
ABSTRACT 

MCCANTS-BROWN, KEVIN MICHAEL. In-situ Cure Monitoring of a Self-Healing 

Composite Sandwich Structure Using Fiber Bragg Grating Sensors. (Under the direction of 

Kara J. Peters). 

 

This study explores the use of fiber Bragg grating sensors as a means to monitor the 

curing process of an epoxy resin used in a previously developed self-healing composite 

sandwich structure. It was initially speculated that a single FBG sensor embedded between 

the facesheet-core interface of the sandwich specimen would be capable of measuring 

temperature, strain, and refractive index of the repairing resin with a reasonable level of 

accuracy. The ultimate goal of this effort was to show that this cure monitoring technique 

could provide a reliable prediction of the specimen’s recovered strength following a low 

velocity impact event and subsequent autonomous self-repair. Various experiments were 

conducted to acquire a better understanding of the FBG sensor’s full capabilities. First, the 

sensitivity of the FBG to refractive index was examined by removing the fiber coating, and 

immersing the sensor into various refractometer calibration fluids. It was found that although 

the influence was small, changing the refractive index of the surrounding medium affected 

the envelope size of the cladding mode region in the sensor transmission spectrum. A sensor 

calibration experiment was then fabricated to simultaneously vary all three variables of 

interest, while the transmitted spectral response was recorded. When assessing the results of 

these tests, particular attention was given to both the Bragg wavelength location and the 

characteristics of the cladding mode spectral data. The results of these tests were compiled in 

a specially tailored calibration algorithm to predict temperature, strain, and refractive index 

for a given generic spectral response. The results of this calibration effort were less than 

favorable due to a lack of sufficient precision in the control of some of the applied variables, 



resulting in error in the subsequent predictions. Later experiments would continue to use the 

FBG sensor while relying on a closely mounted K-type thermocouple to help separate the 

independent variable measurements. After examining the spectral response of various FBG 

sensors submerged in curing resin samples, the FBG was then applied to a group of self-

healing specimens to monitor the quality of the healing process following a low velocity 

impact. To validate the predictions acquired from the embedded sensors, the strength of each 

specimen was determined using a standard four-point bending test. Based on the temperature 

and strain data recorded by the cure monitoring sensors, it was possible to not only predict 

the relative strength of each specimen, but to also predict whether the specimens sustained 

enough impact damage to activate the self-healing. It is believed that the sensor calibration 

technique proposed in this project can be greatly improved by repeating the experiment in a 

more precisely controlled environment, and by modifying the selected input variables for the 

calibration algorithm. Following this improvement, it is speculated that the results of the cure 

monitoring experiment can be replicated without the aid of an embedded thermocouple.  
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CHAPTER 1: INTRODUCTION 
 

1.1. OVERVIEW 

The purpose of this study is to investigate the feasibility of using fiber Bragg grating 

sensors to monitor the curing process of a previously developed self-healing composite 

sandwich structure. The long-term goal is to be able to reliably predict the recovered strength 

of a specific self-healed structure without any form of destructive, hands-on inspection. Due 

to the large amount of variability in the self-healing process, it is important to know the 

recovered strength for a specific structure, as opposed to the predicted average recovered 

strength. During the curing process, the main variables of interest that reveal the efficacy of 

the curing process are the refractive index of the resin, the temperature, and the strain that 

develops as the resin hardens. Overall, it was desired that these measurements be provided by 

a single optical fiber sensor or sensor type to reduce the perturbation to the self-healing 

process. A single sensor type would also minimize the cost and complexity of the sensor 

network that could potentially be embedded in a more large-scale version of this project.  

The first chapter of this study provides background on previous work and the 

motivations for expansion to the current study. Chapter 1 also presents a literature review of 

the current practices that are relevant to this application. Chapter 2 describes the experiments 

that were conducted to develop a better understanding of the sensor’s full capabilities, while 

the third chapter discusses the results of these experiments. Finally, chapter 4 summarizes the 

conclusions that were drawn from this project, and outlines the steps that could be taken for 

future work.  
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1.2. MOTIVATION FOR SELF-HEALING SANDWICH STRUCTURES 

Sandwich composites are becoming an increasingly favorable solution to lightweight 

construction in aerospace and marine industries due to their competitive strength to weight 

ratio. However, one drawback to composite construction is their susceptibility to low velocity 

impact damage, which can significantly reduce the lifetime of the structure (Daniel & Ishai, 

2006). In the case of a composite sandwich structure, repeated impact damage affects not 

only the strength-enabling facesheet, but also its interface with the softer core material. In 

addition to facesheet debonding, other typical failure modes known to compromise 

composite sandwich structures include core crushing, shear cracking of the core, and in cases 

of more severe impacts, facesheet fracturing (Williams et al., 2007). It would therefore be 

desirable to facilitate a method of autonomous “self-healing” such that the structure could 

respond to the incurred damages by attempting to repair the facesheet-core interface without 

any additional external manipulation.  

Chen et al. (2012) proposed such a method for autonomous self-healing. Current 

practices in self-healing structures involve delivery systems designed to repair small-scale 

damages like micro-cracking. It was, however, the decision of the authors to address the 

more severe failure mode (for sandwich composites) of facesheet debonding. In such a case, 

the void that is created between the facesheet and the core can be of considerable size. As a 

result, the self-healing structure proposed by Chen et al. (2012) incorporated a network of 

vascular channels which, when damaged, were capable of delivering a sufficient supply of 

epoxy resin and hardener to the source of the impact, in an attempt to repair the structure. 
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The results of this project would ultimately serve as the starting point for the research efforts 

discussed in this thesis.  

 

1.3. DESCRIPTION OF PREVIOUS PROJECT 

The initial goals of the previous project are listed below (Chen et al., 2012):  

 

1. To create a self-healing interfacial layer that could be fabricated independently from 

the sandwich composite and easily integrated into the final composite; 

2. To move the location of the resin/hardener vascular network to the interface between 

the facesheet and core materials to introduce the self-healing system at the location of 

damage. This feature increases the bending stiffness of the undamaged panel per unit 

weight and provides some residual impact resistance benefit to the sandwich 

composite plate; 

3. To create a self-healing system that does not require external pressure or heating to 

successfully repair damage within the sandwich composite; 

4. To maximize the stiffness and ultimate strength of the healed sandwich composite for 

a given damage severity; 

5. To allow flexibility in the geometry of the self-healing system for empirical 

optimization of the design. 

 

As stated above, the primary objective of the previous work was to optimize the design of 

the self-healing structure by modifying the geometry of the interfacial layer, and to quantify 
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the effect on recovered strength. This was accomplished by systematically constructing sets 

of sample specimens of equal size, as shown in Figure 1.1, then performing two types of 

strength tests to quantify the effectiveness of each geometry. A four-point bend test was used 

to measure the global bending stiffness of the sandwich composite, while an edge-wise 

compression test was used to evaluate the re-bonding of the facesheet-core interface. This 

process is shown in Figure 1.2. The self-healing process was initiated using a controlled low 

velocity impact from a drop tower rig. At the same time, a set of control specimens were 

fabricated without the self-healing interfacial layer for the sake of comparison later.  

After testing various specimen groups with different interfacial geometries, an 

optimal design was finalized. The specifications for this design are shown in Figure 1.3.  It 

was found that the specimens with this geometry were capable of increasing the specific 

stiffness and failure load of the structure following impact by as much as 195% and 67% 

respectively. However, because the resin and hardener contained in the vascular channels do 

not provide any form of support to the structure until after it has been damaged, there is an 

unavoidable reduction to the initial strength to weight ratio. On average, the weight penalty 

incurred by the addition of the interfacial layer was roughly 30%, which was seen as 

acceptable for certain applications.   

 

1.4. MOTIVATION FOR PROJECT EXPANSION 

The experiments conducted in the previous study were able to successfully optimize 

the design of the self-healing sandwich structure to a reasonable extent.  Despite these 

results, the experiments also demonstrated the somewhat uncertain nature of the self-healing 
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process. Because of the high level of variability that was observed from case to case, it would 

be difficult to reliably predict whether the self-healing process was successfully initiated for 

a particular instance. Consequently, it would be difficult to make the assertion that the 

recovered strength of the composite structure is suitable for continued use in its chosen 

application. It would therefore be highly desirable to incorporate a network of sensors to 

monitor the curing efficacy of the self-healing process.  

As discussed later in this section, resin cure monitoring has been successfully 

implemented using more traditional types of sensors, such as electrical strain gauges and 

thermocouples. The major drawback associated with this form of instrumentation is the size 

and weight penalty. Furthermore, in the case of a more large-scale structure, a fairly robust 

sensor network would be required to monitor the self-healing areas with reasonable 

resolution. In such a case, using traditional structural sensors would be considerably 

ineffective due to the additional weight and obstruction of the necessary lead wires that 

would have to run throughout the structure. One alternative to this method is to utilize optical 

fiber sensors, which are becoming an increasingly useful form of structural inspection tools. 

Sensors that are written into optical fibers have a number of distinct advantages over 

traditional strain and temperature sensors. In addition to being impervious to electromagnetic 

interference, moisture, and corrosion, optical fiber sensors are particularly useful due to their 

very small size (125μm diameter) and the capability of multiplexing an array of sensors into 

a single length of fiber (Boller et al., 2009). Accordingly, the integration of this form of 

sensor would be ideal for the cure monitoring of the self-healing process. This necessity 

brings about the motivation for the research project which is the topic of this thesis. 
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1.5. REVIEW OF THE LITERATURE 

Prior to selecting the appropriate sensor for this particular application, it is first 

necessary to consider the variables that must be measured, and the resolution desired from 

each of these measurements. Upon investigation of various epoxy cure monitoring 

techniques, it was found that the most pertinent variables to monitor for such a process are 

the temperature and the strain of the epoxy as it hardens (Karkanas et al., 2000). In addition 

to this, the refractive index of the resin changes as it transitions from liquid to solid state 

(Harris et al., 2006). Accordingly, a rough measurement of refractive index was also desired 

from the prospective sensor.  

There are a variety of optical fiber sensor arrangements that could potentially provide 

the sought measurements, though some solutions were found to be less practical than others. 

In the case of temperature and strain measurements, the uniform Fiber Bragg Grating (FBG) 

is among the most widely preferred optical fiber sensor used in the field of structural health 

monitoring. These sensors are essentially wavelength-dependent filters, and work on the 

principle of Fresnel reflection (Boller et al., 2009). As a broadband light source is passed 

through the fiber, the grating serves as a filter which reflects a narrow bandwidth at a 

prescribed central wavelength. This grating is capable of responding to external changes in 

strain and temperature by shifting the location of the central wavelength to a lower or higher 

value, depending on the relative change in the external variable. As a result, FBG sensors 

have been shown to be highly sensitive to temperature and strain changes separately; 

however, the major difficulty associated with these sensors is the apparent coupling between 
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temperature and strain measurements, and consequently, attempting to extract these two 

separate variables can be a somewhat complex problem to address (Oh et al., 2004). 

Some applications use a combination of an FBG and a thermocouple to eliminate the 

influence of temperature on the optical sensor, and extract an independent measurement of 

strain. This method was employed by Chehura et al. (2005), who used the two combined 

sensors to monitor the strain development of a composite laminate during cure. It seems 

evident from this, and from similar studies, that the introduction of a thermocouple is one of 

the simplest ways to acquire a measurement of temperature and strain while preserving the 

level of precision that is inherent in the FBG sensing capabilities. However, in some cases, 

there is a strong desire to avoid the use of thermocouples due to limitations in size and 

weight. A common solution is to use a “hybrid” sensor consisting of two gratings written in 

close vicinity to one another on the strand of optical fiber (Guo, 2007; Montanini et al., 

2007). Similar to the FBG-thermocouple combination, this technique relies on one of the 

sensors to provide a temperature measurement that is independent of strain. To accomplish 

this, the temperature sensor is incased within a very small, rigid capillary that isolates it from 

external strain this method is illustrated by the diagram in Figure 1.4.  

Another, possibly more complex method of discriminating temperature and strain 

measurements is to use a combination of Fiber Bragg Gratings (FBG) and Long Period 

Gratings (LPG). Similar to the FBG, an LPG contains a periodic grating on the core of the 

fiber, which causes a select portion of the spectrum to be reflected when exposed to a 

broadband light source. Like the FBG, the spectral response of this sensor is influenced by 

changes in temperature and strain, although its sensitivity to these variables is notably 
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smaller. The primary difference in the fabrication of these sensors is that the gratings on an 

LPG are spaced apart by a much wider gap (typically from 100 μm to 1 mm). As a result, the 

Bragg wavelength does not occur in the typical wavelength range of near-infrared telecom 

lasers. Instead the multiple cladding modes are found in the near-infrared range. These 

modes appear as transmission dips in the grating transmission spectrum (James et al., 2009). 

In the setup proposed by Yang et al. (2004), an LPG was written closely behind two FBGs of 

different Bragg wavelength on the same length of fiber. Figure 1.6 illustrates the theory 

associated with this sensor orientation. A broadband light source (ELED) is coupled into the 

optical fiber such that the LPG is the first grating with which it interacts. When measuring 

the reflected spectrum of the sensor array using the optical spectrum analyzer (OSA), the two 

Bragg peaks of the respective FBG’s are distinctly visible. By passing back through the LPG, 

the reverse propagating lightwave is truncated by the attenuation band of the LPG’s 

transmitted spectrum, as denoted by the dashed line in the diagram. This ultimately provides 

a simpler method to track the Bragg wavelength shifts of the two sensors by measuring the 

amplitude of the respective peaks. The two sensors were selected such that their dependency 

on temperature and strain would be slightly different. This difference would ultimately allow 

separate estimates of temperature and strain to be extracted from the two measured peak 

amplitudes.  

For the refractive index measurement, a number of sensor configurations have also 

previously been explored. The simplest form of sensor that can be placed in a single optical 

fiber relies on the change in the intensity of light passing through the fiber as external 

variables are modified. Banerjee et al. (2007) measured the refractive index of a surrounding 
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medium by observing the change in light intensity as the index changed. To facilitate this 

measurement, the exterior coating and a portion of the fiber cladding were removed using an 

acidic solution, as depicted in Figure 1.7. This allowed a fraction of the light passing through 

the fiber to be scattered into the surrounding liquid. In reference to the plot in Figure 1.8, 

there was a clear correlation between the light intensity ratio (denoted as R) and the 

refractive index of the liquid. Although this rather simple sensor design was shown to 

provide a highly accurate prediction of the refractive index, it remained incapable of 

measuring the temperature and strain, two variables which are arguably the most crucial to 

assessing the resin cure. Therefore, a more complex sensor needs to be considered.  

Another method for refractive index measurement is the long period grating (LPG) 

sensor discussed earlier for strain and temperature measurements. For these sensors, 

measurements are made via the cladding modes, which are created through coupling of the 

core mode with modes spread throughout the optical fiber cladding (Tsuda et al., 2009). 

Therefore these modes are highly sensitive to external refractive index changes as more 

overlap of the lightwave with the external surrounding occurs. In the study by Tsuda et al. 

(2009), this theory was tested by using an LPG sensor to observe changes in the refractive 

index of an epoxy resin during the critical phases of its curing cycle. Figure 1.9 shows the 

setup for this experiment, while Figure 1.10 shows an example of the spectral data that was 

acquired. It was found that the spectrum, although affected by the index changes, did not 

provide a sufficiently high amount of variance to create a calibration as accurate as that 

produced by the intensity based sensor.  
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Although the methods discussed above present several advantages for cure 

monitoring applications, the level of complexity is, in many cases, beyond the fabrication 

capabilities of this project. It was ultimately decided that a single FBG sensor would provide 

the most suitable solution to monitor the self-healing epoxy cure process due to the simplicity 

of the integration, and the high sensitivity to the desired variables. Based on the previously 

described success of the various refractive index experiments, it was believed that similar 

results could be produced with the FBG sensor by removing the fiber coating. Accordingly, 

this project will access the feasibility of using this particular sensor independently, despite 

the known coupling between the two variables of interest. Thus, along with the application to 

the self-healing process, this study was also focused on separating the three desired variables 

measurements from spectral data provided by a single FBG sensor.  
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CHAPTER 1 FIGURES 

 

 

 

 
                  (a)                                                                  (b)  

 

 
(c) 

 

Figure 1.1 Photographs of the fabrication process for the interfacial epoxy layer. (a) Steel 

wire scaffolding used to create the vascular channels; (b) Glass mold; (c) Cross-section of 

completed layer (Chen et al., 2009). 
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               (a)                                                                         (b) 

Figure 1.2 Specimen strength testing. (a) Four-point bending test; (b) Edge-wise 

compression test (Chen et al., 2009) 

 

 

 

 
Figure 1.3 Various views of a completed self-healing sandwich specimen. Colored regions 

show vascular channels filled with resin (blue) and hardener (red). Final optimized 

dimensions were: D = 0.9mm, Dh = 6.3mm, Dr = 9.0mm, t = 1.3mm (Chen et al., 2009). 
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(a) 

 

 
(b) 

Figure 1.4 Diagram of FBG capillary temperature sensor used to monitor the cure of a 

composite laminate (Guo, 2007). 
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Figure 1.5 Results of FBG cure monitoring for composite laminate (Guo, 2007). 
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Figure 1.6 Hybrid LPG-FBG sensor setup and typical reflected spectrum behavior (Yang et 

al., 2004). 
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(a) 

 

 

 
(b) 

 

 

Figure 1.7 Intensity-based optical fiber refractive index sensor setup. (a) Diagram of sensor; 

(b) Data acquisition setup (Banerjee et al., 2007). 
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Figure 1.8 Example of intensity-based refractive index sensor calibration results. The 

intensity ratio, R is defined as the sensor output intensity divided by the intensity of the 

reference beam (Banerjee et al., 2007). 
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Figure 1.9 Resin refractive index measurement experimental setup (Tsuda et al., 2009). 



 

19 

 
Figure 1.10 Long period grating transmission spectrum recorded during resin curing process 

(Tsuda et al., 2009). 
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CHAPTER 2: EXPERIMENTAL METHODS 
 

2.1. INTRODUCTION 

Before the FBG sensor could be integrated into the self-healing structure, as proposed 

in the project objectives, a more thorough understanding of the sensor’s spectral response 

was necessary. Although the initial review of literature provided substantial insight into the 

behavior of typical FBG sensors, additional experimentation was necessary to calibrate the 

FBG response to strain, temperature and index of refraction. Calibration is also necessary in 

the resin curing environment. 

 

2.2. REFRACTIVE INDEX RESPONSE 

The first experiment conducted on the FBG sensor determined its sensitivity to a 

change in the refractive index of the surrounding medium. In the case of a curing epoxy 

resin, the refractive index is expected to decrease by roughly 0.1 - 0.2 as the molecular 

crosslinking process is undergone (Tsuda et al., 2009). As described by Banerjee et al. 

(2007), previous attempts to acquire a refractive index measurement from an intensity-based 

optical fiber sensor yielded reasonably accurate results. This experiment was intended to 

replicate the results of the aforementioned study, instead, using an FBG sensor. The 

refractive index measurement capability was facilitated by the scattering of light propagating 

through the fiber cladding into the surrounding medium. As a result, the index change caused 

the overall intensity of the transmitted light to be affected. Similarly, this behavior was 

anticipated to be present in the spectral response of an FBG sensor, although with a lower 
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sensitivity. As discussed previously, when attempting to extract a variable measurement from 

an FBG sensor, it is typically necessary to investigate the light intensity as a function of 

wavelength either reflected from or transmitted through the FBG. Figure 2.1 illustrates an 

example of a typical FBG transmission spectrum. As annotated in the diagram, the series of 

smaller peaks and valleys located to the left of the central Bragg peak are defined as the 

“cladding modes” and are associated with the forward propagating light in the cladding of the 

fiber. Because the changes in external refractive index are expected to only influence the 

light propagating through the fiber’s cladding, the cladding mode region of the spectral plot 

was the primary area investigated. The transmission spectrum was chosen because the light 

lost due to scattering would not appear in the data in reflection. Thus, the overall goal of this 

experiment was to modify the refractive index of the medium surrounding the sensor in a 

controlled manner, while measuring the transmission spectrum of the FBG throughout the 

process.  

In order to acquire the desired data, it was first necessary to allow the light to 

permeate into the surrounding medium without obstruction. To accomplish this, the fiber 

coating was removed in the vicinity of the grating. This was performed by soaking the fiber 

in a bath of acetone for approximately 2 minutes to loosen the polyimide coating, then 

manually stripping it away.  

Next, it was necessary to constrain the fiber in a rig that would prevent any 

unintentional application of strain due to bending. Figure 2.2 shows the mount that was 

created for this purpose. The fiber was positioned directly above a petri dish such that the 

sensor grating could be submerged below the water level of a fluid while suspended above 
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the bottom of the dish. To alter the refractive index of the surrounding liquid, 6 refractometer 

calibration fluids ranging in value from 1.45 to 1.70 were used to fill different petri dishes, 

and the fiber mount was able to easily be repositioned above the desired dish for each portion 

of the experiment. These fluids were specified to have an accuracy of +/- 0.0002. 

Figure 2.3 shows a diagram of the data acquisition setup used for this experiment and 

later tests. First, the tunable laser was set to perform a wavelength scan with a range of +/- 5 

nm from the documented central wavelength of the sensor. This 10 nm wavelength range was 

chosen to capture all of the crucial aspects of the FBG transmission spectrum. The light was 

passed from the laser through the sensor and into a photodetector that converted the 

instantaneous light intensity to a voltage. A National Instruments NI USB-6251 BNC data 

acquisition module was used to measure the voltage provided by the photodetector and signal 

processing software installed on the computer was used to keep track of the voltage as time 

progressed. Finally, using the known sampling rate of the signal processing software and the 

selected laser scan rate, the “voltage vs. time” data was converted to “transmission 

coefficient vs. wavelength” data, which was saved for later analysis. The MATLAB code 

used to perform this conversion can be found in Appendix B.  

 

2.3. MULTIPLE VARIABLE SENSOR CALIBRATION 

After measuring the sensor response to changes in external refractive index, it was 

then required to measure its response in a more complex environment with multiple 

variables. The next experiment was set up to collect the sensor response when all three 

variables of interest were modified simultaneously, to simulate the behavior of the resin 
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during the crucial moments of the curing process. As mentioned previously, the goal of this 

study was to incorporate an FBG sensor into the self-healing structure to monitor the strain, 

temperature, and refractive index during the resin cure. With this in mind, the second 

experiment was fabricated such that the sensor could be immersed in a temperature-

controlled refractive index calibration fluid, while being tensioned in a specially designed rig. 

Due to the need to simultaneously vary three independent parameters, the test rig for this 

experiment was particularly difficult to fabricate. Figure 2.4 -Figure 2.7 show the testing 

apparatus that was created to accomplish this. The fiber was positioned horizontally so that it 

could be immersed in the fluid with less chance of leakage. The sensor was placed inside of 

an aluminum container which holds one of the three chosen refractive index calibration fluids 

and whose temperature was changed through the hot plate upon which it was mounted. A 

very small grove was machined into the lower half of the container, allowing the fiber to 

slide freely in a thin layer of wax, as shown in the diagram of Figure 2.5.  The temperature of 

the calibration fluid was monitored using a thermocouple suspended from above the 

container. To set the temperature for each run, the hot plate needed to be adjusted very 

gradually, allowing time for the aluminum container and the calibration fluid to reach 

thermal equilibrium. Once it was verified that the temperature had reached a steady state, the 

thermocouple measurement was recorded. 

The tensioning mechanism was then built around the hot plate and fluid container to 

apply a constant tension to the fiber without it being obstructed by any friction from the walls 

of the container. To position the fiber in the test rig, the ends were wrapped around the two 

vertical columns and taped in place. The columns were machined to a diameter of 25 mm, 
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which was greater than the minimum bending radius for the silica fiber. A hand-operated 

adjustment knob, as shown in Figure 2.4, was then used to force the two columns apart, and 

apply the desired tension. Once again referring to the image in Figure 2.4, it can be seen that 

a compression spring was placed between the left tensioning column and the slider that was 

controlled by the adjustment knob. This feature allowed the tension to be applied very 

gradually, eliminating the risk of overshooting the desired tension value. Finally, a weight 

sensor that was extracted from an electric scale was mounted vertically against the right 

column to acquire an accurate measurement of the fiber tension to within 0.01 N.  

The data acquisition setup remained the same as in the previous experiment, however 

for this case, the temperature, tension and proper refractive index fluid had to be set prior to 

conducting the wavelength scan for each run. Since three separate variables were to be 

modified in this experiment, a considerably robust data set was required for analysis. 

Therefore, a total of 60 separate runs consisting of 4 unique values for temperature, 5 tension 

values, and 3 index values were conducted in this experiment.  

The overall goal of this experiment was to use the acquired data set as a means to 

produce a calibration for the sensor such that an estimate for temperature, strain, and index 

could be extracted with a reasonable level of accuracy for almost any conceivable scenario. 

The details of this calibration are discussed with greater detail in section 3.3.  

 

2.4. RESIN CURE MONITORING  

After calibrating the FBG sensor response for the three separate variable 

measurements, the next step was to apply the results to the monitoring of an actual resin cure 
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scenario. In order to ensure that the curing process was performed in a controlled and 

consistent manner, an experiment was fabricated allowing an FBG sensor to be submerged in 

a resin bath of a particular volume and consistency.  

One major source of discrepancy previously observed in the self-healing process is 

the inability to control how much of the resin and hardener is actually able to migrate to the 

location of the interfacial damage. In an attempt to combat the possibility of a hardener 

deficient cure, the dimensions of the vascular networks were initially specified to allow for a 

hardener-to-resin ratio greater than that required for a stoichiometric mixture. Despite this 

planning, there is always chance that the mixing ratio of the curing agents could be 

insufficient for a complete cure. Accordingly, the goal of this experiment was to simulate 

multiple curing conditions by altering the mixing ratio and to investigate the sensor response 

to see if a noticeable difference can be observed.  

In setting up this experiment, it was first necessary to determine an appropriate 

amount of resin to use for each run. Although the actual amount of resin used to repair the 

structure can vary, depending on the severity of the initial impact, it was assumed that the 

total amount of combined resin and hardener was not likely to exceed 10 mL for the 

specimen size that would later be used. With this in mind, a test was constructed by pouring 

10 mL of stoichiometrically mixed epoxy into a mylar-lined petri dish. The fiber holder from 

the first experiment was once again used to submerge the sensor in the resin film. In addition 

to this, a K-type epoxy coated thermocouple was positioned next to the sensor in the resin to 

obtain an accurate temperature measurement throughout the curing process as shown in 

Figure 2.8. Although this test was meant to simulate the curing of a thin epoxy film, similar 
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to that which is used in the actual self-healing process, the changes in the sensor response 

were later found to be considerably small. These results are discussed further in section 3.4.  

To further investigate the behavior of the curing resin, another set of tests was chosen 

to be conducted using a larger quantity of resin and hardener that was placed in a beaker to 

cure. This setup was chosen because the larger quantity and more compact containment 

would allow the sample to gain more heat during the initial stages of curing process, and 

more strain as it hardens. This test would provide a more sensitive calibration of the curing 

process than the result of the thin film cure. It was subsequently assumed that the transient 

behavior of the thin film cure would mimic that of the bulk specimen, only with smaller 

values of temperature and strain, and a less rapid reaction rate.  

Similar to the thin film test, the bulk resin samples were monitored using both an 

FBG sensor and a thermocouple, which were secured to the walls of the beaker using thin 

strips of masking tape, as shown in Figure 2.9. For this experiment, two different bulk resin 

samples were investigated. The first was mixed at the proper 5:1 volumetric mixing ratio, as 

specified by the resin manufacturer to yield approximately 30mL of epoxy. The second 

sample was made with 33% less hardener to simulate a less favorable self-healing scenario.  

Unlike the series of previously performed sensor calibration experiments, these tests 

were meant to provide a time transient analysis of the sensor response. Thus, the data 

acquisition setup needed to be modified to allow for a larger amount of information to be 

recorded, and in a more continuous manner. To accommodate this need, the tunable laser was 

set to scan with a slightly larger wavelength increment, allowing the scan time to be reduced 

from 7 minutes to roughly 2 minutes. This change would result in slightly less resolution in 
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the data acquired for each scan, however it was deemed reasonable, considering the size and 

frequency of the relative peaks observed in the spectral data of a typical FBG sensor. In 

addition to this, the intermediate procedure of manually stating the laser scan and setting the 

computer to start and stop recording data at the proper times was seen as a major impedance 

to the continuity of the experiment. To make the process of acquiring data more automated, 

the laser was set to repeatedly perform wavelength scans, without needing to be reset for 

each run. The computer was then left to record the photodetector voltage continuously over 

the full duration of the resin cure, accumulating the spectral data for multiple iterations of the 

wavelength scan in the process. Later, a MATLAB program was written to separate the data 

from this single run into its constituent scans using the known sampling rate of the signal 

processing program, and by assuming the laser takes the exact same amount of time to 

traverse the set wavelength range for every scan. 

 

2.5. SELF-HEALING INTEGRATION EXPERIMENT 

After completing the previous series of experiments that monitored the curing process 

of a resin for which the mixing ratio was precisely controlled, the same evaluating technique 

was applied to the less predictable circumstance of the actual self-healing structure.  

 

2.5.1. Specimen fabrication 

To fabricate the self-healing sandwich specimens, the interfacial layer first needed to 

be constructed. This was done using two 25 x 25 cm plates of glass to serve as the resin 

mold. Strips of rubber tubing were stretched across the surface of the glass plates to create 
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the border for the mold as shown in Figure 2.10.  A thin layer of petroleum jelly was then 

applied to the surface of the glass along with a coating of spray-on silicon dry lubricant to 

serve as a mold release. To construct the scaffolding that would later form the vascular 

channels in the self-healing layer, a series of spring steel strips were taped together with the 

appropriate spacing as defined by Chen et al. (2012). This step differed slightly from the 

fabrication method of the previous project, which instead used a collection of steel wires to 

set the dimensions of each channel. To complete the mold, the steel scaffolding, after being 

coated with a generous layer of mold release, was pressed between the two glass plates using 

larger binder clips.  

Next, West Systems 105 epoxy resin and 205 fast harden were mixed at the proper 

ratio and placed in a beaker of warm water to remove air bubbles. The epoxy was then 

carefully poured between the glass plates until the mold was completely filled and free of air 

gaps. After 24 hours, the glass plates were separated, and the steel strips were removed from 

the epoxy structure by applying heat to loosen petroleum jelly coating. Using a circular 

bench sander, the edges of each specimen were straightened and trimmed to the specified 

length and width. Once the self-healing interface was fabricated, an E-glass epoxy laminate 

of thickness 0.763 mm was attached to the top surface using a thin layer of epoxy. Next, the 

vascular channels were carefully filled with resin and hardener using a set of plastic pipettes, 

then sealed with a thick application of wax. To acquire a better visual assessment of the resin 

dispersion following the self-healing initiation, the resin was mixed with a red food dye. This 

would later serve as a means to compare the effectiveness of the self-healing process for each 
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of the tested specimens. Figure 2.10 through Figure 2.13 provide photographs that outline the 

interfacial layer construction process.  

As depicted in Figure 2.14, the FBG sensor was paced in the interface between the 

self-healing layer and the polymer foam (Rohacell 71) core at roughly the center of the 

specimen. A very thin slit was cut out of the foam to contain the sensor, while allowing a 

slight amount of movement to prevent sensor damage following impact. The slit in the foam 

would also serve as a very narrow reservoir in which the epoxy could settle and provided a 

rough assessment of the overall self-healing process. In addition to the FBG, a thermocouple 

was also placed at this location to acquire the same quality of data from the previous resin 

cure experiment. Although this measure is contrary to the initially specified objective of the 

research project, namely, to rely only on the response of the FBG, it was later deemed 

necessary due to the lack of resolution in the calibration experiment. The details of these 

results are explained later in section 3.5.  

After the sandwich structure was assembled by gluing the two fiberglass sheets to the 

foam core, the self-healing process was initiated by striking the upper surface of the 

specimen with a 19 mm diameter blunt impacting probe in a drop tower. This assembly is 

shown in Figure 2.15. The 5.5 kg crosshead was positioned 14 cm over the surface of the 

specimen, yielding an impact energy value of 7.5 J. Following the impact strike, each 

specimen was left to sit in the upright position for 10 minutes, then the embedded sensor was 

connected to the laser and photodetector and the data acquisition process was initiated. 

Spectral data was recorded for the first 90 minutes, during the most crucial phase of the 

curing process. Twelve hours later, one final scan was conducted at a time for which the resin 
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was expected to have fully mixed and hardened. Similarly to the previous experiment, the 

temperature measurement for these samples was record after every two minutes that passed 

during the cure.  

 

2.5.2. Strength testing 

After recording the spectral data for the transient behavior of the self-healing 

specimens, it was necessary to compare the relative strength of each of these samples to 

better understand the overall effectiveness of cure monitoring process. To obtain an 

assessment of the specimen strength, a four-point bending test was conducted. The test rig 

was fabricated from the specifications provided by the original project with some minor 

modifications. Figure 2.16 shows the rig that was constructed for this experiment. To 

measure the position of the top surface of the tested specimen, a position transducer was 

mounted to the stationary portion of the test rig, to measure the midspan deflection. This 

measurement would be useful for determining the overall stiffness of the structure when 

analyzing the results of the test. An Instron compression tester was set to apply a 

compressive load to the test rig by lowering the crosshead at a constant velocity of 1.27 

mm/min, as specified by the ASTM standard C393. The lower plate was positioned atop an 

89 kN load cell to obtain a precise measurement of the force applied to the tested specimen. 

Due to a limitation in software capabilities, two separate computers were used to extract the 

load cell force measurement, and the position transducer voltage as a function of time. These 

measurements were sampled at a rate of 10Hz. The two data sets obtained from this test were 

later combined by synchronizing the starting times for each run, and producing a force vs. 
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displacement plot for each specimen. The results of this test were expected to show which of 

the specimens had the most successful self-healing process following impact, and whether 

the embedded FBG sensors were capable of predicting this outcome.  
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CHAPTER 2 FIGURES 

 

 
Figure 2.1 Typical FBG transmission spectrum with cladding mode and Bragg wavelength 

locations identified. 
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Figure 2.2 Refractive index calibration experimental setup. 
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Figure 2.3 Diagram of data acquisition setup for FBG transmission spectrum measurement. 
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Figure 2.4 Fiber tensioning mechanism used for sensor calibration experiment. 
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Figure 2.5 Diagram of sensor containment receptacle used for sensor calibration experiment. 
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Figure 2.6 Photographs of sensor containment receptacle. (Top left) Container open; (Top 

right) Thermocouple mounting position; (Bottom left) Container closed; (Bottom right) 

Calibration fluid funnel. 
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Figure 2.7 Complete sensor calibration experimental setup. (Top) Tensioning mechanism, 

hot plate, and fluid container; (Bottom) Thermocouple and weight sensor digital readouts. 
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Figure 2.8 Thin film resin sample experimental setup. 
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Figure 2.9 Bulk resin cure monitoring experimental setup. (Top) Close-up view of FBG 

sensor and thermocouple; (Bottom) Filled beaker. 
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Figure 2.10 Glass mold construction for interfacial resin layer. (Left) Rubber tubing used to 

seal mold; (Right) Steel strips coved with mold release used create vascular channels. 
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Figure 2.11 Views of completed resin mold. 
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Figure 2.12 Interfacial resin layer construction. (Top left) Resin layer after removal from 

mold; (Top right) Following removal of steel strips; (Bottom Left) Specimens being trimmed 

to correct size; (Bottom right) Facesheet attachment. 
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Figure 2.13 Filling vascular channels with resin (pink) and hardener (yellow) using plastic 

pipettes. 

 

 



 

45 

 
 

Figure 2.14Sandwich structure fabrication. (Top) Diagram of sandwich stacking 

configuration; (Bottom) Photograph of embedded FBG and thermocouple sensor in Rohacell 

71 high density foam. 
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Figure 2.15 Photographs of drop tower assembly. 
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Figure 2.16 Photographs of four-point bending test apparatus and Instron compressive tester. 
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CHAPTER 3: RESULTS AND DISCUSSION 
 

3.1. INTRODUCTION 

This chapter describes the experiments that were performed to better understand the 

sensitivities of the Fiber Bragg Grating sensor when multiple parameters are varied and its 

application to the self-healing structure. The results of these experiments were later used to 

reassess the overall feasibility of using the FBG sensor to measure the efficacy of the self-

healing process, and provide a clearer direction for future work.  

 

3.2. REFRACTIVE INDEX CALIBRATION RESULTS 

The first experiment conducted for this project measured the change in FBG sensor 

response as the refractive index value was incrementally adjusted in the surrounding fluid. As 

stated in the previous chapter, the index values chosen ranged from 1.45 to 1.70 in 0.05 

increments. These were selected to correspond to the approximate refractive index of the 

silica fiber cladding and the estimated value for the cured resin, as suggested by prior 

publications (Tsuda et al., 2009). The full spectral plots for each of these runs are shown 

superimposed in the graph in Figure 3.1. Upon investigation of the overall spectral response, 

there does not seem to be much variance in the main plot attributes, namely the position of 

the Bragg peak. This result was expected, considering that the external refractive index 

affects the lightwave interaction between the cladding and the surrounding medium. It was 

therefore anticipated that the major source of change would be found in the “cladding mode” 

region of the spectral plot. Figure 3.2 shows the cladding mode region of all six runs 
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superimposed in a single plot to obtain an initial comparison of the size and shape of the 

plotted data. It can be seen that the average “envelope size” that encloses the major peaks and 

valleys in this section of the plot changes for each run. Once again, these relative maximum 

and minimum points are measures of the forward propagating light through the fiber’s 

cladding in the vicinity of the grating. Thus, it is expected that the envelope size would be 

affected by the changing amount of light dissipated into the surrounding medium, which is 

known to be attributed to a change in the external refractive index.  

Following this initial assessment of the experimental results, the next step in 

generalizing the spectral data of the sensor was to define a method of quantifying this overall 

change in envelope size using a highly systematic interrogation approach. To accomplish 

this, a program (code listing shown in Appendix B) was written to identify the locations of 

the relative peak values and to approximate the cladding mode envelope size. The basic steps 

of this program are listed below: 

 

1. A “moving average” algorithm is first used to lessen the effect of inherent noise that 

was undoubtedly present in the data. 

2. Next, the program identifies the locations of the “peaks” and “valleys” of the plotted 

data in the region estimated to be the cladding mode. To define this region 

consistently for different spectral plots, the end of the cladding mode was selected to 

occur at the third peak behind the Bragg wavelength. This range was chosen in a 

somewhat arbitrary manner, since there was little publicized information available 

concerning the defined boundary of the cladding mode region. 
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3. In an earlier adaptation of this program, a polynomial curve fit was applied to the 

upper and lower sets of data points. An example of this process is shown in Figure 

3.3. These graphs were then subtracted to estimate the cladding mode envelope size 

as a function of wavelength. The results of this calculation for all 6 runs are shown in 

Figure 3.4. 

4. In a later version of the program, the cladding mode size estimation was simplified by 

subtracting the overall average transmission value for the upper and lower points.  

 

Figure 3.5 shows the resulting cladding mode envelope size calculations plotted against 

refractive index value. It can be seen from this plot that the envelope size found from the 

interrogation program decreases in a roughly linear manner with an increasing index value, 

as initially observed when viewing the spectral plots as a whole. 

Despite this favorable correlation observed in the results, it is important to consider 

the magnitude of the noise in the voltage signal recorded by the computer, as compared to the 

measured change in cladding mode size. When viewing the transmission data for one of the 

spectral plots, the noise level did not appear to exceed 0.001. In comparison, Figure 3.2 once 

again shows that the difference in cladding mode size is typically on the order of 0.01. Thus, 

even with the level of noise observed in the transmission data, it is highly unlikely that it 

could have had a significant impact on the observed correlation to refractive index.  
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3.3. SENSOR CALIBRATION EXPERIMENT RESULTS 

To develop a better understanding of the sensor response in a more complex 

environment, the three variables of interest were modified simultaneously in a single 

experimental procedure. 60 separate runs were conducted at various values of tension, 

temperature, and refractive index to simulate the possible conditions of the resin cure that 

takes place during the self-healing process.  

Each of the 60 runs conducted produced a separate spectral plot consisting of 

thousands of data points. Although these plots could potentially provide a great deal of 

information about the conditions of the sensor, it was necessary to develop a method for 

extracting the desired variables and discarding superfluous data. This was to be done in three 

basic phases. First, the pertinent information from the spectral plots needed to be identified 

such that the three variables of interest could later be extracted. Next, a computer algorithm 

needed to be developed allowing this information to consistently be found in an automated 

fashion. Finally the results of the experiment were to be used create a generic calibration of 

the sensor by investigating how the three external variables affected the spectral plots.  

The first and most important step in developing an FBG sensor interrogation 

algorithm tailored to this specific problem was to identify the major peaks in the spectral data 

and ensure that the program could locate these peaks consistently for any situation. This is 

especially crucial when the location and amplitude of one particular peak is being tracked. It 

should be noted that the term “peak” will henceforth be used in the somewhat broad sense to 

refer to either a relative maximum or minimum value in the data. Since the spectrum can be 

measured in transmission or reflection there is little need for specificity in this regard. An 
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example of this necessity can be found in a more generic FBG peak detecting program which 

is meant to track the location of the central Bragg peak. As stated before, the location of the 

Bragg peak in the sensor transmission (or reflection) spectrum provides a highly precise 

measurement of either temperature or strain. If the aforementioned peak detector were to 

suddenly mistake one of the cladding mode peaks for the Bragg peak, the desired 

measurement would be highly inaccurate; a flaw that would remain completely unbeknownst 

to the program’s user. Thus, when creating the more complicated peak tracking algorithm 

needed for this application, a considerable amount of care was taken to ensure that the 

program locates the same peak consistently, despite drastic changes in the conditions of the 

sensor, and hence, the transmitted spectrum. Fortunately, this could easily be verified using 

the results of the calibration experiment. The graphs in Appendix A show the spectral plots 

that were acquired from the various runs conducted. It can be seen that each plot, along with 

other annotations that will be explained later, contains a set of red circles over the major 

peaks identified by the program. To ensure that the program would later be able to locate the 

same peak as the spectrum undergoes changes, an additional step was taken to highlight the 

sixth peak (as counted by the program) with a vertical dashed line. Once the program 

produced the desired plots, each graph was visually inspected to verify that for all 60 runs, 

the same peak was chosen, and no peaks were mistakenly skipped. As discussed later, this 

particular peak was also chosen to represent the central position of the cladding mode.  

After it was confirmed that the sensor interrogator program was capable of 

consistently locating the peaks in the spectral data, the next step in creating a reliable 

calibration was to select certain aspects of the data that were affected by the changes in 
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external variables and compare this information for every run. When selecting the attributes 

of the spectral plots to use in the calibration, it was clear that the Bragg wavelength would be 

needed due to its known sensitivity to both temperature and strain. As stated earlier, one 

major problem in attempting to measure temperature and strain simultaneously with a single 

sensor is that the two measurements are highly coupled into the Bragg wavelength shift. 

Accordingly, it was necessary to have at least one more independent variable in addition to 

the Bragg wavelength value when attempting to separate these two measurements. It was 

hypothesized that the key to separating the temperature and strain measurement could be 

found in the response difference between forward propagating light in the cladding and core 

of the fiber. Upon investigation of the various graphs produced from the experiment, it was 

evident that the cladding mode peaks shifted with the application of strain or temperature. 

However, it was also observed that these cladding mode peaks did not shift by the same 

magnitude as the Bragg peak, resulting a slight “stretching” or “compressing” of the cladding 

mode region as the Bragg wavelength shifted to extreme values. It was this difference in 

wavelength shift that was later tested to decouple the temperature and strain measurements.  

While the task of measuring the shift in Bragg wavelength was fairly trivial, the 

cladding mode position was much more difficult to quantify due to the large amount of space 

that this region occupies on the spectral plots. It was decided that the best way to obtain a 

representation of the cladding mode’s central position was to focus on only one of the peaks 

in this region; preferably one located close to the center. The sixth peak located by the 

interrogation program was chosen as a suitable representation of the center of the cladding 

mode. This approach of selecting one peak, as opposed to a more broad range of data, was 
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seen as a more effective method of quantifying the cladding mode position due to the level of 

precision required for an accurate separation of temperature and strain. It was expected that 

when focusing on a single peak, the influence of external variables would be more noticeable 

than for an average value of multiple peaks.  

The results of the previous experiment demonstrated a dependency of the cladding 

mode envelope size on the refractive index. An upper and lower peak in the cladding mode 

data was chosen to quantify this envelope size as the third calibration variable. The peaks that 

were selected to serve this purpose were once again based on the central location of the 

cladding mode, as described earlier and defined by the sixth peak in the data. These locations 

are highlighted with green filled circles on the graphs in Appendix A, along with a set of 

horizontal dashed lines to indicate the presumed cladding mode size, based on this estimation 

technique.  

At this point in the process, three separate (presumed independent) variables had been 

selected for use in the calibration algorithm: the Bragg wavelength, the central cladding 

mode wavelength, and the cladding mode envelope size. With these variables selected, the 

calibration of the sensor could be performed using the data from each of the 60 runs of the 

experiment. To better visualize this data, various plots were constructed to compare each of 

the measured dependent variables to the controlled independent variables. Figure 3.6 - 

Figure 3.8 show select examples of these results, while the full collection of plots is 

shown in Appendix A. In particular reference to Figure 3.6 and Figure 3.7, it can be seen that 

the measured Bragg wavelength varied with a strong linear correlation to both temperature 

and strain, as expected. Similarly, there was also a linear trend in the values for cladding 
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mode position when plotted against temperature and strain. One important observation to 

make is that there is a noticeably different slope in these two sets of plots, confirming the 

initial speculation that the cladding mode position shifts at a slightly different rate than the 

Bragg peak. As expected, there was no noticeable trend in the cladding mode size vs. 

temperature or strain.  

Once it was verified that the spectral interrogator program was capable of calculating 

the desired variables, the sensor calibration process was performed. The least squares method 

was utilized as a means to systematically extract the various correlations that were present in 

the experimental data. After this calibration method was applied to the sensor used in this 

experiment, the results were expected to serve as a generic calibration for any FBG sensor 

with comparable attributes, since the behavior of an FBG sensor is not affected by a 

difference in central wavelength.  

The least squares method is most commonly employed to develop trend lines in two-

dimensional data sets. However, this project requires the calibration to be conducted for three 

independent input variables, and three corresponding output variables. As a result, a set of 

calibration matrices consisting of 12 unique coefficients are required, as depicted below.   
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]  (1) 

 

To produce these matrices, the calibration program uses the same basic approach of 

the two-variable least squares computation, only with more intermediate steps to 
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accommodate for the added complexity of using more input variables. This basic procedure 

is outlined below.  

 

1. For each iteration of the main loop, a single output variable (and hence, a single row 

of the calibration matrices) was considered at a time.  

2. An algebraic expression for the “error” is found to be the difference between the 

actual value of the output variable (the value used in the experiment) and the value 

that would be predicted using the still unknown coefficients of the calibration matrix.  

3. The sum of the squares of each error value is then determined for all 60 runs of the 

experiment. 

4. Next, the partial derivative for this expression is found with respect to each of the 4 

unknown coefficients and set equal to zero.  

5. Finally, using the system of 4 equations in the previous step, the program solves for 

the coefficients, then repeats the outlined process for the next row of the matrix.  

 

The full MATLAB code listing for this program can be found in Appendix B. 

Following these basic steps the calibration algorithm was able to successfully produce a set 

of calibration matrices with the provided data set from the previously conducted experiment. 

These results are shown in equation 2. 
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Upon initial investigation of these results, and by comparison to the expression in 

equation 1, there appears to be an agreement in the orders of magnitude for each of the 

coefficients in the respective matrices (note that the wavelength values are in the range of 

1550-1560 nm, whereas cladding mode size estimates are on the order of  0.1). To better 

evaluate the effectiveness of this calibration effort, Table 3.1 shows the actual values of the 

tested variables (temperature, tension, and refractive index), while the plots in Figure 3.9 -

Figure 3.11  depict the error percentages for the values predicted by the calibration algorithm. 

It can be seen from these results that for several cases, most commonly in the temperature 

and tension estimation, the error in the prediction is considerably high. Unfortunately, a 

calibration with this level of error would prove to be highly ineffective when attempting to 

measure the three desired variables with the amount of accuracy required for the resin cure 

monitoring application.  

In attempt to reduce this error, several adjustments were made to the calibration 

algorithm. To evaluate the effectiveness of the overall calibration process, the resolution of 

the measured input variables was first considered, and the least squares method was modified 

accordingly. It was known that the Bragg peak location was distinctly visible in all of 

spectral plots and thus, the measurement of Bragg wavelength was expected to have the 

highest sensitivity. This was however, contrary to the measurement of the other two input 

variables, which were based on slightly less pronounced peak locations. Additionally, the 

cladding mode peaks, being of a lesser amplitude, were also more susceptible to noise in the 

data. As a result, the calibration algorithm was modified such that the influence of each of 
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these variables on the least squares formula could be weighted individually. Using this 

additional step, several combinations of weighting coefficients were chosen to allow the 

more precise measurement of the Bragg wavelength to take precedence over the other two 

input variables. Despite several attempts to rectify the considerable amount of error in the 

calibration results using variable weighting, there was very little deviation from the initial 

results and any improvements were marginal at best.  

Despite the unfavorable results of the sensor calibration attempt, it is still beneficial to 

understand the possible shortcomings of this experiment in order to propose ways in which it 

can be improved in the future. One very likely source of experimental error was the lack of 

precision control in the testing apparatus. Because of the level of complexity that was 

required for such a comprehensive experiment, the test rig was admittedly susceptible to a 

number of variables that could affect the measurements. Firstly, the design of the fluid 

container was meant to allow the fiber to move freely through the wax sealant barrier, and to 

be tensioned without restraint. However, there is a possibility that friction still acted between 

the walls of the container and the fiber, causing a slight discrepancy between the tension 

measured by weight sensor and the actual tension applied to the FBG sensor. Another source 

of error that was believed to have the largest impact on the accuracy of the calibration is the 

temperature control during the runs of the experiment. As discussed earlier in the 

experimental setup section, the refractive index calibration fluid placed in the aluminum 

container was heated with a hotplate, and the temperature was monitored using a 

thermocouple. The temperature was roughly set using the panel on the hot plate, which 

contained a simple feedback system that regulated the current to the heating element. The 
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main difficulty that arose when using this setup was that actual temperature of the fluid still 

varied as the runs were being conducted (at times, by as much as 5 degrees). Therefore, the 

recorded temperature for each run was simply the average value over the 7 minute duration. 

As a possible result of the temperature fluctuations during the data acquisition process, the 

spectral plots could have been skewed, theoretically causing the relative positions of the 

cladding mode peaks to be inconsistent from run to run. Hence, it is believed that the 

calibration process could be greatly improved by better controlling the parameters of the 

testing. Due to limitations in time and resources, it was decided that the project should 

continue forward, despite the observed shortcomings of the calibration process.  

3.4. CONTROLLED RESIN CURE EXPERIMENT RESULTS 

 

Since the overall goal of this project was evaluate the effectiveness of the resin cure 

in the self-healing process, it was beneficial to first apply the FBG sensor to a more 

controlled resin curing environment to better understand which parameters are of interest. As 

stated earlier, this experiment was performed with two different resin quantities: a 10 mL 

sample prepared in a small petri dish and a larger 30 mL sample in a beaker. Due to the more 

noticeable attributes found in the data, the bulk resin sample will first be discussed.  

Because of the lack of resolution in the calibration results, the resin samples were 

embedded with K-type thermocouples to monitor the temperature more precisely throughout 

the curing process. The plots in Figure 3.15 and Figure 3.16 show the measured temperature 

values for each of the two bulk resin specimens. Upon comparison of the two plots, it can be 

seen that for the properly mixed sample, the peak temperature (188
o
C) was noticeably higher, 
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and was reached approximately 10 minutes sooner that for the hardener deficient sample. 

This behavior was expected since the reaction rate is known to be influenced by the 

concentrations of the two constituent reactants. To obtain a value for the strain acting on the 

FBG sensor, the transient temperature plots were used to separate the two variables coupled 

in the Bragg wavelength measurement. By utilizing the average slope values from the Bragg 

wavelength vs. temperature and tension graphs shown in Figure 3.6 and Figure 3.7 (mT and 

mF), and the known diameter of the stripped fiber (125μm) along with the elastic modulus of 

silica, E, the strain was approximated using the equations below,  

     
        

    
  (3) 

where A is the fiber cross-sectional area and ε0 is the initial state of strain in the fiber. A plot 

of the calculated strain values for both samples can be seen in Figure 3.16. As expected, the 

transient behavior of the strain behaves similarly to that of the measured temperature. It can 

be seen that during the initial heating phase (after roughly 15 minutes) the strain remains 

roughly at zero, after which point, a negative strain (compressive) begins to rapidly develop 

as the specimen cools. This strain accumulation is caused by the inherent reduction of 

volume that the resin typically experiences during the later phases of the polymerization 

process. Accordingly, this phenomenon, along with the increase in temperature is seen as a 

useful way to identify whether the resin in the self-healing structure has hardened properly.  

The thin film sample exhibited similar transient behavior as the bulk specimens, but 

within a longer time frame, and with greatly reduced values of peak temperature and strain. 

While the temperature increase was only observed to be 7.4 
o
C, the strain accumulation was 
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seen to be practically stagnant. These results can be used to verify that although the variable 

changes are minute in comparison to the bulk specimens, there is still a measureable impact 

on the readings.  

3.5. SELF-HEALING EXPERIMENT RESULTS 

The overall goal of this research effort was to integrate an FBG sensor into an actual 

self-healing structure. Although the initial goal of only embedding a single FBG sensor was 

reevaluated due to the shortcomings of the calibration experiment, the project was continued 

by incorporating an additional thermocouple into the sandwich specimens.   

Due to a lack of time, only 6 self-healing specimens were fabricated; 4 of which 

contained embedded FBG sensors. The other two specimens were instead fitted with a length 

of generic optical fiber with a portion of the coating stripped away. These mockup samples 

were used to verify that the prescribed impact velocity would not damage the sensors in the 

actual test. Following the 7.5 J strike from the impact tower, the specimens were left for 10 

minutes, and then connected to the laser and photodetector to begin the cure monitoring 

process. Figure 3.17 shows the time-transient spectral response of each sensor as a color 

map. In reference to these images, the change in Bragg wavelength can be tracked by 

focusing on the blue portion of the graph as it varies with time. It is important to note that 

during the data recording process for the third specimen, there was a computer crash, and the 

spectral data was lost for a portion of the run. As a result, the provided transient plot for 

specimen 3 begins 22 minutes into the curing process. The transient temperature plots for 

each of the specimens are shown in Figure 3.18. Similarly to the previous resin cure 
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experiments, the strain acting on the sensor was approximated using the provided 

temperature measurement. The results of these calculations can be found in Figure 3.19. 

As expected, the uncertain nature of the self-healing process has produced a 

considerable amount of variance in the data. Despite this, it is evident from observation of 

these graphs that the temperature and strain seem to follow a general trend. An initial 

assessment of the data suggests that the curing conditions of specimen 1 were very dissimilar 

from those of the subsequent specimens. This is most noticeable when considering the 

temperature change throughout each run. For every specimen, there was an immediate 

temperature rise following the impact, most likely caused by the friction of the thermocouple 

against the compressed foam core. It can be seen that each temperature plot starts at roughly 

24.5 
o
C, which was slightly higher than the room temperatures of 23-23.5 

o
C that were 

observed during testing. Although specimens 2-4 continued generating heat at a rapid pace, 

the first specimen remained somewhat stagnant, and slowly cooled back to room 

temperature. Figure 3.21 shows the profile view of specimens 2-4 following the curing 

process. It can be seen that these specimens had clearly visible cracks in the foam core 

caused by the applied impact, and the red-colored resin has clearly penetrated this area. 

However, in reference to specimen 1, there did not appear to be any noticeable core damage, 

and there was very little evidence of resin dispersion. As a result of these observations, it is 

strongly believed that the impact for the first specimen was not successful at causing 

sufficient damage (i.e. core-facesheet debonding) to initiate the self-healing process, and 

consequently, was able to retain the majority of its strength. This speculation would later be 
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verified by the results of the four-point bending test conducted after the specimens were 

completely cured.  

When comparing the results of the other three specimens, it is evident that the 

transient temperature and strain plots seem to follow the same basic trend, with a noticeable 

variance in peak temperature. Based on the results of the controlled resin cure experiments, it 

was expected that the higher values for peak temperature would be indications of a more 

robust and better mixed composition of resin and hardener in the affected area, thus 

suggesting a superior specimen repair.  In addition to the trends found in the temperature and 

strain data, there were also observations that were made concerning the shift in Bragg 

wavelength for the curing specimens over time. Figure 3.22 - Figure 3.25 show a comparison 

of the spectral plots for three critical times during the healing process (before impact, just 

after impact, and 12 hours after impact). It can be seen that for each specimen, there is 

positive shift in Bragg wavelength immediately following the impact, indicating a sudden 

application of tensile strain. 12 hours later, the Bragg wavelength for each of the sensors 

shifted back to the left due to the cooling and hardening of the resin. This shift was 

noticeably smaller for specimen 1, once again indicating a less effective repair.  

The final portion of this experiment was to determine the actual structural properties 

of the impacted specimens using a 4-point bending test designed to be compliant with the 

ASTM standard C393. As mentioned earlier, this test was conducted using two separate data 

acquisition systems; one for recording the load cell force, and another for the position 

transducer voltage. In order to combine these two measurements, the two data sets were 

synchronized by locating the point in each output file where the measurement first began to 
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deviate from the “zero” position. In doing this, the “Load vs. Time” data could be combined 

with the “Displacement vs. Time” data to produce a Load vs. Deflection curve for each of the 

tested specimens. While conducting this experiment, the load cell measurement was 

constantly monitored, and the specimen was closely watched to detect the point of failure. 

Generally, failure was accompanied by a sudden drop in load, which signifies a change in 

stiffness, and hence, a deviation from the linear elastic portion of the load-deflection curve. 

Nonetheless, the specimens were intentionally loaded beyond this point to acquire a more 

broad view of the load-deflection characteristics and to observe additional failure modes. A 

photograph of this procedure is shown in Figure 3.26. 

Figure 3.27 shows a comparison of the load-deflection curves for all 4 specimens. It 

should be noted that these curves have been normalized by the specimen weight to legitimize 

the comparison. It can first be seen from these plots that the slopes for each of the curves in 

the linear region are quite similar, indicating a similarity in specific stiffness. The calculated 

stiffness values, along with the failure loads for each of the specimens can be found in Table 

3.2.   

Prior to strength testing, it was initially speculated that the first specimen had not 

been sufficiently damaged to cause self-healing. Consequently, it was believed that the 

strength of this specimen would be considerably higher due to the retained integrity of the 

structure. This prediction is confirmed by the load-deflection plots which clearly show a 

higher specific failure load for specimen 1.  

Next, in comparison of the peak loads for specimens 2-4, specimen 4 exhibits the next 

highest strength, followed by specimens 2 and 3 respectively. When considering the relative 
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magnitudes of peak temperatures recorded during the curing process, this specimen order 

was also observed. A similar pattern was observed for the calculated strain values. In 

reference to Figure 3.19, it can be seen that the maximum magnitude of strain, although 

small, is also shown to increase with specimen strength. Table 3.2 also summarizes these 

results. One important observation to make concerning the measured strain values is that 

overall, there is considerably less strain accumulation for the self-healing specimens than that 

for the previous resin cure experiments. This seems to suggest that the shift in the FBG’s 

Bragg wavelength was mostly attributed to the change in temperature, and the strain on the 

sensor had very little influence. As a result, it is possible that the embedded FBG could serve 

primarily as a temperature sensor, and the strain contribution to the Bragg wavelength shift 

could simply be neglected. However, it is of course necessary to conduct additional 

experimentation to verify this as a viable solution.   

This test demonstrated that by measuring variables such as temperature and strain 

during the curing cycle of the self-healing structure, a rough estimate can be made as to the 

recovered strength of this structure following a critical impact. Although the results of this 

particular experiment were shown to be promising, the sample size was too low to draw any 

concrete conclusions concerning the effectiveness of the cure monitoring process with a high 

level of certainty. Accordingly, it is recommended that for future work, the cure monitoring, 

and subsequent strength testing experiments are replicated with a larger number of 

specimens. Taking these additional steps could provide a much greater level of confidence in 

the experimental results, and could therefore make the overall process of using embedded 

sensors in this manner a great deal more reliable.  
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CHAPTER 3 TABLES  

 

Table 3.1 Experiment 2 run data. 

Run 
Number 

Temperature 
(oC) 

Tension 
(N) 

Refractive 
Index 

Run 
Number 

Temperature 
(oC) 

Tension 
(N) 

Refractive 
Index 

1 24.4 0.00 1.45 31 70.6 0.00 1.55 

2 24.4 0.49 1.45 32 71.2 0.49 1.55 

3 24.2 0.97 1.45 33 71 0.96 1.55 

4 24.1 1.47 1.45 34 71.2 1.46 1.55 

5 23.7 1.94 1.45 35 70.3 1.95 1.55 

6 50.5 0.00 1.45 36 81.3 0.00 1.55 

7 54.9 0.49 1.45 37 84.2 0.68 1.55 

8 54.5 0.98 1.45 38 87 0.98 1.55 

9 56.6 1.47 1.45 39 84.5 1.48 1.55 

10 51.6 1.96 1.45 40 84.4 1.94 1.55 

11 70.5 0.00 1.45 41 22 0.00 1.7 

12 67.7 0.49 1.45 42 21.7 0.57 1.7 

13 71.2 0.97 1.45 43 21.5 0.98 1.7 

14 70.2 1.39 1.45 44 21.3 1.53 1.7 

15 70.5 1.98 1.45 45 21.2 2.01 1.7 

16 82 0.00 1.45 46 48.4 0.00 1.7 

17 85.2 0.51 1.45 47 52.8 0.51 1.7 

18 84.6 0.98 1.45 48 51.1 1.01 1.7 

19 84.6 1.48 1.45 49 51.1 1.49 1.7 

20 80 1.97 1.45 50 51 1.98 1.7 

21 29.2 0.00 1.55 51 69 0.00 1.7 

22 28.6 0.52 1.55 52 69.7 0.50 1.7 

23 26.6 1.01 1.55 53 69.2 1.05 1.7 

24 25.1 1.51 1.55 54 71.7 1.50 1.7 

25 24 1.99 1.55 55 69.9 1.97 1.7 

26 55.1 0.00 1.55 56 87.5 0.00 1.7 

27 59.1 0.51 1.55 57 80 0.52 1.7 

28 60.6 1.03 1.55 58 83.4 1.07 1.7 

29 57.7 1.45 1.55 59 84.1 1.48 1.7 

30 61 1.90 1.55 60 81.2 1.98 1.7 
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Table 3.2 Self-healing experiment results. 

Specimen 
Number 

Specimen 
Weight 

(g) 

Maximum Cure 
Temperature (C) 

Maximum 
Cure Strain 

(με) 

Specific 
Stiffness 

(N/mm*g) 

Specific 
Failure Load 

(N/g) 

1 57.3  24.7  22.6   21.97  21.76 

2  55.0  27.1  49.0  16.99 17.83  

3  57.1  26.4  51.4 21.73   17.43 

4  56.3  27.4 91.3   18.76  20.71 
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CHAPTER 3 FIGURES 

 

 

 
Figure 3.1 FBG transmission spectrum (coating removed) response for various refractive 

index values of the surrounding medium (10 nm range). 
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Figure 3.2 FBG transmission spectrum (coating removed) response (cladding mode region 

only). 
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Figure 3.3 Sample results of peak detection algorithm and cladding mode envelope size 

estimation. 
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Figure 3.4 Comparison of estimated FBG cladding mode size for different values of 

refractive index. 
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Figure 3.5 Average cladding mode size for different refractive index values shown with a 

linear curve fit. 
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Figure 3.6 Sample plot from calibration experiment results. Bragg wavelength vs. 

temperature for a refractive index value of 1.45. 
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Figure 3.7 Sample plot from calibration experiment results. Bragg wavelength vs. fiber 

tension for a refractive index value of 1.45. 
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Figure 3.8 Sample plot from calibration experiment results. Bragg wavelength vs. refractive 

index for the first temperature set (approximately 24
o
C). 
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Figure 3.9 Error in temperature prediction provided by FBG sensor calibration algorithm. 
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Figure 3.10 Error in tension prediction provided by FBG sensor calibration algorithm. 
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Figure 3.11 Error in refractive index prediction provided by FBG sensor calibration 

algorithm. 
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Figure 3.12 Transient spectral response for thin film resin sample. Color scale is 

transmission coefficient. 
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Figure 3.13 Transient spectral response for bulk resin sample prepared with a stoichiometric 

mixing ratio. Color scale is transmission coefficient. 
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Figure 3.14 Transient spectral response for bulk resin sample prepared with 33% less 

hardener. Color scale is transmission coefficient. 
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Figure 3.15 Transient temperature response for bulk resin samples, as measured by the 

embedded thermocouple. 
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Figure 3.16 Transient strain response for bulk resin samples, as calculated from the 

measured temperature and Bragg wavelength shift. 
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Figure 3.17 Transient spectral response for each self-healing specimen 10 minutes following 

impact. Color scale is transmission coefficient. 
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Figure 3.18 Transient temperature response for each self-healing specimen, as measured by 

the embedded thermocouple. 
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Figure 3.19 Transient strain response for each self-healing specimen, as calculated with the 

temperature and Bragg wavelength measurements. 

 

 

 

 



 

87 

 
 

Figure 3.20 Photographs of completed self-healing sandwich structure with embedded FBG 

sensors and thermocouples. 
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Figure 3.21 Photographs of the foam core damage observed in self-healing specimens 2-4 

following impact tower strike. 
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Figure 3.22 Comparison of spectral data for specimen 1 at various instances during cure 

monitoring experiment. Note: t = 0 refers to the time immediately after impact. Subsequent 

transient data recording was initiated at t = 10min. 
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Figure 3.23 Comparison of spectral data for specimen 2 at various instances during cure 

monitoring experiment. Note: t = 0 refers to the time immediately after impact. Subsequent 

transient data recording was initiated at t = 10min. 
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Figure 3.24 Comparison of spectral data for specimen 3 at various instances during cure 

monitoring experiment. Note: t = 0 refers to the time immediately after impact. Subsequent 

transient data recording was initiated at t = 10min. 
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Figure 3.25 Comparison of spectral data for specimen 4 at various instances during cure 

monitoring experiment. Note: t = 0 refers to the time immediately after impact. Subsequent 

transient data recording was initiated at t = 10min. 
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Figure 3.26 Photograph of self-healing specimen after failure in the four-point bending 

apparatus. 
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Figure 3.27 Four-point bending test load-deflection curves for each specimen. 
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CHAPTER 4: CONCLUSIONS 
 

The goal of this research project was to assess the feasibility of using optical fiber sensors 

to monitor the curing process of a previously developed self-healing composite sandwich 

structure. This project was motivated by the lack of consistency in the results of the self-

healing specimen testing, and the desire to have a more reliable method for predicting the 

strength of a particular structure following the autonomous healing process. The use of 

optical fiber sensors was seen as highly advantageous due to their considerably small size 

and capability of multiplexing. Additionally, FBG sensors have shown to be exceptionally 

sensitive to changes in both temperature and strain. Based on prior publications, it was 

hypothesized that the sensors could potentially provide a comparable level of sensitivity to 

changes in refractive index of the surrounding medium. Thus, the experiments and 

subsequent analysis carried out in this project verified the documented capabilities of the 

FBG sensor, while also exploring new methods measuring data and interrogating the 

resulting spectral response.  

The experimentation conducted throughout this project provided a substantial amount 

of insight into the full spectral behavior of the FBG sensor, particularly in the cladding 

modes, a region that had not previously been explored with very much depth. It was 

discovered in the first experiment that the envelope size of the cladding mode was affected 

by changes in refractive index. Despite this outcome, it was also concluded that this 

correlation is weak, and an accurate calibration would be challenging to produce. Based on 

the observed spectral response during the resin cure monitoring experiments, it was later 
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decided that there was not a suitable amount of resolution in the cladding mode data to 

effectively detect a change in refractive index. Accordingly, the choice was made to focus 

only on temperature and strain measurements for the later cure monitoring attempts.  

As discussed earlier, one of the major limitations in this project was the inadequacy 

of the sensor calibration attempt from the second experiment. This would ultimately cause 

the subsequent resin cure experiments to be redesigned to incorporate a thermocouple for a 

more accurate temperature measurement. Despite this necessity, it was still believed that the 

calibration could be greatly improved with a more precisely controlled experiment, and a 

more refined spectral interrogation technique. Nevertheless, the experimental procedure and 

calibration algorithm developed in the process can serve as the outline for future work, and 

could still potentially provide an exceptional sensor calibration suitable for use in the cure 

monitoring application.  

After fabricating and testing actual self-healing specimens, it was observed that the 

temperature strain measurements from the embedded sensors provided a useful prediction of 

their relative strengths following impact. This result was seen as a promising step towards the 

fulfillment of the initially specified project goals.  

Despite the various difficulties that were faced throughout the duration of this project, 

there are several useful results that were extracted. The main areas of success were in the 

facilitation sensor testing and the subsequent results that provided a great deal of additional 

understanding of the FBG sensor and its potential applications. Although cure monitoring of 

the self-healing process proved to be challenging due to the erratic nature of the 

polymerization process, the results of the specimen testing experiment seemed to suggest that 
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embedded sensors are indeed capable of providing a rough assessment of the structure’s 

recovered strength. Therefore, it is believed that if properly calibrated, FBG sensors could be 

used for this application without the aid of an embedded thermocouple.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

98 

REFERENCES 
 

 

Banerjee, A., Mukherjee, S., Verma, R. K., Jana, B., Khan, T., Chakroborty, M., et al. 

(2007). Fiber Optic Sensing of Liquid Refractive Index. Sensors and Actuators, 594-

605. 

 

Benali, S., Bertrand, D., Dupuy, J., Lanchenal, G., & Maazouz, A. (2007). In Situ Monitoring 

of Polyurethane Cure Using Fiber-Optical FT-NIR Spectroscopy. Transactions of the 

Institute of Measurement and Control, 417-429. 

 

Boller, C., Chang, F.-K., & Fujino, Y. (2009). Encyclopedia of Structural Health Monitoring 

Volume 3. West Sussex, UK: John Wiley & Sons Ltd. 

 

Buggy, S., Chehura, E., James, S., & Tatam, R. (2007). Optical Fibre Grating Refractometers 

for Resin Cure Monitoring. Journal of Optics A: Pure and Applied Optics, 60-65. 

 

Chehura, E., Skordos, A., Ye, C.-C., James, S., & Partridge, I. (2005). Strain Development in 

Curing Epoxy Resin and Glass Fibre/epoxy Composite Monitored by Fibre Bragg 

Grating Sensors in Birefringent Optical Fibre. Smart Materials and Structures, 354-

362. 

 

Chen, C., Peters, K., & Li, Y. (2012). Self-Healing Sandwich Structures Incorporating an 

Interfacial Layer with Vascular Network. Submitted to Smart Material and 

Structures. 

 

Daniel, I., & Ishai, O. (2006). Engineering Mechanics of Composite Materials Second 

Edition. New York & Oxford: Oxford University Press. 

 

Dewynter-Marty, V., Ferdinand, P., Bocherens, E., Carbone, R., Beranger, H., Bourasseau, 

S., et al. (1998). Embedded Fiber Bragg Grating Sensors for Industrial Composite 

Cure Monitoring. Journal of Intelligent Material Systems and Structures. 786-787. 

 

Giordano, M., & Nicolais, L. (2000). A Fiber Optic Thermoset Cure Monitoring Sensor. 

Polymer Composites. 523-530. 

 

Guo, Z.-S. (2007). Strain and Temperature Monitoring of Asymmetric Composite Laminaet 

using FBG Hybrid Sensors. Structural Health Monitoring. 191-197. 

 

Harris, D., & Fernando, G. (2006). Simultaneous Acquisition of Data on Refractive Index, 

Strain, Temperature and Cross-Linking Kinetics. Birmingham. 

 



 

99 

Harsch, M., Karger-Kocsis, J., & Herzog, F. (2008). Monitoring of Cure-Induced Strain of an 

Epoxy Resin by Fiber Bragg Grating Sensor . Journal of Applied Polymer Science, 

719-725. 

 

James, S., & Tatam, R. (2003). Optical Fibre Long-Period Grating Sensors: Characteristics 

and Application. Measurement Science and Technology, 49-61. 

 

Karalelas, D., Cugnoni, J., & Botsis, J. (2008). Monitoring of Process Induced Strains in a 

Single Fibre Composite Using FBG Sensor: a Methodological Study. Composites: 

Part A 39, 1118-1127. 

 

Karkanas, P. I., & Partridge, I. K. (2000). Cure Modeling and Monitoring of Epoxy/Amine 

Resin Systems. I. Cure Kinetics Modeling. Journal of Applied Polymer Science, 

1419-1431. 

 

Montanini, R., & D'Acquisto, L. (2007). Simultaneous Measurement of Temperature and 

Strain in Glass Fiber/Epoxy Composite by Embedded Fiber Optic Sensors: I. Cure 

Monitoring. Smart Materials and Structures , 1718-1726. 

 

Oh, S., Han, W., Paek, U., & Chung, Y. (2004). Discrimination of Temperature and Strain 

With a Single FBG Based on the Birefringence Effect. Oryong-dong, Buk-gu, 

Gwangju 500-712, Korea: Optical Society of America. 

 

Powell, G., Crosby, P., Waters, D., France, C., Spooncer, R., & Fernando, G. (1998). In-Situ 

Cure Monitoring Using Optical Fiber Sensors - a Comparative Study. Smart Material 

Structures, 557-568. 

 

Tsuda, H., & Urabe, K. (2009). Characterization of Long-period Grating Refractive Index 

Sensors and Their Applications. Sensors, 4559-4571. 

 

Williams, H., Trask, R., & Bond, I. (2007). Self-Healing Composite Sandwich Structures. 

Smart Materials and Structures, 1198-1207. 

 

Yang, B., Tao, X., & Yu, J. (2004). Fiber Bragg Grating Sensor for Simultaneous 

Measurement of Strain and Temperature . Journal of Industrial Textiles. 97-115. 

 

Yoon, H.-J., Constantini, D., Limberger, H., Salathe', R., Kim, C.-G., & Michaud, V. (2006). 

In Situ Strain and Temperature Monitoring of Adaptive Composite Materials. Journal 

of Intelligent Material Systems and Structures. 1059-1067. 

 

 

 

 



 

100 

APPENDICES  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

101 

APPENDIX A: SENSOR CALIBRATION RESULTS 

 

 
 

Figure A.1 Measured transmission spectrum for runs 1-4.  
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Figure A.2 Measured transmission spectrum for runs 5-8.  
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Figure A.3 Measured transmission spectrum for runs 9-12.  
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Figure A.4 Measured transmission spectrum for runs 13-16.  
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Figure A.5 Measured transmission spectrum for runs 17-20.  
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Figure A.6 Measured transmission spectrum for runs 21-24.  
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Figure A.7 Measured transmission spectrum for runs 25-28.  
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Figure A.8 Measured transmission spectrum for runs 29-32.  
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Figure A.9 Measured transmission spectrum for runs 33-36.  
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Figure A.10 Measured transmission spectrum for runs 37-40.  
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Figure A.11 Measured transmission spectrum for runs 41-44.  
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Figure A.12 Measured transmission spectrum for runs 45-48.  



 

113 

 
Figure A.13 Measured transmission spectrum for runs 49-52.  
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Figure A.14 Measured transmission spectrum for runs 53-56.  
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Figure A.15 Measured transmission spectrum for runs 57-60.  
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Figure A.16 Comparison of Bragg wavelength vs. refractive index for all runs. 
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Figure A.17 Comparison of Bragg wavelength vs. temperature for all runs. 
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Figure A.18 Comparison of Bragg wavelength vs. tension for all runs. 
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Figure A.19 Comparison of cladding mode position vs. refractive index for all runs. 
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Figure A.20 Comparison of cladding mode position vs. temperature for all runs. 
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Figure A.21 Comparison of cladding mode position vs. tension for all runs. 
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Figure A.22 Comparison of cladding mode size vs. refractive index for all runs. 
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Figure A.23 Comparison of cladding mode size vs. temperature for all runs. 
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Figure A.24 Comparison of cladding mode size vs. tension for all runs. 
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APPENDIX B: MATLAB CODE LISTING  

B1: Spectral Analyzer  

 
%{ 

************************************************ 

*  Kevin McCants-Brown                         * 

*  North Carolina State University             * 

*  Mechanical and Aerospace Engineering Dept.  * 

*  04/13/12                                    * 

*                                              * 

************************************************ 

 

      *** FBG Spectral Analyzer *** 

 

*Description: The purpose of this function is to acquire the important 

information from   

the transmission spectrum data of a generic FBG sensor 

 

 *Input Variables:  

wavelengths - An array of the wavelength values in the spectral data 

transmission - An array of transmission values corresponding to the 

wavelength array (must be the same length as wavelengths) 

filterRange - Range for the running average filter 

deltaMin - Minimum amplitude difference between two adjacent "major" peaks 

 

*Output Variables  

CladdingModeData - An array of important cladding mode information 

BraggWavelength - An array of information concerning the location of 

the Bragg peak 

 

**************************************************************************

*****                     

%} 

 

function 

[CladdingModeData,BraggWavelength]=FBG_Spectral_Analyzer2(wavelengths,tran

smission,filterRange,deltaMin) 

 

 

% Performs a running average to smoothen the data 

[wavelengths,transmission]=RunningAverage(wavelengths,transmission,filterR

ange); 

 

CladdingModeData=zeros(1,5);  

 

% Major "peaks" and "valleys" in the transmission data are located  

 

dataPeaks=[0 0];  
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dataValleys=[0 0]; 

 

peakPos=1; 

valleyPos=1; 

 

% Direction that the plot is moving: 0= moving up, 1= moving down 

direction=0;  

 

BraggWavelength=[0 1]; 

 

forpos=2:length(wavelengths) 

if(direction==0) % Plot is moving up 

if (transmission(pos)>transmission(pos-1)) 

dataPeaks(peakPos,1)=wavelengths(pos); 

dataPeaks(peakPos,2)=transmission(pos); 

else 

if(dataPeaks(peakPos,2)-transmission(pos)>deltaMin) 

direction=1; 

peakPos=peakPos+1; 

dataValleys(valleyPos,1)=wavelengths(pos); 

dataValleys(valleyPos,2)=transmission(pos); 

end 

end 

else% Plot is moving down 

if (transmission(pos)<transmission(pos-1)) 

dataValleys(valleyPos,1)=wavelengths(pos); 

dataValleys(valleyPos,2)=transmission(pos); 

else 

if(transmission(pos)-dataValleys(valleyPos,2)>deltaMin) 

direction=0; 

dataPeaks(peakPos,1)=wavelengths(pos); 

dataPeaks(peakPos,2)=transmission(pos); 

if(dataValleys(valleyPos,2)<BraggWavelength(2)) 

BraggWavelength(1)=dataValleys(valleyPos,1); 

BraggWavelength(2)=dataValleys(valleyPos,2); 

BraggWavelength(3)=valleyPos; 

end 

valleyPos=valleyPos+1; 

end 

end 

end 

end 

 

% Number of peaks behind the Bragg wavelength that the cladding mode 

region is 

% estimated to end 

claddingModeOffset=3; 

 

% Average difference in peak and valley values for the cladding mode 

region 

AverageCladdingModeSize=mean(dataPeaks(1:BraggWavelength(3)-

claddingModeOffset,2))-mean(dataValleys(1:BraggWavelength(3)-

claddingModeOffset,2)); 
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% Determines the location of the "central" cladding mode peak 

CladdingModeCenter=round((BraggWavelength(3)-claddingModeOffset)/2); 

 

% Assigns the values of the CladdingModeData variable  

CladdingModeData(1)=dataValleys(CladdingModeCenter,1); 

CladdingModeData(2)=dataValleys(CladdingModeCenter,2); 

CladdingModeData(3)=dataPeaks(CladdingModeCenter,1); 

CladdingModeData(4)=dataPeaks(CladdingModeCenter,2); 

CladdingModeData(5)=AverageCladdingModeSize; 

 

 
%{ 
************************************************ 
*  Kevin McCants-Brown                         * 
*  North Carolina State University             * 
*  Mechanical and Aerospace Engineering Dept.  * 
*  04/13/12                                    * 
*                                              * 
************************************************ 

 
      *** Running Average *** 

 
*Description: The purpose of this funtion is to perform a running average 
filter on a generic data set 

 
 *Input Variables:  
wavelengths - An array of the wavelength values in the spectral data 
transmission - An array of transmissoin values corresponding to the 
wavelength array (must be the same length as wavelengths) 
range - Maximum difference between a group of adjacent data points 
for which the algorith merges into a single averaged value  
 *Output Variables  
newWavelengths - An array of the new wavelength values following the 
averaging of the data 
newTransmission - An array of the new transmission values following the 
averaging of the data (is the same length as 
newWavelengths) 

 
 

**************************************************************************

*****                     
%} 

 
function [newWavelengths, newTransmission]=RunningAverage(wavelengths, 

transmission,range) 

 

 

% Current array index for the two output variables 
count=1; 
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% The last data point of the "averaging group" in the transmission array 
lastPos=1; 
forpos=1:length(wavelengths) 
if(wavelengths(pos)-wavelengths(lastPos)>range) 
newWavelengths(count)=mean(wavelengths(lastPos:pos)); 
newTransmission(count)=mean(transmission(lastPos:pos)); 
count=count+1; 
lastPos=pos; 
end 
end 

 

 

 

 

B2: Calibration Algorithm  

%{ 

************************************************ 

*  Kevin McCants-Brown                         * 

*  North Carolina State University             * 

*  Mechanical and Aerospace Engineering Dept.  * 

*  08/15/12                                    * 

*                                              * 

************************************************ 

 

      *** Experiment 2 Calibration Algorithm *** 

 

*Description: This program uses the results of the sensor 

calibration experiment to produce a calibration matrix that  

can be usd to provide predictions of temperature, strain, and  

refractive index from a generic FBG spectral response. 

 

 

**************************************************************************

*****                     

%} 

 

clear(); 

pauseon 

 

RI=0;  

X=zeros(3,60); %Input variable matrix 

Y=zeros(3,60); %Output variables matrix 

 

 

A=zeros(3,3); %Calibration coefficient matrix 

B=zeros(3,1); %Calibration matrix shift 
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% Load an excel file containing the temperature, tension, RI, and 

% transmission vs. wavelength data for each run 

ReadFileName='Experiment2_data.xlsx'; 

 

% Loads the run data into the input variable matrix 

fori=1:12 

for j=1:5 

        

TempData=xlsread(ReadFileName,i+1,[native2unicode(64+j*2),'5:',native2unic

ode(65+j*2),'4233']); 

        

[CladdingModeData,BraggWavelength]=FBG_Spectral_Analyzer2(TempData(4:end,1

),TempData(4:end,2),.01,.01); 

 

if(i<5)  

            RI =1.45; 

else 

if(i<9) 

                RI =1.55; 

else 

                RI =1.70; 

end 

end 

 

X(1,(i-1)*5+j)=BraggWavelength(1); % Bragg wavelength 

X(2,(i-1)*5+j)=CladdingModeData(1); % Central cladding mode wavelength 

X(3,(i-1)*5+j)=CladdingModeData(5); % Cladding mode size 

 

Y(1,(i-1)*5+j)=TempData(1,1); % Temperature 

Y(2,(i-1)*5+j)=TempData(2,1); % Tension 

Y(3,(i-1)*5+j)=RI; % Refractive index 

end 

end 

 

disp('File data successfully compiled'); 

 

%***************Least Squares Formula ************************* 

 

 

Weight=[1,1,1]; % Weight of the individual coefficients 

 

fori=1:3 % Rows in the calibration matrix 

 

    C=zeros(4,4); 

    D=zeros(4,1); 

 

% Partial derivative with respect to A_i1 

C(1,1)=Weight(i)*sum(2*X(1,:).^2); 

 

 

C(1,2)=Weight(i)*sum(2*X(1,:).*X(2,:)); 
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C(1,3)=Weight(i)*sum(2*X(1,:).*X(3,:)); 

C(1,4)=Weight(i)*sum(2*X(1,:)); 

D(1,1)=Weight(i)*sum(2*Y(i,:).*X(1,:)); 

 

% Partial derivative with respect to A_i2 

C(2,1)=Weight(i)*2*sum(X(1,:).*X(2,:)); 

C(2,2)=Weight(i)*sum(2*X(2,:).^2); 

C(2,3)=Weight(i)*sum(2*X(2,:).*X(3,:)); 

C(2,4)=Weight(i)*sum(2*X(2,:)); 

D(2,1)=Weight(i)*sum(2*Y(i,:).*X(2,:)); 

 

% Partial derivative with respect to A_i3 

C(3,1)=Weight(i)*2*sum(X(1,:).*X(3,:)); 

C(3,2)=Weight(i)*sum(2*X(2,:).*X(3,:)); 

C(3,3)=Weight(i)*sum(2*X(3,:).^2); 

C(3,4)=Weight(i)*sum(2*X(3,:)); 

D(3,1)=Weight(i)*sum(2*Y(i,:).*X(3,:)); 

 

% Partial derivative with respect to B_i 

C(4,1)=Weight(i)*2*sum(X(1,:)); 

C(4,2)=Weight(i)*sum(2*X(2,:)); 

C(4,3)=Weight(i)*sum(2*X(3,:)); 

C(4,4)=Weight(i)*2; 

D(4,1)=Weight(i)*sum(2*Y(i,:)); 

 

 

% Solve for unknown coefficients 

    E=C\D; 

 

A(i,1)=E(1,1); 

A(i,2)=E(2,1); 

A(i,3)=E(3,1); 

B(i,1)=E(4,1); 

 

end 

 

 

disp('Calibration Matrix'); 

disp(A); 

disp(B); 

 

 

% Accuracy Check: Creates an excel file containing the percent error for 

% each prediction  

 

WriteFileName='Calibration Data\Calibration_Results.xlsx'; 

WriteFileName2='Calibration Data\Calibration_Matrix.xlsx'; 

 

FileData=zeros(60,10); 

 

 

fori=1:60 
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    Guess=A*X(:,i)+B; 

 

FileData(i,1)=i; 

FileData(i,2)=Y(1,i); 

FileData(i,3)=Guess(1,1); 

FileData(i,4)=(Guess(1,1)-Y(1,i))/Y(1,i); 

 

FileData(i,5)=Y(2,i); 

FileData(i,6)=Guess(2,1); 

FileData(i,7)=(Guess(2,1)-Y(2,i))/Y(2,i); 

 

FileData(i,8)=Y(3,i); 

FileData(i,9)=Guess(3,1); 

FileData(i,10)=(Guess(3,1)-Y(3,i))/Y(3,i); 

 

end 

 

xlswrite(WriteFileName2,[A,B]); 

xlswrite(WriteFileName,FileData); 

 

 

 

 

B3: Transient data converter  

%{ 

************************************************ 

*  Kevin McCants-Brown                         * 

*  North Carolina State University             * 

*  Mechanical and Aerospace Engineering Dept.  * 

*  09/15/12                                    * 

*                                              * 

************************************************ 

 

      *** Raw Data Converter *** 

 

*Description: The purpose of this funtion is to Convert the voltage vs. 

time 

data from the labview signal express output file to transmission 

vs wavelength data. The input file can be composed of 

multiple wavelength scans, that are later parsed into 

separatematricies.  

 

 *Input Variables:  

RawData - A matrix containing transmission and wavelength data as 

measured by the labview signal express program  

       Lambda1 - Lower wavelength limit for the laser scan 

       

 

 Lambda2 - Upper wavelength limit for the laser scan 
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       Sensitivity - Criterion for locating the spike in the transmission 

data that signifies the enabling of the laser 

 *Output Variables  

ConvertedData - A three dimensional matrix containing the transmission 

and wavelength data for each run 

 

 

**************************************************************************

*****                     

%} 

 

 

function 

[ConvertedData]=RawDataConverter2(RawData,Lambda1,Lambda2,Sensitivity) 

 

disp('Converting raw file data...'); 

 

% Search for the points in the input file where the laser has been 

% enabled/disabled. Assumes that the laser was turned on/off within a 

% specified amount of time (LaserDelay) 

 

onPos=0; 

offPos=0; 

posValue=0; 

 

LaserDelay=20; % Maximum time in seconds that it takes to turn on/off the 

laser after data recording begins 

SamplingRate=200; % Labview sampling rate in Hz 

 

forpos=1:LaserDelay*SamplingRate 

if((RawData(pos+Sensitivity,2)-RawData(pos,2))>posValue) 

posValue=RawData(pos+Sensitivity,2)-RawData(pos,2); 

onPos=pos; 

end 

end 

 

posValue=0; 

 

for pos=length(RawData(:,2))-LaserDelay*SamplingRate:length(RawData(:,2))-

Sensitivity 

if((RawData(pos,2)-RawData(pos+Sensitivity,2))>posValue) 

posValue=RawData(pos,2)-RawData(pos+Sensitivity,2); 

offPos=pos; 

end 

end 

 

% Calculates the number of laser scans completed 

NumberOfScans=round((offPos-onPos)/(SamplingRate*114)); % Assumes each 

10nm scan takes 114 seconds 

ScanLength=(offPos-onPos)/NumberOfScans; % Estimated length of each scan  
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(not an integer) 

 

disp([int2str(NumberOfScans),' laser scans detected with 

',int2str(round(ScanLength)),' samples per scan']); 

 

ConvertedData=zeros(round(ScanLength),2,NumberOfScans); 

MaxVoltage=max(RawData(onPos:offPos,2)); 

 

 

fori=1:NumberOfScans 

 

    Wavelengths=zeros(round(ScanLength),1);  

    Transmissions=zeros(round(ScanLength),1); 

 

forpos=1:round(ScanLength)         

Wavelengths(pos,1)=Lambda1+(pos-1)*(Lambda2-Lambda1)/(round(ScanLength)-

1); 

Transmissions(pos,1)=RawData(onPos-1+pos+round(ScanLength*(i-

1)),2)/(MaxVoltage*1.02);              

end 

 

% Check the file data for sudden drops in laser intensity  

 

forpos=1:round(ScanLength)                

ifpos==1&(Transmissions(pos+1,1)-Transmissions(pos,1))>.1 

Transmissions(pos,1)=Transmissions(pos+1,1);             

end 

 

if pos==round(ScanLength)&(Transmissions(pos-1,1)-Transmissions(pos,1))>.1 

Transmissions(pos,1)=Transmissions(pos-1,1); 

end 

 

ifpos>1&pos<round(ScanLength) 

if (Transmissions(pos-1,1)-

Transmissions(pos,1))>.1&(Transmissions(pos+1,1)-Transmissions(pos,1))>.1  

Transmissions(pos,1)=mean([Transmissions(pos-

1,1),Transmissions(pos+1,1)]);         

end 

end 

 

end 

 

ConvertedData(:,:,i)=[Wavelengths,Transmissions]; 

 

end 

 

disp('Raw data successfully converted.'); 
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B4: Spectral Data Interpolator  

%{ 
************************************************ 
*  Kevin McCants-Brown                         * 
*  North Carolina State University             * 
*  Mechanical and Aerospace Engineering Dept.  * 
*  09/20/12                                    * 
*                                              * 
************************************************ 

 
      *** FBG Spectral Data Interpolator *** 

 
*Description: The purpose of this funtion is to Create a series of 

intermidate 
              "frames" which seamlessly transition from Run1 to Run2 using 

a two  
dimensional linear interpolation technique. Interpolation is  
normalized based on the estimated location of the respective 
bragg peaks. 

 
 *Input Variables:  
Run1 - A matrix of wavelength and transmission data. This is meant 
to be the first frame in the interpolation sequence. 
Run2 - A matrix of wavelength and transmission data. This is meant 
to be the last frame in the interpolation sequence. 
NumberOfFrames - The number of transitional states between Run1 and 
                        Run2. 
FrameNumber - The current transitional state to be returned. If 
FrameNumber=1, the function will simply return Run1; if 
FrameNumber=NumberOfFrames, the function will return Run2 

 
*Output Variables  
TransitionFrame - A matrix of wavelength and transmission data 
corresponding to the interpolated frame. 
 

**************************************************************************

*****                     
%} 

 

 
function [TransitionFrame]=Animate2(Run1,Run2,NumberOfFrames,FrameNumber) 

 
%Then length of the newly created transition frame matrix 
NumberOfPoints=mean([length(Run1(:,1)),length(Run2(:,1))]); 
NumberOfPoints=round(NumberOfPoints); 

 
Wavelengths=zeros(NumberOfPoints,1); 
Transmission=zeros(NumberOfPoints,1); 
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TransitionFrame=zeros(NumberOfPoints,2); 

 
%Locates the Bragg wavelength for each run 
BraggPos=ones(2,3); 

 
forpos=round(length(Run1(:,1))*.1):round(length(Run1(:,1))*.75) 
if Run1(pos,2)<BraggPos(1,2) 
BraggPos(1,1)=Run1(pos,1); 
BraggPos(1,2)=Run1(pos,2); 
end 
end 

 
forpos=round(length(Run2(:,1))*.1):round(length(Run2(:,1))*.75) 
if Run2(pos,2)<BraggPos(2,2) 
BraggPos(2,1)=Run2(pos,1); 
BraggPos(2,2)=Run2(pos,2); 
end 
end 

 

 
BraggPos(1,3)=(BraggPos(1,1)-Run1(1,1))/(Run1(end,1)-Run1(1,1)); 
BraggPos(2,3)=(BraggPos(2,1)-Run2(1,1))/(Run2(end,1)-Run2(1,1)); 

 

 
% Interpolates to find the new location of the Bragg wavelength 
NewBraggPos=round((BraggPos(1,3)+FrameNumber/NumberOfFrames*(BraggPos(2,3)

-BraggPos(1,3)))*NumberOfPoints); 

 
% Performs interpolation for the data to the left and right of the new 
% Bragg wavelength 
forpos=1:NumberOfPoints 

 
ifpos<=NewBraggPos 
        

StartWL=Run1(round(1+pos/NewBraggPos*BraggPos(1,3)*(length(Run1(:,1))-

1)),1); 
        

EndWL=Run2(round(1+pos/NewBraggPos*BraggPos(2,3)*(length(Run2(:,1))-

1)),1);         

 
        

StartTrans=Run1(round(1+pos/NewBraggPos*BraggPos(1,3)*(length(Run1(:,2))-

1)),2); 
        

EndTrans=Run2(round(1+pos/NewBraggPos*BraggPos(2,3)*(length(Run2(:,2))-

1)),2);         
else 
        StartWL=Run1(round(1+(BraggPos(1,3)+(pos-

NewBraggPos)/(NumberOfPoints-NewBraggPos)*(1- 
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BraggPos(1,3)))*(length(Run1(:,1)))-1),1); 
        EndWL=Run2(round(1+(BraggPos(2,3)+(pos-

NewBraggPos)/(NumberOfPoints-NewBraggPos)*(1-

BraggPos(2,3)))*(length(Run2(:,1))-1)),1); 

 
        StartTrans=Run1(round(1+(BraggPos(1,3)+(pos-

NewBraggPos)/(NumberOfPoints-NewBraggPos)*(1-

BraggPos(1,3)))*(length(Run1(:,2))-1)),2); 
        EndTrans=Run2(round(1+(BraggPos(2,3)+(pos-

NewBraggPos)/(NumberOfPoints-NewBraggPos)*(1-

BraggPos(2,3)))*(length(Run2(:,2))-1)),2); 
end 

 
Wavelengths(pos)=StartWL+FrameNumber/NumberOfFrames*(EndWL-StartWL); 
Transmission(pos)=StartTrans+FrameNumber/NumberOfFrames*(EndTrans-

StartTrans); 
end 

 

 
TransitionFrame=[Wavelengths,Transmission]; 

 

 

 

 


