ABSTRACT

WEE, JUNGHYUN. Enhancement dillitrasonic LamBbNaveTransfer toFiber BraggGrating
Sensors througRemoteBonding(Under the directioof Dr. Kara Peters

Fiber Bragg gratings (FBGs) are often utilized as transdtceletect ultrasonic wavesif
structural health monitoring (SHM) applications. HoweJeggixtraction of relevant features from
the measured ultrasonic Lamb waves requigehigh signatlto-noise ratio This research
demonstrates enhancing the ultrasonic detection sensitivityfB@rthrough remote bonding of
the FBG and examines the conditions at which the enhancement doctins. configuration,
Lamb waves are converted to guided traveling waves iogteal fiberthrough an adhesive bond,
then propagate along the fiber te@ thBG.We demonstrate that the output FBG response can be
increased when an FBG is remotely bonded, as compared to a conventional directly bonded case.
The mechanism causing the increased sensitivity is found to be governed by the adhesive
thicknessto-modulus ratio. Experimental results show thamb waves can couple to optical fiber
guided waves in both directioasd the optical fiber guided waves can also recouple back to Lamb
waves. We demonstrate that this multidirectional coupling can be tunedtthrarying adhesive
parameters. Finally, due to the fact that different ultrasonic frequencies are utilized in real SHM
applications, we investigate the remotely bonded FBG response to Lamb waves with varying input
excitation frequency and compare to theedtly bonded case. The results of this research
demonstrate that the sigrtatnoise ratio of the FBG detection of Lamb waves can be increased

for SHM applications.
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CHAPTER 1

Introducti on

1.1 Background

Structural Health Monitoring§HM) is the general name for a suite of raale, non
destructive sensing and analysis methods for structures in order to detect any defect or failure
during its operation, and further predict the residualdfféhe structure (Giurgiutiu et al., 2002;

Betz et al., 2003; Tsuda, 2005). Among different types of SHM methods, this dissertation focuses
on active pitchcatch ultrasonic inspection methods (lhn and Chang, 2008). Specifically, an
actuator excites (i.epjtch) ultrasonic waves in a structure and a detector at a location away from
the actuator detects (i.e., catch) the wavess#uctural damage develops between the actuator
and detector, theltrasonicwaveform propagating between the two is changeds&hvaveform
changes over time therefore can be used to reconstruct the location and form of the(Batmage

et al., 2003).

In case of a thin solid structure, ultrasonic waves travel in the form of Lamb waves (Alleyne
and Cawley, 1992). A Lamb wave is arfaceguided elastic wave that can travel over a long
distance with a little energy loss, which is desirable for the purpose of monitoring a large structure.
Two types ofLamb wave modes exist: symmetric (S) and antisymmetric (A) modes, which are
characteized by their waveforms. Specifically, the propagation of theo8e is symmetric about
the neutral axis of the medium and that of the A mode is antisymmetric about the neutral axis. The
wavespeed of the S and A modes are calculated using the followiragicess (1) and (2),

respectively (Giurgiutiu, 2005),



2
tanpd _ (X2 - qz)
tanqd 4x°pq

(1)

tanpd _  4“pq 2)
tanqd (XZ . q2)2

wherea-is the wavenumber andl is the half thickness of the medium. The varialgesndq
depend on thevave number §), frequency W), and the material property of the medium. The
dispersive wavapeedc, which is not explicitly showimn the equations, isalculatedfrom the
relationship 3= c/w. The wavespeed isoundnumerically with respect to the freency and plate
thickness. Depending on the product of the wave frequency and the thickness of a structure,
different order modes can simultaneously exist. However, due to the complexity of demodulating
different modes, only the fundamental symmetrig) (81d antisymmetric (§ modes are
considered in this dissertation.

The fiber Bragg grating (FBG) sensor is one of the ultrasonic transducersagimen
widely applied for the measurement of Lamb wave signals to detect dam&g#d impplications.
Perezet al. (2001) and Betz et al. (2003) demonstrated the detection of Lamb waves in a thin
structure using FBG sensors. These were the first demonstrations of the potential to utilize FBGs
in ultrasonic inspection for damage monitoring. Tsuda §20Gplemened the Lamb wave
sensing technique using FBGs to inspect an imgataged carbon fiber reinforced plate (CFRP).
In this work, the PZT actuator, impact damage, and FBG sensor were radially aligned. The FBG
response to the Lamb wave excited from the PATiador was measured with and without the
presence of the impact damage, investigating the change in the output FBG response due to the
damage. In more recent studies, Betz et al. (2007) and Frieden et al. (2012a) utilized multiple FBGs

that are bonded thé surface of a structure at different positions for damage localization.



1.2 Fiber Bragg gratings

The FBG is a narrow band wavelength filter written in an optical fiber, which reflects a
certain narrow bandwidth of light out of the total input light to fiber, transmitting the other
wavelengths as shown kgure 1.1. The reflection is due to the unique structure of the FBG in
which the refractive index of the core is periodically perturbed along the grating length. The
reflection spectrum is centeredaatharacteristic wavelength, called Bragg wavelenah énd
is calculated based on the effective refractive indgiand the grating period, (Peters, 209).

/y=2n, L (3)

When strain is applied to the FBG, the grating perpidhanges and subsequently the
Bragg waelength &) is shifted to higher or lower wavelengths due to applied tensile or
compressive strains, respectively. The Bragg wavelength shift is linearly related to the applied

axial strain,

D/,

:(1 'pe)e (4)

B
where pe = 0.22 B the photeelastic constant for a fuseslica optical fiber (Peters, 20p
Therefore, this allows an FBG to couple ultrasonic wave signals to optical signals.

One of the major benefitd utilizing FBGs for ultrasonic detectiois thatnumerous FBGs
can be multiplexedlongasingle optical fibeas shown in Figure 1. providingmultiple sensing
locationswith only a single leadh leadout connectionAlso, theoptical fiber geometry provides
strong directionality td_.amb waves propagating along thead direction of the opticafiber.
Finally, the FBG is resistant to corrosion and magnetic interference, which is advantageous for

SHM applications in harsh environments.
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Figure 1.1 Operation principle oFBG.

Detecting Lamb waves requires the measurement of high frequency minimal Jth@ns.
edge filtering method is one of the most commonly used FBG demodulation techniques for this
application (Tsuda, 2005; Wu et al., 2015). Figure 1.2(a) showsittuepbe of edge filtering. The
output wavelength of a narrowband laser source (for example from a tunable laser) is initially
tuned to the midpoint of the FBG ascending edge of the reflected spectrum. Axial strain in the
optical fiber induces a wavelengshift in the FBG, which subsequently changes in the optical
power reflected from the FBG at that wavelength. This change in the reflected optical power is
measured with the photodetector as shown in Figure 1.2(b). The voltage output of the
photodetector masured by the oscilloscope is converted to the strain amplitude by first measuring
the reflected spectrum of Figure 1.2(a), by sweeping the tunable laser and calculating the spectral
edge slope.

One of the major disadvantages of using an FBG arises fi@fadt that the extraction of
relevant features from the measured signals requires a high-sigrake ratio (SNR) in the
captured signal. This is because the measured signal has such a minimal amplitude and we need to
discernany small change in thaignal from the background noise. Several factors reduce the SNR
of the FBG. First of allthe cylindrical optical fiber geometry reduces the signal transfer to the
optical fiber,because as illustrated in Figure 1.3(a) the contact area between thefieticaid

structure is significantly smaller as compared to disc/patch type sesigdisas PZT disks.
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Secondly, as shown in Figure 1.3(b), the adhesive layer bonding the FBG to the structure typically
demonstrates frequency dependent attenuation oftthsanic waves, with increasing attenuation

at higher frequenciesinally, with increasing ultrasonic frequency themb wavewavelength

to-FBG length ratio decreasewhich produces noruniform strain distribution along the FBG
grating lengthFor low ratios this norruniform strain distribution createsdéstorted FBGoutput

reflection spectrunand a lower sensitivity to the Lamb wave

laser output

reflectivity

A\ 4

(a)
laser
output
tunable |
[ unable laser FBG optical
e HHHH
fiber
photodetector reflected
optical
oscilloscope ] power
(b)

Figure 1.2 (a) The principle of the edge filtering methand (b) the edge filtering setup using a
tunable laser system
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Figure 1.3 Challenges in detecting Lamb waves using FBG sensdgnfall contact area of
FBG as compared to disc/patch type sen@mnstact area between transducer and surface
defined by dashed red linegb) signal attenuation due to the adhesive I§yleotograph is the
microscopic image of an optical fiber bonded to CFRP using cyanoacrylate adhesive)
1.3 Previous efforts to improveFBG ultrasonic sensitivity

To maximize the SNR of an FBG, one can apply two strategies; one is to increase the signal
amplitude and the other is to decrease the noise level. Here we explore the first approach,

increasing theamplitude of theutput FBG regonse to ultrasonic waveshere are two methods

to increase output sensitivitynodifying the FBG grating and maximizing wave transfer to the

FBG. These two approaches can also be applied simultaneously.

1.3.1Modifying the FBGorofile
Previous researchers leapplied advanced FBG manufacturing techniques to create FBG
sensors with advantageous reflected spectra for sensing applications. For Lamb wave applications

this means a higher optical power vs. wavelength shift slope. One of the common examples of
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modifying theprofile of an FBG for an improved strain sensitivity is the writing of pketséted

(PS) FBGs (Wu et al., 2012, Rosenthal et al., 2011). Figure 1.4(a) shows a comparison of the
refractive index profile of the uniform FBG and4FBG. A typical FBGhasa sinusoidally varying
perturbation of core refractive index that is uniform along the lengthed¥BG, resulting irthe
reflected spectrum with a single main laseshown in Figure 1.4(dpn comparisonthe PSFBG
hasaphase shift betweahetwo uniform gratingsections as shown in Figure 1.4(a). This uniquely
structured grating produces the transmission spectrumawitéity narrow valley in the middle of

the main lobeas shown in Figure 1.4(byhis edge slope is significantly steeper compaoeithe

edge slope of the uniform FB@roducing an amplified edge filter respon@aerall, the major
drawback of writing phasshifted FBGs is that the process is more difficult than standard

fabrication methods and costly.

uniform grating phase shifted grating
ncore‘l ncoreA (D
n1 | | n1 i i
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z z
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= 0.154 s 0.5
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Figure 1.4 (a) Refractive index change of uniform and phsisiéted gratings and (b) the edge
slope of the reflection spectrums for uniform and ptesied gratings (Wu et al., 2012).
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Another example of modifying the gmaty of an FBG is to vary the ultrasonic
wavelengthé)-to-grating lengthl() ratio. Previous experimental and simulation studies have
demonstrated that FBG ultrasonic sensitivity is significantly dependent on the ultrasonic
wavelengthé)-to-grating lengthl() ratio (Tsuda et al., 2007; Culshaw et al., 2008; Minardo et al.,
2005). As shown irFigure 1.5, Minardo et al. (2005) numerically predicted that the reflection
modulation amplitude of an FBG at the edge slope significantly reduces with decegdsirgm
a/L = 6 toa/L = 1. Culshaw et al. (2008) concluded that the ultrasonic wavelesgthyst be at
least 6 times the grating length, for the FBG response to be independent from the ultrasonic
wavelength. Unfortunately, shortening the grating leredtfo decreases the reflection intensity

and therefore reducing the edge slope (Wu and Okabe, 2014).

0.35 T T

0.3+
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0151

0.1
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Figure 1.5 Simulated reflectivity modulation amplitude at the edge slope as a function of
ultrasonic waelength (Minardo et al., 2005).



1.3.2Maximizing wave transfer to thaptical fiber

Other previous studies have worked on maximizing the wave transfer from a structure to
an FBG sensor. For exampktgakai et al. (2016) demonstrated the enhancement of FB@toutp
response by using an acoustic lens. The acoustic lens is essentially a waveguide that amplifies an
ultrasonic wave. The authors bonded an FBG to the surface of the lens and the ultrasonic waves
were transferred from the structure to the acoustic letigaided toward the bonded FBG. The
experimental and simulation results demonstrated that certain acoustic lenses could improve the
amplitude of the first arriving acoustic emission (AE) signal. Other researchers have used multiple
types of acoustic devisgo amplify the signal at the FBG location, however they are not reviewed
here. The primary disadvantage to these approaches is that they add a relatively bulky device to
the system and are therefore difficult to implement on a large humber of densady $iBG
Sensors.

Another approach is to modify tlogtical fibercoating itself to better match the impedance
of the transducer to the surroumgimedium. Moccia et al. (2012) demonstrated the improvement
of ultrasonic wave transfer from water to a subradr§BGby adding an intermediatating
layer betweenhe FBG andwater FBGs areoften used as underwater acoustic se$mwever
the FBGhas an inherenoor responsivity because acoustic wamevater are reflected back from
the watetFBG interfacedue to the high elastic modulus of the optical fibérergfore the optical
fiber was coatedith a low modulus polymer material, demonstratinggahanced signal transfer
from water to the polymeroated FBGata certain frequency banddth.

The researctpresented in this dissertation falls within the category of enhancing the

external wave transfer to the FBG. While the dissertation focuses on this one approach, the strategy



could be later combined with the advanced FBG fabrication techniques discosgedaafurther

improve the ultrasonic sensitivity of FBG Lamb wave sensors.

1.4 Remote bonding of FBGs

As shown in Figre 1.6(a)the FBG is typically bonded directly to the surface of a structure
to extract.amb wavedrom a thin structureThe bond locatio is therefore the measurement point
in the structureln this configuration, the Lamb waves in the structure create longitudinal and
transverse displacements at the surface, which are then transferred to the optical fiber through the
adhesive, creating &t strain along the optical fiber axis and therefore in the FBG. When bonding
the optical fiber to the substrate surface, the adhesive thickness is typically minimized to maximize
the signal transfer to the FBG sengban et al., 2013; Thursby et al.,@8). The effectiveness of

this strain transfer also decreases at higher ultrasonic wave frequ@iaciext al., 2013)
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Figure 1.6 Ultrasonic signal measurement (a) at the extraction point (direct boraaidd})
away from the extraction point using FBG sensor (remote bonding).

Previous research has shown that it is also possible to sense the Lamb wave signals without

mounting the FBG sensor itself to the substrate but instead adhering the optical dibethar
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location, using the optical fiber as acoustiovaveguidgWu et al., 2015; Tsuda et al., 2010) as
shown in Figure 1.6(bBpecifically, in this configuratiorthe symmetric (§ and antisymmetric
(Ao) Lamb waves traveling through a plate carcbeverted to traveling ultrasonic waves in the
optical fiber at the location of the adhes{iee and Tsuda, 2006 We will refer this bonding
configuration agemotelybonded FBGs. Tsuda et 42009) collectedacoustic emissionAE)
signalsduring a pessure test of a CFRP taa& shown in Figure 1.7. The results protieat AE
signals can be coupled fraarstructuré¢o an optical fiber and propagdtethe FBG sensoWu et

al. (2014) alsosuccessfully collected AE signals during tensile testing dfarafiber reinforced

polymer (CFRP) laminates.

ey

FBG adhesive

tunable laser

E photodetector
—>

45 mm optical fiber

bandpass filter

recorder

Figure 1.7 Measuring acoustic emission from a pressurized carbon fiber reinforced polymer
(CFRP) tank using remotely bonded FBG (Tsuda et al., 2009).
Theoptcal fiber acoustic, guidettaveling wave can propagate over a long distance with

a little energy lossThree guided waves exist for the cylindrical optical fiber: longitudinal waves,
flexural waves, and torsional waveharacterized by their waveforntéowever torsional waves
are not typically excited through adhesive borkigure 1.8 plots the theoretical group velocity
dispersion curves for a 13286n diameter optical fiber with a 5 um polyimide coating (Lee and
Tsuda, 2006). At sub-MHz frequencies, dg the fundamental longitudinal L) and flexural (fz)

waves propagate in singieode optical fibersThe Loy mode is strongly nodispersive in this
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frequency range. The FBG sensor is not sensitive to the deformation field of the flexural modes,

therefae this dissertation will only consider theilmodes.

LO1=fiber wave

Group velocity (m/s)

0 .

0 5 1|0 15 20 25 30
Frequency (MHz)

Figure 1.8 Dispersion curves for longitudinal and flexural traveling waves in conventional
optical fiber (Lee and Tsuda, 2006b).

1.5 Scope of Research

The goal of this work is to enhance Lamb wave detection usingtyB&anverting Lamb
waves into acoustic modes in optical filmough remote bonding, derive an experimental method
to quantitatively compare the amplitude of the wave coupdfiigiency and to characterize
conditions that produgeotential increases in sigrt-noise ratios for Lamb wave detectidrne
specific research objectives are,
1 To quantitatively compare the ultrasonic Lamb wave detection sensitivity between

conventional directly batted and remotely bonded FBGs

1 To investigate the mechanism causing the increased ultrasonic detection sensitivity of the

remotely bonded FBG, and the conditions at which it ogcurs
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1 To characterize the directional coupling behavior when ultrasonic wawsfars between
structure and optical fiber through an adhesive bond

1 And to measure ultrasonic Lamb wave transfer to remotely bonded FBG through an adhesive
bond with varying input frequency.

Chapter 2 presents preliminary efforts to improve FBG uliiassensitivity through
impedance matching of thaptical fibercoating. Specifically, a stiff carbon nanotube (CNT) is
wrapped onto an FBG and impregnated with an adhesatehing the acoustic impedance of the
adhesive bondintp a structure and theretoincreasing the strain transfer from the structure to
the FBG. The results demonstrate that a cured-Coéfed FBG with undezured inner CNT layer
(in vicinity of the optical fiber core) produces higher ultrasonic sensitivity, as compared to the one
tha is uniformly cured throughout. The outcome of this experiment motivated the enhancement
of FBG sensitivity through the remote bonding method.

Chapter 3 investigates ultrasonic detection using remotely bonded FBGs. Specifically, we
compare the output FB@&sponses between the directly bonded FBG detection of Lamb waves
and the remotely bonded FBG detection of traveling waves. We experimentally demonstrate that
the output FBG response can be improved by using the remote bonding configuration. Chapter 4
presents finite element analyses to understand the mechanism causing the increased FBG response
of remotely bonded FBG observed in Chapter 3, and conditions at which it occurs.

Based on Chapters 3 and 4, we observed that Lamb waves can potentially copitaito
fiber guided traveling waves through any adhesive bond location, therefore in Chapter 5 we
evaluate the validity of using continuously bonded FBG for measuring Lamb wave $mgnal.

theory, the ultrasonic wave signal cardivectionally transfer deveen the optical fiber and the
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plate at anyadhered location, which could potentially produce output signal distortion for the
continuous bonding case.

Up to this point only a single remotely bonded FBG had been examined for Lamb wave
detection, thereforave next considered the potential of havangeries of multiplexecemotely
bondedFBGs. This raised several questions. previousexperiments we observed that Lamb
waves are coupled to optical fiber guided traveling wavésth directionslongthe optical fiber
through an adhesive bonghich couldcomplicate the pogtrocessing of collected signals for a
multiplexed remotely bonded FBG systehterefore, m Chapter 6 wénvestigate theultrasonic
wavecouplingfrom a thin plate to an optical fiberé@ifrom an optical fiber to a thin plaie both
forward and backward directiong/hile investigating the directional coupling in Chapter 6, we
observed that when the cyanoacrylate (CA) adhesive bond is replaced widhesive tape the
So Lamb wavecoupks to thdravelingLo: modes with apreferentiadirection Thereforewe also
investigate the mechanism causing pheferential directional coupling.

All the experimental works up to this point have been conducted with a fixed ultrasonic
excitation fregency, however in real SHM applications different frequencies are implemented for
damage detection. Therefore Chaptém&stigates the remotely bonded FBG response to Lamb
waves with varying input excitation frequency drainbwave propagation directiomith respect
to theaxis of the bonded optical fiber. Finally, Chapter 9 summarizes and draws conclusions from

this research, and also addresses recommendations for future work.

14



CHAPTER 2

Preliminary Experimentsi CNT wrapped FBGsS

2.1 Introduction

This chapter presents preliminary attempistproveLamb wave detection using an FBG,
by matching the acoustic impedance ofdpécal fibercoating and therefore enhancing the signal
transfer from the subsite to the FBG. This preliminary experiment is motivated by the previous
study by Moccia et al. (2012) in which the FBG ultrasonic sensitteitgcousticsignals was
improved by coating the FBG with a compliant polymer material, therefore tuning thegcoat
propertiedo bettermatch the optical fibempedance to the surrounding medium. However, their
goal was to detect ultrasonic waves in water for submerged hydrophone applications, and the high
acoustic impedance of the silica material was causingeftextion ofthe ultrasonic waves at the
optical fiberwater interface. This is opposite of that addressed in this dissertation, where the
surrounding medium has high acoustic impedance and the adhesive layer mauiiiB@to the
structure has low acotis impedance.

The approach taken in this work &iter the mechanical propertie$ the optical fiber
coatingis through the addition afarbon nanotube£{\Ts). Previous authors have demonstrated
CNT coatings to create nonlinear optical interactiongptical fibers, however not at sufficient
densities to significantly change their mechanical properties (Villanueva et al., 2011; Li et al.,
2013). One of the reasons why CNTs have not been used to modify the mechanical properties of
adhesives and coatings that typically adding CNTs to polymers results in a maximum

performance gain at around a few percent weight addition due hagthaspect ratio of the CNTs
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(Coleman et al., 2006Yhe volume fraction at which agglomeration (and subsequent reduttion i
properties) occurs is usually in the range of a few perddmdreforeto potentially reduce the
agglomeration and improve their mechanical performance, CNTs must be aligned to enhance the
strength and stiffness of the CNT reinforced polymer.

In this clapter, we investigate the ultrasonic detection sensitivity of an aligned CNT
wrapped FBG as compared to a conventional, reference polyimide coatedrR8GNTSs are
wrapped around an FBG using a customilt filament winding machine and bonded to an
aluminum plate followinga standard strainagie mounting procedure with some modifications.
Lamb waves are excited in the plate and measusetd) both the CNT wrapped sensor &inel

reference FBG.

2.2 Experimental methods

Experiments were performed on opticalefib with wrapped, aligned CNTs. The CNT
wrapped around the FBG locations were provided by a fellow graduate student, Brian Wells, in
theBradford research group led by Dr. Philip Bradford in the College of Textiles at North Carolina
State University. Spefically, CNTs were grown on a quartz slide throumtloating catalyst
chemical vapor depositiofFCCVD) process. Once the CNT growth is completed, the aligned
CNTs drawn out of the slide glass were wrapped onto an optical fiber using a-tustiditament
winding machine as shown in Figure 2.1@@Qgure 21(b) shows an example of an optical fiber
wrapped with aligned CNTs d46° anglerelative to the axis of the fiber.

For the experiments FBGs with 10, 50, and 100 layers of CNT wrapped at a 90tionenta
with respect to the optical fiber axis were provide@d.layersof CNT wrapping was determined

to be the minimum number that could be applied while maintaining an even distribution along the
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length of the FBGAIl FBGs used in this experiment are weit in a 12% ndiameter fusedilica

optical fiber with15 ¢ npolyimide coating.

CNT Array

mode | tilt

(b)
Figure 2.1 Custombuilt filament winding machine to wrap CNTs. (b) CNTs wrapped around a
fiber with 45° orientation relativetthe fiber axis.

mag @ | Hv "un bias
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Figure 2.2 shows théevelopedorocedure to mount a CNT wrapped FBG on a substrate
using M-Bond 200 (cyanoacrylate) adhesive. The technique was modified from a standard
technique used to mount foil and optical fiber strain gages, bette(SHT wrapped sensovgere
more fragile to handleTwo to threedrops of Conditioner A was applied on the surface of
substrateassisting the removal of contaminant onghbbstratesurface which could degrade the
bonding condition. Theubstratesurface was then polished with 320 and 400 grit sandpaper for 1
minute eachA cotton swab was wetted with neutralizer 5A and used to clean the polished surface,
neutralizing any chemical reaction that could occur due to Conditioner A. After preparing the
subgratesurface, the FBG sensor was placed at the bond location andhbedv00 adhesive
was applied along the length of the FBG. The sticky side of two pieces eRMdiistallation
tapes were bonded face to face, therefore covering up the sticky piaettape. One piece was
smaller than the other such that small sticky portions at the edges were exposed for bonding as

shown in the photo. On the sticky side of the tape, tHeoht 200 Catalyst C was applied. With
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the catalyst side faced down, the tapssbonded on top of the FBG sensofFo ensure close
contact between th&ubstrateand the optical fiber along the length, the optical fivasgently
pressed down with the tip of cotton swab. Finally the sensor was-fingssed to apply heat for
curing. Note that the sample in the figure was an optical fiber without any CNT coating. For CNT
wrapped optical fiber the Ndond 200 Catalyst C was also applied on the CNT coating using a
pipette, because brushhog the catalyst to the CNT coating could dibtthe alignment of the
CNT array. Figure 2.3(a) shows the final images of a CiNflapped FBGand a reference
polyimide coated FB®onded to a platerhe different plate texture in vicinity of the FBGs is due

to polishing of the surface.

Catalyst

(e) (f) (9) (h)
Figure 2.2 FBG sensor bonding procedufa) adding conditioner to substrate; (b) polishing of
substrate surface; (c) surface cleaning with neutralizer; (d) placement of FB@pl{ejteon of
catalyst to tape; (f) placement of tape on FBG; (g) pressure applied to tape; and (h) application of
finger pressure and heat.
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Figure 2.3(b) shows the experimental configuration with 15 sensors mounted on a thin
6061 aluminum plate, which sahe dimensions @&09.6mm x609.6mm with 0.8 mm thickness.
The 15 sensors are composedhoée reference FBGs (for redundancy), 4 with 10 layers of CNT
wrapping, 4 with 50 layers of CNT wrappingnd 4 with 100 layers of CNT wrappingrhe
reference ath CNT wrapped FBG sensors are bonded radially ar@uR@T actuatorthat is
mountedat the center of the plat€heir radial distanceareidenticalandall FBGs are oriented
parallel to the wave propagation direction.

CNT wrapped FBG . Reference FBG
' P ’. = 3 o
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index matching gel

tunable
laser
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< photodetector ] ””ﬁf R,
Ll e 152.4 mm
CL4
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—[waveform generator]
I

[ voltage amplifier ]

Aluminum plate

(b)

Figure 2.3 Photographs of (a) CNT wrapped FBG and reference bare FBG mounted on the
aluminum plate. (b) Experimental schematic with equipment connection.
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One of the major challenges abtaining accurate comparisons between diffesensors
is to eliminate apparent sensitivity changes due to couplmbsplicingossesIn addition,each
FBG sensoras adifferent reflection spectrumTherefore instead of splicing all 15 sensors
together, the spliced FBGs are divided into clissger shown in Figure 2.3(b). Specifically, FBGs
are serially spliced within each cluster, and the-eatfrom each cluster is spliced to a fitwgatic
connector. Each cluster is hooked up to the interrogating system in turn for measurdmaent. T
reflection spectrum of each FB{S remeasuredor calibration before its measuremente far end
of the fiber was placed in an index matching gel to eliminate back reflecliabk 2.1 lists the
detailed specification of each FBG. To perform wavelength divisiohiplexing (WDM) within
each cluster, the wavelength of the FBGs are selected such that they do not overlap. Also, reference
FBGs are inserted in every clustercompare the output FBG responses betweedusters.

Table 2.1 FBG specifications

Cluster(CL) Wavelength (nm) CNT layers
1568 Reference
1584 10
1 1582 10
1588 50
1574 50
1584 Reference
1578 10
2 1576 50
1588 100
1584* Reference
3 1586 10
1572 50
1588 100
4 1580 100
1586 100

* Indicated reference FBG was disconnected from cluster 3 and spliced to cluster 4
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The ultrasonic Lamb waves are excited in the plate by driviadPZT transducewith a300
kHz 3-cycle tone burst sine wavé®m an arbitrary waveform generator (AW, (@assed through
an amplifier. The tone bursts were synchronized with the measurement acquisition using the output
TTL trigger from AWG. This particular excitation frequency of the PZT transducer was chosen to
generate only the fundamental #nd S modesdn the plateThe PZT actuator is designed to excite
the S mode dominantly, howevaweak A mode is simultaneously excited as w&heAo, mode
is time-separated from thep$nodeat the bond locatiorgue to their velocity difference in the

plate, theefore only the &mode is considered in this study.

2.3Results
2.3.1Lamb wave measurements

The measured pedk-peak amplitudes of the output FBG responses are plotted in Figure
2.4.To quantitatively compare the signal amplitidtweersensos, the average stmamplitude
for the three peaks in the ®ode waves calculated for all cases. The refereR&G measurement
is also shownwhich is the averaged amplitude of the three reference FBG measurdfiggires
2.4 indicates thahe measured signal amplituslérom theCNT wrapped-BG sensorsregardless
of the number of layers, are mostly lower than thahefreference=BG sensor This indicates
that increasing the acoustic impedance of the adhesive layer does not enhance the Lamb wave
transfer from the pta to the FBG.

However some specimens, marked with red arrows in Figure 2.4, produced a significant
increase in amplitude. We label these specimens as outliers and note that they occurred for each
number of wrapped layers. In fact the outlier producenhftike 100 CNT layer case showed an

approximately 30% improvement in output signal amplitude compared to the reference FBG case.
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We next investigate the reason for these outliers, by inspecting theseati&s of CNT wrapped

FBGs that are bonded on a swate.
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Figure 2.4 Measured peako-peak amplitude of output FBG responses for the reference,
polyimide coated FBG and CNT wrapped FBGs with 10, 50, and 100 layers of CNTSs.
2.3.2Adhesivebondingof CNTwrappedFBG sensors
To inspect the crossectionsCNT wrapped FBGs are first bonded at the edge of a CFRP
plate (instead of an aluminum plate because CFRP could be cut axgiilgble tools Thenthe
samples were cut using a diamond coated rotary cut off tAfterwards, the samples were
polished by hand using 400, 800, 1000, and 2000 grit sand paper for 5 minutes. This was followed
by two final 5 minute polishes using alumina particles suspended in water with 300 nm and 50 nm
particle sizes.
Figure 2.5(a) stws a SEM image of one of the sample CNT wrapped $Bith the
catalyst at 50X magnification. Multiple samples were examined, and all samples produced similar

images with two distinctive regions of the cross sections. Figures 2.6(a) and 2.6(b) are 250X and
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1000X images, respectively, at the characteristic regions from Figure 2.5(a), marked as 1 and 2.
Figure 2.6(a) shows the uncuredred CNT/adhesive interface. The image clearly shows that only
the outer layer of CNT/adhesive is cured, thereforecreatngdn el | 6 ar ound t he FB
inside. The CNTs within the shell is free to vibrate without any adhesive binding them. Also, the
CNTs within the shell could be pulled out with tweezers. Figure 2.6(b) shows details of the optical
fiber-CNT interfa®, showing that the CNTs are not adhered to the optical fiber at all.

The mounting procedure typically involves the direct application of catalyst onto the CNT
coating before applying the adhesive, therefore we examisample without any catalysigure
2.5(b) shows a SEM image of the polished sample of the CNT wrapped FBG bonded on a substrate
without adding any catalysat 100X magnification. The white circle in the center is the optical
fiber and the surrounding region is the CNT/adhesive bonding.bonding region is uniform
throughout with some visible air voids.

These SEM images indicate that some CNT/adhesive bonding cases with anurader
region around the optical fiber produce a significant increase in the FBG ultrasonic sensitivity.
Thisis because the adhesive did not penetrate into interior region due to unevaporated propanol in
catalyst. These outliers had unique bonding morphology between FBG and CNT layers, therefore

the optical fiber is free inside the shell.
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Figure 2.5 Cross sectional images of the CNT wrapped FBG (a) with catalyst and (b) without
catalyst. Details of red boxed regions are presented in Figure 2.6. These images are provided by
Brian Wells.
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Figure 2.6 Detailed images of Figure 2.5(a) at the red dasked regions (a) at cureshcured
interface and (b) in vicinity of optical fiber core. These images are provided by Brian Wells.
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2.4 Conclusions

This work compares the ultrasonic detection sensitivity between a CNT wrapped FBG and
a conventional, reference polyimide coated FBG. FBGs are wrapped with aligned CNTs with the
different number of wrapping layers, varying teoustic impedancef the CNTadhesive layer
that is bonding the FBGs to an aluminum plate. The results indicate that maximizacgptistic
impedanceof the CNT/adhesive bond with a uniform, thorough curing doessnbancethe
ultrasonic wave transfer from the plate to the FBGtdad, the ultrasonic sensitivity improvement
occurred for the case where the CNT/adhesive layer in vicinity of the optical fiber isaumeldy
therefore allowing the FBG to vibrate more freely.

The experimental results suggest that the FBG that is édnalith ahigh impedance
adhesive for ultrasonic measurement could in fact reduce the output FBG response. Therefore, in
the next chapter we investigate the ultrasonic sensitivity of an FBG that is bonded at a location
away from the FBG to collect opticiitber guided traveling wave, therefore the FBG is absolutely
clear of an adhesive for free vibration. This is compared to a conventional case where the FBG is

directly bonded to a structure at the adhesive location.
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CHAPTER 3

Increasing FBG sensitivity through remote bonding

In this chapterywe compare the signal amplitude of Lamb wave detection in an aluminum
thin plate between directly bonded FBG sensor andremotelybonded FBG sensor. While
keeping the total wave propagation distance from a PZT actuatof@B@ sensor the same, we
gradually change the fraction of the distance the Lamb waves travel in the aluminum plate and the
fraction the traveling waves propagate through the optical. fli@wverify that the Lamb waves
are coupled into the optical fiber at the adhesive, the time of arrival of each combined mode
pathway is predicted. The signal attenuation as a function of the adhesive location is also estimated,
incorporating the differenattenuation properties in the plate and the optical fiber. It will be
demonstrated that themotelybonded FBG configuration produces significantly higher signal

amplitudes for Lamb wave detection.

3.1 Experimental methods

All experiments were performed byeasuring Lamb waves in a 6061 aluminum plate. The
dimensions of the plate were 609.6 mm x 609.6 mm with 0.8 mm thicknessl & Lamb waves
were generated in the plate using a 300 kHz PZT actuator that was glued at the center of the plate
using a cyanacrylate (CA) adhesive (séegure 31). This particular excitation frequency tbie
PZT actuator was chosen so that only the fundamentah® A modes were generated in the

plate.
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Figure 3.1 Schemat: of measurement system. Red line is optical fiber.

The FBG used in the experiments was a 10 mm long grating written in a polyimide coated
optical fiber. The end of the optical fiber away from the tunable laser was submersed in an index
matching gel to @vent noise due to back reflections. The FBG was radially aligned from the PZT
actuator and laid on the plate at a distance of 254 mm from the PZT actuator for all experiments.

The optical fiber was glued on the aluminum plate with a repeatable techaignsure
consistent bonding quality. As shownFfigure 32(a), two pieces of Kapt8rfilm were placed
parallel to each other with 19 mm gaphietween them. The optical fiber was placed on the gap
such that the optical fiber axis was parallel to the hviaftthe gap. Two pieces of Kapfotape
were placed on both sides to fix the optical fiber and K&gfibns in place. The CA adhesive was
applied on the optical fiber along the gap. Pressure was applied on both sides of the optical fiber
to ensure contaavith the plate. Excessive adhesive was absorbed withtancsivab before

curing. After curing for 10 minutes, the Kapfoiiims were removed as shownfigure 32(b).
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Figure 3.2 (a) Masking plate wittikaptor® film to produce bond length of 19 mm. (b) Resulting
bonded optical fiber.

Between measurements, the glue point was moved radially from the PZT actuator by
removing the previously glued section with acetandgluing a new location, with the desice
between the center of the glue section and the PZT actuator defiredAa$! = 254 mm, the
FBG itself was glued to the surface. The closest plate boundary was approximately 305 mm from
the PZT actuator along the radial direction showRigure 31.

The PZT actuator was driven in tone bursts (3 sine waves) by an arbitrary waveform
generator (AWG), whose output was passed through an ampiifietone bursts from the AWG
were synchronized with thmeasuremerdcquisition of the FBG sensor by using thutput TTL
trigger from the AWG. The output of the FBG sensor was measured using théltedgg
method

The major challenge itheseexperiments was to accurately measure the relative amplitude
of the transferred waves for the different bonding igurhtions. Therefore the optical fiber
connections ifrigure 31 were not changed during the experiments to prevent changes in coupling
losses and the same FBG was used to maintain the same edgésdaidlition, the edge slope of
the FBG was recapturdsktween measurements, to remove uncertainties due to shifting of the
tunable laser output wavelength and the FBG spectrum due to temperature.
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3.2 Experimental results

The recorded voltage output from the photodetector due to the 3 tone burst PZT actuator
signals are plotted ifigure 33, at different bond radial distandds The scales on all graphs are
the same. The initial signal prior to U8 was due to the electrical trigger signal from the AWG
and is not due to the PZT actuator output. All signalggdoin Figure 33 are the average of 32

individual measurements.
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Figure 3.3 Results of experiment shown in Figure 3.1 as a function of glue distance from PZT
actuatorH. FBG is not bonded to plate except the case afl = 254 mm. Green shaded region
indicates times when boundary reflections are also prdasat.shows detail ofe3.01 Signal
measured for bonded FBG.
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The propagatingd&and A Lamb waves in the plate apply longitudinal and transveramstr
to the optical fiber at the adhesive bond location, and therefore both couple to longitusipnal (L
and flexural (k) traveling waves in the fiber. As a result, there are four possible combinations of
signal pathways from the PZT actuator to the FB{&. will refer to these as the:Bo1, So:F11,
Ao:Lo1, and Av:F11 paths respectively. To understand the experimental results, the group velocity
of the $ and A waves in the aluminum plate and the &nd k1 waves in the optical fiber were
calculated. Thee wave speeds are listedliable3.1. For the optical fiber calculation, the elastic
waveguide equations for a clad rod of Thurst@878)wer e appl i ed, consi der
diameter silica optical fiber, surroundedb¥sm e m pol yi mi de coating.
The expected time of arrival for the four potential pathway$.¢5 Ao:Lo1, So:F11, Ao:F11)
were then calculated and are shown as red dashelitifigure 33. For the bottom graph, the
waves do not travel through the optical fiber before reaching the FBG, therefore these are just the

arrival time of the and A modes.

Table 3.1 Group velocity ofwaves in aluminum plate and optical fiber.

Mode Group Velocity (m/s)
So (plate) 5390
Ao (plate) 2450
Loz (optical fiber) 5110
F11 (optical fiber) 1550

The $:Lor mode can be clearly seen in all graphs. The arrival timey:ob:Sbecomes
shorter a#d increases because the travel distance in the plate increases and the group velocity of
the S wave is slightly higher than that of the:lwave. The A:Lo1 mode can also been seen clearly

in the measurements. For this case, the group velocity ofgth@ye is much slower than that of
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the Loz wave, therefore the time of arrival increases considerably with incre&singo
comparison can be made between the relative amplitudes of the signal transfer froanthéS
modes to the & mode, as the PZT adtor is not expected to launch both modes equally in the
plate.

The S:F11 and A:F11 modes are difficult to distinguish because the FBG is inherently less
sensitive to flexural (shear) displacements as compared to the axial displacements present in the
longitudinal mode. The relative magnitude of the coupling from tren8 A modes to the &
mode at the adhesive bond is not known and may also contribute to the reduced amplitude.

The arrival time of the fastest boundary reflections was also calculabed.S:Lo1
reflection had the shortest travel time and is indicated by the edge of the shaded rEgjarein
3.3. Therefore signals in the unshaded region are not corrupted by boundary reflections. All
experiments were also repeated with the FBG séiftgal off of the plate (for theemotelybonded
sensor cases) to verify that the signal entered the optical fiber at the bond location and not along
the entire optical fiber.

For every graph, the three peas&ak amplitudes of theo®o1 and Ay:Lo1 modes vere
obtained and averaged and are listed@able3.2. Multiple tests were repeated for each bond to
verify the repeatability of the bonding procedure and signal measurements. The difference between
tests was not detectable after averaging of the 32 sighaé amplitude of theo®o1 pathway
shows a clear decrease with increasihgvhereas the amplitude of the:Bo1 pathway was less
consistent. As the #ALo: sighals were sometimes corrupted by the presence of back reflections
from the edge of the platese will focus on the &Lo1 signals for the rest of ik chapter

The drop in signal betwedh= 203 mm (emotelybonded case) artdl= 254 mm dlirectly

bonded case) at first appears much larger than any of the other case and is potentially an outlier as
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compared to the other data points. For all cases, the total distance traveled by the modes remained
the same, however the fraction of that distance traveled in the plate and the optical fiber varied. To
understand whether the significant drop in signal laoge for thedirectly bonded case is an

outlier, in the following section we theoretically predict the& signal attenuation as a function

of adhesive locatiort.

Table 3.2 Average of three peak to peamplitudes of 8Lo1 and Av:Lor modes from Figure 3.3.
Average pealto-peak amplitude (mV)

H (mm)

So:Lo1 AoLo1
25 3.76 2.58*
51 2.66 1.73
102 1.82 0.96
152 1.78 1.01*
203 1.45 0.67*
254 0.24 0.26

*modes for which A:Lo: overlapped with bc_)undanyeflections, therefore amplitude values are
estimates

3.3 Theoretical attenuation predictions

Based on the results of the previous section, a theoretical prediction of the attenuation of
the signal arriving at the FBG was performed. The goal of this ctitnulaas to predict the signal
amplitude of the 8Lo1 wave arriving at the FBG for each of the glue location cases described
above, therefore comparing the measurement sensitivity of the directly and remotely bonded cases.
We will limit our discussion téhe $:Lo1 mode.

Figure 34 shows the definition of the wave amplitude at various distances from the PZT

actuator. The signal generated by the PZT actuator first travels through the aluminum plate as the
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S Lamb wave. The 8wvave is attenuated due to twiects: the material attenuation in the plate

and wave spreading due to the fact that the PZT actuator is assumed to be a point source.

aluminum plate S attenuation  optical fiber L attenuation

(material + wave spreading) (material)
- - \
~
~ \
N \
\
PZT glue location FBG optical fiber

measurement ra nge

Figure 3.4 Definition of wave amplitudes and attenuation gl.5 mode. Figure not to scale.

The material attenuation of the ®ave in the aluminum plate as it travels from the PZT
actuator to the glue location is calculated using the following equation,
a, =€ ™ 1)
wherex: andx, are the start and end location for calculating the signal attenuatianda, are
the wave amplitudes at these locations, &rid the frequency dependent material attenuation
coefficient. The attenuation of the Wave spreading out from the point source is proportional to

the inverse square root of the travel distaf8ieand Ye 2009) and

(2)

B ES

a
a,
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As the first measured location waskat= 25 mm, we will label the amplitude of the S
wave arriving at this distan@s and scale all other measurements relative taoties Combining
these two attenuation effectserfuationq1) and (2), wecan write the amplituda* at x = H, in

terms ofap,

\/2\'/E>LTlmgaoe-ap(H 25 mm)
H

a=

3)

wherel(}, is the material attenuation coefficient in the plate.
For theremotelybonded FBG cases, theWsave is then coupled into the:dguided mode
in the optical fiber. We will represent this coupling coefficienT and assume that is constant as
all adhe#ve bonds were the same. Therefore the amplitude of¢hat ithe bond location is then
Tar.
The Lo: mode is guided and is therefore only attenuated by the material attenuation in the
optical fiber. The amplituda of the Lo; mode arriving at the FBG sgor is therira* multiplied
by the material attenuation in the fideeeand Tsuda2006),
@ (@s4mm+)

a=Ta

J25 mme.ap(H.zsmm)-a,(zszx mm-H ) (4)
JH

a =Ta,

wherel is the material attenuation coefficient in the optical fiber.

For this validation, the material attenuation coefficient of the aluminum plate at 300 kHz
was available from the literaturgl, = 0.3 m* (Ono and Gallegp2012) However, the material
attenuation for the specific optical fiber with polyimide coating was not available. Therefore a
second experiment was performed to determine the material attenuation coe¥fioiéme optical
fiber, as shown idrigure 35. Two bonded locations were applialong section of optical fiber,

labeled Bond 1 and Bond 2, with 4.6 m of optical fiber between the tape locations. Both locations
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were 50 mm from the PZT actuator and oriented such that the optical fiber axial direction is parallel
to the Lamb wave progation direction. The FBG was close to the first tape location, at a distance

of 100 mm from the PZT actuator.

4 to index matching gel
[

v to laser N
Figure 3.5 Experimental setup fdhe measurement ofdy attenuation coefficient in optical
fiber. Black rectangles show location of tape bonding. Red line is optical fiber.
The S wave is coupled intodis modes in the optical fiber at both bond locations and these

Lo1 waves travel to the FBG (in opposite directions). As the distance from thad®Zator to the
bond locations are the same, the difference in the time of arrival and amplitude are strictly due to
the difference in b2 mode propagating through the optical fiber. The 4.6 m distance was chosen
such that the &Lo1 waves arriving at th&BG from Bond 2 would appear after all boundary
reflections seen in the measurement from Bond 1 and therefore would not interfere with the signal
measurement. As a single section of polyirdated fiber with FBG was not available, a 3.6 m
length of opttal fiber was spliced to the bonded sections as showigume 35, making the total

separation distance of 4.6 m. Therefore, signal from Bond 2 passes through the two splice points
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and the measured attenuation in this experiment is a conservative estirtta attenuation (i.e.
potentially slightly larger than the actual material attenuation).

The measured signal from this experiment is showligare 36. The time axis of this
measurement is longer than the previous graphs, so the measured sinare/angsas visible.
The S:Lo1 wave coupled into the optical fiber at Bond 1 and Bond 2 can be seen along with other
signals due to boundary reflections. The amplitudes of ¢th@:Svaves arriving from Bond 2 and
Bond 1 have an amplitude ratio of approabtely 0.41, producing an optical fiber material
attenuation coefficient dit = 0.19 m. For reference, this coefficient is close to that of aed
Tsuda(2006) who reported a d; attenuation coefficient dff = 0.18 m* for an optical fiber of

the samaliameter, however without the polyimide coating, measured for mdde frequency of

200 kHz.
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Figure 3.6 Results of optical fiber d1 attenuation experiment.

Using the material attenuation coefficiemtported above, a best fit euation(4) to the

experimental signal amplitude dataTiable3.2 was performed, resulting feo = 4.15 mV. The
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theoretical prediction for the measured signal amplitude of¢the:$node is plotted as solid curve

in Figure3.7, along with the experimental data as discrete points.

glue location optical
H FBG fiber

PZT
4 | :
+ remotely bonded FBG

357 @ directly bonded FBG
3t — theoretical attenuation

a (mV)
N

®

0 50 100 150 200 250 300
H (mm)

Figure 3.7 Theoretical amplitude attenuation aflS: mode and experimentally measured signal
amplitudes. Circled data point indicatsisectly bonded FBG.

We observe that this theoretical attenuation well predicts the measured amplitude, except
for the data pointH = 254 mm) at which the FBG is directly glued. The measured amplitude at
this point is 19% of the predicted value. These measurementn di cat e t hat the e
transfer coefficientT, for thedirectly bonded FBG is approximately 81% less than that of the
remotelybonded case. We wuse the word fneffectivebo
mode of excitation in the dictly and remotely bonded cases.

Therefore, exciting strain in the FBG by exciting a traveling ultrasonic wave in the optical
fiber produces a much higher signal transfer than the mechanical coupling of the Lamb wave

directly to the optical fiber at tHecation of the FBG. As the distances between the PZT actuator,
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the glue location, and the FBG are taken into account in the theoretical equation, these results
indicate thall must be much lower for thairectlybonded case than for themotelybonded ase.
Assuming that the travelingoLwave may take travel distance in the optical fiber from the bond
location before it is fully developed, the facioincludes the effects of both the magnitude of the

Los wave at the FBG location and the sensitivityhe FBG to the b1 wave. At this point, these

two effects cannot be distinguished. However, we can concludeethatelybonding the FBG

significantly increases the sensitivity of the FBG for Lamb wave detection.

3.4 Conclusions

The experiment and theoretigaredictions of wave attenuation in the plate and optical
fiber in this article demonstrate thaemotely bonding the FBG significantly increases the
sensitivity of the FBG to Lamb waves propagating in the plate. In this experiment the increase in
sensitvity was demonstrated to be 5.1 times that ofdihectlybonded case, however the specific
factor would likely depend on the ratio of the bond length to the Lamb wave length, the specific
frequency of the Lamb waves, the length of the FBG, and the #sskof the adhesive bond.
These geometrical factors and their role in optimizing the signal amplitude should be further
investigated.

Further, in the attenuation analysis, we only consideredgth@8e, and therefore cannot
specify what effects are seentlwAo mode. One would expect the coupling coefficient to be
different for the two modesT§o and Tao) as the relative amount of-plane and oubf-plane
displacement at the surface is different for each Lamb wave. However the amplitude of the signal

measured for thelirectlybonded case, the bottom graplirigure 33, also decreased significantly,
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indicating that a similar drop in signal transfer from themode is expected for thairectly
bonded configuration.

Finally, it should be noted that stasirain applied at the bond location cannot be measured
with the FBG for th@emotelybonded configuration, in contrast to the directly bonded case which
could be an advantage or disadvantage depending on the specific application. However, these
preliminary results demonstrate thamotelybonding FBGs, when used for Lamb wave detection
in thin structures, is an excellent method to increase the sensitivity of the FBG to the small

amplitude Lamb waves.
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CHAPTER 4

Simulation of Lamb wave coupling to directly and

remotely bonded FBGs

In the previous chapter, vekemonstrated experimentally that remote bonding of the FBG
can increase the output signal amplitude from the FBG up to 5 times when compdiredtto
bonding for the same signal. However, the mechanisms causing this increase and the conditions
under which it occurs have not been explored. We hypothesize that the difference is due to two
effects: (1) the fact that the excitation at the FBG loca#ibove the adhesive bond is not fully
coherent along the length of the FBG, whereas by the time the excitation reaches the remotely
bonded FBG it is a fully developed guided wave and (2) dagaeffects in strain transfer along
the adhesive. To test thhypothesis, we apply the finite element (FE) method to simulate the
differences in response betweedigectly bonded FBG andemotelybonded FBG to the same
Lamb wave input signal in an aluminum plate. It will be demonstrated that the signal coherence
does not play a dominant role in the output sensitivity difference, however the shear lag effect
produces a relative sensitivity difference betweerditectly bonded FBG andemotelybonded
FBG for some excitation frequencies. Finally it will be demometrthat the output FBG response
amplitude does not manifest monotonic change as a function of adhesive thickness to modulus
ratio because the adhesive properties produce system resonance effect as well as the shear lag

effect, resulting in a peak ampliteidesponse.
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4.1 Simulation methods

We model an optical fiber bonded to the surface of a thin aluminum plate in ANSYS using
thefinite elemen({FE) method. Through a transient analysis we simulate the ultrasonic wave signal
propagation from the plate througfiie adhesive and into the optical fiber, then its propagation
along the optical fiber to the FBG. The physical conditions are chosen to match the exgeriment
in the previous chaptelt is important to note that the goal of this simulation is not to atelyr
model the full Lamb wave propagation in the plate, but only the resulting displacements that are
coupled into the optical fiber. In addition, since theaAd $ modeswereseparated in time when
arriving at the bond location in the previous expemteve will simulate only the 8mode to
compare with the previous results. The PZT transducer is not modeled in the simulation to generate
the Lamb wave, but the wave is produced by exciting selected nodes in the meshed plate. Strain
and displacement preb are distributed along the center axis of the optical fiber with a uniform
interval, analyzing the wave propagation through the optical fiber. The FBG output spectrum is
approximated by transfer matrix method, which estimates the output FBG responkserbtse
strain data collected from the probes at the FBG location.

Figure 4.1a) shows the simulation model. &kength and diameter of the optical fiber are
160 mm and 125 & m. I n t he ¥x geaenwr itrhd rctkoatiptpH e/ i anp ti
however the coating has been shown to have a minimal effect on the signal transfer between the
substrate and the opal fiber (Lee and Tsuda200&). Therefore the coating is neglected in this
FE analysis. The aluminum plate has the dimensions of 70 mm x 1 mm with 0.1 mm thickness. In
the experiment the plate thickness was 0.8 mm, however the thickness in the simsutetioiced
to 0.1 mm, minimizing the number of the elements in order to speed up the analysis. However

reducing the plate thickness also changes the Lamb wave group velocity because it depends on the
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plate thicknes$requency producfGiurgiutiu, 2005) Therefore the SLamb wave propagation
from the experiment is simulated in the FE model by manually controlling the plate nodal
displacements, so that the ISamb wave propagation in the FE model has the same propagation
group velocity that occurs in the8dmm plate of the experiment. Assuming that0 mm is the

start of the aluminum plate,= 0 to 10 mm defines the location of the FBG sensor that is bonded
directly to the aluminum plate. As shownRigure 4.1b), the adhesive total thickness is define
ash: and the thickness between the plate and bottom of the filwgr Blse material properties are

the same as the experimental values as showahbte4.1.

(a)

remotely-bonded FBG

Traveling wave

directly-bonded FBG

aluminum plate
optical fiber

node
. €Xcitation

60 mm

Figure 4.1 (a) Simulation model; (b) cloag of adhesive bond details; (c) node excitation
schematic at the plate bottom surface (image inverted).

Table 4.1 Material properties

Material Elastic modulus (GPa) Poi ssonbd Density (kg/n)
Aluminumplate 71 0.33 2,770
Optical fiber 66 0.15 2,170
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The model was spatially and temporally discretized based on the Lamb wave and traveling
wave velocities as well as their wavelenditiervan et al., 2003; Sheand Giurgiutiy 2012) The
mesh sizayz, in the wave propagation direction, was based on the 300 kHz burst input signal in
the experiment, with a frequency bandwidth ef@D0 kHz. Therefore the upper frequency limit
for the FE analysis is set to be 1 MHz. TherRode in the optical fiber at thisequency has the
minimum wavelengtrand group velocity of 3,000 m/Jo accurately resolvéhe F1 mode,
approximately twenty elements are needed per wavelamth).15 mm. The mesh size produced
16,718 elements without the adhesive. The model is face meshed to resolve complex topologies,
along with element sizing to satisfy the calculated meshggiZz€he simulation uses the transient
structural analysis via ethanical ANSYS parametric design language (APDL) solver, requiring
a proper integration time step that can resolve the fastest wave speed in the analysikaitie S
wave in the plate and theland k1 guided waves in the optical fiber have group vities of
5,390 m/s, 5,500 m/s, and 1,600 m/s respecti{@iyrgiutiu, 2005; Thurston, 1978Among the
examined waves thepltraveling wave has the fastest wave speed therefore the timgi stegs
selected to be 0.028s. The length of the optical fiber to be modeled was selected based on
preventing the back reflection from the end of the optical fiber arriving at the FBG locatiens.
optical fiber length was therefore modeled as 90 mrhéampbsitivez direction and 60 mnn the
negativez direction.

The input  Lamb wave propagating through the bond location is simulated by manually
assigning displacement as a function of time for the nodes located underneath the bond location as
shown nFigure 4.1c), which is the inverted plate to show the bottom surface where the excitation
is produced. Each red dotted line indicates the selected row of nodéisention starting from 0

to 10 mm, where each row is progressively excited with a ghaiedz displacement. In reality,
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the $ mode has components of batkin-plane) andy (out-of-plane) direction displacements at

the top surface of the plate. However, calculating the magnitude of both components yielded an
amplitude difference of 40nhes greater for the direction than for thg direction, therefore the
out-of-plane displacement is not included in the excitaf®iurgiutiu, 2005) The phase shift is
calculated using,

f= /\/Q% (1)

whereVy sois the group velocity for theoSnode at the excitation frequency. Thdisplacement
applied to the nodes at the bottom surface of the plate producesdmath displacemats on the
top surface due to the Poissondés effect. Exci!t
tried which resulted in the magnitude change ofytligsplacement, however did not affect the
output FBG response. In the experimental studlyr@e cycle tone burst signal at 300 kHz was
excited in the plate however in the FE model the number of cycles is reduced to one cycle in order
to reduce the transient analysis time duration and also to observe the wave coupling from the plate
to the optcal fiber in the simplest form. Some simulations were repeated with a three cycle tone
burst, however the results were the same as for the single tone burst.

Displacement and strain probes are located at the center of the optical filbES atm
intervalsstarting from O mm to 35 mm, which covers theectly bonded FBG location at-010
mm and theemotelybonded FBG location at 2535 mm. The selection of tremotelybonded
FBG location is explained later. The displacement probe outputsz taed y direction
displacements separately to observe theahd 1 mode traveling through the optical fiber. In
addition to the displacement measurement, strain probes at the same locations output the
directional normal strain over time for input to the transfi@trix approximation to calculate the

FBG response.
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To calculate the output of the FBG in response to the waves traveling through the optical
fiber, the axial normal strain values along the FBG length were input in a transfer matrix
approximation of th@ragg grating with noftonstant propertig®’amadaand Sakudal987) As
shown inFigure 4.2 the transfer matrix approach divides the Bragg gratinghhszctions, the
axial strain is assumed to be linearly piecewise continuous along the FBG, andotiachhse
different coupling properties depending on the applied axial strain and strain gradient. Since the
wave signal travels through the optical fiber, the strain distribution along the FBG varies at each

time stepgt. Equation (2)ives thetransfer matrix representation for tffesection Fj,

- ecosr(Dz\/kZ ) l—smr( \62/(7:% i\/%%sinﬁv z\/ﬁz)ﬁs o
i g i\/kzkigsmh(Dz k* —l?) cosr( " % 1% ij%ﬁsin(. z\/TkZ)E
e - -
whereai s t he fiaco coupling coefficient,
=2 g, (3)

and€i s t h e -cayding ooefficiert ds a function of propagating waveleng{fPrabhugoud

and Peters2004)

L2t dy) p
S 1 2

In these equation®s is the effective refractive index of the optical fiber fundamental mode,
the fringe vigbility of the index modulationgn,, is the average index changg,is the length of

the j" section, set to match the mesh size, anié the index modulation period. The FBG
properties were chosen in this simulation to approxirnhe&té&BG sensor output in the experiments

of Chapter 3(nest = 1.46, " = 1, dn, = 6 x 10° s = 530.8 nm). The Bragg wavelength of the

unstrained FBG spectruras, is located at 1550.063 nm.
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The mesh sizgz produces 68 simulatedgmentsM within the 10 mm long FBG. When
nortuniform strain is applied along the FBG, the linearly varying strain in each segment can be
represented as an effective period change in equation (5) of the form,

L(» =0 & ple(2 @ )z 4 (5)
wheres o is the original FBG period, anda and- & are the average strain and strain gradient
along the segmeliPrabhugou@dnd Peters2004) Note, this effective period change includes both
the physical change in period and the refractive indergialhe phot@lastic constant for the
optical fiber is set gbe = 0.22 in these simulatior{®eters2009. The combined transfer matrix

for the entire grating can then be calculated as,

F=F, E')M ...... F, (6)
and the output rédctivity i _ as,
F 2

The output FBG spectrum change due to the given strain distribution is calculated by scanning
through the wavelength range_of 1549.5 nm to 1550.5 nm with 0.001 nm increments.

Finally, the Lanb wave detection of the FBG was assumed to be processed through an
edge filtering technique, using a narrowband input from a tunable laser, as shoguréi.2(a).
The tunable laser output is located at the full width at half maximum (FWHM) of thedasgen
edge of the unloaded FBG spectrum, here at 1550.019 nm. The original reflectivity and the slope
at the edge filter location were calculated tordpe 0.7 ands= idp _g 12 nm’. The strain
output from the FBG] is then calculated from the change in reflectivity at this locatpr,r 1
ro (Peters2009.

Dr
e=—
/.@- p.)s

(8)
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actual strain distribution
assumed strain distribution

FBG length

Figure 4.2 Piecewisdinear approximation of the actual strain along the FBG length.

4.2 Results

The mechanisms causing the difference in output FBG signal amplitudes between the
directly bonded andemotelybonded cases were investigated through the siroolatiethod
outlined above. Two factors were originally postulated to cause the amplitude increase
experimentally observed for themotelybonded FBG. One arises from the fact that at the location
of thedirectly bonded FBG, the d. and k1 modes are beingenerated in the optical fiber and
therefore these waves may not be fully guided and may be interacting at this location. Further, the
coupling occurs along entire length of the bond, therefore these modes may not be fully coherent
along the length of thEBG. In contrast, at the location of tremotelybonded FBG, thed: and
F11 modes have fully developed, are guided and are fully separated. Secondly, the adhesive bond
introduces a shear lag effect, creating an amplitude variation alodgebtty bonced FBG length
prior to reaching the development length, while temotelybonded FBG is placed after the
location of maximum strain transf@Davis et al., 2014)To isolate the first factor, we model the
optical fiber bonded to a thin aluminum plate wilih the adhesive, assuming perfect contact

between the plate and fiber, and compare the FBG signal frodirdodly bonded andemotely
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bonded locations. To then isolate the second factor, we repeat the simulations including the

adhesive, varying the adsiee properties.

4.2.1Signal transfer without adhesive

In the first set of simulations the optical fiber is perfectly bonded to the plate without any
adhesive present. This is the case whandh, are both 0 mm ifrigure 4.1b). The line of surface
elemens along the bottom of the optical fiber are connected to the surface elements of the plate,
without any gap opening or relative slidingigures 43(a) and 4.3(b) show they and z
displacements calculated at the displacement probes at the center ofdiidibpt, as shown in
Figure 4.1a). The formation and propagation of the fRode can clearly be seenkigure 4.3a).
In Figure 4.8a), dashed lines corresponding to therRode phase velocitWphase,F12 and group
velocity, Vgroup,F11 In the optial fiber are also shown, which correspond well to the simulation
results. The reflectediFmode from the end of the FBG (i.2.= 10 mm) where the bonding
between the plate and optical fiber ends can also be Beewontour of iE mode front is curved,
showing the dispersive behavimirthe mode.

Similarly, in Figure 4.3b), the formation and propagation of the mode can be clearly
seen. The theoretical phase and group velocities are also indicated and correspond to the simulation
results. The bs mode is highly nofdispersive compared to the;ffnode, as expectgdlee and
Tsuda 2006). A delayed, lower amplitude pLmode also propagates along the optical fiber. This
mode is excited by interaction with the; fode (as it propagates at the Fode phase velocity)
along the bond length. With the bottom edge of the fiber fixed to the plate, ttmoée produces
z displacement as well as tlyedisplacement in the optical fiber. At= 10 mm, they and z

displacements are decoupled inta &1d Los modes. It will be seen later that this mode, which
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was not observed experimentaiythe previous chapteis a numerical artifact of the ideal bond
conditions in this simulation and was no longer present once the adhesive was added in the
simulations. Asindicated with dashed boxes, thalisplacements in thdirectly bonded FBG
location shows that theoLand 1 modes coexist. By comparifdgures 43(a) and4.3(b), the lo1

and k1 modes are observed to be completely separated after approxigat@hmm.
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Figure 4.3 Calculated (ay and (b)z displacements as a function of time along the center line of
optical fiber.

To investigate the role of the excitation coherence along the lengtle &BG, the time
domain strain data at the center of the optical fiber is converted into the freglegamain. The z
directional strain data at the 68 probes located=ad to 10 mm and the 68 probeszat 25 to 35
mm were used. Théirectly bonded ad remotelybonded cases were time windowed to3)16
ps and 4.40 9.56us respectively to capture only the first arriving lnode. These represent the
locations of the directly ancemotelybonded FBGs, respectively. Power spectra were calculated
for each of the probe locations from the time domain strain &&jares 44(a) and4.4(b) plot the
power spectra for the directly amemotelybonded cases respectively. The amplitudes between

the two plots are not comparable because theplacement for #gnbonded case includes not only
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the Lor mode, but also strain due to tha Eonversion t@ displacements as seenFigures 43(a)
and4.3(b). The bimodal distribution ifigure 4.4b) is due to the arrival of the secongl lwvave
packet produced by thaifmode. We observe that the power spectra foreahmtelybonded case

are much more similar, indicating that the excitation along the length oértieelybonded FBG

is more coherent than for thdirectly bonded FBG. To quantify the signal coherende t
magnitudesquared coherenc€yy, of each power spectra was calculated, as compared to the

power spectrum of the center node,

Ry (1)
Po(f)Py( f)

wherePx(f) andPy(f) are selcorrelations of the power spectra of the centale and the node

Cy(f)=

(9)

evaluated respectively.Px(f) is the crossorrelation of the power spectra of the two nodes.
Figures 44(c) and4.4(d) plot the signal coherence curves for theectly bonded FBG and
remotely bonded FBG. The excitation coherence the remotely bonded FBG case is
approximately 1 throughout the frequency range, indicating that the frequency components are
highly coherent. In contrast, for tdeectlybonded FBG the signal coherence is considerably less,
due to the mode interferenas well as the residual strain.

Based on the collected strain data at the directlyramibtelybonded FBG locations, the
output FBG responses were calculated using the transfer matrix method and edge filter described
earlier, and are plotted iRigure 45. The L1 mode arrives later at themotelybonded FBG
location, as expected. Otherwise, the signals fromdirextly bonded FBG and theemotely
bonded FBG are identical (except for the numerical artifactriode which arrives later for the
remotelybponded case), with a peak to peak amplitud
unsymmetrical about the 0 U with larger con
unsymmetrical signals have been observed by other researchers for bondsensB&Tsuda,
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2006) To summarize, there was a large difference in the coherence of the excitation along the

FBG between the two bonding cases, however this effect did not produce the difference in output

FBG signal amplitude observed experimentallyerBfiore, the first part of the hypothesis posed

at the end of the introduction was not correct. We next investigate the role of the adhesive on the

FBG outputs in the next section.
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Figure 4.4 Calculated power spectra of strain data of probes alordiréxly bonded FBG and
(b) remotelybonded FBG. Corresponding magnitude squared coherence plots of power spectra
from (c)directlybonded FBG and (demotelybonded FBG. Dashed red lime(a) and (b)
indicates power spectrum of center node along FBG.
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Figure 4.5 The calculated output responses to the same input wave for directigraatkly
bonded FBG.
4.2.2Signal transfer witladhesive
In the next set of simulations, an adhesive was modeled aroudddbty bonded FBG
to investigate the effect of different adhesive moduli and thicknesses on the output FBG response.
The fiber and plate dimensions were the same as in the previous simuRaBeious research
demonstrated that the adhesive properties and thickness affect the ultrasonic signal detection of
conventional PZT transducers. With increasing adhesive thickness or decreasing modulus the
resonant frequency of the output signal dexesaand the shear lag effect becomes more dominant
which decreases the net output amplit(@img et al, 2006; Hand Chang2010) Islamand Huang
(2014)introduced the lumped parameter, the adhesive thicknedsilus ratio, which was shown
to control theoutput ultrasonic signal amplitude. In contrast to the common guideline for quasi
static strain measurements that a thinner adhesive layer maximizes the signal amplitude, the
experimental and simulation results indicated that the optimal adhesive tlsiokodslus ratio
should be selected for maximum signal amplit{igeam and Huang 2016) However in these

works the PZT transducers were bonded directly on the surface, therefore the transducers were
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exposed directly to the adhesive effect. Here we inyat&tithe role of this effect in producing the
different signal amplitudes between the direct and remote bonding cases.

In the first set of simulations, only the adhesive shear modulus is varied. The chosen
dimensions of the total adhesive thickndss; 0.1875 mm and the thickness between the plate
and bottom of the fibehy = 0.125 mm, were estimated from the previous experifvéat et al.,

2016) The glue used in the experiment is etPydyanoacrylate type adhesive (Loctite 136407)
which is estimatetb have 150 MPa shear moduli®etrov et al., 1988}herefore the simulation
moduli are selected around this value.

Figures 46(a)-(d) show thezdisplacements at each probe over time, calculated for different
adhesive moduli. The dashed boxes showheén38 MPa case indicate that the shear lag effect is
clearly present at the location of tdeectly bonded FBG as compared to tteenotelybonded
FBG. As the adhesive shear modulus decreases the shear lag effect also increas@®datythe
bonded FBGdcation. As the displacement is transferred from the structure to the optical fiber
through the adhesive layer in shear, there is a development length (here approximately 5 mm) after
which the full signal amp |l i t ugdadwhictsincrpases svithnt . A
decreasing adhesive modulus. Presumably this ringing is due to a resonance behavior which is
damped by the modulus, as also previously seen for PZT transfistaarsand Huang2014)

Figures 46(e)-(h) indicate the output FBGesponses that are calculated using strain data
obtained from the directional strain probes located in the FBG locations. To better visualize a
comparison between the directly ammmotelybonded FBG responses, the signal arriving at the
remotelybonded BG is shifted by 4.5 pus to overlap with thieectlybonded FBG response. Time
equals 0 sec is the beginning of plate excitation. This will be applied to all later plots as well. As

the shear modulus decreases the amplitude difference betwediretity bonded andemotely
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bonded FBGs increases along with the shear lag. Therefore this shear lag effect is a strong

contributor to the difference in signal amplitudes measured between the two bond cases.
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Figure 4.6 (a)-(d) The calculated displacement at the center of the optical fiber plotted over
time, for different adhesive shear moduli and(f@)the corresponding output FBG responses.
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In the second set of simulations, the adhesive shear modulus whatf3@ MPa, and the
adhesive thickness between the optical fiber and the pkataried from 0.125 mm to 0.016 mm.
The fxi hy) valueremains constant at 0.0625 mm. All the other dimensions are identical to the
previous adhesive simulatioRigures 47(a)-(d) show the calculateddisplacement at each probe
over time for the different adhesive thicknesses. With decreasing adhesive thickness the signal
Aringingod decreases. Further, as the adhesi v
decreass, which is similar to the effect mfcreasinghe adhesive shear modul&sgures 47(e)
(h) arethe corresponding FBG responses using the straincditalated at the FBG locations
indicated inFigures 47(a)(d). The plots indicate that the differenof output FBG responses
between thalirectly bonded FBG andemotelybonded FBG increases with a thickethesive
thicknessdue to the shear lag effect.

Figure 4.8plots the peak to peak amplitudes of the output FBG responses for the different
adhesive rduli and thicknesses based on the datgigdires 46(e)-(h) andFigures 47(e)-(h).
The data points & = 0 MPa andy, = 0 mm are the cases without the adhesive. As the adhesive
modulus decreases or the adhesive thickness increases, the shear lgyaftexts a larger
amplitude difference between tlrectly bonded FBG andemotelybonded FBG cases. The
maximum amplitude difference was 102%. However, the overall output signal amplitude does not
show a monotonic trend witB or hy. Instead each plo&ls a maximum value in the middle of the
range, and this is similar to the results of PZT transducers mentioned above.

To compare, the data Bfgure 4.8a) are normalized with the adhesive thickngss0.125
mm and the data dfigure 4.8b) are normalizé with the adhesive modul@ = 38 MPa. These
normalized plots are combined together, producing the thicknedsilus ratichy/G plot shown

in Figure 4.9 At hy/G = 3.3em/MPa, both simulations are the same, therefore the two sets of data
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points overlap. e two normalized plots show a similar trend with maximum amplitude values
located arountt/G = 1.5em/MPa.

In relation to understandirfgigure 4.9 studying thd~igures 46(a)-(d), the ringing signal
period varies from approximately= 2.9esat 192 MR toT= 3.34¢s at 38 MPa, although the
input signal period is fixed dt= 3.33¢s. This behavior is similar for the adhesive thickness cases
in Figures 47(a)-(d). The behavior is assumed to be due tohi/& dependent system resonance.
Ha et al. andslam et al. also observed increasing pefiatith either decreasinG or increasing
hy (Haand Chang2010; Islamand Huang2016)

To test this assumption the same simulations were repeated for various input frequencies.
Figure 4.1(plots the peak to pé strain amplitudes of the FBG responses as a functibsl@f
for the varying shear modulus. The black squares in the figure indicate the resonant peaks for each
input frequencyFigures 410(a) and (b) show theemotelybonded andirectlybonded FBG ases
respectively. The simulations show that for both cases, a system with a hifBeralues
resonates at a lower frequency. For the remote bonding case a larger resonant peak occurs for a
higher hy/G, indicating that the lower frequency resonance predularger strain amplitude
vibrations. However, this amplitude change is opposite foditeetly bonded case because the
directly bonded FBG is not only exposed to the system resonance effect but also to the shear lag

effect.
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Based on the information frorRigure 4.10 the presence dfi/G dependent system

resonance explains the raronotonic outpuFBG response curves showrHigures 48 and4.9.

RevisitingFigure 4.9 for the region below approximateiy/G = 0.7 the sharp increase in output

amplitude withhy/G is due to the fact that the resonance frequency of the system is approaching

the exciation frequency. This can be determined because there is no significant difference between
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the amplitudes of the two bonding cases. On the other hand, in the regiorhg®owe).7,the

resulting output amplitude first increasbecause of the resonancéeet, meanwhile the
increasing shear lag effect can be seen from the increasing difference in output amplitude between
the two bonding cases. Aftér/G = 1.3, the output amplitude decreases because the shear lag
effect constantly increases and becomesiidant. This is evident based on the continuous

increase in the relative output amplitude difference.
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Figure 4.10 The output FBG response with changing adhesive thickmestlus ratid/G, for
various input frequencies for (egmotelybonded FBG and (kjirectly bonded FBG.
4.3 Conclusions

These simulations demonstrate that the signal amplitude increase between the remotely and
directlybonded conditions, previously observed experimentalbyyésto the absence of adhesive
around theemotelybonded FBG. In the case of tdeectly bonded configuration the adhesive
shear lag effect decreases the shear strain transfer from the structure along the length of the FBG,
whereas theemotelybonded FB is less sensitive to this effect. Furthermore, the output signal

amplitude can be increased by optimizing the ratio between the adhesive thickness and the shear
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modulus. The adhesive thicknes®dulus ratio also determines the local resonance of theabpti

fiber and adhesive system, therefore matching the input excitation signal frequency with the
system resonant frequency at a given adhesive properties can maximize the output amplitude
response. The simulations also explain why some experimental stiiesa similar signal
amplitude between the direct and remote bonded cases, associated with the bond conditions of the
left hand region oFigure 4.9Tsuda et al., 2009However, the full magnitude of the sensitivity
increasef theremotelybonded FBGelative to thalirectlybonded FBG observed in the previous
chapterexperiments was not achieved. Nonetheless, these simulation results demonstrate the
ability to optimize the sensitivity of surface bonded FBG sensors to Lamb waves, through the
considerabn of resonangeshear lag effectand different bonding conditions. These results also
provide a better understanding of the role the adhesive bond plays on the ultimate signal coupling

to the FBG sensor for either bonding condition.
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CHAPTER 5
Fiber-to-plate and plate-to-fiber coupling effects for

continuously-bonded optical fiber sensing

In laboratory demonstrations, the FBG sensors are typicallyogpated on the surface of
a structure to collect signals for damageedon(Tsuda, 2006)However, a common practice in
real applications for monitoring of large structures, such as ship hulls, is to bond the entire length
of optical fiber(Torkildsen et al., 2005; Baldwin et al., 200Bpnding the entire length protects
the optical fiber from long term environmental damage, such as due to humidity or contaminants
(Davis et al., 2013 Here we will call this continuous bonding.

Theability of optical fiber guided waves to be excited through the adhesive bond presents
apotentialchallenge for continuouslgonded FBGs, in that if the coupled wave signals from the
entire adhered length are locally converted into guided traveling waves and reach the FBG, then
the combined signal is theoretically susceptible to distortiomeforiginal Lamb wave signal.
However, the fact that the FBG response measured for continuously bonded applications has not
been previously remarked to be significantly distorted, indicates that signals coupled at locations
away from the FBG never or scalg reach the grating location.

The fiberto-plate coupling can be applied to understand the continubosiged FBG; in
this case Lamb wave signals coupled to the optical fiber at a distance away from the FBG may be

recoupling back into the plate, theyef never reaching the FBG. If so, the platdiber and fiber
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to-plate coupling rates and their efficiencies with respect to adhesive dimensions, specifically the

adhesive length, should be explored to evaluate the validity of using continbouslgd BG.
Therefore, this chaptenvestigatesvhy bonding the entire optical fiber length produces

an acceptable measurement of the Lamb wave propagating through the structure. The signal

distortion induced by the continuoudbpnded FBG is studied and compatedhe spotonded

FBG. To this end, experiments are performed to measure-theebiional coupling of ultrasonic

waves between a thin plate and optical fiber through an adhesive bond.

5.1 Experimental methods

Figure 51(a) shows a schematic of the firsiperimental setup, which was designed to
simultaneously measure both the coupling from the thin plate to the optical fiber and from the
optical fiber to the plate. Lamb waves are generated in a 6061 thin aluminum plate. The dimensions
of the plate are 608.mm x 609.6 mm with 0.8 mm thickness. The FBG sensor in the experiments
is a 10 mm long grating written in a 125 um diameter optical fiber with @am thick polyimide
coating. The end of the optical fiber away from the tunable laser is submerseddaxamatching
gel to prevent noise due to back reflections. The FBG is radially aligned from the PZT actuator
and laid on the plate at a distance of 200 mm from the PZT actuator.

The input excitation signal of the PZT actuator is 5.5 cycle Hanning winddwwesd
excitation at 300 kHz. This particular excitation frequency is chosen so that only the fundamental
So and A modes are generated in the plate, better for structural health monitoring applications.
The wavelength of theg®node is 1.8 cm and that Ab mode is 0.8 cm in the plate. The signal is
produced using MATLAB and transferred to waveform generator, which is input to the PZT

through a voltage amplifier. The boundary of the plate is covered with an elastomeric damping
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material (Dynam&) to damp at the plate boundary reflections. The waveform generator is
synchronized with the oscilloscope to examine the output FBG response along with the input
signal. The output of the FBG sensor is measured using thdikdgeg method The same FBG

was usedor all experiments.

(a)

[ waveform generator

tunable
laser

photodetector

|
[ voltage amplifier ]

optical
fiber

optical
fiber

optical
fiber

Figure 5.1 (a) Schematic of experiment to detect Lamb wave signal propagating from the PZT to
FBG through two different coupling locations; Bond 1 and Bond 2. Detailed pathwagrdsgr
of the signal coupled at (b) Bond 1 and (c) BonBdt.clarity of the schematic, the optical fiber
bends are shown tighter than in reality.
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As shown inFigure 51(a), the Lamb wave from the PZT is coupled to the optical fiber at
two different locatioas, Bond 1 and Bond 2, which are both radially aligned with the PZT, at a
distance of 145 mm. The length of Bond 1 is varied while the length of Bond 2 remains 10 mm.
The signal coupled at Bond 1 will be used to measure the coupling from the plate tsfder
function of bond length. The signal coupled at Bond 2 will be constant, but will then pass through
Bond 1 and will be used to measure the coupling from fiber to the plate as a function of the length
of Bond 1. The Sand A Lamb wave modes arriving ¢he bond locations are coupled into a
longitudinal (Lo1) wave in the optical fiber. Since the &d A waves are separated in time, we
only consider the 8mode

The detailed signal pathways along the optical fiber from the two bond locations to the
FBG are shown irrigures 51(b) and5.1(c). The first pathway, shown Figure 51(b), is where
the S mode signal is converted to the:Imode through Bond 1 and travels directly to the FBG.
The amplitude of theds mode detected by the FBG varies as ationmf adhesive lengti..

The other pathway, as shownRigure 51(c), is where theSnode signal is converted to
the Lo mode through Bond 2, and then travels along the optical fiber to Bond 1. At Bond 1, a
portion of the signal is recoupled inteetplate, and the rest propagates to the FBG. theade
amplitude arriving at FBG from this pathway depends on the adhesive leag#ithough the &
mode arrives at the two bond locations simultaneously, ghenade signals arriving at the FBG
from the two pathways are time separated due to the difference in travel distance.

The optical fiber is bonded to the plate surface with adhesive tagegB0)J in order to
control the lengthdi with precision of £100 um, considering the thickness of the rdadebThe
experiment was repeated using a conventional cyanoacrylate (CA) adhesive, however maintaining

the bond length was difficult as the liquid adhesive tends to flow along the optical fiber due to
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capillary action. Also, the adhesive thickness ciiiycaffects the output signal amplitudses
discussed in Chapter dnd maintaining the same thickness with CA adhesive was difficult. As
shown inFigure 5.2 the experiment was started with the longest bond length ldasel0 mm),

then a portion of theape was cut off with a razor blade and removed for the subsequent shorter

bond length cases, therefore keeping the same adhesive bond quality throughout the experiment.

(a) optical fiber  (b)
adhesive tape Wil

kAN
R A e i {
LA 06 ) m' EAL
| f

Figure 5.2 Adhesive tape length ctmol by cutting of adhesive tape. (a) Original tape length and
(b) removal of 1 mm section.
5.2 Experimental results
The optical fiber is first only bonded at Bond 1 wilh= 10 mm. The total distance from
the PZT to Bond 1 to the FBG is 200 mm. The thecaétarrival time for Bond 1 pathway is 37.6
€s. This is the reference case for Bond 1.
While Bond 1 remains adhered, the optical fiber is bonded at Bond 2 with a 10 mm length.
The total distance from the PZT to Bond 2 to the FBG is 550 mm. By bondin¢pbations, we

investigate the signal loss due to Bond 1 on the signal coming from Bond 2. Throughout the
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experiment, the Bond 1 lengtHy, is incrementally decreased in 1 mm increments until the tape
is completely removed. The length of Bond 2 is fixedlGmm.

When the adhesive tape at Bond 1 is completely removed, the optical fiber is only bonded
at Bond 2. This is the reference case for Bond 2. The theoretical arrival time for Bond 2 pathway
is 106.1es (Wee et al., 2016)The reference cases for Bond 1 and Bond 2 verify that signals are
coupled from two different locations when both locations are bonded.

Figure 5.3hows the output FBG response to the signals coupled through Bond 1 and Bond
2. The theretical arrival times are indicated with red dashed lines. Each output signal is the
average of 128 data sets. The two reference cases for Bond 1 and Bond 2 are shown in the last and
first plots, respectively. The last plot (Bond 1 reference) indicaté$htb adhesive tape effectively
transfers the longitudinal strain from the 1®ode to b: mode that is visible at about 2&.
However, the longitudinal strain is not transferred from thenAde to the b3 mode through the
adhesive tape, which would be expected to arrive at the FBG at abesi(\f&e et al., 2016)
Consequently, the adhesive tape provides an additionaltageain this experiment compared to
other conventional adhesives, decoupling only the longitudinal strain transferdtorhgdmode
and eliminating the Amodes.

As Hi increases, the amplitude of signal coupled through Bond 1 increases. After
approximaely H1 = 6 mm the signal amplitude does not further increase but remains constant,
indicating that the bond length has reached the full development length after approximately 6 mm.
On the other hand, with increasiHgthe amplitude of the signal coupl#adough Bond 2 arriving
at FBG location decreases. Since the amplitude of the signal coupled through Bond 2 remains the
same because the Bond 2 length is constant at 10 mm, the changing signal amplitude is due to

presence of the tape at Bond 1 where tgeadirecouples into the plate.
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Figure 5.3 Output FBG responses to the signals coupled through Bond 1 and Bond 2.

To understand the trend of amplitude change with respetiitahe peako-peak
amplitudesof the measured signalskigure 5.3are plotted irFigure 5.4 The solid circles are the
amplitude of the signal coupled through Bond 1, plotted as a functibia. dthe hollow circles
are the amplitude of signal coupled through Bond 2, also plottaedf@sction ofHi. The plot
clearly indicates that the amplitude of signal coupled through Bond 1 increases withHanger
and reaches the maximum amplitude at about 6 mm. In contrast, the amplitude of signal coupled
through Bond 2 decreases with longer and the signal is mostly decayed whén= 6 mm.
When comparing the two plots, the length for the full signal decay is similar to that for the full
signal development. This indicates that the coupling coefficient of signal transfer fetoplitier
is similar to that for fibetto-plate.
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Figure 5.4 Experimentally measured amplitudes of guided mode at FBG and theoretical
predictions.
5.3 Theoretical prediction
Based on the experimental results, a theorepeatliction of the signal amplitude is

performed. The goal of this calculation is to verify that the coupling behavior can be described by
a linear coupling coefficient and to estimagg the coupling coefficient of the signal transfer from
the plate tahe optical fiber anax,, the coupling coefficient of signal transfer from the optical
fiber to the plate. This model considers only the amplitudes, not the phase, of the waves as the
wave speeds of they &nd Loy modes are closely matched (Bode = 539 m/s; Loy mode = 5110
m/s)(Wee et al., 2016)herefore, wavefronts synchronized at the start of the 10 mm bond would
be separated by only 0.5 mm at the end of the bond, 2% o thed® wavelength. Assuming a
lossless system, when a signal with amgiB in one medium is coupled into another medium
into a signal with amplitudé, along an infinitesimal length of the optical fibdr, the change in

Ais described by,

d_A\:B/(

dr (1)
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wherea is the linear coupling coefficient.

Referring back td-igure 51(b), we first calculate the amplitude of the Lla\mb wave
propagating through the plate, as a function of the radial distance from the PZT, Mol
amplitudeP is attenuated due to tweffects: the material attenuation in the plate and wave
spreading due to the fact that the PZT actuator is assumed to be a point source. The material

attenuation of thedSnode is calculated using the following equation,

- \ap @, d)
a=a © 2)

The material attenuation coefficient of the aluminum plate at 300 kHz=.3 m* (Onoand
Gallegq 2012) The distances; andd: are the start and end locations for calculating the signal
attenuation an@: anda, are the wave amplitudes at these locations. The attenuation of the S
mode spreading out from the point sairs proportional to the inverse square root of the travel

distancgSuand Ye 2009)

a_yd
* ©

We will take the $mode amplitude at = r* =145 mm as the reference point and label Bfis

Combining the two attenuatiaffects, the amplitude of the) B 1ode arriving at a distance is

calculated,

P, = I g
fo (4)

P| is the amplitude of the Lamb wave signatat

We then calculate the amplitude of the signal argvah the FBG following the signal

pathway fronro to res, as a function oHi. The $ mode arriving ato is coupled into the fiber
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through the lengthd:. The signal transfer at points along the adhesive bond is estimated as in
equation (1),

dF _

——P| k
dr

o (5)
whereF is the lps mode signal amplitude in the optical fiber aPjdis the $ mode amplitude
varying as a function of. To numerically solve this equation, we discretize the problem into
intervals ofdr and calculate thsignal amplitude change in each sectipn

dF = Fn+1 -Fn (6)
Then, the resulting signal amplituée:1 in optical fiber after the™" tape section can be written

as,

Foo=(Pl, -F)kudr @)

where the tern{p| - F,) is the $ mode wave amplitude left in the plate at the locatiorThe

equations (4) and (7) are combined,

€4 - . 0 [2}
Fra —ae I guen R &, dr UF,
& o ¢ g

(8)
Using equation (8), we calculefenq the output bs mode amplitude atng the end of the adhesive
bond, withr ranging fromro to rotHi1. The Lo; mode with amplitudd=enqg then travels through
optical fiber fromrenqgof Bond 1 torres With the optical fiber material attenuation for the inode,
G,

Froc = Fang ©™ 7 " 9)
The authors previously experimentally estimaiieel0.19 m! for the Lo; mode in this optical fiber

(Wee et al., 2016)
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We next formulate the amplitude of the signal arriving at the FBG following the signal
pathway shown ifrigure 51(c), again as a function dfl.. First, the signal amplitude developed
through Bond 2 is calculated using the above equation (8) rwathging fromr* to rendbecause
the adhesive length of Bond 2 is fixed. The amplitudesodfaghb waves arriving at* is P*,
which is identical to Bond 1 case because both Bond 1 and Bond 2 are radially aligned and
equidistant from the PZTCendis the resulting ba mode amplitude ateng of Bond 2. The signal
then travels to Bond 1 under the optical fiber material attenufatiahe lengti = (350- Hy) mm,
from reng Of Bond 2 torg of Bond 1. The material attenuation of thg inode is calculated using

the equation (2), therefore the amplitude of signal arriving aitheBond 1 is labeled &So.

Gy =Copy O " (10)
As the Los mode propagates through Bond 1, a portion of the signal recouples back into the plate.
Using the equation (1), now in the reverse direction below estimates the signal remaining in the

optical fiber atrengof Bond 1,

dG
e Glr ka

dr (11)

Gy = G, (1, dr & ¢) 12)

Using equation (12), we calculaBnq the resulting ks mode amplitude at theng of Bond 1,
with r ranging fromro to ro+tH1. The exponential decay term is due torteterial attenuation as
the Los mode travels through the optical fiber.

Finally, the Loz mode with amplitudeésenq travels through optical fiber from theng of
Bond 1 torrag,

GFBG — Gend éaf (e Tend) (13)
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As indicated inFigure 51(b) and (c),Frsc andGrac are the final signal amplitudes o§ilmode
arriving at the FBG, from Bond 1 and Bond 2 pathways, respectively.

The theoretical amplitudes for the signals arriving at the FBG are calculated as a function
of the variableH; and are [ptted inFigure 5.4The experimental parameters afe- 145 mm, and
rena= 155 mmyesc= 200 mm Finally, P* was chosen to be 34 the maximum amplitude of the
experimental data. For all calculatiashs= 10 pum, which is sufficient to spatially discretize the S
mode coupling into the optical fiber. These theoretical curves match the experimental data well,
indicating that the liear coupling coefficient is a reasonable estimation for the coupling from the
plate to the optical fiber and vice versa.

To estimate the magnitude of the coupling coefficients, themeatnsquare difference
between the experimental points and the themlecurves were minimized. The resulting
coefficients aresyr = 450 m* and ap = 372 m'. These values were used for the theoretical
prediction curves ifrigure 5.4

The measured coefficiesgs is larger tharep by 19%, indicating that the signal coupling
from the plate to optical fiber is slightly more eféat than the opposite direction. This difference
is to be expected, as the energy required to create modes in the optical fiber is less than that to
excite Lamb waves in the plate. As a simply analogy, the combined system can be viewed as a
forced springnass oscillator where the adhesive plays the role of the spring. As the plate requires
more energy to oscillate (i.e. its effective mass is higher), more of the signal is dissipated by the
adhesive in the energy transfer from the optical fiber to the.ptetwever, the coupling efficiency

is still strong in both directions, confirming the bidirectionality seen byadreeTsud42006).
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5.4 Continuously bonded FBG measurements

The experimental and theoretical results above indicate thatthadde in the ptical
fiber is completely recoupled back into the plate over lengths within the order of millimeters.
Therefore, the distortion to the signal measured by an FBG due to bonding the entire length of
optical fiber is not expected to be strong. For verifargtihe next experiment measures the output
FBG response signal as a function of bond length for a continubaslyed FBGFigure 5.5
shows the experimental setup. The PZT actuator, optical fiber, and FBG are radially aligned, and
the distance between tRZT and FBG is fixed. The bond lengHh, is varied from 15 mm to 390
mm. The minimum length, 15 mm, is the full length of the FBG plus the minimum plate to fiber
development length (séggure 5.4 so that the signal is fully coupled at the FBG locatiime
optical fiber is bonded with the same adhesive tape that was used in the first experiment, with the
identical bonding technique.

There are an infinite number of potential pathways for a signal to arrive at the FBG, as it
can be coupled to almodeat any point along the bond length. The two limits of this coupling
are (i) a 9 Lamb wave traveling through the plate for 390 mm and then coupling to the FBG, and
(i) a S Lamb wave coupling into the optical fiber at the start of the adhesive bond,00HN
and then traveling as aimode through the optical fiber to the FBG location. The theoretical time

of arrival for the first case is 74¢% and for the second 7&32.

¢ r=0mm 400 mm N
i »
5 < H >
\‘\ [ \ E
P E
L HHH-— -
/1 1 h 1 1 r . .
PZT- E ro : adhesive FBG optical
! P , fiber
1

Figure 5.5 Schematic of expéenent to measure Lamb wave detection with varying adhesive
tape lengthH.
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Figure 5.6a) shows the input Hanning windowed tone burst signal to the PZFigace
5.6(b) shows the measured output FBG responses toothreo&e with varying bond lengtl.

Twelve bond lengths frol = 15 to 390 mm were selected for the measurement, but for clarity
only four cases are presented.

All the bond length results, including the cases not shown on the plot, are closely
overlapped with an arrival time of approximately €5, and a negligible amount of phase shift.
TheH = 15 mm case corresponds to case where ¢lmeaBle only travels through the plate and
couples to optical fiber just before the FBG. The predicted #dime difference between the two
limit cases does natppear between this case and the longest bond case, indicating that the
measured signal is dominated by the signal traveling through the plate until the location of the
FBG. This confirms that the portion of the @upled in the optical fiber prior to thecation of
the FBG is coupled back into the plate before reaching the FBG. Further, this bidirectional
coupling does not reduce the amplitude of then®de arriving at the FBG, even though the
coupling occurs along the adhesive bond length before tie FB

Calculating the theoretical separation between thead Loz mode wavefronts,
synchronized at the start of the 390 mm bond length, reveals that they would be separated by 20
mm at the end of the bond. This separation is on the order of thed® wavkength and is much
larger than in the short bond length experiments described in the previous sections. Therefore, the
So mode would become more and more out of phase with the propagatingdle, and would
not reach a steady state condition with thesekib: mode as it propagates along the optical fiber.

However, the signal amplitude envelope shows a small difference as the length of the
adhesive bond increases. The input signal is symmetric about the middle time of the signal. For

the shortest bond lgth, 15 mm, the envelope is increasing with time as compared to the input
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signal. The difference in peak amplitude is approximately 22% between the second and fourth
peak. However, as the bond length increases, this effect is diminished and then rewrsied,

peak amplitude decreasing with time for the 390 mm bond length case. This change in distortion
was a smooth process as the bond length increased for these bond lengths and those not plotted in
Figure 5.6b). As the PZT excitation and location bEtFBG remain the same, this change in the
measured signal distortion is strictly due to the adhesive bond length.

The signal distortion due to continuously bonding the optical fiber is low and indicates that
such a bonding method can be successfullyiegpd bond the FBG sensor arrays to the structure.
However, as the goal is to use the FBG sensor arrays to detect damage in the structure, and this
damage is identified by changes in the measured waveform, it is important to take into account the
role ofthe adhesive bond length if quantitative information of the damage is to be inferred from

the waveform distortion.

=390 mm

voltage (V)

0 5 10 15 20 25 30 ' 80 8 90 95 100 105
time (us) time (ps)

(@) (b)

Figure 5.6 (a) Input Hanning windowed tone burst signal to the PZT and (lultpait FBG
response to Lamb wave with changing bond lekfjth
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5.5 Conclusions

These experimental and theoretical results demonstrate that the structural Lamb waves can
be coupled both to and from the surface of a structure to an optical fiber. Furtheouliag is
well represented by a linear coupling coefficient in both directions. For the adhesive tape used as
a bonding medium in these experiments, the coupling coefficients fop thed® to lo1 mode is
approximately the same as that for therbhodeto the $ mode, with only a 19% difference.

The same experiment was repeated with cyanoacrylate adhesive, however the output signal
changed too rapidly with respect to bond length, therefore the authors were unable to sufficiently
well control the bond legth and therefore to estimate the coupling coefficient accurately.
However, the general form of the signal growth and decay with bond length (for both coupling
to/from the $and A modes) was similar to that of the described adhesive tape experiments.

Nonetheless, these results demonstrate the suitability of using contirbouslgd FBG
sensors for the detection of structural ultrasonic waves in SHM application and the low amount of

signal distortion that results from this approach.
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CHAPTER 6

Directionality of ultrasonic wave couplingto remotely

bonded FBG

When 3 Lamb waves were coupled from the thin structure to an optical fiber which is
aligned with the Lamb wave propagation direction, the geeerat waves propagated in both
directions in the optical fiber. This coupling behavior could complicate the signal demodulation
when remote FBGs are serially multiplexed as showsigare 61, as compared to a typical case
of multiplexing FBGs that areméctly bonded to the structure. Each FBG can potentially measure
signals due to multiple bond locations. In addition, the ultrasonic signal coupled from the plate to
the optical fiber at one of the bond locations can potentially recouple back to therstraic

adjacent bond locatior{teeand Tsuda2006®).

@ i T entijiin <l entiins enWSvsentiitins - |
g ¢ : - ; : : : :optica

mputs, £ i i { fiber
Figure 6.1 Ultrasonic coupling to serially multiplexed, remotely bonded FBGs.

Therefore, while using a remote bonding configuration can increasd.dmb wave
detection sensitivity of FBG sensor, it can potentially complicate signal detection in multiplexed
FBG arrays. In thichapter we measure the signal conversion in the forward and backward
directions for plateo-optical fiber coupling and omtal fiberto-plate coupling (se€igure 62),
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which represent the primary and secondary coupling of the ultrasonic wave between the optical
fiber and the thin plate, respectively. In addition, we perform these measurements on two separate
bonding condition: an adhesive bond and a frictional bond (created by taping the optical fiber to
the surface of the structure). For completeness, we also measure the potential resultant modes in

the plate (inFigure 62(a)) and optical fiber (ifrigure 62(b)).

(a)

PZT adhesive

— Optlcal be
Input SO backward S

backward L,

forward S,
forward L,

(b) input L,

/, ,\ 5 %
backward S 4// % forward S,
backward L,

forward L,

Figure 6.2 Schematic of forward and backward ultrasonic coupling showing potential coupled
modes for (a) platéo-fiber and (b) fibetto-plate cases. Coupling adhesive is shown as blue
region.

6.1 Experimental Methods

Figure 63 shows the experimental schematic of the ultrasonic coupling experiment
between the plate and the optical fiber. The dimensions of the large plate are 609 x 609 mm with
a 0.8 mm thickness. The dimensions of small plate are 254 x 254 mm wiéthrarOthickness.
Both plates are constructed of 6061 aluminum. The boundaries of both plates are covered with an
elastomeric damping material (Dynaffjatio reduce boundary reflections.

Figure 63(a) shows the detailed schematic of the platiber couplng experiment. PZT

3 is used as the input actuator for these experiments to excite lthen8 wave. PZT 1, PZT 2,
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and Bond 1 are radially aligned with PZT 3. PZT 1 measures both the inpain® wave prior

to its arrival at the bond (as a reference amgé measurement) and the reflected (backwayd) S
mode back from Bond 1. PZT 2 measures the remaining (forwardp&e in the plate after the
plateto-fiber coupling through Bond 1. The forward and backwagdnhodes coupled into the
optical fiber are masured by FBGs 2 and 1 respectively.

The input excitation signal to the PZT actuators is a 5.5 cycle Hanning windowed burst
signal at 300 kHz. This particular excitation frequency is chosen so that only the fundamental S
and A modes are generated in fhlate, however the chosen PZT model generates a dominant S
mode. As the &and A modes are time separated by the time they reach the bond location, we
will only consider the &signal. The & mode group velocity in the large and small plates is
approxinmately the saméGiurgiutiu, 2005)

The FBGs used in the experiments are 10 mm long gratings written in a 125 um diameter
optical fiber with a 10- 20 um thick polyimide coating (Micron Optics Inc.). The Bragg
wavelength of FBG 1 is 1576 nm and that of FB@& 1580 nm. One end of the optical fiber is
coupled to a tunable laser, and the other is submersed in an index matching gel to prevent noise
due to back reflections. The output of the FBG sensor is measured using Hfiétexitggemethod
The responsef each FBG is measured individually by tuning the laser to the midpoint of the FBG
ascending edge of the reflected spectrum for each FBG.

Figure 63(b) shows the detailed schematic of the fitueplate coupling experiment. For
this experiment, it wasrBt necessary to first excite s ilmode in the optical fiber, without exciting
any input to the plate. Therefore a separate, smaller plate was used to create the input to the optical
fiber. PZT 4 excites theoS.amb wave in the small plate with the samé& Bycle Hanning

windowed burst signal, which is coupled to themode in the optical fiber through Bond 2. This
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Loz mode input is then measured by FBG 2. The forward and backward propagatingdes
after the Bond 1 are measured by FBGs 1 and 2 rissglgc The distances between FBG 2, Bond
1, and Bond 2 are chosen such that input and reflected (backwardpties do not overlap and
are sufficiently time separated. PZTs 1 and 2 measure the forward and backwerdeS in the
larger plate, respectilye For completeness;igures 64(a) and6.4(b) show photographs of the

instrumentation and details of the sensor and actuator arrangements on the plates.
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Figure 6.3 Schematic of (a) platm-fiber and (b)fiber-to-plate ultrasonic coupling experiments.
Sensors are labelled in blue and PZT actuators in red. Only region of larger plate near
sensors/actuators are shown. PD is photodetector.

The measured responses of the FBG and PZT are converted from vol&iggn. The

strain response of the FB@,is calculated usin{Peters, 2009)
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Y/

meas

T s ®
whereVmeas.is the measured voltageis the edge slope of the FBG reflection spectrum calibrated
for every measuremenpe = 0.22 is the photelasic constant for the optical fibéPrabhugoud
and Peters2004) andas is the Bragg wavelength.

The voltage response of the PZT is converted to the strain th(Gugigiutiu, 2014)

e=Q.d,(v../t) @)
whereQm = 100 is themechanical quality factodis= 190 x 102m / V is the PZT mechanical
strain per unit electric field, arids the thickness of the PZEquation(2) represents the strain
response created to a given electric field without considering the gearhéieyPZT. The exact
3-D response is not required because only the relative strain responses between the two PZTs is
compared.

Two types of bonding configurations are tested for each experiment. A cyanoacrylate
adhesive (Loctite 1363589) and an adhesiwape (3MP810) were chosen. The adhesive
dimensions, were kept constant through all experiments at 1 cm length x 2 cm width. When
bonding the optical fiber using the CA adhesive, Kapton tape is first placed to mask the target
bonding location. Then, the C&dhesive is applied and excessive adhesive is wiped away using a
razor blade. The bond thickness was 60 pum, which is the same thickness as the Kapton tape. The
bond thickness for the adhesive tape was 50 um. For each type of adhesive, three trials are
performed and for each trial the adhesive is removed and replaced to check the repeatability of the

experiments.
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Figure 6.4 Photographs of (a) the instrumentation for the experiments and (b) déthis
sensor and actuator arrangements. Sensors are labelled in blue and PZT actuators in red. The
shading at top and bottom of plates in (b) is due to the reflection of ceiling lights.

6.2 Results
6.2.1Bonding quality test of PZT sensors
The bonding quality oPZTs 1 and 2 was first tested to ensure that differences in the

measured signals are not due to differences in the-t&plate coupling. These tests were
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performed prior to bonding of the optical fiber. In these tests, a Lamb wave was generated using
PZT5 and measured using PZT 1 and PZT 2. The amplitude of the waveforms measured by PZTs
1 and 2 were compared. As showrrigure 63, PZT 5 is bonded to the large plate, such that both
PZT 1 and PZT 2 are 21 cm away from the PZT 5. The theoretical amnabf the $ mode at

bot h PZTs 1Figure@5stwsthe inutexciasion signal and the measured responses
of PZTs 1 and 2. The waveform, amplitude, and the arrival time of the two signals are

approximately the same, indicating that the bogdjuality of the two PZTs was consistent.

20
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Figure 6.5 (a) input excitation signal to PZT 5 and (b) measured responses of PZTs 1 and 2.

6.2.2Plateto-fiber ultrasonic wave coupling

The optical fiber was thelmonded at Bond 1 using CA adhesive, as shoviaigare 63(a).
This is the coupling configuration shownkigure 62(a). The $mode was launched from PZT 3
toward Bond 1 and coupled to the optical fiber through Bond 1. The ultrasonic waves in both the
plate and optical fiber were detected by the four sensors: PZT 1 for both the input and backward
So modes, PZT 2 for the forward §rode, FBG 2 for the forwardoLmode, and FBG 1 for the
backward b1 mode.

The responses of these FBGs and PZTs are plottéidures 65(a)(d). For clarity, only
a single response out of three trials is presented for each sensor, as all measured signals were
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extremely close. The signal arrival time is calculated based on the wave speedoohtite $

the plate and & mock in the optical fiber, which are 5390 m/s and 5110 m/s, respecfively

et al., 2016) At this subMHz frequency range, the dispersion for bothaBd Loy modes are

minimal. Figure 66(a) is the input &mode. The distance between PZT 3 and PZT 1 iem,0

and the theoretical arrival time is about 19
input S mode.Figure 66(b) is the forward &mode arriving at PZT 2, with again the expected
theoreti cal aFiguiev6dd)ant6i6(d)are thef forviia ard backwareh imodes
respectively. The distance from PZT 3 to each FBG 1 and FBG 2 is 45 cm, therefore the theoretical
arrival time of the signal to both FBGs is 86
level was meased at PZT 1 for the backward @ ode.

Note that the &mode signal excited from PZT 3 impacts PZT 1 before reaching Bond 1,
where some scattering could occur due to PZT 1. However, for the particular excitation frequency,
the diameter of the PZT is lefisan half a length of theoSnode wavelength, therefore the
scattering is expected to be small. Also, the presence of the PZT would only produce a minimal
change to the local stiffness of the plate because its dimension and mass are extremely small

compare to the platéNorman et al., 2013)
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Figure 6.6 The measured FBG and PZT responses of the-fadtker ultrasonic wave coupling
experiment with (ajd) CA adhesive and (€h) adhesive tape.
Table6.1 lists the pealto-peak strain amplitude of the measured signalsgares 66(a)-
(d). The average values for the three trials are plottétgure 67, with error bars to indicate the
differences between the three trials. The signal amplitude betweenpit $and forward &
modes decreased by 30.8%, which at first might appear to be due to the energy coupled to the
optical fiber. However, thegSnode from PZT 3 spreads as it propagates to the fact that the PZT

is assumed to be a point sou(BeandYe, 2009) therefore this reduction is expected.
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As an aside, the PZT 2 response was measured before and after bonding the optical fiber
at Bond 1. The forwardo$node amplitude with the adhesive bond increased by 0.0d@mppared
to the case without thadhesive. This small increase is real because it exceeds the standard
deviation of the measurement noise of 0.008Tjhis increase was previously observed by Norman
et al.(2013)and was thought to be due to the wave diffraction caused by the adhiggitig -
focusing the signal energy toward the PZT sensor that was radially spreading.

The S mode signal amplitudes are not directly comparable to the FBG strain responses
due to their large geometrical differences and the fact thatsihadde is guidd whereas theeS
mode is radially spreading from PZT 3. Therefore coupling of 100% of the energy from the plate
to the optical fiber would not result in the same strain amplitude ingh@dade as the Snode.
However, it is interesting to compare relatiamounts of induced strain between the different
bonding conditions, therefore thei:lmode strains are also plottedRigure 67. An interesting
observation from this figure is that the i8ode propagating in the forward direction is coupled
into Lox modes propagating both the forward and backward directions in the optical fiber. This
coupling was nearly balanced, as the strain amplitude of the forward and backward modes shows
only a 5% difference.

Table 6.1 Signal strain amplitudes of the platefiber coupling experiment.

Strain (L)
Sensors : :
CA adhesive Adhesive tape
Input S (PZT 1) 3.9220 4.0969
Forward S (PZT 2) 2.7152 2.7541
Backward 9 (PZT 1) 0.0000 0.0000
Forward lo1 (FBG 2) 0.7245 1.5029
Backward lo1 (FBG 1) 0.6853 0.2591
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Figure 6.7 Strain amplitudes of thep@nd Lo; modes in platéo-fiber ultrasonic coupling
experiment. Backwarde$node strain amplitude is not included as the amplitsidero. Error
bars show variations in three trials.

The same experiment was repeated with adhesive tape bonding and the measured signals
are plotted irFigures 65(e)-(h). The strain amplitudes for this case are also listed in Babknd
plotted togéher inFigure 67. The input $mode and forwarddSnodes are similar to those of the
CA adhesive case, however the forward and backweardnbdes show a difference in relative
amplitude.

The strain amplitude of the forwarchiLmode is about 6 times lagthan that of the
backward by mode, indicating that they&ode is dominantly coupled to the forwarg mode in
the optical fiber through the adhesive tape. For the forwarchbde, the signal amplitude of the
adhesive tape case is about 2 timesdh#te CA adhesive case. These results are consistent with
the apparent increase in signal detection using the adhesive tape, when only the farmacteL
is measured. However, the sum of the forward and backwanthades for the two bond cases
only differs by 25%. Therefore the actual signal coupled to the optical fiber is not increased as
much as originally thought, but instead is more directionally dependent.

The 25% difference in total signal coupled may be due to damping in the adhesive

surroundinghe optical fiber in the CA adhesive case. The mechanism for the directionality in the
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frictional bond coupling is not known, as the frictional bonding condition is complex to model.
The use of adhesive tape is not a practical bonding condition foafielccations, however these
results may be useful for designing future bonding conditions with single directional coupling for

multiplexing applications.

6.2.3Fiber-to-plate ultrasonic wave coupling

To measure the optical fiber to plate coupling, the opfibal was then bonded at both
Bond 1 on the larger plate and at Bond 2 on the smaller plate using CA adhesive, as shown in
Figure 63(b). This is the coupling configuration shownkigure 62(b). PZT 4 was excited to
launch the &mode in the small platevhich was coupled into theyl.mode in the optical fiber at
Bond 2. The bimode travels through the optical fiber and couples to the large plate through Bond
1. The ultrasonic waves in both the large plate and optical fiber were detected by 4 serGors: FB
2 for both the input and backwardilmodes, FBG 1 for the forwardbimode, PZT 1 for the
forward S mode, and PZT 2 for the backwargr8ode.

The measured responses are plotte#igures 68(a)(e). Figure 68(a) is the input by
mode. The theoretitarrival time of the input signal at FBG 2 is 96 |igure 68(b) is the
backward lg: mode also detected by FBG 2, and the theoretical arrival time of reflected wave is
195 ps.Figure 68(c) is the forward bs mode and the theoretical arrival time is 385 In this
plot, no signal can be observed for the forwagdnhode due to the fact that most of the signal is
reflected back through the optical fiber. In some measurements a signal was observed, but always
with an amplitude near the noise level of #8&G measurements. Therefore we will report the
signal amplitude as zerd-igures &(d) and (e) are the backward and forwarg fodes

respectively. The signal amplitude of these modes were even lower, on the order of nanostrain,
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however these signals coudé detected with the PZT (the minimum strain resolution is different
for the FBG and PZT sensors). The measuremeiriigures 63(d) and (e) are near the resolution

of the digital oscilloscope, however the waveforms can still be seen.
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Figure 6.8 The measured FBG and PZT responses of the-fibplate ultrasonic wave coupling
experiment with (afe) CA adhesive and (fj) adhesive tape.
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Table6.2 shows the measured peakpeak amplitudes of the signafsFigures 63(a)-(e).
The average values for the three trials are also plottedjume 69, with error bars to indicate the
differences between the three trials. For this configuration, the amplitude of the ¢npanlbe
compared to the backwardilimode, as both modes are guided. The amplitude of the backward
Loz mode is 75% of the input signal amplitude. Tlherhode is indeed coupled into the plate, with
the bond acting as a point source for then8de, however the amplitudes are very low dué¢o t
fact that the &mode coupled from di mode spreads out radially in the plate. It is not possible to
know the maximum amplitude of these modes in the plate, but only to know that about 25% of the
input signal was converted into the plate. Larger ersios bre seen for the ®lode measurements,

expected as the measurements are near the resolution of the oscilloscope.

Table 6.2 Signal strain amplitudes of the fib&r-plate coupling experiment

Strain ()
Sensors : :
CA adhesive Adhesive tape
Input Lo1 (FBG 2) 1.9709 2.0092
Backward lo1 (FBG 2) 1.5344 0.9607
Forward lo1 (FBG 1) 0.0000 0.0000
Backward $ (PZT 2) 0.0036 0.0027
Forward 9 (PZT 1) 0.0029 0.0030
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Figure 6.9 Strain amplitudes of thep&nd Lo: modes in fibeito-plate ultrasonic coupling
experiment. Error bars show variations in three trials. Note that scale for inset graphs is different
than for main graph.

The same experiment was conducted aeiply Bond 1 with adhesive tape and the
measured signals are plottedHigures 68(f)-(j). For these experiments, the input mode coupling
at Bond 2 was still activated through CA adhesive. The arrival time of the signals was shifted by
about 10 ps becauske optical fiber was broken during the-lblending process and had to be re
spliced reducing the optical fiber length slightly. The strain amplitudes for this case are also listed
in Table6.2 and plotted together Figure 69.

The input lgz mode to thesystem remains the same as the CA adhesive case, as expected.
The strain amplitude of the backwareh Inode was reduced to about 50% of the inpuihhode.

The forward b1 mode was again not detectable. The strain amplitude of the forward and backward
So modes were similar to that of the CA adhesive case.

The major difference between the CA adhesive and adhesive tape casethis shatin
amplitude of the backwardhLmode for the adhesive tape case is approximately 50% smaller than
that of the CA adhége case. As the other modes are of similar amplitudes, this indicates that more
energy is lost in the case of the adhesive tape. These results are contrary to those observed in the
plateto-fiber coupling experiment, in which energy was lost presumakdytdwamping in the
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adhesive. This result may be due to the complexity of the tape bonding condition, reducing the
guantity of the back reflection through the optical fiber. While this condition is too complex to
analyze within thi€hapter(the adhesivednd condition was modeled @hapter 4, it is clear that

the fiberto-plate coupling must be considered when multiple bond locations are present along the

optical fiber.

6.3 Conclusions

These experiments demonstrate that the coupling of ultrasonic wavea fhimstructure
to an optical fiber and from an optical fiber to the structure is complex. The multiple directions of
coupling must be considered when a multiplexed FBG sensor array with multiple bond locations
and remote FBG sensors is applied. Forisgraspplications, the primary signal collection occurs
through plateto-optical fiber coupling. For this case, wave energy is coupled into the optical fiber
creating traveling & modes in both directions of the optical fiber. For the adhesive bond, tee wa
amplitudes were approximately the same in both directions. For the frictional bond case, through
adhesive tape, most of the energy was coupled in the original propagation direction, however both
waves are present. For both cases, there was still icaghiamount of the Lamb wave present
in the plate, therefore not all energy was coupled to the optical fiber.

Factors such as the bond length, bond thickness, and excitation frequency were not varied
in this chapter as they have been previously studie€hapter 4 These parameters would most
likely affect the absolute magnitudes of the different mode amplitudes, for example the amount of
Lamb wave energy remaining in the plate after the bond. These results would also likely be
complicated by &modesarriving at directions not aligned with the optical fiber axis, potentially

a direction for future experiments.
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When multiplexing remotely bonded sensors, multiple bond locations would be present.
Therefore, we must also take into consideration the-fiepiate coupling. These experiments
demonstrate that when an ultrasonic wave is traveling through the optical fiber, it is coupled back
into the plate at bond locations. The induced strain amplitudes of thedgs are small, partially
due to the naturef the Lamb wave and partially due to the fact that it is spreading. The fact that
both a forward and backward ®ode are present indicates that the bond location acts as a point
source for the &node in the plate. In addition, the bond acts to blockamation of the & mode
through the optical fiber, instead reflecting th@ mode back along the fiber (with a reduced
amplitude) regardless of the bond configuration. This blocking of¢gheadde propagation would

need to be taken into account whenigieag remotely bonded FBG sensor arrays.
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CHAPTER 7

Preferential directional coupling to FBG using

adhesive tape

Oneof the observations from Chaptersgthat the b1 mode coupled into the opticabér
propagates not only in the same direction as the origgmab8e, but also in the reverse direction
along the optical fiber as shownkigure 7.1a). Here we define forward coupling as the coupling
of a $ mode to a calirectional Loy mode (as compad to the component of the ®ode velocity
vector in the direction of the optical fiber) and backward coupling as coupling to a eounter
directional Loz mode. The amplitude of the forward and backward coupled modes may or may not
be the same. It is the gloof thischapterto understand how we can tune the relative amplitudes of
these modes and therefore control the interaction between multiple signals when several bond
locations are present.

Figure 7.1shows therecap of theexperimentfrom Chapter @n which the forward and
backward lg: modes coupled from an inpug Biode in an aluminum plate were measured using
two separate FBGs. The input wasear®de propagating in the direction of the optical fiber as
shown inFigure 7.1a). When the optical fiber vgabonded using a conventional cyanoacrylate
(Loctite® 1363589) adhesive glue, the measured forward and backwardnbades had
approximately the same petikpeak amplitudes as shownhigure 7.1b). However, when the

adhesive was replaced by taping théaap fiber to the plate using a standard presseresitive
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tape (3MP 810), the measured amplitudes were considerably different between the forward and

the backward b2 modes, as shown irigure 7.1c).
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Figure 7.1 (a) Experimental measurement effBode coupling to forward and backwarel L
modes for remotely bonded FBG. Experimentally measured forward and backward ceupled L
modes through (b) CA adhesive glue and (c) adhesive $a@en peakto-peak arplitude is also
given in each plot.
In this chaptey we investigate the bonding properties that control the relative amplitudes
between the forward and backward coupled inodes. The longerm goal is to design

directionally sensitive bonding conditiottsselectively extract Lamb waves propagating in certain

directions for the improved localization of structural damage. Specifically, we first characterize
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the directional ultrasonic coupling through the adhesive tape bonding condition. Through
experimentsand simulations, we demonstrate that multiple ultrasonic signal pathways are active
in the adhesive tape, then identify which pathways contribute to the directionality of the forward
and backward & mode amplitudes. Finally, we investigate potential atlegparameters that can

tune the relative amplitudes. While suitable for laboratory experiments, it is not intended that
adhesive tape bonding would be used in structural applications. Instead the motivation for these
experiments and simulations is to yide insights for the future design of tuned FBG transducers

with particular directional coupling properties.

7.1 Directional coupling

In the first set of experiments, we characterize the directional behavior of the remote bond
coupling through the adhesivape as a function of the 8iode incident angle and compare it to
that of conventional CA adhesive glue. The experiment showigure 7.2vas performed, where
So modes are excited in an aluminum plate at varying propagation directions with respect to the
axial direction of the bonded optical fiber. Th@ modes are coupled from the i8odes through
the bond at a fixed location and propagate in both directions along the fiber. The amplitude of the
Loz modes are measured with an FBG on each side of tltelboation.

The optical fiber is bonded to a 6061 aluminum plate (not shown) with the dimensions of
609.6 mm x 609.6 mm andl8 mm thickness. The boundary of the plate is covered with an
elastomeric damping material (Dynaffjaio damp out the plate bounglaeflections. FBG 1 and
FBG 2 are located at 100 mm away from the bond location on each side of the bond. The Bragg

wavelengths of FBG 1 and FBG 2 are 1576 nm and 1580 nm, respectively. Both FBGs have a 10
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mm long length and are written into a standakét28 125 um diameter optical fiber with a 15 um
thick polyimide coating.

PZT actuators are bonded radially around the bond locationdroff tod= 180° at 15°
increments. The angtéis defined with respect to the horizorealxis of thex-zcoordnate system
as shown irFigure 7.2 The distance between the bond and each PZT is maintained at 100 mm.
Each PZT is excited in turn to generate signals with different arrival angles to the bond. The input
excitation signal of the PZT actuator is 5.5 cydenning windowed burst excitation at 300 kHz.
The input signal is produced by the arbitrary waveform generator and input to the active PZT
through a voltage amplifier. This particular excitation frequency is chosen so that only the
fundamental Sand A modes are generated in the plate. The PZT actuator is designed to excite
the S mode dominantly, however a weak®ode is simultaneously excited as well. Thewode
is time-separated from theo$node at the bond location, due to their velocity differemcthée
plate, therefore only theo$node is considered in this study. The output of the FBG sensor is
measured using the edfjikering method The reflection spectrum is remeasured for each FBG

measurement.

1
waveform | | voltage 2, ‘%0
generator | | amplifier | 7

oscilloscope

b\ o
photodetector L,, Q/L’I:m
_Ilylil IIIU\II_
tunable laser FBG 2 bond location FBG

Figure 7.2 Experimental schematic to measure the directional response of an optical fiber
bonding.
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We first test the response of an FBG directly bonded to the surface at the bond location,
since the directionality of this case has been previously mebisutee literaturéBetz et al., 2007;

Sun et al., 2016)For this experiment, FBG 1 is directly bonded at the bond location shown in
Figure 7.2using CA adhesive glue. FBG 2 is not used for this test. The axial direction of the
bonded FBG is aligned withe horizontakz axis. The angld (0° < d< 90°) represents the incident

So mode propagation direction relative to the FBG axis. To test the uniformity of the adhesive
bond, we repeat the experiments using the mirrored set of PZT actudtasrim7.2at 0°< d K

90°. Figure 7.3a) plots the averaged petikpeak amplitudes of the measured output FBG
responses with varying incident anglénree trials were conducted. The error bar represents the
standard deviation between the three trials. The ampbtofitwo data sets with varyingandd

follow similar trend, although the two sets are not exactly overlapped due to the fact that the bond
guality is manually controlled.

Previous researchers have demonstrated that the signal amplitude measure@dijya di
bonded FBG varies with the amplitude of the strain component in the direction of the optical fiber
(Betz et al., 2007; Sun et al., 2018)ssuming plane strain conditions in the plate and a linear
elastic, isotropic constitutive model, the longitualistrain component in the plate in the direction

of the optical fiberH, is

e = @&os (1)

where a is the longitudinal strain in the direction of the r8ode propagation. Therefore the
measured FBG output amplitude should be proportional tafcbe solid line inFigure 7.3a)

plots thebest fit to the two data sets to aZbsurve. The experimental data follows the theoretical
trend, confirming that the strain in the plate is transferred to the optical fiber through displacement

continuity, as expected.
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Figure 7.3 (a) The directional response of directly bonded FBG for system calibration. The
directional response of (b) CA adhesive glue and (c) adhesive tape with varyinglamgld,.'
Discrete points are experimentatd and solid lines are theoretical predictions. Some error bars

are smaller than the data points.
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We next repeat the experimental procedure, however bonding the optical fiber with CA
adhesive glue and using the remotely bonded FBGs 1 and 2 as illustiitpde 7.2 The forward
and backward & modes coupled through the bond are measured with FBGs 2 and 1, respectively
For repeatability, the forwardoL modes are also measured using the PZTs at incident crigle
Figure 7.3b) plots the measured petikpeak amplitudes of the forward and the backwayd L
modes. The three data sets are closely overlapped, validating that the bonding quality is consistent
and that the forward and backwareh modes have the sanaenplitudes for all incident angles,
not justd = 0°.

However, the data does not follow the theoretical prediction of equation (1). Instead, the
amplitude variation with incident angle indicates that amplitude of the resultingnbade
propagating in the djzal fiber is based on force transfer rather than the previous displacement
continuity condition. The force induced by the rBode in the direction of propagatioR;, is
converted into the component in the axial direction of the optical fher,

P, =Rcosg )

In addition, the waveforms of the backwarg: Inodes are phase shifted by 180°, as
expected when a wave reflects from a fixed boundary. The solid Ikigune 7.3b) plots the best
fit of all three data sets ®cosine curve. The cosine fit well describes the datggure 7.3b).

Finally, we repeat the same experiment, but now bonding the optical fiber with adhesive
tape at the bond locatiorigure 7.3c) plots the experimental and theoretical pemkeak
amplitudes of the b1 mode with varyingd andd.' Unlike the CA adhesive glue caseFogure
7.3(b), the amplitudes of the forward and the backwaydnhodes are different. Both data sets

follow the cosftrend, however the amplitude of the backwagdrhode is 64% that of the forward
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Loz mode. he next section investigates the factors causing the directional coupling behavior of

the adhesive tape.

7.2 Ultrasonic coupling pathways

The major difference between the adhesive tape and adhesive glue conditions is that the
tape condition has multiple actiypathways through which the ultrasonic wave potentially travels
from the plate to the optical fibdfigure 7.4a) shows a crossectional microscopic image of the
adhesive tape bonding condition. The round yellow material is the optical fiber, andttm bo
surface in contact with the optical fiber is the aluminum plate. The white layer is the adhesive tape,
which consists of synthetic acrylic adhesive coated on a matte cellulose acetate backing material.
The thicknesses of the backing material and ¢india adhesive are 38 um and 22 um, respectively
(per the manufacturer). As shown in the green dashed box, the acrylic adhesive forms adhesive
pillars to connect the backing material to the plate. Based on this image, we define two potential
ultrasonic capling pathways from the plate to the optical fiber, showFigure 7.4b). The direct
coupling pathway is activated when the signal couples directly from plate to optical fiber through
the contact area between the two. The indirect coupling pathwayivatad when the signal
couples from the plate to the adhesive tape, propagates along the adhesive tape, then couples to
the optical fiber. We ignore potential coupling through the adhesive pillars as these are too
compliant to support ultrasonic waves €lttwo pathways are experimentally tested independently

to investigate which pathway(s) are active and which produce directional coupling behavior.
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(b)
Figure 7.4 (a) Microscopic image showing the sssectional view of the adhesive tape
bonding. (b) Schematic of indirect and direct ultrasonic pathways.

The three bonding conditions showrHigure 7.%a) were independently applied while the
forward and backward ok modes were measured. To isolate ulieasonic propagation through
the indirect pathway, the optical fiber is slightly lifted off the plate surface as shokigtre
7.5a). The optical fiber is 1.25 mm above the surface of the plate and was held in a small amount
of constant tension byxing to a translation stage (not shown). This particklds chosen to
ensure that the optical fiber is not in contact with the plate and is sufficiently short to minimize the
signal attenuation through the adhesive tape. The same experimental arramgantagure 7.2
atd= 0° was used to measure the forward and backwanmades excited in the optical fiber. To
isolate the ultrasonic propagation through the direct pathwastjgP@as used to press down the
optical fiber to keep it in contact withe plate. The cotton swab damps any ultrasonic waves from

coupling into the @ip®. The optical fiber is not adhesively bonded for this case. A measurement
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of the reference full bond case was also collected. A photograph of the full bond case is also show

in Figure 7.%a).
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Figure 7.5 (a) (left to right) Full, indirect, and direct ultrasonic coupling conditions.
Experimentally measured forward and backwaydnhodes through (b) full bond, (c) indirect
pathway, and (d) direct pathway.
The peakto-peak amplitude of the forward and backwabd hode signals arpresented
for each bonding case gures 7.%b)-(d). For the reference full bond case, the forwarchtode

amplitude is 3.48ie and the backwardoh mode is 2.021e. The backwardo-forward Lo: mode

amplitude ratio is 0.58. For the indirect pathw&yg(re 7.%c)), the $ mode is successfully
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coupled to both forward and backwareh modes in the optical fiber, however the backwiard
forward Lo: amplitude ratio is 0.47. This indicates that the indirect pathway is contributing to the
directional coupling behavior of the adhesive tape. The forward and backwanddes coupled
through the direct pathwayigure 7.%d)) have equal amplitudes in both ditiens with the b
amplitude ratio of 1.01.

To verify that the ultrasonic wave is truly propagating through the adhesive tape in the
indirect path, we repeat the indirect pathway experiment, varying the length of the adhesive tape
between the optical fédr and plateH. By adjusting the translation stage showrrigure 7.6a),
the distancéd from the plate to the optical fiber is varied from O mm to 10 mm in 1.25 mm = 0.03
mm incrementsH = 0 mm is the fully bonded case as a reference. The bond lerfgtbd atl. =
10 mm. Only the forwardds mode is measured using FBG 1 (Ségure 7.2.

Figure 7.6b) plots the measured petitkpeak amplitudes and arrival time of the forward
Loz mode as a function ¢i. With increasing travel distanég the arrivatime increases whereas
the amplitude attenuates, as expected. The ultrasonic wave speed in the adhesive tape is about 250

m/s, estimated based on the arrival time data and the wave travel distance in the tape calculated as

tape

the square root of £+ H?). Similarly, the amplitude attenuation coefficient is estimate ‘ag*
= 832 m'. Note that these estimated values are only for the specific tension applied to the adhesive
tape. Nonetheless, the results indicate that the adhesive &gimgsas an ultrasonic waveguide

from the plate to the optical fiber.
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Figure 7.6 (a) Translation stage with adjustable heightfor testing indirect pathway length.
(b) Experimentally measurgubakto-peak amplitude (blue hollow circles) and the arrival time
of the Lp1 mode (red solid circles).
These experiments show that both pathways are potential active pathways for the ultrasonic
waves to travel from the plate to the optical fiber. Theciigerelative amplitude of the signals

through the indirect pathway would depend on a variety of factors including the tension on the
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adhesive tape and the pressure applied to the optical fiber. Therefore we cannot compare the
relative amplitudes ifigure 7.5with the previous experiments, however we can conclude that the
signal traveling through the indirect pathway contributes to the amplitude difference between the

forward and backwardok modes, while the signal traveling through the direct pathwayg dot.

7.3 Role of compliant layer properties on amplitude ratio

Now that we have demonstrated that the indirect pathway can produgeamplitude
difference between the forward and backwagdrhodes, while the direct pathway does not, we
investigate howthe properties of the indirect path determine the amplitude ratio. We assume that
the amplitude difference is based on the presence of the compliant meddetween the plate
and the optical fiber, therefore we study the effects of the layer rigidityoand length. Both
finite element simulations and experiments are performed.
7.3.1Simulation Method

Ultrasonic wave propagation through a compliant medium between the plate and optical
fiber is simulated using the finite element model showRigure 7.7 We do not represent the
specific geometry of the adhesive tape attachment, but instead only consider the role of a generic
compliant layer. The results will show that this simplified geometry is sufficient to understand the
role of the compliant layer propéss.

The model shown ifigure 7.7is adapted fronthe previous model described @Ghapter
4.The gray region is the aluminum plate with the identical mechanical properties as the plate used
in the experiments. The simulated material properties are listédble 71. The blue region
represents the compliant layer between the optical fiber and aluminum plate. The layer total

thickness Ify) is 185 um and the thickness between the plate and bottom of theHipés (25
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pm. The width of the compliant lagew, is 20 mm. The layer length is defined.asnd thez axis
is defined such that= 0 is at the center of the layer. The yellow region represents the 125 um
diameter optical fiber. The optical fiber is not in contact with the plate.

The S mode propgation through the aluminum plate is simulated by imposing nodal
displacements on the plate elements, startizgat./2 up toz = L/2, propagating in the positive
zdirection. The amplitude of thepLmode propagation through the optical fiber is themaeted
through the calculaterdirection displacements of the center nodes along the optical fibezfrom
=-30 mm toz = 30 mm. The lengths of the modeled optical fiber and the plate, shdvigure
7.7, were selected to sufficiently delay the badletion from the end of the structure arriving at
the probes; the full length of the optical fiber is not shown in the figure. The model is spatially and

temporally discretized based on the Lamb wave and traveling velocities as well as their

wavelengthstesulting in the mesh sizegk= 0. 15 mm and tthe. 02feecstep

Figure 7.7 Simulation model (dimensions not to scale).
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