ABSTRACT

GUO, GUODONG. A Lowpower kber BraggGrating Sensa InterrogatiorSystem forHigh-
speedSensing. (Under the direction of Dr. Kara Peters).

This research develops a lgywer, high speed interrogation system for interrogating
fiber Bragg gratindFBG) strain sensors under dynamic loading of mechanical and aerospace
structures. The interrogation system is based on a vertical cavity surface emitting laser (VCSEL)
light source. To achieve this goal, the multiplexing capacity of FBG sensors usirg\wa na
bandwidth light source is first maximized. Specifically, a spectral profile division multiplexing
technique is derived to track each FBG wavelength shift in a serially multiplexed FBG network.
Each sensor in the network is uniquely characterizedslywh refleatd spectrum shapéhus
spectral overlapingis allowedin the wavelength domaiigpectral distortion caused by multiple
reflectiors and spectral shadomg between FBG sensdisatoccurin serial topologysensor
networks,are considereth the identification algorithmA nonlinear optimizatiofiunction based
on the output spectrum is constructséxt, the feasibility of using the developed interrogation
technique in shape sensing of Kevlar woven fabrics is demonstfatéadck out the surfac
deflection of a central loaded circularly clamped dry woven fabric, a finite element model
exceptionally considering edge slipping effect was developed to understand fabric deformation.
Due to fabric edge slipping, large deflection level of the fabnopdified empirical
approximation approach was found to be the optimal choice for the deflection reconstruection. T
constructheinterrogation system, several VCSELSs at different wavelength were multiplexed
into an arrayed architecture by using a dignaltiplexer. Highspeed scanning of the VCSEL
array is achieved by a higgpeed switch circuit. The developed swept source is then
demonstrated fanterrogating an FBG sensor integrated with a composite laminate that is

subjectedo alow velocity impactandashock wave loadingrhe ull spectrum of the FBG



during the impulse loading were captured at 4 kHz over a wavelength of Ilhham.
interrogdion results are compared wittat of ahigh-speedswef lasermeasurements. The good
agreement between difent measurement techniques indisdteat the approach &spromising
onefor low-power FBGinterrogationfor structual health monitoringapplicationsof

engineering structures.
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CHAPTER 1: Introduction
1.1 Background

Structural health monitoring (SHM) plays a key role inltrertermassessment dfie
performance and integritf a structureThe goal of SHM is taliagnog the state of the
structure at every moment during its service(Balageas et al., 2006; Schedat et al., 2016¢
measurands of general interesst SHM include strain, temperature, load, deformation and
vibration. These&lataareprocessed to providewarning of abnormal staggpredict remaining
lifetimes and enale preventative maintenance. During the past several decades, several type of
sensors have be@amvestigated for SHM applications, including electrical strain gages,
accelerometergndultrasonic sensor@nnamdas et al., 2017; Mueller et al., 2015; Wolf et al.,
2015) Some of these sensors are difficult to deploy over large struatmagse to winhstand
harsh environments, omnable tocontinue to operate for long periods of time. Among possible
solutions for SHM, FBG sensors have been emerging as an increasingly interesting technology
due to their distinctive advantages which include high seigjtimmunity to electremagnetic
fields and durability. One unique advantage of FBG sensors is their multiplexing capability,
which allows hundreds or thousands of sensors to be deployed in the target structure and
interrogated with relative ease (Hilt al., 1997; Peters 2009; Liang et al., 2005).

FBG sensors are a fast growing sensing technology for both nondestructive evaluation of
material systems and-service SHM. FBGs are used as strain and temperatures sensors based
onthe silicaphotoelastic éfect and temperature sensitivity. The past two decades has withessed
a rapid expasionof FBG sensors in engineering applicatidéacly FBG applicatioaincluded
SHM of civil structuresespecially bridgedrigurel.1 shows the West Mill Bridgaunder

loading testwas developed in UK in 2002. A monitoring system comagid0 FBGs was



installed on the bridgéGebremichael et al., 2005)he purpose was to confirm the predicted
structural behavior during load tesind collect longerm field data over st service lifetime.
Anothercommon fieldapplication of FBG sensorstig monitorcomposite structurefue to the
fact that optical fibes are compatiblevith the microstructures of fiber reinforced composites,
FBG sensors can be easily integrated withttrget structure in the fabrication stagigurel.2
shows an example of dry composite propeller blad#sintegrated FBG arrays (Ferdinand et
al., 2002) In addition, due teheir durability and survivability in harsh environments, FBGs have
also fird applications in chemical industry, pipelines and offshore strudtlesmohammad et

al., 2018; Mieloszyk et al., 2017; Felli et al., 2016).

Figure 1.1West Mill Bridge, fabricated in a temporary site factory using composites and then
lifted into pogtion (Gebremichael et al., 20Pp5



Figure 1.2 Composite aiplane propeller blade with embedded FBG sensors (Ferdinand et al.,
2002).

Onecommonadvantageacross these applications is the high density of sensors that can
be integrated into a single agal fiber and interrogated rapidly withsangleinstrumentation
However, the instrumentation to process these high density of sensors is necessarily complex and
with a high power consumptiodue to the need for precision lasdtss anticipated that ith
further engineering of tlseinterrogation systemto reduce their complexity and power
consumptionthe application field of FBG sensors will continuously grow and expand.
1.2 Fiber Bragg gratings

The generation of permanent grating structures iopdical fiber was first developed by
Hill and coworkers in 1978 at the Canadian Communications Research Center (CRC) in Ottawa,
Ontario, Canada (Hill et al., 1978; Kawasaki et al., 1978). A fiber Bragg grating consists of a
small length of an optical fibeof which the effective refractive index is periodically modulated
in the fiber coreFigure 1.3shows a schematic diagram of a fiber Bragg grating. The two

parameters that define an FBG are the effective refractive index of the fundamental mode of the



optical fibernest and the grating periogl. These two parameters determine the Bragg

wa Vv e | egntlgraudgh,the Bragg condition,

_  C 1.1)

When a lightwave from a broadband source is injected from one side of a single mode
optical fiber, the portion of the lightwave at the Bragg wavelength will be reflected by the
grating. The rest of the light will be transmitted because the reflection at these wavelength are
weak. A more comprehensive description of FBG spectral properties cannole(Erdogan,

1997), where the coupladode theory is used to derive the reflection spectral of the FBG.

/aN

Light i A Bragg gratin A A
ight input . gié g _ Light transmitted
@ 1)) \)) —>
AN, A= grating period
‘. A,= Bragg wavelength
A A

B

Light Reflected

Figure 1.3Schematic diagram of an FBG.

The period of an FBG is controlled during the manufacturing process to create different
Bragg wavelengths he basic operation of the FBG as a strain sensor is based on tracking the
peak wavelength shift. When a uniaxial strain is applied to the FBG, the optical fiber effective
index will change due to the phegtastic (strairoptic) effect (Bertholds et all988). The

grating period also changes as a result of physical elongation of the optical fiber. This two



factors work together to rise a change in Bragg wavelength. The induced Bragg wavelength shift

is written in terms of the effective stramptic consant,n ,

3_ p N _- 1.2)

where- is the axial strain experienced by the grating, &ndis the shift of Bragg wavelength.
In practical applications, the peak wavelength is much easier to identify and is always considered
as equal to the Bragg wavelength. So, the strain experienced by the grating is decoded from
interrogating the peak wavelength shift.

Figure 1.4 shows an example of three independent loads applied to the optical fiber. The
effect of the axial loadHy) is to shift the reflected peakin example showinthe reflected
spectrum of an FBG, subjected a unifarial strain is given irFig. 1.5(a). In thissimplest case,
the FBG spectrum will shift either to a higher wavelength or a lower wavelength, for tensile o
compressive strain respectively. The shape of the reflected spectrum shape does not change.
However, in real applications, for example when the FBG is embedded in a composite laminate,
the FBG could be subjected to more complex loading states (Takalda2€05; Kuang et al.,
2001). When a nenniform longitudinal strain field is applied to the FBG, the reflected
spectrum can show significant distortion as shawiig. 1.5(b). The form of the spectral
distortion varies depending upon the specific astiadin distribution (Peters, 2001). Another
type of loading case is transverse loadinghenFBG(F2 andF3 in Fig. 1.4) For nonrhydrostatic
loading cases, the diametrical loading creates birefringence in the optical fiber, leading to two
axes of propaagtion in the fiber (Wagreich et al., 1996). The light propagating through the fiber
is split into two modes, each experiencing a different Bragg wavelength as they pass through the

FBG. So the reflected spectrum displays a distinctive two peak as ghéwgn1.5(c). If the



loading condition is a combination of these cases, the FBG spectrum will not only shift, but also
distort and split. The information of the strain states is encoded in the FBG spectrum. Simply
tracking the Bragg wavelength loses impottaformation for these cases and could produce

incorrect results, therefore we need a technique to measure the full spectrum of the FBG sensor.

Figure 1.4 Schematic diagram shown possible loading states of an optical fiber.



Figure 1.5FBG spectra uret different loading states. (a) Uniform axial loading; (b)-non
uniform axial loading; (c) uniform transverse loading.
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1.3 Existing interrogation techniques and VCSELs

For FBG interrogation, the light reflected by the FBG needs to be detectdaiar
decoding. During the past twenty years, different interrogation techniques have been developed
to satisfy different application requirements. Based on the classification according to scanning
rate of the system, the simplest available FBG interangathe conventional optical spectrum
analyzer (OSA). The OSA has been widely used in the industry where the deformation frequency
of the target structure is less than a few hundred kilohertz. Degrieck et al. demonstrated FBG
strain measurement under batatic and slowly varying dynamic loading conditions of a simple
composite laminate. Lau et al. investigated the effect of host structure properties on FBG
measured strain for both glass fiber composites and fiber reinforced plastic strengthened concrete
beam. Tian et al. studied the feasibility of using FBG strain sensor to measure the torsion
deformation of a shaft structure. In all these experimental tests, a conventional OSA is used to
collect the reflected light signal since the target frequencyetavely slow. To achieve higher
frequency scanning, wavelength swept lasers have been used. Jung et al. reported a Fourier
domain moddocked swept laser achieve a scanning rate of 31.3 kHz and a broad scanning range
of 70 nm. The performance of thisé source was characterized in both static and dynamic
strain responses. Nakazaki et al. also reported fast wavelgngtit fiber laser with a tuning
rate over 200 kHz. Another important type of interrogation technique consists of using a fixed
broadbandight source and a tunable filter (Vella et al., 2010). In this technique, the high speed
scanning is accomplished by the high speed moving mechanical part of the tunable filter. While
some of these technologies are still in the laboratory testing st@gegmmercially available
interrogation instruments are still bulky, expensive and havegogler consumption

(Minneman et al., 2011). In field applications where continuous power is limited, such as



aircraft, the application of these techniques is ficamtly limited. As a result, there is much
demand for an interrogation technique that enables low power operation arsphé&eghfull
spectrum measurement.

Recent advances in lepower tunable laser sources, based on VCSEL (vertical cavity
surface emittig laser) technology, have dramatically reduced the power required to interrogate
FBG sensors. Researchers at Ghent University integrated-siogle VCSEL sources, optical
interconnects and photodiode arrays into an-tittra flexible package (Bosman a&it, 2010).

The sensing package was applied to the interrogation of a single FBG sensor and could operate
for 24 hours powered by a lithium battery (Hoe et al., 2012). Thethitralow power sensor
package represents the first such interrogator for@ s@hsor and opens up exciting

possibilities for the future.

A VCSEL is a semiconductor laser that emits light in a cylindrical beam vertically from
the surface of the fabricated wafer. As a semiconductor laser, its emitted wavelength can be
tuned by varyng the driving current. A schematic diagram of a typical VCSEL is shoWwigin
1.6. Compared to other tunable lasers, it has some advantages. First of all, the power
consumption is only a few milliwatts, much lower than the more common external caaibyetun
lasers. Secondly, due to its circularly shaped emitted light beam, the light can be easily coupled
into an optical fiber. Thirdly, since it emits light vertically from its top surface, large, two
dimensional arrays of VCSELSs can be fabricdatedughorganicchemicalvapordeposition

(MOCVD) method(Seurin JF et al., 2009)
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Figure 1.7a) shows an examplieom the literaturaisinga VCSEL light source to
interrogate &BG sensoduring a dynamic teq.amberti A et al., 2016 One FBG was adhered
to surface of a steel beamder vibrationFigure 1.7(b) shows the driving current and the
measured FBG signalhe VCSELcurrentwas driven at &requencyof 5 kHzandthe FBG
peaksweresuccessfully detectetiowever, the measured strairasvery small, below 0.1
micro-strain andonly oneVCSEL was usedDetails of the VCSEL actuation calibration were
also not given in the paper, therefdres not cleaif any dynamic errors were intlaced.Figure
1.8(a) shows anothearecentexample ointerrogatinga FBG sensor using VCSHE(Garcia
Souto JA et al., 2024A load was applied tthe optical fiber containingan FBG directly
through a loudspeakerhe VCSEL wavelength calibration was germedfor several constant
current values, as shown in Fig. 1.8(pwever there is no calibration data reported when the
VCSEL is driven by a high repetition ratgclic current. Some of the measured FBG wavelength
shift results are shown in Fig. 1.8(& can be seen that the FBG wavelength shifirecaptured
for the vibrationfrequencies up to 500 kHZhe magnitude of the FBG wavelength shidfops
with increasing vibration frequency as expected since the amplitude of vibration of the string
decrases. Again the maximum measured waveleisgtmall(less than 1 nm for 100 Hz

vibration), therefore the bandwidth of the VCSEL at the higher frequencies was not tested
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Figure 1.7 (a) Steel beam test using VCSEL interrogated FBG sefisphlustration of the
measurement principle. The blue line represents the VCSEL current and the green curve
corresponds to the photodiode current of the signal reflected from the FBG (d&msberti A et
al., 2016).
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Figure 1.8(a) VCSEL interrogated ‘ration tesof FBG sensor; (b) Wavelength calibration of
the VCSEL at different current values; (c) Measured FBG wavelength shift at different vibration
frequenciesGarciaSoutoJA et al., 2014).
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It can be seen that in spite of thesigial testing,VCSELsstill have significant
challenges for FBG sensing applications. The major challenge of using VCSELSs to cover a
wavelength range is its narrow sweeping wavelength bandwidth. A typical VCSEL bandwidth is
4 nm, which is sufficient for single FBG interrogation and small strain applications. However,
using a single VCSEL narrow bandwidth light source, we cannot take advantage of the
multiplexed FBG sensor network. Also, a low bandwidth light source is notatéefpr
measuring darge srain, which often relies on wavelength bandwidth of 10s or 100s of nm. In
addition, as for all tunable systems, the scanning bandwidth also decreases with scanning speed.
1.4. Scope of Research

The goal of this research is set to design, implement ada¢ea VCSEL based FBG
sensor interrogation system for higpeed testing of mechanical and aerospace structures. The
specific research objectives are to,

1 Derive a spectral profile multiplexing algorithm to permit a high wavelength density of
sensors antest its performance on a FBG sensor network;

1 Implement a FBG interrogation system based on VCSEL sources and enable broadband
sweeping by multiplexing a VCSEL array;

1 Test the efficiency of the multiplexing algorithm on an array FBG sensors used for shape
sensing of Kevlar woven fabrics under low speed loading;

1 Test the efficiency of the interrogation system during t8geed and higktrain loading
events by interrogating FBG sensors in simulated lightning strike experiments of
composite plates.

Two different ways of enlarging the multiplexing capacity of an FBG network will be

studied, both of which could be applied simultaneously. In chapter 2, the first method is
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investigated. Specifically, for a narrow bandwidth light source, we will develop a spcfiikd
multiplexing technique. The spectral profile multiplexing technique is based on the creating a
FBG sensor network where each different FBGs has a unique different spectral profile. Because
they have unique profiles, the wavelength of multiple FB&soverlap in the spectrum and still

be uniquely identified. A theoretical analysis is performed to calculate the output spectrum of a
serially constructed FBG sensor network in an efficient manner. An inverse optimization method
is then implemented to tlekmine the wavelength location of each individual FBG. It will be

shown that the interrogation accuracy is improved by considering the spectral distortion effects
caused by interaction of different FBGs. Experimental tests are also performed to verify the
interrogation efficiency of the developed algorithm.

Chapter 3 investigates the feasibility of the developed technique undesstatasand
low-speed loading conditions. Specifically, we will investigate the use of FBG sensors as a strain
measurement thnique for shape sensing of Kevlar woven fabrics. A theoretical analysis and
numerical simulation of the reconstruction of the back face deformation of the fabric from in
plane strain measurements based on the FBG data is performed. Several diffeeent shap
reconstruction methods are found to lead to different levels of accuracy. Experimental tests at
different, lowspeed, loading rates are then performed on Kevlar woven fabrics with both surface
mounted and integrated FBG sensors. The shape reconstmastidts from these strain data are
analyzed. Due to reduction in theptane strains due to slipping between the optical fibers and
the woven fabric, overlapping of the FBG spectral in the wavelength domain was not achieved,
therefore the spectral profifaultiplexing algorithm was not tested.

In chapter 4the development of a VCSEL baded-power,high-speed=BG

interragator ispresentedFor the purpose of higtepetition rate measurements, the dynamic
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wavelength behavior of a single VCSEL sourcexjgegimentally calibrated at both low and high
driving ratesCalibrationat the high sweep rates requiisaégnabled by Fabry-Perotfilter
techniqueFor large strain measuremsgrabroad bandwidtlight source is constructed by
multiplexingseveral VCE&Ls that emit different wavelengghinto an arrayed architecture by
using a digital multiplexer. The scanning of the VCS&tay is accomplished by a higpeed
electronic switch circuit. The developed interrogation instrumethieisdemonstrated in a low
velocity dynamic test of a composite plate instrumented with a single FBG. The interrogation
results are compared with those obtained by a swept laser sowal&late the accuracy.
Chapter Sshows the demonstration of tl€SEL-array interrogatofor higher loading
rates. Acomposite platés instrumented with a FB@nd subjected ta shock wave loading
condition and a combined shock wave and heat loading conditiecombined loadinthermal
and mechanical loadingpndition simulates that of a struot subjected to a lightning strike
although at lower magnitudes than in actual lightning strikelsoth of these tests, the full strain
history that would be experienced by the plate is first mapped out by the swept laser to ensure it
is within the limt of the VCSEL-array interrogatorThe results of the VCSEArray interrogator
measurement will be compared to the hagieed swept laser measurement to test its accuracy.
The results of this research will provide an innovative interrogation instrumgint an
multiplexing algorithm for FBG sensor interrogati@specially at highiate loading conditions.
This measurement techniquall potentially enable monitoring of large FBG sensor arrays using
low-cost, lowpower light sourcesyhich may be useful applitans for which available power
is critically limited. The full FBG spectrum tracking during high speed loading test of
composites will provide a path forward towardaspturing structural damagedicatorsand

significantly improve remaining lifetime prexions of structures
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CHAPTER 2: Interrogation of a spectral profile division multiplexed FBG sensor network
using a modified particle swarm optimization method

2.1. Introduction

Fiber Bragg grating (FBG) sensor networks have found broad applicationdtusal
monitoring of strain and temperature fields in civil infrastructure systems, aircraft, wind turbines,
and other industrie@Rodrigues et al., 2010; Ecke et al., 2001; Schroeder et al., 2006; Ferdinand
et al., 2002) The critical information that must be extracted from multiplexed FBG sensor
networks is the Bragg wavelength location and the sensor identification for each wavelength
location measured

Conventional multiplexing strategies for FBG sensor arnay® been borrowed from
telecom applications. Wavelength division multiplexing (WDM) is the most commonly applied,
where each FBG sensor output is confined within edefaned sensor wavelength wingo
(Allan et al., 2009) The number of sensors that canitterrogated in an array is therefore
limited by the bandwidth of the light source and the width of each sensor window required (or in
other words the expected loading on the sensor). Scanning the wavelength spectrum is typically
accomplished by usingt@oadband source with a scanning tunable filter or scanning laser output
(Schultz et al., 2009For either case, the maximum scanning bandwidth decreases with
increasing scan frequen¢@hen J et al., 2008)

Alternative multiplexing approaches have beppli@d to increase the number of sensors
in a given wavelength bandwidth window, including time division multiplexing (TDM) and
optical code division multiplexing. TDM separates each sensor in the time domain through
delaying the time of arrival differender each reflected sigh@WVang et al., 2012)placing a

limitation on the acquisition speed and spatial distabetween individual sensors (Yan et al.,
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2013) The techniques of optical code division multiplexing also enable a large number of
sensors belaced in a given bandwidth, however requires significant complexity in the
fabrication of the FBG sensors in order to create highly specialized output gdndlra et al.,
2010; Triana et al., 2016)

More recently, researchers have investigated maodj\WDM to allow the individual
reflected spectra of FBGs to overlap in the wavelength domain and using signal processing
algorithms based on the spectral profile of individual FBGs to identify the individual wavelength
locations The challenge is to accuedy identify the wavelength of each FBG in a reasonable
amount of signal processing time. Methods to identify the wavelength of each FBG generally fall
in the category of optimization methods based on evolutionary algorithms or machine learning
techniquesThe optimization methods include genetic algori(l®hi et al., 2018 particle
swarm optimizatior{Liang et al., 2005)differentialevolution(Jiang et al., 2013nd simulated
annealing algoritim (Shi et al., 2004)While each of these techniques is capable of accurately
identify the Bragg wavelengths, they also have the possibility of incorrectly converging to local
optima unless afge number of initial guesses are used, increasing the computational
requirements. Machine learning techniques combined with regression models have also been
applied(Chen et al., 2014; Jiang et al., 20IMese machinéearning based techniques are
capdle of interrogating very large sensor networks rapidly, however, they require a long time to
train based on sample data and often require regular updating of the training samples. Taking a
more direct approach, Stewart et &tgwart et al., 20)5lemongated a spectral profile
tracking technique called spectral profile division multiplexing (SDM) based on a cross
correlation algorithm. This technique demodulated the FBG sensors at an extremely fast speed

even when the spectrum of two FBGs are part@ahgrlapped. While the algorithm produced
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accurate results for many test cases, it also had instabilities, leading to false solutions for some
cases, which would not be knowspgori.

Finally, even though as many as ten FBG sensors are multiplexed ietite®studies in
the literature I(iang et al., 2005; Chen et al., 2Qlthese theoretical studies are not
experimentally verified. The number of sensors previously experimentally multiplexed, where
spectral overlapping was considered was t@oeng et al 2014, Stewart et al., 20L%urther,
it is not known how the computational efforts of these techniques scalthedtditional
Sensors.

This paper applies the concept of spectral profile division multiplexing to track the Bragg
wavelength shift in aerially multiplexed FBG network. Instead of modulating the sensor signal,
as in(Trianaet al, 2016) the unique reflection spectrum of each sensor is treated as a distinct
feature tdbe identified. In contrast to the previous literatupgcsral distortion caused by
multiple reflectiors and spectralladowng between FBG sensdifsat occus in serial topology
sensor networkare considereth the identification algorithmin addition distinct spectral
profiles generated only by changing the FBG length are considered, so as to make the algorithm
realistic to commercially available FBG fabrication proces&enodified dynamic multswarm
particle swarm optimizer (DM®SO0) is introduag to detect the Bragg wavelength shifteach
sensorThe presnted approacis experimentallydemonstratedn multiplexed networks
consising of up tofour sensorgGuo et al., 2017)Particularly, in thehree and four sensor
networls, different overlaping scenarioghat might occur to real applicatioase investigated.
Guidelines on choosing different FBG sensors to assure the unique dSppecteeh FBG sensor
and armanalysis of the scaling of the computational effort with the number of seasdse

presented.
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2.2. Theoretical Background

This section describes the simulations of the spectral output of a serially multiplexed
sensor network and the evolutionary algorithm used to process the measured spectral output of
the network into wavelength stsfof each individual FBG sensor.
2.2.1. Multiplexed FBG Sensors

An FBG sensor consists of a small length of optical fiber, of which the refractive index is
periodically modulated along the core of the fiber. The FBG sensor acts as a wavelength
dependentilter. When broadband light is incident into the optical fiber, a narrow bandwidth is
reflected, while the rest of the bandwidth is transmitted. The wavelength at the maximum

reflectivity is referred to as the Bragg wavelength,

_  CE X (21)

where¢ s the effective refractive index of the fundamental core mode of the optical fiber and

¥ is the FBG modulation pitch. The Bragg wavelength shifts to laehiggavelength under
tension or increasing temperature and to a lower wavelength under compression or decreasing
temperatur¢Peters, 2009)

The spectral profile in reflection of a single FB%,_ , is given by(Erdogan, 1997)

Y (22)

whereR s the reflectivity, _is the wavelength of the light waviejs the grating lengtHl is the

AC coupling coefficient angl is the DC coupling coefficient. These coefficients are defined as
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I -3¢ (2.3)

., — & 1 - (2.4)

wheret is the fringe visibility angl €  is the amplitude of the FBG index modtibn.

In constructing a sensor network, there are two fundamental multiplexing schemes,
parallel and serial multiplexing. Serial multiplexing is more commonly used due to the lower
power losses, however we discuss both schemes here for comparison.oltngyttgy parallel
and serial multiplexing are shown in Fij1. As can be seen, in a parallel multiplexing system,
the light source is coupled into different channels, and each sensor is attributed to an individual

channel. The measured reflection spattican be expressed as

Y B Y _ (2.5)

wheret is the number of FBGS, is the fraction of power that goes into tHbranch from the
coupler andY _ is the reflectivity of thé®) sensor as given by EQ.2). It can be seen that in
this case the total reflectivity is a simple superposition of that from each sensor, meaning that
when the output of sensors overlap in the spectrum there is no distortion to the individual

reflectivities.

optical
source

FBG1 FBG2 FBGn

optical
source

(@) (b)

Figure 2.1 Schematic diagram of a (a) parallel and (b) serial topology multiplexed system.
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In a serially connected sensor network, a number of sensorsnaaamated along a
single fiber. Without the need to split the input power into a number of measurement channels,
the power losses will be significantly reduced. However, unlike the parallel configuration, the
individual spectra in the serial topology daadistorted due to the interaction between multiple
sensorgStewart et al., 2015; Hwang et al., 201Paking a two sensor system as an example,

ignoring splice losses, the total reflectivity can be expressed as

Y Y Y_ Y _B Y _Y (2.6)

where'Y _ denotes the original reflectivity of ti FBG, and’Y p 'Y _ denotes the
corresponding transmissivity of tf8 FBG. The distortion aabe attributed to two effects,
multiple-reflection and spectralhadowingKersey et al., 1997As indicated in Eq.2.6),
the”Y _ term beforeY represents a shadow effect of upstream FBG1 on downstream FBG2.
The summation seriestefftn Y _ 'Y _ represents the multiple reflections between FBG1
and FBG2. Unlike Eq.X5), the coefficients multiplyinty _ depend on_ and are therefore
functions of the Bragg wavelength distance between FBG1 and FBG2. ightyarhultiplexed
network, these effects would significantly degrade the detection accuracy if not considered.
Expanding Eq.4.6) to a network with many sensors generates a large number of terms to
calculate. However, we can significantly reduce the settmat need to be considered through
three strategies: First, low reflectivity FBGs were chosen to construct the network. Low
reflectivity FBGs have attracted great interest in highly multiplexed TDM systems to reduce
spectral shadowing effectsuo et al, 2013) However, a tradeoff does exist as reducing the
maximum reflectivity also reduces the signal to noise ratio. As a result, in the current study,

FBGs with a maximum reflectivity ranging from 6% to 45% arbzatil. Second, multiple
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reflections are only taken into account between immediately adjacers FB@lly, the
summation series term that represent the multiple reflection effect similar as haxaré
truncated after few terms.

To demonstrate the ldity of the first and third assumption, the spectral profile of a two
sensor system (ER.6)) is given in Fig. 2 (a). It should be noted that both of the FBGs in this
calculation have a maximum reflectivity of 45%, which is the highest reflectiség in this
work. While one FBG is held stationary and the other is moved from a lower to a higher
wavelength in one hundred steps, the maximum error between the exact reflectivity and

truncated series, defined as

0O | A® 2.7)

is shown in Fig. 2 (b). It can be observed that that the maximum error in the spprfé
occurs when the individual spectra overlap in the wavelength domain and rapidly decreases with

the number of term&, Whenk is equal to one, the maximum error is only 1%.
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Figure 2.2(a) The spectral profile evolution of a two sensor network(ahthe largest error,
Ex, in each stefEo represents the case when no interaction is considered between FBGs.
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Using these strategies, a generalized expression to describe the total reflectivity in a

serially connected network can be writge)

Y_ Y B B "Y_ Y_op 'Y _Y (2.8)

wheret is the total number of FBGs concatenated in a single fiber,”Y _ represents the
spectral shadowing aid _ 'Y _ represents the interaction between adjacent sensors. This
expression will be used in the simulations and experiments in the following sections.
2.2.2. FBG Sensor Wavelength Location Problem

This section describes the approach applied tatiifehe Bragg wavelength location of
each FBG in the network. The original reflectivity of each FBG, prior to inclusion in the
network, is given by _ ('Q plti8 ). We assume that this spectral profile has been
measured independently for edeBG. The original Bragg wavelength for each FBG is denoted
as_ . The measured output spectrum of the full network is denot&d as . In order to
generate potential solutions for the strain load on each FBG, we atrtificially shift the Ispectra
profile of each FBG fron¥ _ to'Y _ Y_ and generate a fictional spectrum using B@)(

denoted a% _ . At this point, we construct an objective function as

QY__ B Y B Y Y (29)

Equation R.9) represents the summation of the difference between the measured spectrum and
fictionally constructed spectrum, over the wavelength range of the light source when sampled at
r wavelength points, ('® 1ng This function achieves its true minimum only when

Y_ is coincident with the Bragg wavelength locatgimultaneously for all FBGs in the
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network. In this way, the interrogation problem is converted to a multidimensional optimization
problem wlose dimensionality is defined llye number ofensorg in the netwok.

In order to select an optimization method for the objective function of28), (multiple
techniques from the literature were compared and on different sensor networks2RBghmvs
theconsideredituations where two, three and f@ensors are multiplexed and gpectrums
are overlappedThe FBG parameters used in simulation are given in abl&dhe methods
compared include the Genetic algorithm (G8hi et al., 203), simulated annealing (SAphi
et al., 2004) particle swarm optimizer (PSQgberhart et al., 1995dynamic multiswarm
particle swarm optimizer (DM®SO)(Liang et al., 2005andcrosscorrelation (CC) (Stewart et
al., 2015. For the optimization methadtwenty simulations were performeeborthe cross
correlation method, only one simulatisasperformed because it is not a stochastic method.

The results of these simulations are shown in E#.1t can be seen that although the CC
method is several orders faster than the other methods, it generates relatively large errors that
cannot be avoided ioverlapped conditions. In contrast, the optimization methods produce lower
errors, but at the cost of additional computational time. Based on the relative computational time
required and minimal identification error, DMESO method was selected as the bethod to
apply to the future experimental results. It should be noted that the individual parameters chosen
for all of the optimization methods were selected to balance the accuracy and speed and were
based on recommendations from the previous litezafufull optimization of these parameters
to improve the computational time and error performance of these methods is beyond the scope
of the paper and therefore was not performed. Based on these initial simulations, HRSOMS
method was selected foretlhemaining simulations, therefore details on its application and

individual parameters will be given in the next section.
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Figure 2.3 Simulatedoutput spectrum of a (a), two sensor network; (b), three sensor network
and (c), four sensor network. Dotteddsshow the real location of individual FBGs.
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Table 2.1 FBG parameters used simulations and experiments

Parameter, # of Simulation Experiment
FBG | FBG1 | FBG2 | FBG3 | FBG4 | FBG1 | FBG2 | FBG3 | FBG4
[ 8 (hmM) 2 11549.131549.04 1547.7(0 154880
3 [1548.761548.941549.04 1547.701548.50 1549.30
4 |1548.711548.8(1548.861549.041547.7( 1548.50 1549.30|1549.8(C
I'max (%0) 2 10.0 19.0 8.2 13.1
3 8.2 16.2 28.6 6.1 11.2 21.5
4 6.2 12.2 20.1 40.3 6.1 11.2 19.5 39.5
6 5 T
A 4 %
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Figure 2.4 (a) Calculatiorspeed and (b) average error of different FBG identification methods.

2.2.3. Modified DMS-PSO Algorithm
In PSO, a problem solution set is initi@dwith a population of random solutions
(EberharRR et al., 1995)In our interrogation problem, each solution is the set of wavelength

shifts for each sensay,_  Y_ Y_ B FY_ . The pgulation as a whole is called a swarm

and each solution withithe population is called particle. The particles are attributed with
0 B

velocities 0 , Which is the wavelength shift per incremértte solutions are

rated by the objective function given in EG.9). The velocity of ach particles updatedy
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keepng trackof the best solution achieved so far that particleand the overall best solution
achieved byheother particleslf the multiplexed sensor netwoconsists ot FBGs and the
initial population is assumed to emopassi particles, the optimizatioprocedure can be

mathematically expressed as,

y_ Y_ v (2.10)

and

O 120 wzi zZ Ao Y_ +0zRz Qo Y (2.12)

wherel represents the wavelength shift of 8 eFBG (= 1, B),nthé’Q particle per
incrementj= 1, ), baged on whicthetotal wavelength shifY_ is updatedis by Eq.
(2.10).71 is a weigh factor, ando andc are called acceleration constanisall simulations,
these parameters were set tp be @, @ ¢ andw ¢, as suggested by Eberhart and

Kennedy(Eberhart et al., 1995) andry are two random nubrers bounded in the range
[0,1]. 1y Grepresents the best positierperienced by th€ FBG of theQ particleand

"Qaxcharacterizes the best positiofithe’Q FBG expeienced by the whole pailation.

In order to enhance the global searching ability of PSO, we apply the dynamic multi
swarm particle swarm optimizer (DMSSO) (iang et al., 200b In DMS-PSO, the whole
population is divided into several small swarms. Each small swarm evoltresssame way as
PSO did to search for the optima. After certain generations, these small swarms are regrouped

and thus the information is exchanged among thesasms. DMSPSO enlarges the diversity
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of the population, therefore it has a lower tenden@ptoerge to a local optimum. This method
was previously applied to interrogate a parallel multiplexing FBG net@toakg et al., 2005)
Sometimes dring thesearchingprocessthe solution is trapped in a local optimum
because of theomplexity of the search space for several FBG senEbisissue isurther
increasedn a system witla large number afensorsin decreasing the prohity of local
minimum solutionspne could expanthe population size or increasing the itema number,
however this would drasticalipcreag the computation timéor this problem, the local minima
are not random, but instead represent interchargjitite individual FBG locations to the actual
network solution, similar to that indicated @jang et al.2013)in a two sensor network. This
symmetry between the global and local optimal solutions is depicted i8.Figr two sensors
Therefore, aftethe local optima are obtaineal permutation of thEBG locationsis then
performed to find the global optimurihe flowchart of this modiEd DMSPSO is depicted in
Fig. 2.6. The stop criterion iset to wherhe fitness valuedoes noimprove for 200terations,
based on the previous literatuliewas found that this criterion works for the simulations and

experiments.
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Initialize the population
with particles

Divide population
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using Eq. (10) and Eq. (11)
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permutations of elements in gbest
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Figure 2.6 Flowchart of modified IMS-PSO.
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2.3. Experimental Verification

In this section, the developed interrogation method is applied to the experimental data
from the interrogation of real sensor networks consisting of different number of FBG sensors.
2.3.1 Experimental methods

To independently load each FBG in the network, a tensile loading device for up to four
sensors was constructed, as shown inZify.In each channgh uniform strain is achiedeby
gluing the optical fiber, including the FBG portion, between aominum plag¢s, of which one
is fixed and the other one clamp&drain was applied to each FBG by turning the fine threaded
screws (7/180 UNF) driving the clamp.

A schematic diagram of the optical connections is shown irREgThe light source was
a narrow bandidth tunable laser. For each loading condition, it was necessary to measure both
the complete network output signal and the individual FBG sensor outputs. The second is
required to know the actual wavelength location of each FBG. Therefore, each chasnel w
connected and disconnected between measurements, potentially creating changes in the input
power to the FBG. In an actual application, the individual FBG sensors would not be
disconnected. Therefore, all measurements were performed in transmissit,igput power
variations could be removed through normalization of the spddteatransmission spectruof
the entire network wameasuredby scanning the tunable laser across the wavelengths of interest
and measuring the output intensitith a photodetector anascilloscopefrom which the
normalizedreflection spectrumwvas calculatedApproximately 77@vavelengthpointswere
collected for each spectral scan of the full sensor netwyietlling a wavelength step size of

about 5pm.
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Experiments were pormed on sensor networks with two, three and four senbbes
parameters of the FBGs used in each experiment are listed inZlhblde FBGsused in the
experiments were produceda draw tower process with an ORMOCER® coabgghe
manufacturer FBS andwereselected with different maximum reflectivities in order to create
different spectral profiles. The FBGs were originally written onto different optical fibers and

spliced together to create the serial multiplexed array.

Figure 2.8 Schematic diagram of the experiment setup.

2.3.2 Experimental and simulation results
The experimentally measured evolution of the output spectrum of the two, three and four
sensor networks are defed for selected loading steps in Fig®.(a),2.10(a) and2.11 (a),

respectively. In the two sensor network, one FBG, denoted as FBG2, was kept stationary while
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the other FBG, denoted as FBG1, was strained incrementally such that the spectrum nsoved pas

that of FBG2. As can be seen, the reflected spectra of the two FBGs overlapped in steps 3

through 9, with the maximum overlap at step 6 (not sho8imilarly, in the three and four

sensomnetworks,one FBG was k& stationary and the other two or thieBGswere under

varying levels otension.These differentbbading stepsvere chosen to represent typical spectral

overlapping conditions that would be encounteneckal applications.
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Figure 2.9(a) Spectrum evolution and (b) identificati results of a two FBG network. Error
bars show the stochastic effect of the optimization method. In most of the steps, which are hardly

seen due to resolution.
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Figure 2.11 (a) Spectrum evolution and (b) identification results of a four FBG network. Error
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Based on these measured spectra, the wavelength location of each individual FBG was
predicted, following the procedure of section 2. Theahmeasured spectrum of each FBG was
used as the undistorted spectrum. In the simulatremumber ofsubswarmsandparticles used

were5 and3, 15and5, and 30and5 for the two, three and fowensor network respectively.
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Due to the stochastic tput of the particle swarm algorithm, each measurement case was
simulated for 20 times in olaptop(Inter (R), CPU 2.6 GH}

The corresponding prediction results for each case are shown iR Bi@8, 2.10(b) and
2.11(b),with the mean absolute errfmr the 20 simulations shown as error bars. It can be seen
that the error is different in each case, even for different loading steps, due to the changing
complexity of the overlapped spectra and the stochastic property of the optimization method. For
manycases, the error bars are too small to be seen in the figure. The maximum error for the 2, 3,
and 4 sensor network was 15 pm, 51 pm and 110 pm, respectively. Thus the maximum error
tends to increase with the number of sensors. This result is not asbguaise the
dimensionality of the problem increases, therefore the algorithm would need more iterations to
converge. Also, the potential overlapping of multiple sensor spectra increases the complexity of
the combined spectrum which must be reconstructed.

Theidentifiedspectral profils arealsoplotted on top othe measured spectrakigs.
29(a),2.10(a) and2.11(a) It can be seen that the overall agreement is good except some minor
discrepanciethat were potentially worsened by the need to disecintine sensors in between
measurements, as discussed eafTiee prediction results are also a validation of the
approximate expression for the spectral profile given ir2By.For comparison, simulations
without the distortion effect were also perf@uon measurement of tB& loadingstepof the
four sensor network, where the spectra of three sensors out of four are overlapped. The
simulations produced a maximum error of 121 pm, compared to 10 pm when distortion was
considered through EQ.8. This highlights the importance of including distortion effects in the

network reconstruction.
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It should be commented that the choice of specific spectral profiles used is also expected
to influence the wavelength location error. As can be seen fron2.Eigb), the largest error of
the four sensor network occurred at the third step, where overlapping of FBG1 and FBG2 created
a spectral shape similar to that of FBG3. In this case, it was more difficult for the algorithm to
distinct FBG1 and FBG2 from FBG3. Axansequencét is critical thata specific spectral
profile be defined forach FBG in the networkn our studythe distinction betweespectral
profilesis identified with theimaximumreflectivity, although they might have a different full
width-at-half-maximum. For eample, in a two FBG system, &&differencean their reflectivity
is prescribedo guarantee a quick detectidtowever, for a system with more than two FBGs,
solelycomparing thalifference in reflectivity is not sufficientor the cas of thethree FBG
system, if the owdapping of FBG1 and FBG2 generatesimilar spectral shape as FBG3, tiien
is not possibleo distinguishFBG3 from FBG1 and FBG2. Considering this, a general guidance
istochoosé&Y Y Y. The design steme in a four FBG systemrclae analyzed in a
similar way. Following this guidance, it can be found that the maximum sensor numbers that can
be multiplexed is restricted by the maximum reflectivity of each sensor in the network.
2.4. Conclusiors

To improwe the multiplexing capability of FBG sensor networks, we studied overlapping
of reflected spectra from several FBGs in the same wavelength window. In a serially multiplexed
sensor network, this spectral overlapping also results in spectral distortiod bsusgmectral
shadowing and multiple reflections. These distortion effects potentially affect the Bragg
wavelength identification accuracy when the spectra are overlapped. It is shown that by using
low reflectivity FBGs, a truncated series expression cahsimulate the output spectrum of the

network while taking into account these distortion effects. The expression agrees with
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experimentally measured output spectrum very well and improves the tracking accuracy of the
sensor network.

The multiswarm paiitle swarm method has significant advantages in speed and
accuracy over other optimization or correlation methods, and was modified successfully to the
FBG network interrogation problem. Overall the method was able to identify the individual FBG
sensor loations with reasonable accuracy. In constructing the FBG network, the spectrum shape
should be sufficiently distinct for the optimization method to work. This requirement places an
upper bound on the number of sensors that can be multiplexed in thdlémtiviey regime. In
this work, we choose to limit the original spectral shape to those that could be generated through
varying simple parameters in a draw tower implemented FBG writing process. In future work,
we will consider including high reflectivitfBGs in the network and other strategies to generate
distinct spectral profilesand perform a general analysis of the prediction error as a function of

the FBG properties.
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CHAPTER 3: Estimating deflection ofwovenfabrics using FBG strain sensors
3.1. Intr oduction

The measurement of the enftplane shape or deflection of woven fabrics is an important
parameter for several engineering applications. For example, in impact testing; difiplame
deflection of fabrics are directly related to their gyesbsorption capacitfKarahan et al., 2008;
Kedzierskiet al., 2015)Secondly, this oubf-plane shape can be used to capture the local
material orientations for future predictive computational models of the material bef\&aiog
et al., 2010)Finally, the prediction of fabric draping is also a critical parameter for predicting
the fiber layout in resin infusion molding of fabric reinforced compoghtEshammecet al.,
2000) The lack of accurate models that can predict the formation of wrinklinggllayup in
complex shaped molds remains a critical challenge to the performance of fabric reinforced
composites and highlights the need fositu measurement techniqu&ong et al,, 2000;

Arnold et al., 2016)

A conventional way of measuring the aiftplane deflection is to use an image based
technique such as digital image correlatiParsoret al., 2010) These techniques work well to
collect the time history of deformation, however require direct line of sight to the specimen,
which isnot alwaysavailable (Piercet al., 2015)Alternatively, for impact testing, the residual
deformation in a backing material can be measured after the loading has been(Kpmiean
et al., 2008; Kedziersldt al., 2015)However, the use of a backing materiataduces its own
challenges due to its viscoelastic response and cannot provide the time history of the
deformation.

An alternative method for fabric shape estimation is through dteed shape sensing,

in which internal measurements ofptane strain®r curvatures are converted into a prediction



of the outof-plane deformation through a structural model. Due to the need for a structural
model, this type of reconstruction is specific to the deformation behavior of the structure of
interest. Researchehave applied shape reconstruction to strain sensor networks to bridges and
airplane winggKim et al., 2004) The use of a strain sensor network allows real time
deformation of the structure to be monito(&@ng et al., 2007; Rapp et al., 2009; Wang.,

2014) For these examples, the shape reconstruction algorithms are based on simple beam or
plate theories of which the deformation is dominated by bendimgstraincurvature

relationship ighengenerally employed to deduce the displacement fietwlitih integration.
However, the extension of such methods to fabric structures presents severathalignges

(Zhu et al., 2007; Manimalet al., 2014)Hrst, fabric structures possess little resistance to
bending, thus common assumptions appliedgusurvature relationships from plates and beams
are not valid. Secondly, fabrics deform primarily throughdaftplane deflection, leading to

large, nonlinear deformations. Thirdly, completely fixed boundary conditions, without slipping,
are often not premnt for fabric structures, creating the lack of a known fixed displacement
reference point from which to start the shape reconstruction. Finally, fabrics have multiple
inherent length scales, creating challenges when bonding conventional strain gadjgedvith
gage lengths to the fabric.

Wire-based or optical fiber sensors are particularly suited for the use as strain sensors for
fabric materials, as they can be woven into the fabric without significantly disturbing the
deformation of the fabric itself.l@cron et al(Chocronet al., 2009)ntegratedNickeli
Chromiumwire-basedsensos into a woven fabrito measure the fabric-plane strain during

ballistic impact tests. These tests showed the ability of the wires to deform with the fabric,
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however the tsain measurements were integrated along the entire wire length, therefore shape
reconstruction could not be performed.

The primary goal of this paper is to develop a methodology that upésnia strain
measurements to determine -@fiplane deflectiondr woven fabrics using an optical fiber based
sensor network. In this work, a multiplexed fiber Bragg grating (FBG) network is used to collect
strain at discrete locations in the fabric. To simplify the prolderincularly shaped two
dimensional woven fait material under a spherical indenter lamdtudied. A finite element
(FE) model of the fabric behavior, derived from benchmark testing, was used to help develop
reconstruction algorithms, some of which account for slipping of the fabric at the clamped
boundaries. Finally experiments are performed to evaluate one of the algorithms on actual strain
data from FBG sensors bonded to and woven into the fabric.

3.2 Benchmark fabric experiments and modeling

We consider the problem of the reconstruction tieo6-plane displacement of a circular
woven fabric from irplane strain measurements. The fabric is loaded in the transverse direction
by a semispherical indentor. This problem is sufficiently general to investigate the issues of
shape reconstruction 8D surfaces, while keeping the complexity of the deformation behavior
to a minimum. Initial experimental testing was performed to measure the deformation of a
representative fabric material, in order to generate an accurate simulation model to later test
different shapeeconstruction algorithmg-igure 3.1 (a) shows a drawing of the specific
geometry considered and a photograph of the actual test specimen. The dry woven, Kevlar KM2
fabric specimen was mounted between two steel clamping rings with arliamester of 76

mm. The specimen was then loaded wipherical intender head of diameter of 19 mm under
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displacement control, as shown in RBdL (b). In this coordinate systemgenotes the radial

direction u denotes radial displacement areflection inthez direction is denoted as.
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Figure 3.1 (a) Schematic diagram of a circularly clamped fabric specimen and (b) photograph of
an actual specimen before loading.

Figure3.2 shows the experimental measurement arrangement used iteteseoad
was applied to the fabric, by deflecting an indenter mounted to the crosstsathstron

hydraulicuniaxialtesting machineA Digital Image Correlation (DIC) systerWic-3D™,
46



Correlated Solutionsyas used to measure the full 3D deformatd the fabric The Vic3D™
system consistof two Point Grey Grasshopper camemachwith a resolution of 19201200
pixels, maximum frame rate of 163 fpexd100 mm lensThe resulting pixel size is about 0.08
mm/pixel The specimen was speckletith matte black paintThe cameras took images of the
lower surface of thepecimen reflected from a mirror thadsplacedbelowthe specimen at a

45° angle To improve the imaging quality and prevent glare, four linear polarizers were used.
Two of them werglaced between the light source and the specimen while the other two were
placed between the lens and the specirAesubset size of 61x61 pixel and step size of 12 pixels

were chosen for the calculation.

TR

DIC cameras]

Figure 3.2 Loadingframe for indentation of otular fabric specimen and DIC measurement
equipment. Equipment for FBG sensor interrogation is also shown.

To provide a benchmark case tat differentshapeeconstruction approachesfinite
element (FE)nodel was generated siniteere is no directralytical solution available for full
fabric deformation of the problem. The woven fabric was modeledressnbrane with a fabric
behavior in ABAQUS i.e. the deformation of the fabric in thermal and shear directioase
assumed to be decoupled in thimpipal weave axes. A twdimensional membrane (M3D4)
elementwas used for the fabricsahown in Fig.3.3. The material parametewgere input as the

nomind stressstrain relations inhe warp, weft and shear directiorfer a Kevlarfabricat a
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loadingrate of 2.5 mm/min from Zhu et g§Zhu et al., 2013)For this materialthe properties in

the warp and weft directions are the saifee dimensioaof the FE modehrethe same as that

of Fig. 3.1. The thickness athe model was 0.2 mm. One quartd the fabric was modeledue

to symmetryThe outer edge of the fabric was modeled as a fixed boundary and the two radial
edges were modeled using symmetry conditions.cbinéact between the indenteadand the
fabric was modeled based on Coulomb frictiathva friction coefficient of @ (Raoet al.,

2009)

Fixed boundary or
lipping boundary

Symmetric
boundaries

Figure 3.3 FE model ofthe woven fabric under indentation. Slipping boundary conditions were
realized by spring elements.

The FE model result was validated against the 3D DIC data on the fatmimd&bn
from the experiments. One outcome of the later experiments was the realization that, for each
test case, slipping of the fabric occurred at the outer, clamped boundary of the fabric at the
clamping ring shown in Fig3.1. We were not able to congpély eliminate edgslipping of the
fabric through the clamps without premature failure of the fabric at the edge, even by making the
clamping surfaces rougfherefore, it was also necessary to model this slipping boundary
condition for comparison withhe experimental data. For this boundary condition, multiple

spring elements were added to the exterior boundary nodes at the fabric edge to connect them to
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the fixed boundary. The clamping effect for each loading case are fit to the experimental data by
tuning the spring stiffness. Figurds! (a)}(b) show contour plots of the simulated deflection

field and radial strain field when the fabric is under 12 mm indentation and for which the spring
stiffness was 100 kN/m. Results are plotted for the full argaan of one quarter section for

easier visualization. It can be seen that due to the anisotropic properties of the fabric and the
decoupling of normal and shear strain in the fabric, the deflection and radial strain distributions
are not axisymmetric. Thefore, the shape reconstruction is limitedhénizontal principal yarn
direction only ¢ = 0°).

To validate the FE results, the aftplane and radial displacements in the principal yarn
direction, calculated by the FE model when the indentation depth is 12 nphotkedin Fig. 3.4
(c)-(d). Both fixedboundary and the modified slipphiigpundary results are presented. For the
slipping-boundary condition, the results from two spring stiffness results are presented, 1000
kN/m and 100 kN/m. The results from the Dit@asurements are also plotted in Big.(c)-(d).

The experimental data shogsod agreement with the FE results for theaftplane

displacement in all three cases sittoe deflection at the boundary due to slipping is much less
than the indentation depthhe presence of edge slipping in the experiment can be seen more
clearly in the horizontal displacement DIC measurements in34gd). Applying the

appropriate spring stiffness, in this case 100 kN/m, corrects the FE solution for the amount of
edgeslipping. At this stage, it is important to accurately represent the amosiijpng,

because while it does not directly affect the FEaiytlane displacement, it will significantly
affect the later reconstruction of the -aitplane displacement from the-plane strain sensor

measurements. Nothat a FE model has been genedahat can accurately represent the
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behavior of the woven specimen, the FE model will be used to test the theoretical performance of

different shape reconstruction methods, prior to experimental verification.
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Figure 3.4 (a) FE simulated resw$ of outof-plane deflection and (b) radial strain of the fabric
under 12 mm indentation (boundary spring stiffness is 100 kN/m). (c) Comparison between FE
simuation and DIC measurement of enftplane deflection and (d) displacementgmn 0° axis
under 12 mm indentation. In order to plot across the entire diameter of the material, we define
the coordinate, wherex > 0 corresponds tg= 0° andx < 0 tog= 180°.

3.3. Shape Reconstruction Methods
In this section, we derive differentatinods for the reconstruction of enftplane
deflections from irplane strain measurements. The different methods are applied to the

benchmark FE model data to test their performance for the predictionof-plaine deflections.
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3.3.1. Isotropic membrane solutions

The simplest approximation to the problem of Bdg. is to consider the fabric as an
isotropic membrane, clamped on the outer edges and loaded by-spbemcal indentor,
following the analytical solution afin et al.(Jinet al., 2017)The form of the solution depends
on the Poisson ratio of the membrane. The simplest form of the deflection profile occurs for

the specificcase of

b6 — (3.)

wherea is the radius of the membrari®,is the load appliedci s t he membr ane Your
modulus h is the membranthicknessandR is the radius of the indenter he@ih et al., 2017)
For this case hieddlection profile of the membrane is then decomposéal two regions: the

contact region (¥ c¢) and the noncontact regionXc), for which the deflections are respectively

given as follows:

"0 —_— p TR ¢ b— i - T8 ¢ — Wil
Y (3.2)
.u:, 60 0 - — — TMWiI ®
cis the contactadius, given as
& p8tY— 33)
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and0 is the deflection @t @ When the irplane strain isneasuredt a specific location, the
applied load cathenbe calculated by solving a nonlinear equattuat relateshein-plane strain
with the loadPo as detailed in Jin et a(Jinet al., 2017)

To test this approach, strain data from FE simulation were input to the nonlinear equation
to calculate the applied load and tH&ywas put to Eq.3.2) to solve for the defledn curvew.
The Youngds modul us of the membrane was assum
modulus of the FE model fabric in the principal directions. The membrane thickness used was
the same athe FE model

Figure3.5 plots reconstructed deflgan curves, as compared to the FE results where the
indentation depth is chosen to be 12 riime strain data used in the reconstructi@sselected
at threadifferentlocationsA, B andC asshownin Fig. 3.5. The point within the contact region
wasnotchosen since the strain data out of contact region is needed to solve for the load applied.
It can be seen that when strain data at pdjrdose to the membrane centerpointC far from
the membrane centey selected, the reconstructed deflection vestemats or overestimatgethe
fabric deflection respectivelyWWhenthe strain at poinB is selected, the reconstructioell
approximatd the fabric deflectionHowever the location opoint Cwill not be known gpriori,

therefore the usefulness ofgtapproach is limited.
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x (mm)
Figure 3.5 Deflectionscalculated by Eq.3(2) when strain value is extracted from different

positions in FE model, as compared to FE results. Solid black dots show the pagitoa the
strain valeswereobtained.

The reasonvhy the reconstruction results shown in Fdp has a location sensitivity is
that the analytical solutions are given for an isotropic membcarvehich theconstitutive lawis
determined by just two paramet&andv, which is not accurate for the fat The applied load
is calculated first by the strain data extracted from the FE fabric et this constitutive
law, whose error depends on position

Since the exact solution of E@.2) cannot be used in this case, a second approach would
be touse an approximation for the eoft-plane deflection and to relate the radial strain to this
out-of-plane displacement. However, a second challenge arises because, except for specialized

cases, the component is not zero and the radial and hoop stliggplacement relations are,

S — (3.4)

- - (3.5)
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Therefore, the radial strain is a function of both thplane and oubf-plane
displacementdn an isotropic membrane; can be significant, however in a fabric it is
negligible, ® we do not discuss that component here.

In order to understand the role of the radial displacement on-filane radial strain
component, we performed FE simulations of the resuitiagdu fields at the same loading, for
different values oh. As theFE model had already been implemented, the model was simply
modified to have isotropic membrane properties and fixed boundary conditions. The calculated
out-of-plane deflections are plotted in FR)6 (). It can be seen that there is no significant
difference in thev displacement predicted by all each of these cases.

The solution from the original FE model with the fabric membrane elements, is also
plotted in Fig.3.6. The outof-plane deflection shape predict is highly accurate. Therefore, one
might expect a shape reconstruction algorithm based on measupéhig strains to produce
excellent results. However, theiane strain measured contains components due tondarid
u, shown in Eq3.4. The calculated horizontal displacementat differentPoisson ratios is
shown in Fig. 3.¢ b ) . It can be observed that Poissonés
displacement. In other words, E3j4 provides a nofunique solution for both the andu fields
based on a single measuremeniNeglecting the contribution of thedisplacement creates an
error in the reconstruction of thefield, which increases with the effexf the Poisson ratio

mismatch.
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Figure 3.6 (a) Deflections and (b) horizontal displacement, calculated hyoigic membran&E
model with different Poissondés rati o,

One potential approach to solving this problem would be to use independent
measurements of the hoop straif,and Eq3.5to solve for the radial displacement field
independently. However, the complexity of ti{e) curve would require a high density of
sensors to fully resolve the shape of the field with sufficient accuracy to improve the
reconstruction ofv. In addition, none of the curves calculated using the ismic membrane
solution represents that of the previous FE model with the fabric membrane elements. Therefore,
a simple solution to correct for the contribution of the radial displacement is not apparent.

A final approach to more accurately represent tdealaisplacement is to derive a direct
analytical relationship betweenandu. To find a relationship between the -aitplane
deflection,w, and horizontal displacement, we extend the compatibility relation for a
membrane under large displacemenejmusly derived byentselet al.(Ventselet al.2001)

First we substitute E@.4andEq. 3.5into the linear elastic constitutive law for a membrane

6 —f7 H A O —7 H h (3.6)
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to express the radial and hoop forces in termsasfdw. We next substitute the result into the

equilibrium equation for the membrane,

m 0 0 i— (3.7)

and expand to find the result

— — B (3.8)

While Eq. B.8) provides an analytical relationship betwesm nwd it is a higher order
differential equation that involves two variables and would need torenmually integrated to
solve.The sdution of this equation poses the same issues as for the experimental measurement
of u, in that to accurately integrate E.8) would require a high density of strain measurement
points, more than physically realistic. Further, errors in 88) (vould be further increased due
to the presence of edge slipping of the fabric.

3.3.2 Empirical deflection reconstruction method

Due to these challenges with theoretical solutions to the fabric deflesttain
relationship, we move to an empirical reconsiarcinethod. The empirical method will also be
shown to permit easier inclusioh edge slipping effestin the experimental datéhe
reconstructioomethod used here is similar to that of Glaser €Glaseret al., 2012)The
method relies on the relatiship between radial strain and displacement only and an accurate
determination of the fabric specific material properties are not needed. Consider the strain

displacement relationship in the principal yarn directon 3.4.The radial strain at several
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discrete pointare measured andcabic spline is used to approximate theflection and
horizontal displacement curves, respectively, as shown ir8Figrhe curve came discretized
into severabegments to increase the accuracy of the reconstru¢tercubic polynomials that
representhei™ segment(ri <r <ri+1) of deflection and horizontal displacement cuave given

as,

01 © o1 01 01 (3.9

61 & 81 81 81 (3.10

whered and6 arethe coefficientof the polynomiad. A group ofequaionscanbebuilt to
define the following conditionsappropriatdboundary conditions at the fabric center and gdge
Eqg.3.11(a) and theontinuity conditios of wandu, 0 ando ,0 and6 atthe nodes shared

by eachsegment, E¢3.11(b),

0 ® 1p
O M T
. (3.11a)
oOw 1c¢
Om T
0 1 0 i
0 | 0 i
0 i 0 i
. , (3.119
o0 1 o} i
0 I o] i
o i o} i

With these conditions, the difference between the meastnad - , and the predictd
strain- 0O , determined by Egs. (4is minimized Theamount ofedge slippingan be taken

into account by tuning the constants Q1 and P& minimum number of strain data required is
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2n+3, wheren is the number of segments of the splifikis set of equations is then solved to

obtain the parametets andd to parameterizevandu.

sensor segmenti node
¥

4
’
!
s
r
7
1
_= - -4 - - —

Figure 3.7 Schematic diagram showing spline approximation method

Figure3.8(a) and (bshows an example of reconstruction resultsif@andu,
respectively for a 12 mm indentation, using thesk&ulated radial strain dat2n strain data
points were extracted roughly from the Gauss point of each segment as suggested by Glaser et al.
(Glaseret al., 2012while 3 other strain data points were extracted from the 3 nodes closest to
the edge. The reconstruction was tested for@gegments. For each reconstruction, the total
error is evaluated by averaging the error summed over eighty evenly distributed points along the
radius. This error characterization method will also be used in all of the following sections. The
error was anaximum of 60.1%, for 2 segments and a minimum of 23.7% for five segments
reconstruction. Increasing of number of segments in the spline does not necessarily leads to an

increase in reconstruction accuracy. The reason is the strain displacement retetidinegr in
Eq. (3.4), so that Eq. (3.1thatis nonlinear with respect @ and0 , leading to nofunique

solutions.
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Figure 3.8 Reconstructiomesults of (ay and (b)u based on E(3.11) using different numbers
of segments.

To establish a linear relationship between measured radial strain and spline coefficients
we first attempdthe reconstruction simply setting= 0. For fixed boundary conditions, the
reconstruction results are shown in B (a). Four indentation \els are studied, including 3
mm, 6 mm, 9 mm and 12 mm indentation. Eight strain data points were used for each
reconstruction. The reconstruction error is 40.1%, 17.5%, 12.4% and 10.6%, respectively for the
four indentation levelsThese errors are quilarge,due to the fact thatuddr is of the same order
as Y5(av/dr)?in the simulated strain data

Similar reconstructions were applied to FE data with an-stigpeing boundary
condition, with the FE spring stiffness of 100 kN/m. The amount of slippiagsismed to be
known and imposed as a boundary conditidme reconstruction results aggzenin Fig. 3.9 (b).

The error is 9.1%, 5.9%, 24.0% and 32.9%, respectively for the four indentation levels. It shows
that the error increases significantly when imee at a larger depth. The reason is attributed to
the fact that the radial strain dramatically decreases when edge slipping occurs, which is not
captured in the reconstruction. Therefore, a method that better approximates the deflection

gradient term cosidering edge slipping effect is needed.
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Figure 3.9 Deflectionreconstructiongnoreu when (a) fabric edge is perfectly fixed and (b)
slipping occurs at the boundary.

3.3.3. Modified Empirical deflection reconstruction method
Since the fabric deformian is dominated by otdf-plane deflection, we next derived a
second empirical method by fittirgdirect relationship betwegp¢ Q(§ Qi andthe
measuredadial strair . Thesaet of | i aegaern eeiqauta¢td romssf iodi & rhtes ¢
0 inEg. @.1).
In order to generate the empirical fit, we plot the radial strairppgd’Q §j Qi from
the FE simulation for the fabric membrand-ig. 3.10at anindentationdepth of12 mm The
termpj ¢ QU Qi is zeroat the centeof the fabricandthen rises to a sharp peak before it
decreases more gradually withT he positionwhere the peak is achievat],is defined aghe
contact radiusThe radialstraindistribution is roughly uniform outside the corttacea since the
fabric is mainly under tension, while inside the contact area it achieves a slightly higher
magnitudeThese same general forms of thestthins t r i but i on wer e observe
|l evel s. Therefore,pjcwkj Qvitldr na papsr otxwomasteep atrhaet e f

and outside the contact radi us.
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Outside the contact radiug, ¢ QU Qi it isassumed to bexponentiallyrelated to

radial strain; , while inside the contact radius,ijs assumed téollow a straight linefollows.

Q
Q 312

?
e &

wherea, b, c,andd areparameters need to be fitted out by FE simulatiorrig 3.1Q the
approximategj ¢ QJ Qi by Eq. 8.12 is plottedon top of the FE result§he
approximation error outside the contact radius is 4.1% while within the contact radiespthe
can be several times largetowever, only a few sensoare typcally usedwithin the contact

radius therefore their contribution to the overall deflection reconstruction are.small

20
°o &
.
° FE 1/2(dw/dr)’
151 — Approximated 1/2(dw/dr) *| ]
8
£ 10
©
!
N
5 7-
0

0 5 10 15 20 25 30 35 40
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Figure 3.10FE results of radial strain, when measured along the= Oo axis, the actual term
pl ¢ QU Qi and itsapproximation

For the edge fixed case, at four different indentation levels, including 3mm, 6 mm 9 mm
and 12 mm, the fitted, b, c andd values from FE simulation are given in taBl&. Fig.3.11(a)
shows the reconstructed deflection results as coedga the FE results when asdgment

discretization scheme is used. The reconstruction errors range from 3.1% to 0.4%, respectively
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for the indentation levels of 3 to 12 mm. The small error indicateg€thaB.12) is an efficient

way of approximatinghe deflection gradient.

Table 3.1 Parameters identified for the fixed edge case

Wmax (Mmm) a b (mm?) C d (mm)
3 8.1 0.28 0.47 2.4
6 6.1 0.26 0.70 3.2
9 7.7 0.28 0.75 4.4
12 5.9 0.21 0.74 5.2
All 7.0 0.26 0.67 3.8

° FE3mm

— Reconstruction 3 mm
* FE6 mm

4 |—Reconstruction 6 mm
= FE9mm

— Reconstruction 9 mm
* FE12mm

— Reconstruction 12 mm

w (mm)
w (mm)

-40 -20 0 20 40 -40 -20 0 20 40
x (mm) x (mm)

Figure 3.11Deflection reconstiction results while (a), directly fitted parameters were used and
(b), averaged parameters were used, as compared to FE results.

In real experiments, however, the indentation level is not knepnoa. Therefore, it is
also necessary that the parametge relatively insensitive to the indentation level. For this
purpose, average valueka,b,candff r om t he four(gnhdenB8hWwemabl ev
u s e dthearecahstruction results plotted in F3gl1(b). Other than for the smallest
indentation level where the contact radius was over estimated, the averaged parameters worked

well, with a maximum error of 5.9% at 12 mm indentation. These results demonstrate that using
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average parameters for the fixed edge case work well for the expmatlof outof-plane
deflection.

Next, the empirical approach is applied to an eslg®ing casefor which the spring
stiffness in the FE model was chosen to be 100 kN/m. Using the best fit parameters for the
different indentation levels for this cagke reconstruction results are plotted in Big2(a).

Again, the reconstruction works well. However, the use of averaged parameters, plotted in Fig.
3.12(b), was not successful as large differences can be seen between the FE results and the
reconstrgtion. Looking more closely at the best fit parameters, the major difference between the
fixed boundary and ede®ipping cases was the parametefhis occurred between edge

slipping drastically decreases the-feald strain, which is represented in Byl2by the

parametec. Therefore, we repeated the reconstruction, keeping the average vauesasfdd,

but using the best fit far at each indentation level. These results are plotted irBRig(c) and
reconstruct the owf-plane displacementell, with the total error ranging from 1.9 to 4.6%. The
parameters ar@= 13.2,b=0.22,d= 4.0 andc = 0.84, 0.97, 1.62 and 2.17, respectively for the

four indentation levels.
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Figure 3.12Deflection reconstruction results for simulated indentaekgvels with edge slipping.

(a) Exact parameters for each indentation levels; (b) averaged parameters for all indentation
levels; and (c) exact values fgrall others averaged.

Finally, we investigate the role of the number of segments on the reaiostmesults
using the modified empirical reconstruction method. Fi@ui@displays the reconstruction
results for different number of segments when the indentation is 12 mm. The reconstruction error
decreases from 4.3% for 2 segments and 2.1% formMesgg division, and further increasing

doesndét drastically increase the reconstruct.i
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Figure 3.13Deflection reconstruction results when different number of segments is used for the
12 mm indentation.

In summary, the reconstruction perforraarof the new deflection gradient
approximation method is investigated for both the ddgel case and the edgépping case. It
shows that, for the ed¢gexed case, one group of parameters is adequate for deflection
reconstruction purpose; however, the edgeslipping case, parameteasb, andd can be set to
constant values, while parametas slipping dependent and should be adjusted accordingly.
This method will be used in the experimental tests in the following section.

3.4. Experiments

In thissection, the shape sensing technique developed in Setis3applied to
experimental data from fabric tests to reconstruct th@Bbptane deflection shape. the
experimental tests, FBG sensors were bond&gwen in the fabrics to collect strain @a
Independent DIC measurements of the specimens were also collected for comparison to the
reconstructed results. In addition, as the slipping behavior between the integrated FBGs and the
surrounding Kevlar fabric is expected to be a function of the hgadite, several loading rates

were tested.
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3.4.1 Specimenpreparation and experimental methods

The benchmark test shown in F&j1 was repeated, now varying the applied loading rate
and including FBG sensors either bonded to or woven in the Kevlac.f&lgure3.14(a) shows
an example specimen with the integrated FBG sensors. Bdutéb) shows the backside of the
same specimen speckled for DIC measurenidrg.FBGs used in the experiments were
produced in a draw tower process with an ORMOCER®imgand a length of 10 mm (FBGS).
Since the clamped area of the specimen has a radius of 38 mm, a maximum of 4 sensors could
realistically be deployed in the two perpendicular principal gections. The location of the
FBGs was chosen to be 0 mm, 9 n2®,mm and 25 mnrespectivelymeasured fronthe FBG
center, as shown in Fig. 3.1&d). These locations are not the same as used in the reconstruction
simulation due to integration difficultieshe four FBGs were connected to the FBG interrogator
(Micron Optics sm130) throughlx4 splitter. The upper clamping ring was machined with a

slope to facilitate the leaith and leaebut of the optical fibers, as shown in Figl (b).
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Figure 3.14Photographshow, (a) a Kevlar specimen with FBGs woven in andgjreckled
back surface of the specimen. Schematic diagram of, (c) a bonded FBG in a fabric specimen and
(d) a woven FBG in a fabric specimen.
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Two strategies were used to integrate the FBG into the fabric.thgstptical fiber was
directly bonded to the fabric at the FBG locations using cyanoacrylate adhesive, as shown in Fig.
3.14(c). For this strategy, only one loading rate, 10 mm/min was tested. This specimen was used
to test theshape reconstruction whiteroiding any slipping between the optical fiber and the
fabric. Second, the optical fiber was woven into the fabric every two Kevlar fiber tows as shown
in Fig.3.14(d), to provide sufficient strain measurement while avoiding premature failure of the
optical fiber due to bending. Initial testing was performed to arrive at the final integration pattern
of 2 by 2 woven. For this strategy, four loading rates, 10 mm/min, 50 mm/min, 100 mm/min and
150 mm/min were testedll the specimens were loaded to a maximiundentation depth of 14
mm which was then held for 30 secon@lee DIC system and FBG interrogator continuously
collected data during the entire loading procEss.theDIC measuremest 1fps frame rate was
used for 10 mm/min test while 5 fps was usadtlie other three loading rates.

For a FBG strain sensander tension, the average axial strain along the FBGgan be

calculatedss

(3.13

whereY_is peak wavelength shift; is the initial peak wavelength and is the $rain-optic
coefficient which is 0.22 for the FBGs used inghests. Simply tracking the peak wavelength
of the sensors was not sufficient due to the potential for distortion in the FBG spectra due to
localized bending and neumiformity in strain alonghte FBG. Therefore, the full spectrum
measurement function of the interrogator was used, at a max acquisition rate ohdiare,

to obtain sufficient FBGtrain data duringhe tests, the loading rate was limited to 150 mm/min

max.
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3.4.2. Bonded FBG results

Figure3.15shows some of the representative spectra collected at different times during
the loading at 10 mm/min. The time each spectra was collected is shown inF-idi(e.
Figure3.15(a) shows the FBG spectrum right after the specimen is clamped. The clamging rin
generates a pretension effect on the specimen, straightening the initially crimped fio@asws
et al., 2015)As the FBG length is much longer than the fiber tow width, the FBGs are subjected
a nonuniform strain at this stage. The pretension effectearly seen for FBG 3 and FBG 4, of
which the spectra are slightly distorted. The spectra of Fi§ydfg(a) will be considered as the
initial spectrum to calculate the FBG strainstite successive loading steps.

As the amount of loading increaseae thonuniformity in the strain field for each FBG
increased. This can be seen as the individual FBG reflected spectra broaden, develop peak
splitting and decrease in maximum reflected intengigain, the cause of these behaviors is due
to the large diférences in strain along the length of Bi&G (Zhang et al., 2002; Wareg al.,
2008).The most severe case is that of FBG 1 which broadens to around 8 nm in3Eiéu{be
and then is not detectable in Fig@&5(c). This FBG is the placed right undeath the
indentorhead, therefore it also has a large component of transverse loading, not experienced by
the other FBGs. Late in the loading process, the spectra from all four FBGs were highly
distorted, presumably due to the failure of some of the adhasis. In addition to the spectral
distortion, we also observed occasional decreases in the FBG mean wavelength between loading
steps, meaning that some strain was released on the FBG. An example is shown B Fsgure
(c) where spectra from two subseqtitime steps are plotted. The detail shows the release in
strain on FBG 3. This phenomenon is attributed to the partial failure of the adhesive between the

FBG and fiber tows.
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Figure 3.15(af). Examplespectra collected during the loading for bondedEB(a) Initial
spectrum after clamping. @¢l) spectra collected at increasing loading values; exact load and
time for each spectra shown in Figure 3.16 (a).
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The fact that each FBG experiences different strain levels along its lengttg the
tows, makes it challenging to compare the measured strain values between FBGs. Therefore, we
calculated the maximum and minimum strain values for each FBG as a function of time based on
the highest and lowest wavelength peak. The differencevelemgth these peaks was as much
as 10 nm, corresponding to a 0.8% tensile strain difference fron3 E§).. (The maximum strain
and minimum strain calculated from FBG 3 is shown in Eifj6(a). The strain uniformly
increased on the FBG throughout thadimg process. The strain then relaxed during the holding
period, which could be due to relaxation of the fabric or the adhesive. The difference between the
maximum and minimum strain along the FBG also increased with loading as expected. Finally,
the stran curves did jump suddenly at times, for example at the points 3 and 7. At point 3, the
entire spectrum shifted, meaning that strain was released on the entire FBG, whereas at point 7,
only the section with the minimum strain suddenly further loaded-B&r strainbased
deflection reconstruction, a single strain input is needed at each position. The average value
based on this maximum strain and minimum strain will be used. The averaged strain values for

the four FBGs are plotted in Fig.16(b).

1.2 - - : - -
(@) Loading | Holding
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B 047 ® e ®
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Figure 3.16(a) Maximumand minimum strain history calculated for FBG 3. Labels in the
circles indicate when the spectrum is plotted in Bi@s (b) Average strain history of the four
bonded FBGs. Distance of each FBG from center is labelled.
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Based onhie measured edghisplacement from the DIC data, the corresponding spring
stiffness in the FE model for this test was found to be 20 kN/m. Comparison between the average
FBG strain and FE predicted strain was performed at four different indentation jettés] in
Figure3.17. The error baplotted for the=BG strain indicates thmaximum and minimum peak
strains.The FE strains the averageadial strain calculatedver the FBG length. It can be seen
that the FBG bonded right beneath the indenter hesasures krger strain than the FE

prediction At thethreeother positionsthe FBG strains arelose to the FE predictions.

3_ T =
2| 3mm || ° FE
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Figure 3.17Comparisorbetween average bonded FBG strains and FE strains at different
indentation levels.

These FBG straidata were used as input for reconstruction of the defleatiaising the
modified empirical technique. The FE simulation identified petrs forEq. (3.12 for this test
area=28.4,b=0.21 mm‘, d=4.1 mm anda = 2.60, 2.53, 2.88 and 3.51 respeehyfor the
four indentation levels. The reconstruction results are presenkegd. 3.18 Theaverage
deflectionerrors are 11.3%, 17.7%, 8.7% and 5.9%, respectively for the four indentation levels.

These reconstructions are quite good, consideringaimplex behavior of the fabric, except for
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the region near the indentor. This is not unexpected based on difference in predicted and
measured strain in FiguBe17. The reconstructions consistently underpredicted the maximum
deflection at the indentor. Prewably this is due to the spreading of the fabric tows under the
indentor, which could be seen once the specimens were removed from the load frame and was

not included in the FE simulations.
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Figure 3.18Deflectionreconstruction based on bonded FBGiss and modified empirical
approach compared to DIC measurements.

3.4.3. Woven FBG results
Next specimens were tested with the optical fibers woven into the fabric, at four different
loading rates. The strategy to weave the optical fibers into the fahsito allow the optical
fiber to slip in the fabric as needed such that the maximum axial strain on the optical fiber did
not exceed its breaking strength. Therefore the strain measured by the FBG does not necessarily
directly correlate to that in surroding fabric, however using the empirical approach, a
relationship between the measured FBG strain andfeptane deflection could still be
obtained. To determine the optimal weaving pattern for the optical fiber, the measured FBG

strain was collected irgy an optical fiber woven every 2 tows versus every 4 tows at the 10
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mm/min loading rateThe FBGs were both located right beneath the indentor head (at 0 mm
radial position). Figur&.19 plots the average measured FBG strain. The 4 by 4 woven optical
fiber slides earlier than the 2 by 2 woven case. It was not physically possible to weave the in

between every towptical fiber, therefore the 2 x 2 weave pattern was used for all experiments.

1.2

——4 by 4 woven
1+ |—2by2woven

© o o
'S o o

FBG strain (%)

o
o

'\ I® 1 1 1 1 1
0 2 4 6 8 10 12 14
Indentation {(mm)

Figure 3.19 Comparisorof averagestrain history for two weavstrategies for 10 mm/min
loading test. Label 1 shows the time when only the 4 by 4 woven FBG slides. Label 2 shows the
time with both FBGs sliding.

FBG spectra collected for the 10 mm/min loading rate are presented in B@@&he
initial spectrum dthe four FBGs is shown in Fi§.20(a), after the specimen was clamped.
These spectra will be taken as the reference spectrum for the strain calculation of successive
loading steps. There is no clear spectrum distortion on the initial spectrum deeetesjon of
the fabric. At successive loading steps, some FBG demonstrated spectral distortion. Similar to
the case with the bonded FBG, the spectrum of FBG 3 slightly shifted back to a lower value as
the loading increased, seen in FigBr20(b). For theFBG woven into the fabric this is due to
free sliding of the FBG when the friction is overcome. Further increasing the indentation caused

the FBG spectrum to distort further as seen in Figu2é(c-d). The increased spectral distortion
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observed for th€BGs, as compared to the bonded case is due to the periodic bending of the
optical fiber with the weave pattern. At the final loading state, shown in F3g20éd), the
spectra of FBG 2, 3 and 4 are overlapped. Since the initial wavelength separatieeniibiese
FBGs were 7 nm, the minimum tensile strain to create overlapgpdePo. Prior to testing, it

was expected that all the FBG spectra will shift to higher wavelengths, thus no spectrum
overlapping would occur. However ghverlapping seen in Rige 3.20(d) shows that FBG 2

and FBG 3 have shifted much more than FBG 4, due to different friction exerted on the FBGs.
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Figure 3.20(a-d). Spectra collected during the loadingl@tmm/minfor the FBGs woven into
fabric. (a) Initial spectraf the four FBGs. (b) Spectra collected at increasing loading values.
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