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(57) Abstract: A method for non-destructively estimating a current physical condition of a cordage product in-service is described.
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The method involves obtaining sensor data associated with the cordage product while in-service handling a load. The sensor data in -
cludes any combination of cordage product elongation data, applied load data, and diametric data. The method further includes de -
termining an axial stitfness value associated with the cordage product based on the sensor data and estimating a health state of the
cordage product based on die determined axial stillness value, The estimated health state is indicative of the current physical condi -
tion of the cordage product.
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NONMN-DESTRUCTIVE EVALUATION OF CORDAGE PRODUCTS

CROSE REFERENCE TO RELATED APPLICATIONS

13801]  This application claims the beseli ol ULE. Provisional Application
Mo, 627235263, filed September, 30, 2015, and U X, Provisional Application Mo, 62/262,622,
fiind December, 3, 2015,

TECHMICAL FIELD
8802 The discloswre relates generally, but not exclusively, 1o systems and methods for
geiimating a cwrrent physical condition of a cordage product while in-service through now-

destruciive evalusting,

BACKGROUND

{88831 Svnthede ropes and other cordage producis sre used in many indusivies for g
variety of applications. For sxample, the marnitime industry may use oordage products in
mooring operations o secure a ship 10 4 pler, whereas the construction indusiry may use cordage
products with cranes to Bl and trangport heavy Htems, In each of these various spplications, &
toad is applied o a cordage product that results in fovees being exented on the cordags product.
How the cordage product reacts to those forces depends on tensile properties of the cordage
product,

[8884] Prorto being placed in-service, 8 cordage produst may conform (0 an initial
Inad-elongation curve that characterizes vanous tensile properties of the cordage product.
Examples of such tensile properties inchide modulus of elasticity, elastic limls, elongation,
proporiional Hmi, cross-sectional arss reduction, iensile sirength, yield poist, yvisld strength, and
the Hke, The initisl load-elongation curve may provide s baseline indication of how the cordage
product will react (o an applied load.

005]  However, when plaved in-service, the cordage product 15 subjscied to various
toading and service conditions that chunge one or more aspects of the wnitiad load-elongstion
curve. These losding and service conditions represent varying levels and/or modes of sivess
exerted on the cordags product, which degrade the cordape product’s tensile propenies over
timne. Such degradation 15 indicative of the cordage product’s physical condition detsriorating,

which renders the cordage product more sasceptible i fathue,

%
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10868]  Sever! factors may coniribie (o this deterioration of the synthetis rope’s
physical condition. Examples of such faciovs inchede sbrusion, culting, fatigue, shock Iooding,
twist buildup, enviroamental exposure, and the ke, While soms sclors may be observed
through tciile or visual inspection, the ultimate impact of the faciors 1o the cordage product’s
physical condition is difficult o asceniain. Sysiems and methods for non-destruclively evaluating

a covdoge product in-gervics pver time are needed,

SUMMARY

{80871 Disclosed herein are methods, systews, and compuier readable siorage media
that provide for estimating 2 curvend physical condition of 2 cordage product while in-service
threugh non-destructive evaluation of an axis! stiffiess volue of the cordage product. The
disclosed techniques defermine the axial stiffness value in real-time by moniloring sensor dala
assuciated with the cordage product as a load is applied, In some embodiments, the sensor data
ichides measyrements of o lension exeried on the cordage produst by the spplizd load. Insome
embodiments, the sensor dats inchudes messurements of ap elongation asgeciaied with the
cordage product us the load is applied. In some smbodiments, the disclosed technigues use
reference datn associated with the physical condition of the cordage product 1o determine the
axial stifTmass value, Exomples of such reference dala include an initial load-elongation curve,
historical sensor dadas associated with the corduge product, and historical axial siifThess values
deiermined using the historical sensor data. These and sther features will be more clearly
undersiood fom the following detailed desoription taken in conjunciion with the sccompanying
drawings and cleims

19808]  This Summary is provided (o introduce a selection of concepts n o simplified
form thal are further described in greater detail below in the Delatled Desoription. This
Swmnary is nod intended to identify key features or essential festuwses of the claimed subject

matter, 507 13 it intended to Hmit the scope of the claimed subject matter,

BRIEF DESCRIPTION OF THE DRAWINGS

{0809 FIG. | is a praph Hlusivating 3 load-elongation curve, in acoordance with an
embodiment,

10818 FIG. 2 is o graph comparing an initial lnad-elongstion curve for g covdags
product prior (o being placed in-service with a subsequent load-elongation curve for the cordags

praduct afler being placed in-service, in accordance with an embodiment.
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{8811] FIG. 3 illustrotes an example of & fiber rope for implementing sspects of the
pressnt inveniion.

[BBI31 FIG. 4 depicts an example operational environment for implementing sspepts of
the present invention,

(8613} FIG. 3 is an flhesteation of an exemplary block diagram repressoting a generat
purpose compuler sysiem in which aspecis of the methods and sysiems disclosed herein or

poriions thereo may be incorporated.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[6014] Embodimenis of the present disclosurs provide sysiems, methods, and computer
readable storage media for estivnating a current phyeical condition of a cordage product while in-
service through non-destruciive evaluation of an axial suiffhess value of the cordage product,
The axisl stiffness vahlue may be defermined, in part, by moniioring o tensile force exeried on g
cordage product when g load is applied (o the cordage product, Generally, when tensile force is
applied o 8 cordage product in an axial direction, sirsss oocurs in the cordage produg, a5 does
tensile sirain proportional io the stress,

(00158 When a cordage product is subjected (o ihis tensile strain, elongation ocours.
Elongation refers 1o a behavior of the cordage product in which o length of the cordags produst
increases. In an smbodiment, a cross-seclional ares of the cordaps mrodust may sleo change a3
the length of the cordage product increased based on o Poisson ratio associnted with the condage
produect. The axial stiffness valve may also be delermined, in part, by monitoring an elongation
of & cordage produet when s foad is applicd io the cordage product. Figure | depicts an example
of & load-elongation curve 100 that characienizes various wensile properties of a cordage product,
in Figure 1, tensile foroe resulting from loads applied io a cordage product is plotted selative io
elongation of the cordage product response to the applied loads.  As shown by Figure 1, load-
slongation curve 100 invludes an elastic region 110,

[B8ie]  Elastic repion |0 is a region of load-elongation curve 100 in which 3 linsar
relgtionship exists betwesn a tensile force exerted on g cordage product by an applisd load and
an elongation resubling From the tensile force. As long as & cordage product remains in elastic
region § 180 while under siress the cordage product fends io behave elastically. In such s case, a5
tenstle force Incresses, the cordage product deforms through elongation and tends 1o recover by
returidng to an wndeformed state when the applied load s removed.

80317 A slope 120 of elastic region 114 is referred 10 35 3 modulus of elasticity o

Yeoung's modalus of the cordage prodect. In an embodiment, slope 120 represents an axial

v
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stiffness of the cordage product that is independent of 5 length of the cordags product, Al bresk
point 138, a cordage product is no longer able to resist 2 tensile force exented on the cordage
praduct by an applied load. Accordingly, break point 130 represents & point of load-slongstion
curve 180 at which the cordage product may rupture, bresk, or otherwise fail,

16038 As discussed sbove, 3 cordage product may conform 1o an initiad load-
slongstion curve characterizing various wensile properties of the cordage product prior (o being
placed in-service. In Fipure 2, this initisl load-elongation corve is represented by curve 200,
Afier beiog plaved in-service, the cordage product 15 sublected (o various losding and ssrvice
conditions that degrade ong or more tensile properties of the cordage product over time.
Conseqguently, the cordage product may 8ot conform o the inita! load-clongation curve 200 afier
being placed in-service over 2 period of time,

10018  Instead, the cordage product may conform 1o 2 subssquent kad-slongation
curve characterizing the varions tenstle proporties of the cordage product alter being placed in-
service, in Figore 2, this subseguent load-slongation curve is represented by curve 250, &s
iHustrated by Figure 2, the varioos loading and service conditions that degrade the jensile
properiies of the cordage product in-service also alter aspects of the cordage product’s load-
slongation curve, For example, an elastic stiffness of the cordage product may decline over time
dug to 8 decrense in cross-seciions} aren of the cordage product, & decresse In an elastic modulus
of the cordage produet, s combination of these decreases in cross-sectional ares and elsstic
modulus, and the ke, The decrease in cross-sectionsl aven may come from physics! damage,
breskage, snd/or removal of one or more fibers composing the cordage product, The decresse in
the elastic modulus may be due o degradation of materials composing the one or more fibers,
such as chaln scission, recrystailization, and the ke, And, even ifa cordage product doss
continug 10 sppear 10 conform o the inital load-elongation curve 200 despile being damaged, at
somne point in time i the future, the rate ot which non-conformity may result accelerate, therehy
cansing the cordage product o suddenly confonm o the load-slongation curve 230, Accordingly,
H# may bes desirable o constantly monitor the cordage product while nservice 50 25 (o estimate
#s current physical condition,

IB828] One aspect that may be aliersd by the various loading and service conditions
may inchude the cordsge product’s modulus of elasticily. For example, an initial moduolus of
elasticity 210 of initial load-clongation curve 200 is noticesbly differsnt than o subsequent
modulus of elasticity 260 of subsequent load-clongation curve 250, Thus, the cordape produst’s

elongation behavior in the slastic region changes afier being placed in-service,

wd-
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10211 Another gspect that may be shieved by the various loading and service conditinns
may include the cordage product’s break point. For example, an initial bresk poing 230 of fudtial
foad-clongation curve 200 may not be the same 5 2 subsequent bresk point 270 of subsequent
Inad-slonyation curve 230, Therefore, the cordage product may rupture, break, or otherwise (ol
under a lower tensile load afier being placed in-service than prior io being placed in-service. As
such, moniioring tensile {orces exeried on 8 cordags product andfor resulting elongation of the
condnge product when lnads are applisd may provide for non-destructive evaluation of 5 corrent
physieal condition of the cordage product.

{0822  Figure 3 provides an sxaunple of g cordage produet with various fensile
properiies that may be characterized by the load-clongation curves described above, The
example cordage product tHhustrated by Figure 3 is fiber rope 300, While embodiments of the
present disvlosure are described o terms of a fiber rope, one skilled in the ant will recognize that
filer rope 300 ix but one example of s suitable cordage produnt for implementing aspecis of the
tnvention. Fiber rope 300 is composed of o plurslity of (ibers or filamenis that are combined io
form varns (2.2, basie yarns, intermediate varns, or rope voras) thet are then combined o form
sizands. The strands ars then twisted, plaited, or braided o form fiber rope 300,

{3231 Esch yern may include natura! fbers, synthetic fibers, or blends of natural and
synthetic {ibers. Naiural thers include cotton, sisal, wool, bamboo, Bax, bemp, and the like,
Syoihetic fibers may include polyvethyiens terephthainte (FET), polypropylens, polvethyiene,
aramid, high-modulus polysthylene, (HMPE] or ulire-high moleculor weight polyvethylene
{UHMWPE}, nyvlon, polyester, Hquid crysial polymer (LUP)Y, carbon, glass, basaly, other organic
and inorganic synibetic fibers.

{9814 Different types of fibers have dilfersnt material propertiss that impact each type
of fiber and each fype of Ober inchudes a Jorge range of grades, which can cach possess very
different material properties. Thess different malerial properties may in turn affect one or more
tensile properties (2.g., moduli of elasticity, strength, weight, snd creep charscieristios) of fiber
rope 300, Accondingly, some embodiments of the present discloswre may wilize reference dats
that inchedes known information regarding the material properties of the fibers that composs
fiber rope 300 in estimating 8 current physica! condition of Biber rope 300,

251 In some embodiments, [iber rope 300 includes known features that facilitale in
gstimsting a current physical condition of fiber vope 300, In an embodiment, a known distance
{e.g.. 8 gage length) may separate the two of more kmown features of fiber rops 300, In an

embodiment, the known {eatwes may inclode pick 310 that represents either a single point (Le.,

w5
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one end of the pick 310} or 2 maiching set of poinis (.2, both ends of the pick 316} st which
individual strands composing fiber rope 360 crgssover each other

(88281 Yo an embodiment, the known features of ber rops 300 may includs marks 320
ang 330, Marks 320 and 330 represent extemal markings applied (o fiber vope 300 8t
predetermuned positions, Examples of such externgl markings includs particular fiber, var, or
sirand braid petierns, exiernsily applied conting material additives, colomtion changes, sod the
like. The coloration changes may be implemented using materisls that are visibly
distinguishable under standard Hghting conditions or using materials that become perceivable
when activated by electromagnetic radiation of » particudar wavelengih {e.p., uliraviolet or
infrared). Reflective and fluorescing materisls may also be used 1o implement the buman or
machine visible changss. In an embodiment, the koown features may include embedded
slerments (nol depicied) thet are detectable externally through ultrasonic sensing, x-ray or
terghertz maging, compuied lomography, and the lke. The embedded clements may be
implomented using metallic wire, melallic clemenis, or other librous elements that may be
detected externally, Other pluralitics of repeatable points (e, that can be monitored once and
the same monitoring can then be repesied) on or in the fiber rops 300 may similarly be used o
montior the fiber rope 300 in sccordsnce with the present disclosure.

{8827} Tuwning to Figurs 4, a block disgram is illustrated showing 8 non-destructive
evalustion (NDE) device 400 aecording o one eibodiment of the present invention, NDE
device 400 is depicied whils performing 8 non-destructive evaluation of ¢ cordags product 43¢
under a tensile losd (sol shown, but at either end ol cordage product 450 after being placed in-
service. In an embodiment, NDE device 430 remains stationary while cordage product 450
mnoves relative 10 NDE device 400, In an embodiment, cordage product 458 remains stationary
while NDE device 400 moves relative o cordage product 4530, The components shown in Figure
4 are but a fow of the components that smbodiments of the present invention may inferact with
during operation. Accordingly, the components ithstrated therein are described with an
siphasis on thelr function, rather than their specific struciurs, for the seke of simplicity.

[0028]  As depicied in Figurs 4, NDE device 400 inchudes guide wheels 4083, tension
sensor 415, elonpation or distance sensor 425, dismetric sensor 435, heabth moniior 445 and datz
store 455, In speration, NDE devics 400 obiaing sensor data, such as from sensors 4153, 425 and
435, sssocinted with cordoage product 460 while in-service handling an applied load. The sensor
data may include any combination of applied load data, rope elongstion data, and diametric data.

in an ermbodiment, NDE device 400 may be configured to flter the obtained sensor data before

e
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or after gnalysis by health monitor 445 and/or storage in dals store 455, Filisring the obiained
sensor dats may reducs measurement noise errors andfor increase Bdelity of the sensor datn.

{00290 Apphied load dots messures z tensile force exented on cordage product 460 in an
axial dirsction by the spphiad load. In an embodiment, applied losd data may be obiained fom a
sensor that irectly measures g tensile fores sxeried on cordage product 468, suchas a
iensiometer. For example, the applied load data may be direcily obtained from tension sensor
415 withip NDE device 480, In an embodiment, applicd load dain may be obizined from z
sensor that indireetly measures 8 tensile force exerted on cordage product 460, For example, the
applied load data may be indirecily oliained from s sensor that messures 2 load applied ona
sheave or winch (not depicted) associated with cordage product 460,

i8838] Rope elongation data may be oblained from any Indication of a change in
distance between two or more known features of cordage product 460, In an smbodimend, the
twi or more known features may include picks {e.p., pick 310 of Figure 3}, embedded deteciable
elements {e.g., conductive elements), exizmal markings (s.5., marks 320 and 330 of Figure 3,
sy sther plurality of markings, or s combingtion theresf. In an embodiment, rope slongation
data 15 obiained from elongation sensor 425, which may be implemented using any combination
of a jockey wheel, 8 rotary encoder, image sensor, or other Hke struciurs,

188331 In on embodiment, elongation sensor 423 may be fwrther configured 10 mcasure
g distance travelled in an axisl divection by cordage product 468 while obisining rope slongation
data. In on smbodiment, slongation sensor 425 may be further configured to measure a distance
ravelled by NDE device 400 relative 1o the cordage product 460 while obtaining rope elongation
data. Such informetion about the distance wavelled by cordage product 468 or NDE devies 4040
mzy be used 1o assoriste specific sensor date with panticular locations of cordage produst 464
Accordingly, information sbow such a distance travelied may facilitate localizing estimaies of
cardage product 460°s currend physical condition,

B33 Diametric dats is indicative of & change in & cross-sectional area of cordage
praduct 460 as 8 ension foree is exerted on cordage product 468 This cross-sections! aren
changs may represent damage to cordage product 4640 that resulis in a reduced number of ftbers
being present in particular sections of cordage product 460, Examples of such damags include
abrasion, internal fMeion between fibers composing cordage product 460, culs, shock loading,
snvircomenia! exposure, chemical exposwre, and the ke, o an embodiment, dismetric dala may
provide information about cordage product 460°s physical dimsnsions in a radial direction, the

radial direction being perpendicolsr {0 an axial direction of the cordage produst. Inan
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embodiment, diametric data is obinined from diametric sensor 435, which may be implemenied
using 8 proflilometer, 8 spot laser gaugs, sn image sensor, and other like strocture.

18033 Health monilor 445 is peperally confipured o detormine an axdal stiffoess value
sasociated with cordage product 460 based oo the sensor data that may include any combination
of applied load daia, rope elongation dala, and diameiric data. In an simbodiment, the axial
stiffness value is 2 measure of cordage product 460°s ability 1o resist elongation while under a
tensile fosd. In an embodiment, health monitor 443 may delermine an axisl stiffoess value using
sensor data representing multiple measurements nssocinled with a particular section or point of
cordage product 460, In this embodiment, an aversgs of the sensor data may then be used in
determining an axisd stifTness valoe (o help account for rendom variations {e.g., noiss} in the
sensor data that are oot indivative of the measure data of interest,

{8834] NDE device 480 may also obiain reference data associated with a physical
condition of cordage prodoct 460, As an example, the reference data may include such data as
an initial load-elongation curve for cordage product 468 thad characierizes one or more tensile
properties of cordage product 464 prior (o being placed in-service. Refersnce data may also
inciuds historical sensor data associsted with cordsge product 460 praviously obtsined while
cordage product 460 was in-service handling loads. In ancther example, reference dats may
include known information, such as polymer data providing information about one or more
polymers composing cordage product 460, Examples of polvimer dats include information sbowt
cross-linking, degree of crysiallinity, molecudar weight, polymer scissions, modulos of elasticity,
and the like.

{B835]  In an embodiment, NDE device 400 obiains the reference dats fom data siore
455 that provides NDE device 400 with data storage capabilities. Dats store 455 may glso
provide NDE device 400 with dats storage capabilities as sensor data is codlecied and a5 resulis
ars computed. in an embodiment, doata store 455 receives applisd load data from tension sensor
4135, rope elongation data from elongation seasor 425, and diametric data from diametric ssnsor
435, Inan embodiment, dain siore 435 siores meiadsia associsted with sensor duds. For
exarple, meiadaias may isclude o Gmestomp associated with the sensor data, positional dala
correlating the sensor data to particular Iocations of cordage product 460, souree identifyving
information, sampling intervals, sensor data typs, and the ke, In an smbodiment, data store 455
is loeated remotely From the sensors 415, 423 and 438, but suill forms a part of NDE devive 400,

18036f  Health monilor 445 is funther configured {0 generate a resalt that i5 an estimale

of @ health state of cordage product 466 using the determined axial siilfness value. Inan
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emsbodiment, the resull is genemied in real time. In an embodiment, the result is generaied some
time {predetermined or otherwise} after the sensor data is eolizcted. In an embodiment, the health
moniior 435 is collocated with the sensors 415, 425 and 433, In an emhodiment, the health
monitor 455 is locnted remotely from the sensors 415, 425 and 435, but still forms g part of KDE
device 400,

10037]  The estimated health siale is indicative of the curreni physical condition of
cordage product 460, Examples of a beshth siaie estimated by health monitor 443 for cordags
product 460 include a residunt girength, 8 curvertt break point, a current moduins of elastichty, &
vield load, and the bke, 1o an embodiment, the estimated health state may be wsed by NDBE
device 400 o sstimsle » rempining service iife of cordags product 464, In an embodiment, WDE
devics 400 may use the estimated beahth state o determineg 3 bkelihond that cordage product 460
will {i under one or more predefined conditiong,

{86381 io an ombodiment, health monilor 445 may perform o transform analysis when
estimating & heahb stale of cordage product 460, The wansform analysis may include
interpolating the sensor data 0 a time interval and eximcting fequency characteristics from the
interpolaied sensor date. For example, when there is an adequate level of periodicity in the two
or more known festures, the health monitor 493 may use 8 Fast Fourter Transform 1o extvact the
frequency characteristics. In an embodiment, the health moniior 445 may use & frequency
ransform of other type of wansform. By performing the transform analysis, health monitor 445
may be able o directly denuly potential fulure locutions of cordage produnt 460, The transform
analysis may alse faciliiniz quantifving a severily of physical damage experienced by cordage
product 460 while eservics,

I8938]  In an embodiment, health monitor 445 may also consider refersnce data in
addition (o sensor daia when ssitmating 3 health state of cordape product 460, For example,
health mondior 443 may generste an expected stiffoess valoe using the relerence data, The
expecied stiffness value gensrated with the reference data may be compared to the determined
stiffoess value penersted using the sensor dats and thet comparison may be used 0 generate the
health estimaie.

[0848)  As another exgmple, health monitor 445 may pensrate 2 current nad-slongation
curve using the sensor data. The currend load-elongation curve may characierize various jensile
properties of cordage product 460 when the sensor date was obtoined. In estimating a heglh

stafe of cordage product 460, heslth monitor may compare the current load-slongation qwrve with
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an initial load-elongation curve provided as reference dats and that comparison may be used in
generate the heshh extimate,

{841 Incomparing current losd-elonganon curves with the inttial losd-elongation
curve, NDE device 400 may monitor a rate of change comesponding with one or more {snsiles
properiies associated with cordage product 468, Mondtoring this rafe of change may ensble NDE
device 460 io delermine that cordage product 468 is failing if the rate of chonge exceads 3
specified threshold within a predejermingd pariod of time,

{0842] Figuee 5§ is a block dingram of an example general purpose computing system n
which embodiments of the invention, such s the health monitor 445 and data store 455 may be
implemented. The computing sysiem depicied by Figure 5 may include hardware modules,
software module, or a2 combinglion thersol that can be used lo implement the disclosed health
monitor 443, In 2 basic configuration, the computing system may inchude at least & processer, o
system memory, a storage device, input/ontput peripherals, comimunication peripherals, snd an
interface bus. The inputoutpul peripherals may be used, for example, to communicate with and
conirol the sensors 415, 425 and 435, The commuonication peripherals may be used, fov example,
if the health moniter 445 andfor data store 455 are remolely localed, or 1o repont resulls of the
health analysis (o a remote sysiem, such a3 8 computer server, the compuierived squipment in the
cab of a crane, the computerized equipment on g ship, sic.

{88431 The interfnce bus is configured fo communicate, ransmil, and transfer data,
sontrols, and commands betwesn the various componsnts of the electronic device. The sysiem
memory and the siorage devics comprise compuler readable storage media, such ss RAM,
ROM, EEPROM, hard-drives, CD-ROMs, optical storage devicss, magnetic storage deviges,
ftash memory, and other tangible storage media. Any of such comnpuier readaie siorage
medinn can be configured to store instructions or propram codes embodying aspects of the
disclosure, AdditionsHy, the system memory comprises s operstion system and applications,
The processor is configured o exsoute the stored instructions and can comprise, for example, a
logical processing unil, & microprocessor, 8 digial signal processor, and the like.

[8044] The system memory and the siorage device may also comprise computer
readable signal media, A& computer readable signal medivm may include s propagated data
signal with computer readable program code embodied thersin, Such a propagated signal may
take ooy of variety of forms including, but not limited to, electro-magnetic, optical, or any

combination theres. A computer readable signal medium may be any compuier readable
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mediam that is nol o compuier resdable storsge medivm and that con commuonicsts, propagate,
oF iransport & program for use in connection with the computing sysiem.

{88451 Furiber, the inpst and sulp periphersis inchde user interfaces such as a
keyboard, screen, microphone, speaker, other input/outpunt devices, and computing components
such as digital-io-analog and suslog-to-digital converters, graphicsd processing units, serial
poris, paralie] poris, and universal serial bus, The input/vutput peripherals may slso nclude &
variety of sensors, such as tensiometers, spot laser gauges, jockey wheels, rotary encoders,
iopographic imaging devices, profilomeler sensors, inaging sensors, as well as other types of
sepsors. The input/ouiput peripherals ray be vonnscled o the procssser through any of the
poris coupled o the interface bus.

{0046]  The uger interfaces can be configured 1o sllow 2 user of the computing sysiem
io interact with the computing system. For example, the computing aysiem may nclude
instructions that, when sxecuted, cause the computing sysiem (o penerate 8 user interfacs and
carry oul other methods and operations that the user can use 1o provide input (o the computing
sysiern and (o receive an ocutpul from the compuling systom.

{80471 Finally, the communication poripherals of the compoting system are configursd
io faciliists communication between the computing sysierm and other computing systems {e.g.,
between the computing device and 8 server) over a conimunications network. The
commanication peripherals include, for exampds, a network interfoce controller, modem,
various modulsiors/demodaliators and encoders/decoders, wirsless and wirsd interface oards,
antenna, and the like

{B48]  The communication nepwork includes g network of any typs that is seiiable for
providing conwnunicstions between the computing device and the server and may comprise 3
combingtion of discrate networks which may use different technologies, For example, the
comuunications network includes a cellular netwark, 2 WiFvbroadband network, 2 iocal ares
network (LAN), & wide aren network (WAN), o telephony nstwork, 3 Bber-optic network, or
combinations thersoll In an exomple embodiment, the communication network includes the
Internet snd any networks adapted to communicate with the Internst, The communications
network may be also conligured as & means for ransmitting data between the computing devics
and the other computing sysiems,

188487  The echniques described nbove may be embodied in, and fully or partiaily
suinmated by, code modules execuied by one or miore compulers or computer processors. The

vode modules may be siored on any type of non-transitory computer-readable medium or
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somputer siovage device, such as hard drives, solid siate memory, optical disc, and/or the Hke.
The processes and algonthms may be implemented partially or wholly in application-specific
circutiry. The results of the disclosed processes and process sieps may be siored, persistently or
otherwise, in any iype of pon-transiory computer siorage such as, e.g., volatile or non-volatile
storage. Yolatile and non-volatile storags, 35 used herein, excludes propagating or ansiiory

: signals per se.

L]

feaas]  Condittonal langusgs used herein, such as, aymong others, "can,” "could,”

L LTS

"ight,” "may,” “e.g.,” and the lke, unless specifically stated otherwise, or otherwise undersinod
within the contexi as wed, is penemtly intended to convey that ceniain ambodiments invhude,
while other embodiments do not include, cortgin features, elements, andfor steps. Thus, such
conditional languags 18 nol generally intended o imply that features, elements and/or steps ame in
any way required for one or more ermbodiments or that one of more embodiments necessarily
include logie {or deciding, with or without suthor input or prompling, whether these featurss,
elemenis and/or steps ars includad or are to be performed in any particalar embodiment. The
terms “comprising,” “inclading,” “having,” and the like are synonymous and are used
inchusively, in an open-ended {ashion, and do not exclude sdditions! slements, fogtures, acts,
operations, and so forth. Also, the jerm “or” is used in Hs inclusive sense {and not in Hs sxclosbve
sense} =0 that when used, for exsmple, to connest o list of elements, the ferm “or™ means one,
some, of all of the elements i the Hat

B85  While certain example smbodimenis have been described, these embodiments
have been presented by way of example only, and are nod intended to Himit the scops the
disclosures herein. Thus, nothing in the foregoing description is intended to imply that any
particelar feature, characleristic, step, module, or block is necessary or indispensable. Indesd, the
nevel methods snd systems desenibed herein may be embodied in a varisly of other forms;
furthermere, various nmissions, substitutions and changss in the form of the methods and
sysiems described borein may be made without deporting from the spirkt of the disclosures
heredn. The sccompanying claims and their equivalents are intended 1o cover such forms or

modifications a8 would il within the scops and spirit of cenialn of the disclosures hergin,
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What is Claimed:

I. A systern for non-destructively sstimating 8 current physical condition of a cordage
product in-service, the sysiem comprising:
z disiance sensor configured o provide cordage slongation data indicative of 3 change in
distance betwesn {wo or mors known features of the sordage product;
a tension sensor configured 1o provide applied load daiz indicative of tension exsriad on
the cordags product in an axial direction while in-servics; snd
2 monijoring device coupled to the distance sensor and the (ension sensor, the monitoring
device configured to:
obiain sensor dats associnied with tie cordage product while in-service
handiing 2 load, the sensor dats including one or more of the rope slongation data
and the applied load data;
determing an axial stifiness value associnted with the fber rope based on
the sensor data: and
estimate a beahth siate of the cordage product bassd in pari on the
determingd axial stilfness value, the health siate indicative of the current physical

condition of the cordape product.

2. The system of claim |, further comprising & diametric sensor configored to provide
dismetric da indicative of o dismeter of the cordage product perpendicular o the axial
direction, and whereln the sensor daty inclodes soe or mowe of the rope slongation dats, the

spphied load data, and the diameiric data.

EX The system of cloim 1, wherein the monitor device i5 further configured 1o obtain
reference dats assoviated with & physical condition of the cordage product, the reference daa
including one or more of historical sensor data associnted with the cordage product previously
obisined while the cordage product wos in-service handling foads, an initis! load-elongation
curve that characierizes various tensile properties of the cordage produet, and at lsast ong

historical axial stiffness value determined using historical sensor daia.

4. The system of claim 3, wherein the estimated health sinte is further based on the

reference daia.
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5. A compuler-implemented method for non-destructively estimating a current physical
condition of a cordage product in-service, the method comprising,

obtaiming sensoT data associnted with the cordage product while in-service handling 2
fond, the sensor date including one or more of: rope elongation dats, applied load data, and
dinmetric dain;

determining an axisl stiffness value associated with the cordage product based on the
sensor dala; and

estimating 8 health state of the cordage product based on the determined axinl stiflness

value, the health sinle indicative of the current phvsical condition of the cordage product.

&, The computer-implamenied mathod of claim 3, wherein the yope elongation data is

indicative of s change in distance betwsen two or mors known features of the cordage produet,

7. The computer-implernenied method of claim 6, wherin the two or more known features

include picks, embedded detectable elements, external markings, or 2 combination thereof

8. The computer-implemenied method of claim 5, wherein estimating the heslth state
inchudes:
interpsdating the sensor data 1o a times interval; and

exirpcting frequency characieristics from the imsrpolated sensor data using a wamsform.

3, The computer-implemented method of claim 5, whereln the cordage product is o fiber

rope and whersin the estimated heakh state is a residual sirength of the fiber of the fiber rope,

16,  The compuier-implemented method of clairn S, whereln the sensor data is obtained by
One Or more sensets over an entirg length of the cordage produst passing by the on2 or more
sensor, and whereln determining the axisl stiifnsss is lumiied 1o sensor data at discrete poinis or

disereie sublenpths along the entive length

11, The computer-implemenied method of claim §, further comprising:

filiering the sensor data to reduce measurement noise ervors and increase fidelity,

e
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12, The computer-implemented method of clalm 3, whereln the senser data is obtained by
ORE OF MOFe 5ens0ts over 3 portion of the cordage product passing by the one or more sensor,
whersin sensor data from the portion is obiained mohipde tmes over a predetermined period of
time, and {urther comprising determining i the health state exceeds a threshold for a mie of

health decrease.

13, The computer-implemented method of claim 3, further comprising:
utifizing the sstimaled heslth siate io delermine 8 Bkslihood that the cordage produst will

failf wnder oue or more predelined conditions.

14, The compuier-implemented method of claim 5, further comprising:
utitizing the estimated health siate (o estimale & remaining servics lifstime of the cordage

produoct,

{5, A computing system lor non-destructively estimating s cwrent physical condition of 8
cordege product in-service, the computing system comprising:
ONE 07 MO Processors; and
8 memory connunicatively coupled (o the one or more processors, the memory bearing
nstructions thot, when execuied on the one of more processors, cause the computing system 1o at
feast:
obigin reference data asscciated with o phyvsicad condition of the cordags product;
obtain sensor data sssocisted with the cordage product while in-service handling 2
foad,
determine an axil stiffness value associaied with the cordage product based on
the gansor datz and
zsiimate 7 health sigte of the cordage produet based on the determined axigd
stiffiness value snd the obisined reference value, the health state indicative of the current physical

condition of the cordage product,
I6.  The compuling system of claim 15, wherein the reference datn includes one or more of

historvical sensor date associated with the fiber rope previously obinined while the cordage

product was in-ssrvice handling loads, an initisl load-clongation curve that charscterives various

-5 s
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tensile properties of the cordage product, and at least one historieal axigd stilfness value

determined using historical sensor dats,

17, The computing systern of claim 15, whersin the instructions further cause the computing
sysiem o compars the determined axial sitfihess value to the reference data when estimating the

health state of the cordage product.

1%, The computing sysiom of claim 15, whersin the instructions further causs the computing
sysiem fo generate 8 cuwrent load-clongation curve based on the sensor dats, the current load-
clongation curve chamclerizing various iensile proparties of the cordags product when the sensor

data was obiained,

19, The compubing system of claim 16, wherein the instructions further cause the computing
system o compars the current load-elongation curve 1o the reference data when estimating the

health siste of the cordage product.

2. The computing system of claim 15, wherein the sensor data includes one or more of

cordage product slongetion data, applied load dat, and divmetric data,

2% The computing system of claim 15, whereln the reference date Rirther includes polymer

data providing information about one or more pelymers composing the cordogs produst.

22, The computing system of claim 21, wherein the polymer data includes information sbout
cross-hinking, degree of crysiailinily, molecular weight, polymer scissions, modulus of elasticity,

o1 & combingtion thereof
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