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ABSTRACT

Advanced composite materials are becoming increasingly more valuable in a plethora

of engineering applications due to properties such as tailorability, low specific strength

and sti↵ness and resistance to fatigue and corrosion. Compared to more traditional

metallic and ceramic materials, advanced composites such as carbon, aramid or glass

reinforced plastic are relatively new and still require research to optimize their capabil-

ities. Three areas that composites stand to benefit from improvement are processing,

damage detection and life prediction. Fiber optic sensors and piezoelectric trans-

ducers show great potential for advances in these areas. This dissertation presents

the research performed on improving the e�ciency of advanced composite materials

through the use of embedded fiber optic sensors and surface mounted piezoelectric

transducers.

Embedded fiber optic sensors are used to detect the presence of resin during the

injection stage of resin transfer molding, monitor the degree of cure and predict

the remaining useful life while in service. A sophisticated resin transfer molding
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apparatus was developed with the ability of embedding fiber optics into the composite

and a glass viewing window so that resin flow sensors could be verified visually. A

novel technique for embedding optical fiber into both 2- and 3-D structures was

developed. A theoretical model to predict the remaining useful life was developed

and a systematic test program was conducted to verify this model.

A network of piezoelectric transducers was bonded to a composite panel in order

to develop a structural health monitoring algorithm capable of detecting and locat-

ing damage in a composite structure. A network configuration was introduced that

allows for a modular expansion of the system to accommodate larger structures and

an algorithm based on damage progression history was developed to implement the

network.

The details and results of this research are contained in four manuscripts that are

included in Appendices A-D while the body of the dissertation provides background

information and a summary of the results.
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Chapter 1

Introduction

1.1 Introduction

Composite materials are becoming increasingly more valuable in a plethora of engi-

neering applications because they o↵er advantages over traditional metallic materials

like low specific strength and sti↵ness, good fatigue resistance, excellent corrosion

resistance and highly tailorable physical properties. They are standard materials in

aerospace, rail, marine, wind energy, pressure vessels and sporting equipment and

are currently making their way into many more applications. A recent study by the

Freedonia Group Inc. estimates that the demand for high performance composites

will rise almost 15% per year to reach $10.2 billion in 2016 in the United States alone

[39].

Two major drawbacks of composites however, are the relatively di�cult process-

ing characteristics and damage assessment. A major drawback of liquid composite

molding occurs during the resin injection stage. Due to a high resistance to resin (a

relatively viscous material) flow through the fiber reinforcement (a material with low

permeability) and geometry changes throughout the mold, it is not always possible

to achieve a uniform flow pattern through the mold [81]. This can lead to regions of

the mold that do not become fully saturated with resin known as ’dry spots’, which

have a profound e↵ect on the physical properties of the composite. If the degree of

cure is known in real time then the composite may be removed from the mold at the

optimal time however, the degree of cure is not easily known without intrusive instru-

mentation that degrades the integrity of the structure. Another drawback lies in the

di�culty of assessing damage. For example internal flaws may be present that are not
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visible. These defects may grow, leading to catastrophic failure with little warning.

With traditional inspection methods it is di�cult, time consuming and expensive to

detect and assess damage.

To mitigate some of these drawbacks, sensors and transducers can be embedded

within or bonded to the surface of the material and used for process monitoring,

structural health monitoring and remaining useful life prediction. Fiber optics can

be embedded within the material and used to sense various parameters during pro-

cessing and service. These measurements can then be used to asses the quality of

the composite and predict the remaining useful life. Networks of piezoelectric trans-

ducers bonded to the surface can be used to detect and locate flaws in real time,

thereby reducing the need for regularly scheduled inspection. Composites utilizing

these techniques are generally referred to as ’smart composites’.

The life of a smart composite structure is described in Figure 1.1. Essentially

there are three main stages: conception and design, manufacturing and service. The

conception and design phase involves the design, specification and requirements of

the composite as well as the design of the sensing technique such as sensor selection,

sensing technique/algorithm and sensor location. Once the conception and design

stage is complete the structure is ready to be manufactured. During this stage the

mold, materials and equipment are prepared, the resin is injected into the mold, the

resin is cured and the structure is demolded and finished. Once manufactured, it is

put into service. Inevitably, the structure will be under loading and environmental

changes that will a↵ect its integrity. At some point it may be damaged. At this point

the presence and severity of the damage must be assessed and a decision to ignore,

repair or retire the structure must be made.

The research presented in this dissertation utilizes fiber optic sensors and piezo-

electric transducers at each stage of a composite structure’s life to monitor the process

and structural health to improve the e�ciency of the structure. The contributions

include the development of manufacturing techniques and sensor/transducer systems

with theories and algorithms to support them.

1.2 Motivation

The two driving motivators behind this research are human safety and accurate as-

sessment of manufacturing and operational parameters to enhance e�ciency. It is

of utmost importance that the structural integrity of critical composite structures
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is accurately known to ensure the safety of those relying on them. Currently, man-

ual inspection is carried out on a routine schedule, costing operators a great deal of

money. Also, many structures are simply replaced after a predetermined number of

service cycles resulting in the potential for perfectly good structures to be discarded

while those that develop flaws or damage prematurely are left in operation. Due to

the numerous processing variables that can contribute to flaws in the material dur-

ing manufacture, regulatory bodies have imposed high safety factors. This detracts

from their light-weight benefits and adds to the cost as more constituent material is

required.

With composite materials, failure is often rapid and catastrophic due to its non-

ductile nature. Various types of damage can occur (fiber fracture, matrix cracking,

fiber buckling, fiber-matrix interface failure, delamination, etc.) and interact to cause

a number of failure modes [33]. With real-time knowledge of the existence of these

flaws, the operator can react appropriately to ensure safety and economic e�ciency.

Flaws may exist depending on the processing method and operating parameters.

If undetected, structures with these flaws can go into service with the potential of

detrimental consequences.

If the properties of a composite structure could be monitored in real time to

ensure initial quality during the manufacturing stage, detect damage while in service

and predict the remaining useful life, composite structures could be designed to be

much more e�cient and be utilized to their full capacity.

1.3 Objectives

The overall objective of this work is to research and develop techniques for increasing

the manufacturing and operating e�ciency and reliability of composite structures by

employing integrated sensor/transducer networks. Embedded fiber optic sensors and

piezoelectric transducers are used for this purpose to achieve the overall objective.

The first sub-objective is to enhance the processing stage by employing a com-

bination of embedded fiber Bragg grating (FBG) sensors and etched fiber sensors

multiplex on a single optical fiber. The embedded fiber optic sensors will detect the

presence of resin during the injection stage of a resin transfer molding process and

subsequently monitor the degree of cure.

The second sub-objective is to develop an integral structural health monitoring

system to detect the presence and location of damage in a structure using a network
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of piezoelectric transducers based on tomography. Advancements and contributions

are made to the current state of the art of these systems by introducing an algorithm

that makes use of data from previous damage states and applying it to a modular

sparse network that can be expanded to cover large areas.

The third sub-objective is to develop a technique to predict the remaining useful

life of a composite structure under fatigue loading based on information gathered from

embedded fiber Bragg grating sensors. The technique will use the previous loading

history of the structure to calculate the remaining useful life on a cycle-by-cycle basis

to give an estimate of the number of remaining cycles to failure.

1.4 Organization of Dissertation

The bulk of the work is contained in the Appendices. Each of the four Appendices

contains a journal manuscript based on the work outlined in the dissertation with the

objectives corresponding to the aforementioned sub-objectives. The organization of

the dissertation is as follows:

• Chapter 1 presents an introduction and brief background to the dissertation

along with the motivation and objectives of this work.

• Chapter 2 provides a state of the art review to bring the reader up to speed

with recent advancements.

• Chapter 3 presents a summary of the specific contributions made in each manuscript

and a brief explanation of their value.

• Chapter 4 concludes the dissertation by briefly summarizing the work completed

and contributions made along with suggestions for future work in the area.
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Figure 1.1: Life of smart composite structure
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Chapter 2

State of the Art Review

This chapter presents a state of the art review in order to give the reader enough

information to appreciate the material presented in the later chapters.

2.1 Flow Monitoring

Embedded fiber optic sensors have been utilized in a number of applications in the field

of liquid composite molding (LCM), which includes composite material processing

techniques such as resin transfer molding (RTM) and vacuum assisted resin transfer

molding (VARTM). Some fiber optic sensors have the ability to sense the presence

of resin. These sensors can be embedded inside the fiber reinforcement to sense

when the resin has completely saturated the part. With this knowledge the infusion

can continue until the sensors indicate that the part is complete before the infusion

is stopped, ensuring full saturation. This reduces wasted material due to excess

resin being pumped into the mold or parts that are not fully saturated and must

be discarded. Also, this gives the manufacturer a higher degree of certainty that

the parts are free of non-visible resin voids, which results in a reduction in quality

assurance requirements. Taking this technique one step further, processing could be

automated by integrating the sensors with a control system to automate the mold by

opening and closing inlets and outlets in order to optimally infuse the part, allowing

the resin to cure and automatically unloading the part.

Mainly due to the wide spread use of prepreg materials in aerospace, resin flow

front detection has been investigated less than cure and health/damage monitoring

however, many researchers have used fiber optics to detect the flow front of resin



7

during LCM processes.

Ahn, S.H. et al [2] used etched fiber sensors (EFS) to detect the arrival of resin at

various locations within a fiber reinforcement preform in order to determine its 3D

permeability. The sensors were embedded in a transparent RTM mold so that results

could be verified by visual inspection. These results enabled the authors to verify

their derived expressions for 3D permeability of the preform.

Lekakou, C. et al [52] used sensors that consist of simply the fiber optic core

with an acrylic coating. They investigated two arrangements; one that had periodic

sections of the coating removed (similar to EFSs) and another with the entire coating

removed completely exposing the core. The latter arrangement allowed the resin

position to be monitored continuously, rather than discretely allowing for a potentially

more accurate system.

Bernstein, J.R. et al [5] published their results on the development of a fiber optic

sensor for monitoring the flow in a VARTM process. The sensor operates by measuring

the reflectivity from small gaps in a length of optical fiber. Each gap is created by

placing the ends of two cleaved fibers into a groove in a piece of polycarbonate.

Initially, light is launched down the fiber; some light bridges the gap and continues

through the next fiber while some light is reflected. As resin fills the gap more light

is transmitted down the fiber and less light is reflected back. Since light is still

transmitted, a number of sensors may be multiplexed on a single fiber. An optical

time domain reflectometer (OTDR), a device that sends a pulse of light down the

fiber and records the magnitude of the reflections over time is used to interrogate the

sensor network and di↵erentiate the sensors. Their initial testing proved the ability

of the sensors to detect resin flow in a VARTM process.

Resin film infusion is a process where a thermoset resin film is placed between

a mold and fiber reinforcement. The film/fiber/mold is enclosed under a vacuum

bag and heated to allow the film to become liquid, flow through the fiber and cure.

Antonucci, V. et al [3] used a Fresnel sensor to monitor the flow of resin during a

resin film infusion process (RFI). A Fresnel sensor simply consists of a cleaved end of

optical fiber. Measurements are made based on the intensity of light reflected from

the cleaved end, which is a function of the refractive medium it is surrounded by.

Dunkers, J.P. et al [18] developed a fiber optic real time system to sense resin

at various locations on a single fiber using two, long-period gratings (LPG) and a

polychromatic source. Long period gratings are similar in nature to FBGs however

function di↵erently as they couple light out of the core. When resin contacts the
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LPG the light that would be coupled out of the core is contained thereby allowing

more light to be transmitted. A single fiber with two LPGs was located inside an

RTM mold, resin was injected and the sensors were monitored. An optical spectrum

analyzer was used to scan the reflected spectrum and measure the wavelength and

amplitude. This allowed for the flow front to be detected as well as the distinction

between the two LPGs. The same sensors were later used for cure monitoring. The

results show that LPGs can be used to reliably monitor the presence of resin.

Eum, S. et al [21] took a similar approach to Dunkers, using LPGs to monitor

flow. In their research, they used optical frequency domain to interrogate the sensors

along the length of the grating and short-time Fourier transformation to separate the

presence of flow from compressive strain.

Fiber Bragg gratings have also been used for flow monitoring. Since FBGs are

sensitive to both temperature and strain, the presence of resin causes a shift in wave-

length due to flow-induced strain or a temperature di↵erential.

Gupta, N. et al [32] used FBG sensors in a modified VARTM process to detect

the presence of resin. Two techniques were used; the first involved simply inserting

the FBGs into the laminate during the infusion and monitoring a wavelength shift,

the second used an etched fiber sensor that was multiplexed with an FBG. The EFS

was located inside the mold while the FBG was outside. Light was launched through

the fiber, traveling through the EFS then FBG. The magnitude of the reflection from

the FBG was monitored. At this point the magnitude is a function of the refractive

index of the resin as it controls how much light passes through the EFS and reaches

the FBG.

2.2 Cure Monitoring

Once a part is fully infused, the resin must cure before it may be removed from

the mold. In most liquid composite molding techniques the cure phase takes the

longest and is considered the bottleneck when trying to increase process e�ciency.

The chemical reaction that takes place when the resin is curing is exothermic, which

means it produces heat. As the resin cures the temperature inside the part rises

steadily until it reaches a peak then declines. With most resins, after the temperature

has reached a maximum the part is ready to be removed from the mold thereby

allowing the mold to be used for the next part. If the temperature inside the part

is monitored, the peak may be detected and the part can be removed at an optimal
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time, rather than a predetermined time, which may not be optimal depending on the

atmospheric conditions such as temperature and humidity. Fiber optic sensors that

sense temperature can be embedded in the part and used for this very purpose. Other

parameters can also be used to monitor cure such as refractive index or viscosity.

A number of direct methods for monitoring the degree of cure currently exist [77].

Traditional methods are based on thermal and dynamic analysis. Other techniques

include the addition of photochromic, thermochromic compounds, or other dyes to

the resin. Changes of color, absorbance and transmittance as a function of time and

temperature during cure can be monitored and correlation of spectral changes in the

resin with polymerization and cross-link density can be made. Electrical resistance

measurements and dielectric analysis techniques have also been successfully used to

determine the completion of cure by monitoring capacitance, dissipation and DC

electrical resistance of the resin.

The drawback of the aforementioned techniques is that they cannot make local

measurements, only global. This is a concern as the degree of cure can vary through-

out the composite due to factors such as thickness, fiber packing or thermal gradients

induced by uneven mold heating. Some of these techniques also require the resin to

be in a neat form (only resin, no reinforcement fiber) or the addition of chemicals that

remain in the resin after cure that can negatively impact the composite. To overcome

these issues, dielectric probes have been designed that measure the degree of cure in a

local area. The disadvantage of these probes, however is that they are intrusive when

embedded within the composite thereby rendering the composite unfit for service.

Fiber optic sensors are ideal for monitoring the cure as they can be embedded

within the material with little to no e↵ect on the host composite and make localized

measurements [91]. A variety of fiber optic based sensors for this very purpose have

been investigated.

Afromowitz, M.A. et al [1] reported on a novel technique to monitor the degree

of cure based on the change in refractive index using an optical fiber sensor. The

sensor consists of two lengths of conventional glass optical fiber with a third length of

fiber bonded between the two that is composed of the polymer resin to be monitored.

The sensor is placed in the polymer resin while in liquid form and light is launched

into one end and monitored through the other. Initially the liquid polymer resin and

cured polymer fiber have di↵erent refractive indices thereby allowing light to transfer

through the fiber. As the cure progresses the refractive index of the polymer resin

approaches that of the polymer fiber and allows more light to escape until full cure,
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at which point the polymer fiber cannot transfer light because the fiber and resin

are essentially one homogeneous material. The advantage of this type of technique is

that the sensor imposes little to no e↵ect on the polymer it is monitoring since it is

the same material once cured. The disadvantage is that it is not practical to produce

a small polymer fiber for each type of polymer one wishes to monitor.

In the early 1990s, various researchers [63, 54, 55] used Raman spectroscopy to

monitor the cure of neat epoxy with a fused-silica distal mode optical fiber sensor

that monitors a volume of material in the shape of a cone at the fiber terminus. This

technique was applied to liquid molding of a high volume fraction composite however,

it was in a form that required the user to insert the distal end of the fiber into a Teflon

tube that had been previously filled with the epoxy mixture which renders the molded

part useless. Furthermore, the researchers suggest that the determination of percent

cure was not as precise as the laboratory sample mainly due to the fluorescence from

surrounding glass fibers, which contributed to a higher background reading.

Davis, A. et al [13] reported on an acoustic based technique for cure monitoring

that uses fiber optic sensors to detect ultrasonic waves that are generated in the

material. The technique uses a laser that sends a pulse of light through a fiber optic

that has a terminated end directed at the surface of the epoxy. The pulse is absorbed

and results in localized heating which creates a thermoelastic expansion leading to the

generation of ultrasonic waves. The speed of the waves is monitored by a Michelson

interferometer with one arm embedded in the resin. As the resin cures, the ultrasonic

wave speed increases. Fomitchov, P.A. et al [24] developed a similar system that was

integrated into a resin transfer molding apparatus. The system consists of a fiberized

laser ultrasonic source and an embedded ultrasonic sensor based on an intrinsic fiber

optic Sagnac interferometer. Bulk ultrasonic waves are generated by the laser source,

through the composite and detected by the sensor.

A number of researchers have used fluorescence monitoring sensors to detect the

extent of cure in polymer based composites [53, 7, 12, 71]. While Wang, F.W. et al

[96] rejected intrinsic fluorescence monitoring because they observed batch-to-batch

variations in their spectral response and the approach could not be generalized to

other epoxy systems, others have continued research. Levy, R.L. et al [53] developed

a fluorescence based fiber optic sensor that they used to monitor changes in the

intrinsic fluorescence intensity of carbon fiber/epoxy laminates during cure in an

autoclave. While curing in the autoclave the intensity of the signal peaked then

declined. They attributed this result to an instrumental e↵ect and suggested that an
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empirical relation based on signal intensity could be developed. They also observed

shifts in the wavelength of the fluorescence emission maximum and correlated this

signal with the degree of cure for the late stages of isothermal cure. Their later

work involved developing the sensor to have two roles: monitoring the cure and the

absorbed water content in the fully cured composite while in service. The absorbed

water content varies as a function of temperature and humidity and has an impact

on the expansion and strength of a composite. Paik, H.J. et al [71] also used a fiber

optic probe with a fiber optic fluorimeter to monitor the intrinsic fluorescence of an

epoxy cure reaction by doping the resin with trace levels of fluorescence.

Research has also been done on the use of evanescent wave for cure monitoring.

In 1996, Crosby, P.A. et al [10] demonstrated the feasibility of using evanescent wave

spectroscopy and refractive index based optical fiber sensors for epoxy resin. Data

from the sensors was compared to conventional test results from di↵erential scanning

calorimetry (DSC). The results show that both sensors accurately monitor the de-

gree of cure. The evanescent wave spectroscopy based sensors can be used to obtain

quantitative information on the actual concentrations of the active functional groups

in the epoxy resin system while the refractive index based sensors are not capable of

sensing direct information they are simpler and less costly to implement. Woerde-

man, D.L. et al [102] developed a sensor based on an evanescent wave fluorescence

measurement. The wavelength shifts were monitored during liquid molding and the

monomer conversion was extracted from calibration curves. They later incorporated

a CCD camera and fast detector to provide real-time monitoring of fast reacting resin

systems [66].

Fernando, G.F. et al [23] developed a multi-purpose fiber optic sensor based on an

extrinsic Fabry-Perot interferometer (EFPI). The sensor was developed to monitor

the cure as well as detect the ingress of moisture in the cured resin, monitor vibration

characteristics of impact damaged composites and separate strain and temperature

measurements. A small slot was created in the cavity of a typical EFPI sensor to allow

epoxy to enter. The power that was transmitted through the sensor was monitored to

give an indication of the cure. Essentially the change in refractive index of the resin

allowed for cure monitoring while still allowing the sensor to be used for the other

aforementioned uses.

Cusano, A. et al [11] used a Fresnel sensor to monitor the cure of thermoset

composites. A Fresnel sensor simply consists of a cleaved end of optical fiber. Mea-

surements are made based on the intensity of light reflected from the cleaved end,
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which is a function of the refractive medium it is surrounded by.

Dunkers, J.P. et al [18] used an LPG to monitor the cure of epoxy resin. LPGs are

similar in nature to FBGs however function di↵erently as they couple light out of the

core. When immersed in a medium the amount of light coupled back into the core

is a function of the refractive index of that medium. A fluorophore was grafted to

the exterior of the LPG to make it sensitive to the cure. By sensing the fluorescence

intensity change and blue spectral shift the LPGs can monitor the cure.

Fiber Bragg gratings have been used extensively by various researchers for cure

monitoring by [15, 62, 42] among others. This is partly due to the fact that if imple-

mented appropriately, FBGs can be used for flow monitoring, cure monitoring and

structural health monitoring [47]. Most techniques focus on the structural health

monitoring considering the process monitoring a secondary bonus.

Dunphy, J.R. et al [19] were among the first to investigate FBGs for cure and strain

monitoring of composites in 1990. Murukeshan, V.M. et al [62] also investigated the

potential of FBGs for cure monitoring. Their technique was to simply place the FBG

inside the laminate and monitor the shift in Bragg wavelength during the curing

process. No attempt was made to separate the e↵ects of strain and temperature

change, simply to monitor the overall e↵ect on the FBG. Their results show that

repeatable curves can be observed and suggest that a deviation from these curves

indicate an anomaly in the cure process. Figure 2.1 shows a plot of the change in

Bragg wavelength vs. time for various specimens. From the plot it can be observed

that the Bragg wavelength initially goes through a steady linear increase, likely due to

the temperature increase from the exothermic reaction. Then there is a period where

the wavelength fluctuates. This is during the vitrification process when the resin is

changing from a liquid to a solid and bonding to the optical fiber. The fluctuations

are likely due to bonding/slipping at the resin/optical fiber interface. Eventually the

fluctuations cease and the Bragg wavelength slowly decreases until it reaches a steady

state. The decrease can be attributed to a decrease in temperature as the composite

is releasing heat from the reaction. There will also typically be an o↵set from the

initial Bragg wavelength that is attributed to internal strain in the composite.

Other properties related to the curing process have also been monitored such

as pressure distribution, temperature and residual stress [77]. These properties are

important to the quality, strength and performance of the final product.

Udd, E. et al [92] reported on a simple pressure sensor based on a microbend sensor

that consists of a fiber optic sandwiched between two layers of fiber reinforcement;
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Figure 2.1: Typical FBG data during cure cycle [62]

a light source is connected to one end and a detector is connected to the other.

As pressure on the laminate is increased, either within an autoclave or two-sided

mold, the fiber is compressed between reinforcement fibers in the composite causing

microbends which reduce transmitted light. The magnitude of the microbends is a

function of pressure. Various types of fiber were tested and Corning 1521 single-mode

fiber was found to be the most sensitive with a 20% loss in power with 2.07MPa of

pressure.

In composite laminates residual stress can occur due to elevated cure/post cure

temperatures. This is a result of the composite assuming a solid physical shape at a

temperature greater than ambient, then put into service at ambient temperature or

any temperature di↵erent from that of the cure/post cure.

In 1990, Dunphy, J.R. et al [19] were among the first to report on the use of fiber

Bragg gratings for monitoring the development of residual stress.

Kalamkarov, A.L. et al [43] used an EFPI sensor to monitor the residual strain

during a pultrusion process. They found that the strain after cooling was so great that

it crushed the glass capillary tube. This resulted in the development of a reinforced

sensor that was able to survive the process however less sensitive to temperature.

Kang, H.K. et al [44] used a hybrid EFPI/FBG sensor to monitor the temperature

and development of strain during cure. Their sensor consists of a traditional EFPI

with an FBG at the terminal end of the fiber that is connected to the instrumentation

inside a capillary tube that creates the cavity of the EFPI as described in Figure 2.2.

Since the FBG is shielded from strain, it is only sensitive to temperature change.

This allows the strain and temperature reading from the EFPI to be separated. The

disadvantage of this technique is that only one sensor may be used per fiber optic, a

number of sensors cannot be multiplexed.
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Figure 2.2: Hybrid EFPI/FBG sensor

2.3 Lamb Wave Based Structural Health Monitor-

ing

Lamb waves have been used in nondestructive testing and evaluation (NDT&E) and

structural health monitoring (SHM) applications since the 1960’s [25, 104]. Detection

schemes, reconstruction algorithms and transducers to utilize Lamb waves for these

applications have all been extensively investigated [86, 75].

In the 1990’s Hutchins, D.A. et al [40, 35, 41] and Nagata, Y. et al [64] were

among the first to apply Lamb waves to NDE using medical imaging and seismic

tomography techniques to both metallic and composite materials. Damage detection

by ultrasonic waves is achieved through the emission of Lamb waves and acquisition

of the response of the structure. A pulse-echo or pitch-catch scanning method is em-

ployed. The main applications are to beams and plates; since many aerospace systems

can be modeled as these basic structural components they are ideal candidates for

test specimens. Lamb waves are elastic, guided waves that propagate parallel to the

surface in thin structures with free boundaries. Plates are the best example however,

Lamb waves can also propagate in structures with a shallow curvature. The most

advantageous characteristics of these waves are their susceptibility to interferences

caused by damages or boundaries (the features of interest) and low amplitude loss.

When Lamb waves propagate they travel in one of two possible ways with respect

to the plate’s mid-plane. If the motion is symmetric about the mid-plane (the peaks

and troughs of the waves are in phase) then it is a symmetric mode and if the motion

is not symmetric (the peaks and troughs are 180 � out of phase) it is an anti-symmetric

mode. Figure 2.3 describes these modes looking from the side of a plate if the waves

are traveling left or right. An infinite number of modes exist, each mode is referred

to as an A mode or S mode if it is anti-symmetric or symmetric respectively, with

a subscript indicating its order. For example the lowest order/frequency symmetric

mode is referred to as an S0 mode while the second lowest order/frequency anti-
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symmetric mode is referred to as an A1 mode. Each mode exists at a di↵erent

frequency depending on the properties of the material. At lower frequency-thickness

values less modes exist. It is advantageous to operate in a frequency-thickness range

where only the S0 and A0 modes exist, which is generally below 1.5MHz-mm.

Figure 2.3: Symmetric S0 wave (top) and anti-symmetric A0 wave (bottom)

Numerous studies have been conducted to determine the optimal implementation

of Lamb waves. A0 and S0 modes are favored due to the fact that they have clearly

separated propagation velocities and can be generated without any other modes, as

higher frequency ranges would include these modes as well as higher modes. Studies

have shown that the S0 mode performs better for internal defects like delaminations

[27, 97, 79], while the A0 mode is more sensitive to surface damages. By studying

di↵erent configurations for sensor positioning, Su, Z. et al [85] concluded that mode

separation can be achieved and as a result, it is possible to enhance the desired mode.

Furthermore, when comparing the A0 with S0 mode, the latter presents a higher

propagation velocity and lower attenuation, which makes it preferable.

Other studies are based on the most adequate waveform to activate Lamb waves.

It has been determined that a narrow bandwidth signal with a finite number of peaks

is best for avoiding wave dispersion and control the actuation frequency. Wilcox, P.D.

et al [101] executed a deep study on this matter. Essentially, a balance between the

wave packet duration and stimulated frequency precision must be established. Rocha,

B. et al [78] concluded that a five peak sine burst modulated by a Hann window

provided a reasonable compromise between a short signal and clear actuation of the

desired frequency. Equation (2.1) describes the actuation signal.

f(t) = Asin(2⇡f
t

)sin

✓

2⇡f

10
t

◆

(2.1)

Various actuators have been investigated and applied to Lamb wave actuation
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and acquisition. Lead zirconate titanate (PZT) piezoelectric materials are the most

widely used for transducers. Various transducers are shown in Figure 2.4 with a

Canadian penny for reference (� = 19mm, t = 1.45mm). PZTs can be integrated

into structures, are lightweight, present a wide actuation frequency range, require

little power and can be manufactured in almost any conceivable shape and size.

Since PZTs are piezoelectric they mechanically deform when subjected to a voltage

di↵erential and conversely, produce a voltage di↵erential when deformed, allowing

them to act as both actuator and sensor making them ideal for SHM applications

[29, 72].

Figure 2.4: Various PZT transducers

Along with other properties PZTs are usually characterized by their strain con-

stants: d
ij

, where i is the polarization direction and j is the direction of strain. The

larger the value of d
ij

, the larger the strain for a given charge. For surface mounted

PZT disks, d31 is the most important as it represents the strain constant for polar-

ization along the PZT disk’s normal axis with strain in the disk’s plane direction.

Size and shape are also critical and must be selected in order to achieve optimal

results [103, 67]. Experiments and numerical simulations have been performed exten-

sively. Giurgiutiu, V et al [28] studied the relationship between PZT transducer size

and related actuation capacity. Mathematical and experimental results show that

depending on transducer size, there are particular actuation frequencies that allow

for the highest actuation amplitude possible. The durability of actuators and their

response under extreme conditions like high/cryogenic temperatures and large strains

have been investigated by researchers such as [9, 6].

Networks are a common technique for damage detection. They consist of groups

of transducers that act together to detect damage. They often use waves reflected o↵

damage to triangulate a location or construct a tomogram. Studies have been per-

formed on network optimization, such as Chakrabarty, K. et al [8]. The main objective

was to minimize a cost function that included coverage area and cost. Staszewski,
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W.J. et al [84] conducted optimization for a network, seeking the best positioning and

number of sensors for a direct wave analysis damage assessment. Other researchers

have based their selection on mode shapes [31] and eigenvalues [89] of the test spec-

imen as performance metrics. By numerical simulation on an aluminum structure,

Lee, B.C. et al [50] determined that the sensor should be placed near the damage

in order to detect it by analyzing the transmitted wave. In reality the damage loca-

tion is unknown and therefore the reflection wave is the best indicator with sensors

positioned near the border as the best arrangement.

Linear phased arrays are another technique used to detect damage. They consist

of a number of transducers aligned in a linear arrangement that actuate waves se-

quentially with a short time delay such that the waves combine to produce a wave

front that can be focused in a desired direction. The main advantage of this approach

is that because the wave front is produced by constructive interference from a number

of waves, it has a much greater magnitude than a single wave. The test specimen can

be scanned for damage (similar to radar) by sweeping the wave front. Bao, J. [4] et al

studied this approach in depth. By simulation and experiment with a phased array,

Bao was able to detect the location of a 19mm crack.

There is a plethora of techniques used to analyze Lamb wave signals. The raw

signal is acquired in the form of amplitude vs. time. Basic information such as wave

modes, propagation velocities and boundary reflections can be extracted from this

information with little processing. To obtain more information various processing

methods are used such as the signal root-mean-square (RMS) and energy density by

Hilbert transform. Still, further processing is necessary when comparing a baseline

signal to a damaged one. Usually, normalization and data shifting is necessary to

synchronize both responses. Michaels, J.E. et al [60] used both normalization and

data shifting during a four network damage detection experiment on an aluminum

plate. Using this approach and with sensors close to the damages created, 6.4mm

holes, were successfully detected.

Time reversal is also used for damage location. It involves emitting the inverse of

a sensed wave. Assuming that there is no damage present, the actuator (now acting

as a sensor) should receive a signal very similar to the one initially sent. Baseline

and damage comparison is not necessary. Sohn, H, et al [83] successfully applied this

method for delamination detection on a composite panel. On the delaminated plate,

the received signal mismatched the original created by the actuator. This approach

also focuses its search on the direct paths established between sensor and actuator.
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With this limitation only a relatively high density network or 1D specimen could be

used however, very small damages can be detected. Prada, C. et al [73] was able

to detect damages of 0.4mm on a 250mm diameter isotropic billet. Xu, B. et al

[105] concluded that single mode tuning is the best way to enable the time reversal

approach.

Mode separation and identification is the main reason for frequency domain anal-

ysis. Processing techniques include Fourier transform (FT), fast Fourier transform

(FFT) and two-dimensional FFT (2D-FFT). The latter is used for identifying dif-

ferent modes. Joint time frequency domain analysis can be achieved by short-time

Fourier transform, Wigner-Ville distribution (WVD) and wavelet transform (WT).

By these methods, analysis conjugate both time and frequency variation along the

timed response. The most commonly used is the WT. Kessler, S.S. et al [46] used

WT to extract information from tests on a carbon fiber composite strip with damage

in the form of a through hole, cracked matrix and delamination. Paget, C.A. et al

[70] conducted experimental impact tests on a composite panel. WT was used to

decompose the time-series data attained from the transducers. Relative coe�cients

changed accordingly from no damage to three increasing levels of impact energy pro-

viding useful information on damage assessment.

After signal acquisition and appropriate processing is performed, damage detec-

tion/location algorithms may be implemented. For networks, two algorithms are

commonly used: pitch-catch and pulse-echo. Pitch-catch is based on the detection

of the scattered wave caused by damage in the direct path between the actuator and

sensor. The simplest approach involves creating a su�ciently dense grid established

by numerous direct paths between every sensor pair available. Ihn, J.B. et al [38]

successfully tested this technique on an Airbus aircraft panel. Cracks starting at

4mm were detected. The pulse-echo technique relies on the fact that the reflection

produced by the damage can be retrieved by the sensors in the network. This ap-

proach requires a lesser number of transducers in comparison with pitch-catch. The

shortcomings are related to damping causing the reflected waves to decrease below

detectable level before reaching a sensor. Raghavan, A. et al [76] carried out tests for

damage location using a network. Holes starting at 5mm in diameter, were detected

and located. Rocha, B. et al [78] later detected through holes of 1mm in diameter

and slots 2mm long in an aluminum plate.

Tomography reconstruction is another technique that uses an array however, with

this technique the array surrounds the detection area in a circular or rectangular
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arrangement. One transducer actuates a wave while the others sense the wave, this

is repeated until each transducer has had a chance to actuate. A number of studies

have been conducted that use an array with tomography techniques to locate damage.

Hutchins, D.A., et al was one of the first to employ Lamb wave tomography to detect

damage [35, 41] however the technique required the part to be immersed in water.

Prasad, S.M. et al [74] were among the first to use surface bonded transducers on

composite materials to detect damage with Lamb wave tomography. Hay, T.R. et

al [34] demonstrated the use of this technique to detect simulated corrosion on an

aluminum plate. Velson, J.K. et al [94] demonstrated this technique on pipes thereby

verifying its ability to operate on a curved surface. Michaels, J.E. et al [59] and Yan,

F. et al [106] both investigated the use of a sparse network in order to reduce the

number of transducers required. Various damage metrics have been used to construct

tomograms. Time-of-flight and amplitude are the most commonly used however,

various researchers [34, 94, 58, 57] have studied the signal di↵erence coe�cient (SDC)

which is a statistical comparison between the damaged state and undamaged state.

More recently Moustafa, A. et al [61] used the fractal dimension based on a modified

box-counting algorithm.

2.4 Remaining Useful Life Prediction

Once a structure is put into a cyclic loading situation, a prediction of the remaining

useful life is highly beneficial so that the operator knows the optimal time to take

the structure out of service. Generally, life cycle predictions are made during the

design process and not during service. On the other hand research has been done on

detecting damage in real time (SHM). Little work however, has been done on bridging

the gap between fatigue life prediction and SHM [111].

Research into the detection of damage using embedded fiber optic sensors has been

performed by various researchers [49]. It appears that Doyle et al were among the

first to monitor the reduction in sti↵ness of composites during fatigue with an FBG

[17]. Many researchers attempt to characterize the change in the reflection spectrum

of an FBG to detect and measure the density of cracks based on the fact that a non-

uniform strain distribution along an FBG causes broadening of the reflected spectrum

[87, 20, 110, 88, 86]. Epaarachchi, J.A. et al [20] used FBG sensors that operate in

the near infrared region (⇠830nm) to investigate fatigue of [0/90]2S glass fiber woven

cloth/vinylester and concluded that this type of FBG responds the same as those in
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the 1550nm range. Takeda, N. et al [87] attempted to correlate crack density with

broadening of FBG spectrum using a theoretical model for crack density. Yashiro, S.

et al [110] proposed a numerical approach to correlate the reflection spectrum of the

embedded FBG sensor to damage. The approach consists of two parts; first the finite

element method was used to predict the damage induced strain distribution in the

FBG gage region then a numerical model was used to predict the change in the FBG

reflection spectrum due to this strain distribution. Takeda, N. et al [88] proposed a

method of addressing multiple damages near a stress concentration by a technique

based on a layer-wise finite element analysis with cohesive elements for various cracks.

The estimation procedure is based on the mathematical optimization as an inverse

problem, not using an extensive database (e.g. experimental results).

On the other side of the problem, a considerable amount of research has been

devoted to fatigue prediction modeling. In the past, researchers have shown that S-

N curves (stress range vs. number of cycles) of unidirectional FRP composites have

virtually no clear threshold stress level as established in metals. Hence, life prediction

models based on S-N curves of unidirectional FRP composites may not be applicable

for FRP composite materials [56]. It is recognized that a certain threshold level of

strain in resin does exist for indefinite fatigue life however, it is very low, around

5-10% of the ultimate strain of the composite material [65].

The field of fatigue life modeling of composite materials is very extensive. The

topic has been under research for over forty years and there is still no widely accepted

model applicable to all situations that most engineers agree upon. Many excellent

references that cover a variety of available models exist such as [33, 90, 14] among

others.

Fatigue prediction models can be classified into three types: fatigue life models

that do not take into account degradation mechanisms instead use S-N curves, phe-

nomenological models for residual sti↵ness/strength and progressive damage models

[14]. The first type is referred to as fatigue life models. They extract information from

S-N curves and propose a failure criteria. They do not take into account the accu-

mulation of damage; only predict the number of cycles to fatigue failure under given

loading conditions. The second type, phenomenological models, attempt to describe

the evolution of the strength or sti↵ness of the material. These are not classified as

progressive damage models as they predict strength and sti↵ness based on macroscop-

ically observable properties rather than actual damage mechanisms. The last type,

progressive damage models, attempt to describe the deterioration of properties based
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on underlying damage mechanisms that lead to macroscopically observable results. A

subcategory of fatigue models referred to as cumulative damage models use the above

three models to sum various damage or fatigue conditions to predict the remaining

life.

One of the first fatigue life models was proposed by Hashin and Rotem [80] as:
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and ⌧u are the ultimate tensile, transverse tensile and

shear stress, respectively. Because the ultimate strengths are functions of the fatigue

stress level, stress ratio and number of cycles, the criterion is expressed in terms of

three S-N curves that are determined experimentally. The criteria are only valid for

laminates with unidirectional plies.

Much research was done on phenomenological models to predict the sti↵ness degra-

dation of composites by Whitworth, H.A. et al [100, 98], and Yang, X.W. et al [107].

Along these lines, Hwang, W. and Han, K.S. introduced the fatigue modulus

concept [37]. The fatigue modulus concept is described as the slope of applied stress

and resultant strain at a specific cycle. The degradation rate of the modulus is

assumed to follow a power function:
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where F is the fatigue modulus, n is the number of cycles and A and c are material

constants. They assume that the applied stress �
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, respectively. The strain life, N can be calculated by

integrating (2.3) from n1 = 0 to n2 = N and introducing the strain failure criteria,

which states that failure occurs when the fatigue strain reaches the ultimate static

strain to obtain: N = [B(1 � r)]1/c, where B = F0/A and r = �
a
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is the ratio of

applied cyclic stress to ultimate static stress where c is a material constant.

Hwang, W. and Han, K.S. [36] also proposed three cumulative damage models

based on the fatigue modulus. Lee, L.J. et al [51] used a sti↵ness degradation model

to predict failure.

Whitworth, H.A. used the residual sti↵ness model to propose a cumulative damage
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model [99]. In this model the damage function is defined as:

D =
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where S = S/R(0) is the normalized applied stress range (R(0) is the ultimate

strength and S is the applied stress range) and a and H are parameters. When

D = 0 no cycles have been applied and when D = 1 failure has occurred. This

model degenerates into the Miner damage model when a becomes unity, i.e. when

the sti↵ness degrades linearly until failure.

This model has been extended to predict the remaining life of specimens subject to

variable amplitude loading. Whitworth, H.A. used the variable amplitude approach

to convert a number of cycles at a particular stress to a number of cycles at a reference

stress. These stress values are summed and when the values equal one, failure occurs.

Initially, researchers tried to apply the Palmgren-Miner (aka: Miner) damage

model to composite materials as a cumulative damage technique however, this ap-

proach was not successful. The main reasons the Palmgren-Miner rule is not adaptable

to fiber reinforced composites are the diversification of the fatigue damage, the non-

uniformity of the damage development and the non-elastic behavior of composites

during cyclic loading. At present, a cumulative damage model to accurately predict

the development of each damage type has not been developed [108].

The aforementioned models take factors such as stress, strain, sti↵ness and num-

ber of cycles and develop abstract material properties to develop a formulation. Other

researchers have investigated other properties as an indication of fatigue. Dharan,

C.K.H. et al [16] has proposed to use the hysteresis per loading cycle as a more sen-

sitive measure of damage in composites subjected to cyclic loading. Hysteresis that

results from the phase lag between stress and strain, has been employed to provide

a qualitative assessment of damage in composites. Various geometric features of the

hysteresis loop have been used empirically as damage parameters. Van Paepegem,

W. et al [93] proposed the degradation of the Poisson ratio as a damage parameter.

The evolution of the Poisson ratio and longitudinal strain is monitored over time.

Experimental results have shown that this is a reliable indicator of degradation how-

ever, this is not easily applied in practice, as it is di�cult to di↵erentiate between the

Poisson e↵ect and transverse loading.
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Chapter 3

Summary of Contributions

The contributions of this dissertation are contained in the four journal manuscripts

included in Appendix A through D. A summary of the main contributions and their

relevance to the overall objective is presented below in a logical progression of the life

of a composite structure from manufacture to service to failure. The contributions

are organized according to their relevant areas rather than in the manuscript they

were presented in order to give a broad picture.

3.1 Process Monitoring

This section summarizes the contributions made in the area of process monitoring

and e↵ectively summarizes the work and outcome of the manuscripts presented in

Appendices A and B. The objectives of this section are to enhance the processing

stage by employing a combination of embedded fiber Bragg grating sensors (FBG)

and etched fiber sensors (EFS) multiplexed on a single optical fiber. The embedded

fiber optic sensors will detect the presence of resin during the injection stage of the

resin transfer molding process and subsequently monitor the degree of cure. To do

this a number of tasks were carried out before any process monitoring experiments

could be performed. The primary tasks are listed below:

• Design and build an experimental RTM apparatus with the ability to visually

characterize the flow of resin during injection.

• Develop a suitable technique for embedding optical fiber into structures pro-

duced in the aforementioned RTM apparatus.
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• Develop an etched fiber sensor that is robust enough to be embedded in the

RTM process and multiplexed with fiber Bragg gratings.

• Employ multiplexed EFS and FBG sensors for flow detection in both quasi-2D

and 3D RTM’d structures.

• Employ these sensors for cure monitoring of structures produced in the RTM

apparatus

3.1.1 Experimental RTM Apparatus

To produce RTM’d composite structures with embedded fiber optics, a sophisticated

laboratory-scale apparatus was designed and built. The apparatus has the flexibility

of accommodating di↵erent mold designs and thicknesses, with the feature of a glass

view-port to allow for visual monitoring of resin flow during the injection process. It

has been tested by producing composite parts with di↵erent geometries such as flat

panels, hollow and foam cored square and semicircular tubes made from various types

of reinforcements.

The general layout of the experimental apparatus is shown in Figure 3.1. The

apparatus can be separated into seven separate components: the injection system,

injection valve, mold, manipulating/clamping fixture, catch-pot, vacuum pump and

temperature controller. It can be described as a clamshell system with the mold

mounted on it. For a mold to be used with this apparatus it must have an area

within 533mm x 850mm. Any thickness is possible with minor modifications to the

clamping system.

   

Figure 3.1: Layout and schematic of RTM apparatus
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3.1.2 Fiber Optic Ingress/Egress

Fiber optic ingress/egress is one of the most important issues for the application of

embedded fiber optic sensors in real composite components [30]. It has been addressed

by various researchers [91, 45, 30] however, little information on ingress/egress with

RTM is available in the literature. The closed nature of the RTM process as well as the

extremely fragile nature of optical fiber makes the ingress/egress of FBG sensors into

the mold a challenge. Sealing issues also arise due to the extremely small diameter

of the optical fiber.

When optical fiber is embedded with the in-plane method, the ingress/egress

point of the optical fiber is located at the edge of the composite. This eliminates

the possibility of trimming the outer edges of the composite to size, a very common

practice in the industry. To remove a composite part from a mold it must be removed

normal to the mold, therefore the embedded fibers must enter and exit through the

mold so that upon removal, the fibers are not severed. A novel through thickness

ingress/egress method has been developed, which can overcome the limitations of the

in-plane method and be applied to closed mold processes such as RTM.

A method to achieve a through thickness ingress/egress that is suitable to pressur-

ized injection molding such as RTM has been developed. Two major obstacles were

overcome when developing this technique: sealing the optical fiber and protecting the

fiber as it entered the mold.

Optical fiber is quite delicate and must maintain a minimum bend radius before

it fractures. When a through thickness fiber ingress technique is used, the fiber sees

an abrupt 90� bend as it travels through the mold and into the thin composite part

as shown in Figure 3.2a. This is inherent to any through thickness ingress/egress

technique.

To protect the fiber with minimal disturbance to the composite material a thin

hypodermic tube is placed around the fiber. This protects the fiber through the

radius of the bend as well as reinforces it at the ingress/egress point once the part is

removed from the mold. As one would imagine it is di�cult to seal around something

as small as an optical fiber having an outer diameter of 250µm without permanently

caulking or bonding the fiber into the mold. A tapered silicone stopper was used to

seal around the hypodermic tube as shown in Figure 3.2b. A custom fitting is used

to keep the stopper and fiber in place.

The novelty of this technique lies in the use of the tapered silicon stopper and
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Figure 3.2: a) Through thickness ingress/egress arrangement (left) and b) schematic
of fiber sealing (right)

custom fitting. One technique briefly reported by Kosaka, T. et al [48] involves the use

of a plastic plug that seals the fiber into the mold and remains bonded to the surface

of the composite once it is demolded. The detraction of this technique is that the

plastic can become debonded from the composite while in service thereby severing the

fiber and rendering the system useless. Also, the fiber must be sealed to the plastic,

likely with a sealant that requires time to cure and cannot be removed or adjusted

if required. The technique developed and described here overcomes these detractions

by using a tapered silicon stopper that applies radial pressure to the hypodermic

tube as it is fit into the cavity in the mold, thereby sealing it instantly without any

sealant. This allows the fiber to be adjusted at any point prior to injection. Since the

stopper is silicon, it is easily removed after molding. This technique can be applied

to a mold of any thickness over 10mm by simply adjusting the length of the fitting.

This modularity comes in useful considering the wide variation of RTM molds. The

fitting also allows the injection pressure to be quite high since it is threaded into the

mold, making this technique applicable to higher-pressure injection techniques such

as SRIM and thermoplastic injections.

3.1.3 Development of Etched Fiber Sensor

A novel variation of the basic etched fiber sensor is used in this study. This variation

involves looping the fiber to create a bend in the etched portion of the fiber. This

is done to allow more light to escape from the sensor while still leaving some of the

cladding to physically protect it. This variation is a more robust version of the sensor

that is easier to handle and implement. Another benefit of looping the fiber is that

the sensitivity can be tuned by adjusting the radius of the loop. As the radius of
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the loop increases the amount of transmitted light increases. This option is desirable

when multiple sensors are used on a single strand of fiber and minimum light loss is

desired so that all sensors can make readings. Figure 3.3a shows the sensor with a

Canadian quarter for reference (� = 23.81mm); note the etched section in the upper

right portion of the loop.

 
 

Figure 3.3: a) Looped etched fiber sensor (left) and b) etching jig (right)

The sensors are made by exposing the cladding to a 48% room temperature hy-

drofluoric (HF) acid solution for a specified amount of time. Since the fibers are to be

embedded into an epoxy matrix composite material, polyimide coated fibers are used

because they don’t react with epoxy. A small section of polyimide coating (the length

of the desired etching) is removed from the fiber, usually 3-5mm long. The fiber is

placed in a Teflon jig and held in place by melted wax. The Teflon jig has a 3mm

diameter spot face that is roughly 5mm deep with a 1mm wide, 1mm deep groove

that runs along the surface and over the spot face. Teflon is used for the jig because

it does not react with HF. The fiber is placed in the groove and the section with the

coating removed is aligned over the spot face. Wax is melted and dripped over the

fiber to hold it in place in the jig. Once secured in the jig a few drops of HF are placed

in the spot face ensuring that the HF is fully surrounding the fiber. The HF is kept in

contact with the fiber until the desired amount of cladding is removed. Once etched,

the wax is melted and the sensor may be easily removed from the jig. Figure 3.3b

shows the fibers positioned in the jig. At this point the sensor is extremely delicate

and easily broken.

3.1.4 Flow Monitoring

Flow monitoring experiments were performed during the resin transfer molding pro-

cess on two di↵erent specimens: a quasi-2D panel and 3D semicircular tube. The
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general procedure was similar for both specimens and involved embedding the optical

fiber in the mold, closing it and injecting the resin. The optical fiber was connected

to a photo-detector and measurements were logged throughout the injection process.

The first experiment was performed on a quasi-2D panel. An optical fiber contain-

ing three EFS sensors (EFS#1,2,3) and two FBG sensors (FBG#1,2) was embedded

into the mold on the upper ply of the laminate; the mold was closed and the resin was

injected. Etched fiber sensor readings were recorded with a photo-detector and data

logger while the FBGs were manually observed with an optical spectrum analyzer

(OSA). A simple circuit was used to interrogate the sensors as shown in Figure 3.4a.

A broad band light source (BBS) was connected to one end of the optical fiber, the

fiber ran through the mold, a 50:50 coupler was connected to the other end of the

fiber with one branch of the coupler going to the photo-diode and the other to the

OSA.

   

Figure 3.4: a) Interrogation system (left) and b) sensors in RTM prior to injection
(right)

Figure 3.4a shows the sensors through the glass viewing window prior to injection,

while Figure 3.4b shows the locations of the sensors in the mold. Figure 3.5a shows

the resin approaching EFS#1 while Figure 3.5b shows the resin just after the sensor

is saturated and the transmitted light intensity is reduced. This occurs roughly 2.4

minutes into the injection. Figure 3.5c shows the whole mold midway through the

injection.

Figure 3.6 shows a plot of the photo-diode voltage output vs. injection time. It

can clearly be seen that as the resin reaches the first sensor at roughly 2.4 minutes

there is a sharp and sustained drop in the transmitted light. Another drop occurs

at roughly 7.7 minutes when the resin reaches the second sensor and again at 12.2

minutes when the resin reaches the third sensor. Once the mold was saturated and the

injection complete, the light source was turned o↵ to ensure that the readings could
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Figure 3.5: CW from top left: a) resin approaching sensor, b) resin just after con-
tacting sensor, c) mold midway through injection

be di↵erentiated from a change in minimal transmitted light and no transmitted light.

When the light source was o↵, the photo-diode output was zero. The light source

was turned back on and the transmitted light intensity was the same as before it

was turned o↵, therefore indicating that light was indeed being transmitted. During

this time the FBG sensors were manually observed with the OSA to ensure that

they were still functional. Due to the arrangement of the sensors on the fiber (FBG

before EFS) no change in power was noticed when resin contacted the EFS sensors

therefore demonstrating that the EFS do not e↵ect the FBG sensors as long as they

are situated after the FBGs on the fiber. The FBG output is not included here

however this technique has been thoroughly researched by others such as Novo, C. et

al [68] and Eum, S. et al [21, 22].

Figure 3.6: Photo-diode output vs. injection time for panel

To demonstrate the versatility and applicability of these sensors to more realistic
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structures, an optical fiber containing two EFS sensors was embedded in a hollow

tube with a 3D semicircle cross section using the aforementioned RTM apparatus.

The sensors were embedded between the fourth and fifth layers on the curved surface

of the semicircle. The flat side of the semicircle is visible through the viewing window

however the curved surface is not. Due to the relatively small radius of the tube

and uniform resin flow it can be assumed with a high level of confidence that the

resin is in contact with the sensors and their output can be verified. This is a more

realistic experiment for these sensors since the majority of industrial molds are not

translucent.

Figure 3.7: Semicircular tube with embedded fiber optic sensors

The sensors were interrogated in a manner similar to that shown in Figure 3.4.

Figure 3.7 shows the specimen with the embedded sensors visible. Figure 3.8 shows

the resin arrival at the first and second EFS at roughly 2.9 and 4.0 minutes respec-

tively.

Figure 3.8: Plot of photo-diode output vs. injection time for tube
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3.1.5 Cure Monitoring

As described in more detail in Appendix 2, several experiments for cure monitoring of

RTM’d composite plates were performed using both FBG and etched fiber sensors. A

number of experiments were conducted in the aforementioned RTM apparatus: three

with FBG sensors and one with EFS sensors. Each used a laminate composed of nine

layers of biaxial glass fiber reinforcement and epoxy resin. The Bragg wavelength shift

of the FBG sensor was monitored by a Micron Optics interrogator, model sm230 and

the transmitted light intensity of the EFS was monitored with a photo-detector.

Experiments with the FBG sensors were conducted first. FBGs were positioned

between the fourth and fifth plys for the first two experiments and between the seventh

and eighth plys for the third experiment. The first two experiments utilized a single

FBG while the third utilized three multiplexed on a single fiber. Figure 3.9 shows

the Bragg wavelength vs. time for the embedded FBGs during each experiment.

Figure 3.9: CW from top left: Bragg wavelength vs. time during injection and cure
of RTM process: a) first, b) second and c) third experiments)

In the first experiment, room temperature resin was injected at roughly 30�C.

The first sudden drop in Bragg wavelength in Figure 3.9a is due to the arrival of

room temperature resin at the FBG sensor. Subsequently, the mold is heated to

cure temperature of 50�C, resulting in an increase of the Bragg wavelength. The

fluctuations in Figure 3.9a correspond to a region where the temperature of the mold

was set to the cure temperature. Since the cure process is exothermic, the released
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heat further increases the shift in Bragg wavelength. As the energy release rate of the

exothermic process diminishes, the water cooling system in the RTMmold attempts to

bring the temperature to the preset cure temperature. This is observed as a decrease

in the Bragg wavelength. Given the presence of the residual stress build-up (due

to various e↵ects such as thermal gradients, shrinkage, and di↵erentials in thermal

expansion coe�cients) in the composite, the Bragg wavelength does not return to

its original value. This case is much more obvious in Figure 3.9c because the FBG

sensor was positioned on the seventh ply (o↵-neutral axis). The closer the sensor is to

the neutral axis the less strain e↵ect it experiences. As the polymerization reaction

nears completion, the shift in Bragg wavelength levels o↵. The region marked with

two vertical lines corresponds to the curing of the epoxy system. In the second and

third experiments, the resin was injected into a mold heated to 50�C. A drop in the

wavelength was observed upon arrival of the resin to the FBG sensor. As the resin

gradually reaches the cure temperature the center wavelength of the FBG sensors

increases. The horizontal line in Figure 3.9b indicates the preset mold temperature.

Regardless of experimental conditions the tendency of wavelength versus processing

time is identical, thereby implying the e↵ectiveness of FBG sensors for cure monitoring

for RTM composites.

Experiments were also conducted to investigate the e↵ectiveness of etched sensors

for cure monitoring in an operational RTM processing system. Three etched sensors

multiplexed on a length of bare optical fiber were embedded between the fifth and

sixth plies of the laminate in the RTM mold. The sensors were monitored during the

resin injection process and throughout the curing process. The first etched sensor

was located near the mold inlet, the second in the middle of the mold and the last

was positioned towards the outlet port. In the same experiment, an FBG sensor was

placed between the same fiber layers in the middle of the mold.

The EFS sensors were recorded throughout the injection and cure of the resin.

Figure 3.10 shows a plot of transmitted light intensity vs. time during cure. It

can be seen that there is a steady drop from roughly 7 to 11 hours when the resin

completely cures. After eleven hours the output remains relatively steady indicating

that the resin has reached full cure. These results correspond with those from the

FBG sensor.

To validate the cure monitoring abilities of the sensors investigated, polymer ex-

traction experiments were performed to determine the degree of cure as a function

of process time. Several samples of the epoxy resin system were prepared and cast



33

Figure 3.10: Etched fiber sensor data recorded throughout the RTM process

in a Teflon mold. The samples were cured at 50�C for various durations between 2

and 14 hours. The sample was removed from the mold, its mass was measured and

placed in a solution of tetrahydrofuran solvent. The solvent removes the uncured

epoxy resin over a period of 24 hours leaving the fully cured part behind. After re-

moving the remaining sample from the solution it was dried in an oven and the final

mass measured to determine the percentage of cure. The results of the extraction

experiments are shown in Figure 3.11. It can be concluded that this specific epoxy

resin system completes its cure period under these conditions in 12-14 hours. This

result is consistent with the data obtained with the optical sensors.

Figure 3.11: Degree of cure as a function of time

3.2 Structural Health Monitoring

Once a composite structure goes through the processing phase described above, it

is put into service. During this time damage may occur that the operator must

have knowledge of in order to safely operate the structure. The primary objective of

this section is to develop an integral structural health monitoring system to detect

the presence and location of damage in a structure using a network of piezoelectric
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transducers based on tomography. Advancements and contributions are made to the

current state of the art of these systems by introducing a novel network configuration

that can be expanded to cover larger areas and a detection algorithm that incorporates

trends in data that indicate the presence of damage.

3.2.1 Hex Network

The technique developed in this research aims to provide a practical, modular network

that is reasonably sparse and can be expanded to cover a large area. Generally,

tomography requires a dense network of transducers that cannot be easily expanded

to cover a larger inspection area. The proposed technique makes use of a reasonably

sparse hexagonal network, which is modular in the sense that it uses a unit cell that

can be repeated to expand the network to cover a large inspection area. The unit

cell consists of 12 transducers arranged in a hexagonal pattern as in Figure 3.12a.

The network can be expanded by simply increasing the number of unit cells as shown

in Figure 3.12b. A further benefit is that two unit cells can share three transducers

which means that another unit cell only requires nine new transducers.

Lead zirconate titanate (PZT) transducers were selected for this application be-

cause they can act as both an actuator and a sensor. Inspection begins by actuating

one transducer to send Lamb waves through the material and recording the signals

with the remaining transducers. This is then repeated 11 times such that each trans-

ducer acts as an actuator once. Since there is one actuator and 11 sensors, there are

11 actuator-sensor pairs per transducer with direct paths between them as shown in

Figure 3.12a.

Figure 3.12: a) Hexagonal network showing actuator-sensor paths from transducer
A (left) and b) expansion of a single unit cell (right)
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3.2.2 Damage Location Algorithm

Once data is collected in undamaged and various damaged states, a technique must

be implemented to locate the damage. Various techniques have been developed; each

relies on a di↵erence between the damaged and undamaged state. Such techniques

include: delay-and-sum beam-forming [95], the time-di↵erence-of-arrival method [58],

the energy arrival method [59] and the filtered back-projection method [34].

The algorithm selected for this research was the reconstruction algorithm for prob-

abilistic inspection of damage (RAPID) [26]. It was developed for networks based on

8-16 transducers, has inherently good signal-to-mean-noise ratios [57], can accept

various input parameters and produce reasonably accurate results [34].

Changes in the transmitted Lamb wave signal are related to a change in the

material properties between two sensors. The probability of defect presence at a

certain point can be reconstructed from the severity of the signal change and its

relative position to the actuator/sensor pair [26]. The RAPID algorithm is based

on two assumptions: i) all e↵ects from every possible actuator/sensor pair can be

expressed as a linear summation across the entire inspection region, ii) information

from a specific actuator/sensor pair contribute to the defect distribution estimation

of a sub-region is the vicinity of the path between the pair.

Equation (3.1) describes the RAPID algorithm:
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where P (x, y) is the probability of the existence of a defect at position (x, y), the

Cartesian coordinate of a point in the inspection area, A
k

is the damage metric as

described below, � is a scaling factor that defines the sub-region the actuator/sensor

pair has an e↵ect on (essentially an ellipse with the actuator and sensor at its foci)

and R(x, y) is described in Equation 3.2 as:

R(x, y, x1k, y1k, x2k, y2k) =

p

(x� x1k)2 + (y � y1k)2 +
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(3.2)

where (x1k, y1k) is the Cartesian coordinate of the actuator and (x2k, y2k) is the Carte-

sian coordinate of the sensor.

A
k

is a damage metric that is extracted from the Lamb wave signals. It can be
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based on various phenomenon such as a reduction in transmitted power, reduction in

magnitude of waves or delay in arrival time. More recently Moustafa, A. et al [61]

used the fractal dimension with a modified box-counting algorithm however, the most

commonly used metric is the signal di↵erence coe�cient (SDC) used by [34, 94, 106]

among others. This metric will be used as a baseline to compare results with the

proposed algorithm. The signal di↵erence coe�cient between two data sets is defined

as:

SDC = 1� |⇢
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| (3.3)
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and S is the total number of samples, a
i

and b
i

are the initial data and damaged data

at sample i, respectively and µ
a

and µ
b

are the arithmetic mean value of the initial

data set and damaged data set, respectively.

Most damage detection systems rely solely on detecting damage as it occurs, ie.

by comparing the change in the damaged state with the undamaged state. In reality

however, damage often begins as a small flaw that slowly increases in size while in

service. As the damage grows, information can be collected that can be used to

locate the damage before it is large enough to be detected by algorithms without

this information. In this work, a novel technique is developed that incorporates

information from the damage progression into the RAPID algorithm to increase the

e↵ectiveness and enable its use in sparse networks where it may otherwise not be

applicable.

To incorporate damage progression information, the magnitude of power from the

transmitted Lamb waves is compared with that from the previous state (the previous

hole size in the case of this study). If the power is less there is the possibility that

either damage is progressing in that path or external noise has caused a decrease in

the signal. A history of the progression is recorded and if the power consistently drops

for a particular path the probability of damage in that location is multiplied by an

amplification factor. This is done in order to di↵erentiate between noise and damage

progression. Naturally, the initial damage states will not accurately show a damage

progression however, as the trend continues across more damage states the accuracy

of the prediction increases and the results become more reliable.
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3.2.3 Experimental Investigation

To investigate the potential of the proposed network, experiments were conducted on

a composite panel with a single unit cell of 12 transducers arranged in a hexagonal

pattern as in Figure 3.12a. Reference data was collected while the material was in

pristine condition and again with incrementally greater induced damage in the form

of a through hole. The data was processed using the RAPID algorithm in order to

determine the location of the damage.

A 420mm x 420mm panel, composed of eight plys of 139gsm, unidirectional T700

carbon fiber with West System 105/206 epoxy was laminated in a [0/90/±45]
S

orien-

tation to produce a 1.23mm thick quasi-isotropic composite. A jig was machined to

locate and bond 12, 1mm thick, 7.56mm diameter PZT transducers to the panel in

a 75mm circumradius hexagonal array. The panel and network are shown in Figure

3.13a, while a close up of the network showing the damage location is shown in Figure

3.13b. Each transducer was assigned a letter as indicated in Figures 3.12 and 3.13.

The coordinates of the transducers are: A: (247.50, 274.95), B: (210.00, 274.95), C:

(172.50, 274.95), D: (153.75, 242.48), E: (135.00, 210.00), F : (153.75, 177.53), G:

(172.50, 145.05), H: (210.00, 145.05), I: (247.50, 145.05), J : (266.25, 177.53), K:

(285.00, 210.00) and L: (266.25, 242.48) in mm from the lower left corner. Damage

was induced at: (228.75, 241.85).

Figure 3.13: a) Composite panel with hex network (left), b) hex network with induced
damage (right)

A National Instruments NI PXI-5421 arbitrary waveform generator was used to

generate a signal while a NI PXI-5105 digitizer/oscilloscope was used to acquire the

signal. Both units were installed in a NI PXI-1033 chassis and controlled with a

custom National Instruments LabView program. A model A-303 amplifier from A.A.

Labs was used to amplify the generated signal.
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An actuation signal consisting of a sine wave with five peaks modulated by a

Hann window was employed. An amplitude of ±8V was produced by the wave-

form generator and amplified by a factor of 20 before it was sent to the actuator

resulting in a maximum amplitude of ±160V . The actuation frequency was selected

based on a number of criteria. In order to only actuate the S0 and A0 modes, the

frequency-thickness product was kept below 1.5MHz-mm. A frequency scan from

100kHz to 400kHz was performed to determine the frequency that maintained the

greatest transmitted amplitude. It was found that the frequency range of 260-270kHz

transmitted the greatest amplitude, therefore 265kHz was used for the experiments.

With these properties selected, the waveform generator was programed to output

the actuation signal at 100MHz. Data was acquired at 60MHz for 30x103 samples

(500µs). An ASCII text file was written after each run and saved for data processing.

Once the aforementioned experimental apparatus was setup, a number of exper-

iments were performed with various damage conditions. Each experiment consists

of actuating one transducer and sensing the other 11, then actuating the adjacent

transducer and sensing the remaining 11. This process is repeated until all 12 trans-

ducers have actuated the system once. At this point the hole size is increased and

the process is repeated.

Initially, the experiment was conducted on the panel in pristine condition before

damage was inflicted in the form of a hole drilled through the panel at a location such

that it intersected the paths between PZT pairs A-G and C-K as shown in Figure

3.13b. The initial diameter of the hole was 1.59mm, which was increased to 2.38mm,

3.18mm, 4.00mm, 4.76mm and finally 6.35mm.

The main objective of this work is to develop a modular sparse network. To

achieve this, an algorithm that uses damage progression information is introduced.

With this algorithm, two damage metrics were implemented. The first is based on the

SDC in order to investigate the e↵ects of the proposed algorithm on a conventional

metric. The second damage metric is based on the transmitted power of the signal

from an FFT analysis. For both metrics, a comparison between the results with and

without the damage progression algorithm is made to asses the e↵ectiveness. A third

case was also considered that neglected information from every second sensor, essen-

tially creating a more sparse network of six transducers. This did not produce any

reasonable results therefore implying that a minimum of 12 transducers are required

in this situation.

Figure 3.14a presents an example of the received S0 and A0 waveforms actuated by
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Figure 3.14: a) Recieved Lamb wave signals at all seven damage states along path
A-G (left) and b) close up of A0 wave (right)

transducer A and received by transducer G. All damage states are plotted together

on the same chart with their peaks marked with an asterisk (⇤). Figure 3.14b shows

a close up of the A0 peak; a consistent decrease in amplitude due to damage is clearly

seen. Signals like these from all paths are processed to determine if a decreasing trend

exists.

To bench mark the results, the SDC was calculated for each actuator-sensor path

and implemented in the RAPID algorithm. A contour plot indicating the probability

of damage is presented in Figure 3.15a. The damage location is indicated with the

yellow cross and circle. With this information no damage could be detected. This

is reasonable according to Michaels, J.E. [57] who reported that the technique was

not highly e↵ective on large, sparse arrays. The aforementioned damage progression

information was also implemented with the SDC metric. The results are shown in

Figure 3.15b. While the algorithm was not able to detect the exact location of the

damage it did locate a region close to the general location of the damage therefore

showing a marked increase.

In the second implementation, the transmitted power was used as the damage

metric. An FFT analysis was performed on data from every actuator-sensor path to

extract the magnitude of transmitted power. The RAPID algorithm was implemented

and the results are shown in Figure 3.16a. At this point the algorithm has located

three possible damage locations compared to zero locations with the SDC metric.

The algorithm was implemented with the damage progression information as shown

in Figure 3.16b. With this information the algorithm has located a small region of

damage roughly the same size within a 12mm radius. While these results are not
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Figure 3.15: a) SDC results with no damage progression factor (left) and b) SDC
results with a damage progression factor of 1.10 (right) *Damage location indicated
by yellow cross, colorbar indicating value of P from equation (3.1)

highly accurate they do demonstrate that the use of information from the damage

progression does increase the probability of damage detection and allows a large,

sparse network to be used.

Figure 3.16: a) Power amplitude results with no damage progression factor (left) and
b) Power amplitude results with a damage progression factor of 1.10 (right) *Damage
location indicated by yellow cross, colorbar indicating value of P from equation (3.1)

3.3 Prediction of Remaining Useful Life

While in service, various levels of loading occur that cause the structural integrity of

a composite structure to degrade. Accurate knowledge of these loads and a prediction

of the remaining useful life of the structure is highly useful for the operator in terms of

safety and e�ciency. The primary objective of this section is to develop a technique to

predict the remaining useful life of a composite structure under fatigue loading based

on information gathered from embedded fiber optic sensors. The technique will use
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the previous loading history of the structure to calculate the remaining useful life on

a cycle-by-cycle basis to give an estimate of the number of remaining cycles to failure

before it must be taken out of service.

3.3.1 Theoretical Development

The relevant data collected from an FBG is in the form of strain and number of

cycles. The sti↵ness of composite materials under fatigue loading gradually decreases

over time. This means that the modulus of elasticity is not constant, it is a function

of the load history and the stress-strain relationship (Hooke’s law) can no longer be

applied to extract the magnitude of stress from strain. Therefore, a suitable model

cannot use stress as an input, it must use strain.

A promising method of predicting the remaining useful life using only strain was

developed by Natarajan, V. et al [65]. The method relies on the strain energy release

rate and takes advantage of the fact that it is linear throughout Stage II, 20%-95%

as shown in Figure 3.17. It follows a similar approach to the fatigue modulus concept

proposed by Hwang, W. et al [37]. An example of the progression of the release of

strain energy from a composite during fatigue is shown in Figure 3.17.

Figure 3.17: Expended strain energy during fatigue loading

To apply this model, the material must be characterized to obtain a relationship

between applied strain, ultimate strain and the energy release rate. The method

assumes that there is a specific amount of strain energy in the material that is released

before it enters Stage III, 95%-100% as shown in Figure 3.17, at which point it is past

its useful life. The strain energy can be determined before fatigue loading and used to

predict the number of cycles to failure. This method can be employed as a cumulative

model if the energy is summed over each cycle. In this research it is proposed to use

this method to calculate the released energy on a per-cycle basis using strain data
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obtained from embedded FBGs to predict the remaining life. The complete derivation

of this method is presented in [65]. An abbreviated version is presented here along

with a modification so it can be applied to FBG acquired strain/cycle data.

The variation of expended energy can be described as:

dU
j

dN
j

= f("
m

, "
sr

, U
j

, C
t

) (3.5)

where U
j

is the expended energy, N
j

is the load cycle, "
m

is the mean strain, "
sr

is

the strain range, C
t

is the composite type. Equation (3.5) can be written in terms of

the number of cycles:

N
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where U0 is the initial strain energy prior to fatigue initiation and:

U
j
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where the function: g("
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and rearranging (3.8):
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The right hand side of Equation (3.9) must be evaluated for "
m

, "
sr

keeping the

other parameters constant.

The energy release rate: dU
j

/dN
j

(the rate of energy expended per load cycle) is

linear throughout Stage II, therefore the energy release rate for the material at various

strain levels can be determined experimentally. The function: f("
m

, "
sr

, U
j

, C
t

) can

then be determined by plotting the variation of the energy release rates with maximum

induced strain.

The data obtained during fatigue loading should be load and deflection. This data

is then used to calculate the strain energy, U
n

at any cycle: U
n

= Pn�n
2 , where P

n

is
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the load at n cycle and �
n

is the deflection a n cycle.

The amount of energy released at 90% of the life cycle (when the material enters

Stage III) compared to the initial amount of energy changes based on the ratio:

r = U
f

/U0. Failure is assumed to occur at this point as the material is no longer

intact and dangerously close to catastrophic failure, therefore: N
f

= N90% = 0.9N
ult

.

The slope of Stage II is the expended energy per cycle or the energy release rate:

dU/dN . This can be obtained for each specimen by performing a regression analysis of

the expended energy data in Stage II. The energy release rate is found to be constant

and is characteristic of the constitutive material under similar loading conditions and

increases with an increase in induced strain.

Experimental data of the variation in energy release rates with normalized maxi-

mum induced strain is fit to a power law:

dU

dN
= a

✓

"
max

"
ult

◆

b

(3.10)

where "
max

is the maximum induced strain of the material, "
ult

is the ultimate static

strain of the material (assumed to remain constant throughout the lifetime) and a

and b are fatigue coe�cients.

Since the coe�cients a and b are invariant for a particular material under a given

load type, the fatigue life can be written as:

N
f

=
U0 � U

f

a("
max

/"
ult

)b
(3.11)

where U0 is the initial strain energy of the material at "
max

before fatigue loading, U
f

is the sum of the expended strain energy at the end of Stage II and N
f

is the fatigue

life just before entering Stage III.

Since the specimen is loaded linearly up to the mean strain level before applying

fatigue load, the expended energy of the material before fatigue loading is the energy

at the mean level. The initial energy of the material at 0 cycles can be written as:

U0 =
P 2
mean

l

2AE
(3.12)

where P
mean

is the mean level of the cyclic load, E is the modulus of elasticity in the

loading direction, l is the span (gage length) and A is the cross sectional area. The

fatigue life of a material can be obtained experimentally for a particular loading from

Equations (3.6) and (3.10), at N
f

and written as:
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N
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Life prediction can be accomplished by summing the energy released under various

load amplitudes for the corresponding number of cycles and finding N
f

after inserting

the total expended energy into Equation (3.13). In the case of an FBG based SHM

system, the magnitude of the strain is sensed on every cycle. With this method it

is possible to sum the energy on a cycle-by-cycle basis using data obtained from the

FBG.

To calculate the energy released during one cycle, Equation (3.10) is integrated

with respect to N over one cycle, ie. from N
j

to N
j+1 and "

max

is replaced with

"
(FBG)
j

, the maximum strain value recorded by the FBG during cycle j. This leads

to:

�U
j

= a

 

"
(FBG)
j

"
ult

!

b

(3.14)

when (N
j+1 �N

j

) = 1.

The energy released during each cycle can then be summed during the life of the

composite to get the total expended energy up to that cycle: U
expended

=
P

n

j=1 �U
j

.

The remaining life can be estimated: U
remaining

= (1 � r)U0 � U
expended

, where

U
remaining

is the remaining energy left in the material before failure. Equation (3.11)

can be modified to convert the remaining energy into the number of remaining cycles:

N
n�f

=
U
remaining

a("
expected

/"
ult

)b
(3.15)

where N
n�f

is the remaining life at cycle n, "
expected

is the expected strain level for

the remainder of the life. For example, "
expected

could be the average maximum strain

from the previous portion of life or if the component was expected to be under harsher

loading, "
expected

would be greater than the average maximum strain. With Equation

(3.15) various fatigue cycle scenarios could be predicted for various loading cycles

by modifying the value of "
expected

. The addition of Equations (3.14) and (3.15) to

the fatigue life prediction technique developed by Natarajan, V. et al [65] allow for a

stepwise addition of expended energy. This is a novel approach to remaining useful

life prediction that allows a prediction to be made at each cycle.
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3.3.2 Experimental Verification

Experimental validation is required to explore the potential of this technique. This

involves producing fatigue specimens with and without embedded FBG sensors, test-

ing them to characterize the material, then testing and applying the failure model to

specimens that contain embedded FBGs.

The laminate selected for this research is [0/90]6S E-glass fiber with epoxy resin.

The fiber used is Metyx LT300 E10A 0/90 biaxial E-glass stitched fabric with 161gsm

in the 0� orientation and 142gsm in the 90� orientation, summing to 313gsm total.

The selected resin is Araldite LY 564 epoxy resin with XB 3403 hardener produced

by Huntsman Corporation. The panels undergo an initial cure at 65�C for 24 hours

with a post cure at 80�C for 24 hours. Three panels were produced for this study and

processed into specimens. Specimens were named with the convention #-##; with

the first number indicating the panel they were cut from and second indicating the

order in which they were cut. Panel numbering starts at #2 as panel #1 was used

for preliminary investigation. Each panel produces ⇠30 specimens.

A tabbing material composed of 1.5mm thick, plain weave E-glass non-crimp

fabric/epoxy with a ⇠20� angle on one edge is bonded with West System 105 epoxy

and 205 hardener thickened with milled glass fiber with a bond-line thickness of

0.7mm. The panels are cut on a water-cooled diamond blade saw and the edges

polished up to 400 grit sandpaper. The final dimensions of the specimens are 280mm

x 15mm x 3.5mm with a 160mm gage length. The length of the specimen is aligned

with the 0� fiber orientation.

A special fixture is required to grip the specimen such that the fiber optic ingress

location is not under load. The fixture consists of three steel plates, a bar and a

pin. Two plates are clamped across either side of the specimen with bolts. One plate

has a slot that allows the fiber to egress from the composite. The plates are screwed

into the third plate that has a cylindrical pin that interfaces with the machine grips.

A sti↵ening bar is located across the slot to reduce deflection when the bolts are

tightened.

All tests were performed on an MTS 322 test frame with MTS 647 hydraulic

wedge grips using an MTS FlexTest GT digital controller with MTS Station Manager

software. Load and displacement data was collected with a built in load cell, model:

MTS 661.20F-03 and linear variable di↵erential transformer (LVDT), respectively.

Strain was collected with an axial extensometer, model: MTS 634.25F-24. All FBG
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data was collected with a Micron Optics SM230 interrogator using Micron Optics

Enlight software. Temperature data was collected with a K-type thermocouple using

a National Instruments NI SCXI-1314 DAQ card in a NI SCXI-1000 chassis with

LabVIEW software. The fiber Bragg gratings used in the experiments were 10mm

long with a center wavelength of either 1555 or 1565nm supplied by FiberLogix. All

data is acquired at a sampling rate of 100Hz.

First, the material must be characterized by determining the relationship between

the stress release rate and strain, i.e. determine the fatigue coe�cients (a and b

from Equation (3.10)). To do this, static testing must be performed to determine

the ultimate tensile strain, "
ult

. After "
ult

is determined, a number of samples at

various strain levels are fatigue tested. From this data the strain energy release rate

as a function of strain may be determined and plotted to obtain a and b. Once

the values of a and b known, the specimens with embedded FBGs can be tested.

For this study, a number of fatigue tests at each of the following strain amplitudes

("
max

/"
ult

): 0.8, 0.75, 0.7, 0.6, 0.5 and 0.4 were performed including two fatigue tests

with specimens containing embedded FBGs. A static test was also performed to

determine the ultimate strain of the embedded FBG.

Autogeneous heating becomes a concern during fatigue testing of glass fiber re-

inforced composites as the heat is not readily conducted to the environment as it is

with metallic materials. The fatigue properties of composites are especially sensitive

to heat. Generally, a fatigue loading frequency of 1-4Hz for glass fiber has been used

with no adverse e↵ect, therefore tests are performed at a frequency of 4Hz.

All fatigue tests are constant amplitude strain, tension-tension sine wave tests.

The maximum and minimum load and displacement is recorded. The minimum stress

on the specimens is 27.6MPa while the maximum load is determined as a fraction of

the maximum stress of 318.75MPa. The magnitude of the minimum load was selected

to be close to that used by Natarajan, V. et al [65]. To determine the displacement

amplitude to obtain the desired strain, a simple calibration procedure is performed:

the specimen is loaded into the machine and a load that will produce the desired

amount of stress is slowly applied and released, then applied and released a second

time. When the specimen is unloaded there is a residual displacement sensed by the

LVDT. This is due to the wedge grips tightening and the specimen slipping slightly

before the full clamping force is realized. This zero o↵set only occurs during the first

loading cycle, after that the displacement returns to zero when the load is returned

to zero. To account for this nonlinear phenomenon the zero-o↵set is subtracted from
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the maximum displacement on the second loading cycle. The fatigue tests are then

run at this displacement.

Once the fatigue coe�cients are determined, the specimens with embedded FBGs

can be tested. Prior to fatigue testing their temperature sensitivity must be charac-

terized in order to account for the temperature change due to autogeneous heating.

To do this the specimens and a bare FBG are placed in an oven with three thermo-

couples. The temperature in the oven is ramped up to 30�C, 40�C, 50�C and 60�C

and allowed to soak at each temperature for one hour before the temperature and

wavelength is recorded. A plot of wavelength vs. temperature is constructed for each

FBG and linear regression is used to extract an average temperature sensitivity of

0.031nm/�C for the specimens and 0.010nm/�C for the bare FBG.

A total of 11 static tests and 33 fatigue tests were performed. The results were

processed and a number of test results were rejected due to factors such as their failure

mode, outlying results or experimental procedure error. A total of three specimens

with embedded FBGs were tested. One specimen was tested statically to determine

the ultimate strain of the embedded FBG and two under constant displacement. Prior

to fatigue testing, the specimens were calibrated with an extensometer to determine

the strain sensitivity of the FBGs. During testing, a thermocouple was fastened to

the surface of the specimen to monitor any temperature increase due to autogeneous

heating. The FBG embedded specimen tested at a strain level of 0.4 was not tested

until failure. The strain energy release rate was still obtained from the test however

the number of cycles to failure was not. After the tests were completed and all

requisite data was collected it was processed in order to apply the theory to predict

the remaining useful life.

Static tests were performed in order to determine the ultimate stress and strain

of the material that was later tested under fatigue. The ultimate stress and strain

were found to be 318.75MPa and 16.31m", respectively (where m" is milli-strain).

Once the static tests were complete, the fatigue tests were performed. Peak strain

and load data was converted into expended energy per cycle and plotted to produce

an energy curve for each specimen as shown in Figure 3.18 (left). The aforementioned

energy release trend is quite apparent in the energy curve plots; an example plot is

shown in Figure 3.17.

Linear regression was used to obtain the energy release rate (dU/dN) throughout

the linear region. The average energy release rate and ratio of U
f

/U0 for various levels

of induced strain are presented in Table 3.1. The ratio U
f

/U0 (energy at failure, U
f
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(90% of total cycles) to initial energy U0) is significant as it is used in the prediction

of the remaining cycles in Equation (3.13). The average value of r = U
f

/U0 = 0.856

was used for predictions.

"
max

/"
ult

: Energy Release Rate (J/cycle): r = U
f

/U0:
0.4 8.705E-08 0.799
0.5 3.337E-06 0.826
0.6 3.352E-05 0.855
0.7 3.736E-04 0.885
0.75 1.307E-03 0.901
0.8 2.592E-03 0.917

Table 3.1: Fatigue test data

The energy release rate was plotted vs. normalized induced strain, Figure 3.18a.

This data was averaged, plotted and fit to a power law curve to obtain the values for

fatigue coe�cients a and b, of 14.67 and 0.070595, respectively. With a and b deter-

mined, the fatigue life could be predicted using Equation (3.13). The experimental

and predicted results are plotted as an "-N curve in Figure 3.18b. The number of

experimental and predicted cycles to failure (N
f

) and percent di↵erence is shown in

Table 3.2.
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Figure 3.18: a) Variation of energy release rate (left) and b) "-N plot (right)

One problem that was immediately apparent was that as the FBG was strained,

the reflected spectrum broadened, reduced in magnitude and split into multiple peaks

making it di�cult to accurately track. This is due to the uneven strain field caused by

matrix cracking and the fiber reinforcement arrangement as documented by Takeda,

N. et al [87, 88, 82], Okabe, Y. et al [69], Yashiro, S. et al [109] and others. The

peak splitting resulted in an inaccurate measurement of the strain magnitude, either
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greater or less than the actual strain. As the peak split, the tallest peak would move

to either side of the Bragg wavelength. The interrogator algorithm would track this

peak rather than the center wavelength thus resulting in inaccurate strain values.

"
max

/"
ult

: Experimental N
f

: Predicted N
f

: Di↵erence (%):
0.5 154108 185132 20.13
0.6 19510 17475 -10.43
0.7 2597 2389 -8.00
0.75 1233 982 -20.34
0.8 510 428 -16.17

Table 3.2: Fatigue life prediction results

The reduction in magnitude also presented a problem. One of the settings of the

interrogator software is the threshold of the magnitude of the reflected spectrum.

The threshold must be set high enough to eliminate noise but not so high that the

FBG reflected spectrum is excluded. Under low strain there was not enough of a

reduction in magnitude to drop below the threshold, however as the strain increased

towards the upper limits the magnitude reduced and in some cases dropped below

the threshold causing the interrogator to momentarily lose the signal. This resulted

in a number of data points that were recorded as 0. When the peaks were extracted

from the full waveform data, missing peaks were given a value that was determined by

interpolating between the neighboring peaks. Figure 3.19 shows the acquired signal

from Specimen 3-1 for five second intervals of the fatigue test in the beginning a and

end b. The blue lines show the acquired data at an acquisition rate of 100Hz while

the red circles indicate the peaks and troughs of the data that were extracted from

the full waveform.

The surface temperature of the specimens that was monitored during the tests was

converted into a wavelength value (��
B

) using the temperature sensitivity described

earlier. The wavelength change due to temperature was subtracted from the FBG

data.

The first test performed was a quasi-static tensile test to determine the ultimate

strain level of the embedded FBG in Specimen 2-2. This information would provide

a range of strain levels to conduct the fatigue tests.

Figure 3.20 shows a plot of strain measured with an extensometer on the left

vertical axis and FBG wavelength on the right vertical axis vs. stress. Both strain

and wavelength follow a linear increase until roughly 160MPa when there is a small
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Figure 3.19: a) Wavelength vs. time for five second intervals at the beginning and
b) end of the test

jog in the FBG signal. This is likely due to the FBG reflected spectrum splitting and

the peak moving to the lower range of the spectrum. After the jog, the increase in

the signal remains linear as expected. The strain level measured by the extensometer

when the fiber optic broke was 10.323m" while the FBG read 10.039m" due to the

shift. It is also worth mentioning that a loud ’ping’ noise was heard when the fiber

optic broke/signal was lost.
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Figure 3.20: Wavelength and strain vs. stress

Before fatigue tests began, a simple strain characterization test was performed

to determine the strain sensitivity of each specimen by straining it and monitoring

the Bragg wavelength, displacement and strain in the specimen. FBG sensitivities

of 1.2596nm/m" and 1.2691nm/m" were obtained for Specimen 3-1 and 4-2, respec-

tively. The conversion from LVDT acquired displacement to strain was also obtained.

Specimen 3-1 was tested at a maximum induced strain of 0.5*"
ult

. Figure 3.21a

shows the strain data vs. cycle number throughout the test. The blue line indicates

LVDT acquired displacement data and the red line indicates FBG wavelength data.

Both data sets are converted to strain for application to the prediction technique.
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The data measured with the LVDT shows a steady constant strain throughout the

entire test as expected. The FBG data however, initially shows a sharp increase

due to autogeneous heating followed by a nonlinear decrease which leads to a linear

decrease until roughly 13.5 x 104 cycles when it exhibits a sharp nonlinear decrease

until failure. This shows the same trend as the load and is likely due to the break

down of the composite resulting in a non-uniform strain field that causes the FBG

peak to broaden.
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Figure 3.21: a) Results for Specimen 3-1: strain data (left) and b) prediction of
remaining cycles (right)

Figure 3.21b shows the prediction results from the data presented on the left along

with the actual failure data. The prediction is made at every cycle based on data from

the LVDT and FBG in blue and red, respectively. Since the LVDT data is constant,

the predicted number of remaining cycles remains linear with a constant o↵set from

the actual data. The error in these results is a function of the accuracy of the

prediction method and experimentally determined fatigue coe�cients from Equation

(3.10). The predicted results are within 27% of the actual results at the beginning of

the test. This larger than average di↵erence compared to the average results shown

in Table 3.2 can be attributed to the statistical variation in the material properties

from specimen to specimen. The predicted results from the FBG data however, are

not as accurate due to the reduction in magnitude of the strain signal. Since the

prediction formula is based on a power law, a small variation in measured data can

result in a large discrepancy between actual and predicted results. For the first 2 x

104 cycles the FBG prediction results are quite close to the LVDT prediction before

they drift away to an unreasonable value.

In an attempt to subject the embedded FBG to a lower "
max

to obtain a more

accurate signal, Specimen 4-2 was tested at a maximum induced strain of 0.4*"
ult

.

Figure 3.22a shows the strain data vs. cycle number throughout the test. The
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blue line indicates LVDT acquired displacement data and the red line indicates FBG

wavelength data. Clearly the signal from the FBG is much closer to that measured by

the LVDT than for Specimen 3-1. Naturally this results in a more accurate prediction

of the remaining cycles as shown in Figure 3.22b.
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Figure 3.22: a) Results for Specimen 4-2: strain data (left) and b) prediction of
remaining cycles (right)

Figure 3.23 shows a plot of the surface temperature of Specimen 3-1 on the left

vertical axis and the applied load on the right vertical axis vs. percent of test.

They are presented on the same plot in order to compare their similar trends. The

temperature data (blue) shows a sharp increase during the first ⇠5%. This is due

to the autogeneous heating that occurs. After the initial peak there is a nonlinear

decrease until ⇠18%. After that there is some erratic fluctuation from ⇠18% to

55% that is likely due to external e↵ects such as ambient temperature change. After

that, the decrease remains steady and linear until 95% when there is a final change

to a greater decrease in temperature until failure. The load follows a very similar

pattern aside from the initial sharp increase. From the first cycle to ⇠15% there is a

nonlinear decrease before a constant linear decrease is observed until ⇠95% when a

sharp nonlinear decrease occurs until failure.

Both data sets follow the trend of strain energy outlined in [65]. The temperature

change is caused by the work done on the material. When there is a greater load

applied more strain energy is put into the material and therefore more autogeneous

heating occurs. As the material starts to degrade and requires less load to reach

the specified strain, less energy is put into the material and less heating occurs.

Naturally there is a lag in the temperature signal due to the poor conductivity of

glass fiber/epoxy composite.

This suggests that while susceptible to external environmental e↵ects, monitoring

the surface temperature of composites subjected to fatigue may be used to give insight
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into the condition of the material.
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Chapter 4

Conclusions and Future Work

The overall objective of this work is to research and develop techniques for increasing

the manufacturing and operating e�ciency and reliability of composite structures by

employing integrated sensor/transducer networks. Embedded fiber optic sensors and

piezoelectric transducers are used to achieve this objective.

The first sub-objective is to enhance the processing stage. This is done by employ-

ing a combination of embedded fiber Bragg grating (FBG) sensors and etched fiber

sensors individually and multiplexed on a single optical fiber. The sensors detect the

presence of resin during the injection stage of a resin transfer molding process and

subsequently monitor the degree of cure. To achieve this objective, an RTM appara-

tus with glass view-port has been manufactured and successfully tested. A method

for embedding fiber optics has also been devised and tested. The apparatus was used

to embed an optical fiber with three EFSs and two FBGs into a quasi-2D panel, two

EFSs in one semicircular tube and two FBGs in a second tube. The glass window in

the mold was used to visually monitor the resin flow while a photo-diode and data

logger was used to take readings from the etched sensors. Data was recorded with

both FBG and EFS sensors during the curing stage. Acid digestion tests were per-

formed to determine the degree of cure of the neat resin under various cure schedules.

Results closely agreed with those from the sensors.

This study successfully demonstrates the potential of multiplexing a number of

optical sensors onto a single fiber and embedding them into resin transfer molded

composite parts of various shapes and complexities. The EFSs showed a high degree

of accuracy at detecting the presence of resin however the readings of various EFSs

could not be di↵erentiated without a priori knowledge of the resin flow. Implementing

an optical time domain reflectometer (OTDR) would allow the sensors to be di↵er-
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entiated. Both FBGs and EFS have demonstrated the ability to monitor the degree

of cure.

Once a composite structure goes through the processing phase, it is put into ser-

vice. During this time damage may occur, which the operator must have knowledge

of in order to safely operate the structure. The second sub-objective is to develop

a structural health monitoring system to detect the presence and location of dam-

age in a structure using a network of piezoelectric transducers. Advancements and

contributions are made to the current state of the art of these systems through the in-

troduction of an algorithm that makes use of trends from previous damage states and

its application it to a modular, sparse network that can be expanded to cover large

areas. The network consists of a unit cell of 12 piezoelectric transducers arranged in a

hexagonal pattern. The network is easily expanded by adding nine more transducers

to the existing 12. The hexagonal arrangement allows for e�cient stacking of unit

cells that would not be otherwise possible with a circular array.

Damage progression information was implemented in the form of a 10% increase

in signal magnitude if the actuator-sensor path showed a consistent decrease in power

across each damage state (ie. if the power was consistently less than the previous

state). The results presented in Figure 3.15 show that incorporating the damage

progression information increases the chance of detection with SDC as a damage

metric. When the power of the transmitted wave is used as a damage metric some

potential damage locations appear as shown in Figure 3.16a. When the damage

progression information is incorporated the accuracy is increased, locating a potential

damage site that is within 12mm of the actual damage as shown in Figure 3.16b.

While the results do not directly pinpoint the damage location they do show that

an improvement over the existing RAPID algorithm can be made by incorporating

damage progression information with the use of a larger area sparse network on a

carbon fiber composite material.

While in service, various levels of loading occur that cause the structural integrity

to degrade. Accurate knowledge of these loads and a prediction of the remaining useful

life of the structure is highly useful for the operator in terms of safety and e�ciency.

The third sub-objective is to develop a technique to predict the remaining useful

life of a composite structure under fatigue loading based on information gathered

from embedded fiber Bragg grating sensors. The technique uses the previous loading

history of the structure to calculate the remaining useful life on a cycle-by-cycle basis

to give an estimate of the number of remaining cycles to failure. A life prediction
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theory developed by Natarajan, V. et al [65] based on the magnitude of strain rather

than stress was selected because the FBGs detect strain and the sti↵ness of the

composite changes during cyclic loading making a conversion from strain to stress

with Hooke’s law not possible. The theory was extended to account for information

gathered by the sensors on a cycle by cycle basis and a number of experiments were

performed to verify the concept.

After testing a total of 44 specimens, the fatigue coe�cients required to apply the

strain energy release rate prediction model to a [0/90]6S glass fiber/epoxy laminate

were obtained. In order to explore the concept of using FBGs to predict the remaining

cycles throughout the fatigue life, three specimens with embedded FBGs were tested.

The results of the non-FBG embedded fatigue tests closely agreed with previous work

by Natarajan, V. [65] showing the same material degradation pattern.

A quasi-static test was performed to determine the ultimate strain of the FBG

and therefore the testing range of the specimens. The result showed that the "
max

of

the embedded fiber optic is ⇠10m". The data also demonstrated the peak splitting

phenomenon that results in an inaccurate strain level as shown in Figure 3.20.

During the fatigue test of Specimen 3-1, the recorded data from the FBG sensors

did not closely match that of the LVDT displacement data, rather its magnitude

declined throughout the test. This is due to the degradation of the composite resulting

in an uneven strain field in the region of the FBG causing the reflected spectrum

to broaden and eventually split into multiple peaks. The algorithm used by the

interrogation equipment records the peak with the largest magnitude, which is not

always in the middle of the spectrum and therefore not an accurate measure of the

strain. The results of peak splitting is apparent when comparing the FBG data from

tests conducted at "
max

/"
ult

= 0.5 and 0.4. When the peak split during the first test,

the tallest peak shifted to a lower wavelength and therefore the strain measured is

less than the that of the actual strain while the opposite situation occurred with the

latter test. Due to the discrepancy in the FBG measured strain value and actual strain

value, the predicted remaining life results are not highly accurate. For the fatigue

test performed on Specimen 3-1 ("
max

/"
ult

= 0.5) the FBG based prediction is close

to the theoretical prediction for the first 20 x 103 cycles. The fact that the fatigue life

equation is based on a power law results in a small discrepancy in strain producing

a large discrepancy in predicted remaining cycles. The fatigue test performed on

Specimen 4-2 ("
max

/"
ult

= 0.4) produced more accurate FBG strain data. Naturally,

the FBG based prediction is much closer to the theoretical prediction for the latter
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test. A strain amplitude of "
max

/"
ult

= 0.5 was selected for the first test to decrease

testing time however, in real life a strain of this magnitude would not be seen as the

safety factor of composites is generally above two, therefore a more reliable signal

would likely be obtainable in real situations.

The introduction of Equations (3.14) and (3.15) to the fatigue life prediction

technique developed by Natarajan [65] are novel, as is their approach to remaining

useful life estimation that allows a prediction to be made at each cycle.

The conclusions drawn from these tests suggest that a more accurate and reliable

signal from the embedded FBGs is required for accurate results. Three avenues to

pursue in order to achieve this are: operate at lower strain level, investigate the use

of shorter FBGs (1-3mm in length) and develop a more robust FBG interrogation

algorithm. The "
ult

of carbon fiber is much lower than that of glass fiber meaning a

structure composed of carbon fiber would see less strain and therefore an embedded

FBG would not degrade as rapidly. To investigate this, the same study could be

repeated with carbon fiber rather than glass fiber composites.

The results outlined in this dissertation show that both the sub-objectives and

overall objective stated in Chapter 1 were successfully met. This research is highly

multidisciplinary, covering areas such as mechanical design, composite material pro-

cessing, sensors and transducers (fiber optic and piezoelectric), fatigue theory, ma-

terial testing and signal processing. A number of new concepts and techniques were

introduced. Future work involves further refinement of these techniques and their

application to other situations.
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Multiplexed FBG and etched fiber sensors
for process and health monitoring of
2-&3-D RTM components

Casey J. Keulen1, Mehmet Yildiz1,2 and Afzal Suleman1

Abstract
This paper presents research being conducted on the use of a combination of fiber optic sensors for process and

health monitoring of resin transfer molded (RTM) composite structures. A laboratory scale RTM apparatus has been
designed and built with the capability of visually monitoring the resin filling process and embedding fiber optic
sensors into the composite. Fiber Bragg gratings (FBG) and etched fiber sensors (EFS) have been multiplexed and
embedded in quasi-2-D panels and 3-D hollow semicircular structures using a novel ingress/egress technique for the
purpose of both process and structural health monitoring. The objective of this work is to demonstrate the
simultaneous usage of FBGs and etched fiber sensors on a single optical fiber for resin flow monitoring and
strain monitoring throughout the life of the composite. Three specimens are presented: one quasi-2D panel with
two FBGs and three etched fiber sensors, one semicircular tube with two etched fiber sensors and one semicircular
tube with two FBGs. Etched fiber sensors have been correlated with visual inspection to detect the presence of
resin. Specimens with embedded FBG sensors have been tested in a tensile test machine to characterize the FBGs
for strain monitoring.

Keywords
process monitoring, structural health monitoring, FBG, RTM, fiber optic sensors, smart materials, mechanical testing

Introduction

Composite materials are becoming increasingly more
valuable in the transportation industry as they offer
lighter weight options to traditional metallic structures.
More than 20% of the Airbus A380 is made of com-
posite1 and over 50% of the Boeing 787 is made of
composites.2 Two major drawbacks of composites com-
pared to metallic materials are the relatively difficult
processing characteristics and damage assessment.

A number of processing methods exist for compos-
ite materials. One method that is particularly suitable
to produce primary composite parts satisfying strin-
gent specifications of the aircraft industry is the
Resin Transfer Molding (RTM) technique. RTM will
enhance the cost effectiveness of composites leading to
affordable composites for primary structural compo-
nents.3 RTM can produce high quality near net-
shape parts with high fiber volume fractions, two
high quality surfaces and little post processing in a
fully contained system that eliminates human operator

exposure to chemicals and reduces the chance of
human error.

A major drawback of RTM occurs during the resin
injection stage. Due to a high resistance to resin (a rel-
atively viscous material) flow through the preform (a
material with low permeability) and geometry changes
throughout the mold, it is not always possible to
achieve a uniform flow pattern through the mold.4

This can lead to areas of the mold that do not
become fully saturated with resin known as ‘dry
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spots’. These regions have a profound effect on the per-
formance of the composite part since they are essen-
tially a defect in the material.

Another drawback to composites is the difficulty in
assessing damage. For example internal flaws in a com-
posite component such as a dry spot, crack or delami-
nation may be present that are not visible. This defect
may subsequently grow leading to catastrophic failure
with little warning. With traditional inspection methods
it is difficult, time consuming and expensive to detect
and assess damage in composites. Fiber optic sensors
that are embedded in critical regions of composite com-
ponents can be used to monitor the condition or health
of the material in real time and accurately characterize
stress and strain and detect damage in a component.5

This is known as Structural Health Monitoring
(SHM).6 Fiber optic sensors also have the ability of
detecting the presence of resin and can be used during
the injection process to ensure that the mold is fully
saturated. The small diameter and flexibility of optical
fiber allows it to be embedded into composite materials
with negligible impact to the structural integrity of the
host material.5

Fiber Bragg Gratings (FBGs) are becoming increas-
ingly more popular for such applications due to their
advantages such as their size, immunity to electro mag-
netic interference, multiplexing potential and absolute
reading. FBGs can be used to measure strain and tem-
perature among other properties. Another useful sensor
is an etched fiber sensor (EFS). This type of sensor is
quite simple; a small section of optical fiber is etched to
expose the core. When this etched region is surrounded
by resin (fluid) flowing through the mold, the light
power that is transmitted through the optical fiber
changes hence enabling the sensor to detect fluid.7

Since both EFS and FBG sensors allow light to pass
there is potential for them to be multiplexed on one
single fiber.

Many researchers have studied the use of a single
type of embedded fiber optic sensor, however, there is
less exploration into the use of a combination of sensor
types on a single optical fiber. Most of the work that
has been done involves the combination of FBG and
extrinsic Fabry–Perot interferometer (EFPI) sensors.8

EFPI sensors cannot be multiplexed on a single fiber;
this severely limits their use when multiple sensors are
required. Since ingress/egress issues of fiber optics are
not trivial it is highly desirable to minimize the number
of instances by placing the largest practical number of
sensors on one single fiber. If optical fiber is embedded
for the use of sensors in one particular stage of a com-
posite material’s life (such as in service) then it is only
logical to optimize the use of the fiber and combine
sensors that could be used during other stages such as
manufacturing.

In the first part of this study, two FBG sensors and
three EFS sensors multiplexed on a single fiber are
embedded in a fiberglass panel with a purpose built
RTM mold that has a glass viewing window that
allows for visual monitoring of the resin injection pro-
cess. The sensors are monitored during injection to
detect the presence of resin and indicate possible dry
spots. The viewing window in the mold is used to con-
firm the sensor readings. Two EFS sensors are also
embedded in a semicircular tube to demonstrate their
applicability to 3D surfaces such as those found in
aerospace applications.

The second part of this study involves the use of
embedded FBG sensors to detect strain in the compos-
ite. Specimens are prepared and tested in a material test
machine to determine the strain sensitivity of the FBGs.

Resin transfer molding

The RTM process involves loading a two sided, fully
enclosed mold with a fiber perform, closing the mold,
injecting resin into the mold until fully saturated, allow-
ing the resin to cure and removing the molded part.4

To produce RTM composite components with
embedded fiber optics a sophisticated laboratory-scale
apparatus has been designed and built. The apparatus
has the flexibility of accommodating different mold
designs and thicknesses, with the feature of a glass
viewport to allow for visual monitoring of resin
flow during the injection process. It has been tested
by producing composite parts with different geometries
such as flat panels, hollow and foam cored square,
and semicircular tubes made from various types of
reinforcements.

Experimental apparatus

The general layout of the experimental apparatus is
shown in Figure 1. The apparatus can be separated
into seven separate components: the injection system,
injection valve, mold, manipulating/clamping fixture,
catchpot, vacuum pump, and temperature controller.
It can be described as a clamshell system with the
mold mounted on it. For a mold to be used with this
apparatus it must be 533mm ! 850mm. Any thickness
is possible with minor modifications to the clamping
system.

Embedded optical fiber

Fiber optic ingress/egress is one of the most important
issues for the application of embedded fiber optic sen-
sors in real composite components9 and has been
addressed by various researchers,5,8,9 however, little
information on ingress/egress with RTM is available
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in the literature. The closed nature of the RTM process
as well as the extremely fragile nature of optical fiber
makes the ingress/egress of FBG sensors into the mold
challenging. Sealing issues also arise due to the extre-
mely small diameter of the optical fiber.

When optical fiber is embedded with the in-plane
method, the ingress/egress point of the optical fiber is
located at the edge of the composite. This eliminates the
possibility of trimming the outer edges of the composite
to size, a very common practice in the industry. To
remove a composite part from a mold it must be
removed normal to the mold, therefore, the embedded
fibers must enter and exit through the mold so that
upon removal, the fibers are not severed. A novel
through thickness ingress/egress method has been
developed, which can overcome the limitations of the
in-plane method and be applicable to closed mold pro-
cesses such as RTM.

Ingress/egress technique

A novel method to achieve a through thickness ingress/
egress that is applicable to pressurized injection mold-
ing such as RTM has been developed. Two major
obstacles were overcome when developing this tech-
nique, sealing the optical fiber and protecting the fiber
as it entered the mold.

Optical fiber is quite delicate and must maintain a
minimum bend radius before it fractures. When a
through thickness fiber ingress technique is used the
fiber sees an abrupt 90! bend as it travels through the
mold and into the thin composite part as shown in
Figure 2 (left). This is inherent to any through thickness
ingress/egress technique.

To protect the fiber with minimal disturbance to the
composite material a thin hypodermic tube is placed
around the fiber. This protects the fiber through the
radius of the bend as well as reinforces the fiber at
the ingress/egress point once the part is removed from

the mold. As one would imagine it is difficult to seal
around something as small as an optical fiber that has
an outer diameter of 250 mm without permanently
caulking or bonding the fiber into the mold. A tapered
silicone stopper was used to seal around the hypoder-
mic tube as shown in Figure 2 (right). A custom fitting
is used to keep the stopper and fiber in place. Figure 3
shows the panel and semicircular tube with embedded
optical fiber.

The novelty of this technique lies in the use of the
tapered silicon stopper and custom fitting. One tech-
nique briefly reported by Kosaka T, et al.10 involves
the use of a plastic plug that seals the fiber into the
mold and remains bonded to the surface of the com-
posite once it is demolded. The detraction of this tech-
nique is that the plastic can become debonded from the
composite while in service thereby severing the fiber
and rendering the system useless. Also, the fiber must
be sealed to the plastic, likely with a caulking that
requires time to cure and cannot be removed or
adjusted if required. The technique developed and
described here overcomes these detractions by using a
tapered silicon stopper that applies pressure to the
hypodermic tube thereby sealing it instantly without
any caulking. This allows the fiber to be adjusted at
any point prior to injection. Since the stopper is silicon
it is easily removed after molding. This technique can
be applied to a mold of any thickness over 10mm by
simply adjusting the length of the fitting. This modu-
larity comes in useful due to the wide variation of RTM
molds. The fitting also allows the injection pressure to
be quite high since it is threaded into the mold making
this technique applicable to higher-pressure injection
techniques such as SRIM and thermoplastic injections.

Fiber Bragg gratings

Fiber Bragg gratings (FBGs) are becoming increasingly
more popular for many applications due to their
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previously stated advantages. They have been used to
measure properties such as displacement, strain, tem-
perature, pressure, humidity, and radiation dose among
others.11 FBGs were first demonstrated by Hill in
1978.12 Embedded FBGs can be used for three distinct
purposes during the life of a resin transfer molded part.
An array of FBGs in a mold can monitor the mold
filling process and can ensure that the mold is comple-
tely filled with resin as demonstrated by Novo et al.13

Once injected the resin must go through a specific time–
temperature cure cycle. In complicated 3-D parts with
varying thicknesses and surface areas, different regions
of resin cure at different rates and to varying degrees
across the part. FBGs have been used to monitor the
cure throughout the part.8,14–16Once in service the
embedded FBGs can be used in a variety of ways to
monitor the health of the part thereby reducing main-
tenance cost and service time while increasing
safety.17–19

A fiber Bragg grating is a segment of a single mode
optical fiber core with a periodically varying refractive
index in the axial (longitudinal) direction and com-
monly created using a high intensity UV laser.20 It
allows a broad band of light to pass through while
reflecting back a narrow band based on a wavelength
known as the Bragg wavelength. The reflected wave-
length depends on the grating pitch (spacing between
the refractive index variations) and the variation in
refractive index. The periodic modulation of the refrac-
tive index at the grating location will scatter the light
traveling inside the fiber core. Out of phase scattered
waves will form destructive interference thereby cancel-
ing each other and in phase light waves will add up
constructively forming a reflected spectrum with a
center wavelength known as the Bragg wavelength.
Figure 4 describes an FBG.

The Bragg wavelength satisfies the Bragg condition
as Equation (1): 20

!B ¼ 2n! ð1Þ

where !B is the back-reflected Bragg wavelength, n is
the average refractive index of the fiber core and ! is the
spacing between gratings. The change in spacing of the
periodic refractive index modulation is a function of
strain and temperature. If an FBG sensor is under a
mechanical or thermal load (temperature variation),
the spacing and average refractive index will change
due to the strain, and thermal expansion, respectively.
Since the Bragg wavelength, !Bðn,!) is a function of the
average refractive index and grating pitch, any change in
these variables will cause the Bragg wavelength to shift.

Since the center wavelength of Bragg gratings are
sensitive to both temperature and strain variations, in
sensing applications where only temperature or strain
measurement is of interest, the effect of temperature or
strain on the grating must be compensated to measure
only one of these effects. The literature reveals that
Bragg gratings offer a very good linearity between the
measured strain and applied stress. Multiple Fiber
Bragg gratings sensors can be easily multiplexed onto
a single strand of fiber, thereby forming an array of
FBG sensors for distributed strain measurements over
a large distance. An array of FBG sensors minimizes
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Figure 2. Path of fiber for through thickness ingress/egress (left), and the schematic of fiber sealing (right).

Figure 3. A panel and semicircular tube with embedded optical
fiber.
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the number of ingress/egress locations during the
embedding process in the smart structure.

In the case of embedded FBGs, the load on the host
is directly transferred onto the grating region through
shear action, resulting in the change in the length of the
grating region. As a result, the grating spacing and
the refractive index of the grating change, allowing
the determination of mechanical properties. The pres-
ence of the damage or defect formation in a composite
structure alters the local strain distribution under a
structural load. Damage can be detected when the mea-
sured strain deviates appreciably from the value
expected of a healthy structure at the sensor location.
This allows for monitoring the structural health of
composite components under service conditions.

Etched fiber sensors

Etched fiber sensors are an excellent low cost method of
detecting the presence of resin. Operation of etched
fiber sensors is quite simple requiring only standard
equipment found in most optics lab. Essentially, a
light source launches light into one end of the fiber
optic and an optical power meter measures the light
intensity at the other end. When resin makes contact
with the sensor there is a sudden, sustained drop in the
transmitted light intensity.21 The amount of light lost
through the etching is a function of the refractive index
of the medium it is in.22 This type of sensor has been
used to measure the permeability of fiber perform mate-
rials by Ahn et al.9 and Lim et al.23 among others.

The theory behind the etched fiber sensor is very
basic; it pertains to the fundamental principles of
light transmission through optical fiber. The sensor
consists of a small section of optical fiber roughly
3–5mm long with the cladding removed leaving the

fiber core exposed. Light is contained in the core of
an optical fiber by the cladding. As light travels through
the core of a fiber it is continuously bouncing off the
cladding. When the light reaches the section of fiber
where the cladding is removed a small portion of it
escapes while most is transmitted.24 When resin con-
tacts the core its refractive index being higher than
that of the glass causes more light to escape.
Therefore, the amount of light transmitted through
the fiber is less.

A novel variation of the basic sensor is used in this
study. This variation involves looping the etched sensor
to create a bend in the etched portion of the fiber. This is
done to allow more light to escape from the sensor while
leaving some of the cladding on the core to physically
protect it. The looped variation is a more robust version
of the sensor that is easier to handle and implement.
Another benefit of looping the fiber is that the sensitivity
can be tuned by adjusting the radius of the loop. As the
radius of the loop increases the amount of transmitted
light increases. This option is desirable when multiple
sensors are used on a single strand of fiber andminimum
light loss is desired so that all sensors can make readings.
Figure 5 shows the sensor with a Canadian quarter for
reference (23.81mmdiameter); note the etched section in
the upper right portion of the loop.

Sensor characterization

To demonstrate the capabilities and multiplexing
potential of FBGs and etched fiber sensors, experiments
were performed in the aforementioned RTM apparatus
using the described ingress/egress technique. The exper-
iments validated the ability of the EFS sensors to detect
the presence of resin during the RTM process and the
FBG sensors to be used to detect strain all while

Figure 5. Looped etched fiber sensor.
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multiplexed on a single fiber. To explore the versatility
and potential for different applications of these sensors
three different specimens were produced; a quasi 2-D
flat panel and two 3-D hollow tubes with a semicircular
cross-section.

The flat panel was composed of 18 plies of 200 gsm
plain weave glass fiber cloth and Huntsman Renfusion
8601 epoxy resin, with dimensions of 610mm !
305mm ! 3mm. An optical fiber containing three
EFS sensors and two FBG sensors was embedded on
the upper ply of the panel.

Two semicircular tube specimens were produced;
one composed of five layers and the other composed
of six layers of 200 gsm plain weave glass fiber cloth
and Huntsman Renfusion 8601 epoxy resin fully
enclosing a steel mandrel that is removed after molding.
The tube has an outer radius of 38mm, length of
500mm, and wall thickness of 1.5mm. In the specimen
composed of five layers, an optical fiber containing two
EFS sensors is embedded between the fourth and fifth
ply on the curved surface of the specimen. The speci-
men composed of six layers contains two FBGs embed-
ded between the fourth and fifth ply on the curved
surface of the specimen. The inner layer is considered
the first layer in these specimens increasing towards the
outside of the tube.

Flow monitoring

Flow monitoring experiments were performed during
the resin transfer molding process. The general proce-
dure was similar for both specimens and involved
embedding the optical fiber in the mold, closing it,
and injecting the resin. The optical fiber was connected
to a photodetector and measurements were logged
throughout the injection process.

Flow monitoring of panel specimen An optical fiber
containing three EFS sensors (EFS#1,2,3) and two
FBG sensors (FBG#1,2,3) was embedded into the
mold on the upper ply of the laminate, the mold was
closed and the resin was injected. Etched fiber sensor
readings were recorded with a photodetector and data
logger while the FBGs were manually observed with an
OSA. A simple circuit was used to interrogate the sen-
sors as shown in Figure 6. A BBS light source is con-
nected to one end of the optical fiber, the fiber runs
through the mold, a 50/50 coupler is connected to the
other end of the fiber with one branch of the coupler
going to the photodiode and the other to an OSA.

Figure 7 shows the sensors through the glass viewing
window prior to injection. Figure 8(a) shows the resin
approaching EFS #1 while Figure 8(b) shows the resin
just after the sensor is saturated and the transmitted
light intensity is reduced. This occurs roughly 2.4min
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Figure 6. Interrogation system.

Figure 7. Sensors positioned in RTM prior to injection (mold
closed).

Figure 8. CW from top left: (a) resin approaching sensor, (b)
resin just after contacting sensor, and (c) mold midway through
injection.
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into the injection. Figure 8(c) shows the mold midway
through the injection.

Figure 9 shows a plot of the photodiode voltage
output vs. injection time. It can clearly be seen that as
the resin reaches the first sensor at roughly 2.4min
there is a sharp and sustained drop in the transmitted
light. Another drop occurs at roughly 7.7min when the
resin reaches the second sensor and again at 12.2min
when the resin reaches the third sensor. Once the mold
was saturated and the injection was complete, the light
source was turned off to ensure that the readings could
be differentiated from a change in minimal transmitted
light and no transmitted light. When the light source
was off the photodiode output was zero. The light
source was turned back on and the transmitted light
intensity was the same as before it was turned off, there-
fore, indicating that light was indeed being transmitted.
During this time the FBG sensors were manually
observed with the OSA to ensure that they were still
functional. Due to the arrangement of the sensors on
the fiber (FBG before EFS) no change in power was
noticed when resin contacted the EFS sensors, there-
fore, demonstrating that the EFS do not effect the FBG
sensors as long as they are situated after the FBGs on
the fiber. The FBG output is not included here, how-
ever this technique has been thoroughly researched by
others such as Novo et al.23 and Eum et al.24,25

Flow monitoring of 3-D semicircle specimen To dem-
onstrate the versatility and applicability of these sen-
sors to more realistic structures, an optical fiber
containing two EFS sensors was embedded in a
hollow tube with a 3-D semicircle cross-section using
the aforementioned RTM apparatus. The sensors were
embedded between the fourth and fifth layers on the
curved surface of the semicircle. The flat side of the
semicircle is visible through the viewing window, how-
ever the curved surface is not. Due to the relatively

small radius of the tube and uniform resin flow it can
be estimated with a high level of confidence that the
resin is in contact with the sensors and their output
can be verified. This is a more realistic experiment for
these sensors since the majority of industrial molds are
not translucent.

The sensors were interrogated in a manner similar to
that shown in Figure 6. Figure 10 shows the specimen
with the sensors visible. Data was recorded during the
injection and is shown in Figure 11 showing resin arri-
val at the first and second EFS at roughly 2.9 and
4.0min, respectively.

Strain sensitivity characterization

For FBGs to be used as strain sensors after they are
embedded in a composite material the relationship
between the shift in the Bragg wavelength and the
axial strain in the sensor must be known. This relation-
ship is known as the sensitivity or the strain gage factor,
S. Embedded FBG strain gages experience additional
radial strain field in application, therefore once inte-
grated into a structure, every gage must be
recalibrated.26

The strain gage factor for an electrical foil strain
gage can be described as the relationship between the
resistance of the wire, R, axial strain "a and the change
in resistivity of the wire.27 The expression for the strain
gage factor is given in Equation (2):

S ¼ dR=R

"a
ð2Þ

For an FBG, the gage factor would be the relation-
ship between the change in the Bragg wavelength and
axial strain. The expression for this is shown in
Equation (3):

S ¼ !"B
"a

ð3Þ

To determine the gage factor for both 2- and 3-D
specimens they were tested in an MTS 810 material test
machine. A 6mm grid, 120 ohm strain gage from
Omega Engineering Inc. was bonded to the surface
directly beside the FBG. The strain gage was connected
to a Measurements Group Instrument Division P-3500
strain indicator and the FBG was hooked up to an
Ando AQ6331 OSA, JDS Uniphase broadband light
source and a 50:50 optical coupler. Figure 12 shows
the 2-D specimen in the MTS machine with the instru-
mentation equipment (left) and a close up of the 3-D
specimen (right).

Strain sensitivity of panel specimen To determine the
gage factor for the panel a tensile specimen was cut out

Figure 9. Plot of photodiode output vs. injection time for
panel.
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of the RTM’d panel. The specimen has dimensions of
38.1mm ! 300mm ! 3mm. The embedded FBG is
located directly in the middle of the specimen along
the length and width. Small pieces of sand paper were
bonded to the ends of the specimen to help the test
machine grip without slipping.

The specimen was loaded into the test machine and a
tensile load was applied at a rate of 0.051mm/min up to
a maximum of roughly 2.88mm. Readings were taken
at roughly 0.254mm intervals starting at zero strain.
The test was repeated four times to ensure the repeat-
ability of the results. Figure 13 shows a plot of the
collected data, namely, Bragg wavelength vs. measured
strain.

A linear line was fit to the data with an equation of
y¼ 0.001141x+ 1541.04 with an R2 value of 0.999
obtained from four test runs. From this equation we
can ascertain that S¼ 1.141e-3 or every 1.141pm shift in
the Bragg wavelength is equal to one micro strain.

Strain sensitivity of semicircular specimen To deter-
mine the gage factor for the semicircular tube a special
fixture was designed to restrain the specimen in the
aforementioned MTS machine for compression testing.
Semicircular blocks, 38mm long with the same cross-
sectional dimensions as the mandrel were fastened to
adapter plates that interface with the test machine. The
tube was cut at it’s mid-length to produce two speci-
mens and simplify the testing process. Each specimen
has one FBG at the midspan.

The specimen was slid onto the fixture and a com-
pression load was applied then released. This was
repeated twice to ensure repeatability. The strain gage
output (in microstrain) and Bragg wavelength (in nm)
was recorded as the load was applied and released. The
recorded data is plotted and shown in Figure 14.

A linear line was fit to the data and an equation of
y¼ 0.001288x+ 1541.28 with an R2 value of 0.999 was
obtained from four test runs (two loading, two unload-
ing). From this equation we can ascertain that

Figure 10. Semicircular tube with embedded fiber optic sensors.

Figure 11. Plot of photodiode output vs. injection time for
tube.

Figure 12. 2-D specimen in MTS machine with instrumentation
equipment (left) and 3-D specimen loaded in MTS machine
(right).
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S¼ 1.288e-3 or every 1.288pm shift in the Bragg wave-
length is equal to one micro strain.

Strain sensitivity discussion As mentioned earlier the
strain sensitivity of the embedded FBG is 1.141 pm/l"
for the flat panel specimen and 1.288 pm/l" for the
semicircular specimen. These sensitivities deviate from
the commonly referenced value of 1.2 pm/l" for a bare
FBG with typical material properties20 by "4.9% and
7.3% for flat panel and semicircular specimens, respec-
tively. These values fall within the range of deviation
reported by Fan et al.26 Factors such as variations in
the material and manufacture of each individual FBG
and experimental error in the processing and testing
phase such as misalignment of FBG or strain gage
with the axis of the specimen may contribute to this
deviation. Another factor which may contribute to
the variation in sensitivity between the two geometries
is the mismatch of mechanical properties between the

FBG fiber and host structure, particularly their Poisson
ratio in the lateral direction as embedded sensors expe-
rience an additional radial strain field when load is
applied along the sensor direction.26

Conclusion

The motivation behind this study is to advance the
knowledge base of embedded optical fiber sensors by:
(i) designing and fabricating an RTM apparatus capable
of embedding optical fibers that allows visual monitoring
of the injection process, (ii) embed EFS and FBG sensors
on a single optical fiber into a composite panel with this
apparatus, (iii) detect the presence of resin during the
injection with the EFSs, and (iv) measure the strain in
test specimens with the FBGs. The RTM apparatus has
been manufactured and successfully tested. A method of
embedding fiber optics has also been devised and tested.
The apparatus was used to embed an optical fiber with
three EFSs and two FBGs into a quasi-2-D panel, two
EFSs in one semicircular tube and two FBGs in a
second. The glass window in the mold was used to visu-
ally monitor the resin flow while a photodiode and data
logger was used to take readings from the etched sensors.
Both panel and tube specimens with a foil strain gage
bonded to the surface were tested in a material test
machine to determine the strain gage factor of the FBG.

This study successfully demonstrates the ability of
multiplexing a number of optical sensors onto a single
fiber and embedding them into resin transfer molded
composite parts of various shapes and complexities.
The FBGs were not used during the manufacturing pro-
cess, however in the future they could be used to monitor
the degree of cure of the resin as has been researched
by.14–16 The EFSs showed a high degree of accuracy
at detecting the presence of resin however the readings
of various EFSs could not be differentiated without
a priori knowledge of the resin flow. Implementing
OTDR would potentially allow the sensors to be
differentiated.

With the implementations of the demonstrated
techniques RTM parts could be manufactured
more efficiently with a higher degree of quality at a
lower cost.
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Figure 14. Bragg wavelength vs. strain gage measured strain for
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Figure 13. Bragg wavelength vs. strain gage measured strain for
2-D panel.
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46Research conducted on in situ process monitoring of resin trans-
47fer molded composites with fiber optic sensors is presented. A lab-
48oratory scale resin transfer molding (RTM) apparatus was
49designed and built with the capability of embedding fiber optic
50sensors and visually observing the resin filling process. Both fiber
51Bragg grating (FBG) and etched fiber (EF) sensors are embedded
52into glass fiber reinforcements in the RTM mold and used to moni-
53tor the resin flow front and cure. The cure cycle of the resin sys-
54tem utilized in this work is also studied using a Fresnel reflection
55refractometer (FRR) sensor. The results of this study show that
56both the FBG and EF sensors can be used efficiently for flow and
57cure monitoring of the RTM process. The experimental results of
58the EF and FRR sensors agree with those of the FBG sensors for
59cure monitoring. [DOI: 10.1115/1.4006770]

Keywords: resin transfer molding, process monitoring, composite
60materials, fiber optic sensors

611 Introduction
62Composite materials offer many advantages over conventional
63metallic materials. They are utilized in a variety of load bearing
64structures such as aircraft fuselages, rib chords, trailing edges,
65cargo doors, rotor blades, and pressure vessels [1]. Processing pa-
66rameters such as resin viscosity, injection pressure, inlet/outlet
67location, reinforcement permeability, cure time, and cure tempera-
68ture all have a great effect on the composite. For the reliability
69and safety of these components, it is vital to understand and con-
70trol the manufacturing process thoroughly.
71A number of processing techniques exist for composite
72materials. RTM is a particularly attractive technique due to its
73repeatability, chemical containment, and ability to achieve high
74fiber volume fraction in an automated manner. With RTM, a fiber
75preform is placed in a closed mold before the resin is injected and
76allowed to cure. The two most critical processing steps are the
77resin injection and cure stages. During the resin injection stage,
78regions of reinforcement that are not saturated with resin (known
79as dry spots) may form. These dry spots severely reduce the
80mechanical properties of the composite and may be present in
81locations that are not visible to the human eye and may be unno-
82ticed. The temperature and time the composite is cured for also
83has a significant influence. If the part is removed from the mold
84before adequately cured, it may get distorted. On the other hand,
85leaving the part in the mold too long results in loss of mold usage
86as well. The time the composite is held at a specific temperature
87affects the polymerization rate of the resin and in turn its mechani-
88cal properties. Therefore, the optimum temperature and duration
89of cure are important processing parameters. The term cure refers
90to the chemical reactions that take place after the resin and hard-
91ener are combined, resulting in the formation of a polymerized
92and cross-linked structure. The cure cycle of a resin system con-
93sists of two main stages: gelation and vitrification. Gelation refers
94to the transition from a viscous liquid to an elastic gel. Vitrifica-
95tion refers to the change from a rubbery state to a solid state. Cure
96monitoring consists of monitoring changes in various physical or
97chemical properties of the resin during these stages. There has
98been a substantial amount of work devoted to the development of
99techniques for characterizing the cure [2].

100Various forms of cure sensors have been developed based on
101conductometric [3–7], dielectrometric [8–11], and ultrasonic
102[12,13] techniques. A brief summary of the current sensor tech-
103nologies for flow and cure monitoring in composite manufacturing
104processes is provided in Ref. [2]. These approaches have not
105received significant acceptance as cure sensors for integration in
106manufacturing processes. Researchers have looked toward fiber
107optic sensors to find alternatives. These sensors are based on the
108absorption, reflection, refraction, or emission of light. A wide va-
109riety of fiber optic sensor based methodologies have been investi-
110gated for monitoring the cure cycle of resins such as those based
111on transmission spectroscopy [14], evanescent wave spectroscopy
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112 [15,16], refractive index monitoring [17–19], long period gratings
113 and tilted fiber Bragg gratings [20], and Fresnel based refractome-
114 try [21–23]. Fiber optic sensors are less intrusive and can be
115 embedded within composite structures. They have the ability to
116 be multiplexed, which enables sensing of spatially distributed
117 quantities on a single optical fiber. A summary of fiber optic sen-
118 sors for monitoring the cure of polymers is provided in Ref. [24].
119 FBGs have attracted attention within the last decade due to their
120 lightweight, small size (they are contained within the core of the
121 optical fiber), and self-referencing nature [1,25,26]. Embedded
122 FBGs can be used for three distinct purposes during the life of a
123 resin transfer molded part. An array of multiplexed FBGs in a
124 mold can monitor the injection process and ensure that the mold is
125 completely saturated with resin [27]. It can be used to monitor the
126 cure throughout the part [28–30] and once in service can be used
127 to monitor the structural integrity of the part.
128 Another type of sensor used for process monitoring is an EF
129 sensor. These sensors consist of a small section of optical fiber
130 that is etched to remove some of the cladding. When this etched
131 region is immersed in resin, the optical power transmitted through
132 the fiber changes allowing the sensor to detect fluid. Etched sen-
133 sors can also be used for cure monitoring. The refractive index of
134 resin changes during curing affecting the amount of light that is
135 transmitted through the sensor. During the service of a composite
136 structure, etched sensors may also be used for structural heath
137 monitoring. If there is a disruption or weakening in the transmitted
138 light signal when the composite is under loading, one can con-
139 clude that the sensor location is either excessively loaded or
140 cracked.
141 FRR sensors are similar to EF sensors as they are based on a
142 change in refractive index of the surrounding medium. These sen-
143 sors consist of an optical fiber with a cleaved end. Light is
144 launched toward this end and the reflected light, which is a func-
145 tion of the refractive index of the medium it is immersed in, is
146 monitored. They are well suited for cure monitoring.

147 2 Background
148 Resin transfer molding is a subcategory of liquid composite
149 molding. The RTM process involves loading a two sided, closed
150 mold with a fiber perform (commonly carbon or glass fiber), clos-
151 ing and clamping the mold, injecting resin, and allowing it to
152 cure. The RTM apparatus built within the scope of this research
153 has a glass viewing window to visually monitor resin flow during
154 injection. Figure 1 shows a schematic of the RTM process and the
155 RTM system. It has one inlet port, two outlet ports, and produces
156 a 305 mm! 610 mm! 3 mm panel. In all experiments presented,
157 800 g/m2 biaxial glass fiber reinforcement (X 800 E05) manufac-
158 tured by Metyx and ARALDITE LY 564 resin with XB 3403
159 hardener are used.
160 The ingress/egress of fiber optics is one of the important issues
161 for embedding fiber optic sensors into composite structures in a

162repeatable and consistent manner because the optical fiber is frag-
163ile at the ingress/egress location and does not tolerate a sharp
164bending radius. Toward this end, in our early works [31], a novel
165through thickness ingress/egress method has been developed,
166which can overcome the limitations of the in-plane ingress/egress
167method and be applicable to closed mold processes such as RTM.
168To protect the fiber with minimal disturbance to the composite
169material, a thin hypodermic tube is placed around the fiber. This
170protects the fiber through the radius of the bend as well as reinfor-
171ces the fiber at the ingress/egress point once the part is removed
172from the mold. A tapered silicone stopper was used to seal around
173the hypodermic tube.
174An FBG is a segment of a single mode optical fiber core with a
175periodically modulated refractive index along the axis of the fiber.
176It acts as an optical filter by reflecting a narrow wavelength spec-
177trum back while transmitting others as described in Fig. 2.
178The periodic modulation of the refractive index at the grating
179location scatters light; out of phase scattered waves form destruc-
180tive interference that cancels out while in phase waves add up
181constructively forming a reflected spectrum. The center wave-
182length of this spectrum is referred to as the Bragg wavelength.
183The Bragg wavelength satisfies the Bragg condition as

kB ¼ 2neffK (1)

184where kB is the Bragg wavelength, neff is the effective refractive
185index of the fiber, and K is the pitch of the gratings. The spacing
186of the refractive index modulation and refractive index are a func-
187tion of strain and temperature, and any change in these will cause
188the Bragg wavelength to shift.

Fig. 1 Schematic of RTM process (left) and the lab apparatus including optical equip-
ment (right)

Fig. 2 Schematic of an FBG sensor
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189 In this study, FBGs have been used for both cure and flow mon-
190 itoring. Injecting room temperature resin into a heated RTM mold
191 allows for resin flow front monitoring based on the temperature
192 differential between FBG and resin. Since the curing process is
193 exothermic and residual stresses accumulate during cure, monitor-
194 ing the shift of the Bragg wavelength allows for detection of the
195 gelation and vitrification behavior of the composites.
196 The second type of optical sensor used in this work is an EF
197 sensor, which can also monitor the resin flow and cure. This sen-
198 sor operates in the transmission mode such that a light source
199 launches light into one end of the fiber and an optical spectrum an-
200 alyzer (OSA) measures the light intensity at the other end. An EF
201 sensor is a section of the optical fiber roughly 3–4 mm long that is
202 etched to reduce the cladding thickness. The details of the prepa-
203 ration of an EF sensor can be found in Ref. [31]. In this etched
204 area, the external medium essentially becomes a part of the fiber
205 waveguide. If the refractive index of the external medium is
206 smaller than the core of the fiber, there will only be a small pertur-
207 bation to the fiber mode, and a low loss single mode will still be
208 supported. On the other hand, if the refractive index of the exter-
209 nal medium is larger than that of the fiber, the propagating mode
210 will be a leaky mode. This leaky mode can be viewed as a decay-
211 ing mode due to optical leakage into the higher refractive index
212 medium. Since the refractive index of the resin is higher than the
213 fiber core, there will be a loss when the resin reaches the etched
214 area. The etched fiber can be modeled using the technique
215 described in Ref. [32]. Since the refractive index of resin changes
216 during cure, EF sensors can be used to monitor the cure.
217 FRR sensors can also monitor cure based on the change in re-
218 fractive index of the resin [33]. The FRR sensor consists of a sin-
219 gle mode optical fiber that is cleaved at its free end. The FRR
220 optic circuit consists of a light source, optical circulator, and
221 OSA. The uncleaved end of the probe is coupled to the second
222 port of an optical circulator with the first and third ports connected
223 to a light source and OSA, respectively. Assuming that the free
224 end of the fiber is cleaved such that the light is at a near-normal
225 incidence to the interface, the reflection coefficient R is given by
226 the Fresnel equation as

R ¼ Ps
r

Pi
¼

ns " nf

! "2

ns þ nf

! "2
(2)

227 where Ps
r and Pi are powers of the reflected light from the sample

228 (s ¼ a for air, s ¼ l for resin) and the incident light, respectively,
229 and ns and nf are the refractive index of the sample and the fiber,
230 respectively. The refractive index of resin can be determined by
231 measuring reflected powers Pa

r and Pl
r when the FRR sensor is in

232 air and resin. Dividing the Fresnel relation for air and resin results
233 in

Pl
r

Pa
r

¼
nl " nf

! "2
na þ nf

! "2

nl þ nf

! "2
na " nf

! "2
(3)

234 Taking the refractive index of air and fiber as 1 and 1.45, respec-
235 tively, the refractive index of the sample can be determined.
236 Experiments show that at room temperature, the refractive index
237 of resin and hardener alone are 1.54 and 1.48 respectively, while
238 the refractive index of the resin and hardener mixture is 1.52
239 before cure. It is to be noted that since we are interested in the
240 tendency of refractive index change due to the temperature varia-
241 tion and cross-linking polymerization, in Sec. 3.3, measurements
242 are given in terms of reflected power not in terms of real values of
243 the refractive index of the curing resin system.

244 3 Experimental Implementations and Results

245 3.1 Flow and Cure Monitoring With FBG Sensors. Several
246 experiments for cure monitoring of RTM’d composite plates
247 with FBG sensors were performed. During the experiments, the
248 FBG sensors were monitored by a Micron Optics interrogator,

249model sm230. The results of these experiments are summarized in
250Fig. 3.
251In all experiments, nine layers of biaxial glass fiber reinforce-
252ment were used. FBG sensors were positioned between the fourth
253and fifth ply for the first two experiments and between the seventh
254and eighth ply for the third experiment. The first two experiments
255utilized a single FBG while the third one employed three FBGs
256multiplexed on a single fiber.
257In the first experiment, room temperature resin was injected
258into the mold at 30 $C. The first sudden drop in the Bragg wave-
259length in Fig. 3(a) is due to the arrival of resin at the FBG sensor.
260Subsequently, the mold was heated to cure temperature of 50 $C
261resulting in a shift of the Bragg wavelength. The fluctuations in
262Fig. 3(a) correspond to a region where the temperature of the

Fig. 3 Bragg wavelength versus time for cure and flow moni-
toring with FBGs: (a) Experiment-1, (b) experiment-2, (c)
experiment-3 for cure monitoring, and (d) experiment-3 for flow
monitoring with three FBG sensors
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263 mold was set to the cure temperature. Since the cure process is
264 exothermic, the released heat further shifts the Bragg wavelength.
265 As the strength of the exothermic process diminishes, the water-
266 cooling system in the RTM mold attempts to bring the tempera-
267 ture of the mold to the preset cure temperature, which is observed
268 in all relevant subfigures of Fig. 3. Given the presence of residual
269 stress buildup in the composite (due to various effects such as
270 thermal gradients, shrinkage, and differentials in thermal expan-
271 sion coefficients), the Bragg wavelength does not return to its
272 original value. This case is much more obvious in Fig. 3(c)
273 because the FBG sensor was positioned on the seventh ply. The
274 closer the sensor is to the neutral axis, the less strain effect it expe-
275 riences. As the polymerization reaction nears completion, the shift
276 in Bragg wavelength ceases. The region marked with two vertical
277 lines corresponds to the curing of the epoxy system.
278 In the second and third experiments, the resin is injected into a
279 mold heated to 50 !C. A drop in the wavelength is observed upon
280 the arrival of the resin to the FBG sensor. As the resin gradually
281 reaches the cure temperature, the Bragg wavelength of the FBG
282 sensors increases. The horizontal line in Fig. 3(b) indicates the
283 preset mold temperature. Regardless of experimental conditions,
284 the tendency of wavelength versus processing time is identical,
285 implying the effectiveness of FBG sensors for cure monitoring for
286 RTM composites.
287 Flow monitoring is achieved with three FBG sensors multi-
288 plexed on a fiber optic cable. The first FBG was positioned near
289 the inlet, the second near the middle of the mold, and the last
290 near the outlet. Figure 3(d) indicates the flow front monitoring
291 with FBG sensors. To be able to present shifts in the Bragg
292 wavelengths of three FBG sensors on the same graph, Bragg
293 wavelength kB values recorded during the resin injection process
294 are subtracted from those values kB,o recorded before the injec-
295 tion. The sudden decreases in the normalized Bragg wavelength
296 values (kB" kB,o) indicate the time that the epoxy reaches the
297 sensor.

298 3.2 Flow and Cure Monitoring With EF Sensors. To
299 investigate the ability and effectiveness of EF sensors for resin
300 flow and cure monitoring in an RTM system, experiments were
301 conducted with three etched sensors multiplexed on a length of
302 bare optical fiber located between the fifth and sixth plies in the
303 RTM mold. The sensors were monitored during the resin injection
304 process to detect the presence of resin. The first etched sensor is
305 located near the mold inlet, the second in the middle of the mold,
306 and the last near the outlet. In the same experiment, an FBG sen-
307 sor was placed between the same fiber layers in the middle of the
308 mold (see Fig. 3(a)).
309 Figures 4(b) and 4(c) indicate the segments of the entire RTM
310 process monitored with etched fiber sensors as shown in Fig. 4(a).
311 Recall that the RTM mold in the experimental setup has a glass
312 window for visual flow monitoring, which is situated on the bot-
313 tom surface of the top lid of the mold and fixed by means of a
314 room temperature vulcanizing aerospace grade silicone. Due to
315 the flexibility of the silicone, when the mold is under vacuum the
316 glass window is drawn toward the mold cavity exerting more
317 force on the ingress and egress points of the EF sensors causing a
318 significant drop in the intensity of light passing through. This sit-
319 uation corresponds to the first drop in transmitted light as shown
320 in Fig. 4(b). At this point, the vacuum was released to reduce the
321 stress on the sensors. As a result, the transmitted light intensity
322 has returned back to its initial level. It should be noted that when
323 the mold is closed, the intensity of the transmitted light drops due
324 to the clamping force at the ingress and egress points. Upon resin
325 injection, the clamping force that causes a drop in transmitted
326 light intensity is counterbalanced by the positive pressure of the
327 resin resulting in a slight increase in transmitted light intensity.
328 Once the resin reaches the first EF sensor, the transmitted light
329 intensity drops. As the injection proceeds, the clamping force is
330 further balanced by the pressure of the resin, and the curvature of

331the optical fibers at the ingress and egress points reduces. This
332appears as a gradual increase in the transmitted light intensity.
333When the resin reaches the second and third sensors, the transmit-
334ted light intensity drops, then starts increasing due to the counter-
335acting pressure effect of the resin. Figure 4(b) clearly shows that it
336is possible to record the flow process entirely in terms of resin ar-
337rival. After completing the injection process at room temperature,
338the cure cycle is induced by bringing the mold to cure tempera-
339ture. As concluded from Fig. 4(a), the manufacturing process was
340successfully monitored until completion.

3413.3 Cure Monitoring With FRR Sensors. To show the
342ability of FRR sensors for cure monitoring and also demonstrate
343that it is a repeatable and reliable process, several hot plate experi-
344ments were conducted. The results of two experiments are sum-
345marized in Fig. 5 as reflected power versus process time. After
346immersing an FRR sensor into a resin–hardener mixture in an
347aluminum container, the mixture was heated to roughly 50 !C on a
348hot plate. Temperature data were collected concurrently with a
349pyrometer in the experiment shown in Fig. 5(b). In accordance
350with the Fresnel relation, when the FRR sensor is dipped into the
351resin–hardener mixture at room temperature, the reflected power
352drops significantly from that measured when in air to the
353value shown in Figs. 5(a) and 5(b) at time zero since nl # na.
354The reflected power gradually decreases when heating the

Fig. 4 (a) Complete history of the RTM process; (b) and (c)
close-up view for a segment of a light intensity drop versus
processing time curve
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355 mixture. This drop is due to the temperature dependent decrease
356 in refractive index of the resin system. The temperature of the
357 resin system continues to increase due to the exothermic heating
358 causing a further drop in reflected power.
359 Subsequent to the decrease in the reflected power, there is a
360 rapid increase in the reflected power when the resin system begins
361 to gel. The sudden increase of the reflected power corresponds to
362 the initiation of the exothermic cure reaction. As the exothermic
363 reaction loses its strength, the temperature of the resin system
364 drops down to the preset temperature. The point when undulations
365 begin is considered the time the mixture has nearly reached the
366 preset temperature. The undulations are due to the on–off nature
367 of the temperature controller of the hot plate. As the cure process
368 continues, the cross-link density increases causing an increase in
369 the refractive index resulting in an increase in the reflected power.
370 The point where the plot reaches steady state is considered to
371 be a nearly complete cure. One can see that the steady state has
372 been reached after roughly 12–14 h, which is in agreement with
373 the cure time obtained with both FBG and EF sensors. In one of
374 the experiments, the temperature variation during cure was moni-
375 tored with a pyrometer and an FBG sensor to validate the occur-
376 rence of the sudden rise in temperature of the resin system due to
377 the exothermic curing reaction as shown in Fig. 5(c).

378 3.4 Cure Sensor Validation. To validate the cure monitor-
379 ing abilities of the sensors investigated, polymer extraction
380 experiments were performed to determine the degree of cure as a

381function of time. Several samples of the epoxy system were pre-
382pared and cast in a Teflon mold. The samples were cured at 50 !C
383for various durations between 2 and 12 h. After the sample was
384removed from the mold, its mass was measured and placed in a
385solution of tetrahydrofuran solvent. The solvent removes the
386uncured epoxy resin over a period of 24 h leaving the fully cured
387part. After removing the remaining sample from the solution, it
388was dried inside an oven and the final mass was measured to
389determine the percentage of cure. The results of the extraction
390experiments are summarized in Fig. 6. It can be concluded that
391this specific epoxy resin system nearly completes its cure period
392in approximately 12 h which is consistent with the data obtained
393with the optical sensors.

3944 Conclusion
395Fiber optic sensors possess several advantages such as flow,
396cure, and structural health monitoring sensors in composite struc-
397tures because of their small size, light weight, immunity to elec-
398tromagnetic field interference, multiplexing capability, and long
399service life. They can be embedded in a structure and act as a part
400of the system without changing the mechanical characteristics.
401Both FBG and etched fiber sensors provide data about the resin
402flow front ensuring that the mold is fully saturated. With the help
403of a network of sensors embedded throughout the mold, the opera-
404tor can determine where the resin has reached. Both types of sen-
405sors can subsequently be used for determining the degree of cure.
406In this research, systematic experimental studies for process
407monitoring (cure and flow monitoring) of RTM’d composite
408materials are presented. The ability of FBG and etched fiber sen-
409sors for resin flow front monitoring and cure monitoring in an
410operational RTM process has been demonstrated along with the
411cure monitoring ability of a Fresnel probe. Cure monitoring
412results were compared with polymer extraction experiments
413showing good agreement. EFS and FRR sensors can be used as a
414simple, cost-effective alternative to FBG sensors for process mon-
415itoring in composite materials manufacturing. Additionally, these
416sensors are not sensitive to any residual stress in the curing com-
417posites unlike FBG sensors The experimental results show the
418potential for three types of optical sensors to provide real time in-
419formation during the processing of RTM composite manufactur-
420ing systems.
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Fig. 5 (a) and (b) Reflected light power and temperature versus
time; (c) temperature and Bragg wavelength variations as a
function of time

Fig. 6 The degree of cure as a function of time
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Lamb wave based structural health monitoring shows a lot of potential
for damage detection of composite structures however, currently there is not
agreed upon optimal network arrangement or detection algorithm. The ob-
jective of this research is to develop a sparse network that can be expanded
to detect damage over a large area. To achieve this, a novel technique based
on damage progression history has been developed. This technique gives an
amplification factor to data along actuator-sensor paths that show a steady
reduction in transmitted power as induced damage progresses and is im-
plemented with the reconstruction algorithm for probabilistic inspection of
damage (RAPID) technique. Two damage metrics are used with the algo-
rithm and a comparison is made to the more commonly used signal di↵erence
coe�cient (SDC) metric. Best case results show that damage is detected
within 12mm. The algorithm is is also run on a more sparse network with no
damage detection therefore indicating that the selected arrangement is the
most sparse arrangement with this configuration.
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1. Introduction

To achieve lighter aerospace structures, damage is allowed to exist during
operation as long as it is within safe, predetermined specifications; aircraft
structures are designed according to a damage tolerant philosophy. In more
recent years composite materials are being used to build aerospace structures
because they are lightweight, sti↵ and have excellent fatigue and corrosion
resistance. The down side to composites however, lies in their damage mecha-
nisms. Composites may fail or become damaged in a number of ways that are
very di↵erent from traditional metallic materials. Defects may arise during
manufacture due to voids/porosity, ply misalignment or inclusion of foreign
objects that show no evidence to the naked eye. Composites su↵er from low
velocity impacts that can damage the internal structure of a laminate while
leaving no visible evidence on the surface.

Maintenance and inspection of aircraft is of the utmost importance for
safe and e�cient operation. Aircraft structures operate in harsh conditions
sustaining high loads, fatigue cycles and extreme temperature di↵erentials.
Failure of these structures is not acceptable due to the possibility of loss of
life and assets. To ensure aircraft structures are in safe operational condition,
costly inspection involving aircraft down time and often disassembly of major
components is routinely performed. The cost of inspection is about 30% of
the total cost of acquiring and operating composite structures [1]. Currently,
damage detection is performed with techniques referred to as non-destructive
testing (NDT) or non-destructive inspection (NDI) to locate and quantify
damage.

To reduce operational cost and improve reliability and performance, a
common goal of researchers, designers and manufacturers is to develop a real
time inspection system that is permanently installed or embedded within
the structure. This technique is commonly referred to as structural health
monitoring (SMH) [2, 3]. Such systems typically consist of a network of
transducers that are used to sense physical parameters that indicate the
presence of damage with an interrogation technique or algorithm.

In 1917, Horace Lamb published his classic analysis and description of
acoustic waves, which included the first consideration of Lamb waves [4].
In 1961, Worlton, D.C. [5] proposed the use of Lamb waves for damage
detection and a new NDE potential emerged. In 1962, Frederik, C.L. et al
[6] conducted the first experimental study. Beginning in the 1990s Hutchins,
D.A. et al [7, 8, 9] and Nagata, Y. et al [10] applied Lamb waves to NDE
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using medical imaging and seismic tomography techniques to both metallic
and composite materials. Their systems utilized pairs of transducers that
were positioned across the material at various locations in order to obtain a
dense collection of pitch-catch signals in order to reconstruct a tomogram.
While the techniques produced reasonable results the methods were time
consuming, requiring a lot of repositioning of the transducers and in some
cases requiring the specimen to be placed in a water bath. Prasad, S.M.
et al [11] implemented an SHM system for composites using surface bonded
piezoelectric transducers. Since the transducers were permanently bonded in
place the system could be operated in real time without any repositioning.
Gao, H. et al [12] introduced the reconstruction algorithm for probabilistic
inspection of damage (RAPID). Michaels, J.E. [13] later investigated the
application of tomography algorithms to sparse networks.

Other research e↵orts were made to use the Lamb wave mode propaga-
tion characteristics in order to detect damage; specifically the attenuation
and arrival time of the first two wave modes. In 1993 Guo, N. et al [14] stud-
ied the interaction of Lamb waves with delaminations in composite materials
both numerically and experimentally. Keilers, C.H. et al [15] later proposed
a built-in damage detection system using an array of piezoelectric transduc-
ers. Giurgiutiu, V. et al [16] discussed the pulse-echo analysis technique and
subtracting baseline data from damaged data to detect damage.

This paper presents the details and results of a study on the implemen-
tation of a sparse piezoelectric transducer network for damage detection in
composite materials. The objective of this research is to develop a sparse net-
work that can be expanded to detect damage overa a large area. To achieve
this, a novel technique based on damage progression history has been devel-
oped.

2. Theory and Implementation

Lamb waves are elastic, guided waves that propagate parallel to the sur-
face in thin structures with free boundaries. Plates are the best example
however, Lamb waves can also propagate in structures with a shallow cur-
vature. The most advantageous characteristics of these waves are their sus-
ceptibility to interferences caused by damages or boundaries (the features of
interest) and low amplitude loss. To implement a Lamb wave based damage
detection technique some important properties must be determined. When
Lamb waves propagate they travel in one of two possible ways with respect to
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the plate’s mid plane. If the motion is symmetric about the mid-plane (the
peaks and troughs of the waves are in phase) then it is a symmetric mode
and if the motion is not symmetric (the peaks and troughs are 180� out of
phase) it is an anti-symmetric mode. An infinite number of modes exist, each
mode is referred to as an A mode or S mode if it is anti-symmetric or sym-
metric respectively, with a subscript indicating its order. For example the
lowest order/frequency symmetric mode is referred to as an S0 mode while
the second lowest order/frequency symmetric mode is referred to as an A1

mode. Each mode exists at a di↵erent frequency depending on the properties
of the material. At lower frequency-thickness values less modes exist. It is
advantageous to operate in a frequency-thickness range where only the S0

and A0 modes exist. This is generally below 1.5MHz-mm.

2.1. Implementation

To employ Lamb waves for damage detection, a system to send and re-
ceive Lamb waves must be developed and a number of parameters must be
selected to tune the system such as the transducer type, size and arrange-
ment, actuation signal and data acquisition.

Piezoelectric transducers are commonly used in SHM systems. They are
inherently simple devices consisting of simply a piezoelectric material with
two conductive surfaces. When a voltage is applied across the surfaces the
material expands or contracts (depending on polarity) proportional to the
magnitude of voltage applied. Conversely, when the material is deformed
a voltage di↵erence is seen between the surfaces. This property leads to
the greatest benefit of piezoelectric transducers: their ability to both send
and receive signals. Piezoelectric transducers are small and light and can
be bonded to or embedded within a structure with little e↵ect. Signals are
voltage based and therefore easy to generate and acquire with common hard-
ware. Lead zirconate titanate (PZT) is the most commonly used material
in piezoelectric transducers. They o↵er excellent performance for both gen-
eration and acquisition, have excellent mechanical strength, wide frequency
responses, low power consumption and can be obtained at a low cost [17].

When actuating Lamb waves it is desirable to actuate the least number of
modes possible (preferably only the S0 and A0) so that signal interpretation
is simplified. As mentioned earlier, this usually occurs below 1.5MHz-mm.
This range is also beneficial because there is low dispersion, which means
that if the frequency changes as the wave propagates through the material,
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its velocity will remain relatively constant, therefore simplifying signal inter-
pretation. It is desirable to send out a single pulse so that the propagation
of the wave groups can be analyzed. The challenge then lies in producing
an instantaneous pulse that can be controlled and actuated at a desired fre-
quency. There is no control over a frequency generated by a simple impulse,
therefore a short burst must be emitted. If a simple sine wave composed of
a few cycles is emitted then the desired frequency can be actuated however,
the frequency domain of such a signal shows small secondary peaks in the
frequency domain that are present at other at other frequencies. To eliminate
these peaks the signal can be modulated with a window function to slowly
increase and decrease the magnitude of the signal [18]. A commonly used
signal that provides a good compromise between number of cycles and ramp
up rate consists of five sine peaks modulated by a Hann window. A signal
with an odd number of peaks is used so that there is a clear maximum peak
that can be used for signal processing (if an even number of peaks were used
then there would be two peaks with the same maximum amplitude).

2.2. Proposed Network Technique

The technique developed in this research aims to provide a practical,
modular network that is sparse and can be expanded to cover a large area.
Generally, tomography requires a dense network of transducers that cannot
be easily expanded to cover a larger inspection area. The proposed technique
makes use of a hexagonal arrangement, which is modular in the sense that
it uses a ’unit cell’ that can be repeated to expand the network to cover a
large inspection area. The unit cell consists of 12 transducers in a hexagonal
arrangement as shown in Figure 1a. The network can be expanded by simply
increasing the number of unit cells as shown in Figure 1b. A further benefit
is that two unit cells can share three transducers, which means that another
unit cell only requires nine new transducers.

Each transducer can act as both an actuator and a sensor. Inspection
begins by actuating one transducer to send Lamb waves through the mate-
rial and recording the signals with the remaining transducers. This is then
repeated 11 times such that each transducer acts as an actuator once. Since
there is one actuator and 11 sensors, there are 11 actuator-sensor pairs per
transducer with direct paths between them as shown in Figure 1a.

5



Figure 1: a) Hexagonal network showing actuator-sensor paths from transducer A (left)
and b) expansion of a single unit cell (right)

2.3. Damage Location Algorithm

Once data is collected in undamaged and various damaged states, a tech-
nique must be implemented to locate the damage. Various techniques have
been developed; each relies on a di↵erence between the damaged and undam-
aged state. Such techniques include: delay-and-sum beam-forming [19], the
time-di↵erence-of-arrival method [20], the energy arrival method [21] and the
filtered back-projection method [22]. To implement the proposed sparse hex
network an algorithm was developed that incorporates damage progression
information. This algorithm can be incorporated with existing algorithms to
increase their accuracy.

The algorithm selected for this research was the reconstruction algorithm
for probabilistic inspection of damage (RAPID) [12]. It was developed for
networks based on 8-16 transducers and has inherently good signal-to-mean-
noise ratios [13], it can accept various input parameters and produces rea-
sonably accurate results [22]. Changes in the transmitted Lamb wave signal
are related to a change in the material properties (ie. damage) between two
sensors. The probability of defect presence at a certain point can be recon-
structed from the severity of the signal change and its relative position to the
actuator/sensor pair [12]. The RAPID algorithm is based on two assump-
tions: i) all e↵ects from every possible actuator/sensor pair can be expressed
as a linear summation across the entire inspection region, ii) information
from a specific actuator/sensor pair contributes to the defect distribution
estimation of a sub-region is the vicinity of the path between the pair.
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Equation (1) describes the RAPID algorithm:

P (x, y) =
N
X

k=1

pk(x, y) =
N
X

k=1

Ak

✓

� �R

� � 1

◆

(1)

where P (x, y) is the probability of the existence of a defect at position (x, y),
the Cartesian coordinate of a point in the inspection area, Ak is the damage
metric as described below, � is a scaling factor the defines the sub-region
that the actuator/sensor pair has an e↵ect on (essentially an ellipse with the
actuator and sensor at its foci) and R(x, y) is described in Equation 2 as:

R(x, y, x1k, y1k, x2k, y2k) =

p

(x� x1k)2 + (y � y1k)2 +
p

(x� x2k)2 + (y � y2k)2
p

(x1k � x2k)2 + (y1k � y2k)2

(2)
where (x1k, y1k) is the Cartesian coordinate of the actuator and (x2k, y2k)
is the Cartesian coordinate of the sensor. In this work a value of 1.05 was
selected for � as it is the commonly used value [22, 23, 24].

Ak is a damage metric that is extracted from the Lamb wave signals.
It can be based on various phenomenon such as a reduction in transmitted
power, reduction in magnitude of waves or delay in arrival time. More re-
cently Moustafa, A. et al [25] used the fractal dimension with a modified
box-counting algorithm. The fractal dimension is a metric used to compare
two curves and is calculated as the Hausdor↵ dimension. The most com-
monly used metric is the signal di↵erence coe�cient (SDC) used by various
researchers [22, 23, 24]. This metric will be used as a baseline to compare re-
sults with the proposed algorithm. The signal di↵erence coe�cient between
two data sets is defined as:

SDC = 1� |⇢ab| (3)

where:

⇢ab =
1

S

PS
i=1(ai � µa)(bi � µb)

r

n

PS
i=1(ai � µa)2

on

PS
i=1(bi � µb)2

o

(4)

and S is the total number of samples, ai and bi are the initial data and
damaged data, respectively at sample i and µa and µb are the arithmetic
mean value of the initial data set and damaged data set, respectively.
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Most damage detection systems rely solely on detecting damage as it oc-
curs, ie. by comparing the change in the damaged state with the undamaged
state. In reality however, damage often begins as a small flaw that slowly
increases in size while in service. As the damage grows, information can be
collected that can be used to locate the damage before it is large enough to
be detected by algorithms without this information. In this work, a novel
technique is developed that incorporates information from the damage pro-
gression into the RAPID algorithm to increase the e↵ectiveness and enable
its use in sparse networks where it may otherwise not be applicable.

To incorporate damage progression information, the magnitude of power
from the transmitted Lamb waves is compared with that from the previous
state (the previous hole size in the case of this study). If the power is less
then there is the possibility that either damage is progressing in that path
or external noise has caused a decrease in the signal. A history of the pro-
gression is recorded and if the power consistently drops across a particular
path the probability of damage in that location is multiplied by an amplifica-
tion factor. This is done in order to di↵erentiate between noise and damage
progression. Naturally, the initial damage states will not accurately show
a damage progression however, as the trend continues across more damage
states the accuracy increases and the results become more reliable. In this
study an amplification factor of 1.10 (a 10% increase) was selected.

3. Experimental Investigation

To investigate the potential of the proposed network, experiments were
conducted on a composite panel with a single unit cell of 12 transducers ar-
ranged in a hexagonal pattern as in Figure 1a. Reference data was collected
while the material was in pristine condition and again with incrementally
greater induced damage in the form of a through hole. The data was pro-
cessed using the RAPID algorithm in order to determine the location of the
damage.

3.1. Experimental Setup

A 420mm x 420mm panel, composed of eight plys of 139gsm, unidirec-
tional T700 carbon fiber with West System 105/206 epoxy was laminated in
a [0/90/±45]S orientation to produce a 1.23mm thick quasi-isotropic com-
posite. A jig was machined to locate and bond 12, 1mm thick, 7.56mm
diameter PZT transducers to the panel in a 75mm circumradius hexagonal
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array. The panel and network are shown in Figure 2a, while a close up of
the network showing the damage location is shown in Figure 2b. Each trans-
ducer was assigned a letter for reference as seen in Figures 1 and 2. The
coordinates of the transducers are: A: (247.50, 274.95), B: (210.00, 274.95),
C: (172.50, 274.95), D: (153.75, 242.48), E: (135.00, 210.00), F : (153.75,
177.53), G: (172.50, 145.05), H: (210.00, 145.05), I: (247.50, 145.05), J :
(266.25, 177.53), K: (285.00, 210.00) and L: (266.25, 242.48) in mm from
the lower left corner of the panel. Damage was induced at: (228.75, 241.85).

Figure 2: a) Composite panel with hex network (left), b) hex network with induced damage
(right)

A National Instruments NI PXI-5421 arbitrary waveform generator was
used to generate a signal while a NI PXI-5105 digitizer/oscilloscope was used
to acquire the signal. Both units were installed in a NI PXI-1033 chassis and
controlled with a custom National Instruments LabView program. A model
A-303 amplifier from A.A. Labs Ltd. was used to amplify the generated
signal.

3.2. Signal Generation and Acquisition

An actuation signal consisting of a sine wave with five peaks modulated
by a Hann window was employed. An amplitude of ±8V was produced by
the waveform generator and amplified by a factor of 20 before it was sent to
the actuator resulting in a maximum amplitude of ±160V . The actuation
frequency was selected based on a number of criteria. In order to only ac-
tuate the S0 and A0 modes the frequency-thickness product was kept below
1.5MHz-mm. A frequency scan from 100kHz to 400kHz was performed
to determine the frequency that transmitted the greatest amplitude. It was
found that the frequency range of 260-270kHz transmitted the greatest am-
plitude,therefore 265kHz was used for the experiments.
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With these properties selected, the waveform generator was programed
to output the actuation signal at 100MHz. Data was acquired at 60MHz
for 30x103 samples (500µs). An ASCII text file was written after each run
and saved for data processing.

3.3. Experimental Procedure

Once the experimental apparatus was setup as described above, a number
of experiments were performed under various damage conditions. Each exper-
iment consists of actuating one transducer and sensing the other eleven, then
actuating the adjacent transducer and sensing with the remaining eleven.
This process is repeated until all 12 transducers have actuated the system
once. At this point the damage is increased and the process is repeated.

Initially the experiment was conducted on the panel in pristine condition
before damage was inflicted in the form of a hole drilled through the panel at
a location such that it intersected the paths between PZT parirs A-G and C-
K as shown in Figure 2b. The initial diameter of the hole was 1.59mm, which
was increased to 2.38mm, 3.18mm, 4.00mm, 4.76mm and finally 6.35mm.

4. Discussion

The main objective of this work is to develop a modular sparse network.
To achieve this an algorithm that uses damage progression information is
introduced. With this algorithm, two damage metrics were implemented.
The first is based on the SDC in order to compare the proposed algorithm
to a conventional metric (SDC). The second damage metric is based on the
transmitted power of the signal from an FFT analysis. For both metrics,
a comparison between the results with and without the damage progression
algorithm is made to asses the e↵ectiveness. A third case was also considered
that neglected information from every second sensor, essentially creating a
more sparse network of six transducers however, this did not produce any
reasonable results therefore implying that minimum of 12 transducers are
required in this situation.

Figure 3a presents an example of the received S0 and A0 waveforms ac-
tuated by transducer A and received by transducer G. All damage states are
plotted together on the same chart with their peaks marked with an asterisk
(⇤). Figure 3b shows a close up of the A0 peak; a consistent decrease in
amplitude due to damage is clearly seen. Signals like these from all paths
are processed to determine if a decreasing trend exists.
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Figure 3: a) Recieved Lamb wave signals at all seven damage states along path A-G (left)
and b) close up of A0 wave (right)

To bench mark the results, the SDC was calculated for each actuator-
sensor path and implemented in the RAPID algorithm. A contour plot in-
dicating the probability of damage is presented in Figure 4a. The damage
location is indicated with the yellow cross and circle. With this information
no damage could be detected. This is reasonable according to Michaels, J.E.
[13] who reported that the technique was not highly e↵ective on large, sparse
arrays. The aforementioned damage progression information was also imple-
mented with the SDC metric. The results are shown in Figure 4b. While
the algorithm was not able to detect the exact location of the damage it did
locate a region close to the general area of the damage therefore showing a
marked increase in accuracy by using damage progression information.

Figure 4: a) SDC results with no damage progression factor (left), b) SDC results with
damage progression factor of 1.10 (right) *Damage location indicated by yellow cross

In the second implementation the transmitted power was used as the
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damage metric. An FFT analysis was performed on data from every actuator-
sensor path to extract the magnitude of transmitted power. The RAPID
algorithm was implemented and the results are shown in Figure 5a. At this
point the algorithm has located three possible damage locations compared
to zero locations with the SDC metric. The algorithm was implemented
with the damage progression information as shown in Figure 5b. With this
information the algorithm has located a small region of damage roughly the
same size within a 12mm radius. While these results are not highly accurate
they do demonstrate that the use of information from the damage progression
does increase the probability of damage detection and allows a large, sparse
network to be used.

Many similar research e↵orts focus on aluminum rather than composite
making it di�cult to compare results. The results from the experiments
performed here are an improvement over the work on an aluminum panel
by Hay, T.R. et al [22] as a larger spaced array is implemented with fewer
transducer with results comparable to Liu, Y. et al [26] who were able to
detect a 30mm x 30mm delamination to within 10.2mm using an array of
four transducer pairs arranged in a square with sides of 225mm in length. In
general, this technique allows for a larger spaced array with a lower density
of transducers.

Figure 5: a) Power amplitude results with no damage progression factor (left), b) Power
amplitude results with damage progression factor of 1.10 (right) *Damage location indi-
cated by yellow cross

5. Conclusion

A novel sparse network that can be expanded to cover any size area has
been proposed along with a novel technique for incorporating information on
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the progression of damage to improve the accuracy of existing algorithms.
The network consists of a unit cell of 12 piezoelectric transducers arranged

in a hexagonal pattern as shown in in Figure 1a. The network is easily
expanded by adding nine more transducers to the existing 12 as shown in in
Figure 1b (two unit cells). The hexagonal arrangement allows for e�cient
stacking of unit cells that would not be otherwise possible with a circular
array.

Damage progression information was implemented in the form of a 10%
increase in signal magnitude if the actuator-sensor path showed a consistent
decrease in power across each damage state (ie. if the power was consis-
tently less than the previous state). The results presented in Figure 4 show
that incorporating the damage progression information increases the chance
of detection with SDC as a damage metric. When the power of the trans-
mitted wave is used as a damage metric some potential damage locations
appear as shown in Figure 5a. When the damage progression information
is incorporated the accuracy is increased, locating a potential damage site
that is within 12mm of the actual damage as shown in Figure 5b. While the
results do not directly pinpoint the damage location they do show that an
improvement over the existing RAPID algorithm can be made by incorpo-
rating damage progression information with the use of a larger area sparse
network on a carbon fiber composite material.
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1. Introduction

Due to their high specific strength and sti↵ness, composite materials are
becoming increasingly more valuable in fields such as aerospace, automo-
tive, wind energy and civil infrastructure. In all of these applications the
components are under cyclic fatigue loading.

Maintenance and inspection of components is a costly procedure. In most
situations the cost is incurred two fold: i) inspection cost and ii) lost revenue.
The challenge to the engineer lies in developing a structural health monitoring
(SHM) system that is installed in the component in question and works in
real time to monitor the structural integrity or 0health0 of the component to
reduce these drawbacks. It would be highly beneficial if the system estimates
the remaining useful life (RUL) in real time before service is required.

One method currently under research is based on fiber optic sensors em-
bedded within the composite material during manufacturing. Fiber optic
sensors are an excellent choice for these applications as they are lightweight
and flexible allowing them to be embedded within the host structure with lit-
tle detrimental e↵ect. Fiber Bragg grating (FBG) sensors show great promise
for SHM applications [1]. They are intrinsic, reliable, inexpensive to produce,
easily multiplexed and impervious to electromagnetic interference. The same
embedded fiber optic sensors can also be used during the processing stage
for resin flow monitoring and cure monitoring thereby assuring the initial
quality of the component [2].

Some research has been done on determining the extent, location and
type of damage, however no work has been done on the use of FBGs to
monitor the cycle-by-cycle degradation of the structure and correlate this to
the RUL in real time. This involves an investigation of current fatigue life
estimation models and techniques to employ them with data acquired in real
time by FBG sensors.

2. Fatigue Monitoring and Remaining Useful Life Prediction of

Composite Material with Embedded FBGs

The main objective of this study is to determine the remaining useful life
of a composite material using data obtained from embedded FBG sensors
during the life of a structure. This involves selecting an appropriate fatigue
life prediction model that is compatible with the data obtained from FBGs
and implementing this model to accurately predict the remaining useful life.

2



Research into the detection of damage using embedded fiber optic sensors
has been performed by various researchers [3]. It appears that Doyle et al
were among the first to monitor the reduction in sti↵ness of composites during
fatigue with an FBG [4].

Many researchers attempt to characterize the change in the reflection
spectrum of an FBG to detect and measure the density of cracks based on the
fact that a non-uniform strain distribution along an FBG causes broadening
of the reflected spectrum [5, 6, 7]. Takeda et al attempted to correlate crack
density with spectrum broadening using a theoretical model for crack density
[5]. Yashiro et al, proposed a numerical approach to correlate the reflection
spectrum of the embedded FBG sensor to damage [6]. Takeda et al proposed
a method of addressing multiple damages near a stress concentration by a
technique based on a layer-wise finite element analysis with cohesive elements
[7]. Other techniques based on ultrasonic Lamb waves have shown promise
[8]. These generally involve the use of piezoelectric transducers that send
surface waves through the material while FBG sensors are used to detect the
waves.

To our knowledge, no work has been done that incorporates embedded
fiber optic sensors for remaining useful life prediction on a cycle by cycle
basis.

2.1. Theory

An FBG is a segment of a single mode optical fiber core with a peri-
odically varying refractive index in the axial (longitudinal) direction [9]. It
allows a broad band of light to pass while reflecting a narrow band centered
around a wavelength known as the Bragg wavelength, �B. The periodic mod-
ulation of the refractive index at the grating location will scatter the light
traveling inside the fiber core. Out of phase, scattered waves will form de-
structive interference thereby canceling each other while in phase light waves
will add up constructively forming a reflected spectrum. The reflected wave-
length depends on the grating pitch (spacing between the refractive index
variations), ⇤ and the variation in refractive index, n. An FBG satisfies
the Bragg condition as �B = 2n⇤. The change in spacing of the periodic
refractive index modulation is a function of both strain and temperature.
If an FBG sensor is under a mechanical load or temperature variation, the
spacing and average refractive index will change, therefore causing a shift in
the Bragg wavelength �B(n,⇤). The sensitivity of strain and temperature
of a bare FBG is ⇠1.2pm/µ" and ⇠13.7pm/�C [9] however it is prudent to
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measure the strain and temperature sensitivity of every embedded FBG as
factors such as variation in material properties and manufacturing tolerance
will e↵ect the sensitivity.

Fatigue of composites has been an area of interest for over forty years.
The fatigue behavior of composites is a complex phenomenon due to vari-
ous types of damage that can occur (fiber fracture, matrix cracking, fiber
buckling, fiber-matrix interface failure, delamination, etc.) and interact with
each other [10]. Research has shown that the damage process in fiber rein-
forced composites under fatigue loading is progressive and is a combination
of various damage modes. The field of fatigue life modeling of composite
materials is extensive, however there is still no widely accepted model that
most engineers agree upon. Many excellent references that cover a variety of
available models exist such as [10, 11, 12] among others.

As observed by various researchers, the e↵ect of fatigue on the sti↵ness of
fiber reinforced polymer matrix composites follows a trend. This trend can be
characterized by three stages as shown in the plot of our test results in Figure
1. Stage I is characterized by a sharp, non-linear decrease in sti↵ness. This is
attributed to a rapid interconnection of matrix cracking initiated by shrinkage
stresses, degree of resin cure, voids and fiber discontinuities. This stage is
generally limited to the first 15-25% of fatigue life. Stage II is characterized
by a gradual, linear decrease in sti↵ness that occurs between 15-20% to 90%
of the fatigue life. This decrease is attributed to matrix cracking leading to
crack propagation, fiber debonding and delamination. The final stage shows
a sharp non-linear decrease eventually resulting in a sudden fiber failure [13].
Interestingly, the very initial stages of fatigue testing results in an increase in
sti↵ness that is generally attributed to viscoelastic deformation of the matrix
allowing for fiber alignment along the axis of loading [14].
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Figure 1: Sti↵ness degradation vs. fatigue cycle

Researchers have shown that S � N curves of unidirectional composites
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have virtually no clear threshold stress level as established in metals, however
it is recognized that a certain threshold level of strain in resin does exist for
indefinite fatigue life although it is very low, around 5-10% of the ultimate
strain [13]. Hence, life prediction models based on S �N curves may not be
applicable for fiber reinforced plastic (FRP) composite materials.

A small number of models will be described here in an attempt to demon-
strate why the strain energy release rate model was selected as well as to give
the reader an idea of the variables involved in such models and how they are
applied. This is by no means a comprehensive coverage of the subject.

One of the first fatigue life models was proposed by Hashin and Rotem [15]

as: �A = �u
A and

⇣
�T
�u
T

⌘2
+
�

⌧
⌧u

�2
= 1, where �A and �T are the stresses along

the fibers and transverse to the fibers, ⌧ is the shear stress and �u
A, �

u
T and

⌧u are the ultimate tensile, transverse tensile and shear stress, respectively.
Because the ultimate strengths are functions of the fatigue stress level, stress
ratio and number of cycles the criterion is expressed in terms of three S�N
curves that are determined experimentally. The criteria are only valid for
laminates with unidirectional plies.

Much research was done on phenomenological models to predict the sti↵-
ness degradation of composites by Whitworth [16, 17], and Yang [18]. Hwang
and Han introduced the fatigue modulus concept [19]. The fatigue modu-
lus concept is described as the slope of applied stress and resultant strain
at a specific cycle. The degradation rate of the modulus is assumed to fol-
low a power function: dF

dn
= �Acnc�1, where F is the fatigue modulus, n

is the number of cycles and A and c are material constants. They assume
that the applied stress �a varies linearly with the resultant strain such that:
�a = F (ni)"(ni), where F (ni) and "(ni) are the fatigue modulus and strain
at loading cycle ni, respectively. The strain life, N can be calculated by
integrating from n1 = 0 to n2 = N and introducing the strain failure criteria,
which states that failure occurs when the fatigue strain reaches the ultimate
static strain to obtain: N = [B(1� r)]1/c, where B = F0/A, F0 is the fatigue
modulus at the 0th cycle, A is area, r = �a/�u is the ratio of applied cyclic
stress to ultimate static stress and c is a material constant. Hwang and Han
also proposed three cumulative damage models based on the fatigue modulus
[20]. Lee used a sti↵ness degradation model to predict failure [21].

Whitworth used the residual sti↵ness model to propose a cumulative dam-
age model [22]. In this model the damage function is defined as: D =h
H·(1�S)a

1�S
a

i
· n

N
, where S = S/R(0) is the normalized applied stress range,

5



R(0) is the ultimate strength, S is the applied stress range and a and H
are parameters. When D = 0 no cycles have been applied and when D = 1
failure has occurred. This model degenerates into the Miner damage model
when a becomes unity, i.e. when the sti↵ness degrades linearly until failure.
This model has been extended to predict the remaining life of specimens sub-
ject to variable amplitude loading. Whitworth used the variable amplitude
approach to convert a number of cycles at a particular stress to a number of
cycles at a reference stress. These stress values are summed and when the
values equal one, failure occurs [22].

The aforementioned models take factors such as stress, strain, sti↵ness
and number of cycles and develop abstract material properties to develop
a formulation. Other researchers have investigated other properties as an
indication of fatigue. The challenge with these models is that they all require
knowledge of the load/stress applied to the composite. With FBG sensors
this data is not available; only the strain is sensed.

2.2. Application of fatigue life prediction models to FBG based RUL

The relevant data collected from an FBG is in the form of strain and
number of cycles. As described above, the sti↵ness of composite materials
under fatigue loading gradually decreases over time. This means that the
modulus of elasticity is not constant, it is a function of the load history
and the stress-strain relationship (Hooke’s law) can no longer be applied
to extract the magnitude of stress from strain. Therefore a suitable model
cannot use stress as an input; it must use the strain.

A promising method of predicting the remaining useful life using only
strain was developed by Natarajan et al [13]. The method relies on the
strain energy release rate and takes advantage of the fact that it is linear
throughout Stage II. It follows a similar approach to the fatigue modulus
concept proposed by Hwang and Han [19].

To apply this model the material must be characterized to obtain a rela-
tionship between applied strain, ultimate strain and the energy release rate.
The method assumes that there is a specific amount of strain energy in the
material that is released before it enters Stage III, at which point it is past
its useful life. The strain energy can be determined before fatigue loading
and used to predict the number of cycles to failure. An example of the pro-
gression of the release of strain energy from a composite during fatigue is
shown in Figure 2. This method can be employed as a cumulative model
if the energy is summed over each cycle. In this research it is proposed to
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use this method to calculate the released energy on a per-cycle basis using
strain data obtained from embedded FBGs to predict the remaining life. The
complete derivation of this method is presented in [13]. An abbreviated ver-
sion is presented here along with a modification so it can be applied to FBG
acquired strain/cycle data.
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Figure 2: Expended strain energy during fatigue loading

The variation of expended energy can be described as:

dUj

dNj

= f("m, "sr, Uj, Ct) (1)

where Uj is the expended energy, Nj is the load cycle, "m is the mean strain,
"sr is the strain range, Ct is the composite type. Equation (1) can be written
in terms of the number of cycles:

Nj =

Z Uj

U0

dU

f("m, "sr, (Uj � U0, Ct))
(2)

where U0 is the initial strain energy prior to fatigue initiation and:

Uj = U0 · g("m, "sr, (Uj � U0), Ct) (3)

where the function: g("m, "sr, (Uj � U0), Ct) must be determined experimen-
tally. Di↵erentiating Equation (3) with respect to Nj:

1

U0

dUj

dNj

= g0 {"m, "sr, (Uj � U0), Ct} · f {"m, "sr, (Uj � U0), Ct} (4)

and rearranging (4):

f {"m, "sr, (Uj � U0), Ct} =
1

U0

✓
dUj

dNj

◆✓
1

g0 {"m, "sr, (Uj � U0), Ct}

◆
(5)
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The right hand side of Equation (5) must be evaluated for "m, "sr keeping
the other parameters constant.

The energy release rate: dUj/dNj (the rate of energy expended per load
cycle) is linear throughout Stage II, therefore the energy release rate for
the material at various strain levels can be determined experimentally. The
function: f("m, "sr, Uj, Ct) can then be determined by plotting the variation
of the energy release rates with maximum induced strain.

The data obtained during fatigue loading should be load and deflection.
This data is then used to calculate the strain energy Un at any cycle: Un =
Pn�n
2 , where Pn is the load at n cycle and �n is the deflection a n cycle.
The amount of energy released at 90% of the life cycle (when the material

enters Stage III) compared to the initial amount of energy changes based on
the ratio: r = Uf/U0. Failure is assumed to occur at this point as the material
is no longer intact and dangerously close to catastrophic failure, therefore:
Nf = N90% = 0.9Nult.

The slope of Stage II is the expended energy per cycle or the energy
release rate: dU/dN . This can be obtained for each specimen by performing
a regression analysis of the expended energy data in Stage II. The energy
release rate is found to be constant and is characteristic of the constitutive
material under similar loading conditions and increases with an increase in
induced strain.

Experimental data of the variation in energy release rates with normalized
maximum induced strain is fit to a power law:

dU

dN
= a

✓
"max

"ult

◆b

(6)

where "max is the maximum induced strain of the material, "ult is the ultimate
static strain of the material (assumed to remain constant throughout the
lifetime) and a and b are fatigue coe�cients.

Since the coe�cients a and b are invariant for a particular material under
a given load type, the fatigue life can be written as:

Nf =
U0 � Uf

a("max/"ult)b
(7)

where U0 is the initial strain energy of the material at "max before fatigue
loading, Uf is the sum of the expended strain energy at the end of Stage II
and Nf is the fatigue life just before entering Stage III.
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Since the specimen is loaded linearly up to the mean strain level before
applying fatigue load, the expended energy of the material before fatigue
loading is the energy at the mean level. The energy of the material at 0
cycles can be written as:

U0 =
P 2
meanl

2AE
(8)

where Pmean is the mean level of the cyclic load, E is the modulus of elasticity
in the loading direction, l is the span (gage length) and A is the cross sectional
area. The fatigue life of a material can be obtained experimentally for a
particular loading from Equations (2) and (6), at Nf and written as:

Nf =
U0 � rU0

a("max/"ult)b
=

(1� r)U0

a("max/"ult)b
(9)

Life prediction can be accomplished by summing the energy released un-
der various load amplitudes for the corresponding number of cycles and find-
ing Nf after inserting the total expended energy into Equation (9). In the
case of an FBG based SHM system, the magnitude of the strain is sensed
on every cycle. With this method it is possible to sum the energy on a
cycle-by-cycle basis using data obtained from the FBG.

To calculate the energy released during one cycle, Equation (6) is inte-
grated with respect to N over one cycle, ie. from Nj to Nj+1 and "max is

replaced with "
(FBG)
j , the maximum strain value recorded by the FBG during

cycle j. This leads to:

�Uj = a

 
"
(FBG)
j

"ult

!b

(10)

when (Nj+1 �Nj) = 1.
The energy released during each cycle can then be summed during the

life of the composite to get the total expended energy up to that cycle:
Uexpended =

Pn
j=1 �Uj. The remaining life can be estimated: Uremaining =

(1� r)U0�Uexpended, where Uremaining is the remaining energy left in the ma-
terial before failure. Equation (7) can be modified to convert the remaining
energy into the number of remaining cycles:

Nn�f =
Uremaining

a("expected/"ult)b
(11)
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where Nn�f is the remaining life at cycle n, "expected is the expected strain
level for the remainder of the life. For example, "expected could be the average
maximum strain from the previous portion of life or if the component was
expected to be under harsher loading, "expected would be greater than the
average maximum strain. With Equation (11) various fatigue cycle scenar-
ios could be predicted for various loading cycles by modifying the value of
"expected. The addition of Equations (10) and (11) to the fatigue life predic-
tion technique developed by Natarjan [13] allow for a stepwise addition of
expended energy. This is a novel approach to remaining useful life prediction
that allows a prediction to be made at each cycle.

3. Experimental Verification

Experimental validation is required to explore the potential of this tech-
nique. This involves producing fatigue specimens with and without embed-
ded FBG sensors, testing them to characterize the material then testing and
applying the failure model to specimens that contain embedded FBGs.

3.1. Specimen preparation

A number of processing methods exist for composite materials. One
method that is particularly suitable to produce composite parts satisfying
stringent specifications of the aircraft industry is the Resin Transfer Molding
(RTM) technique. RTM can produce high quality near net-shape parts with
high fiber volume fractions, two high quality surfaces and little post process-
ing in a fully contained system that eliminates human operator exposure to
chemicals and reduces the chance of human error. For these reasons RTM
has been selected to produce the specimens for this study. A sophisticated
laboratory-scale apparatus has been designed and built with the ability of
embedding fiber optics into the composite component. This apparatus is
used to produce flat panels 620mm x 320mm x 3.5mm that are processed
into specimens for fatigue testing.

The laminate selected for this research is [0/90]6S E-glass fiber with epoxy
resin. The fiber used is Metyx LT300 E10A 0/90 biaxial E-glass stitched
fabric with 161gsm in the 0� orientation and 142gsm in the 90� orientation,
summing to 313gsm total. The selected resin is Araldite LY 564 epoxy resin
with XB 3403 hardener produced by Huntsman Corporation. The panels
undergo an initial cure at 65�C for 24 hours with a post cure at 80�C for
24 hours. Three panels were produced for this study and processed into
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specimens. Specimens were named with the convention #-##; with the first
number indicating the panel they were cut from and second indicating the
order in which they were cut. Panel numbering starts at #2 as panel #1 was
used for preliminary investigation.

Each panel produces ⇠30 specimens. A tabbing material composed of
1.5mm thick, plain weave E-glass non-crimp fabric/epoxy with a ⇠20� an-
gle on one edge is bonded with West System 105 epoxy and 205 hardener
thickened with milled glass fiber with a bond-line thickness of 0.7mm. The
panels are cut on a water-cooled diamond blade saw and the edges polished
up to 400 grit sandpaper. The final dimensions of the specimens are 280mm
x 15mm x 3.5mm with a 160mm gage length. The length of the specimen is
aligned with the 0� fiber orientation.

A special fixture is required to grip the specimen such that the fiber optic
ingress location is not under load. The fixture consists of three steel plates,
a bar and a pin. Two plates are clamped across either side of the specimen
with bolts. One plate has a slot that allows the fiber to egress from the
composite. The plates are screwed into the third plate that has a cylindrical
pin that interfaces with the machine grips. A sti↵ening bar is located across
the slot to reduce deflection when the bolts are tightened.

3.2. Testing equipment

All tests were performed on an MTS 322 test frame with MTS 647 hy-
draulic wedge grips using an MTS FlexTest GT digital controller with MTS
Station Manager software. Load and displacement data was collected with
a built in load cell, model: MTS 661.20F-03 and linear variable di↵eren-
tial transformer (LVDT), respectively. Strain was collected with an axial
extensometer, model: MTS 634.25F-24. All FBG data was collected with
a Micron Optics SM230 interrogator using Micron Optics Enlight software.
Temperature data was collected with a K-type thermocouple using a Na-
tional Instruments NI SCXI-1314 DAQ card in a NI SCXI-1000 chassis with
LabVIEW software. The fiber Bragg gratings used in the experiments were
10mm long with a center wavelength of either 1555 or 1565nm supplied by
FiberLogix. All data is acquired at a sampling rate of 100Hz.

3.3. Test procedure

First, the material must be characterized by determining the relation-
ship between the stress release rate and strain, i.e. determine the fatigue
coe�cients (a and b from Equation (6)). To do this, static testing must be
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performed to determine the ultimate tensile strain, "ult. After "ult is deter-
mined, a number of samples at various strain levels are fatigue tested. From
this data the strain energy release rate as a function of strain may be de-
termined. Once the values of a and b from the energy release rate curve
are determined the specimens with embedded FBGs can be tested. For this
study, a number of fatigue tests at each of the following strain amplitudes
("max/"ult): 0.8, 0.75, 0.7, 0.6, 0.5 and 0.4 are performed including two fa-
tigue tests with specimens containing embedded FBGs. A static test is also
performed to determine the ultimate strain of the embedded FBG.

Autogeneous heating becomes a concern during fatigue testing of glass
fiber reinforced composites as the heat is not quickly conducted to the envi-
ronment as it is with metallic materials. The fatigue properties of composites
are especially sensitive to heat. Generally a fatigue loading frequency of 1-
4Hz for glass fiber has been used with no adverse e↵ect, therefore tests are
performed at a frequency of 4Hz.

All fatigue tests are constant amplitude strain, tension-tension sine wave
tests. The maximum and minimum load and displacement is recorded. The
minimum stress on the specimens is 27.6MPa while the maximum load is
determined as a fraction of the maximum stress of 318.75MPa. The magni-
tude of the minimum load was selected to be close to that used by Natarjan
[13]. To determine the displacement amplitude to obtain the desired strain,
a simple calibration procedure is performed: the specimen is loaded into the
machine and a load that will produce the desired amount of stress is slowly
applied and released, then applied and released a second time. When the
specimen is unloaded there is a residual displacement sensed by the LVDT.
This is due to the wedge grips tightening and the specimen slipping slightly
before the full clamping force is realized. This zero o↵set only occurs during
the first loading cycle, after that the displacement returns to zero when the
load is returned to zero. To account for this nonlinear phenomenon the zero-
o↵set is subtracted from the maximum displacement on the second loading
cycle. The fatigue tests are then run at this displacement.

Once the fatigue coe�cients are determined, the specimens with embed-
ded FBGs can be tested. Prior to fatigue testing their temperature sensitivity
must be characterized in order to account for the temperature change due to
autogeneous heating. To do this the specimens and a bare FBG are placed in
an oven with three thermocouples. The temperature in the oven is ramped
up to 30�C, 40�C, 50�C and 60�C and allowed to soak at each temperature
for one hour before the temperature and wavelength is recorded. A plot of

12



wavelength vs. temperature is constructed for each FBG and linear regres-
sion is used to extract an average temperature sensitivity of 0.031nm/�C for
the specimens and 0.010nm/�C for the bare FBG.

4. Results and Discussion

A total of 11 static tests and 33 fatigue tests were performed. The results
were processed and a number of test results were rejected due to factors such
as their failure mode, outlying results or experimental procedure error. A
total of three specimens with embedded FBGs were tested. One specimen
was tested statically to determine the ultimate strain of the embedded FBG
and two under constant displacement. Prior to fatigue testing, the specimens
were calibrated with an extensometer to determine the strain sensitivity of
the FBGs. During testing, a thermocouple was fastened to the surface of the
specimen to monitor any temperature increase due to autogeneous heating.
The FBG embedded specimen tested at a strain level of 0.4 was not tested
until failure. The strain energy release rate was still obtained from the test
however the number of cycles to failure was not. After the tests were com-
pleted and all requisite data was collected it was processed in order to apply
the theory to predict the remaining useful life.

4.1. Material characterization test results

Static tests were performed in order to determine the ultimate stress and
strain of the material that was later tested under fatigue. The ultimate stress
and strain were found to be 318.75MPa and 16.31m", respectively where m"
is milli-strain.

Once the static tests were complete, the fatigue tests were performed.
Peak strain and load data was converted into expended energy per cycle and
plotted to produce an energy curve for each specimen as shown in Figure
3 (left). The aforementioned energy release trend is quite apparent in the
energy curve plots; an example plot is shown in Figure 2.

Linear regression was used to obtain the energy release rate (dU/dN)
throughout the linear region. The average energy release rate and ratio of
Uf/U0 for various levels of induced strain are presented in Table 1. The ratio
Uf/U0 (energy at failure, Uf (90% of total cycles) to initial energy U0) is
significant as it is used in the prediction of the remaining cycles in Equation
(9). The average value of r = Uf/U0 = 0.856 was used for predictions.
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"max/"ult: Energy Release Rate (J/cycle): r = Uf/U0:
0.4 8.705E-08 0.799
0.5 3.337E-06 0.826
0.6 3.352E-05 0.855
0.7 3.736E-04 0.885
0.75 1.307E-03 0.901
0.8 2.592E-03 0.917

Table 1: Fatigue test data

The energy release rate was plotted vs. normalized induced strain, Figure
3 (left). This data was averaged, plotted and fit to a power law curve to obtain
the values for fatigue coe�cients a and b, of 14.67 and 0.070595, respectively.
With a and b determined, the fatigue life could be predicted using Equation
(9). The experimental and predicted results are plotted as an "�N curve in
Figure 3 (right). The number of experimental and predicted cycles to failure
(Nf ) and percent di↵erence is shown in Table 2.
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Figure 3: Variation of energy release rate (left) and "�N plot (right)

4.2. FBG embedded specimens

One problem that was immediately apparent was that as the FBG was
strained, the reflected spectrum broadened, reduced in magnitude and split
into multiple peaks making it di�cult to accurately track. This is due to the
uneven strain field caused by matrix cracking and the fiber reinforcement ar-
rangement as documented by Takeda [5], [23], Shin [14], Okabe [24], Yashiro
[25] and others. The peak splitting resulted in an inaccurate measurement
of the strain magnitude, either greater or less than the actual strain. As the
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"max/"ult: Experimental Nf : Predicted Nf : Di↵erence (%):
0.5 154108 185132 20.13
0.6 19510 17475 -10.43
0.7 2597 2389 -8.00
0.75 1233 982 -20.34
0.8 510 428 -16.17

Table 2: Fatigue life prediction results

peak split, the tallest peak would move to either side of the Bragg wave-
length. The interrogator algorithm would track this peak rather than the
center wavelength thus resulting in inaccurate strain values.

The reduction in magnitude also presented a problem. One of the settings
of the interrogator software is the threshold of the magnitude of the reflected
spectrum. The threshold must be set high enough to eliminate noise but
not so high that the FBG reflected spectrum is excluded. Under low strain
there was not enough of a reduction in magnitude to drop below the thresh-
old, however as the strain increased towards the upper limits the magnitude
reduced and in some cases dropped below the threshold causing the inter-
rogator to momentarily lose the signal. This resulted in a number of data
points that were recorded as 0. When the peaks were extracted from the full
waveform data, missing peaks were given a value that was determined by
interpolating between the neighboring peaks. Figure 4 shows the acquired
signal from Specimen 3-1 for five second intervals of the fatigue test in the
beginning (left) and end (right). The blue lines show the acquired data at an
acquisition rate of 100Hz while the red circles indicate the peaks and troughs
of the data that were extracted from the full waveform.
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Figure 4: Wavelength vs. time for five second intervals at the begining and end of the test
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The surface temperature of the specimens that was monitored during the
tests was converted into a wavelength value (��B) using the temperature
sensitivity described earlier. The wavelength change due to temperature was
subtracted from the FBG data.

The first test performed was a quasi-static tensile test to determine the
ultimate strain level of the embedded FBG in Specimen 2-2. This information
would provide a range of strain levels to conduct the fatigue tests.

Figure 5 shows a plot of strain measured with an extensometer on the left
vertical axis and FBG wavelength on the right vertical axis vs. stress. Both
strain and wavelength follow a linear increase until roughly 160MPa when
there is a small jog in the FBG signal. This is likely due to the FBG reflected
spectrum splitting and the peak moving to the lower range of the spectrum.
After the jog the increase in the signal remains linear as expected. The strain
level measured by the extensometer when the fiber optic broke was 10.323m"
while the FBG read 10.039m" due to the shift. It is also worth mentioning
that a loud ’ping’ noise was heard when the fiber optic broke/signal was lost.
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Figure 5: Wavelength and strain vs. stress

Before fatigue tests began, a simple strain characterization test was per-
formed to determine the strain sensitivity of each specimen by straining it
and monitoring the Bragg wavelength, displacement and strain in the spec-
imen. FBG sensitivities of 1.2596nm/m" and 1.2691nm/m" were obtained
for Specimen 3-1 and 4-2, respectively. The conversion from LVDT acquired
displacement to strain was also obtained.

Specimen 3-1 was tested at a maximum induced strain of 0.5*"ult. Figure
6 (left) shows the strain data vs. cycle number throughout the test. The blue
line indicates LVDT acquired displacement data and the red line indicates
FBG wavelength data. Both data sets are converted to strain for application
to the prediction technique. The data measured with the LVDT shows a
steady constant strain throughout the entire test as expected. The FBG data
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however, initially shows a sharp increase due to autogeneous heating followed
by a nonlinear decrease which leads to a linear decrease until roughly 13.5
x 104 cycles when it exhibits a sharp nonlinear decrease until failure. This
shows the same trend as the load and is likely due to the break down of the
composite resulting in a non-uniform strain field that causes the FBG peak
to broaden.

0 2 4 6 8 10 12 14
x 104

0

2

4

6

8

10

Cycle number

St
ra

in
 (m

�)

 

 

LVDT strain data
FBG strain data

02468101214
x 104

0

5

10

15

x 104

Actual Remaining Cycles

Pr
ed

ic
te

d 
R

em
ai

ni
ng

 C
yc

le
s

 

 

Actual Remaining Cycles
LVDT Data Prediction
FBG Data Prediction

Figure 6: Results for Specimen 3-1: strain data (left) and prediction of remaining cycles
(right)

Figure 6 (right) shows the prediction results from the data presented on
the left along with the actual failure data. The prediction is made at every
cycle based on data from the LVDT and FBG in blue and red, respectively.
Since the LVDT data is constant, the predicted number of remaining cycles
remains linear with a constant o↵set from the actual data. The error in these
results is a function of the accuracy of the prediction method and experimen-
tally determined fatigue coe�cients from Equation (6). The predicted results
are within 27% of the actual results at the beginning of the test. This larger
than average di↵erence compared to the average results shown in Table 2
can be attributed to the statistical variation in the material properties from
specimen to specimen. The predicted results from the FBG data however,
are not as accurate due to the reduction in magnitude of the strain signal.
Since the prediction formula is based on a power law, a small variation in
measured data can result in a large discrepancy between actual and predicted
results. For the first 2 x 104 cycles the FBG prediction results are quite close
to the LVDT prediction before they drift away to an unreasonable value.

In an attempt to subject the embedded FBG to a lower "max to obtain a
more accurate signal, Specimen 4-2 was tested at a maximum induced strain
of 0.4*"ult. Figure 7 (left) shows the strain data vs. cycle number throughout
the test. The blue line indicates LVDT acquired displacement data and the
red line indicates FBG wavelength data. Clearly the signal from the FBG is
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much closer to that measured by the LVDT than for Specimen 3-1. Naturally
this results in a more accurate prediction of the remaining cycles as shown
in Figure 7 (right).
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Figure 7: Results for Specimen 4-2: strain data (left) and prediction of remaining cycles
(right)

Figure 8 shows a plot of the surface temperature of Specimen 3-1 on the
left vertical axis and the applied load on the right vertical axis vs. percent of
test. They are presented on the same plot in order to compare their similar
trends. The temperature data (blue) shows a sharp increase during the first
⇠5%. This is due to the autogeneous heating that occurs. After the initial
peak there is a nonlinear decrease unitl ⇠18% . After that there is some
erratic fluctuation from ⇠18% to 55% which is likely due to external e↵ects
such as ambient temperature change. After that the decrease remains steady
and linear until 95% when there is a final change to a greater decrease in
temperature until failure. The load follows a very similar pattern aside from
the initial sharp increase. From the first cycle to ⇠15% there is a nonlinear
decrease before a constant linear decrease is observed until ⇠95% when a
sharp nonlinear decrease occurs until failure.

Both data sets follow the trend of strain energy outlined in [13]. The
temperature change is caused by the work done on the material. When there
is a greater load applied then more strain energy is put into the material and
therefore more autogeneous heating occurs. As the material starts to degrade
and requires less load to reach the specified strain, less energy is put into the
material and less heating occurs. Naturally there is a lag in the temperature
signal due to the poor conductivity of glass fiber/epoxy composite.

This suggests that while susceptible to external environmental e↵ects,
monitoring the surface temperature of composites subjected to fatigue may
be used to give insight into the condition of the material.
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5. Concluding Remarks

After testing a total of 11 specimens statically and 33 in fatigue, the
fatigue coe�cients required to apply the strain energy release rate prediction
model to a [0/90]6S glass fiber/epoxy laminate were obtained. In order to
explore the concept of using FBGs to predict the remaining cycles throughout
the fatigue life, three specimens with embedded FBGs were tested.

The results of the non-FBG embedded fatigue tests closely agreed with
previous work by Natarjan [13] showing the same material degradation pat-
tern.

The quasi-static test of the specimen with an embedded FBG showed that
the "max of the embedded fiber optic is ⇠10m". The data also demonstrated
the peak splitting phenomenon that results in an inaccurate strain level as
shown in Figure 5.

During the fatigue test of Specimen 3-1, the recorded data from the FBG
sensors did not closely match that of the LVDT displacement data rather its
magnitude declined throughout the test. This is due to the degradation of
the composite resulting in an uneven strain field in the region of the FBG
causing the reflected spectrum to broaden and eventually split into multiple
peaks. The algorithm used by the interrogation equipment records the peak
with the largest magnitude, which is not always in the middle of the spectrum
and therefore not an accurate measure of the strain.

The results of peak splitting is apparent when comparing the FBG data
from tests conducted at "max/"ult = 0.5 and 0.4. When the peak split during
the first test, the tallest peak shifted to a lower wavelength and therefore the
strain measured is less than the that of the actual strain while the opposite
situation occurred with the latter test.

Due to the discrepancy in the FBG measured strain value and actual
strain value, the predicted remaining life results are not highly accurate.
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For the fatigue test performed on Specimen 3-1 ("max/"ult = 0.5) the FBG
based prediction is close to the theoretical prediction for the first 20 000
cycles. The fact that the fatigue life equation is based on a power law results
in a small discrepancy in strain producing a large discrepancy in predicted
remaining cycles. The fatigue test performed on Specimen 4-2 ("max/"ult =
0.4) produced more accurate FBG strain data. Naturally, the FBG based
prediction is much closer to the theoretical prediction for the latter test. A
strain amplitude of "max/"ult = 0.5 was selected for the first test to decrease
testing time however, in real life a strain of this magnitude would not be
seen as the safety factor of composites is generally above 2, therefore a more
reliable signal would be obtainable in real situations.

The introduction of Equations (10) and (11) to the fatigue life prediction
technique developed by Natarjan [13] are novel, as is their approach to re-
maining useful life estimation that allows a prediction to be made at each
cycle.

The conclusions drawn from these tests suggest that a more accurate
and reliable signal from the embedded FBGs is required for accurate results.
Three avenues to pursue in order to achieve this are: operate at lower strain
level, investigate the use of shorter FBGs (1� 3mm in legth) and develop a
more robust FBG interrogation algorithm. The "ult of carbon fiber is much
lower than that of glass fiber meaning a structure composed of carbon fiber
would see less strain and therefore an embedded FBG would not degrade as
rapidly. To investigate this, the same study should be repeated with carbon
fiber rather than glass fiber composites.
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