the coiled fiber actuator
during the setting process, and
b. holds the coiled fiber actuator in a position where there is physical space
between its coils.
26, The method of any of clauses 21-25, wherein the cotled fiber actuator is heat
set at a temperature greater than or equal to 121 °C.
27. The method of any of clauses 21-26, wherein the coiled fiber actuator has

physical space between its coils when
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a. the coiled fiber is at room temperature and
b, is unloaded.
28. A method for making a coiled fiber actuator that has physical space between
its cotls when
a. the coiled fiber s at body temperature and
b. is unloaded,
where, after the initial formation of the coils, the cotled fiber actuator ts twisted
a. inthe direction opposite to the twisting direction used to form the coils,
b. under a tension that is less than the tension applied to the fiber during the
initial coil formation,
c. and only to the extent that the majority of the initially formed coils remain
intact,
and where the partially untwisted coiled fiber actuator s set by at least one of either
a. heator
b. chemical treatment.
29, The method of clause 28, wherein the cotled actuator fiber comprises a coil
spring index (() greater than or equal to 2.0.
30. The method of clause 28 or 29, wherein the coiled fiber actuator comprises a

thermal response of |CTE| > 2 mm/m/K.

31. The method of any of clauses 28-30, wherein the cotled fiber actuator is heat
set at a temperature greater than or equal to 121 °C.
32 The method of any of clauses 28-31, wherein the coiled fiber actuator has
physical space between its coils when
c. the coiled fiber is at room temperature and
d. isunjoaded.
33 A method for making a coiled fiber actuator that has physical space between
its coils when
e. the coiled fiber is at body temperature and

f. is unloaded,
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where the cotled fiber actuator ts generated by
a. twisting a fiber to generate a twisted fiber,
b. wrapping the twisted fiber around a sacrificial core to generate a coil in the
twisted fiber, and
c. removing at least a portion of the sacrificial core to generate a coiled actuator
fiber,
and where the cotled fiber actuator is set by at least one of etther
a. heator

b. chemical treatment.

34, The method of clause 33, wherein the core is removed through dissolution.
35 The method of clause 33 or 34, wherein the core is completely removed.
36, The method of any of clauses 33-35, wherein the twisted fiber is set prior to

wrapping around a core to generate a coil.

37. The method of any of clauses 33-36, wherein the twisted fiber has a fiber bias
angle equal to or greater than 20°.

38, The method of any of clauses 33-37, wherein the cotled fiber actuator
comprises a thermal response of [CTE| > 2 mm/m/K.

39, The method of any of clauses 33-38, wherein the cotled fiber actuator is heat
set prior to removing the core.

40. The method of any of clauses 33-39, wherein the coiled fiber actuator has
physical space between its coils when

g. the coiled fiber is at room temperature and
h. isunjoaded.

41 A coiled fiber or yarn actuator made from a highly twisted fiber or yarn that
has been wrapped or cotled around a sacrificial core, where the sacrificial core has been
removed tn part or in whole.

42, The coiled fiber or yarn actuator of clause 41 where the fiber bias angle 1s

between 25° and 45°
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43, The coiled fiber or yarn actuator of clause 41 or 42 where the sacrifictal core
has been removed through dissolution.

44, The coiled fiber or yarn actuator of any of clauses 41-43 where the sacrificial
core has been removed through dissolution in water,

45, The coiled fiber or yarn actuator of any of clauses 41-44 where the sacrificial
core ts a water soluble polymer monofilament, filament varn, or staple yam.

46.  The coiled fiber or yarn actuator of any of clauses 41-45 where the cotled fiber
or yarn actuator is set by heat or chemical meauns prior to the removal of the sacrifictal core.

47 A method of producing a coiled fiber or yarn actuator comprising

a. twisting a fiber or yam,

b. wrapping or coiling the twisted fiber or yarn around a sacrificial core material,
and

c. removing the sacrificial core material in part or in whole.

48. A method of changing coil geometry in coiled fiber or yarn actuators

comptising
a. applying a tension equal to or less than the tension applied during the
formation of the coil and
b. untwisting the coil to increase the coil index of the coiled fiber or yarn
actuator.

49, The method of clause48 where the tension applied during untwisting is less
than 50% of the tension applied during the formation of the coil.

50. The method of clause 48 or 49 where the diameter of the coil is monitored
during untwisting and diameter data are used in controlling at least one of the process
parameters

a. tension,
b, uptake rate, or

c. itwist rate.



WO 2018/191291 PCT/US2018/026941

51 A cotled fiber or yarn actuator made from a highly twisted fiber or yarn that
has been coiled through insertion of twist under a first tension and untwisted under a second
tension sufficiently to change the coil index of the coiled fiber or yarn actuator.

52. The coiled fiber or yarn actuator of clause 51 where a second cotled fiber or
yarn actuator produced under identical twisting, coiling, and setting conditions, but without
the untwisting step, has a lower coll contact temperature than the coil produced from the
same process that includes the untwisting step.

53.  The coiled fiber or yarn actuator of clause 51 or 52 with at least one of either

a. acoil index greater than or equal t0 2.0, or

b, a coil contact temperature above room temperature.

(o]
+

A method of producing a coiled fiber or yarn actuator comprising
a. twisting a fiber or yarm under a first tension,
b. coiling the twisted fiber or yarn through one of either
1. twist insertion to the point of coiling, or
i1, wrapping or coiling the twisted fiber or yarn around a sacrificial core
or a mandrel, and
c. untwisting the coil under a second tension.
55, The method of clause 54 where the second tension ts lower than the first
tension.
56. The method of clause 54 or 55 where the second tension is 10% or less of the
first tension.
57 A cotled fiber or yarn actuator that has physical space between its cotls under
conditions where
a. the coiled actuator is above room temperature and
b. is unloaded,
and where the cotled fiber or yarn actuator is set by at least one of either
a. heator

b. chemical treatment
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while under phystcal constraint that prevents substantial expansion or contraction during the
setiing process.
58.  The coiled fiber or varn of clause 57 where the coiled fiber or yarn actuator,
prior to setting, has coils in contact with neighboring coils at room temperature.
59.  The coiled fiber or yarn of clause 57 or S8 where the coiled fiber or yvarn
actuator, prior to setting, is under minimal tension.
60. A sensor comprising a camera and image analysis that determines at least one
from the list of
a. relative or absolute fiber or yarn diameter,
b. fiber or yarn velocity, and
¢. location of fiber or yarn snar]
and provides production control information to at least one process variable from the list of
a. tension,
b. uptake rate, and
c. twist rate
that is used in the production or processing of a fiber or yarn.
61. A fiber actuator produced in a process that employs the sensor of clause 60.
62, A fiber actuator with cotl index value equal to or greater than 2.0, where the
cotl was produced through the insertion of twist to the point of inducing cylindrical snarl.
63. The fiber actuator of clause 62 with a cotl contact temperature greater than 20

°C.
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CLAIMS

What is claimed is:

i. A method of constructing a thermally adaptive garment configured to be worn
on and to at least partially surround a portion of the body of a user, the thermally adaptive
garment comprising:

generating a plurality of coiled actuator fibers, with each of the plurality of
coiled actuator fibers being generated by:
twisting a fiber to generate a highly twisted fiber having a fiber bias
angle Gener between 25°% and 507,
wrapping the highly twisted fiber around a sacrificial core to generate a
cotl 10 the highly twisted fiber;
setting the highly twisted fiber coil by applying heat or a chemical
setting agent to the highly twisted fiber coil disposed on the sacrificial core;
and
removing the sacrificial core by dissolving the sacrificial coreina
solvent to generate a coiled actuator fiber having the following charactenstics:
a coil spring index (C) greater than or equal to 2.0,
a coil portion contact teraperature greater than or equal to 20
°C,
a fiber bias angle taner between 25° and 507,
generating a thermally adaptive fabric that comprises the generated plurality of
cotled actuator fibers;
generating a garment body detined by the thermally adaptive fabric that
includes:
an internal portion having an internal face configured to tace the body

of a wearing user; and
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an external portion having an external face configured to face an
environment external to the wearing user,

wherein the thermally adaptive fabric is contigured to assume a base
configuration in response to a first environmental temperature range, and

wherein the thermally adaptive fabric is configured to assume a lofted
configuration in response 1o a second environmental temperature range

separate from the first environmental temperature range.

2. The method of claim 1, wheretn the fiber comprises one of: a yarn comprising

one or more fibers, or a fiber comprising a single elongated element.

3. The method of claim 1, wherein the sacrificial core is removed through

dissolution in water,

4 The method of claim 1, wherein the sacrifictal core comprises a water soluble

polymer monofilament, filament varn, or staple vam.

5. The method of claim 1, wherein the sacrificial core is removed after the colled

actuator fibers have been incorporated into a fabric,

6. A method of generating a plurality of coiled actuator fibers, with each of the
plurality of cotled actuator fibers being generated by:
twisting a fiber to generate a twisted fiber having a fiber bias angle
Crber DETWeen 25° and S0°;
wrapping the twisted fiber around a sacrificial core to generate a coil in
the twisted fiber;
setting the highly twisted fiber coil by applying heat or a chemical

setting agent to the twisted fiber coil disposed on the sacrificial core; and
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removing the sacrificial core by dissolving the sacrificial coreina
solvent to generate a coiled actuator fiber having two or more the following
characteristics:
a coil spring index () greater than or equal to 2.0,

a coil portion contact temperature greater than or equal to 20

O(‘
a thermal response of {CTE| > 2 mn/n/K, and
a fiber bias angle daner between 25° and 50°.
7. The method of claim 6, wherein the fiber comprises one of: a yarn comprising

one or more fibers or other elements, a fiber comprising a single elongated element.

8. A method of generating a cotled actuator fiber comprising:
twisting a fiber 10 generate a twisted fiber;
wrapping the twisted fiber around a core o generate a cotl in the
twisted fiber; and
removing at least a portion of the core to generate a coiled actuator

fiber,

S. The method of claim 8, wherein the fiber comprises one of: a yarn comprising

one or more fibers, or a fiber comprising a single elongated element.

10.  The method of claim 8, further comprising the setting of the coiled actuator

fiber by heat or chemical treatment.

i1 The method of claim 10, wherein setting the twisted fiber coil is carried out

prior to the partial or complete removal of the core.
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12. The method of claim 10, wherein the setting of the twisted fiber coil is carmied

out on a spool of the coiled actuator fiber.

13, The method of claim 8, wherein the cotled actuator fiber comprises a coil

spring index (() greater than or equal to 2.0.

14.  The method of claim 8, wherein the coiled actuator fiber comprises a coil

portion contact temperature greater than or equal to 10 °C.

15. The method of claim 8, wherein the cotled actuator fiber comprises a thermal

-~

response of [CTE! > 2 mm/m/K.
16. The method of claim 8, wherein the method further comprises wrapping at

feast two twisted fibers around a core to generate coils in the twisted fibers.

17, The method of claim 8, wherein the core is removed through
a. dissolution;
b. chenical reaction;

¢. or combinations thereof

18. The method of claim 17, wherein the core further comprises a non-removable
portion that is not dissolvable or chemically reactive under the same conditions as the

removable portion, ieaving a portion of the core.

19. The method of claim 8, wherein twisting the fiber to generate the twisted fiber

comprises twisting the fiber to have a fiber bias angle ase, greater than 25°

20, The method of claim 8, wherein twisting the fiber to generate the twisted fiber

comprises twisting the fiber to have a fiber bias angle e, between 30° and 40°,
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21 A method for making a coiled fiber actuator that has physical space between

its coils when

a. the coiled fiber is at body temperature and

b. is unloaded,
where the cotied fiber actuator is set by at least one of either

¢. heator

d. chemical treatment
while under physical constraint that prevents substantial expansion or contraction of the

cotied fiber actuator during the setting process.

22, The method of claim 21, wherein the cotled actuator fiber comprises a coil

spring index (() greater than or equal to 2.0.

23. The method of claim 21, wherein the coiled fiber actuator comprises a thermal

response of [CTE! > 2 mm/nvVK.
24, The method of claim 21, wherein the phystcal constraint applied during setting

is applied to a spool of the coiled fiber actuator.

25, The method of claim 21, wherein the physical constraint applied during setting
¢. prevents substantial expansion or contraction of the coiled fiber actuator
during the setting process, and
d. holds the coiled fiber actuator in a position where there is physical space

between iis coils.

26. The method of claim 21, wherein the coiled fiber actuator is heat set at a

temperature greater than or equal to 121 °C.
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27. The method of claim 21, wherein the coiled fiber actuator has physical space
between its coils when
c. the coiled fiber is at room temperature and
d. isunloaded.
28, A method for making a coiled fiber actuator that has physical space between
its coils when
c. the coiled fiber is at body temperature and
d. is unloaded,
where, after the initial formation of the coils, the coiled fiber actuator is twisted
d. inthe direction oppostte to the twisting direction used to form the coils,
e. under a tension that is less than the tension applied to the fiber during the
initial coil formation,
f.  and only to the extent that the majority of the initially formed coils remain
intact,
and where the partially untwisted coiled fiber actuator is set by at least one of either
¢. heat or

d. chemical treaiment.

29, The method of claim 28, wherein the cotled actuator fiber comprises a coil

spring index (() greater than or equal to 2.0.

30. The method of claim 28, wherein the coiled fiber actuator comprises a thermal

response of [CTE! > 2 mm/nvVK.

31 The method of claim 28, wherein the coiled fiber actuator is heat set at a

temperature greater than or equal to 121 °C.



WO 2018/191291 PCT/US2018/026941

32. The method of claim 28, wherein the coiled fiber actuator has physical space
between its coils when
e. the coiled fiber is at room temperature and

f  isunloaded.

33 A method for making a coiled fiber actuator that has physical space between
its coils when
g. the coiled fiber is at body temperature and
h. is unloaded,
where the cotied fiber actuator is generated by
d. twisting a fiber to generate a twisted fiber,
e. wrapping the twisted fiber around a sacrificial core to generate a coil in the
twisted fiber, and
f. removing at least a portion of the sacrificial core to generate a coiled actuator
fiber,
and where the cotled fiber actuator is set by at least one of either
¢. heat or

d. chemical treaiment.

34, The method of claim 33, wherein the core is removed through dissolution.
35. The method of claim 33, wherein the core is completely removed.
30, The method of claim 33, wherein the twisted fiber is set prior to wrapping

around a core to generate a coil.

37.  The method of claim 33, wherein the twisted fiber has a fiber bias angle equal

to or greater than 20°
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38. The method of claim 33, wherein the coiled fiber actuator comprises a thermal

"

response of [CTE! > 2 mm/nvVK.

39, The method of claim 33, wherein the coiled fiber actuator is heat set prior to

removing the core.

40. The method of claim 33, wherein the coiled fiber actuator has physical space
between its coils when
i, the coiled fiber is at room temperature and

i 1s unloaded.

41 A coiled fiber or yarn actuator made from a highly twisted fiber or yarn that
has been wrapped or cotled around a sacrificial core, where the sacrificial core has been

removed tn part or in whole.

42, The coiled fiber or yarmn actuator of claim 41 where the fiber bias angle is

between 25° and 45°

43, The coiled fiber or yarn actuator of claim 41 where the sacrificial core has

been removed through dissolution.

44, The coiled fiber or yarn actuator of claim 41 where the sacrificial core has

been removed through dissolution in water.

45, The coiled fiber or yarn actuator of claim 41 where the sacrificial core is a

water soluble polymer monofilament, filament vam, or staple yamn.

46.  The coiled fiber or yarn actuator of claim 41 where the coiled fiber or yamn

actuator is set by heat or chemical means prior to the removal of the sacrificial core.

)
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47. A method of producing a coiled fiber or yarn actuator comprising
a. twisting a fiber or yamn,
b. wrapping or cotling the twisted fiber or varn around a sacrificial core material,
and

c. removing the sacrificial core material in part or in whole.

48. A method of changing coil geometry in cotled fiber or yarn actuators
comptising
d. applying a tension equal to or less than the tension applied durning the
formation of the coil and
e. untwisting the coil to increase the coil index of the coiled fiber or yarn

actuator.

49, The method of claim 48 where the tension applied during untwisting is less

than 50% of the tension applied during the formation of the coil.

50.  The method of claim 48 where the diameter of the cotl is monitored during
untwisting and diameter data are used in controlling at least one of the process parameters
f. tension,

uptake rate, or

)

h. twisi raie.

51 A coiled fiber or yarn actuator made from a highly twisted fiber or yarn that
has been coiled through insertion of twist under a first tension and untwisted under a second

tension sufficiently to change the coil index of the coiled fiber or yarn actuator,

52.  The coiled fiber or yarn actuator of claim 51 where a second coiled fiber or

yarn actuator produced under identical twisting, coiling, and setting conditions, but without
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the untwisting step, has a lower coil contact temperature than the coil produced from the

same process that includes the untwisting step.

53.  The coiled fiber or yarn actuator of claim 51 with at least one of either
i, acoil index greater than or equal t0 2.0, or

. acoil contact temperature above room fermperature.

54, A method of producing a coiled fiber or varn actuator comprising
k. twisting a fiber or yarn under a first tension,
1. coiling the twisted fiber or yarn through one of either
i, twist insertion to the point of coiling, or
i, wrapping or coiling the twisted fiber or yarn around a sacrificial core
or a mandrel, and

m. untwisting the cotl under a second tension.

55. The method of claim 54 where the second tension is lower than the first
tension.

56. The method of claim 54 where the second tension is 10% or less of the first
tension.

57 A cotled fiber or yarn actuator that has physical space between its cotls under

conditions where
n. the coiled actuator is above room temperature and
0. is unloaded,

and where the cotled fiber or yarn actuator is set by at least one of either
k. heator

1. chemical treatment
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while under phystcal constraint that prevents substantial expansion or contraction during the

setiing process.

58. The coiled fiber or yarn of claim 57 where the cotled fiber or yarn actuator,

prior to setting, has coils in contact with neighboring coils at room temperature.

59.  The coiled fiber or yarn of claim 57 where the coiled fiber or varn actuator,

prior to setting, is under minimal tension.

60. A sensor comprising a camera and umage analysis that determines at least one

from the list of

p. relative or absolute fiber or yarn diameter,

q. fiber or yarn velocity, and

r. location of fiber or yarn snarl
and provides production control information to at least one process variable from the list of

d. tension,

e. uptake rate, and

f. twistrate

that is used in the production or processing of a fiber or yarn.

61. A fiber actuator produced in a process that employs the sensor of claim 60,

62. A fiber actuator with coil index value equal to or greater than 2.0, where the

coil was produced through the insertion of twist to the point of inducing cylindrical snarl.

63. The fiber actuator of claim 62209 with a coil contact temperature greater than

20 °C.

~ 60~
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INTERNATIONAL SEARCH REPORT

International application No.

PCT/US 2018/026941

Al CLASSIFICATION OF SUBJECT MATTER

DOIF 6/00 (2006.01)
A41D 13/005 (2006.01)
According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

FO3G 7/06, DOIF 6/00, DO1H 1/10, DO2G 3/26, 3/02, DO1D 5/00, A41D 13/005

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

PatSearch (RUPTO internal), USPTO, PAJ, Esp@cenet, Information Retrieval System of FIPS

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
US 5212258 A (E.I1 DU PONT DE NEMOURS AND COMPANY) 18.05.1993,
X column 7, lines 28-44, 62-64 60, 61
A 1-59, 62, 63
A WO 2016/187547 A1 (OTHER LAB LLC) 24.11.2016 1-63
A WO 2016/064220 A1 JUCF HYU) 28.04.2016 1-63
A WO 2016/202813 Al (TOTAL RESEARCH & TECHNOLOGY FELUY) 1-63
22.12.2016

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
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earlier document but published on or after the international filing date

document which may throw doubts on priority claim(s) or which is

cited to establish the publication date of another citation or other

special reason (as specified)

“0”  document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“1” later document published after the international filing date or priority

date and not in conflict with the application but cited to understand

the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document 1s

combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“&”  document member of the same patent family
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