I*I Innovation, Sciences et Innovation, Science and CA 3065320 A1 2018/12/20
Développement economique Canada Economic Development Canada
(21) 3 065 320

Office de la Propriéte Intellectuelle du Canada Canadian Intellectual Property Office

12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1

(86) Date de depot PCT/PCT Filing Date: 2018/06/14 (51) Cl.Int./Int.Cl. GOTM 77/00(2006.01),
(87) Date publication PCT/PCT Publication Date: 2018/12/20 GO75 11/16(2006.01)

. . : _ (71) Demandeurs/Applicants:
(85) Entree phase nationale/National Entry: 2019/11/27 SAINT-GOBAIN ADFORS CANADA. LTD.. US:

(86) N° demande PCT/PCT Application No.: US 2018/037573 UNIVERSITY OF MASSACHUSETTS, US
(87) N° publication PCT/PCT Publication No.: 2018/232136 (72) Inventeurs/Inventors:
(30) Priorité/Priority: 2017/06/16 (US62/521,099) BROWN, NANCY E., US;

RATHI, SAHAS, US;
YU, TZUYANG, US;
WANG, XINGWEI, US;
KURUP, PRADEEP, US;
IVEY, JACKSON A., US

(74) Agent: SMART & BIGGAR LLP

(54) Titre : TEXTILE DE DETECTION
(54) Title: SENSING TEXTILE

+ +* +* +*
* + 4+ & AR RN AR RN RN R AN R EE RN
MR EEEEEEEEEEEEEEEN

00000000000000000000000000000000000000000000000000000000000000000000000000000000000

00000000000000000000000000000000000000000000000000000000000000000000000000000000000

G, 1

(57) Abréegée/Abstract:

A sensing textile includes at least one assembly of optical fiber filaments, wherein the sensing textile has a main direction and a
cross direction, and wherein the at least one assembly of optical fiber flaments Is oriented at any angle measured relative to the
cross direction.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca I*I
50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca al I a



CA 03065320 2015-11-27

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual P t
(19) World Intellectual Property A A T 00 A 0 RO AT A0

Organization
International Bureau (10) International Publication Number

(43) International Publication Date WO 2018/232136 Al
20 December 2018 (20.12.2018) WIRPO PCT

(51) International Patent Classification: (US). WANG, Xingwei; University of Massachusetts, 1
GOIM 11/00(2006.01) GO01B 11/16 (2006.01) University Avenue, Lowell, Massachusetts 01854 (US).

(21) International Application Number: KURUP, Pradeep; University of Massachusetts, 1 Univer-
PCT/US2018/037573 sity Avenue, Lowell, Massachusetts 01854 (US). IVEY,
Jackson A.; 5 Meadowbrook Rd., Worcester, Massachu-

(22) International Filing Date: setts 01609 (US).

14 June 2018 (14.06.2018) 74y Agent: BENNETT, Bernadette M. ct al: Abel Law
(25) Filing Language: English Group, LLP, 8911 N. Capital of Texas Hwy, Bldg 4, Suite
4200, Austin, Texas 78759 (US).

(26) Publication Language: English
o (81) Designated States (unless otherwise indicated, for eve
(30) Friority Data: | kind gof national protection available). AE, AQG, QL, Al\;z
62/521,099 16 June 2017 (16.06.2017) US AO, AT, AU. AZ. BA. BB. BG. BHL BN. BR, BW, BY, BZ.
(71) Applicants: SAINT-GOBAIN ADFORS CANADA, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
LTD. [CA/US]; 1795 Baseline Road, Grand Island, New DZ, EC, EE, EG, ES, F1, GB, GD, GE, GH, GM, GT, HN,
York 14072 (US). UNIVERSITY OF MASSACHUSET- HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
TS [US/US]; One Beacon Street, 31st Floor, Boston, Mass- KR, KW, KZ,LA,LC,LK,LR,LS, LU, LY, MA, MD, ME,
achusetts 02108 (US). MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
IR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors: BROWN, Nancy E.; 51 Hilton Drive, New
Braintree, Massachusetts 01531 (US). RATHI, Sahas; 21

— Simeon Howard Way, Unit 2106, Westborough, Massachu-
— setts 01581 (US). YU, Tzuyang; University of Massachu- (84) Designated States (unless otherwise indicated, for every
— setts, 1 University Avenue, Lowell, Massachusetts 01854 kind of regional protection available). ARIPO (BW, GH,
— (34) Title: SENSING TEXTILE
— e 10
= ) 12 |
— M.' ~ ; .
— EEEEEREEEE
— . lﬂﬁlﬂ‘ﬂﬁl
= g ENEENENEEN A
— 241 '= ::! “*.,
= 20{ :lnnnﬁl I
e . HEERENEEE.
S— mER
= S
= \ .- ‘I'I.ﬁ. .........
< —_—
\O B
o
‘_1 116G, 1
N 3 — b
e .
e\
L
w= (37) Abstract: A sensing textile includes at least one assembly of optical tiber tilaments, wherein the sensing textile has a main direction
& and a cross direction, and wherein the at least one assembly of optical fiber filaments 1s oriented at any angle measured relative to
O\ the cross direction.

[Continued on next page/



CA 03065320 2015-11-27

WO 2018/232136 AT {0 | R0VA)AVH R D 008K NSRRI

GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(1i))

— as to the applicant’s entitlement to claim the priovity of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))
—  before the expiration of the time [imit for amending the

claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



10

15

20

25

30

CA 03065320 2015-11-27

WO 2018/232136 PCT/US2018/037573

SENSING TEXTILE

TECHNICAL FIELD

The present disclosure relates to sensing textiles with at least one assembly of optical

fiber filaments.

BACKGROUND ART

Civil infrastructure includes roadways, tunnels, pipelines, highways, bridges, railroad,
and the like. Repairing civil infrastructure 1s costly and can be inefficient process it the only
indicator 1s failure of a structure. However, current monitoring technology may not provide
the measurement capabilities desired such as ease of use, low cost, detecting functionality,
and monitoring functionality. Accordingly, a need continues to exist in the art for a sensing

textile to meet current, new and sometimes demanding applications.

SUMMARY

In an embodiment, a sensing textile includes at least one assembly of optical fiber
filaments, wherein the sensing textile has a main direction and a cross direction, and wherein
the at least one assembly of optical fiber filaments 1s oriented at any angle measured relative
to the cross direction.

In another embodiment, a sensing textile includes a carrier including a fabric, a film,
or combination thereof; and at least one assembly of optical fiber filaments including a
plurality of optical fiber filaments that are generally parallel to each other, wherein the
sensing textile has a main direction and a cross direction, and wherein the at least one
assembly of optical fiber filaments 1s oriented 1n the main direction of the sensing textile.

In yet another embodiment, a sensing textile includes at least one assembly of optical
fiber filaments 1including a plurality of optical fiber filaments that are generally parallel to
cach other, wherein the sensing textile has a main direction and a cross direction, and wherein
the at least one assembly of optical fiber filaments 1s oriented 1n the main direction of the
sensing textile; and a second assembly of filaments, wherein the second assembly of
filaments includes a plurality of filaments that are generally parallel to each other and cross

over the at least one assembly of optical fiber filaments at a crossing angle.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments are illustrated by way of example and are not limited in the
accompanying figures.
FIG. 1 includes an overhead view of a sensing textile illustrated in accordance with an

embodiment described herein.
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FIG. 2 includes a perspective view of a sensing textile illustrated in accordance with
an embodiment described herein.

Skilled artisans appreciate that elements 1n the figures are 1llustrated for simplicity
and clarity and have not necessarily been drawn to scale. For example, the dimensions of
some of the elements 1n the figures may be exaggerated relative to other elements to help to

improve understanding of embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The following description in combination with the figures 1s provided to assist in
understanding the teachings disclosed herein. The following discussion will focus on specific
implementations and embodiments of the teachings. This focus 1s provided to assist in
describing the teachings and should not be interpreted as a limitation on the scope or
applicability of the teachings. However, other teachings can certainly be used in this
application.

Before addressing details of the embodiments described below, some terms are
defined or clarified. The term ““filament” 1s intended to mean an elongated structure or fiber
of any suitable length. The term “yarn™ 1s intended to mean an ordered bundle of filaments.
The term “scrim™ 1s intended to mean a fabric that includes at least two filaments oriented 1n
two ditferent directions. For example, one or more filaments can be oriented in the “warp,”
“main,” or “machine” direction that, in an embodiment, can be parallel to the length of the
scrim. Another filament or filaments can be oriented 1n the “weft,” “fill,” “90.” or “cross’
direction that, in an embodiment, can be parallel to the width of the scrim. The term “0/90
scrim’” or “‘square scrim’ 1s intended to mean a fabric in which at least one filament 1s
oriented 1n the main direction parallel to the length of the scrim, at least one filament 1s
oriented 1n the cross direction parallel to the width of the scrim, and the cross direction 1s
perpendicular to the main direction. The term “‘laid scrim” 1s intended to mean a scrim 1n
which at least one filament overlies at least one other filament to create the scrim.

As used herein, the terms “comprises”, “‘comprising’, “includes™, “including”, “has”,
“having” or any other variation thereof, are intended to cover a non-exclusive inclusion. For
example, a method, article, or apparatus that comprises a list of features 1s not necessarily
limited only to those features but may include other features not expressly listed or inherent
to such method, article, or apparatus. Further, unless expressly stated to the contrary, “or”
refers to an inclusive-or and not to an exclusive-or. For example, a condition A or B 1s

satistied by any one of the following: A 1s true (or present) and B 1s false (or not present), A

1s false (or not present) and B 1s true (or present), and both A and B are true (or present).
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Also, the use of “a” or “an” 1s employed to describe elements and components
described herein. This 1s done merely for convenience and to give a general sense of the
scope of the invention. This description should be read to include one or at least one and the
singular also includes the plural, or vice versa, unless it 1s clear that it 1s meant otherwise.
For example, when a single item 1s described herein, more than one item may be used in
place of a single item. Similarly, where more than one item 1s described herein, a single item
may be substituted for that more than one item.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. The materials, methods, and examples are 1llustrative only and not intended to be
limiting. To the extent not described herein, many details regarding specific materials and
processing acts are conventional and may be found 1n reference books and other sources
within the structural arts and corresponding manufacturing arts.

In an embodiment, the present invention provides a sensing textile including at least
one assembly of optical fiber filaments. The sensing textile has a main direction and a cross
direction and the at least one assembly of optical fiber filaments 1s oriented at any angle
measured relative to the cross direction. In an embodiment, the present invention provides a
sensing textile including a carrier and at least one assembly of optical fiber filaments
overlying the carrier. In an embodiment, the present invention provides a sensing textile
including at least one assembly of optical fiber filaments and a second assembly of filaments.
In a particular embodiment, the second assembly of filaments crosses over the at least one
assembly of optical fiber filaments at a crossing angle. Advantageously, the sensing textile as
described herein can provide any user to monitor and detect damage of any structure to which
it 1s attached, which 1n turn can minimize maintenance costs, environmental impacts, and
disruption to the population.

The at least one assembly of optical fiber filaments includes any reasonable optical
fiber filament. For instance, the optical fiber filament includes a single-mode optical fiber, a
multi-mode optical fiber, or combination thereof. A “‘single-mode optical fiber” as used
herein refers to an optical fiber filament designed to carry a single light pulse 1n at least one
direction down the optical fiber at a wavelength. A “multi-mode optical fiber” as used herein
refers to an optical fiber filament that 1s designed to carry greater than one light pulse, each
light pulse having a different wavelength, 1n at least one direction. With the single mode or
multi-mode optical fiber filament, the pulse of light 1s carried 1n at least one direction through

the optical fiber filament and measured by any method. Any operating light wavelength for
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the optical fiber filament 1s envisioned. Exemplary light wavelengths include a range of 10°
nanometers (nm) to 10° nm. Any reasonable value between the minimum and maximum
values are envisioned.

Typically, the at least one assembly of optical fiber filaments 1s 1n communication
with an interrogator. Any form of communication 1s envisioned such as wired, wireless, or
combination thereof. The interrogator measures any value generated by the optical fiber from
the pulsed light. Any reasonable interrogator 1s envisioned to measure the value, wherein a
change 1n the value represents an environmental change. In an embodiment, the interrogator
1S transmissive when the interrogator 1s at a proximal end of the at least one assembly of
optical fiber filaments with the pulsed light sent from a distal end of the at least one assembly
of optical fiber filaments. In an alternative embodiment, the interrogator 1s reflective when
the 1interrogator 1s at a proximal end of the at least one assembly of optical fiber filaments
with the pulsed light sent from a proximal end of the at least one assembly of optical fiber
filaments to the distal end of the at least one assembly of optical fiber filaments and back to
the proximal end. The interrogator includes, but 1s not limited to, an optical time domain
reflectometer (OTDR), an optical time domain analysis (OTDA), an Brillouin optical time
domain reflectometer (BOTDR), an Brillouin optical time domain analysis (BOTDA), a Fiber
Bragg Grating (FBG), any other interrogator technology, or combination thereof.

The optical fiber filament may be made with any reasonable material and may be a
monofilament or a multifilament. As used herein, a “monofilament™ includes a singular
filament and a “multifilament” includes more than one monofilament. A multifilament may
also be known as a “cable”. A monofilament or a multifilament may include a coating, a
cladding, or combination thereof that encompasses at least a portion of a circumference and a
length of the optical fiber filament. In an embodiment, a multifilament includes a plurality of
monofilaments where each monofilament may or may not include a coating, a cladding, or
combination thereof. In an embodiment, the coating, the cladding, or combination thereof on
the monofilament, multifilament, or combination thereof may be any reasonable material,
such as a polymer. Any polymer includes a thermoplastic polymer, a thermoset polymer, a
blend, or combination thereof. In a particular embodiment, the cladding 1s a fluoropolymer.

The at least one assembly of optical fiber filaments may be made of any reasonable
material envisioned for an optical fiber filament. For instance, the optical fiber filament may
include a glass fiber, a polymer fiber, or a blend therecof. Any reasonable glass optical fiber
filament 1s envisioned and includes, but 1s not limited to, for example, silica, SMF-28®,

SME-28 e+®, and the like. Any polymer optical fiber filament 1s envisioned and includes, but
4 -
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1s not limited to, for example, an acrylic, such as polymethyl methacrylate (PMMA),
fluorinated acrylate, and the like. For example, the optical fiber may have a PMMA core with
a fluoropolymer cladding, or a fluorinated acrylate core with a fluoropolymer cladding. The
optical fiber filament 1s a sensor that can be chosen depending upon the environmental
change to be measured. In a particular embodiment, the optical fiber filament may be chosen
depending upon an environmental change that 1s desired to be measured. In an embodiment,
different materials may be used for the optical fiber filament to measure different
environmental changes. For instance, the at least one assembly of optical fiber filaments
includes a blend of a glass fiber and a polymer fiber, wherein the glass fiber 1s a first sensor
and the polymer fiber 1s a second sensor, wherein the first sensor measures a first
environmental change and the second sensor measures a second environmental change,
wherein the first environmental change 1s different than the second environmental change.
Any combination and number of optical fiber filaments 1s envisioned depending upon the
environmental change that 1s desired to be measured.

In an embodiment, the sensing textile includes at least one assembly of optical fiber
filaments. In a particular embodiment, the at least one assembly of optical fiber filaments
includes a plurality of filaments of monofilaments or multifilaments that are generally
parallel to each other. The plurality of filaments that are parallel to each other may be evenly
spaced or randomly spaced, depending on the configuration and measurement resolution
desired. Further, the at least one assembly of optical fiber filaments 1s oriented at any suitable
angle. For instance, any suitable angle may be any angle measured relative to the cross
direction of the sensing textile. In an embodiment, the at least one assembly of optical fiber
filaments can be oriented at any angle between 0 degrees and 90 degrees relative to the cross
direction of the sensing textile. In a particular embodiment, the at least one assembly of
optical fiber filaments extends generally parallel to a main direction of the sensing textile,
where the main direction 1s 90 degrees relative to the cross direction. In an embodiment, 1t 1s
envisioned that the at least one assembly of optical fiber filaments can be oriented at a
suitable angle and also can be oriented at a positive value, a negative value, or a combination
thereof. Any suitable positive or negative value 1s envisioned. For example, the at least one
assembly of optical fiber filaments 1s oriented at a first angle (e.g., 45°), and also can be
oriented at a positive value of the first angle (e.g., +45°), a negative value of the first angle
(e.g., -45°), or a combination thereof. In an example, the at least one assembly of optical fiber

filaments extends along any length envisioned of the sensing textile. In an example, the at
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least one assembly of optical fiber filaments extends along the entire length of the sensing
textile.

The at least one assembly of optical fiber filaments can include a monofilament or 1t
can include any number of filaments per assembly, such as greater than 2 filaments, or
greater than S filaments. In an embodiment, the assembly includes less than 1,000 filaments
per assembly, such as less than 500 filaments or less than 100 filaments. A typical range can
be 1 to 1,000 filaments per assembly. Any reasonable value between the minimum and
maximum values are envisioned. In an embodiment, the at least one assembly of optical
fibers filaments can have any reasonable diameter. For instance, the diameter of the core of
the optical fiber filament without any coating or cladding may be greater than about 1
micrometer, such as about 1 micrometer to about 3000 micrometers, such as about 1
micrometer to about 2000 micrometers, such as about 1 micrometer to 500 micrometers, or
even about 1 micrometer to about 100 micrometers. Any reasonable value between the
minimum and maximum values are envisioned.

In an embodiment, the sensing textile further includes a second assembly of filaments.
In a particular embodiment, the second assembly of filaments includes a plurality of filaments
that are generally parallel to each other that may be evenly spaced or randomly spaced. In a
more particular embodiment, the second assembly of filaments crosses over the at least one
assembly of optical fiber filaments at a crossing angle. In an embodiment, the second
assembly of filaments can be oriented at any angle between O degrees and 90 degrees relative
to the cross direction of the sensing textile. In a particular embodiment, the second assembly
of filaments extend generally parallel (1.e. O degrees relative) to a cross direction of the
sensing textile. In an embodiment, 1t 1s envisioned that the second assembly of filaments can
be oriented at a suitable angle and also can be oriented at a positive value, a negative value,
or a combination thereof. Any suitable positive or negative value 1s envisioned. In an
example, the second assembly of filaments extends along any length envisioned of the
sensing textile.

The second assembly of filaments can include, for example, one or more filaments of
any suitable material. In an embodiment, the second assembly of filaments may include an
organic material, an inorganic material, or combination thereof. The organic material, the
inorganic material, or combination thereof for the second assembly of filaments includes, for
instance, a polymer, a glass, a carbon, a Basalt fiber, or combination thereof. A polymer
includes a thermoplastic, a thermoset, or combination thereof. In an embodiment, the polymer

includes a polyester, an aramid, a ultra high molecular weight polyethylene (UHMWPE), a
-6 -
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poly(p-phenylene-2,6-benzobisoxazole), an aromatic polyester, a polyolefin, a polyvinyl
alcohol (PVA), or any combination thereof. The glass may be of any suitable composition or
filament diameter or TEX such as E, C, AR, rovings of any TEX, twisted yarns of any TEX,
combinations thereof, and the like. In an embodiment, the second assembly of filaments can
include a polyester filament, an aramid filament, a carbon fiber filament, or combination
thereof. In an embodiment, the second assembly of filaments includes an optical fiber
filament, a non-optical fiber filament, or combination thereof. In a particular embodiment, the
second assembly of filaments may be an optical fiber filament as described above. When the
second assembly of filaments 1s an optical fiber filament, the optical fiber filament may be
chosen to measure the same or a different environmental change than the at least one
assembly of optical fiber filaments. A “non-optical fiber filament” as used herein refers to a
filament that does not have optical fiber capabilities and may include any of the 1inorganic or
organic materials for the second assembly of filaments described above.

It 1s further envisioned that the sensing textile can include any suitable combination of
filament materials. For example, industrial considerations such as ultraviolet degradation,
chemical resistance (including resistance to alkaline chemicals), bonding behavior, and the
amount of flexibility in the material can guide the decision to combine complimentary
filament materials 1n the sensing textile. In an embodiment, the sensing textile can include an
ultra high molecular weight polyethylene material, for its flexibility characteristics. In
another embodiment, the sensing textile can include a polyolefin for 1ts ability to protect a
laminate or composite product from impact and chemical breakdown. In yet another
embodiment, the sensing textile can include Basalt, for its tensile strength, alkali resistance
and natural fiber content, in combination with, for example, fiberglass, a polyolefin, or an
ultra high molecular weight polyethylene material.

The second assembly of filaments can include a monofilament or 1t can include any
number of filaments per assembly such as greater than 2 filaments, or greater than 3
filaments, such as greater than 50 filaments, greater than 100 filaments, greater than 200
filaments, greater than 500 filaments, or greater than 1,000 filaments. In an embodiment, the
assembly includes less than 300,000 filaments per assembly, such as less than 200,000
filaments, or less than 100,000 filaments. In an embodiment, the range can be 1,000 to 60,000
filaments per assembly. Any reasonable value between the minimum and maximum values
are envisioned. In an embodiment, the diameter of the second assembly of filaments may be
greater than about 1 micrometer, such as about 1 micrometer to about 3000 micrometers,

such as about 1 micrometer to about 2000 micrometers, such as about 1 micrometer to 500
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micrometers, or even about 1 micrometer to about 100 micrometers. Any reasonable value
between the minimum and maximum values are envisioned.

As discussed, the at least one assembly of optical fiber filaments of the sensing textile
includes a plurality of optical fiber filaments that are generally parallel to each other. Any
suitable spacing 1s envisioned between adjacent optical fiber filaments. The at least one
assembly of optical fiber filaments has the same or different spacing between adjacent optical
fiber filaments depending upon the specific tensile and weight considerations desired for the
sensing textiles. Likewise, any suitable spacing 1s envisioned between the second assembly of
filaments that includes a plurality of filaments that are generally parallel to each other. In
general, any suitable spacing 1s envisioned for the second assembly of filaments and
accordingly, between adjacent filaments. The second assembly of filaments has the same or
different spacing between adjacent filaments depending upon the specific tensile and weight
considerations desired for the sensing textiles. For example, assemblies of filaments that are
more closely spaced and that include a higher modulus and denier can create a stronger
sensing textile. Assembly spacing can also be affected by the particular material or materials
used 1n the sensing textile to meet an industrial specification and/or desired measurement
resolution (1.e. with the optical fibers). Any reasonable spacing 1s envisioned. Spacing
between adjacent optical fiber filaments of the at least one assembly optical fiber filaments
includes, for instance, at least 0.25 filaments per inch. Spacing between adjacent filaments of
the second assembly of filaments includes, for instance, at least 0.25 filaments per inch. Any
reasonable value above the minimum values 1s envisioned.

In an embodiment, the at least one assembly of optical fiber filaments and the second
assembly of filaments are knit, woven, laid, or combination thereof. In an embodiment, the
sensing textile can consist essentially of at least one assembly of optical fiber fi1laments and a
second assembly of filaments. In a particular embodiment, the sensing textile can consist of at
least one assembly of optical fiber filaments and a second assembly of filaments. In another
embodiment, the sensing textile can include any number of assembly of filaments, each of
which can include the same or different spacing between the assemblies of filaments, and the
same or different filamentary materials, such as, for example, an optical fiber filament, a non-
optical fiber filament, or combination thereof.

Each of the assemblies of filaments for the sensing textile can include various
configurations of filaments within each assembly. In an embodiment, any of the assemblies
of optical fiber filaments and/or the assemblies of filaments can include a flattened,

substantially untwisted ribbon-like configuration of filaments, such as a tow or a tape. By
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“substantially untwisted,” it 1s meant that the assembly of filaments can include less than 0.5
twists per centimeter, such as less than 0.4, less than 0.25, or even less than 0.1 twists per
centimeter. For example, any of the assemblies of optical fiber filaments and/or the
assemblies of filaments can include any filaments 1n a ribbon-like fiber tow that includes a
bundle of elongated and orderly filaments that are flattened and substantially untwisted. In
another embodiment, any of the assemblies of optical fiber filaments and/or the assemblies of
filaments can be configured to include an ordered or unordered bundle of filaments. For
example, any of the assemblies of optical fiber filaments and/or the assemblies of filaments
can be configured as an unordered bundle of filaments, such as a roving, or as an ordered
bundle of filaments, such as a yarn with one or more plies. In both instances of a roving and a
yarn, the configuration of the filaments may include any reasonable amount of twist applied
to the filaments or bundle.

The configuration of each of the assemblies of filaments for the sensing textile can
include various dimensions. For example, any of the assemblies of optical fiber filaments
and/or the assemblies of filaments can include a cross-section that has an aspect ratio defined
as a ratio of the width of the assembly of filaments to the height of the assembly of filaments.
In an embodiment, the assembly of filaments can include an aspect ratio value less than 30:1,
such as 10:1 for an assembly of filaments. In another embodiment, the assembly of filaments
can include an aspect ratio value greater than 2:1, such as 3:1, such as 5:1, or such as 7:1, or
such as 10:1. Each of the assemblies of optical fiber filaments and/or the assemblies of
filaments can have the same or different materials, number of filaments, configurations,
aspect ratios, and the like depending on the properties desired for the sensing textile.

In an embodiment, the sensing textile of the present application can include one or
more suitable carriers. Any suitable position of the carrier 1s envisioned. The carrier can
include any reasonable substrate onto which or under which one or more assemblies of
filaments, such as the at least one assembly of optical fiber filaments, the second assembly of
filaments, or combination thereof, can be supported.

In an embodiment, the carrier can include any suitable material such as a fabric, a
film, such as a polymer film, or combination thereof. For instance, the carrier may include an
organic material, an inorganic material, or combination thereof. In an embodiment, the carrier
may include an organic material such as a polymer material, including a thermoplastic, a
thermoset, or combination thereof. In an example, the organic material, the 1norganic
material, or combination thereof may include a polyester, an aramid, an ultra high molecular

welght polyethylene (UHMWPE), a poly(p-phenylene-2,6-benzobisoxazole), an aromatic
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polyester, a polyolefin, a polyvinyl alcohol (PVA), a carbon, a Basalt fiber, a glass, or any
combination thereof. The glass may be of any suitable composition or filament diameter or
TEX such as E, C, AR, rovings of any TEX, twisted yarns of any TEX, fiber optic filaments,
combinations thereof, and the like. In a particular embodiment, the carrier can include a
material such as a polyester, an aramid, or any combination thereof. Any suitable color or
combination of colors 1s envisioned for the carrier. The carrier also can include any suitable
configuration, including any suitable substrate configuration to support the at least one
assembly of optical fiber filaments and/or the second assembly of filaments in general. Any
thickness of the carrier 1s envisioned and includes any reasonable value. In an embodiment,
the carrier has a thickness of at least 0.1 mil, such as at least 1.0 mil. In a particular
embodiment, the carrier 1s a film that has a thickness of at least 0.1 mil, such as at least 1.0
mil. Any reasonable value above this minimum value 1s envisioned.

In an embodiment, the carrier can include a fabric that 1s woven, nonwoven,
laminated, knit, or combination thereof having a certain configuration of yarns. In an
embodiment, the fabric includes at least one set of yarns oriented at any angle between O
degrees and 90 degrees relative to the cross direction of the sensing textile. In a particular
embodiment, the fabric includes a first set of yarns and a second set of yarns oriented at any
angle between 0 degrees and 90 degrees relative to the cross direction of the sensing textile.
Any number of sets of yarns 1s envisioned at any angle envisioned. Within the carrier, 1t 1s
envisioned that the at least one set of yarns, such as the first set of yarns, the second set of
yarns, or combination thereof, can be oriented at a suitable angle and also can be oriented at a
positive value, a negative value, or a combination thereof. Any suitable positive or negative
value 1s envisioned for the first set of yarns, the second set of yarns, or combination thereof.

In an embodiment, the fabric 1s a non-woven scrim and 1n a more particular
embodiment, a laid scrim. Any suitable configuration 1s envisioned for the laid scrim. In an
exemplary embodiment, the carrier includes a non-woven laid scrim, such as a nonwoven
0/90 scrim. For example, the carrier can include a first set of yarns, such as a plurality of
yarns, such as for example, polyester yarns or aramid yarns, or a combination of these yarns,
extending generally parallel 1n a first direction of the sensing textile. The carrier can also
include a second set of yarns, such as another plurality of yarns, such as, for example,

polyester yarns or aramid yarns, or a combination of these yarns, extending generally parallel

1n a second direction of the nonwoven laid scrim that 1s different than the first direction of the

first set of yarns and that can overlie or lie underneath the first set of yarns. In an exemplary

embodiment, the carrier can include a mix or blend of more than one yarn 1n at least one of
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the directions of the nonwoven laid scrim. For example, a carrier can be made with polyester
and aramid yarns. For instance, every fourth yarn in the second, or cross direction, can be an
aramid yarn to increase the fill strength (e.g., the tensile strength in the cross or fill direction)
of the carrier, including an increase 1n fill strength of at least 25%. Any suitable configuration
other than a laid scrim also 1s envisioned for the carrier, including the use of one or more
filamentary materials and the use of filaments 1n configurations other than that of yarns.

In a particular embodiment, the carrier can include a 0/90 scrim, where the cross
direction of the scrim 1s generally perpendicular to the main direction of the scrim. The first
set of yarns extend generally parallel in the main direction and the second set of yarns extend
generally parallel in the cross direction. In an embodiment, the carrier includes at least one
main direction yarn oriented parallel to the main direction of the sensing textile and at least
one cross direction yarn oriented parallel to the cross direction of the sensing textile. The first
set of yarns can include a yarn spaced apart from and generally parallel to an adjacent yarn
extending 1in the same direction by any suitable distance. The first set of yarns also can
include the same or different distances between adjacent yarns. Similarly, the second set of
yarns can include a yarn spaced apart from and generally parallel to an adjacent yarn
extending 1in the same direction by any suitable distance. The second set of yarns also can
include the same or different distances between adjacent yarns. In general, any suitable
spacing 1s envisioned between adjacent yarns, depending upon the specific tensile and weight
considerations desired for a carrier. For example, yarns that are more closely spaced and that
include a higher modulus and denier can create a stronger carrier. Yarn spacing can also be
atfected by the particular yarn material or materials used to meet an industrial specification.
Moreover, the sensing textile can include a variety of carriers, each of which can include
different configurations, different spacing between the yarns or filaments, and different yarn
or filamentary materials. Any reasonable spacing 1s envisioned. Spacing for the first set of
yarns, the second set of yarns, or combination thereof includes, for instance, at least 0.25
yarns per inch. Any reasonable value above the minimum value 1s envisioned.

When present, the carrier of the sensing textile can stabilize and support the at least
one assembly of optical fiber filaments and can provide structure to the sensing textile to
enhance handling of the sensing textile. Any number of carriers may be envisioned, including
any suitable number of carriers in light of industrial considerations such as the overall areal
welght of the sensing textile. In an embodiment, the sensing textile can include a carrier and
at least one assembly of optical fiber filaments. In an embodiment, the at least one assembly

of optical fiber fi1laments can overlie the carrier and can be oriented in a direction parallel to
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the main direction of the sensing textile. In another embodiment, a carrier may be interposed
between separate layers of assemblies of filaments, such as optical fiber filaments and second
assembly of filaments, on top of separate layers of assemblies of filaments, or both.

In an embodiment, the sensing textile can consist essentially of a carrier and at least
one assembly of optical fiber filaments. In a particular embodiment, the sensing textile can
consist of a carrier and at least one assembly of optical fiber filaments. In a further
embodiment, the sensing textile can consist essentially of a first carrier, at least one assembly
of optical fiber filaments, and a second carrier. In a particular embodiment, the sensing textile
can consist of a first carrier, at least one assembly of optical fiber filaments, and a second
carrier. In yet another embodiment, the sensing textile can consist essentially of a carrier, at
least one assembly of optical fiber filaments, and a second assembly of filaments. In a
particular embodiment, the sensing textile can consist of a carrier, at least one assembly of
optical fiber filaments, and a second assembly of filaments. In yet another embodiment, the
sensing textile can consist essentially of a first carrier, at least one assembly of optical fiber
filaments, a second assembly of filaments, and a second carrier. In a particular embodiment,
the sensing textile can consist of a first carrier, at least one assembly of optical fiber
filaments, a second assembly of filaments, and a second carrier.

The layers of the sensing textile may be stabilized and fixed using various approaches.
Any method 1s envisioned such as a coating, stitching, heating, the like, or combination
thereof. In an embodiment, any of the carrier, the at least one assembly of optical fiber
filaments, the second assembly of filaments, or combination thereof can include a coating to
provide a bond between adjacent layers such as the at least one assembly of optical fiber
filaments and the second assembly of filaments, the carrier and the at least one assembly of
optical fiber filaments, or any combination thereof. For instance, the coating may be on one
or both sides of the layer. In an embodiment, the carrier may include the coating on one or
both sides. In an embodiment, the at least one assembly of optical fiber filaments may include
the coating on one or both sides. In an embodiment, the second assembly of filaments may
include the coating on one or both sides.

In an embodiment, any suitable coating may be envisioned that provides a bond to an
adjacent layer. In a particular embodiment, the coating can include an adhesive coating, such
as a thermoplastic adhesive binder, a thermosetting adhesive binder, or any combination
thereof. It desired, the coating can be non-tacky at room temperature. One advantage to the
use of an adhesive coating when applied to one of the layers of the sensing textile, such as a

carrier, 1s 1ts ability to increase the shear strength of a product (e.g., a laminated product or
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composite part) into which it 1s incorporated. A second advantage 1s that an adhesive coating
provides less bulk or weight to the sensing textile than stitching. Yet another advantage 1s that
an adhesive coating can be applied to one or more layers of the sensing textile during its
production at a much faster rate than another means of stabilizing or fixing the layers of the
sensing textile (e.g., stitching) during its production. A still further advantage to using an
adhesive coating 1s the stability that the adhesive coating atfords to the sensing textile. For
example, using an adhesive coating enables the sensing textile to be more versatile in end use
applications, such as by allowing the nonwoven laid scrim to be placed into a mold (e.g.,
“preforming” the material) as part of a molding process betore the introduction of a resin or
resin system.

The same or different coating may be used to provide a bond between adjacent layers.
In an embodiment, the bond between adjacent layers may be activated under conditions such
as heat, pressure, or a combination thereof. During manufacturing, the sensing textile may be
heated to allow the coating to secure the layers of the sensing textile to one another and to fix
the appropriate assembly of optical fiber filaments and/or assembly of filaments to each
other, to a carrier layer, or combination thereof, within the sensing textile, all of which can
enhance the stability, durability, and strength of the sensing textile. In an embodiment, the
sensing textile does not use a coating for at least one of the layers. In another embodiment,
the sensing textile does not use stitching for at least one of the layers. In an embodiment, the
sensing textile has a combination of a coating and a stitching, depending on the final
properties desired. In a further embodiment, the sensing textile does not use a film to secure
any of the layers. More specifically, the coating may be placed on the at least one assembly
of optical fiber filaments and/or second assembly of filaments of one or more layers, but 1s
not a continuous film that covers any openings that may be present 1in one or more of the
layers. In an alternative embodiment, the coating may be a continuous film.

The sensing textile can include any number of additional layers such as a reinforcing
layer, a carrier layer, a unidirectional layer, an adhesive layer, a release liner, the like, or
combination thereof. When present, any suitable configuration or placement of the additional
layer 1s envisioned within the sensing textile. Any material 1s envisioned for the additional
layer. In an embodiment, the additional layer may include any reasonable material 1n any
suitable configuration, such as a film, a fabric, or any combination thereof. In an
embodiment, the sensing textile may include an adhesive layer on a surface of the sensing
textile that 1s to directly contact a structure. For instance, the adhesive layer may be used to

adhesively attach the sensing textile to the structure. Any surface 1s envisioned depending on
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the configuration of the sensing textile. For instance, the adhesive layer may be on at least
one side of the carrier with the at least one assembly of optical fibers on an opposite side. In
another embodiment, the adhesive layer may be on the at least one side of the at least one
assembly of optical fiber filaments with the second assembly of filaments on an opposite
side. Any adhesive 1n envisioned. In an embodiment, the adhesive 1s any reasonable material
used as a construction adhesive. In a particular embodiment, the construction adhesive
includes, but 1s not limited to, for example, a thermoset adhesive polymer, a thermoplastic
adhesive polymer, a pressure sensitive adhesive, a plaster, a cement, the like, or combination
thereof. When an adhesive 1s used, a release liner may be particularly useful on the sensing
textile for handling, storage, transportation, and the like. In an embodiment, the sensing
textile may not include any additional layers.

Turning to Figure 1, a sensing textile 1s 1llustrated. The sensing textile 10 includes at
least one assembly of optical fiber filaments 12 that extend generally parallel to direction A
of the sensing textile 10, also known as the machine direction that extends along the length of
the sensing textile 10. The at least one assembly of optical fiber filaments 12 includes a first
optical fiber filament 14 and a second optical fiber filament 16. In an embodiment, the
sensing textile 10 includes a second assembly of filaments 20 that extend generally parallel to
direction B of the sensing textile 10, also know as the cross direction that extends along the
width of the sensing textile. The second assembly of filaments 20 includes a first fiber
filament 22 and a second fiber filament 24. As illustrated, the at least one assembly of optical
fiber filaments 12 can be 90 degrees relative to the cross direction of the sensing textile 10
and the second assembly of filament 20 can be O degrees relative to the cross direction of the
sensing textile 10.

In an embodiment, the at least one assembly of optical fiber filaments 12 may be a
glass fiber, a polymer fiber, or combination thereof. The at least one assembly of optical fiber
filaments 12 can include any configuration for each and any parallel strand 14, 16 within the
sensing textile 10. For instance, a first optical fiber filament 14 may be the same or different
material or configuration than a second optical fiber filament 16 that 1s parallel to the first
optical fiber filament 14. For instance, the first optical fiber filament 14 may be a polymer
optical fiber filament and the second optical fiber filament 16 may be a glass optical fiber
filament. In a further embodiment, first optical fiber filament 14, second optical fiber filament
16, or combination thereof may be a monofilament, a multifilament, or combination thereof.
Although 1illustrated as evenly spaced, the first optical fiber filament 14 and second optical

fiber filament 16 may be configured in any spacing envisioned.
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The at least one assembly of optical fiber filaments 12 can cross over or be crossed
over by the second assembly of filaments 20 at any crossing angle. In an embodiment, the
first optical fiber filament 14 and second optical fiber filament 16 can cross with the first
fiber filament 22 and the second fiber filament 24 1n any manner envisioned such as, for
example, knit, woven, laid, or combination thereof. Further, any knit or weave 1s envisioned
using any reasonable weave. Although illustrated as a laid scrim, 1n a particular embodiment,
the at least one assembly of optical fiber filaments 12 and the second assembly of filaments
20 are configured in a plain weave where each of the second assembly of filaments 20 are
carried over and under each of the at least one assembly of optical fiber filaments 12, with
ecach row of the second assembly of filaments alternating, to produce a high number of
intersections between the at least one assembly of optical fiber filaments and the second
assembly of filaments. In another embodiment, the at least one assembly of optical fiber
filaments 12 and the second assembly of filaments 20 can be configured in a leno weave
where two or more at least one assembly of optical fiber filaments 12 can be twisted around
each other as they are interlaced with one or more second assembly of filaments 20, or they
can be configured i1n a half-leno weave. For each weave used, the configurations of the at
least one assembly of optical fiber filaments 12 and the second assembly of filaments 20 can
also be altered by changing the densities (e.g., increasing or decreasing the number of fibers
in a given distance, such as increasing or decreasing the number of fibers per inch) of either
or both of the at least one assembly of optical fiber filaments 12 and the second assembly of
filaments 20 1n their respective directions.

The second assembly of filaments 20 can include any configuration of each and any
parallel strand within the sensing textile 10. For instance, a first fiber filament 22 may be the
same or different configuration or material than a second fiber filament 24 that 1s parallel to
first fiber filament 22. The second assembly of filaments 20 may be an organic material, an
inorganic material, or combination thereof. Further, the second assembly of filaments 20 may
include an optical fiber filament, a non-optical fiber filament, or combination thereof.

In an example, the first fiber filament 22 may be an optical fiber filament and the
second fiber filament 24 may be a non-optical fiber filament. When the second assembly of
filaments 20 includes an optical fiber filament, they may be the same or different than the at
least one assembly of optical fiber filaments 12. In another example, the first fiber filament
22 may be a non-optical fiber filament and the second fiber filament 24 may be a non-optical
fiber filament that may be the same or different than the first fiber filament 22. Although

illustrated as evenly spaced, the first fiber filament 22 and second fiber filament 24 may be
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configured 1n any spacing envisioned. Although a 90 degree angle 1s 1llustrated between the
at least one assembly of optical fiber filaments 12 and the second assembly of filaments 20,
any angle 1s envisioned. Although sensing textile 10 with the at least one assembly of optical
fiber filaments 12 1s described with a second assembly of filaments 20, any number of
assemblies of filaments can be envisioned at any angle envisioned.

Although not illustrated, the sensing textile 10 can further include any additional
layer. Any additional layer 1s envisioned. For instance, the sensing textile 10 can include any
carrier and any configuration of the carrier within the sensing textile 1s envisioned.
Furthermore, a coating (not 1llustrated) may be present between the at least one assembly of
optical fiber filaments 12 and the second assembly of filaments 20 to provide a bond between
the at least one assembly of optical fiber filaments 12 and the second assembly of filaments
20.

Turning to Figure 2, a sensing textile 30 1s 1llustrated from a perspective view. The
sensing textile 30 includes a carrier 32 that can include any configuration envisioned. For
instance, the carrier 32 may include a fabric having a first set of yarns 34 that extend
generally parallel to direction A, also known as the main direction or along the length of the
sensing textile 30, and a second set of yarns 36 that extend generally parallel to the cross
direction (across the width of the sensing textile 30) and generally perpendicular to the main
direction. In an exemplary embodiment, the carrier 32 1s 1llustrated as a scrim, such as non-
woven, laid scrim and, more particularly, 0/90 scrim. Yarns 34 and 36 can include any
suitable materials as described above and include any suitable configuration. In an
embodiment, carrier 32 can include yarns that all include the same material such as polyester,
or can include yarns that include different materials, such as alternating polyester yarns with
aramid yarns. Further, carrier 32 can have the same or different configurations and yarns,
depending upon the desired final properties of the sensing textile 30. Although illustrated as a
laid scrim, any fabric configuration 1s envisioned. In an embodiment, the carrier 32 may be a
polymer film.

The at least one assembly of optical fiber filaments 38 includes a first optical fiber
filament 40 and a second optical fiber filament 42 overlying carrier 32. In an embodiment,
the at least one assembly of optical fiber filaments 38 may be a glass fiber, a polymer fiber, or
combination thereof. The at least one assembly of optical fiber filaments 38 can include any
configuration for each and any parallel strand 40, 42 within the sensing textile 30. For
instance, a first optical fiber filament 40 may be the same or different material or

configuration than a second optical fiber filament 42 that 1s parallel to the first optical fiber
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filament 40. First optical fiber filament 40, second optical fiber filament 42, or combination
thereof may be a monofilament, a multifilament, or combination thereof. Although 1llustrated
as evenly spaced, the first optical fiber filament 40 and second optical fiber filament 42 may
be configured 1n any spacing envisioned.

The at least one assembly of optical fiber filaments 38 can be adhered to and fixed 1n
place to carrier 32 by any reasonable method. For instance, the at least one assembly of
optical fiber filaments 38 can be adhered to and fixed in place to carrier 32 by a coating,
stitching, laminating, or any combination thereof (not shown).

Although sensing textile 30 1s 1llustrated with the at least one assembly of optical fiber
filaments 38, any number of assemblies of filaments can be envisioned at any angle
envisioned. For instance, the sensing textile 30 may include a second assembly of filaments
(as 1llustrated in FIG. 1). Although not 1llustrated, the sensing textile 30 can further include
any additional layer. Any additional layer 1s envisioned as described above. Any carrier and
any configuration of the carrier within the sensing textile 30 are envisioned.

Any means of producing a sensing textile 1s also provided. For instance, the sensing
textile may be produced by a batch process, a roll-to-roll process, or combination thereof. In
an embodiment, when a carrier 1s present, it can be unrolled from an unwind stand or any
other reasonable storage means prior to placing the at least one assembly of optical fiber
filaments. At least one assembly of optical fiber filaments can overlie the carrier. At least one
assembly of optical fiber filaments can be laid or otherwise positioned such that the at least
one assembly of optical fiber filaments overlies the carrier at any reasonable angle relative to
the cross-direction of the carrier. The at least one assembly of optical fiber filaments can be
spaced apart from and can, 1n an embodiment, be oriented generally parallel to, an adjacent
assembly of optical fiber filaments. Any suitable spacing 1s envisioned, including the same or
different spacing between adjacent assemblies of optical fiber filaments. When a second
assembly of filaments 1s present, it can be overlaid on the at least one assembly of optical
fiber filaments. In a particular embodiment, the second assembly of filaments are overlaid on
the at least one assembly of optical fiber filaments at any angle and at any spacing
envisioned, with or without an additional layer interposed between the at least one assembly
of optical fiber filaments and the second assembly of filaments. In a particular embodiment,
when the at least one assembly of optical fiber filaments are laid, 1.e. non-woven, with the
second assembly of filaments, they may be laid together prior to placing on the carrier. In an
embodiment, the second assembly of filaments are woven by any reasonable means with the

at least one assembly of optical fiber filaments at any reasonable angle. In a particular
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embodiment, when the second assembly of filaments are woven with the at least one
assembly of optical fiber filaments, they are woven together prior to placing on the carrier. In
an embodiment, any additional layer can be positioned within the sensing textile.

When a carrier 1s not present, at least one assembly of optical fiber filaments and
second assembly of filaments can be laid or otherwise positioned such that the at least one
assembly of optical fiber filaments and second assembly of filaments overlie one another.
The at least one assembly of optical fiber filaments can be spaced apart from and can, in an
embodiment, be oriented generally parallel to, an adjacent assembly of optical fiber
filaments. Any suitable spacing 1s envisioned, including the same or different spacing
between adjacent assemblies of optical fiber filaments. In a particular embodiment, the
second assembly of filaments are laid on the at least one assembly of optical fiber filaments at
any angle and at any spacing envisioned, with or without an additional layer interposed
between the at least one assembly of optical fiber filaments and the second assembly of
filaments. In an embodiment, the second assembly of filaments are woven by any reasonable
means with the at least one assembly of optical fiber filaments at any reasonable angle. In an
embodiment, any additional layer can be positioned within the sensing textile.

In an embodiment, a coating, such as a thermoplastic adhesive binder or thermosetting
adhesive binder, can be placed on any surface of, when present, the carrier, the at least one
assembly of optical fiber filaments, the second assembly of fibers, or combination thereof, to
provide a bond between the carrier, the at least one assembly of optical fiber filaments, the
second assembly of fibers, or combination thereof and its adjacent layer. Any method of
providing the coating 1s envisioned and depends upon the coating chosen. In an embodiment,
any portion of the sensing textile can be heated to activate the coating to allow the adhesive
to stabilize the carrier, the at least one assembly of optical fiber filaments, the second
assembly of fibers, or combination thereot of the sensing textile. In an embodiment, any of
the layers, such as the carrier, the at least one assembly of optical fiber filaments, the second
assembly of fibers, or combination thereof, may be stitched.

Any post-processing of the sensing textile may be applied, depending on the final
product desired. For 1instance, the sensing textile can travel through rollers to complete the
sensing textile. In an embodiment, the sensing textile 1s cut into strips. Any order of steps,
providing the layers, and processing of the sensing textile 1s envisioned and 1s dependent
upon the final properties desired.

A sensing textile as described herein can be used to meet new and sometimes

demanding applications in both the public and private sector. In particular, the sensing textile
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can be used 1n a civil infrastructure monitoring system that will provide for monitoring of any
infrastructure 1n a proactive manner and enable damage detection to the infrastructure,
thereby minimizing maintenance costs, environmental impact, and disruptions to the
population. For instance, the sensing textile may be used to monitor and/or measure any
environmental change desired. Exemplary measurements include strain, temperature,
humidity, gas, radiation, stress, the like, or combination thereof. In a particular embodiment,
the measurement of strain includes elongation (strain), bending (strain), vibration (strain as a
function of time), or combination thereof. The strain may also be measured as a function of
the position on or within the infrastructure. For instance, the sensing textile may be used to
map any environment change, such as strain and temperature. In another example, the sensing
textile may be used to measure occurrence of cracks on a rigid substrate or a flexible
substrate.

Any size of the sensing textile 1s envisioned and includes any reasonable length or
width. In an embodiment, the width of the sensing textile may be at least about 0.25 meters
(m), such as about 0.25 meters to about 15 meters. In an embodiment, the length of the
sensing textile may be at least about 0.25 meters, such as about 0.25 meters to 10,000 meters,
such as about 0.5 meters to about 10,000 meters, such as about 1 meter to about 10,000
meters, such as about 5 meters to about 10,000 meters, or even about 10 meters to about
10,000 meters. In an embodiment, the sensing textile may be made into a tape for narrow
width applications. For instance, the sensing textile may be cut along 1ts length. For instance,
the tape may have a width of at least 0.25 centimeters (cm), such as about 0.25 centimeters to
about 25.4 centimeters. Any width or length 1s envisioned between the minimum and
maximum values given above. Further, any weight of the sensing textile 1s envisioned. For
instance, the sensing textile 1s at least about 0.5 ounces per square yard. Any reasonable value
1s envisioned above the minimum value. With the sensing textile, a plurality of optical fibers
are used to measure any environmental change desired along a cross-section of the
infrastructure, depending on the size of the sensing textile.

In particular, any number of different optical fibers may be used within the sensing
textile to measure any number of different environmental changes to provide a more robust
and tunable resolution of the infrastructure. For instance, a glass optical fiber may be used in
combination with a polymer optical fiber, the polymer optical fiber chosen with a higher
clongation than the glass optical fiber. As such, due to the relatively lower elongation of the
glass optical fiber, a smaller amount of strain will cause the glass optical fiber to break

whereas the polymer optical fiber may remain intact. As such, the breakage of the glass
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optical fiber would provide a caution indicator of failure with the infrastructure and the
breakage of the polymer optical fiber would provide an indication that a relatively more
substantial failure has occurred with the infrastructure.

In an embodiment, the material selection and configuration of the sensing textile 1s
selected to provide resistance against degradation of the sensing textile. For instance, any
configuration and selection of materials 1s envisioned such that the sensing textile has
durability suitable for its intended use and maintains its efficacy for a prolonged period of
time, such as months, years, or even decades. In an example, if the sensing textile 1s used
outdoors, the sensing textile can be configured to have an exterior durability to withstand
conditions such as, for instance, water, sun, wind, soil conditions, heat, cold, precipitation,
and the like. In a particular embodiment, the sensing textile may be resistant to alkali aging so
it does not degrade 1n an alkali environment.

Advantageously, the sensing textile can provide at least one or more of the following
benefits: ease of 1nstallation, signal resolution, spatial coverage, and system reliability. In
contrast, currently available optical fiber technology only allows localized and limited
measurement coverage. The sensing textile of the present invention may be used with any
application where measurement of any environmental change 1s desired. For instance, the
sensing textile may be adjacent to any natural structure, any man-made structure, or
combination thereof. Exemplary embodiments include, but are not limited to, the sensing
textile being adjacent to, or even substantially integrated with, any earthen structure (e.g., a
dam, an embankment, a landfill, and the like), any civil structure (e.g., a bridge, a road, a rail
road, a building, and the like), any composite structure (e.g., a tank, a pipe, a vessel, an
automotive composite, an acrospace composite, and the like), any membrane (e.g. a roofing
membrane, a geo-grid or geo-membrane, and the like), or any combination thereof. A pipe
includes, but 1s not limited to, any conduit for fluid, gas, or solid such as a gas line, a water
line, a sewer, line, an o1l line, or chemical processing pipe.

In an embodiment, the sensing textile can be used as one or more layers of a
composite material used for the structure or used as a “skin” layer adjacent to, or even
directly contacting, the structure that 1s to be monitored. As a “skin layer”, the sensing textile
may be attached by any reasonable means to a structure. In an embodiment, the sensing
textile can be laminated to, bonded to, or coated on a structure. In an embodiment, the
sensing textile laminated into a composite material. In an embodiment, the sensing textile has
an adhesive layer on a surface that directly contacts the structure, enabling easy installation

and application on the structure. The sensing textile can be positioned at variable distances
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within and/or along the composite and can also be combined with other structures. In a
particular embodiment, the sensing textile as described herein can be used 1n particular
applications such as a cementitious structure, a polymeric structure, a metal structure, an
carthen structure, or any combination thereof. In an embodiment, the sensing textile may or
may not provide reinforcing properties to the structure. In an embodiment, the sensing textile
has an open mesh structure. Advantageously, the open mesh structure provides openings
through which an adhesive may flow through to provide desirable adhesion to the structure.

From a public safety perspective, the sensing textile as described herein can be used
to indicate damage to an area after a natural disaster or an explosion, to indicate failure of a
structure, to indicate soil movement around a structure, or any application where a change 1n
the environment 1s undesired and would benefit from being monitored and measured.

Many different aspects and embodiments are possible. Some of those aspects and
embodiments are described herein. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only illustrative and do not limit the scope
of the present invention. Embodiments may be 1n accordance with any one or more of the
items as listed below.

Embodiment 1. A sensing textile including at least one assembly of optical fiber
filaments, wherein the sensing textile has a main direction and a cross direction, and wherein
the at least one assembly of optical fiber filaments 1s oriented at any angle measured relative
to the cross direction.

Embodiment 2. The sensing textile of embodiment 1, wherein the at least one
assembly of optical fiber filaments includes a single-mode optical fiber, a multi-mode optical
fiber, or combination thereof.

Embodiment 3. The sensing textile of any of the preceding embodiments, wherein the
at least one assembly of optical fiber filaments 1s 1n communication with an interrogator.

Embodiment 4. The sensing textile of embodiment 3, wherein the interrogator
includes an optical time domain reflectometer (OTDR), an optical time domain analysis
(OTDA), an Brillouin optical time domain reflectometer (BOTDR), an Brillouin optical time
domain analysis (BOTDA), a Fiber Bragg Grating (FBG), any other interrogator technology,
or combination thereof.

Embodiment 5. The sensing textile of any of the preceding embodiments, wherein the
at least one assembly of optical fiber filaments includes a plurality of filaments that are

generally parallel to each other.
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Embodiment 6. The sensing textile of embodiment 5, wherein the plurality of
filaments are spaced evenly or spaced randomly as determined by a desired measurement
resolution.

Embodiment 7. The sensing textile of any of the preceding embodiments, wherein the
at least one assembly of optical fiber filaments extend generally parallel to a main direction
of the sensing textile, wherein the main direction 1s 90° relative to the cross direction.

Embodiment 8. The sensing textile of embodiment 7, wherein the at least one
assembly of optical fiber filaments extend along the entire length of the sensing textile.

Embodiment 9. The sensing textile of any of the preceding embodiments, further
including a second assembly of filaments, wherein the second assembly of filaments includes
a plurality of filaments that are generally parallel to each other and cross over the at least one
assembly of optical fiber filaments at a crossing angle.

Embodiment 10. The sensing textile of embodiment 9, wherein the at least one
assembly of optical fiber filaments and the second assembly of filaments are knit, woven,
laid, or combination thereof.

Embodiment 11. The sensing textile of embodiment 10, wherein the second assembly
of filaments includes fiber filaments of an organic material, an inorganic material, or
combination thereof.

Embodiment 12. The sensing textile of embodiment 11, wherein the second assembly
of filaments includes an optical fiber filament, a non-optical fiber filament, or combination
thereof.

Embodiment 13. The sensing textile of embodiment 9, wherein the sensing textile
includes a coating to provide a bond between the at least one assembly of optical fiber
filaments and the second assembly of filaments.

Embodiment 14. The sensing textile of embodiment 13, wherein the coating between
the at least one assembly of optical fiber filaments and the second assembly of filaments
includes a thermosetting adhesive binder, a thermoplastic adhesive binder, or any
combination thereof.

Embodiment 15. The sensing textile of any of the preceding embodiments, wherein
the at least one assembly of optical fiber filaments includes a monofilament or a
multifilament.

Embodiment 16. The sensing textile of any of the preceding embodiments, wherein

the at least one assembly of optical fiber filaments includes a glass fiber, a polymer fiber, or a

blend thereof.
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Embodiment 17. The sensing textile of embodiment 16, wherein the at least one
assembly of optical fiber filaments include the blend of the glass fiber and the polymer fiber,
wherein the glass fiber 1s a first sensor and the polymer fiber 1s a second sensor, wherein the
first sensor measures a first environmental change and the second sensor measures a second
environmental change, wherein the first environmental change 1s different than the second
environmental change.

Embodiment 18. The sensing textile of any of the preceding embodiments, further
including a first carrier.

Embodiment 19. The sensing textile of any of the preceding embodiments, wherein
the first carrier includes a fabric, a film, or combination thereotf.

Embodiment 20. The sensing textile of embodiment 19, wherein the fabric 1s woven,
non-woven, laminated, knit, or combination thereof.

Embodiment 21. The sensing textile of embodiment 20, wherein the fabric includes a
non-woven, laid scrim.

Embodiment 22. The sensing textile of embodiment 21, wherein the non-woven, laid
scrim includes a 0/90 scrim, and wherein the 0/90 scrim includes: a first set of yarns
extending generally parallel to the main direction; and a second set of yarns extending
generally parallel to the cross direction and generally perpendicular to the main direction.

Embodiment 23. The sensing textile of embodiment 22, wherein the first set of yarns,
the second set of yarns, or combination thereof includes polyester, aramid, or combinations
thereof.

Embodiment 24. The sensing textile of embodiment 19, wherein the film includes a
thermoset polymer, a thermoplastic polymer, or combination thereof.

Embodiment 25. The sensing textile of any of the preceding embodiments, wherein
the first carrier includes a coating to provide a bond between the first carrier and the at least
one assembly of optical fiber filaments.

Embodiment 26. The sensing textile of embodiment 25, wherein the coating between
the first carrier and the at least one assembly of optical fiber filaments includes a
thermosetting adhesive binder, a thermoplastic adhesive binder, or any combination thereof.

Embodiment 27. The sensing textile of any of the preceding embodiments, further
including a second carrier overlying the at least one assembly of optical fiber filaments.

Embodiment 28. The sensing textile of any of the preceding embodiments, wherein
the at least one assembly of optical fibers measures strain, temperature, humidity, gas,

radiation, stress, or combination thereof.
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Embodiment 29. The sensing textile of embodiment 28, wherein the measure of strain
includes elongation, bending, vibration, or combination thereof.

Embodiment 30. The sensing textile of any of the preceding embodiments, wherein
the sensing textile 1s adjacent to a natural structure, a man-made structure, or combination
thereof.

Embodiment 31. The sensing textile of any of the preceding embodiments, wherein
the sensing textile 1s substantially integrated with an earthen structure, a civil structure, a
composite structure, or any combination thereof.

Embodiment 32. The sensing textile of embodiment 30, wherein the sensing textile
further includes an adhesive layer on a surface that 1s directly in contact with the natural
structure, the man-made structure, or combination thereof.

Embodiment 33. A sensing textile including: a carrier including a fabric, a film, or
combination thereof; and at least one assembly of optical fiber filaments overlying the carrier,
the at least one assembly of optical fiber filaments including a plurality of optical fiber
filaments that are generally parallel to each other, wherein the sensing textile has a main
direction and a cross direction, and wherein the at least one assembly of optical fiber
filaments 1s oriented in the main direction of the sensing textile.

Embodiment 34. A sensing textile including: at least one assembly of optical fiber
filaments including a plurality of optical fiber filaments that are generally parallel to each
other, wherein the sensing textile has a main direction and a cross direction, and wherein the
at least one assembly of optical fiber filaments 1s oriented in the main direction of the sensing
textile; and a second assembly of filaments, wherein the second assembly of filaments
includes a plurality of filaments that are generally parallel to each other and cross over the at
least one assembly of optical fiber filaments at a crossing angle.

Certain features, for clarity, described herein 1in the context of separate embodiments,
may also be provided in combination 1n a single embodiment. Conversely, various features
that are, for brevity, described in the context of a single embodiment, may also be provided
separately or in any subcombination. Further, reference to values stated in ranges includes
cach and every value within that range.

Benefits, other advantages, and solutions to problems have been described above with
regard to specific embodiments. However, the benefits, advantages, solutions to problems,
and any feature(s) that may cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical, required, or essential feature of any or

all the claims.
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The specification and illustrations of the embodiments described herein are intended
to provide a general understanding of the structure of the various embodiments. The
specification and 1llustrations are not intended to serve as an exhaustive and comprehensive
description of all of the elements and features of apparatus and systems that use the structures
or methods described herein. Separate embodiments may also be provided in combination in
a single embodiment, and conversely, various features that are, for brevity, described 1n the
context of a single embodiment, may also be provided separately or in any subcombination.
Further, reference to values stated 1n ranges includes each and every value within that range.
Many other embodiments may be apparent to skilled artisans only after reading this
specification. Other embodiments may be used and derived from the disclosure, such that a
structural substitution, logical substitution, or another change may be made without departing
from the scope of the disclosure. Accordingly, the disclosure 1s to be regarded as illustrative

rather than restrictive.
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WHAT IS CLAIMED IS:

1. A sensing textile comprising:

at least one assembly of optical fiber filaments, wherein the sensing textile has a main
direction and a cross direction, and wherein the at least one assembly of optical fiber
filaments 1s oriented at any angle measured relative to the cross direction.

2. The sensing textile of claim 1, wherein the at least one assembly of optical fiber
filaments comprises a single-mode optical fiber, a multi-mode optical fiber, or combination
thereof.

3. The sensing textile of claim 1, wherein the at least one assembly of optical tiber
filaments 1s 1n communication with an interrogator.

4. The sensing textile of claim 1, wherein the at least one assembly of optical fiber
filaments comprises a plurality of filaments that are generally parallel to each other.

JS. The sensing textile of claim 1, wherein the at least one assembly of optical fiber
filaments extended generally parallel to a main direction of the sensing textile, wherein the
main direction 1s 90° relative to the cross direction.

6. The sensing textile of claim 1, further comprising a second assembly of filaments,
wherein the second assembly of filaments comprises a plurality of filaments that are
generally parallel to each other and cross over the at least one assembly of optical fiber
filaments at a crossing angle.

7. The sensing textile of claim 6, wherein the at least one assembly of optical fiber
filaments and the second assembly of filaments are knit, woven, laid, or combination thereof.

8. The sensing textile of claim 7, wherein the second assembly of filaments comprises
fiber filaments of an organic material, an inorganic material, or combination thereof.

9. The sensing textile of claim 8, wherein the second assembly of filaments comprises
an optical fiber filament, a non-optical fiber filament, or combination thereof.

10. The sensing textile of claim 1, wherein the at least one assembly of optical fiber

filaments comprises a monofilament or a multifilament.

11. The sensing textile of claim 1, wherein the at least one assembly of optical fiber
filaments comprises a glass fiber, a polymer fiber, or a blend thereof.

12. The sensing textile of claim 11, wherein the at least one assembly of optical fiber
filaments comprise the blend of the glass fiber and the polymer fiber, wherein the glass fiber
1s a first sensor and the polymer fiber 1s a second sensor, wherein the first sensor measures a
first environmental change and the second sensor measures a second environmental change,

wherein the first environmental change 1s different than the second environmental change.
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13. The sensing textile of claim 1, further comprising a first carrier.

14. The sensing textile of claim 1, wherein the first carrier comprises a fabric, a film,
or combination thereof.

15. The sensing textile of claim 1, wherein the at least one assembly of optical fibers

measures strain, temperature, humidity, gas, radiation, stress, or combination thereof.
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