
ABSTRACT 
 

HUDSON, TYLER BLAKE. Real-time Cure Monitoring of Composites Using a Guided 
wave-based System with High Temperature Piezoelectric Transducers, Fiber Bragg Gratings, 
and Phase-shifted Fiber Bragg Gratings. (Under the direction of Dr. Fuh-Gwo Yuan). 
 

An in-process, in-situ cure monitoring technique utilizing a guided wave-based concept 

for carbon fiber reinforced polymer (CFRP) composites was investigated. Two automated cure 

monitoring systems using guided-wave ultrasonics were developed for characterizing the state 

of the cure. In the first system, surface mounted high-temperature piezoelectric transducer 

arrays were employed for actuation and sensing. The second system motivated by the success 

of the first system includes a single piezoelectric disc, bonded onto the surface of the composite 

for excitation; fiber Bragg gratings (FBGs) and/or phase-shifted fiber Bragg gratings (PS-

FBGs) were embedded in the composite for distributed cure sensing. 

Composite material properties (viscosity and degree of cure) evolved during cure of 

the panels fabricated from Hexcel® IM7/8552 prepreg correlated well to the amplitude, time 

of arrival, and group velocity of the guided wave-based measurements during the cure cycle. 

In addition, key phase transitions (gelation and vitrification) were clearly identified from the 

experimental data during the same cure cycle. The material properties and phase transitions 

were validated using cure process modeling software (e.g., RAVEN®).  

The high-temperature piezoelectric transducer array system demonstrated the 

feasibility of a guided wave-based, in-process, cure monitoring and provided the framework 

for defect detection during cure. Ultimately, this system could provide a traceable data stream 

for non-compliance investigations during serial production and perform closed-loop process 

control to maximize composite panel quality and consistency. In addition, this system could 



be deployed as a “smart” caul/tool plate to existing production lines without changing the 

design of the aircraft/structure. 

With the second system, strain in low frequency (quasi-static) and the guided wave-

based signals in several hundred kilohertz range were measured almost simultaneously using 

the same FBG or PS-FBG throughout the cure cycle. Also, the residual strain can be readily 

determined at the end of the cure. This system demonstrated a real-time, in-situ, cure 

monitoring system using embedded multiplexed FBG/PS-FBG sensors to record both guided 

wave-based signals and strain. The distinct advantages of a fiber optic-based system include 

multiplexing, small size, embedding, utilization in harsh environments, electrically passive 

operation, and electromagnetic interference (EMI) immunity. The embedded multiplexed 

FBG/PS-FBG fiber optic sensor can monitor the entire life-cycle of the composite structure 

from curing, post-cure/assembly, and in-service for creating “smart structures”. 
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1 INTRODUCTION 

1.1 Objective and scope 

The NASA Advanced Composites Project (ACP) seeks to develop and transition 

technology that will reduce the timeline required for development and certification of new 

aircraft structures that utilize advanced composite materials by thirty percent. One focus area 

is on manufacturing defects. Manufacturing defects detrimentally affect the quality of the parts, 

lead to higher cost, and cause significant delay in parts production and utilization. 

Manufacturing defects in composites primarily originate from one of two sources; 1) during 

layup by an automated fiber placement (AFP) robot (Figure 1.1a) or by hand and 2) during 

cure (Figure 1.1b).  

 
(a) 

 
(b) 

Figure 1.1. Integrated structural assembly of advanced composites (ISAAC) automated fiber 

placement (AFP) robot and (b) autoclave for curing composites at NASA Langley Research 

Center. 
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Layup defects include gaps, overlaps, twisted tows, puckers, wrinkles, through-

thickness waviness, and in-plane waviness. Line of sight of part is available when the defect 

originates and detection should occur prior to curing. Most current work is focused on 

predicting the occurrence of these defects and detecting them through an optical or thermal 

method. Curing defects primarily include porosity/voids and fiber waviness. Line of sight of 

the part is not available in the autoclave/oven/vacuum press. This project has been funded by 

ACP to focus on curing defects. 

 
(a) 

  
(b) 

Figure 1.2. (a) Through-thickness fiber waviness (Beakou et al., 2011) and (b) micrograph of 

porosity/voids in composite after cure. 

In the polymer composites industry, cure cycles for composite parts are typically 

developed from a “trial and error” or a more effective “processing science” approach to reduce 

the final porosity level in the composite laminate (Hou, 2014). Porosity (Birt & Smith, 2004) 

is defined as “large number of microvoids … which collectively may reduce the mechanical 

properties of the components to an unacceptable degree,” but “each of which is too small to be 

of structural significance or to be detected individually by a realistic inspection technique.” 
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Typically, porosity occurs because of entrapped air, moisture, or volatile products during the 

curing cycle (Birt & Smith, 2004).  

Chapter 4 discusses a guided wave technique developed to detect and quantify 

manufacturing defects. The cure monitoring systems presented in Chapters 5 and 6 do not 

address the issue of porosity directly; however, an automated guided wave-based system was 

developed to perform cure monitoring with the future goal of defect detection during cure. The 

system presented in Chapter 5 utilized high-temperature piezoelectric transducers for actuation 

and sensing. In Chapter 6, actuation was performed by piezoelectric discs and sensing by 

embedded fiber Bragg gratings (FBGs) and/or phase-shifted fiber Bragg gratings (PS-FBGs).  

The high-temperature piezoelectric transducers (Chapter 5) can be incorporated into a 

“smart” caul/tool plate. The “smart” caul/tool plate can be re-used during serial production of 

a part and provides a traceable data stream for quality control and defect investigations. 

For the system in Chapter 6, life-cycle monitoring, in addition to cure monitoring, is 

possible because the fiber optic sensors are embedded into the structure. During life-cycle 

monitoring, it would be feasible to use the embedded fiber optic sensors for both usage and 

loads monitoring by measuring strain, and impact/damage detection by analyzing recorded 

acoustic emissions and ultrasonic guided waves. Embedding fiber optic sensors is becoming a 

more attractive option as the size of optical fibers decrease. Current, small-diameter FBGs 

(diameter of 40-52 µm) (S. Takeda et al., 2002) are approximately ten percent of the area of 

traditional FBGs (diameter of 125 µm). The system in Chapter 6 also takes advantage of the 

increased sensitivity of PS-FBGs over traditional FBGs. A signal increase of two orders of 

magnitude has been observed. 
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1.2 Material characterization tests (Lab-scale) 

Several cure monitoring techniques currently exist, each having its own merits and 

challenges. Differential scanning calorimetry (DSC), rheology, dynamic mechanical analysis 

(DMA), and thermal gravimetric analysis (TGA) are methods to characterize the thermo-

physical and mechanical properties of a resin during cure, but must be conducted on a small 

sample in a controlled lab instrument. Therefore, these methods cannot be used for in-process 

cure monitoring. 

DSC has been applied to study the curing of epoxy resins for decades (Barton, 1985; 

Fava, 1968; Hardis et al., 2013; Prime, 1973; Vyazovkin & Sbirrazzuoli, 1996). DSC is 

primarily used to observe phase transitions including the melting point and the glass transition 

temperature (Tg) as well as heat of reaction to measure degree of cure (DOC) before or after a 

cure cycle has been applied. Total heat of reaction is the area under the curve Figure 1.4. 

Generic cure cycles (e.g., isothermal, constant ramp rate) are typically applied. This lab-scale 

test utilizes a several milligram sample with a diameter of approximately 0.5 mm.  

 

Figure 1.3. Differential scanning calorimetry (DSC) instrument and sample. 
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(a) (b) 

Figure 1.4. Heat of reaction results from DSC experiment under (a) isothermal cure at 127°C 

and (b) a constant ramp rate of 16°C/min [Data extracted from (Fava, 1968)]. 

Another well-established, laboratory-scale (approximately 1 gram sample with 

diameter approximately 25 mm) technique for material characterization is rheology. Rheology 

is generally conducted when the sample is in the liquid and rubbery states. A rheometer can 

measure the viscosity, η, shear storage modulus, G′, which is a measure of the sample’s elastic 

properties, and shear loss modulus, G″, which is a measure of the sample’s viscous properties. 

The metric tan δ (tan δ = G″/ G′) is often reported as well. Epoxy resins have been studied by 

rheology for over 50 years (De Bruyne, 1956; Hou et al., 1990; Kaelble, 1965). In rheology, 

gelation can be identified by the intersection of G′ and G″ (Figure 1.6) indicating the elastic 

and viscous properties are equal. Gelation is the transformation of the resin from the liquid to 

rubbery state (Farquharson et al., 2004). 
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Figure 1.5. Rheometer instrument and sample. 

 

Figure 1.6. Gelation identified as the intersection of shear storage modulus, G′, and shear loss 

modulus, G″ [Modified from (Hou et al., 1990)]. 

Similar to rheology, DMA determines the viscoelastic properties of a material by 

applying a sinusoidal stress and measuring the strain in the material. DMA investigates the 

longitudinal moduli, E′ and E″, and can be used to identify Tg as well as transitions associated 

with molecular motions (McIlhagger et al., 2000; Meyers & Chawla, 2009). 
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TGA most often is used to measure mass change (gain or loss) of a material due to loss 

of volatiles, oxidation, and/or decomposition/degradation as a function of temperature 

(constant heating rate) or time (constant temperature). This provides information on the 

physical and chemical properties of the material. It is used extensively on polymeric materials 

(Coats & Redfern, 1963). As stated previously, DSC, rheology, DMA, and TGA are all lab-

scale, material characterization, baseline tests by which many proposed cure monitoring 

techniques have been compared. 

In addition, these tests can be used to construct a time-temperature-transformation 

(TTT) diagram for a particular resin. A generalized TTT diagram (Aronhime & Gillham, 1986; 

Farquharson et al., 2004; Gillham, 1987) for an epoxy resin (e.g., Hexcel® 8552) is shown in 

Figure 1.7. The TTT diagram (Figure 1.7) denotes the state of the composite as well as all 

phase transformations including gelation and vitrification based on the time and temperature. 

As mentioned previously, the transformation of the resin from the liquid to rubbery state is 

typically referred to as gelation. The subsequent transformation from the rubbery state to the 

glass state is defined as vitrification (Farquharson et al., 2004). In the figure, Tg0 denotes the 

glass transition temperature of the initial formulation (completely uncured), Tg∞ represents the 

glass transition temperature of the cross-linked resin at full cure (Aronhime & Gillham, 1986), 

sol refers to solvent-soluble (i.e., ungelled), and gel refers to solvent-insoluble (Farquharson et 

al., 2004; Gillham, 1987). 
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Figure 1.7. Generalized time-temperature-transformation (TTT) diagram for an epoxy resin. 

Lastly, these tests provide characterization data that defines a semi-empirical material 

model which can simulate cure kinetics to verify guided wave signal trends. This will be 

discussed is more detail in Sections 5.2.2 and 6.3.1. 

1.3 Cure monitoring techniques (Non-optical fiber) 

1.3.1 Dielectric Analysis (DEA) 

Dielectric analysis (DEA) is an in-process cure monitoring technique (Figure 1.8) that 

utilizes a loss factor, ε″, which has contributions from conductivity and dipole relaxation time, 

to monitor the different phases of cure (e.g., in glass-fiber reinforced epoxy (Nixdorf & Busse, 



 

9 

2001)). The degree of cure measured from DEA correlates well with DSC and Raman 

spectroscopy for isothermal cure of in epoxy resins (Hardis et al., 2013). During the resin 

transfer molding process, the maximum of the ionic conductivity indicated minimum viscosity. 

After minimum viscosity occurs, the first zero slope of the derivative of log of the ionic 

conductivity with respect to the cure time (DLIC) demarks the onset of gelation (Figure 1.9). 

DLIC also loosely correlated with degree of cure after gelation to full cure and the DLIC 

plateau estimated vitrification when compared with DSC (McIlhagger et al., 2000). Although 

these tests were performed in a laboratory environment, one of the primary advantages of DEA 

is the ability to implement in-situ cure monitoring at the production scale. Analogous trends 

exist between DEA and guided wave-based system including the identification of minimum 

viscosity and gelation. 

 

Figure 1.8. Dielectric analysis (DEA) instrumentation and setup (McIlhagger et al., 2000).  
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Figure 1.9. Dielectric trace showing minimum viscosity and gelation [Data extracted from 

(McIlhagger et al., 2000)]. 

1.3.2 Bulk-wave ultrasound 

Conventional bulk wave ultrasound has also been implemented as a cure monitoring 

technique. In previous work with thermoset resins, ultrasonic velocity has been used to infer 

the degree of cure because of its association with the modulus of the resin (Adams & Cawley, 

1988; Lindrose, 1978; Lionetto et al., 2004; Lionetto & Maffezzoli, 2013a; Speake et al., 

1974). Bulk wave ultrasound, in pulse-echo mode, can monitor the completion of resin cure 

based on when the time delay plateaus (i.e., the ultrasonic velocity stops increasing) in 

graphite/epoxy composites (Chen et al., 1999) and epoxy matrices (Maffezzoli et al., 1999). 

Bonding piezoceramic actuators and sensors on the mold can alleviate unreliable coupling 

between an ultrasound transducer and the mold which can occur during phases of heating and 

cooling (Liebers et al., 2013). Attenuation (i.e., Amplitude of signal) has also been used for 
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monitoring cure (Adams & Cawley, 1988; Birt & Smith, 2004; Chen et al., 1999; Jeong & 

Hsu, 1995; Stone & Clarke, 1975).  

Non-contact, air-coupled transducers can be used for ultrasonic velocity measurement 

in resins when line of sight is available during cure (Lionetto et al., 2007). Air-coupled 

transducers negate the need for contact between the transducer and the resin or mold/tool plate. 

Air-coupled ultrasonic cure monitoring must account for the exothermal behavior of the cure 

process as well as the alteration of acoustic air path due to changes in the elastic modulus of 

the composite. The temperature changes during the cure process causes velocity of the 

ultrasound wave in the air to change. An increase in temperature corresponds to an increase in 

ultrasound velocity. This change in velocity impacts the measured data since the transducers 

are not in direct contact with the composite. The time of flight must be adjusted based on air 

temperature to determine the time of flight in the resin and/or composite (the desired 

measurement) (Lionetto & Maffezzoli, 2013b).  

Using bulk-wave ultrasound (both contact and non-contact) for cure monitoring (e.g., 

Figure 1.10) is very dependent on an accurate measurement of thickness to determine velocity 

in the resin and/or composite based on time of flight. In addition, bulk-wave ultrasound only 

records data directly underneath the transducer. However, the shorter wavelength (relative to 

guided waves) due to higher frequency results in a smaller diffraction limit for defect detection. 

Bulk-wave ultrasound is the closest existing cure monitoring technique to the proposed guided 

wave system and the measurement trends of attenuation/amplitude and velocity have been 

found to be consistent with the guided wave-based system. 
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Figure 1.10. “Schematic drawing of the ultrasonic setup for cure monitoring” (Lionetto & 

Maffezzoli, 2013a). 

 

Figure 1.11. “(a) Longitudinal velocity; and (b) attenuation measured at 2 MHz during the 

isothermal cure of an unsaturated polyester resin at 30°C” (Lionetto & Maffezzoli, 2013a). 
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1.4 Comparison table of material characterization and cure monitoring 

techniques (Non-optical fiber) 

Table 1.1. Comparison table of material characterization tests and cure monitoring 

techniques (Non-optical fiber). 
 

DSC Rheometer DMA TGA DEA Bulk-wave 
ultrasound 

Guided wave 

Size of 
Sample 

Lab-scale ⌀ ~0.5 mm 
~10-3 g 

Lab-scale ⌀ ~25 mm 
~1 g 

Lab-scale 
L ~2-10 mm 
~0.5-3 g 

Lab-scale ⌀ ~1 mm 
~10-3 g 

In-situ 
Full-scale 

In-situ 
Full-scale 

In-situ 
Full-scale 

Freq- 
uency 

<<1 Hz 
changes 

Mechanical 
test (Hz) 

Mechanical 
test (Hz) 

<<1 Hz 
changes 

1 Hz – 100 
kHz 

1 MHz – 50 
MHz 

100 kHz – 1 
MHz 

Merits • Trusted/ 
established 

• Heat of 
reaction 

• DOC 
• Melting 

point 
• Tg 

• Trusted/ 
established 

• η 
• G′ 
• G″ 
• Tg 
• Liquid 

state (in 
general) 

• Trusted/ 
established 

• η 
• E′ 
• E″ 
• Tg 

• Trusted/ 
established 

• Mass 
change  

• Loss of 
volatiles 

• Oxidation 
• Decomp- 

osition/ 
degradation 

• Min. 
viscosity 

• Gelation  
• Vitrification 
• Full cure 

• Shorter 
wavelength 

• Min. 
viscosity 

• Gelation 
• Vitrification  
• Full cure 
• Feasible 

defect 
detection 

• Investigation 
from actuator 
to sensor 

• Min. 
viscosity 

• Gelation 
• Vitrification  
• Full cure 
• Feasible 

defect 
detection 

Chall- 
enges 

• Lab-scale • Lab-scale • Lab-scale • Lab-scale • Average 
between 
plates 

• Indirect 
measurement 

• Investigation 
only under 
transducer 

• Indirect 
measurement 

• Longer 
wavelength 

• Indirect 
measurement 
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2 FIBER OPTIC SENSING 

The primary categories of fiber optic sensors and their associated sensor types are listed 

in Figure 2.1 (Di Sante, 2015; Guo et al., 2011). This chapter reviews the operating principle 

of fiber optics. In addition, interferometric and distributed sensors are discussed with a focus 

on their application to cure monitoring. Grating-based sensors will be covered in Chapter 3.  

 

Figure 2.1. Different types of fiber optic sensors by category. 
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2.1 Operating principle of fiber optics 

2.1.1 Total internal reflection 

Light is guided in the core of on optical fiber by doping the core such that it has slightly 

higher refractive index than the surrounding cladding (less than one percent difference). 

Although not explicitly how it works, this is best understood by the concept of total internal 

reflection. Total internal reflection is a special case that can occur when the medium in which 

light is traveling has a higher refractive index than the reflecting medium (i.e.  in 

Figure 2.2). Most people have experienced this phenomenon when swimming and looking up 

toward the sky. 

 

Figure 2.2. Snell’s law and total internal reflection. 

Snell’s law [Eq. (2.1)] relates the refracted angle, φ, to the incident/reflected angle, θ, 

based on the refractive index of medium one, , and the refractive index of medium two,	 . 

 1 2sin sinn nθ ϕ=  (2.1) 
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The critical angle [Eq. (2.2)] for total internal reflection, θc, occurs when φ equals 90° 

(sin φ = 1). All angles are measured from the normal. 

 1 2

1

sinc
n
n

θ −  
=  

 
 (2.2) 

The refractive index of the medium, n, also determines the phases velocity, cp of the 

light wave. 

 p
cc
n

=  (2.3) 

where c is the speed of light (2.998 × 108 m/s). 

2.1.2 Single mode step index optical fiber 

A standard, single mode, step index optical fiber has a core with a diameter of 5-10 

µm, a cladding with an outer diameter of approximately 125 µm, and a coating with an outer 

diameter of 140-250 µm (Figure 2.3). The main goal of the coating is to protect the fiber from 

breaking and prevent moisture from entering the silica fiber. Several coatings exist including 

acrylate which is more flexible, polyimide for higher temperature applications, and several 

others application specific coatings (Peters, 2013).  
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Figure 2.3. (a) Multi-mode and (b) single mode step-index optical fibers with variables in 

polar coordinates. (Note: θ is not the same θ in Figure 2.2.) 

2.1.3 Derivation of linearly polarized planar wave traveling through a step-index optical 

fiber 

A linearly polarized planar wave traveling through a step-index optical fiber can be 

analytically derived by solving the scalar wave equation in polar coordinates. The coating is 

ignored since all light waves of interest propagate in the silica fiber. The following derivation 

is modified from course material and similar derivations can be found in multiple textbooks on 

optical waveguides (Ghatak & Thyagarajan, 1998; Okamoto, 2010; Tsao, 1992; Peters, 2013). 

2.1.3.1 Scalar wave equation in cylindrical coordinates 

With a finite boundary, a discrete number of modes solve the scalar wave equation. 

These modes propagate at a fixed velocity and have a particular mode shape. Each solution 

can be written in the form of Eq. (2.4) (or more specifically in the form of Eq. (2.5) for a linear 

polarized light wave with polarization about the x-axis). 

 ( )
0 ( , ) j

j

zi t
jE E r e β ωθ −=  (2.4) 
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 ( )
0 ( , ) j

j j

i z t
x xE E r e β ωθ −=  (2.5) 

where E is the amplitude of the electric field, ω is the angular frequency, t is time, z is the 

distance along the fiber, and βj is the propagation constant for the jth mode (j = 1, 2, 3,···, n) 

and defines the effective index of refraction, neff, for each mode [Eq. (2.6)]. 

 
jj effknβ =  (2.6) 

where k is the wavenumber defined as 2π/λ. neff is specific to each mode and is always less than 

or equal to the refractive index of the core and greater than or equal to the refractive index of 

the cladding (i.e., ≤ ≤ ).  

Solving the scalar wave equation [Eq. (2.7)] in cylindrical coordinates, 

 
2

2
2 2

1 UU
v t

∂∇ =
∂

 (2.7) 

 
2 2 2 2

2 2 2 2 2 2
1 1 1x x x x xE E E E E

r r r r z v tθ
∂ ∂ ∂ ∂ ∂+ + + =
∂ ∂ ∂ ∂ ∂

 (2.8) 
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x

z
x

E E Ee E E e
r r r r v

β ω β ωβ ω
θ

− − ∂ ∂ ∂+ + − = − ∂ ∂ ∂ 
 (2.9) 

where v is the phase velocity of light in the medium. Eq. (2.9) reduces to Eq. (2.11) after 

substituting in Eq. (2.10).  

 
2 2 2

2 2
2 2

k c k n
v v
ω = =  (2.10) 

 
2 2

2 2 20 0 0
02 2 2

1 1 ( ) 0x x x
x

E E E k n E
r r r r

β
θ

∂ ∂ ∂+ + − =
∂ ∂ ∂

 (2.11) 

Because n is only a function of r and not of θ, 

 0 ( ) ( )x r rE EE θ θ=  (2.12) 
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2.1.3.2 Separation of variables 

Substituting Eq. (2.12) into Eq. (2.11) results in Eq. (2.13) which can be rearranged 

such that the left hand side is only a function of r and the right hand side is only a function of 

θ [Eq. (2.14)]. This means that each side of Eq. (2.14) must equal a constant which will be 

defined as l2. 

( )2 2
2 2 2

2 2 2
( )( )1 1( ) ( ) ( ) ( ) ( ) ( ) 0r r

r r

E r EE rE E E r k n E E r
r r r r

θ
θ θ θ

θθ θ β θ
θ

∂ ∂∂+ + + − =
∂ ∂ ∂

 (2.13) 
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2 2 2
2 2

( )( ) ( )1 1( ) ( )
( ) ( )

r r
r

r

EE r E rr k n E r
E r r r r E

θ

θ

θβ
θ θ

  ∂∂ ∂+ + − = − ∂ ∂ ∂ 
 (2.14) 

2.1.3.3 θ dependence 

Solving the right hand side of Eq. (2.14) determines the θ dependence. The solution is 

applicable to entire cross-section since n is not in the equation, 

 
2

2
2

( )1
( )

El
E

θ

θ

θ
θ θ

∂= −
∂

 (2.15) 

 
2

2
2

( ) ( ) 0E l Eθ
θ

θ θ
θ

∂ + =
∂

 (2.16) 

 0( ) cos ( )E E lθ θ θ=  (2.17) 

where cos(lθ) was arbitrary. This solution must also satisfy the periodicity boundary condition 

such that  

 (0) (2 )E Eθ θ π=  (2.18) 

 0 0 cos (2 )E E lπ=  (2.19) 

 1 cos (2 )lπ=  (2.20) 

Therefore, l must be an integer. 
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2.1.3.4 r dependence 

Solving the right hand side of Eq. (2.14) determines the r dependence. 
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2 2 2 2
2
( ) ( )1 ( ) ( )

( )
r r

r
r

E r E rr k n E r l
E r r r r

β ∂ ∂+ + − = ∂ ∂ 
 (2.21) 

The boundary conditions are as follows. Er(b) = 0 because only interested in modes 

that propagate completely in the silica fiber, Er(r) approaches zero as r approaches infinity 

because the assumption of an infinite boundary, and Er(0) is finite. 

Three classes of solutions mathematically exist to Eq. (2.21).  

(1) < < . These modes are the guided modes confined about the core. 

Solutions oscillate in the core and decay in the cladding. The amplitudes of the waves 

are consistent as they propagate along the fiber. Discrete values of β exist. There is no 

energy transfer between the modes since the modes are orthogonal.  

(2) < . These solutions are oscillatory in both the core and the cladding. These 

solutions physically exist and although these modes can be used for some sensing 

applications they decay very quickly and do not propagate very far along the fiber. Two 

sub-classes exist, “cladding modes” (0 < < ) with discrete solutions of β and 

“radiated modes” ( < 0) with only complex solutions for β where energy is radiated 

out of the fiber.  

(3) < . Although mathematically possible, these solutions do not exist physically 

since the amplitude increases as the wave propagates along the fiber. (In reality, power 

decreases as the wave propagates.) 
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2.1.3.5 Solution for r dependence in the core (Bessel functions of the first kind) 

Since n is different in the core than in the cladding, Eq. (2.21) must be solved in the 

core and cladding separately. For the core ( ) =  (r < a), the solution will be defined 

as	 ( ). 
 

22 2
2 2

1

1 2 2
12

1

1( ) ( )1 ( ) 0
( )

n n
nr r
rn

r

E r E rr lk n E r
E r r r r r

β
  ∂ ∂+ + − − =  ∂ ∂   

 (2.22) 

Defining a constant, p (p is greater than zero) 

 2 2 2 2
1p k n β= −  (2.23) 

Substituting Eq. (2.23) into Eq. (2.22), 

 
1 1

2
1

2 2
2

2
( ) ( )1 ( ) 0

n n
nr r
r

E r E r lp E r
r r r r

 ∂ ∂+ + − = ∂ ∂  
 (2.24) 

The solutions to Eq. (2.24) are Bessel functions of the first kind, J, of order l  

[Eq. (2.25)]. 

 1( ) ( )n
r lE r AJ pr=  (2.25) 

where A is a constant. Eq. (2.25) satisfies the Er(0) is finite boundary condition.  

2.1.3.6 Solution for r dependence in the cladding (Modified Bessel functions of the second 

kind) 

For the cladding	 ( ) =  (r > a), the solution will be defined as	 ( ). 
 

22 2
2 2

2

2 2 2
22

2

2( ) ( )1 ( ) 0
( )

n n
nr r
rn

r

E r E rr lk n E r
E r r r r r

β
  ∂ ∂+ + − − =  ∂ ∂   

 (2.26) 

Defining a constant, γ (γ is greater than zero). 

 2 2 2 2
2k nγ β= −  (2.27) 

Substituting Eq. (2.27) into Eq. (2.26), 
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2 2

2
2 2

2 2
2( ) ( )1 ( ) 0

n n
nr r
r

E r E r l E r
r r r r

γ ∂ ∂+ + − − = ∂ ∂  
 (2.28) 

The solutions to Eq. (2.28) are modified Bessel functions of the second kind, K, of 

order l [Eq. (2.29)]. 

 2 )) ((n
r lE BKr rγ=  (2.29) 

where B is a constant. Eq. (2.29) satisfies the boundary condition Er(r,θ) approaches zero as r 

approaches infinity.  

2.1.3.7 Continuity boundary conditions at core-cladding interface 

To find the ratio of A and B the continuity boundary condition of both the electric field 

and its derivative can be applied at the core-cladding interface. This boundary condition is 

valid under the assumption that no internal reflections occur at the interface. As mentioned 

previously, light is guided in the core of the fiber not by total internal reflection as total internal 

reflection was presented only to help visualize the wave guide concept. This assumption of no 

internal reflections at the interface is true when the difference between the refractive index of 

the core and cladding is much less than one percent as is the case in most commercial fibers. 

Applying the continuity electric field boundary condition, 

 1 2( ) ( )n n
r rE Ea a=  (2.30) 

 ) ( )(l lA a BKJ p aγ=  (2.31) 

 
(

)
)

(l

l

B
K
AJ a

a
p

γ
=  (2.32) 

Defining a constant, A0  

 0 0 ( )lA E AJ pa=  (2.33) 

where E0 is the amplitude of the electric field. This results in  
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 0

0 ( )l

AA
E J pa

=  (2.34) 

 0

0 ( )l

AB
E K aγ

=  (2.35) 

2.1.3.8 Final result for electric field of linearly polarized planar wave traveling through a 

step-index optical fiber 

In summary, combining Eq. (2.17), Eq. (2.25), Eq. (2.29), Eq. (2.34), and Eq. (2.35). 

 ( ) ( )
0, , ( , ) ji tz

xxE r z E r e β ωθ θ −=  (2.36) 

where 
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 (2.37) 

2.1.3.9 Discrete β values 

To determine the discrete values of β for each integer value of l, apply the derivative 

continuity boundary condition 
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For l ≠ 0, the derivative of the Bessel functions are 
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 [ ]1
1( ) ( ) ( )l l lJ pr lJ pr prJ pr
pr −′ = − +  (2.40) 

 [ ]1
1( ) ( ) ( )l l lK r lK r rK r
r

γ γ γ γ
γ −′ = − −  (2.41) 

Substituting Eq. (2.40) and Eq. (2.41) into Eq. (2.39) and solving Eq. (2.38) at r = a. 

 [ ] [ ]1 1
1 1( ) ( ) ( ) ( )
( ) ( )l l l l

l l

lJ pa paJ pa lK a aK a
J pa K a

γ γ γ
γ− −− + = − −  (2.42) 

 1 1( ) ( )
( ) ( )

l l

l l

J pa K ap
J pa K a

γγ
γ

− −= −  (2.43) 

For l = 0, the derivative of the Bessel functions are 

 0 ( ) ( )lJ pr J pr′ = −  (2.44) 

 0 ( ) ( )lK r K rγ γ′ = −  (2.45) 

Substituting Eq. (2.44) and Eq. (2.45) into Eq. (2.39) and solving Eq. (2.38) at r = a. 

 
0 0

1 1( ) ( )
( ) ( )

J pa K ap
J pa K a

γγ
γ

=  (2.46) 

β is solved for numerically by evaluating Eq. (2.43) and Eq. (2.46). Linear polarized 

(LP) modes are denoted as LPlm where m is the integer corresponding the solution for β (e.g., 

LPl1, LPl1, LPl2 …). There are an infinite number of possible discrete solutions for each value 

of l and the highest value of β corresponds to LPl1 (second highest value of β corresponds to 

LPl2, third highest corresponds to LPl3 …). 

2.1.3.10  Cutoff frequency 

For each mode, the longest wavelength that can propagate is known as the cutoff 

wavelength, λc. This value is dependent on both the geometry of the fiber and the refractive 
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index of the core and cladding. For cutoff values (Table 2.1 and Figure 2.4) that apply to all 

step-index fibers, the normalized frequency parameter, V, can be used [Eq. (2.47)]. 

 2 2
1 2

2V a n nπ
λ

= −  (2.47) 

Similar to V, the normalized propagation constant, b, is defined by Eq. (2.48) 

 
( )2 22 2

2 2
222

2 2
2 2

1 1

eff nn n
b

n n n n

βλ
π −−

= =
− −

 (2.48) 

Table 2.1. Maximum value of V (normalized cutoff frequency) where LPlm mode will 

propagate, Vc (Peters, 2013) 

LP 
Mode 

LP01 LP11 LP21 LP02 LP31 LP12 LP41 LP22 

Vc 0 2.405 3.832 3.832 5.136 5.520 6.380 7.016 

 

 

Figure 2.4. Normalized frequency, V, versus normalized propagation constant, b, for step-

index optical fiber.  
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2.1.3.11 Single mode v. multi-mode 

Optical fibers are typically operated in one of three conditions: 1) Single mode (V < 

2.405), 2) multi-mode (2.405 < V < 100), and 3) highly multi-mode (V > 100). Single mode 

fibers are often used in long distance, high bandwidth, communications applications. Whereas, 

multi-mode fibers are often utilized for shorter distance transmission of data, audio/voice, and 

video in local area networks because they transmit higher data rate but also exhibit higher 

attenuation (Peters, 2013). All work completed as part of this dissertation was done in the 

single mode condition with a wavelength between 1530 to 1585 nm. This range, along with 

1300 nm range, is popular for long-distance communication applications. The 1550 nm 

wavelength range has the lowest loss for silica fibers (Figure 2.5) (Ghatak & Thyagarajan, 

1998; Miya et al., 1979). 

 

Figure 2.5. Attenuation for a typical low-loss, silica, optical fiber [Data extracted from 

(Ghatak & Thyagarajan, 1998)].  
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2.1.3.12 Cross-section intensity distribution 

The intensity distribution, Ilm, for the LPlm mode is [Eq. (2.49)]  
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K rI l r a
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γθ
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 < 
  = 

 
> 

 

 (2.49) 

where I0 is a constant proportional to the initial intensity. 

The intensity distribution for the first four modes (LP01, LP11, LP21, LP02) are shown as 

three-dimensional surface plots in Figure 2.6 and as two-dimensional contour plots in Figure 

2.7. When creating the plots, a core diameter of 61.5 µm, a core refractive index of 1.45, a 

cladding refractive index of 1.445, and a wavelength of 1.55 µm was used. This results in a 

normalized frequency [Eq. (2.47)] of 14.997. Figure 2.6 and Figure 2.7 are plotted out to a 

diameter of 125 µm (typical diameter of cladding).  
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Figure 2.6. Intensity distribution (3-D contour plots) across cross-section of multi-mode step-

index optical fiber with a core diameter of 61.5 μm for (a) LP01, (b) LP11, (c) LP21, and (d) 

LP02 modes. 
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Figure 2.7. Intensity distribution (2-D contour plots) across cross-section of step-index 

optical fiber with a core diameter of 61.5 μm for (a) LP01, (b) LP11, (c) LP21, and (d) LP02 

modes [Red dashed circle denotes core-cladding interface]. 

2.2 Interferometric fiber optic sensors  

2.2.1 Mach-Zehnder interferometer 

A Mach-Zehnder interferometer measures the phase shift between two collimated light 

beams. The two light beams originate at the same source and are separated by a beam splitter 
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(free-space) or 2 × 1 coupler (in-fiber). The two beams, the reference beam and the sensor 

beam, travel some distance then are combined at a second beam splitter (free-space) or 2 × 1 

coupler (in-fiber) and measured at a photodetector (Figure 2.8). The phase-shift between the 

reference beam and the sensor beam is monitored. The phase shift could be due to change in 

length (strain) with an in-fiber Mach-Zehnder interferometer or material (e.g., gas detection) 

with a free-space Mach-Zehnder interferometer. A free-space Mach-Zehnder interferometer 

uses free-space fiber optics and mirrors. The alignment must be very accurate. This is one of 

the big advantages, especially in large structures, of in-fiber Mach-Zehnder interferometers 

which do not require alignment. A reference fiber (or beam) is required. This is not an absolute 

measurement since it repeats every 2π resulting in the need for constant measurement (Peters, 

2013). 
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Figure 2.8. (a) Free-space and (b) in-fiber Mach-Zehnder interferometers. 

2.2.2 Michelson interferometer 

A Michelson interferometer operates in a very similar manner to a Mach-Zehnder 

interferometer. A reference fiber (or beam) is required and it is not an absolute measurement 

(repeats every 2π). The primary difference is that the light in both the reference beam (or fiber) 

and the sensor beam (or fiber) travels from the beam splitter (free-space) or 2 × 2 coupler (in-

fiber) to a mirror which reflects the light back through the beam splitter/coupler to a 

photodetector (Figure 2.9). The travel distance is twice that of a similar Mach-Zehnder 

interferometer. A Michelson interferometer is an extremely accurate sensor. However, 

disadvantages of Michelson interferometers are they are very sensitive to noise and have 
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problems with “quadrature” points. Quadrature points result in signal fading and directional 

ambiguity in the measurement near the zero-slope points (Peters, 2013). 

 

Figure 2.9. (a) Free-space and (b) in-fiber Michelson interferometers. 

2.2.3 Fabry-Perot interferometers 

Fabry-Perot interferometers (FPIs) exist in both extrinsic and intrinsic configurations. 

In an extrinsic Fabry-Perot interferometer (EFPI), the light exists the fiber into an air cavity. 

For an intrinsic Fabry-Perot interferometer (IFPI), the light stays entirely in the fiber and the 

cavity is formed by partial reflectors in the core. The partial reflectors are created through fiber 

splices. EFPIs are easier to fabricate resulting in less inherent noise and have a low sensitivity 

to transverse strain. However, IFPIs are less-intrusive to the structure since they are much 

smaller (same size as regular fiber) (Figure 2.10).  
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Figure 2.10. (a) Extrinsic Fabry-Perot interferometer (EFPI) and (b) intrinsic Fabry-Perot 

interferometer (IFPI). 

An FPI is defined by the coefficient of finesse (fundamental property of an FPI), F, 

reflectivity of the first partial reflector,	 , reflectivity of the second partial reflector, , and 

the length of the cavity, L. The intensity of the transmitted light, IT, from an FPI cavity is  
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where ε0 is the permittivity at vacuum (ε0 = 8.85419×10−12 Fm−1) and c is the speed of light at 

vacuum. An FPI can be used as a sensor by monitoring the peaks in the transmitted spectrum. 

These peaks occur at βL = mπ where m is an integer. In terms of wavelength,  

 2
peak

nL
m

λ =  (2.53) 

Under strain, L increases or decreases (n stays constant) resulting in an increase or 

decrease in peak separation. This is an absolute measurement. The disadvantages of FPIs are 

that they cannot be multiplexed and they are not intended for high-speed measurements (Peters, 

2013). 

2.3 Distributed fiber optic sensing for cure monitoring 

2.3.1 Strain sensing using Rayleigh and Brillouin scattering for cure monitoring 

Rayleigh, Brillouin, and Raman scattering are intrinsic types of scattering that occur in 

optical fibers. The Rayleigh component is the largest followed by Brillouin then Raman. There 

is a frequency offset for Brillouin scattering from the Rayleigh component that is due to the 

Doppler affect (Figure 2.11). Rayleigh scattering occurs because of the formation of acoustic 

waves whereas Brillouin scattering is caused by the interaction of the light wave and the 

acoustic waves. 
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Figure 2.11. Rayleigh, Brillouin, and Raman scattering. 

Using Rayleigh scattering, distributed strain sensing with plain fiber can be 

accomplished. This was investigated for cure monitoring by Sanchez et al. at multiple locations 

throughout the thickness of a composite panel (Sánchez et al., 2015). One obstacle to using 

Rayleigh or Brillouin scattering is that it can vary from fiber to fiber making consistency 

difficult. 

In practice, Brillouin scattering is utilized by a technique called stimulated Brillouin 

scattering that stimulates acoustic waves with two pulse lasers. The frequency of the second 

laser is swept to find resonant frequency. The frequency difference between the first and 

second laser at resonance is a property of the fiber that is a function of strain and temperature 

(Figure 2.12). 
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Figure 2.12. Stimulated Brillouin scattering. 

Stimulated Brillouin scattering has been used to make distributed measurements along 

the fiber based on the principle that the Brillouin frequency shifts linearly with strain and 

temperature (Bolognini et al., 2007; Kurashima et al., 1990; Shiloh & Eyal, 2015). The 

advantages are that plain fiber can be used (no gratings required) to investigate long lengths of 

fiber (multiple km). High spatial resolution (4 cm) and high sensitivity (± 1°C or ± 20 µε) can 

be achieved. Spatial resolution refers to the distance over which the strain measurement is 

averaged. Brillouin sensing has been implemented in composites (Dong et al., 2012; Fellay et 

al., 1997; Foaleng et al., 2010; Peled et al., 2013; Shimizu et al., 2001; Song et al., 2006); 

however, the works reported are “few and far between” (London et al., 2015). Phase-coded 

Brillouin optical correlation domain analysis (phase-coded B-OCDA) (Denisov et al., 2014; 

Elooz et al., 2014; London et al., 2014; Zadok et al., 2012) “confines the Brillouin interaction 

to discrete and narrow segments with arbitrary separation” (London et al., 2015). This allows 

the user to choose the location of measurements after fibers are embedded and can change that 

location at any time. London et al. published the “first application of phase-coded B-OCDA to 
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the monitoring of a composite material beam” (London et al., 2015). Strain and temperature 

were not independent in this work and calibrated coefficients to convert change in frequency 

to temperature and strain needs to be completed. 

2.3.2 Spectroscopy using optical fibers for cure monitoring 

In addition to strain-based measurements, spectroscopy can be utilized with optical 

fibers as well. Fourier transform (FT)-infrared (IR) spectroscopy can be performed in-situ with 

fairly inexpensive uncoated optical fiber in many cure monitoring systems including 

thermosetting composites (Compton et al., 1988). An FT-IR spectrometer, operating in the 

near infrared (NIR) range can monitor cure by tracking absorbance peaks in the spectral 

information. A decrease in epoxy absorbance, decrease in amine absorbance, and an increase 

in hydroxyl absorbance were observed during isothermal cure (George et al., 1991). Fiber optic 

FT-Raman spectroscopy investigated the spectral information during cure of a high 

temperature (330°C) polymerization reaction. The progression of the reaction was identified 

by the intensity of the Raman shift. In addition, the spectral information was able to provide 

information about two different reactions. The primary advantages to this method are the 

ability to operate at high temperature, in-situ measurements (directly implemented into air 

oven), and real-time information (Aust et al., 1999; Cooper et al., 1997). Using the same system 

that can perform FT-Raman spectroscopy during cure, FT-NIR can investigate the chemical 

composition post-cure (Musto et al., 2007). 
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3 GRATING-BASED SENSORS 

Gratings have been used as strain sensors for many years. Only recently, fiber Bragg 

gratins (FBGs) and phase-shifted fiber Bragg gratins (PS-FBGs) have been developed for use 

in ultrasonic sensing. This chapter reviews the state-of-the-art for cure monitoring with FBGs 

as well as ultrasound, guided wave, and acoustic emission sensing using FBGs and PS-FBGs. 

For ultrasound sensing, FBGs/PS-FBGs are typically surface mounted and not embedded in 

the part. In general, the average error when using an optical fiber for an ultrasonic measurement 

is greater than the more established piezoelectric systems. However, the accuracy tradeoff can 

be overcome by other advantages of a fiber optic-based system which include multiplexing, 

use in harsh environments, insusceptibility to electric and magnetic fields, life-cycle 

monitoring, and others.  

3.1 Fiber Bragg gratings (FBGs) 

As with other intrinsic fiber optic sensors, FBGs have many advantages which include 

multiplexing, use in harsh environments, insusceptibility to electric and magnetic fields, life-

cycle monitoring, and others. 

3.1.1 Fabrication methods of FBGs 

FBGs are typically produced in a draw tower configuration. During the draw, before 

the cladding is added, a periodic variation of refractive index is written onto the core of the 

fiber using an intense ultraviolet light source. This periodic variation of the refractive index 
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acts as a filter for a specific wavelength of light (the Bragg wavelength, λB) based on the grating 

pitch [Eq. (3.1)]. 

 2B effnλ = Λ  (3.1) 

where n is the effective refractive index of the grating in the fiber core and Λ is the grating 

pitch. Figure 3.1 illustrates the general concept of the input, reflected, and transmitted 

spectrums of from five FBGs with Bragg wavelengths of 1535, 1540, 1545, 1550, and 1555 

nm.  

 

Figure 3.1. Reflected and transmitted spectrums of light from five FBGs (Input spectrum 

power approximated) with Bragg wavelengths of 1535, 1540, 1545, 1550, and 1555 nm. 

3.1.2 Full spectrum FBG strain monitoring and damage detection 

For over 30 years strain and temperature measurements have been made using optical 

fibers at discrete locations (e.g., FBGs) (Dakin & Culshaw, 1988). A relatively low sampling 

period is required since the full spectrum of the FBG must be measured to determine the Bragg 
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wavelength which occurs at maximum reflection (or filtering). The Bragg wavelength of a 

grating shifts with both strain and temperature. Using a temperature compensation method, the 

strain in the FBG can be calculated by measuring the shift in the Bragg wavelength  

[Eq. (3.2)]. 

 (1 ) ( )B
e n

B

p Tλ ε α α
λ Λ

Δ = − + + Δ  (3.2) 

where pe is the strain optic coefficient, αΛ thermal expansion coefficient of the optical fiber, 

and αn the thermo-optic coefficient. 

By examining the FBG spectrum, damage inside a composite can also be detected. 

Strain and damage were monitored under impact loading in carbon fiber reinforced polymer 

(CFRP) using an FBG system by Tsuda et al. (Tsuda & Lee, 2007). As transverse crack density 

increased in a CFRP composite laminate, the spectrum of the embedded FBG sensors 

broadened and had additional peaks (Okabe et al., 2000). Using a similar method, transverse 

cracks (Okabe et al., 2002) (Figure 3.2, Figure 3.3, and Figure 3.4) and delamination (S. 

Takeda et al., 2002) were detected with embedded small-diameter (diameter of 40-52 µm 

compared to diameter 125 µm) FBGs in composite laminates (Figure 3.5).  
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Figure 3.2. “Cross sections of the CFRP laminate including a small-diameter FBG sensor: (a) 

perpendicular to the loading direction; and (b) parallel to the loading direction” (Okabe et al., 

2002). 

 

Figure 3.3. “Stress σ and crack density ρ as a function of strain ε” (Okabe et al., 2002). 
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Figure 3.4. “Reflection spectra measured after unloading. These correspond to the spectra at 

(A), (C), (D) and (E) in [Figure 3.3]” (Okabe et al., 2002). 

 

Figure 3.5. “Cross-sectional views of CFRP laminates with embedded FBG sensors. (a) A 

normal FBG sensor without resin coatings; and (b) a small-diameter FBG sensor” (S. Takeda 

et al., 2002). 

3.1.3 FBGs for strain-based cure monitoring 

Strain-based cure monitoring techniques using embedded FBGs have been investigated 

extensively (Antonucci et al., 2006; Dewynter-Marty et al., 1998; Guemes & Menendez, 2002; 
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Harsch et al., 2007a; Harsch et al., 2007b; Luyckx et al., 2010; Sreekantamurthy et al., 2016). 

Again, a relatively low sampling period (every 30 s to 1 min) is used since strain and 

temperature change at relatively slow rates during cure. In neat resin only, the unconstrained 

(no transverse strain) curing of epoxy under various temperature cycles (Figure 3.6) was 

investigated. The aim of the paper (Harsch et al., 2007b) was to address the influence of 

different curing regimes on the residual strain development. Gelation and vitrification points 

identified from DSC were assigned to the changes in FBG signals. The induced residual strain 

can be related to these points. The strain began at the gelling point and vitrification (partially 

cross-linked) was related to the onset of a minimum strain (Figure 3.7). Dwelling time 

(isothermal) and heating rate control the residual strain, rather than the curing temperature 

itself (Figure 3.6). Strain development up to vitrification was influenced by chemical reaction 

kinetics; whereas the strain in the vitrified resin was mostly dependent on the thermal 

expansion behavior.  

 

Figure 3.6. “Curing schedule indicating with arrows the variations in dwelling time, heating 

rate and curing temperature” (Harsch et al., 2007b). 
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Figure 3.7. “Strain and temperature profiles as a function of time” (Harsch et al., 2007b). 

FBG sensors have also been utilized to measure strain during cure in an autoclave of 

glass fiber reinforced polymer (GFRP) (Dewynter-Marty et al., 1998). The introduction of fiber 

reinforcement makes it more difficult to measure strain due to the chemical shrinkage of cure. 

This leads to insensitive measurements for cure shrinkage; however, strains due to coefficient 

of thermal expansion (CTE) mismatch can still be measured. This paper also presented 

inaccurate tensile strain development and highlighted the need for an accurate temperature 

compensation strategy.  
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Figure 3.8. Experimental setup for measuring strain during cure in GFRP composite 

(Dewynter-Marty et al., 1998). 

 

Figure 3.9. “Temperature measurements during the curing: - temperature Bragg grating 

sensor, ○ autoclave temperature probe” (Dewynter-Marty et al., 1998). 
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Figure 3.10. “Internal strain measurements during curing” (Dewynter-Marty et al., 1998). 

When non-axial, transverse strain exists in a part, the FBG spectrum can develop a 

double peak. Guemes et al. published a paper illustrating the double-peak reflective spectra 

using 44-ply quasi-isotropic composites (Guemes & Menendez, 2002). This paper studied 

strain during and after curing with strain release due to a drilled hole. Embedding introduced 

two peaks in the reflective spectrum due to the transverse strain field experienced during cure. 

Strain-induced birefringence provides additional information about the two-dimensional strain 

field in a composite. This paper still needs quantification of the strain development during 

curing.  

FBGs are not limited to measuring in-plane strain. Through-thickness strain in thick 

composites has been measured during cure with 2 mm long FBGs. The FBG was embedded 

vertically by placing a small hole in the composite through the thickness using a pin 

(Minakuchi et al., 2016).  
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3.1.4 FBGs for ultrasound sensing 

Groups have investigated ultrasound, guided wave, and acoustic emission sensing with 

traditional FBGs. The fiber-optic system presented in Betz et al. experimentally validated that 

FBGs can detect ultrasonic Lamb waves (Betz et al., 2003). This showed its feasibility as a 

sensing technique. There are several other publications that use fiber Bragg gratings as 

ultrasonic sensors. Bragg gratings were used to measure temperature and MHz acoustic fields 

(Fisher et al., 1998). Takahashi et al. used FBGs as an underwater acoustic sensor (Takahashi 

et al., 1997). Perez et al. used Bragg gratings for damage detection (Perez et al., 2001). Betz et 

al. focused on the ultrasonic sensing of Lamb waves using FBGs (Betz et al., 2003).  

For an acoustic wavelength significantly greater than the length of the FBG, the strain 

across the grating is considered constant. This leads to a linear dependence between the Bragg 

wavelength and the strain based on standard grating theory (Coppola et al., 2001). Figure 3.11 

is the transmission spectrum of an FBG. Under strain, the wavelength spectrum shifts. If a 

filter or tunable laser is set to the full width half maximum (FWHM) wavelength of the sensor 

FBG, λFWHM, the change in measured transmittance/reflectance is linear with the shift of the 

wavelength spectrum. The linear dependence holds true in the linear range of the sensor FBG. 
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Figure 3.11. Transmission spectrum of an FBG [Modified from (Betz et al., 2003)]. 

Several Bragg gratings can be integrated along a single optical fiber. This is known as 

multiplexing. This allows one optical fiber and ultrasonic transducer to monitor large portions 

of a structure. There are three primary techniques for multiplexing: Wavelength Division 

Multiplexing (WDM), Time Division Multiplexing (TDM), and Combined WDM-TDM. 

Experimental results verified that FBGs are most sensitive to strains along the fiber 

direction. When the transducer was in-line with the fiber axis, the amplitude was greater by a 

magnitude of 100 than when the transducer was mounted perpendicular to the fiber axis (Betz 

et al., 2003).  

The sensor system presented in Kirkby et al. can be visualized in Figure 3.12 (Kirkby 

et al., 2011). This sensor system used wavelength division multiplexing. A broadband laser 

source emitted light into a three-way optical circulator where it travelled through the optical 

fiber that was bonded to the plate (e.g., isotropic metal, composite, etc.). The broad band laser 
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source must have a spectral range that, at a minimum, covers all of the FBG wavelengths. At 

each of the three FBGs the light at the wavelength spectrum of the FBG (Figure 3.12) was 

reflected. The remaining light was transmitted through the FBG and continues to travel through 

the optical fiber. The reflected light contained in the optical fiber was sent into a one-by-three 

coupler. The three branches on the reflected end were passed into three FBG filters. The filters 

were tuned to be offset from the FBG wavelengths of the three sensors. The offset was tuned 

so that the intersection of the wavelength spectrum of the FBG sensor and filter was at the 

FWHM of the FBG sensor at zero strain (Figure 3.11). The intensity of the light at each 

photodetector was equal to the overlap of the sensor reflection and the filter transmission 

(Kirkby et al., 2011). The intensity recorded changes as the FBG wavelength of the sensor 

shifts due to axial strain caused by the wave created at impact. 

 

Figure 3.12. “High-speed interrogation system for impact location using three FBGs” 

(Kirkby et al., 2011). 
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3.1.5 Damage detection and quantification using ultrasound sensing with FBGs 

FBGs have been used for various damage detection and quantification using ultrasound 

sensing. By examining mode conversions of Lamb waves, delamination was detection in 

composite laminates with surface mounted FBG sensors (Okabe et al., 2010). Using Lamb 

wave sensing with small-diameter FBGs, a quantitative evaluation of delamination length was 

performed (N. Takeda et al., 2005) (Figure 3.13 and Figure 3.14). 

 

Figure 3.13. “Damage detection system using a piezo-ceramic actuator and an FBG sensor” 

(N. Takeda et al., 2005). 
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Figure 3.14. “Waveforms measured at various delamination lengths” (N. Takeda et al., 

2005). 

3.1.6 Usage and loads monitoring and impact/damage detection 

Staszewski et al. discussed methods in which to reduce unexpected detrimental 

overloads in structures such as aircraft. These methods include reducing allowable stresses to 

a level where damage is sub-critical, compiling as much knowledge in fracture mechanics to 

create better design guidelines, and increasing inspection and monitoring efforts. Two 

approaches were identified for inspection and monitoring.  

The first approach was to observe loads being applied to the structure and then 

approximate the damage due to fatigue by analytical procedures; also referred to as Operational 

Loads Monitoring (OLM). The paper discussed the use of multiple strain gauges to determine 

loading on the structure, but mentioned how they must be checked ahead of time to avoid 

operational difficulties.  



 

52 

The second approach was to monitor damage through nondestructive testing to detect 

structural defects and predict their size, location, and manifestation of the damage. This can be 

done with a variety of nondestructive evaluation techniques. Current nondestructive evaluation 

techniques for health monitoring include visual inspection, ultrasonic inspection, eddy current, 

acoustic emission (AE), and imaging techniques such as X-ray radiography and thermography. 

The problem with most of these methods are they require a great amount of labor and often the 

removal of the part before inspection (Staszewski et al., 2004). 

Sante et al. covered the operation of and advantages of using FBG sensors in the 

structural health monitoring (SHM) of composite aircraft components. In SHM, embedded 

optical fibers undergo strain during damage or deformation to composite structures. This strain 

can be monitored and analyzed using the Bragg wavelength of the FBG. The implementation 

of FBGs as sensors for guided waves that are created by piezoelectric transducers was also 

discussed as an effective and efficient hybrid solution to locating defects on composite 

structures. This is particularly useful due to the durability of the sensors while embedded. 

When FBGs are multiplexed, strain can be effectively and precisely collected resulting in the 

ability the ability to reconstruct deformation in components, detect buckling, detect various 

types of damage and their location, and monitor patches and joints on structures (Di Sante, 

2015). 

3.2 Phase-shifted fiber Bragg gratings (PS-FBGs) 

3.2.1 Theory of PS-FBGs 

Similar to FBGs, PS-FBGs are produced by a phase mask. A phase-shift is written by 

a UV light in the periodic variation of the refractive index. Due to the phase shift, a narrow 
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central transmission peak opens up in the stop band of the grating. This acts as a transmission 

filter whose bandwidth much smaller than traditional FBG. Agrawal and Radic provided a 

detailed mathematical derivation of the PS-FBG spectrum (Agrawal & Radic, 1994). Liu and 

Han performed a numerical analysis on the response of PS-FBGs. The results indicated the 

first minimum of wavelength sensitivity occurs at an ultrasonic wavelength approximately 

twice the grating length. This provides a reasonable estimate for the minimum wavelength that 

should be detected when designing a detection system. A longer grating has a higher intensity 

sensitivity due to sharper slope; however, is less sensitive at higher frequencies and is more 

directionally dependent. 

3.2.2 PS-FBGs for ultrasound sensing 

The Okabe group from the university of Tokyo has extensively utilized phase-shifted 

fiber Bragg gratings (PS-FBGs) for ultrasound sensing (Wu & Okabe, 2012a; Wu & Okabe, 

2012b; Wu, Okabe, Saito et al., 2014; Wu, Yu, Okabe, Saito et al., 2014; Wu, Yu, Okabe, & 

Kobayashi, 2014; Wu, Okabe, & Sun, 2014; Wu & Okabe, 2014). PS-FBGs have several 

intrinsic advantages. They have a very wide bandwidth (Applied to acoustic emission in 1.5 

MHz and 2 MHz for nonlinear ultrasonics). A sensitivity up to 1000 times greater than 

conventional FBG and on the same order [within 3 dB (½)] of piezoelectric sensors. This is 

due to sharp slope of the reflected spectrum in the linear range (Figure 3.15) created by writing 

a spectrum that is phase-shifted at a specific location along the grating (usually half-way). In 

addition, PS-FBGs provide near simultaneous measurement of strain and ultrasonic signals. 

The measurements are made in sequence. As with most fiber optic sensors, PS-FBGs can be 

embedded; however, the Okabe group has traditionally used surface mounted PS-FBGs for 
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their work. They can withstand high temperatures. One drawback, however, is the signal-to-

noise ratio (SNR). PS-FBGs require roughly twice the number of averages than piezoelectric 

sensors for similar SNR (e.g., if 50 averages required for piezoelectric sensor, then 100 for PS-

FBG). For ultrasonic sensing, a tunable laser is set to the FWHM wavelength of the PS-FBG 

spectrum and the power output of light is measured at an optical power meter (Figure 3.16). 

When an ultrasonic passes the PS-FBG, it causes the spectrum to shift back and forth very 

quickly due to the strain imposed by the wave. This causes an oscillation in the measurement 

at the optical power meter.  

 

Figure 3.15. “Spectra of the FBGs are measured by sweeping the TLS. (a) The sharp peak in 

the spectrum of PS-FBG has a steep linear region. The inset shows the complete spectrum of 

the PS-FBG. (b) The spectrum of normal FBG has a linear region with a gentler slope than 

that of the PS-FBG” (Wu & Okabe, 2012a). 
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Figure 3.16. “Setup and principle of the sensing system. (a) Schematic diagram of the 

sensing system: O-scope, oscilloscope; Amp, amplifier; FG, function generator; and P1/P2, 

port 1/port 2. (b) Principle of the sensing system” (Wu & Okabe, 2012a). 
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4 IMAGING OF LOCAL MANUFACTURING DEFECTS 

USING A COMPLETELY NON-CONTACT AIR-COUPLED 

TRANSDUCER/LASER DOPPLER VIBROMETER 

SYSTEM 

A guided wave defect detection technique for cured carbon fiber reinforced polymer 

(CFRP) composites was investigated. The study focused on detecting and imaging two classes 

of defects: (i) local zones of high porosity/voids, and (ii) the overlap and gap of adjacent plies 

intentionally introduced during layup of the prepreg. For both sets of experiments, a fully non-

contact guided wave hybrid system composed of an air-coupled transducer (ACT) and a laser 

Doppler vibrometer (LDV) was used for imaging the defects. By transforming the transient 

wave response in a region containing the defect from the time-space domain to the frequency-

wavenumber domain, the total wavefield was separated into the incident and backscatter 

waves. The defects were imaged using a “denoised” weighted zero-lag cross-correlation (DW-

ZLCC) imaging condition. 

This chapter can be connected with current work as it showed the ability of guided 

waves to detect and image manufacturing defects. This technique required full-wavefield data 

which is only feasible to collect with a mobile actuator and/or sensor (Typically in a raster scan 

approach). Although the cure monitoring techniques presented in Chapters 5 and 6 have fixed 

locations of actuators and sensors, the next step for the system is to implement a mobile 

actuator. The primary constraint is the extremely high temperatures of the oven/autoclave 
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which precludes traditional mechanical systems from being used. This is discussed in more 

detail in the future work sections (Sections 5.4 and 6.4). 

4.1 Introduction 

There has been significant advancements in using automated fiber placement (AFP) to 

fabricate large scale commercial composite structures for aerospace applications. Through 

automated processes, more consistent quality and cost-effective manufacture of advanced 

composite structures are achieved. Even though the manufacture is fully autonomous, the AFP 

process inevitably introduces defects (Dirk et al., 2012). Ply gaps and overlaps occur primarily 

at tow boundaries during layup near curved contour regions and can further lead to surface 

waviness (Chakrapani et al., 2013; Louie & Yuan, 2014). Ply drops near the complex contour 

areas can naturally introduce localized porosity regions. As mentioned previously, other 

sources of porosity include entrapped air, moisture, or volatile products during the cure cycle 

(Birt & Smith, 2004).  

For gaps and overlaps, several optical and thermal imaging techniques have been or are 

being developed for detection of gaps and overlaps during layup from an AFP machine. The 

detection system can be manual, semi-, or fully automated (Belhaj et al., 2013; Louie & Yuan, 

2014; Maass, 2015; Rudberg & Cemenska, 2012). Recently, a robotic laser scanning system 

has been proposed to image the gap and overlap regions during the tow laying process (Maass, 

2015). Eddy currents have shown initial promise for the detection of gaps and overlaps on 

uncured prepreg in a controlled research environment (Schmidt et al., 2014). However, none 

of these systems are capable of detecting gaps and overlaps missed during layup in a panel that 

has already been cured. 
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For this study, the location and size of zones of high porosity/voids, a gap, and an 

overlap were imaged by a fully non-contact laser ultrasound system based on a guided wave-

based approach. Because this approach is completely non-contact, the part does not have to be 

immersed in water as in immersion systems, nor does a liquid coupling agent have to be used 

(e.g. oil, glycerin, etc.) as in contact systems. The guided wave approach also exhibits 

additional advantages such as inspection of in-assessable areas and complex curved sections. 

Non-contact guided wave systems have been used in previous works such as a complete air-

coupled system that measured wave leakage to detect and size delamination and impact 

damage in a honeycomb composite (Kažys et al., 2006) and defects in composite rods (Raišutis 

et al., 2011). In addition, notches at various angles in an aluminum plate (Harb & Yuan, 2016) 

and barely visible impact damage (BVID) in CFRP composite panels (Harb & Yuan, 2015b) 

was imaged using a non-contact ACT/LDV system.  

Frequency-wavenumber filtering techniques have previously been used for improved 

damage imaging of longitudinal slits in aluminum plates (An et al., 2013; Harb & Yuan, 2016; 

Ruzzene, 2007; Zhu et al., 2013), disbonding in a composite wing (Sohn et al., 2004), 

delamination in a multi-layer composite plate (T. E. Michaels et al., 2011; Sohn et al., 2004), 

crack/notch emanating from a hole in an aluminum plate (T. E. Michaels et al., 2011), and 

BVID in composite panels (Harb & Yuan, 2015b). The imaging metrics utilized included 

traditional root mean square of the reflected signal (Ruzzene, 2007), cumulative standing wave 

energy (An et al., 2013), ZLCC (Harb & Yuan, 2015b; Harb & Yuan, 2016; Hudson et al., 

2015; Zhu et al., 2013), standing wave filter (Sohn et al., 2004), and Laplacian image filter 

(Sohn et al., 2004). Frequency-wavenumber filtering and analysis can also be used to separate 
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multiple Lamb wave modes. This allows for detection of defects using a single mode technique 

even when multiple guided wave modes exist (Tian & Yu, 2014). For this work, the DW-

ZLCC imaging condition was implemented. 

4.2 Experimentation 

4.2.1 Panel descriptions and fabrication 

4.2.1.1 Porosity/voids panel 

A unidirectional twenty-four ply composite panel of Hexcel® IM7/8552 (Table 4.1), 

190 gsm, 35% resin content (RC) prepreg was cured in a vacuum press following the 

temperature and pressure cycle recommended by Hexcel®. Temperature was ramped to 107°C 

at 2.8°C/min, held one hour, ramped to 177°C at 2.8°C/min, 690 kPa pressure applied, held 

two hours, then cooled down and pressure released. 

Table 4.1. Material properties of single ply of Hexcel® IM7/8552 (E1 in carbon fiber 

direction) (Leckey et al., 2014). 

E1 
(GPa) 

E2 
(GPa) 

E3 
(GPa) 

G12 
(GPa)

G13 
(GPa)

G23 
(GPa)

   ρ 
(kg/m3)

171.4 9.08 9.08 5.29 5.29 2.80 0.32 0.32 0.5 1570 
 

The panel was 305 mm × 305 mm with an average thickness of 4.3 mm. Eight local 

zones with a high concentration of porosity/voids were simulated by perforating holes in the 

prepreg using a punch (diameter listed in Table 4.2) prior to lay-up and filling the holes with 

hollow glass microspheres. The 3M K22 hollow glass microspheres had an average diameter 

of 55 µm. Microspheres have been used in a previous study to simulate porosity in composites 

(Chimenti & Martin, 1991). Three of the porosity-simulated zones had a nominal diameter of 

6.35 mm (six, four, and two plies thick), designated ID #1-3. Three zones had a nominal 
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diameter of 3.175 mm (six, four, and two plies thick), designated ID #4-6. Two zones had a 

nominal diameter of 1.59 mm (six and four plies thick), designated ID #7-8. The labeling 

scheme and specifications are summarized in Table 4.2.  

Table 4.2. Geometries and through-thickness locations of local porosity/voids zones in a [0]24 

Hexcel® IM7/8552 composite panel. 

ID Diameter (mm) Thickness 
estimated (mm) 

Beginning/ 
Bottom ply  

Ending/ 
Top ply  

#1 6.35 1.08 15 20 
#2 6.35 0.72 17 20 
#3 6.35 0.36 19 20 
#4 3.175 1.08 15 20 
#5 3.175 0.72 17 20 
#6 3.175 0.36 19 20 
#7 1.59 1.08 17 20 
#8 1.59 0.72 19 20 

 
The thickness was estimated by multiplying the average thickness of the panel by the 

ratio of the number of plies of the defect zone by the total number of plies (twenty-four). All 

porosity zones ended at the twentieth ply (i.e. zones that were six plies thick were through plies 

fifteen to twenty, zones that were four plies thick were through plies seventeen to twenty, and 

zones that were two plies thick were through plies nineteen and twenty). Figure 4.1 is a 

schematic illustrating through-the-thickness locations of the porosity zones. Figure 4.2 is the 

layup at the twentieth ply with the microspheres prior to adding the last four plies. 
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Figure 4.1. Schematic of through-the-thickness locations of the porosity/voids zones (Sizes 

are not to scale). 

 

Figure 4.2. Layup at the twentieth ply with the intentionally introduced microspheres 

(porosity/voids zones) prior to adding the last four plies to form a 305 mm × 305 mm [0]24 

laminate (Porosity zones discussion in Table 4.2). 

4.2.1.2 Gap and overlap panel 

A second panel was laid up by hand using the same Hexcel® IM7/8552 unidirectional 

prepreg. The layup was [04/90/902/90/04] where a pair of gap and overlap defects were 

intentionally introduced between adjacent prepreg strips. The gap and overlap defects were 

located at the two plies in the middle symmetric plane. The entire panel was 150.4 mm × 150.4 

mm × 1.524 mm (nominal) and the long overlap and the gap regions were of dimensions 63.5 
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mm × 6.35 mm × 0.25 mm (Figure 4.3). The panel was cured in a vacuum press following the 

cure cycle recommended by Hexcel® previously described.  

 

Figure 4.3. Layup of panel with intentionally introduced gap and overlap defects near the 

neutral ply surface of the composite laminate. 

4.2.2 Experimental setup 

4.2.2.1 Porosity/voids panel 

An unfocused circular ACT with an active diameter of 25 mm (Ultran Group: NCG200-

D25) was used to emanate a pressure wave into the laminate. The ACT was a non-contact 

circular transducer with a resonant center frequency of 200 kHz and a bandwidth of ± 40% (80 

kHz) of the center frequency. 

The ACT was placed approximately 35 mm from the surface of the plate. At this 

distance, the beam width was about the width of the active diameter of the transducer resulting 

in an ellipse shaped excitation area on the plate. The ellipse shape was due to the inclined angle 

of the transducer toward the plate. The location of the ACT was stationary while a LDV 

(Polytec Inc.: OFV-505) scanned a 47 mm × 47 mm area covering the porosity/voids with a 1 
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mm × 1 mm grid spacing for a total of 2304 time series (Figure 4.4). To increase signal-to-

noise ratio (SNR), each time series was averaged five times.  

The LDV was set to measure out-of-plane velocity. The sensitivity of the LDV was 10 

mm/V/s at a frequency limit of 250 kHz. A sampling frequency of 2.56 MHz was utilized and 

a bandpass filter with bounds at 150 kHz and 350 kHz was applied. 

The ACT was then moved to the next location and the process repeated. Retroreflective 

tape covered the scanned area and was used to increase the SNR by increasing the amplitude 

of the signal. The translational stage of the LDV was used to define the global x-y coordinate 

system. 

 

Figure 4.4. Experimental setup for detecting zones of porosity/voids with air-coupled 

transducer and laser Doppler vibrometer. 

A five-cycle, Hanning windowed, sinusoidal toneburst signal [Eq. (4.1)] was selected 

as the actuation waveform; 

 ( ) [ ( ) ( / ][1 cos (2 / )]sin (2 )c c c c cV t A H t H t N f f t N f tπ π= − − −  (4.1) 
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where H(t) is Heaviside step function, Nc is the number of cycles (five cycles), and fc is the 

center (or carrier) frequency (250 kHz).  

The angle of incidence of the ACT with respect to the normal of the surface of the plate 

was set to eleven degrees. This value was optimized to ensure maximum amplitude of the 

desired A0 wave mode propagating in the plate (Harb & Yuan, 2015a) based on the phase 

velocity corresponding to its center frequency. At the center frequency of the excited wave 

(250 kHz), two fundamental wave modes simultaneously exist (A0 and S0). A0 and S0 are the 

antisymmetric and symmetric zero-order Lamb wave modes, respectively. Since the magnitude 

of the transverse velocity generated by the S0 mode is much smaller than the A0 mode, the S0 

mode captured by the LDV is much less sensitive. Therefore, in this study only the A0 mode 

was chosen for processing the wave signals. 

Using Eq. (4.2) (Harb & Yuan, 2015a), the optimal angle of excitation, θ, can be 

calculated; 

 sin
p

c
c

θ =   (4.2) 

where c is the sound velocity in the excitation medium (Air: 343 m/s) and cp is the phase 

velocity of the A0 mode in the plate at 250 kHz [1747 m/s as predicted by the DISPERSE 

software (Pavlakovic et al., 1997) with Hexcel® IM7/8552 material properties (Table 4.1)]. 

The resulting optimal angle of excitation for the ACT is 11.3 degrees. An angle of eleven 

degrees was used throughout the experiment. The estimated corresponding center wavelength 

for the A0 wave mode parallel to the fiber direction is 5.1 mm, also calculated using the 
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DISPERSE software (Pavlakovic et al., 1997) with Hexcel® IM7/8552 material properties 

(Table 4.1). 

4.2.2.2 Gap and overlap detection 

A near identical system utilized the same ACT (also located 35 mm from the panel) 

and LDV to inspect the gap and overlap panel (Figure 4.5). Again, the location of the ACT 

was stationary while the out-of-plane velocity of the A0 Lamb wave mode was recorded in a 1 

mm × 1 mm grid inside a scan area (37 mm × 39 mm) located in front of the ACT (Figure 4.6) 

by a LDV (Figure 4.5). After each scan, the ACT and the scan area was moved up 10 mm and 

the scan repeated. This was done with the ACT excitation both to the right and to the left of 

the region containing the gap and the overlap a total of eighteen times (nine on each side). For 

the eighteen scans, the ACT was centered approximately at y = 27 mm to y = 107 mm at 

increments of 10 mm. The beginning and ending x coordinates were x = 72 mm to x = 109 mm 

for all but two scans which were shifted slightly to the right (Figure 4.6).  
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Figure 4.5. Experimental setup for detecting gap and overlap regions with air-coupled 

transducer and laser Doppler vibrometer. 

 

Figure 4.6. Excitation locations of air-coupled transducer and total LDV scan area from all 

scans. 
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The angle of incidence of the ACT was again optimized using the phase velocity 

dispersion curve (Figure 4.7) to ensure maximum amplitude of the desired A0 mode (Harb & 

Yuan, 2015a). At 250 kHz, the phase velocity of the A0 mode was 1452 m/s. Using Eq. (4.2), 

the optimal angle of excitation of the ACT was 13.66 degrees. The angle of incidence of the 

ACT was set to 13.5 degrees from normal direction of the plate during experimentation. 

 

Figure 4.7. Phase velocity dispersion curve for the [04/90/902/90/04] composite panel. 

4.3 Results 

4.3.1 “Denoised” weighted zero-lag cross-correlation (DW-ZLCC) imaging condition 

For both sets of experiments, as the plate was excited from the ACT, Lamb waves were 

generated and then propagated in the plate. The out-of-plane velocity of the wavefield, defined 

by ( , , ), was assembled from all the time series captured by the LDV from each scan. 

The wavefield was then windowed in time after the actuation was triggered, and prior to the 

wave reflected back from opposite edge of the plate. Each time trace of the wavefield ( , , ) 



 

68 

was “denoised” at every measurement location (xi, yj) using a one-dimensional wavelet 

transform. After “denoising” in the time domain, the noise was further mitigated in the space 

domain at every time snapshot using a two-dimensional wavelet transform. The wavelet 

utilized was the Daubechies wavelet (db10) with five levels of decomposition. At each 

decomposition level, MATLAB®’s Stationary Wavelet Transform Denoising application was 

used to calculate the threshold values. Figure 4.8 shows ( , , ) as a three-dimensional 

surface plot for the scan around zone #3 at six time snapshots before denoising in space. This 

can be compared to Figure 4.9 where the noise was mitigated. 

 

Figure 4.8. Out-of-plane velocity wavefield at times (a) 232 µs, (b) 238 µs, (c) 243 µs, (d) 

248 µs, (e) 254 µs, and (f) 259 µs before denoising in space using a 2-D wavelet transform. 
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Figure 4.9. Out-of-plane velocity wavefield at times (a) 232 µs, (b) 238 µs, (c) 243 µs, (d) 

248 µs, (e) 254 µs, and (f) 259 µs after denoising in space using a 2-D wavelet transform. 

It can be observed from Figure 4.9 that the wavefield covered by the sensor aperture is 

slightly greater than the diameter of the ACT and the wavefield has been disturbed by the local 

porosity/voids zone. The DW-ZLCC imaging condition for imaging the defect is based on the 

concept that the incident and backscattered wave are in phase on the damage boundaries 

(Hudson et al., 2016a; Zhu et al., 2013). When the incident wavefield interacts with the defect, 

the backscattered wavefield was generated. At the instant of the wave reflection at an arbitrary 

location of the defect zone, the two wavefields propagating in different directions are coherent 

or in phase. 
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To decompose ( , , )	into the incident and backscatter wave, ( , , ) was first 

transformed from the time-space domain to the frequency-wavenumber domain (An et al., 

2013). This can be accomplished using a two-dimensional Fourier transform [Eq. (4.3)]. 

 ( )( , , ) ( , , ) d dxi k x t
xW k y w x y t e x tωω

∞ ∞

−∞ −

−

∞

−=      (4.3) 

The total wavefield can be readily separated in the frequency-wavenumber domain into 

the incident ( , , ) and the backscatter ( , , ) wave based on the sign of kx. This 

can be observed in Figure 4.10 where the incident and backscattered wavefield, ( )( , , ), 
for the scan around zone #3 are plotted at three time snapshots as a 2-D contour plot. A 

transparent grey oval (Figure 4.10) marks the location and size of the local porosity/voids zone 

in the part after cure as predicted by ultrasonic immersion C-scan. 
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Figure 4.10. 2-D contour plots of the out-of-plane velocity of the incident wavefield at times 

(a) 232 µs, (b) 238 µs, and (c) 243 µs and the backscattered wavefield at times (d) 232 µs, (e) 

238 µs, and (f) 243 µs. 

Both the incident wave and the backscattered wave were inverted to the frequency-

space domain using a one-dimensional spatial Fourier transform [Eq. (4.4)]. 

 ( ) ( )( ( )
1

2) , , , , dxik
i bs i bs

x
xW x y W k y e xπω ω

∞

−∞
=    (4.4) 

To ensure that the imaging condition was independent of distance from the ACT, a 

weighting factor was applied to the incident wavefield which attenuates with propagation 

distance from area of excitation. The weighting factor was based on the cumulative total wave 

energy (CTWE). The CTWE can be calculated by  

 
0

2( , ) ( , , ) dft

t
CTWE x y w x y t t=     (4.5) 
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where  is the time at the beginning of the time window measurement and tf is the time at the 

end of the time window which was prior to the back reflection from the edge of the plate (An 

et al., 2013). After calculating the CTWE at each measurement location (xi, yj), the CTWE is 

averaged across each x-coordinate [Eq. (4.6)].  

 
1

( ) ( , )i i

m

j
jCTWE x CTWE x y m

=

=   (4.6) 

A custom 1-D curve equation [Eq. (4.7)] was fit to the ( ) data using the curve 

fitting toolbox in MATLAB® to define the weight function. 

 02 ( )( )T
x

C E
x

WA x Be α− −=   (4.7) 

where  is the x-coordinate of the ACT, B is the estimated amplitude at , and α is the 

attenuation factor. A more detailed explanation of the theory behind this weighting factor can 

be found in Hudson et al. (Hudson et al., 2016a).  

The incident wave in the frequency-space domain,	 ( , , ), was weighted [Eq. 

(4.8)] by the curve fitted to the average CTWE at each x-coordinate.  

 , ( , , ) ( , , ) ( )i CTWE i j k i i j k CTWE iW x y W x y A xω ω=   (4.8) 

The weighted incident wave was then used to determine the DW-ZLCC, ( , ), 
at each measurement location (xi, yj) using Eq. (4.9). 

 *
,( , ) ( , , ) ( , , )CTWE i j i CTWE i j k bs i j kI x y W x y W x y

ω
ω ω=   (4.9) 

where ∗ ( , , ) is the complex conjugate of ( , , ) (Zhu et al., 2013). 

By weighting the incident wavefield, the intensity, ( , ), was independent of 

distance from excitation. As an incremental step in Eq. (4.9), ( , ) was calculated with 
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noise removal at each ωk step before summation. As before, the noise was mitigated by using 

a two-dimensional wavelet transform (Daubechies 10 level 5) in the space domain and the 

horizontal, vertical, and diagonal thresholds were calculated using MATLAB®’s wavelet 

toolbox.  

4.3.2 Porosity/voids panel 

Figure 4.11 shows the superimposed and normalized results from the eight scans 

around the zones of high porosity/voids using the DW-ZLCC imaging condition. The merits 

of the DW-ZLCC imaging condition can be observed by contrasting Figure 4.11 with Figure 

4.12 which uses the standard ZLCC algorithm. 

 

Figure 4.11. DW-ZLCC imaging condition weighted by the average CTWE. 
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Figure 4.12. ZLCC imaging condition. 

For comparison with the proposed non-contact ACT/LDV system based on the guided 

wave approach, the composite panel was also C-scanned with a Sonix, Inc. immersion 

ultrasound system in pulse-echo mode using a Panametrics 15 MHz transducer (Figure 4.13).  
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Figure 4.13. Immersion C-scan image of panel (average thickness of 4.3 mm) with eight 

intentionally introduced zones of high porosity with different sizes and depths. 

4.3.3 Gap and overlap panel 

Similarly on the gap and overlap panel, after ( , ) was calculated for each scan, 

the results were superimposed to form a single image. Figure 4.14a shows the standard ZLCC 

imaging condition and Figure 4.14b shows the DW-ZLCC imaging condition for the total scan 

area. The gap and overlap locations are denoted by a dashed outline. Again, the distinct 

improvement of the DW-ZLCC imaging condition can be observed by comparison of Figure 

4.14b (DW-ZLCC) with Figure 4.14a (ZLCC). The standard ZLCC imaging condition does 

not “denoise” or weight the incident wave. 
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Figure 4.14. (a) ZLCC and (b) DW-ZLCC imaging condition [Gap (top) and overlap 

(bottom) locations are denoted by a dashed outline]. 

The gap/overlap panel was also C-scanned with the same system described previously 

to establish a baseline to compare with the guided wave approach. Yellow represents the lowest 

amplitude (indicative of the defect) and purple is the highest amplitude. The scan area location 

shown in Figure 4.6 is also shown in Figure 4.15 for reference. 



 

77 

 

Figure 4.15. C-scan image of panel with intentionally introduced overlap and gap. 

4.4 Discussion 

4.4.1 Summary of results 

The proposed fully non-contact ACT/LDV system incorporated with the DW-ZLCC 

imaging condition estimated the locations and sizes (in the x-y plane) of the defect zones 

containing high porosity/voids, a gap, and an overlap as verified by image comparison with a 

traditional immersion C-scan. Since guided waves are bounded by the top and bottom surface, 

the full thickness is investigated and the depth of the defect cannot be determined. This is a 

deficiency when compared with traditional immersion ultrasound where time of flight data 

could provide the location through the thickness. 
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The DW-ZLCC produced a clearer and sharper image than the standard ZLCC imaging 

condition. This was mainly accomplished by compensating for the attenuation through a 

weight function in addition to using a 1-D wavelet transform to denoise the recorded data in 

the time domain at every measurement location followed by 2-D wavelet transforms to mitigate 

the noise in the space domain of the wave response at every time increment and the ZLCC at 

each frequency step before summation. 

4.4.2 Porosity/voids panel 

For the porosity/voids panel, zones #1–6 were clearly identified and sized. The smallest 

defect zone, #8 (1.59 mm diameter, four plies thick), was not clearly visible in the C-scan 

results nor the DW-ZLCC imaging condition. For the second smallest defect zone, #7 (1.59 

mm diameter, six plies thick), the DW-ZLCC imaging condition appeared to identify the defect 

location and size. Some caution should be exhibited with this interpretation since the grid 

spacing of measurement points (1 mm × 1 mm) was very close to the nominal defect diameter; 

therefore, the result was essentially based on one measurement point. 

4.4.3 Gap and overlap panel 

The image produced from the guided wave approach did not provide an explicitly clear 

image (full location not identified) for both the gap and the overlap. The image of the gap 

region was clearer than the overlap region, perhaps due to entrapped air in the gap having 

greater interaction with the wave than the additional fibers of the overlap. However, it was of 

similar resolution to that of immersion C-scan even with much larger wavelength and non-

contact inspection. The DW-ZLCC unequivocally outperformed the standard ZLCC imaging 

condition. 
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4.4.4 Limiting factors 

For both sets of experiments, to achieve sufficient power, the actuation frequency was 

limited to a range near the resonant frequency of the ACT. If a higher frequency could be 

measured, then the propagating wave would have a smaller wavelength potentially leading to 

a greater interaction porosity/voids and/or the gap and overlap at the expense of a more 

complex material dissipation. For example, the corresponding wavelength in the porosity/voids 

panel for the A0 wave mode parallel to the fiber direction is 5.1 mm as predicted by the 

DISPERSE software (Pavlakovic et al., 1997) with Hexcel® IM7/8552 material properties 

(Table 4.1). The inherent sensitivity of the system is limited by the diffraction limit which is 

one-half the wavelength. In addition, only a single center frequency was used in both tests. 

Other center frequencies or a chirp actuation waveform could be used and the results 

superimposed to provide greater accuracy. 

For the porosity/voids panel, only a single excitation source location was used for each 

defect zone. The excitation source could be moved to the opposite side, above, or below the 

area to be scanned and the experiment repeated. The results could then be superimposed to 

further highlight the zone of high porosity/voids. The drawback, however, would be the 

increase in total scan time. 

For the gap and overlap panel, both layup defects were at the neutral axis of the plate 

where the stress is at a minimum due to the A0 mode being a flexural mode. This causes the 

wave interaction with the gap and overlap to be minimized when located at the center of the 

plate compared to any other location through the thickness. This is a “worst-case” location 

through the thickness in terms of detectablility with this methodology. 
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4.5 Conclusions 

In this chapter, two classes of manufactured defects, local zones of high porosity/voids 

and gap/overlap regions, are imaged using a guided wave approach. This study has 

demonstrated the feasibility of imaging both types of defects using the non-contact ACT/LDV 

system from the guided wave response. The image enabled visual representation and 

quantitative evaluation of the location and size of the defects.  

The image quality from the proposed DW-ZLCC imaging condition was clearer and 

sharper than from the ZLCC imaging condition and comparable to that by bulk wave-based C-

scan (immersion) that has a much smaller wavelength. The improvements provided by the 

DW-ZLCC imaging condition resulted from two aspects: (1) Wavelet threshold denoising of 

the wavefield in both the time and space domains which smoothed the data to obtain a stable 

damage image and (2) weighting the incident wavefield which ensured the damage image was 

independent of the distance from the ACT.  

The ACT/LDV system is still in the preliminary development stage, but potential 

advantages in addition to being non-contact include the ability to operate in harsh environments 

and remote locations and to inspect curved geometry and large structures without a priori 

knowledge of the material property, geometry, and damage locations. In addition, it can be 

designed to excite complex wave modes and polarizations. 

By demonstrating the potential advantages and applications of the ACT/LDV with the 

improved imaging condition, this work aimed to address a portion of the broader goal of the 

Advanced Composites Project (ACP) to reduce the timeline required for development and 

certification of new aircraft structure that utilize advanced composite materials. As 
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demonstrated, this technique is not limited to any one type of defect but can be adopted for any 

type of defect that causes a disturbance in the wavefield.  
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5 REAL-TIME GUIDED WAVE-BASED CURE 

MONITORING WITH HIGH TEMPERATURE 

PIEZOELECTRIC TRANSDUCERS 

5.1 Introduction 

The guided wave-based system proposed in this work was designed to complement 

current cure monitoring technologies and not to completely replace them. This is especially 

true when comparing with dielectric cure monitoring that has been widely used for cure 

monitoring in composite manufacturing from lab to pilot scales including carbon-fiber 

reinforced epoxy composites. The guided wave-based system operates higher frequency than 

dielectric analysis which provides a host of potential benefits including potential defect 

detection. (Note: “Guided wave-based” refers to the setup of the actuator and sensor in a pitch-

catch configuration at a distance of at least ten times the thickness. This configuration is typical 

for guided wave measurements in the solid state. Since the resin of the composite goes through 

an ungelled glass (prepreg), liquid, rubbery, and gelled glass (final composite) phases, the type 

of wave propagating throughout the entire cure cycle may not be the classically understood 

definition of a guided wave.) 

The guided wave-based system has the advantage of being in-situ incorporated directly 

into the standard curing equipment and technique. This system is not a stand-alone bench-top 

lab system where the material is tested outside its production environment (e.g., DSC, 

rheology, DMA, TGA). The system is scalable from producing flat composite panels to full-
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scale complex structures utilized in aerospace and space applications (e.g., cylinders/barrels, 

wing skins, etc.). The current system is composed of a robust linear array of high temperature 

piezoelectric transducers incorporating modifications identified during its development. Such 

modifications include the addition of five more sensors (original system had three), running 

with optimized equipment settings (e.g., actuation volts peak-to-peak and frequency), and more 

efficient data processing and display (Hudson et al., 2016b).  

The guided wave-based approach, unlike conventional ultrasound that only provides 

information about the part directly underneath or near the ultrasonic transducer, interrogates a 

continuous wave path through the thickness of the panel along the line from actuator to sensor. 

This is an advantage in the sense that the “average” response over a large portion of the 

composite can be monitored instantaneously using two piezoelectric transducers, whereas 

information is only gathered about a very small area directly underneath the transducer with 

traditional ultrasonic approaches. 

This work examined the amplitude and group velocity of guided waves in CFRP panels 

(Size: 610 mm × 178 mm) during cure in real-time. The feasibility of using these metrics to 

identify the key parameters including composite material properties (viscosity and degree of 

cure) and phase transitions (gelation and vitrification) during the cure cycle was investigated. 

(Note: Phase refers to the state of the composite and is not related to phase velocity discussed 

in previous chapters.)  

For comparison with experimental results, a semi-empirical cure process model was 

utilized to predict the material properties and phase transitions (gelation and vitrification) 

under the specific cure parameters used in the experiment. The modeling flow chart (Figure 
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5.1) illustrates the modeling procedure used to validate phase transitions and material 

parameters from simulation. As seen in Figure 5.1, material characterization tests were utilized 

to create a model which provides physical parameters for generic cure cycles. These 

characterization tests are lab-scale testing methods (e.g., DSC and rheology), which provide 

valuable information about the thermal and flow characteristics of the material. Knowledge of 

these characteristics is useful for cure response modeling (Hardis et al., 2013). For testing of 

composite structures, layup characteristics and temperature and pressure values specific to the 

simulated cure cycle must be specified. The RAVEN® simulations carried out for this work 

employed this process. 

 

Figure 5.1. Modeling flow chart for composite cure process simulation. 
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5.2 Development, improvement, and testing of a fully automated guided 

wave-based system for real-time cure monitoring of composite 

laminates in an oven 

5.2.1 Transducer selection 

Prior to experimentation, a thorough study was performed to determine the 

piezoelectric transducer that would be utilized in the high-temperature cure environment. Four 

transducers were investigated: 1) Physical Acoustics Corporation: Nano-30 (⌀7.9 mm, height: 

7.1 mm, frequency range: 150–750 kHz, resonant frequency: 300 kHz), 2) Physical Acoustics 

Corporation: Pico (⌀7.9 mm, height: 7.1 mm, frequency range: 150–750 kHz, resonant 

frequency: 300 kHz), 3) Digital Wave Corporation: B1025 (⌀9.3 mm, height: 12.7 mm, 

frequency range: 50–750 kHz, broadband) and 4) Digital Wave Corporation: B1025T 

“Threaded” (⌀9.3 mm, height: 25.4 mm, frequency range: 50–750 kHz, broadband). The off-

the-shelf Nano-30 and Pico transducers were rated for the max temperature of cure (177°C). 

The B1025 and B1025T transducers were built with the high-temperature add-on to withstand 

the curing temperature in the oven/autoclave. 

After extensive testing, a Nano-30 actuator to Nano-30 sensor configuration was 

chosen. A Nano-30 actuator to Nano-30 sensor configuration had greater signal-to-noise ratio 

(SNR) over the 80 kHz to 350 kHz frequency range of interest than Pico to Pico, Nano-30 to 

Pico, and Pico to Nano-30. The larger Nano-30 sensor placed greater energy into the part as 

an actuator than the Pico. Although the B1025 and B1025T provided the flattest response 

across an extended frequency range (Figure 5.2c and Figure 5.2d), they were not selected due 
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to scalability of the system. Each B1025/B1025T sensor required a dedicated preamplifier. 

This would have greatly added to the overall cost of the system when scaling from one sensor 

(as was the case in initial testing) to eight sensors. During initial evaluation, the B1025T 

threaded sensors were tested both free-standing and in 3-D printed threaded sensor housings 

which would have been utilized for incorporation into the caul plate if this sensor had been 

selected as the sensor of choice. It should be noted that multiple B1025T sensors cannot be 

threaded into a single metallic caul/tool plate as this creates an electrical circuit preventing 

guided wave measurement.  

(a) (b) 

(c) (d) 

Figure 5.2. Sensor calibration for the frequency reponse of (a) Physical Acoustics 

Corporation: Nano-30, (b) Physical Acoustics Corporation: Pico, (c) Digital Wave 

Corporation: B1025 (with preamplifier), and (d) Digital Wave Corporation: B1025T 

“Threaded” (with preamplifier) piezoelectric transducers. 
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5.2.2 Experimentation 

Two twenty-four ply panels were laid up by hand using Hexcel® IM7/8552, 35% resin 

content, 190 gsm unidirectional prepreg (Hexcel® Corporation). The panels were 610 mm × 

178 mm × 4.6 mm (nominal) and the layup was [0]24. The panels were cured in an oven (Figure 

5.3) following two commonly used cure cycles for this material system. The first cure cycle 

was a two stage cure with a B-stage hold. The temperature was ramped to 107°C at 2.8°C/min, 

held one hour, ramped to 177°C at 2.8°C/min, held two hours, then cooled down. The second 

cure cycle, commonly used in industry for thin laminates to save time, energy, and thus money 

removed the B-stage (107°C) hold and ramped directly to 177°C at 2.8°C/min, held two hours, 

then cooled down. Both panels were interrogated during the entire cure cycle. A wave was 

excited into the plate using a five-cycle, Hanning windowed, sinusoidal toneburst signal 

emitted from a waveform generator (Agilent Technologies: 81150A) to an amplifier (Krohn-

Hite Corporation: Model 7602M) to a piezoelectric transducer (Physical Acoustics 

Corporation: Nano-30) that was rated for use up to 177°C. The amplifier magnified the input 

signal to a peak-to-peak voltage of approximately 120 V. The plate response along the carbon 

fiber direction was recorded by identical piezoelectric transducers in a pitch-catch 

configuration on two oscilloscopes (Agilent Technologies: MSO9064A and Tektronix: 

MSO3014). The experimental setup for the automated guided wave-based system for in-

process cure monitoring is shown in Figure 5.3.  

Fluorinated ethylene propylene (FEP) release film was placed on the top and bottom of 

the composite panel. The sensors were bonded to a thin (0.1 mm) sheet of steel (“caul” plate) 

that was placed on top of the panel which prevented the sensors from being pressed into the 
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panel during cure while still allowing the waves in the composite to be measured. The sensors 

(1-8) were located at a distance, x, from the actuator of 57, 76, 95, 114, 133, 152, 171, and 190 

mm, respectively. A breather cloth and vacuum bag covered the panel and full vacuum was 

applied using a vacuum pump (Figure 5.3). An oven was used to cure the panel as part of the 

building-block approach to developing the guided wave-based system for use in an autoclave 

where the recommended 690 kPa pressure can be used. By following this approach, the port in 

the back of the oven could be utilized for the ingress/egress of all cables during development 

of the system prior to making modifications to the autoclave. It should be noted that the goal 

of the current work was not to produce a high quality composite panel but rather to develop 

and test the guided wave-based system at elevated temperatures during cure and determine 

what meaningful information can be derived from the results. 

 

Figure 5.3. An automated guided wave-based system for real-time cure monitoring. 
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The automation code for the sensing system was written in MATLAB® and utilized the 

Instrument Control Toolbox to control both the waveform generator and the oscilloscopes. The 

general procedure of the algorithm is outlined in Figure 5.4. The center frequency of the five-

cycle, Hanning windowed, sinusoidal toneburst signal was set on the waveform generator. 

During each iteration, the center frequency was cycled through fourteen frequencies (100, 110, 

120, 130, 140, 150, 160, 175, 200, 225, 250, 275, 300, 325, and 350 kHz). The range of 

voltages to be measured by the oscilloscope was set based on the peak voltage recorded at that 

center frequency on the previous iteration. Dynamically scaling the range on the oscilloscope 

based on the previous iteration ensured that the range was minimized to increase SNR while 

keeping it large enough to prevent the recorded voltage from being cut off. After the equipment 

was set, sixteen measurements were averaged on the oscilloscope and transferred to the 

computer. These data were processed through a bandpass filter and analyzed in real-time using 

MATLAB®. The instantaneous recorded waveforms, the full time history waveforms, and key 

metrics such as peak voltage were all displayed on-screen during cure. This process, which 

was completely automated by a PC running MATLAB® scripts and functions, was iterated 

throughout the cure of the part. 
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Figure 5.4. Automation algorithm for data collection and analysis of recorded signals for in-

process cure monitoring. 

In addition to the experimental study, a zero-dimensional (material only) simulation of 

the cure response (Figure 5.5 and Figure 5.6) was performed using RAVEN® composite 

process simulation software. The material model utilized in RAVEN® was a semi-empirical 

material model (Ee & Poursartip, 2009) based on lab-scale tests (e.g., DSC and rheology).  The 

average temperature of the two part thermocouples (Figure 5.3) was modeled as the 

temperature of the part. The degree of cure [Eq. (5.1)], cure rate [Eq. (5.2)], and resin viscosity 

[Eq. (5.3)] were direct outputs of the simulation. 
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In Eq. (5.1) above, σ is degree of cure,  is specific heat flow,  is the baseline 

heat flow, and HT is total reaction heat. Eq. (5.2) is simply a time derivative of Eq. (5.1). In Eq. 

(5.3), μ is the viscosity, R is the universal gas constant (8.314 J/K mol), T is temperature, σ is 

degree of cure, and the remaining variables are model fit parameters to rheology tests (  = 

7.5 × 10-11 Pa s,  = 4.81 × 10-2 Pa s, E1 = 81908 J/mol, E1 = 13228 J/mol, σg = 0.545, A = 

2.466, B = 0.0, C = 0.0,  = 1.0 × 106 Pa s) (Ee & Poursartip, 2009). 

A zero-dimensional analysis, which assumes constant temperature through the 

thickness, was shown to have little difference in the composite curing response with a one-

dimensional (drill-through) analysis, which did account for temperature variation throughout 

the thickness. This is primarily because the composite panel is thin; therefore, the effect of the 

temperature gradient across the thickness was negligible. For the one-dimensional comparison 

analysis, the recorded air temperature of the oven and the average temperature of the two part 

thermocouples (modeled as the temperature of the vacuum bag) were utilized as inputs to the 

model. Heat transfer coefficients were applied at the boundaries of the model which included 

each material layer listed in the experimentation section. A heat transfer coefficient of 30 

W/m2K was used throughout all simulations. 

The glass transition temperature (Tg) was calculated using the DeBenedetto equation 

 0 0( )
1 (1 )gg g gT TT Tλσ

λ σ ∞− −
= + −  (5.4) 

where σ is the degree of cure and λ = 0.78, Tg0 = -7°C, and Tg∞= 250°C which are model 

parameters for Hexcel® 8552 resin that are fit to experimental data during material 

characterization (Ee & Poursartip, 2009). Vitrification is the process in which the curing 
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composite transitions to a glassy state. The onset of vitrification occurs as the Tg approaches 

the temperature of the part being cured (Lionetto & Maffezzoli, 2013b). 

5.2.3 Results 

The results of the cure kinetic simulation are shown in Figure 5.5 and Figure 5.6. The 

rubbery state and glassy state in the following figures are analogous to sol/gel rubber and 

sol/gel glass in Figure 1.7, respectively.  

 

Figure 5.5. Part temperature (outside left axis) and resin viscosity (outside right axis) as 

predicted by Hexcel® 8552 material model (Ee & Poursartip, 2009) using RAVEN® 

composite process simulation software. Shaded regions correspond to the state of the resin in 

the composite throughout cure. 
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Figure 5.6. Part temperature (outside left axis), Tg (outside left axis), degree of cure (outside 

right axis), and cure rate (inside right axis) as predicted by Hexcel® 8552 material model (Ee 

& Poursartip, 2009) using RAVEN® composite process simulation software.  

The plate response at Sensor 4 (Figure 5.3) for five-cycle, Hanning windowed, 

sinusoidal toneburst actuation with center frequency 140 kHz at oven time at 272 minutes is 

shown in Figure 5.7. 
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Figure 5.7. Plate response at Sensor 4 for five-cycle, Hanning windowed, sinusoidal 

toneburst actuation with center frequency 140 kHz at oven time 272 minutes. 

By assembling each individual waveform data at a particular sensor and center 

frequency of actuation, the full time history of the plate response can be viewed as a three-

dimensional surface and contour plot. This is shown for Sensor 4 with an actuation center 

frequency of 140 kHz in Figure 5.8. Figure 5.7 is the last “slice” of Figure 5.8.  



 

95 

 

Figure 5.8. 3-D surface and contour plot of recorded signals for 140 kHz center frequency 

actuation at Sensor 4 throughout the cure. 

Similar to Figure 5.8, the full time history of the plate response at Sensor 4 excited by 

a five-cycle, Hanning windowed, sinusoidal toneburst actuation with a center frequency of 300 

kHz is shown as a three-dimensional surface and contour plot in Figure 5.9.  
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Figure 5.9. 3-D surface and contour plot of recorded signals for 300 kHz center frequency 

actuation at Sensor 4 throughout the cure. 

At a frequency of 140 kHz (Figure 5.8), the A0 wave was dominant in the glassy state, 

whereas the S0 wave was dominant in the glassy state at a frequency of 300 kHz (Figure 5.9). 

This can be seen in the surface/contour plots from an oven time of about 170 minutes to the 

end of cure. Trends in wave amplitude and time of arrival for these plots are discussed later. 

The peak voltage, Vpeak, from every measurement was determined as the maximum of 

the measured signal [Eq. (5.5)]. 

 ( ) max [ ( ,, , ], , )
k kpeak i j c l i j c lV OT V x fOT tx f =  (5.5) 

where OTi, xj, and fck denote the discrete oven time, location (i.e., sensor), and center frequency 

of actuation, respectively, at which the measurement was taken. For reference, the plate 

response in Figure 5.7 was taken at OT = 272 minutes, x = 114 mm (Sensor 4), and fc = 140 

kHz and the resulting peak voltage, Vpeak, of the signal was approximately 1.7 mV. 
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The peak voltages were then normalized by dividing the peak voltage value from every 

measurement by the maximum voltage observed during the entire cure cycle by that sensor 

and actuation frequency [Eq. (5.6)]. This normalized every peak voltage value to a number 

between zero and one. The maximum value of one occurs at the peak voltage and does not 

necessarily have to be at the end of cure cycle. 
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Measurement from all sensors are simultaneous (i.e., identical oven time); however, 

since the system loops through the actuation center frequencies, measurements at different 

actuation center frequencies occur at slightly different oven times (approximately 30 second 

increments). Thus, Vnorm,peak was first interpolated at defined oven times. Then, Vnorm,peak was 

averaged across sensor and center actuation frequency at defined oven times [Eq. (5.7)]. 

 1
, , ,

1 1
( ( , ,) )

k

p n

avg norm peak norm peak cnp
k j

jV OT V OT x f
= =

=   (5.7) 

The average normalized peak voltages, Vavg,norm,peak, are the averaged results from every 

sensor and actuation frequency throughout the entire cure cycle. This was done to remove 

sensor and frequency variation in the results allowing for cleaner interpretation and 

communication of the effect of curing on the amplitude of the recorded signals. It is expected 

that there is information of value in the frequency dependence of the results which was outside 

the scope of this initial study but should be studied as part of a future work. Figure 5.10 displays 

the air temperature and the average part thermocouple temperature recorded by the oven as 

well as the average normalized peak voltages of the signals throughout the cure cycle.  
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Figure 5.10. Normalized peak voltages of the recorded signals averaged from each of the 

fourteen actuation center frequencies and eight sensors measured throughout the cure cycle. 

Figure 5.11 shows part temperature, resin viscosity, and average normalized peak 

voltage for the liquid and rubbery states during cure. As is apparent in this plot, average 

normalized peak voltage and resin viscosity have approximately an inverse relationship. As a 

result, average normalized peak voltage can be considered a good indicator of resin viscosity 

during liquid state and can be used to identify gelation. 
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Figure 5.11. Part temperature (outside left axis), average normalized peak voltage (inside left 

axis), and resin viscosity (outside right axis) shown during stages of cure in which the 

composite was in the liquid and rubbery states. 

In Figure 5.12, the average normalized group velocities of the A0 wave mode for five 

excitation center frequencies (120, 130, 140, 150, 175, and 200 kHz) as well as the air 

temperature and the average part thermocouple temperature are shown. The authors consider 

the data presented as the “apparent” group velocity since only envelope velocity investigated 

without considering the detail of the dissipative attenuation. The A0 wave mode was the 

dominant wave mode at these frequencies when the resin of the composite was in the glassy 

state, or in the transition from the rubbery to the glassy state (oven time approximately 175 to 

270 minutes). This can be visualized more clearly in Figure 5.8. To determine the group 

velocity, the time of arrival (TOA) was identified by finding the measurement time at which 

Vpeak occurred. A linear fit was then made to the sensor location, x, and TOA at each frequency 

and oven time. The slope of this fit is the group velocity, cg [Eq. (5.8)]. 
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 gx c TOA B= × +  (5.8) 

where B is a constant of the linear fit.  

The group velocity was then averaged across actuation center frequency [Eq. (5.9)] at 

the defined oven times and then normalized [Eq. (5.10)]. As with peak voltage, the group 

velocity values were first interpolated at defined oven times since measurements at different 

actuation center frequencies occur at slightly different oven times (approximately 30 second 

increments).  
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Figure 5.12. Average normalized group velocity of the A0 wave mode for five excitation 

center frequencies (120, 130, 140, 150, 175, and 200 kHz). 
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Figure 5.13 (a)-(f) are analogous to Figure 5.8 through Figure 5.11 for the modified 

cure cycle without the B-stage hold. 

 

Figure 5.13. 3-D surface and contour plot of recorded signals for (a) 140 kHz and (b) 300 

kHz center frequency actuation at Sensor 2 throughout cure, (c) part temperature and resin 

viscosity, (d) part temperature (outside left axis), Tg (outside left axis), degree of cure 

(outside right axis), cure rate (inside right axis), and vitrification point as predicted by 

Hexcel® 8552 material model (Ee & Poursartip, 2009) using RAVEN®, (e) average 

normalized peak voltages of the recorded signals for the cure cycle without the B-stage hold, 

and (f) average normalized peak voltage and resin viscosity. 
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5.2.4 Discussion 

The key phase transitions and the material properties trends during cure cycle can be 

identified using the newly developed cure monitoring system. First, during the initial 

temperature ramp the viscosity drops, the resin begins to flow, and the composite begins to 

consolidate. During this time, an increase in the average normalized peak voltage of the 

recorded signals was observed (Figure 5.10 and Figure 5.13e). During the second temperature 

ramp (from 107°C to 177°C), the viscosity reached a minimum and the corresponding average 

normalized peak voltage reached a maximum (Figure 5.10 and Figure 5.13e).  

When the resin began to gel (during the ramp to 177°C), the average normalized peak 

voltage started dropping and continued to drop throughout gelation (Figure 5.10 and Figure 

5.13e). Although denoted as a single point in time, it should be understood that gelation is a 

process and does not occur instantaneously. The gelation “point” is simply the time prior to 

which one would describe the resin as a liquid and after which one would describe the resin as 

a rubber. The dropping of normalized amplitude during gelation is best understood by the 

analogy of dropping a pebble in a lake compared to a vat honey. The wave generated would 

have a higher amplitude (lower attenuation) in water than in the thicker, higher viscosity honey.  

Lastly, the average normalized peak voltage increased throughout vitrification 

(transition from rubbery to glassy state) before reaching a plateau close to the end of cure 

(Figure 5.10 and Figure 5.13f). The vitrification point denoted in both the simulation and 

experimental results was calculated by simulation using the semi-empirical model. To identify 

the vitrification point solely from the experimental results would be difficult. However, one 

can easily identify that vitrification is occurring/has occurred by the increase in amplitude and 
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subsequent plateau during the transition from rubbery to glassy state. Similar to gelation, 

vitrification is a process and the vitrification “point” is simply the time prior to which one 

would describe the resin as rubbery and after which one would describe the resin as glassy. It 

does not occur instantaneously at a single point in time. The time of vitrification from 

simulation was also consistent with previously published works on composites fabricated with 

Hexcel® 8552 resin (Ersoy et al., 2005a; Ersoy et al., 2005a; Ersoy et al., 2005b; Ersoy et al., 

2010; Ersoy et al., 2010).  

These trends were observed in both cure cycles. An interesting difference between the 

two cure cycles was the ratio of the average normalized peak voltage when the resin was in the 

liquid state (including at minimum viscosity) compared with the glassy state near end of cure. 

The average normalized peak voltage was higher in the liquid state than the glassy stage for 

the two-stage cure cycle (Figure 5.10) when more cure time was spent in the liquid state. 

Whereas, the average normalized peak voltage was higher in the glassy state than in the liquid 

state for the cure cycle without the B-stage hold (Figure 5.13f). More investigation would be 

required to verify this trend as repeatable and understand its cause. 

Next, as the degree of cure (Figure 5.5) increased, the group velocity of the A0 wave 

mode (Figure 5.12) increased (i.e., degree of cure was directly proportional to group velocity). 

In addition, the group velocity curve resembled the upper half of the S-shape degree of cure 

curve. Although a quantitative equation for degree of cure based solely on group velocity was 

not presented in this work, the group velocity curve could be used as a qualitative measure to 

predict the degree of cure of the composite. The average normalized group velocity was 

reported in this preliminary work and further investigation is needed to understand the 
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frequency dependence of the group velocity in this complex environment. Factors such as 

temperature, modulus of the composite, and material structure could all have frequency-

dependent effects. The A0 wave mode, for which the group velocity was calculated, became 

dominant near vitrification as the resin transitioned from the rubbery to glassy state. The 

development of the A0 wave mode can be clearly seen in Figure 5.8 beginning at an oven time 

of approximately 175 minutes.   

5.3 Transition of guided wave-based cure monitoring system to an 

autoclave (Temperature and pressure) 

5.3.1 Experimentation 

A similar panel to the previous experiments was laid up by hand using the same 

material (Hexcel® IM7/8552, 35% resin content, 190 gsm unidirectional prepreg).  The panel 

was again unidirectional and of size 610 mm × 178 mm. However, this panel was eighteen 

plies thick.  The panel was cured in an autoclave (Figure 5.14), as compared to an oven, 

following the cure cycle recommended by Hexcel®.  The temperature was ramped to 107°C at 

2.8°C/min, held one hour, ramped to 177°C at 2.8°C/min, held two hours, then cooled down.  

The panel was held under vacuum throughout the cure cycle and the autoclave was pressurized 

to 586 kPa gauge approximately 30 minutes into the B-stage (107°C) hold. The panel was 

interrogated during the entire cure cycle using piezoelectric transducers in a pitch-catch 

configuration and a bulk head fitting was used for the ingress/egress of all cables into the 

autoclave. The sensors (1-4) were 60, 75, 90, and 120 mm from the actuator, respectively. 
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Figure 5.14. Automated guided wave-based system for in-process cure monitoring in an 

autoclave. 

The same automation code in Section 5.2.1 was used to control the hardware and 

perform data collection, analysis, and results display. For this experiment, the center frequency 

of the five-cycle, Hanning windowed, sinusoidal toneburst signal was cycled through sixteen 

frequencies (60, 80, 100, 110, 120, 130, 140, 160, 180, 200, 220, 240, 260, 280, 300, and 350 

kHz). 

5.3.2 Results 

As before, to provide a correlation to the experimental signal trends, a zero-dimensional 

(material only) simulation of the cure response (Figure 5.15 and Figure 5.16) was performed 

using RAVEN® composite process simulation software with the semi-empirical Hexcel® 8552 

material model (Ee & Poursartip, 2009). Cure time (listed in this section because composite 

cured in an autoclave) is analogous to oven time in Section 5.2. 
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Figure 5.15. Part temperature (outside left axis) and resin viscosity (outside right axis) as 

predicted by Hexcel® 8552 material model (Ee & Poursartip, 2009) using RAVEN® 

composite process simulation software for the autoclave experiment.  
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Figure 5.16. Part temperature (outside left axis), Tg (outside left axis), degree of cure (outside 

right axis), and cure rate (inside right axis) as predicted by Hexcel® 8552 material model (Ee 

& Poursartip, 2009) using RAVEN® composite process simulation software for the autoclave 

experiment. 

The full time history of the plate response can be viewed as a three-dimensional surface 

and contour plot.  This is shown for Sensor 1 with an actuation center frequency of 130 kHz in 

Figure 5.17 and for Sensor 2 with an actuation frequency of 300 kHz in Figure 5.18. Similar 

trends in the data were observed in the autoclave tests as those performed in the oven (Figure 

5.8 and Figure 5.9). 
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Figure 5.17. 3-D surface and contour plot of wave response for 130 kHz center frequency 

actuation at Sensor 1 throughout the cure. 

 

Figure 5.18. 3-D surface and contour plot of wave response for 300 kHz center frequency 

actuation at Sensor 2 throughout the cure. 
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The average normalized peak voltage and average normalized group velocity were both 

calculated using the same procedure in Section 5.2.3. These results are shown in Figure 5.19 

and Figure 5.20, respectively.  

 

Figure 5.19. Average normalized peak voltages of the recorded signals measured throughout 

the cure cycle for the autoclave experiment. 
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Figure 5.20. Average normalized group velocity of the A0 wave mode for eight excitation 

center frequencies (120, 130, 140, 160, 180, 200, 220, and 240 kHz) for the autoclave 

experiment. 

A direct comparison of resin viscosity and average normalized peak voltage for the 

liquid and rubbery states during cure is shown in Figure 5.21. Again, average normalized peak 

voltage and resin viscosity have an inverse relationship and average normalized peak voltage 

can be used to identify gelation. 
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Figure 5.21. Part temperature (outside left axis), average normalized peak voltage (inside left 

axis), resin viscosity (outside right axis), and pressure (inside right axis) when resin in liquid 

and rubbery states for the autoclave experiment. 

5.3.3 Discussion 

The results of the test in the autoclave were consistent with those in the oven. The key 

phase transitions and material properties trends were again identified. The pressure addition 

was also detected in the measurement trends. This work demonstrated the feasibility of 

transitioning the technique from in-process cure monitoring in an oven (Section 5.2) to an 

autoclave where pressure could be applied in addition to temperature and vacuum. 

5.4 Future work 

As mentioned previously, the goal of this work was not to produce a high quality 

composite panels but rather to develop and test the system and quality of the signals recorded 
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during cure at elevated temperatures inside an oven/autoclave. Additional modifications will 

be required to ensure the panels fabricated have no sign of mark-off in the regions where the 

sensors were placed above the part on the caul. 

Possible future research includes developing dispersion curves for the composite 

laminate during cure by understanding the wavenumber, phase velocity, and group velocity 

frequency dependence throughout the cure cycle. This will require denser spacing of the 

sensors to measure higher wavenumbers (smaller wavelengths) as with the A0 wave mode. In 

addition, future work includes investigating the connection between the material, viscoelastic, 

and mechanical properties of the composite during cure with the group velocity and 

attenuation. 

Further study is needed to explicitly determine which type of disturbance occurs when 

the resin is in liquid state. One approach would be to model the ultrasonic propagation in all 

states of resin (liquid, rubbery, and glassy) utilizing the mechanical properties of the composite 

in each state. 

The next major improvement to the system will be adding the ability of defect detection 

the cure monitoring system. This will primarily be accomplished by implementing a movable 

actuator, in contrast to fixed location. The primary constraint is the extremely high 

temperatures of the oven/autoclave which precludes traditional mechanical systems from being 

utilized. With a mobile actuator, full-wavefield defect detection techniques, as in Chapter 4, 

could be implemented allowing for real-time defect detection during cure. 
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5.5 Conclusions 

In summary, a preliminary automated cure monitoring system employing high-

temperature piezoelectric transducers was developed to interrogate composite panels. The 

experimental guided wave-based results (identification of flow, minimum viscosity, gelation, 

and vitrification) correlated quite well with the simulation predictions of the semi-empirical 

material model which is based on data from experimental material characterization tests. The 

system and process initially developed in this work has the potential to dynamically control 

the cure cycle in a closed-loop process to maximize composite part quality and consistency. 

This is possible because the acquisition and analysis of the signals are done almost 

simultaneously in real-time during cure. The guided wave-based system was incorporated 

directly into standard curing equipment and technique and could be scaled from producing flat 

composite panels, as in this work, to full-scale complex structures (e.g., cylinders/barrels, wing 

skins, etc.). Using guided wave-based measurements throughout the entire cure cycle (i.e., 

during liquid, rubbery, and glassy states) pushed the technology envelope forward as guided 

waves have been traditionally applied to solid medium. To the authors’ knowledge, this was 

the first application of measuring guided waves in composites (or any other material system) 

as they propagated in the part during cure. 
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6 GUIDED WAVE-BASED SYSTEM FOR REAL-TIME 

CURE MONITORING OF FLAT AND CURVED 

COMPOSITES USING PIEZOELECTRIC DISCS AND 

FIBER BRAGG GRATINGS/PHASE-SHIFTED FIBER 

BRAGG GRATINGS 

6.1 Introduction 

The system developed in this work was designed to determine the feasibility of using 

embedded fiber optic sensors measuring guided wave-based signals as a viable technique for 

cure monitoring (Note: For definition of “guided wave-based” see Section 5.1). The guided 

wave-based system has the advantage of being in-situ incorporated directly into the standard 

curing equipment and techniques. This system is not a stand-alone bench-top lab system where 

the material is tested outside its production environment (e.g., DSC, rheology, DMA, TGA) 

and is scalable from producing flat composite panels to full-scale complex structures utilized 

in aerospace and space applications (e.g., cylinders/barrels, wing skins, etc.). The previous 

system (Chapter 5) was composed of a robust linear array of high temperature piezoelectric 

transducers (Hudson & Yuan, 2017; Hudson et al., 2016b). With the setup being proposed in 

this chapter, the linear array of high temperature piezoelectric transducers was replaced by 

optical fiber sensors in either a single FBG, multiple FBGs, or a single PS-FBG arrangement. 

Because the optical fiber remains embedded in the composite, the sensor(s) can sense wave 
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signals during cure and in-service, enabling life cycle monitoring. Multiple sensors can be 

placed along the same optical fiber using a technique called wavelength division multiplexing. 

In general, the average error when using optical fiber wave-based measurement is greater than 

the more established piezoelectric-based systems. However, the accuracy tradeoff can be 

overcome by other advantages of a fiber optic system which include multiplexing, use in harsh 

environment, insusceptibility to electric and magnetic fields, life-cycle monitoring, and others. 

As with previous fiber optic systems, the proposed system can also measure strain at the 

gratings. 

This work examined the amplitude, time of arrival (TOA), and group velocity of the 

guided wave-based measurements and strain in CFRP panels (Size: 305 mm × 305 mm) during 

cure in real-time recorded by FBGs/PS-FBGs. The feasibility of using these metrics to identify 

the key phase transitions during the cure cycle (gelation and vitrification) and material 

properties (viscosity and degree of cure) was investigated. As defined previously, the 

transformation of the resin from the liquid to rubbery state is typically referred to as gelation. 

The subsequent transformation from the rubbery state to the glassy state is defined as 

vitrification (Farquharson et al., 2004). A detailed description of the time-temperature-

transformation (TTT) for epoxy resins is provided in Section 1.2.   

6.2 Experimentation 

6.2.1 Panel descriptions 

A total of twelve experiments are discussed in this chapter. All panels were laid up by 

hand using Hexcel® IM7/8552 unidirectional prepreg (35% resin content, 190 gsm). All panels 

were cured in an oven using a two stage cure with a B-stage hold. The temperature was 
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increased to 107°C at 2.8°C/min, held constant for one hour, increased to 177°C at 2.8°C/min, 

held constant for two hours, then cooled down. 

For the first experiment, a twenty-four ply unidirectional panel, [0]24, was laid up. The 

panel was 305 mm × 305 mm and a PS-FBG was placed in the middle of the composite between 

plies six and seven in the carbon fiber direction. The actuator was bonded to the top ply 76.2 

mm from the PS-FBG in the 0° direction (i.e., wave propagation was in the carbon fiber and 

optical fiber direction). The second experiment differed from the first by the fact that it was a 

quasi-isotropic layup, [902/452/02/-452/90/45/0/-45]s, and the PS-FBG was placed between 

plies nineteen and twenty (0° plies) in the direction of the carbon fiber. Also, the piezoelectric 

disc was placed 101.6 mm from the PS-FBG in the 0° direction (i.e., wave propagation was in 

the optical fiber direction). The third experiment was comparable to the first experiment but 

consisted of an eighteen ply panel with the PS-FBG embedded between plies fourteen and 

fifteen in the carbon fiber direction. The piezoelectric disc was bonded the top ply 101.6 mm 

from the PS-FBG in the 90° direction (i.e., wave propagation was normal to both the carbon 

fiber and optical fiber direction).  

For Experiments 4 and 5, two identical panels were laid up with both composites 

consisting of twenty-four (305 mm × 305 mm) plies where the fiber optic sensor was placed 

38.1 mm from the middle of the composite between plies eighteen and nineteen perpendicular 

to the carbon fiber direction. The actuator was bonded the top ply 38.1 mm from the middle of 

the composite in the opposite direction of the sensor resulting in a propagation distance of 76.2 

mm. The only difference between the fourth and fifth experiments was the sensor used. The 

fourth experiment used a traditional FBG and the fifth experiment used a PS-FBG.  
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The sixth and seventh experiments were curved panels. Both experiments consisted of 

24 plies (305 mm × 305 mm) with a traditional FBG embedded between plies eighteen and 

nineteen with a propagation distance of 76.2 mm from the piezoelectric disc to the sensor. The 

FBG sensor was placed 38.1 mm from the middle of the composite. The piezoelectric disc 

were placed 38.1 mm from the middle of the composite on the top ply in the opposite direction. 

The only difference between these two experiments was the placement of the sensor relative 

to the carbon fiber direction; one was perpendicular (Experiment 6) to the carbon fiber while 

the other was parallel to the carbon fiber (Experiment 7).  

For Experiment 8, the panel was flat, consisting of 24 plies (305 mm × 305 mm) in a 

quasi-isotropic layup, [902/452/02/-452/90/45/0/-45]s. An optical fiber with five multiplexed 

FBG sensors with a spacing of 50 mm between each FBG sensor was embedded in the carbon 

fiber direction between plies five and six. The third sensor placed at the center. The second 

and fourth sensors were on opposite sides at equal distances of 50 mm, and the first and fifth 

sensors were on opposite sides at equal distances of 100 mm. All five multiplexed FBGs 

measured strain but only one sensor (Sensor 4) was utilized for ultrasonic guided wave-based 

sensing. After the experiment, this panel was utilized to develop the updated software for 

guided wave-based sensing at multiple gratings. The piezoelectric disc was placed an equal 

distance from all four edges of the composite, directly in the center, on the top ply.  

Experiment 9 had the exact same configuration as Experiment 8 except that all five 

FBGs performed the guided wave-based measurements as well as recorded strain. Experiment 

10 was configured in an identical manner to Experiment 9 except it used a linear chirp as the 

actuation waveform instead of five-cycle, Hanning windowed, sinusoidal toneburst. 
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Experiment 11 was a curved panel consisting of 24 plies (305 mm x 305 mm) 

configured in a quasi-isotropic layup, [902/452/02/-452/90/45/0/-45]s. A single piezoelectric 

disc was bonded to the center of the top ply of the composite. An optical fiber with five FBG 

sensors spaced uniformly, with 1 m between each FBG, was used in a layered placement 

scheme. Since the spacing between FBGs was greater than the size of the composite, excess 

optical fiber between gratings was secured to the release film outside of the panel. The five 

FBGs were placed between plies three and four (both 45°), plies seven and eight (both -45°), 

twelve and thirteen (both -45°), plies seventeen and eighteen (both -45°), and plies twenty-one 

and twenty-two (both 45°). The FBG twelve and thirteen (both -45°) was located in the center 

of the panel, directly below the piezoelectric disc. The remaining FBGs were located 190.5 

mm from the actuator; two near one corner, two near the opposite corner. When the setup was 

placed under vacuum, the optical fiber fractured at the egress of the composite, limiting 

measurements to two sensors in the reflected spectrum. Due to the fiber breaking, a 

nomenclature was instituted where “Sensor 1” referred to the FBG sensor located directly 

below the piezoelectric disc, and “Sensor 2” referred to an FBG located near the corner of 

composite with a propagation distance of 190.5 mm. 

Experiment 12 featured a flat, 24-ply (305 mm x 305 mm), unidirectional, [90]24, layup. 

A single piezoelectric disc was bonded in the center of the composite on the top ply. The optical 

fiber used for this experiment consisted of five FBG sensors spaced uniformly with 50 mm 

between each FBG. The optical fiber was placed perpendicular to the carbon fiber direction, 

with the center FBG located in the center of the panel. The optical fiber was embedded between 

the nineteenth and twentieth plies.  
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Experiments 1–3 and 5 utilized single PS-FBGs from QPS Photronics with a nominal 

center peak (λB) at 1543 nm, a bandwidth of 0.003 nm, a length of 10 mm, and an acrylate 

coating. Experiments 4, 6, and 7 utilized single FBGs from MicronOptics (Model: os1100) 

with a nominal λB of 1580 nm, a bandwidth at full width half maximum (FWHM) of 0.25 nm, 

a length of 10 mm, and a polyimide coating. Experiments 8–10 and 12 utilized five multiplexed 

FBGs along a single optical fiber from FBGS Technologies (Draw Tower Gratings) with a 

nominal λB of 1535, 1540, 1545, 1550, and 1555 nm, bandwidth at FWHM of 0.09 nm, length 

of 10 mm, spacing of 50 mm between gratings, and a Ormocer coating. Experiment 11 utilized 

two (of the five) multiplexed FBGs along a single optical fiber from MicronOptics (Model: 

os1200) with a nominal λB of 1556 nm and 1566 nm, a bandwidth at FWHM of 0.25 nm, a 

length of 10 mm, spacing of 1 m between gratings, and a polyimide coating. 

Figure 6.1 illustrates the layup and geometry of the composite panels and locations of 

the piezoelectric disc actuator and FBG/PS-FBG sensor(s). Table 6.1 gives the key 

characteristics of each experiment including layup, sensor type, number of sensors, sensor 

location through-the-thickness, propagation distance, wave propagation direction, and 

actuation waveform. 
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(a) (b) 

(c) (d) 

(e) 
 

(f) 
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(g) (h) 

(i) (j) 

(k) (l) 

Figure 6.1. Diagram of layup and geometry of composite panels and locations of 

piezoelectric disc actuator and FBG/PS-FBG sensor(s) for Experiments 1–12, (a)–(l) 

respectively. 
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Table 6.1. Key characteristics of each experiment.  

Experi-
ment # Layup Sensor 

Type 
Number 

of 
Sensors

Sensor 
Direction

Sensor 
Location 

(Through-
thickness)

Distance 
from PZT to 

FBG/PS-
FBG (mm)

Wave 
Propagation 

Direction 
Actuation 
Waveform 

1 [0]24 PS-FBG 1 ∥ to carbon 
fiber 18/19** 76.2 ∥ to carbon 

fiber Toneburst***

2 Quasi-
isotropic* PS-FBG 1 ∥ to carbon 

fiber 19/20 101.6 N/A Toneburst 

3 [0]18 PS-FBG 1 ∥ to carbon 
fiber 14/ 15 101.6 ⊥ to carbon 

fiber Toneburst 

4 [90]24 FBG 1 ⊥ to carbon 
fiber 18/19 76.2 ⊥ to carbon 

fiber Toneburst 

5 [90]24 PS-FBG 1 ⊥ to carbon 
fiber 18/19 76.2 ⊥ to carbon 

fiber Toneburst 

6 [90]24 
(Curved) FBG 1 ⊥ to carbon 

fiber 18/19 76.2 ⊥ to carbon 
fiber Toneburst 

7 [0]24 
(Curved) FBG 1 ∥ to carbon 

fiber 18/19 76.2 ∥ to carbon 
fiber Toneburst 

8 Quasi-
isotropic FBG 

1 
(5 for 
strain) 

∥ to carbon 
fiber 5/6 50 N/A Toneburst 

9 Quasi-
isotropic FBG 5 ∥ to carbon 

fiber 5/6 100, 50, 0, 
50, 100 N/A Toneburst 

10 Quasi-
isotropic FBG 5 ∥ to carbon 

fiber 5/6 100, 50, 0, 
50, 100 N/A Chirp**** 

11 
Quasi-

isotropic 
(Curved) 

FBG 2 ∥ to carbon 
fiber 

3/4, 7/8, 
12/13, 
17/18, 
21/22 

0, 190.5 N/A Chirp 

12 [90]24 FBG 5 ⊥ to carbon 
fiber 19/20 100, 50, 0, 

50, 100 
⊥ to carbon 

fiber Toneburst 

*[902/ 452/ 02/ -452/ 90/ 45/ 0/ -45]s 
**Between ply 18/19 
***Narrowband, five-cycle, Hanning windowed, sinusoidal toneburst 
****Broadband linear chirp 
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6.2.2 Guided wave-based measurements using piezoelectric disc actuation and FBG/PS-

FBG sensing 

The panels were interrogated during the entire cure cycle through the use of guided 

wave-based measurements and strain sensing. A wave was excited into the plate using a five-

cycle, Hanning windowed, sinusoidal toneburst (Experiments 1–9,12) or linear chirp 

(Experiments 10–11) signal emitted from a waveform generator (Agilent Technologies: 

81150A) to an amplifier (Krohn-Hite Corporation: Model 7602M) to a piezoelectric disc. 

Piezoelectric discs from Steminc Steiner & Martins (⌀7.0 mm, thickness 0.2 mm, material 

SM412) were used for Experiment 1–3, from APC International, Ltd. (⌀6.35 mm, thickness 

0.254 mm, piezo material 850, curie point 360°C) were used for Experiment 4–7, and also 

from APC International, Ltd. (⌀9.52 mm, thickness 1.00 mm, piezo material 850, curie point 

360°C) were used for Experiment 8–12. The amplifier magnified the input signal to a peak-to-

peak voltage of approximately 120 V. The guided wave-based signal was recorded by the use 

of a single FBG, multiplexed FBGs, or PS-FBG operated by an optical power meter (Agilent 

Technologies: N7744A) and a tunable laser (Santec: TSL-710) (Figure 6.2). The Santec TSL-

710 has a wide wavelength range (1480–1640 nm) with wavelength resolution of 0.1 pm, high 

wavelength accuracy (±2pm at operating temperature), and a narrow linewidth (100 kHz with 

coherence control off). 
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Figure 6.2. Experimental setup to measure strain and guided wave-based signals for real-time 

cure monitoring. 

Fluorinated ethylene propylene (FEP) release film was placed on the top and bottom of 

the composite panel. A breather cloth and vacuum bag covered the panel and full vacuum was 

applied using a vacuum pump (Figure 6.2). A high temperature adhesive (Loctite EA 9394 QT 

AERO Part A and Part B) was used to bond the piezoelectric disc to the face of the composite 

allowing for proper coupling of the ultrasonic waves into the composite. For a fully embedded 

system, the piezoelectric disc actuator could also be embedded in the composite. The use of an 

oven with a back port that allowed for the ingress/egress of all wires and optical fibers was 

utilized to cure the composites. As with Chapter 5, the goal of this work was not to produce 

high quality composite panels but to determine if FBGs/PS-FBGs could record guided wave-

based measurements and strain almost simultaneously at elevated temperatures during cure 

and whether meaningful information could be derived from the results.  
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The automation code for the system was written as a combination of MATLAB® and 

LabVIEW® scripts and functions. The sweep processing unit recorded the full spectrum of the 

FBG/PS-FBG sensor(s). For every sensor, the FWHM wavelength and 	were identified from 

the spectrum. The output wavelength of the tunable laser was set to the FWHM wavelength. 

The center frequency of the five-cycle, Hanning windowed, sinusoidal toneburst signal was 

set on the waveform generator. During each iteration, the center frequency was cycled through 

a predefined number of center frequencies. The number of frequencies and number of averages 

per measurement (typically five) were set based on the rate at which spectrum shifted and the 

cycle time. When the wave propagated past the FBG/PS-FBG(s), the local strain at the sensor 

caused an oscillation of the wavelength spectrum resulting in a fluctuation of the output power 

measured by the optical power meter. In the linear range of the FBG/PS-FBG(s), the change 

in optical power measured is linearly related the change in wavelength spectrum which is 

linearly related to the strain at the sensor (Figure 6.3). 
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Figure 6.3. (a) Transmitted spectrum of a PS-FBG and (b) fluctuation in optical power 

measured due to shift in wavelength spectrum as the wave propagates past the PS-FBG. 
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After recording all the necessary data from the cure cycle, the data was processed 

through a bandpass filter and analyzed using MATLAB®. Through the use of MATLAB®, it 

was possible to constantly monitor  and the FWHM wavelength of the FBG/PS-FBG(s), 

ensuring the proper peak and slope was chosen throughout the cure. The real-time cure 

monitoring software procedure and algorithm for the experiments is seen in Figure 6.4.  

It should be noted that for Experiments 9, 10, and 12, five FBG sensors were used (two 

FBGs for Experiment 11) in a multiplexed arrangement within a single optical fiber. The sweep 

processing unit recorded the full spectrum of all five sensors in one sweep. From the spectrum, 

the FWHM wavelength and  were calculated for each individual FBG sensor. The 

experimental setup was the same except for the usage of multiplexed FBG sensors and the 

implementation of increased hardware and software automation that resulted in more efficient 

and expedited data collection. In the case of Experiment 9 and 12, the improved data collection 

allowed five center frequencies to still be actuated from the waveform generator for each of 

the five sensors with five wave measurements (i.e., averages) per sensor. The first 

improvement was the incorporation of an automated switch that would mechanically change 

the trigger input to the optical power meter from the tunable laser for strain measurements 

(sweeping operation) to the waveform generator for guided wave-based measurements and 

back without human interaction. Another improvement was a more robust algorithm to 

determine the Bragg wavelength and the FWHM wavelength such that the operator was no 

longer required to manually confirm (“human in the loop”) the result after each wavelength 

sweep. These improvements also allowed the output of more center frequencies in Experiment 

8 in comparison to Experiments 1–7 when using only a single sensor. 
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Figure 6.4. Real-time cure monitoring software and algorithm. 

6.2.3 Use of the broadband linear chirp waveform 

In addition to the narrowband, five-cycle, Hanning windowed, sinusoidal toneburst 

waveform, a broadband linear chirp waveform was used in experimentation. A more detailed 

explanation of both excitation waveforms is provided in Appendix B. A chirp waveform 

sweeps through a range of frequencies in a short period of time and is defined by Eq. (6.1) 

(Jeong, 2001). 

 [ ]
2

0( ) ( ) ( ) ( ) sin 2c
BtS t Aw t H t H t T f t
T

ππ 
= − − + 

 
  (6.1) 

where Sc(t) is the chirp waveform, A is the peak amplitude, w(t) is a Tukey window (12.5% 

part of cosine), H(t) is the Heaviside function, f0 is the minimum frequency (5 kHz), t is time, 

B is bandwidth (455 kHz) (maximum frequency equal minimum frequency plus bandwidth), 

and T is chirp duration (200 µs).  

Rather than being run at several distinct center frequencies (as with the toneburst 

waveform), the waveform generator was set to excite a chirp waveform through the 

piezoelectric transducer with discretization of the data into specific frequencies during post-
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processing. This discretization was performed with a continuous wavelet transformation using 

a Gabor wavelet in MATLAB®. This transformation affords access to data for chosen 

frequencies through a time-frequency analysis.  

To improve the signal-to-noise ratio the number of averages per measurement was 

increased to twenty-five. The increased number of averages was possible because of the 

reduced cycle time resulting from not iterating through center frequencies as with the toneburst 

actuation waveform. 

6.2.4 Strain sensing using embedded FBG/PS-FBG 

Using the same embedded FBG/PS-FBG senor(s), strain was recorded almost 

simultaneously with the guided wave-based signals. For temperature compensation, a 

reference optical fiber sensor(s) were placed outside of the vacuum bag during the cure process. 

The respective 	values of the embedded sensor(s) and the reference sensor(s) were compared 

to each other to calculate the strain being experienced throughout the cure cycle. Two 

thermocouples underneath the vacuum bag measured the temperature of the part and a 

thermocouple placed outside of the vacuum bag measured the temperature of the external 

(reference) optical fiber (Figure 6.2). The two thermocouples used to measure the part 

temperature were directly attached on top of the composite with the use of Kapton tape to 

remediate the issue of a thermocouple becoming embedded in the composite during cure. The 

placement of the third thermocouple was adjacent to the reference FBG/PS-FBG sensor(s) 

outside the vacuum bag. 

The reference FBG/PS-FBG(s) were assumed to be strain free (εref  = 0) throughout the 

cure. The strain in the embedded sensor(s) was calculated by Eq. (6.4).  
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Solving for εsen, 
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=   (6.4) 

where ,  were the values recorded from the PS-FBG, the single traditional FBG, or each 

of the multiplexed traditional FBGs embedded in the composite and ,  were the values of 

the sensor(s) outside of vacuum bag. Δ  is the change in  during the experiment  

[Eq. (6.5)]. 

 
0B B Bλ λ λΔ = −  (6.5) 

Tsen was the temperature of the embedded optical fiber measured by the use of two 

thermocouples (averaged) that were attached to the composite during the cure cycle, and Tref 

was the temperature of the reference optical fiber which was measured by the use of a 

thermocouple outside the vacuum bag alongside the reference optical fiber. T0 was the 

temperature of the fiber optic sensors before the initiation of the cure cycle (i.e. room 

temperature).  is the strain coefficient for the FBG/PS-FBG(s) (0.76), and  is the 

coefficient of temperature for the optical fiber sensors.  was determined through a series of 

calibration tests using strain-free FBG/PS-FBG sensors.  
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6.3 Results and discussion 

6.3.1 Cure kinetic simulations with the semi-empirical material model using RAVEN® 

In addition to the experimental studies, zero-dimensional (material only) simulations 

of the cure response, similar to those in Chapter 5, were performed using RAVEN® composite 

process simulation software. The material model utilized in RAVEN® was a semi-empirical 

material model (Ee & Poursartip, 2009) based on lab-scale tests (e.g., DSC and rheology). 

RAVEN® simulations were conducted for all of the experiments mentioned in this chapter, but 

since they are very similar, with the exception of the curved structures, the simulations for 

Experiment 10 (representative of flat panels) and Experiment 11 (representative of curved 

structures) are shown in Figure 6.5–Figure 6.8. For all figures, the shaded regions correspond 

to the state of the resin in the composite at that point of the cure cycle.  

 

Figure 6.5. Part temperature (outside left axis) and resin viscosity (outside right axis) as 

predicted by Hexcel® 8552 material model (Ee & Poursartip, 2009) using RAVEN® 

composite process simulation software (Experiment 10). 
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Figure 6.6. Part temperature (outside left axis), Tg (outside left axis), degree of cure (outside 

right axis), and cure rate (inside right axis) as predicted by Hexcel® 8552 material model (Ee 

& Poursartip, 2009) using RAVEN® composite process simulation software (Experiment 10). 

 

Figure 6.7. Part temperature (outside left axis) and resin viscosity (outside right axis) as 

predicted by Hexcel® 8552 material model (Ee & Poursartip, 2009) using RAVEN® 

composite process simulation software (Experiment 11). 
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Figure 6.8. Part temperature (outside left axis), Tg (outside left axis), degree of cure (outside 

right axis), and cure rate (inside right axis) as predicted by Hexcel® 8552 material model (Ee 

& Poursartip, 2009) using RAVEN® composite process simulation software (Experiment 11). 

Zero-dimension simulation was sufficient to model the cure kinetics in each situation. 

This was proven by comparing the cure kinetic results to one-dimensional, “drill-through” 

simulations where only negligible differences were observed. In addition to the zero-

dimensional and one-dimensional analysis, Figure 6.9 shows the results of a dynamic two-

dimensional thermal simulation of the composite cure. Standard autoclave heat transfer 

coefficients were applied to each boundary; 80 W/(m2 K) to the top (vacuum bag surface), 20 

W/(m2 K) to the bottom (tool surface), and 50 W/(m2 K) to all sides. 
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Figure 6.9. Thermal dynamic cure response as predicted by Hexcel® 8552 material model (Ee 

& Poursartip, 2009) using RAVEN® 2-D analysis at cure time (a) 15 minutes, (b) 65 minutes, 

(c) 125 minutes, and (d) 210 minutes. 
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6.3.2 Guided wave-based measurements using piezoelectric disc actuation and FBG/PS-

FBG sensing 

6.3.2.1 Data collection 

6.3.2.1.1 Five-cycle, Hanning windowed, sinusoidal toneburst waveform 

A narrowband, five-cycle, Hanning windowed, sinusoidal toneburst waveform was 

utilized in Experiments 1–9 and 12. The plate response for five-cycle Hanning windowed, 

sinusoidal toneburst actuation at a frequency of 80 kHz and cure time of 280 minutes for 

Experiment 5 is shown in Figure 6.10. (Note: The terms “cure time” and “oven time” are 

interchangeable as the composites were cured in an oven.) 

 

Figure 6.10. Plate response for five-cycle, Hanning windowed, sinusoidal toneburst actuation 

at a center frequency of 80 kHz and cure time of 280 minutes (Experiment 5). 

By assembling data for each individual waveform at a particular actuation center 

frequency for the toneburst waveform, the full time-history of the composite response can be 

viewed as a three-dimensional surface and contour plot. This can be seen for the guided wave-
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based signals of the 150 kHz actuation throughout the cure process up to cool down in Figure 

6.11 (Experiment 1). Each guided wave-based measurement (e.g., Figure 6.10) is one “slice” 

of the full time-history (e.g., Figure 6.11). 

 

Figure 6.11. 3-D surface and contour plot of recorded signals for 150 kHz center frequency 

actuation throughout the cure process up to cool down (Experiment 1). 
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Similar to Figure 6.11, the full time-history of the composite response of the five-cycle, 

Hanning windowed, sinusoidal toneburst actuation with a center frequency of 200 kHz 

actuation throughout the cure of a quasi-isotropic composite panel up to cool down 

(Experiment 2) is shown in Figure 6.12. 

 

Figure 6.12. 3-D surface and contour plot of recorded signals for 200 kHz center frequency 

actuation throughout the cure of a quasi-isotropic composite panel up to cool down 

(Experiment 2). 
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Figure 6.13 below is from Experiment 3. The results for all frequencies (80 kHz shown) 

were very similar to Experiment 1 as they only differed in the number of plies and location of 

the piezoelectric disc.  

 

Figure 6.13. 3-D surface and contour plot of recorded signals for 80 kHz center frequency 

actuation throughout the cure process up to cool down (Experiment 3). 
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As proof this approach works on curved structures, the three-dimensional surface plot 

from Experiment 6 is provided in Figure 6.14. (Note: Experiments 4 and 5 are discussed in 

more detail in Section 6.3.2.6 Comparison of guided wave-based sensing using FBG and PS-

FBG.) 

 

Figure 6.14. 3-D surface and contour plot of recorded signals for 150 kHz center frequency 

actuation throughout the cure process up to cool down (Experiment 6). 

When testing the complex structure with the sensor embedded parallel to the carbon 

fiber and wave propagation normal to the carbon fiber (Experiment 7), it was noticed that it 

was difficult to achieve accurate data. 
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The data collected in Experiment 8 from Sensor 4 at 160 kHz center actuation 

frequency is provided in Figure 6.15. Experiment 8 had five multiplexed FBGs that measured 

strain. Only one sensor was utilized for ultrasonic guided wave-based sensing. 

 

Figure 6.15. 3-D surface and contour plot of recorded signals at Sensor 4 (50 mm 

propagation distance) for 160 kHz center frequency actuation throughout the cure process up 

to cool down (Experiment 8). 
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As can be seen from Experiment 9 in Figure 6.16 and Figure 6.17, the use of a 

multiplexed optical fiber allowed the collection of guided wave-based signals at multiple 

locations within the composite panel. Figure 6.16 shows guided wave-based signals collected 

at an FBG Sensor 50 mm from the piezoelectric disc, while Figure 6.17 shows guided wave-

based signals collected at an FBG Sensor 100 mm from the piezoelectric disc.  

 

Figure 6.16. 3-D surface and contour plot of recorded signals at Sensor 4 (50 mm 

propagation distance) for 120 kHz center frequency actuation throughout the cure process up 

to cool down (Experiment 9). 
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Figure 6.17. 3-D surface and contour plot of recorded signals at Sensor 5 (100 mm 

propagation distance) for 120 kHz center frequency actuation throughout the cure process up 

to cool down (Experiment 9). 
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Experiment 12 also recorded guided wave-based measurements by five multiplexed 

FBGs. The optical fiber was embedded perpendicular to the carbon fiber direction of the 

twenty-four ply unidirectional panel. 

 

Figure 6.18. 3-D surface and contour plot of recorded signals at Sensor 2 (50 mm 

propagation distance) for 120 kHz center frequency actuation throughout the cure process up 

to cool down (Experiment 12). 

On all of the three-dimensional surface and contour plots of guided wave-based signals, 

it can be seen that the onset of vitrification was marked by the cure time at which there was a 

significant increase in peak change in power (i.e., amplitude) of the waves. This occurred early 

in the second temperature hold (177°C) usually at a cure time of 160 to 180 minutes. Figure 

6.16 and Figure 6.17 from Experiment 9, for example, showed vitrification to occur at a cure 

time of roughly 175 minutes. 
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6.3.2.1.2 Chirp waveform 

For the chirp waveform, similar plots can be constructed for each sensor based on 

guided wave-based signals recorded throughout the cure process. Figure 6.19 shows the panel 

response for the chirp waveform at a cure time of 159 minutes. In contrast to comparable plots 

for the toneburst waveform (e.g., Figure 6.10), Figure 6.19 displays the response for a sweep 

of frequencies rather than for a single center frequency.  

 

Figure 6.19. Panel response at Sensor 3 for 5-460 kHz linear chirp waveform actuation at a 

cure time of 156 minutes (Experiment 10). 

Figure 6.20 shows the plate response measured at the second FBG sensor from the start 

of cure until cool down for the chirp actuation waveform in Experiment 10. Figure 6.21 shows 

the panel response from the start of cure until cool down measured by the second FBG sensor 

for Experiment 11.  
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Similar to the three-dimensional plots based on experimentation using the toneburst 

waveform (Figure 6.11–Figure 6.17), Figure 6.20 and Figure 6.21 begin to show high 

amplitude data for change in power around the time of vitrification (160–180 minutes).  

 

Figure 6.20. 3-D surface and contour plot of recorded signals at Sensor 2 (50 mm 

propagation distance) for 5-460 kHz linear chirp waveform during the cure cycle 

(Experiment 10). 
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Figure 6.21. 3-D surface and contour plot of recorded signals at Sensor 2 (190.5 mm 

propagation distance) for 5-460 kHz linear chirp waveform during the cure cycle 

(Experiment 11). 

6.3.2.2 Data analysis:  Peak change in power (Amplitude) 

The peak change in power, ∆Ppeak, from every measurement was determined by the 

maximum of the recorded signals [Eq. (6.6)]. 

 ( ) max [, , ,( ,, )]
k kpeak i j c l i j c lx f xC CT fP T P tΔ = Δ  (6.6) 

where ∆P is the change in power measured by the optical power meter at measurement time, 

tl, and CTi, xj, and fck denote the discrete cure time, location (i.e., sensor), and center frequency 

of actuation at which the measurement was taken, respectively.  

The peak change in power was then normalized by dividing the change in power value 

from every measurement by the maximum power observed during the entire cure cycle by the 
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sensor and actuation center frequency [Eq. (6.7)]. This normalized every peak change in power 

value to a number between zero and one.   
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 (6.7) 

Because the system loops through the sensors and actuation center frequencies, 

measurements at different sensors and actuation center frequencies occur at slightly different 

cure times (typical cycle times were two minutes for entire loop). Thus, the average normalized 

peak change in power was first interpolated at defined cure times before averaging across 

sensor and center actuation frequency.   

 1
, , ,

1 1
( ( , ,) )

k

p n

avg norm peak norm peak cnp
k j

jP CT P CT x f
= =

=Δ Δ  (6.8) 

The average normalized peak change in power, ∆Pavg,norm,peak, are the averaged results 

from every sensor and actuation frequency throughout the entire cure cycle. This was done to 

remove sensor and frequency variation in the results, allowing for cleaner interpretation and 

communication of the effect of curing on the amplitude of the guided wave-based signals. 

6.3.2.2.1  Five-cycle, Hanning windowed, sinusoidal toneburst waveform 

The average normalized peak change in power for Experiments 1–6, Experiment 8-9, 

and Experiment 12 are displayed below (Figure 6.22–Figure 6.30, respectively).  
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Figure 6.22. Average normalized peak change in power from six excitation center 

frequencies (80, 100, 150, 200, 250, and 300 kHz) (Experiment 1). 

 

Figure 6.23. Average normalized peak change in power from six excitation center 

frequencies (80, 100, 150, 200, 250, and 300 kHz) (Experiment 2). 
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Figure 6.24. Average normalized peak change in power from six excitation center 

frequencies (80, 100, 150, 200, 250, and 300 kHz) (Experiment 3).    

 

Figure 6.25. Average normalized peak change in power from six excitation center 

frequencies (80, 100, 150, 200, 250, and 300 kHz) (Experiment 4). 
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Figure 6.26. Average normalized peak change in power from six excitation center 

frequencies (80, 100, 150, 200, 250, and 300 kHz) (Experiment 5). 

 

Figure 6.27. Average normalized peak change in power from six excitation center 

frequencies (80, 100, 150, 200, 250, and 300 kHz) (Experiment 6). 
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Figure 6.28. Average normalized peak change in power from nine excitation center 

frequencies (60, 80, 100, 120, 140, 160, 200, 250, and 300 kHz) (Experiment 8). 

 

Figure 6.29. Average normalized peak change in power from five sensors and five excitation 

center frequencies (80, 120, 160, 200, and 300 kHz) (Experiment 9). 
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Figure 6.30. Average normalized peak change in power from five sensors and five excitation 

center frequencies (80, 120, 160, 200, and 300 kHz) (Experiment 12). 

It is noticed that the average normalized peak change in power has a similar trend 

among experiments with a unidirectional layup and a slightly different trend among the 

experiments with a quasi-isotropic layup. During all experiments, the average normalized peak 

change in power spiked during the transition to the glassy state (vitrification). It is suspected 

this occurred because the wave experiences less damping during the glassy state as compared 

to the rubbery state. The rubbery state has increased damping, thus more energy is dissipated 

from the mechanical wave as it travels from the actuator to the sensor. The data from 

Experiment 12 suggested the panel vitrified later than the predicted time from simulation. The 

group velocity results, discussed later, indicated a similar conclusion. 

For most experiments, there was also distinguishable increase in average normalized 

peak change in power at gelation (transition from liquid to rubbery state). This was in contrast 

to Chapter 5 where piezoelectric transducers were used for sensing. The suspected cause for 
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this was greater strain transfer, as the wave passes by the sensor, from the composite to the 

FBG/PS-FBG. Only when the layup was quasi-isotropic (Experiment 2, Experiment 8, and 

Experiment 9) was the amplitude of the waves visibly significant in the liquid state (compared 

to glassy state) as was the case when using piezoelectric transducers (amplitude similar in 

liquid and glassy state in Chapter 5). Again, this was due to strain transfer from the composite 

to the FBG/PS-FBG when the resin was liquid. The fiber bed assisted in the strain transfer 

when the layup was quasi-isotropic. 

6.3.2.2.2 Chirp waveform 

Figure 6.31 and Figure 6.32 represent the average peak change in power for Experiment 

10 and Experiment 11, respectively.  

 

Figure 6.31. Average normalized peak change in power from five sensors for a 5-460 kHz 

linear chirp waveform (Experiment 10).  
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Figure 6.32. Average normalized peak change in power from two sensors for a 5–460 kHz 

chirp waveform (Experiment 11). 

As was seen in experimentation using the toneburst waveform (Figure 6.22–Figure 

6.27), the average normalized peak change in power reached its maximum value while in the 

glassy stage for Experiments 10 and 11. Both Figure 6.31 and Figure 6.32 show a distinct 

increase in peak change in power as the panel transitioned through the rubbery state. Data for 

both experiments follow the general trend expected for quasi-isotropic layups based on 

previous testing. 

Also in contrast to using piezoelectric transducers (Chapter 5), the average normalized 

peak change in power decreased during the second temperature ramp (to 177°C) as the 

viscosity approached its minimum (e.g., Figure 6.33). This was true during experiments using 

both the chirp (Experiment 10 and 11) and toneburst (Experiment 2 and 9 but not for 

Experiment 8) actuation waveform when the layup was quasi-isotropic. Again, this can be 
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explained by strain transfer from the composite to the FBG/PS-FBG as the wave passes the 

sensor; a lower viscosity results in lower strain transfer.  

 

Figure 6.33. Part temperature (outside left axis), average normalized peak change in power 

(inside left axis), and resin viscosity (outside right axis) shown during stages of cure in which 

the resin was in the liquid and rubbery states (Experiment 10). 

6.3.2.3 Data analysis:  Time of arrival (TOA) 

The TOA was identified by finding the measurement time at which ∆Ppeak occurred. 

The TOA was then averaged across center actuation frequency at the defined cure times [Eq. 

(6.9)]. As with peak change in power, the TOA values were interpolated at defined cure times 

before averaging since measurements at each sensor and actuation center frequency occur at 

slightly different cure times.   

 1
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The average TOA for the six excitation center frequencies (80, 100, 150, 200, 250, and 

300 kHz) are shown below for Experiment 1–6 (Figure 6.34–Figure 6.39, respectively).  

 

Figure 6.34. Average time of arrival for six excitation center frequencies (80, 100, 150, 200, 

250, and 300 kHz) (Experiment 1). 

 

Figure 6.35. Average time of arrival for six excitation center frequencies (80, 100, 150, 200, 

250, and 300 kHz) (Experiment 2). 
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Figure 6.36. Average time of arrival for six excitation center frequencies (80, 100, 150, 200, 

250, and 300 kHz) (Experiment 3).  

 

Figure 6.37. Average time of arrival for six excitation center frequencies (80, 100, 150, 200, 

250, and 300 kHz) (Experiment 4). 
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Figure 6.38. Average time of arrival for six excitation center frequencies (80, 100, 150, 200, 

250, and 300 kHz) (Experiment 5). 

 

Figure 6.39. Average time of arrival for six excitation center frequencies (80, 100, 150, 200, 

250, and 300 kHz) (Experiment 6). 

The average TOA for the nine excitation center frequencies (60, 80, 100, 120, 140, 160, 

200, 250, and 300 kHz) is shown below for Experiment 8 (Figure 6.40). 
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Figure 6.40. Average time of arrival for nine excitation center frequencies (60, 80, 100, 120, 

140, 160, 200, 250, and 300 kHz) (Experiment 8). 

As expected, it was noticed that the further away the piezoelectric disc was from the 

sensor the longer the waves took to reach the sensor. Also as expected, the orientation of the 

panel affected the TOA for the wave. Guided waves travel quicker in the carbon fiber direction 

compared to traveling normal to the carbon fibers due to the higher elastic modulus.  

For each experiment, the average TOA of the waves decreased as the composite entered 

its glassy state. The initial point at which the TOA can be determined (during the 177°C 

temperature hold) occurred near the vitrification point of the composite. In addition, the 

average TOA was inversely proportional to the degree of cure predictions from the semi-

empirical model simulations. 

6.3.2.4 Data analysis: Group velocity  

When using a multiplexed setup of FBG sensors, it is possible to calculate the group 

velocity of the waves based on the time of arrival to various locations within the composite 
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(each of the individual sensors). First, the time of arrival to each sensor was calculated for 

every actuation frequency. The group velocity of the waves was then calculated for every 

frequency based on a linear fit between time of arrival and sensor location, x, for every sensor 

in a multiplexed optical fiber. The slope of this fit is the group velocity, cg, [Eq. (6.10)]. 

 gx c TOA B= × +  (6.10) 

where B is a constant of the linear fit.  

The group velocity was then averaged across all center actuation frequencies at the 

defined cure times [Eq. (6.11)]. As with peak voltage and TOA, the group velocity values were 

first interpolated at defined cure times since measurements at different actuation center 

frequencies occur at slightly different cure times. After averaging, the group velocity was then 

normalized by dividing all averaged group velocity values by the highest average group 

velocity value [Eq. (6.12)].  
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The average normalized group velocity of the waves for four excitation center 

frequencies (80, 120, 160, and 200 kHz) are shown below for Experiment 9 and Experiment 

12 (Figure 6.41 and Figure 6.42, respectively).  
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Figure 6.41. Average normalized group velocity for four excitation center frequencies (80, 

120, 160, and 200 kHz) based on measurements from five FBG sensors (Experiment 9). 

 

Figure 6.42. Average normalized group velocity for four excitation center frequencies (80, 

120, 160, and 200 kHz) based on measurements from five FBG sensors (Experiment 12). 

Group velocity (inversely proportional to average TOA) directly correlated with the 

degree of cure predictions from the semi-empirical model simulations. Group velocity can also 
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be connected to the mechanical properties of the composite as it strengthens during the cure 

cycle. Similar to time of arrival, the beginning point at which the group can be determined 

during the 177°C occurred shortly after vitrification of the composite. Again, this measurement 

can be utilized to identify that vitrification has recently occurred. As was the case for 

amplitude, the group velocity data from Experiment 12 suggested the panel vitrified later than 

the predicted time from simulation.  

6.3.2.5 Data analysis: Frequency of max amplitude (Chirp waveform) 

As previously noted, the chirp waveform sweeps a range of frequencies rather than 

being run at a single center frequency. By employing a continuous wavelet transform using the 

Gabor wavelet, the data can be discretized based on frequency. Though all frequencies within 

the range used to construct the chirp waveform are excited within the time bounds of the chirp, 

not all frequencies prompt the same panel response. The time-frequency analysis of a single 

recorded waveform is shown in Figure 6.43.    
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Figure 6.43. Time-frequency analysis of the recorded signal for 5-460 kHz linear chirp 

waveform actuation recorded by Sensor 2 at a cure time of 275 minutes (Experiment 10). 

To find the maximum amplitude of the guided wave-based signals throughout cure and 

its associated frequency, [Eq. (6.13)] can be utilized 

 
max max[ ( , ), ( , )] ma , ),( ,xA i j i j cwt i j lf CT x A CT x xT tA C f=  (6.13) 

where fAmax is the frequency at maximum amplitude (fAmax = 179 kHz in Figure 6.43), Amax is 

the maximum amplitude of the signal using the continuous wavelet transformation, Acwt is the 

continuous wavelet transformation of the measured signal, and CTi, xj, tl, and f denote the 

discrete cure time, location (i.e., sensor), measurement time, and frequency, respectively.  

The outputs of this function can be used to construct plots of frequency at which 

maximum amplitude occurred throughout the cure cycle. Figure 6.44 shows the frequency 

associated with maximum amplitude measured by Sensor 1, Figure 6.45 is the associated plot 

for Sensor 2, and Figure 6.46 is a plot for all five FBG sensors (all from Experiment 10). 
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Figure 6.44. Frequency corresponding to maximum amplitude at Sensor 1 for a 5–460 kHz 

chirp waveform throughout cure until cool down (Experiment 10). 

 

Figure 6.45. Frequency corresponding to maximum amplitude at Sensor 2 for a 5–460 kHz 

chirp waveform throughout cure until cool down (Experiment 10). 
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Figure 6.46. Frequency corresponding to maximum amplitude at all 5 sensors for a 5–460 

kHz chirp waveform throughout cure until cool down (Experiment 10). 

A distinct trend was observed in the frequency at maximum amplitude in relation to the 

state of the curing composite. At the beginning of cure, the frequency at maximum amplitude 

decreased. At the onset of the liquid state, the frequency at maximum amplitude leveled off 

and remained constant through most of this phase. During gelation, the frequency at maximum 

amplitude abruptly decreased and then increased through the rubber phase. As the composite 

transitioned to the glassy state (vitrification), the frequency at maximum amplitude plateaued 

again.  

6.3.2.6 Comparison of guided wave-based sensing using FBG and PS-FBG 

The direct comparison between a traditional FBG and a PS-FBG was made in 

Experiments 4 and 5. For guided wave-based sensing, the PS-FBG outshined the traditional 

FBG due to the steeper slope, ( ), at the FWHM wavelength (Figure 6.47). The 
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steeper slope caused the same change in x (shift of spectrum due to wave passing the sensor) 

to result in a higher change in y (optical power) for the PS-FBG.  

 

Figure 6.47 Comparison of FBG and PS-FBG spectrums before cure (Experiments 4 and 5). 

Figure 6.48–Figure 6.50 show how the two types of gratings (FBG and PS-FBG) 

compared when recording guided wave-based signals from the beginning of the cure cycle up 

to the end of the second temperature hold. The advantage of the PS-FBG compared to the FBG 

was obvious from these figures by observing the change in power each sensor records from 

the waves. The change in power of the FBG (Figure 6.48) was two orders of magnitude lower 

than the PS-FBG. Figure 6.49 plots the change in power measured by the FBG in Experiment 

4 on the same scale as the change in power measured by the PS-FBG in Experiment 5 (Figure 

6.50). 



 

167 

 

Figure 6.48 3-D surface and contour plot of recorded signals for 80 kHz center frequency 

actuation measured by an FBG from the beginning of the run up to the end of the second 

temperature hold (Experiment 4). 

 

Figure 6.49. 3-D surface and contour plot of recorded signals for 80 kHz center frequency 

actuation measured by an FBG in Experiment 4 on the same scale as Experiment 5 using PS-

FBG (Figure 6.50). 
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Figure 6.50 3-D surface and contour plot of recorded signals for 80 kHz center frequency 

actuation measured by a PS-FBG from the beginning of the run up to the end of the second 

temperature hold (Experiment 5). 

The SNR for the PS-FBG was greater than that of the traditional FBG (Figure 6.48 

compared to Figure 6.50 and Figure 6.51 compared to Figure 6.52). Also, it was noticed at 250 

kHz excitation the S0 wave mode was not captured with the traditional FBG but was captured 

by the PS-FBG (Figure 6.51 and Figure 6.52). This was also true for 200 kHz and 300 kHz 

excitation (Appendix D). 
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Figure 6.51 3-D surface and contour plot of recorded signals for 250 kHz center frequency 

actuation of the cure process from the beginning of the run up to the end of the second 

temperature hold (Experiment 4). 

 

Figure 6.52 3-D surface and contour plot of recorded signals for 250 kHz center frequency 

actuation of the cure process from the beginning of the run up to the end of the second 

temperature hold (Experiment 5). 
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6.3.3 Strain sensing using embedded FBG/PS-FBG 

6.3.3.1 Strain sensing during cure and residual strain 

Figure 6.53 through Figure 6.76 (below) show the strain, and associated ΔλB, 

undergone by the embedded sensor throughout the cure cycle for Experiments 1–12, 

respectively. (The key for the layup inset is in Figure 6.1.) For the first experiment, the sensor 

was placed in the carbon fiber direction resulting in a small tensile strain at the end of the cure 

as seen in Figure 6.53. 

 

Figure 6.53. Strain measured by a PS-FBG throughout cure (Experiment 1). 
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Figure 6.54. Change in wavelength of embedded PS-FBG (Experiment 1). 

For the second experiment, the strain varied slightly due to the quasi-isotropic setup as 

seen in Figure 6.55 and Figure 6.56. Also, the calculation of strain during cool down fluctuated 

due to a fan placed over the part, and removed at some points, to cause a faster cooling rate. 

 

Figure 6.55. Strain measured by PS-FBG throughout cure (Experiment 2). 
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Figure 6.56. Change in wavelength of embedded PS-FBG (Experiment 2). 

The strain results of the third experiment were slightly less than that of the first 

experiment. This could be due to the PS-FBG being placed between plies fourteen and fifteen 

compared to plies eighteen and nineteen of the first experiment. The smaller strain is expected 

to be from the sensor being closer to the steel tool plate in this case, because the tool plate 

constricts the movement of the composite. Thus, the strain increased with distance from the 

tool plate (Figure 6.57 and Figure 6.58).  
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Figure 6.57. Strain measured by PS-FBG throughout cure (Experiment 3). 

 

Figure 6.58. Change in wavelength of embedded PS-FBG (Experiment 3). 

Experiments 4 and 5 both had their fiber optic sensor perpendicular to the composite’s 

carbon fiber direction, thus resulting in similar compressive strain (composites shrink 
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orthogonal to carbon fiber direction due to resin shrinkage during cure and during cool down). 

The magnitude of the compressive strain normal to the carbon fiber direction (Figure 6.59, 

Figure 6.61, and Figure 6.63) was much higher than the tensile strain along the carbon fiber 

direction in the unidirectional laminates (Figure 6.53 and Figure 6.57) and quasi-isotropic 

laminate (Figure 6.55); composites are much stronger along the carbon fiber direction than 

normal to it.  

 

Figure 6.59. Strain measured by FBG throughout cure (Experiment 4). 



 

175 

 

Figure 6.60. Change in wavelength of embedded FBG (Experiment 4). 

 

Figure 6.61. Strain measured by PS-FBG throughout (Experiment 5). 



 

176 

 

Figure 6.62. Change in wavelength of embedded PS-FBG (Experiment 5). 

Strain and ∆  for the complex contour structure with the optical fiber normal to the 

carbon fiber is shown in Figure 6.63 and Figure 6.64. The compressive strain of the complex 

structure (Figure 6.63) was greater than that of the flat composites whose optical sensor also 

lies normal to the carbon fiber direction (Experiments 4 and 5, Figure 6.59 and Figure 6.61, 

respectively).  
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Figure 6.63. Strain measured by FBG throughout cure (Experiment 6). 

 

Figure 6.64. Change in wavelength of embedded FBG (Experiment 6). 

In Experiment 7, a single FBG sensor was embedded parallel to the carbon fiber in a 

unidirectional layup in a curved structure. The strain in Experiment 7 (Figure 6.65) was similar 
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to Experiments 1 and 3 (Figure 6.53 and Figure 6.57, respectively) where the optical fiber was 

also embedded parallel to the carbon fiber in unidirectional layup in a flat panel.  

 

Figure 6.65. Strain measured by FBG throughout cure (Experiment 7). 

 

Figure 6.66. Change in wavelength of embedded FBG (Experiment 7). 
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Experiments 8–12 had a multiplexed FBGs setup with either five or two (Experiment 

11) FBGs along the same optical fiber. As an intermediate step in the strain calculation, the 

change in wavelength values, ΔλB, are matched together at gelation (the time at which the strain 

in the composite begins to be transferred into the optical fiber). It should be noted that the 

strain presented from all experiments was the strain in the optical fiber. The strain transfer from 

the composite to the optical fiber primarily occurs post-gelation.   

In Experiments 8–10, the strain throughout the cure cycle followed the same general 

trend as Experiment 2 where the optical fiber embedded parallel to the carbon fiber direction 

in a quasi-isotropic layup (Figure 6.67–Figure 6.72). 

 

Figure 6.67. Strain measured by multiplexed FBGs throughout cure (Experiment 8). 
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Figure 6.68. Change in wavelength of embedded FBGs in multiplexed optical fiber 

(Experiment 8). 

 

Figure 6.69. Strain measured by multiplexed FBGs throughout cure (Experiment 9). 
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Figure 6.70. Change in wavelength of embedded FBGs in multiplexed optical fiber 

(Experiment 9). 

 

Figure 6.71. Strain measured by multiplexed FBGs throughout cure (Experiment 10). 
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Figure 6.72. Change in wavelength of embedded FBGs in multiplexed optical fiber 

(Experiment 10). 

Experiment 11 was similar to Experiments 2, 8, 9, and 10 with a quasi-isotropic layup 

but with two sensors (due to fiber breaking at egress of composite) and in a curved structure. 

 

Figure 6.73. Strain measured by multiplexed FBGs throughout cure (Experiment 11). 
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Figure 6.74. Change in wavelength of embedded FBGs in multiplexed optical fiber 

(Experiment 11). 

The strain in all five sensors in Experiment 12 followed the trend of Experiments 4 and 

5 (Figure 6.59 and Figure 6.61, respectively) where the optical fiber was embedded 

perpendicular the carbon fiber direction in a flat panel. The strain in Sensor 3 differed from the 

other sensors due to its location directly underneath the piezoelectric disc which affected the 

local strain field.  
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Figure 6.75. Strain measured by multiplexed FBGs throughout cure (Experiment 12). 

 

Figure 6.76. Change in wavelength of embedded FBGs in multiplexed optical fiber 

(Experiment 12). 

Figure 6.77 gives a comparison among three different experiments. In Figure 6.77, for 

the composite layup of [90]24 (Experiment 12), the optical fiber runs normal to the carbon fiber, 
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for the composite layup of [0]24 (Experiment 1), the optical fiber runs parallel to the carbon 

fiber, and for the quasi-isotropic composite layup of [902/452/02/-452/90/45/0/-45]s 

(Experiment 10), the optical fiber runs parallel to the zero degree plies within the panel. As 

expected, the residual strain present in Experiment 12 was of a far greater magnitude compared 

to the residual strain in Experiment 1 and Experiment 10, indicating much higher residual strain 

normal to the carbon fiber versus parallel to the carbon fiber in unidirectional and quasi-

isotropic layups. 

 

Figure 6.77. Strain normal to carbon fiber in unidirectional layup ([90]24 for Experiment 12, 

Sensor 4), strain parallel to carbon fiber in unidirectional layup ([0]24 for Experiment 1, 

Sensor 1), and strain parallel to zero degree plies within quasi-isotropic layup ([902/452/02/-

452/90/45/0/-45]s for Experiment 10, Sensor 4).  

In summary, residual strain was observed for the embedded PS-FBGs and traditional 

FBGs. The residual strain resulted primarily from two sources: 1) chemical cure shrinkage 
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strain and 2) coefficient of thermal expansion (CTE) strain. CTE strain primarily results from 

cooling of composite (i.e., composite vitrifies at high temperature then cools to room 

temperature). It can also arise due to the mechanical boundary conditions such as CTE 

mismatch between the tool and the composite. 

6.3.3.2 Change in FBG/PS-FBG spectrum 

The reflected and/or transmitted spectrums for Experiments 1–6 and 8–12 are shown 

in Figure 6.78 through Figure 6.88, respectively. Experiments 1, 3–6, 8–9, and 12 were run in 

the transmitted spectrum and Experiments 2, 10, and 11 were run in the reflective spectrum 

due to the optical fiber breaking at the egress of the composite. Experiment 7 (not shown, see 

reason in next paragraph) began in the transmitted spectrum and was switched to the reflected 

spectrum during cure. The system can run all measurements using the transmitted or reflected 

spectrum. The reflected spectrum was not as clean as the transmitted spectrum, especially when 

using a PS-FBG (e.g., Experiment 2, Figure 6.79), requiring a robust algorithm to determine 

λB and the FWHM wavelength. However, the reflected spectrum still provided viable and 

accurate strain data and guided wave-based measurements. Figure 6.78 through Figure 6.83 

each show a reflected/transmitted spectrum for a single FBG/PS-FBG (Experiments 1–6, 

respectively) while Figure 6.84 through Figure 6.88 show the reflected/transmitted spectrums 

of multiplexed FBGs (Experiments 8–12, respectively).  

The spectrums for Experiments 1–7 were recorded as a dB gain/loss based on a baseline 

measurement without the FBG/PS-FBG sensor whereas the spectrums for Experiments 8–12 

were recorded as the total power in dBm. The spectrum before and after cure from Experiment 

7 is not shown due to the spectrum being measured in dB gain/loss from a single baseline 
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measurement that does not apply to both the transmitted (at the beginning of cure) and reflected 

spectrum (at the end of cure).  

The optical fiber spectrums changed from the beginning to the end of the cure resulting 

in a reduction of light reflected/filtered by the FBG/PS-FBG and the potential for double and/or 

additional peaks. The formation of additional peaks within the sensors’ spectrum evolved over 

time during the cure cycle. It was noticed that this phenomenon occurred primarily during the 

cool down stage of the cure cycle and was most significant when the optical fiber was 

embedded perpendicular to the carbon fiber. Non-axial residual strain is considered the most 

likely cause of the extra peaks.  

 

Figure 6.78. Transmitted spectrum of a PS-FBG before and after cure (Experiment 1). 
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Figure 6.79. Reflected spectrum of a PS-FBG before and after cure (Experiment 2). 

 

Figure 6.80. Transmitted spectrum of a PS-FBG before and after cure (Experiment 3). 
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Figure 6.81. Transmitted spectrum of an FBG before and after cure (Experiment 4). 

 

Figure 6.82. Transmitted spectrum of a PS-FBG before and after cure (Experiment 5). 



 

190 

 

Figure 6.83. Transmitted spectrum of an FBG before and after cure in a curved structure 

(Experiment 6). 

 

Figure 6.84. Transmitted spectrum of multiplexed FBGs before and after cure  

(Experiment 8). 
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Figure 6.85. Transmitted spectrum of multiplexed FBGs before and after cure  

(Experiment 9). 

 

Figure 6.86. Reflected spectrum of multiplexed FBGs before and after cure (Experiment 10). 
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Figure 6.87. Reflected spectrum of multiplexed FBGs before and after cure in a curved 

structure (Experiment 11). 

The spectrum of filtered light by Sensor 3 in Experiment 12 was significantly smaller 

than Sensors 1, 2, 4, and 5. This is shown in the after cure spectrum in Figure 6.88 at a 

wavelength of approximately 1537 nm. The reason for this was Sensor 3 was located directly 

underneath the piezoelectric disc which caused non-uniform strain over the grating. 
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Figure 6.88. Transmitted spectrum of multiplexed FBGs before and after cure  

(Experiment 12). 

6.4 Future work 

Future work includes deeper understanding in the frequency dependence of amplitude, 

time of arrival, and group velocity of the waves during cure when using the toneburst waveform 

as well as a thorough investigation of the time-frequency analysis when using the chirp 

waveform. A physics-based explanation of the connection between the frequency at max 

amplitude and the state (liquid, rubbery, glassy)/material properties of the composite is needed 

to explain the repeatable trend observed during experiments. 

The automated monitoring system with embedded FBG/PS-FBG sensors envisions the 

future of smart structures. These structures will have both usage/loads monitoring and 

impact/damage detection capabilities. Together with in-situ cure monitoring, the system 

enables life-cycle monitoring. During life-cycle monitoring, usage and loads monitoring is 
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feasible due the ability to measure strain and impact/damage detection is feasible due to the 

ability to record ultrasonic, guided waves using the same embedded fiber optic sensor(s). 

As with the piezoelectric transducer system (Chapter 5), the next major improvement 

to the piezoelectric disc and FBG/PS-FBG system presented in this chapter is the incorporation 

of mobile actuator, as opposed to fixed location. This will allow for full-wavefield defect 

detection of manufacturing defects (e.g., porosity/voids, fiber waviness) during cure in real-

time.  

6.5 Conclusions 

In summary, a preliminary cure monitoring system employing high-temperature 

piezoelectric discs and FBGs/PS-FBGs was developed to interrogate composite panels during 

cure. Panels included six twenty-four ply unidirectional panels, five quasi-isotropic composite 

panels, and an eighteen ply unidirectional composite panel. Nine panels were flat and three 

were curved structures. The experimental guided wave-based measurement trends for the 

average normalized peak change in power (amplitude), TOA, and group velocity correlated 

with the simulation predictions of the cure kinetics using the semi-empirical material model 

(e.g., RAVEN®). The semi-empirical material model was based on data from experimental 

material characterization tests (e.g., DSC, rheology). From the guided wave-based 

measurements, the phase transitions (gelation and vitrification) can be identified and a metric 

for degree of cure was presented and the connection made to the mechanical properties of the 

composite.  

The system and process initially developed in this work has the potential to be used in 

the future to dynamically control the cure cycle in a closed-loop process to maximize 
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composite part quality and consistency. This is feasible because the acquisition and analysis of 

the guided wave-based signals are done almost simultaneously in real-time during cure. The 

guided wave-based system was incorporated directly into standard curing equipment and 

technique. The system was proven to be scalable from producing flat composite panels to full-

scale complex structures (e.g., cylinders/barrels, wing skins, etc.) as demonstrated on the 

curved panels. As stated previously, by using guided wave-based measurements throughout 

the entire cure cycle (i.e., in-situ measurements during liquid, rubbery, and glassy states), the 

technology envelope has been pushed forward since guided waves are traditionally applied to 

solid medium.  

PS-FBGs provided a much higher resolution of performing wave measurements 

compared to the traditional FBG sensor due to greater change in power under identical 

conditions allowing for a higher SNR. A higher SNR for the PS-FBG increases the distance 

that a wave mode can be detected, enhances ability to sense all wave modes (e.g., S0, A0), and 

increases the probability of collecting data throughout the entire cure cycle (liquid, rubbery, 

and glassy states).  

Multiplexing (using multiple FBGs along the same optical fiber) allowed for group 

velocity to be calculated based on information extracted from time of arrival and propagation 

distance for each FBG sensor in use. In addition, because of multiplexing, quasi-static strain 

data from multiple locations within the composite was recorded which is important for 

usage/loads monitoring as different areas within a composite may be under different stresses.  

The type of actuation waveform utilized in testing impacts post-processing 

requirements as well as the metrics that can be calculated. The current system can handle 
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toneburst waveforms, run at a single center frequency, as well as the chirp waveform, which 

sweeps through a range of frequencies. Waveforms such as the five-cycle, Hanning windowed, 

sinusoidal toneburst require center frequency specification before experimentation. For the 

chirp waveform, cure response data from individual frequencies within the sweep range was 

extracted during post-processing by time-frequency analysis using a continuous wavelet 

transform with the Gabor wavelet. Advantages of the chirp waveform include data collection 

speed, ability to access data from a range of frequencies rather than being bound by input 

frequencies, and ability to study new relationships such as frequency at maximum amplitude 

versus cure time. The frequency corresponding to maximum amplitude throughout cure for the 

chirp signal yielded results with a distinct trend based on the resin state in the composite. To 

the best of the authors’ knowledge, this metric has not yet been investigated and presented in 

existing literature. Challenges of using the chirp waveform include post-processing complexity 

and speed, a complex dispersion relationship, and the inability to accurately determine the time 

of arrival in some cases.  

There are many important advantages to using fiber optic sensors include multiplexing, 

embedding, utilization in harsh environments, electrically passive operation, electromagnetic 

interference (EMI) immunity, and life-cycle monitoring (made possible because of embedment 

into the structure), and others. Additional advantages of fiber optic sensors such as the FBG 

and PS-FBG are their light weight construction as well as compactness. During life-cycle 

monitoring, it would be feasible to use the embedded fiber optic sensor for both loads 

monitoring (because of ability to measure strain) and damage detection (because of ability to 

record ultrasonic, guided waves). Implementing this technique in composite parts, such as 
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aircrafts, as soon as layup occurs could make early defect detection and repair possible, 

potentially reducing the time required for the development and certification of advanced 

composite structures. This system could provide a cost effective and accurate method for cure 

monitoring during production and structural health monitoring during the life-cycle of the part. 
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Appendix B: Five-cycle, Hanning windowed, sinusoidal toneburst and linear chirp 

waveforms 

For the majority of the work, a narrowband, five-cycle, Hanning windowed, sinusoidal 

toneburst waveform was utilized. A five-cycle, Hanning windowed, sinusoidal toneburst is 

defined as [Eq. (B.1)] 

 ( ) [ ( ) ( / ][1 cos (2 / )]sin (2 )c c c c cV t A H t H t N f f t N f tπ π= − − −  (B.1) 

where A is a constant, H(t) is Heaviside step function, Nc is the number of cycles (five cycles), 

and fc is the center (or carrier) frequency.  

Figure B.1 is a five-cycle, Hanning windowed, sinusoidal toneburst waveform with a 

center frequency of 100 kHz and 120 volts peak-to-peak in time domain and frequency domain 

from the Fourier transform. 

 

Figure B.1. Narrowband, five-cycle, Hanning windowed, sinusoidal toneburst waveform (a) 

in the time domain and (b) in the frequency domain. 

In addition, a broadband linear chirp waveform was used in Chapter 6 (Experiments 10 

and 11). A chirp waveform sweeps through a range of frequencies in a short period of time and 

is defined in Eq. (B.2) (Jeong, 2001). 
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T

ππ 
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 (B.2) 

where Sc(t) is the chirp waveform, A is the peak amplitude, w(t) is a Tukey window (12.5% 

part of cosine), H(t) is the Heaviside function, f0 is the minimum frequency (5 kHz), t is time, 

B is bandwidth (455 kHz) (maximum frequency equal minimum frequency plus bandwidth), 

and T is chirp duration (200 µs). Figure B.2a is the chirp waveform in the time domain used 

during Experiments 10 and 11 (Chapter 6), which was constructed with the aforementioned 

properties, and Figure B.2b is the chirp waveform in the frequency domain from the Fourier 

transform. 

 

Figure B.2. Broadband linear chirp waveform (a) in the time domain and (b) in the frequency 

domain. 

The discretization of the data into specific frequencies was performed during post-

processing with a continuous wavelet transformation using a Gabor wavelet in MATLAB®. 

Eq. (B.3) and Eq. (B.4) are the Gabor Fourier transforms  
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where Ψ  is the time-based transform, Ψ is the frequency-based transform, t is time,  is 

angular frequency,  is the initial angular frequency (2π), and γ is the constant ( 2 ln 2⁄⁄ ) 
(J. E. Michaels et al., 2013). This transformation affords access to data for chosen frequencies 

through a time-frequency analysis.   
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Appendix C: Bessel functions 

Bessel functions were utilized to derive the linearly polarized planar wave traveling 

through a step-index optical fiber. In the core, Bessel functions of the first kind of order l, Jl, 

satisfied the differential equation [Eq. (2.24)]. Bessel functions of the first kind are the 

solutions to the Bessel differential equation [Eq. (C.1)] which are nonsingular at the origin. 

 2 2 2
2

2 ( ) 0y yx x x l y
x x

∂ ∂+ + − =
∂ ∂

 (C.1) 

Rearranging Eq. (2.24) into this form, results in Eq. (C.2) whose solutions are Eq. (C.3) 

[Eq. (2.25)] where A is a constant. 
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The first four orders, l = 0, 1, 2, and 3, are shown Figure C.1. 

 

Figure C.1. Bessel functions of the first kind, Jl, of orders l = 0, 1, 2, and 3. 
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In the cladding, modified Bessel functions of the second kind of order l, Kl, satisfied 

the differential equation [Eq. (2.28)]. Modified Bessel functions of the second kind are one of 

the solutions for the modified Bessel differential equation [Eq. (C.4)]. 
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 (C.4) 

Rearranging Eq. (2.28) into this form, results in Eq. (C.5) whose solutions are Eq. (C.6) 

[Eq. (2.29)] where B is a constant. 
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The first four orders, l = 0, 1, 2, and 3, are shown Figure C.2. 

 

Figure C.2. Modified Bessel functions of the second kind, Kl, of orders l = 0, 1, 2, and 3. 
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Appendix D: Guided wave-based measurements from selected experiments 

Due to the large amount of data collected during each cure monitoring experiment 

(Chapters 5 and 6), it was impractical to present all of the recorded data in the chapters or the 

appendices. In an effort to document and publish a subset of this data, the three-dimensional 

surface and contour plots of recorded signals from a single sensor at all actuation frequencies 

from three experiments are shown below. The first set of data is from Sensor 4 of the high-

temperature piezoelectric transducer system with the composite cured in the oven with a B-

stage hold (Section 5.2). The second set of data is from the embedded FBG utilized in 

Experiment 4 (Chapter 6). The third set of data is from the embedded PS-FBG utilized in 

Experiment 5 (Chapter 6). As mentioned previously, the only difference between Experiment 

4 and 5 was an FBG was utilized in Experiment 4 and a PS-FBG in Experiment 5. 
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(n) 

Figure D.1. 3-D surface and contour plots of recorded signals during cure at Sensor 4 of the 

high-temperature piezoelectric transducer system (Section 5.2) at an actuation center 

frequency of (a) 100 kHz, (b) 110 kHz, (c) 120 kHz, (d) 130 kHz, (e) 140 kHz, (f) 150 kHz, 

(g) 175 kHz, (h) 200 kHz, (i) 225 kHz, (j) 250 kHz, (k) 275 kHz, (l) 300 kHz, (m) 325 kHz, 

and (n) 350 kHz. 
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Figure D.2. 3-D surface and contour plots of recorded signals during cure by the FBG in 

Experiment 4 (Chapter 6) at an actuation center frequency of (a) 80 kHz, (b) 100 kHz, (c) 

150 kHz, (d) 200 kHz, (e) 250 kHz, and (f) 300 kHz. 
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Figure D.3. 3-D surface and contour plots of recorded signals during cure by the PS-FBG in 

Experiment 5 (Chapter 6) at an actuation center frequency of (a) 80 kHz, (b) 100 kHz, (c) 

150 kHz, (d) 200 kHz, (e) 250 kHz, and (f) 300 kHz. 


