
ABSTRACT 

 

GARRETT, RYAN CHARLES.  Sensor Network for In-Situ Failure Identification in 
Woven Composites after Impact Events.  (Under the direction of Kara J. Peters.) 
 

This study investigates the development of a fiber Bragg grating (FBG) optical 

sensor network to measure and monitor damage in a composite material induced by low 

velocity impact events occurring at a single location.  The effects of the embedded optical 

fibers on the host material and their interaction with each other are first considered on 

both a micro- and macro-mechanics scale.  The mechanical low-velocity impact response 

of two-dimensional woven composite laminates with and without various densities of 

embedded optical fibers is therefore investigated.  Modifications to the specimen 

fabrication process are then developed to facilitate the embedment of a large density of 

optical fibers. The light transmission capabilities of embedded optical fibers are also 

studied to demonstrate that the current fabrication processes permits sufficient light 

transmission to allow interrogation of the embedded FBG sensor network.  The FBG 

sensor network is finally embedded in a woven composite sample which is then subjected 

to multiple low velocity impacts events until complete failure of the material system.  

The FBG sensor data is collected after each impact event, providing a map of the internal 

strain field in the composite through the progression of damage until failure of the 

laminate. 
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CHAPTER 1.  INTRODUCTION AND LITERATURE REVIEW 

Overview 

This study investigates the development of a fiber Bragg grating (FBG) optical sensor 

network to measure and monitor damage in a composite material induced by low velocity 

impact events occurring at a single location.  The effects of the embedded optical fibers on 

the host material and their interaction with each other are first considered on both a micro- 

and macro-mechanics scale.  The mechanical low-velocity impact response of two-

dimensional woven composite laminates with and without various densities of embedded 

optical fibers is therefore investigated.  Modifications to the specimen fabrication process are 

then developed to facilitate the embedment of a large density of optical fibers. The light 

transmission capabilities of embedded optical fibers are also studied to determine if the 

current fabrication processes permits sufficient light transmission to allow interrogation of 

the embedded FBG sensor network.  A FBG sensor network is finally embedded in a 

composite sample which is then subjected to multiple low velocity impacts events while 

sensor data is captured after each impact event until complete failure of the composite 

material system.  The FBG sensor data is evaluated to determine the ability of the chosen 

sensor configuration to measure strain at various points within the sample for the purpose of 

quantifying the progression of damage and differentiating between multiple forms of 

damage. 

Chapter 1 introduces the goals of this study as well as background theory on fiber 

Bragg grating sensors and embedment of optical fiber sensors in composite materials for 

damage identification.  Chapter 2 describes the experimental methods including specimen 

preparation, light transmission testing, low velocity impact loading, and cross sectional 



microscopic evaluation.  Chapter 3 details the experimental results and the performance of 

the sensor network during impact events.    Chapter 4 presents the conclusions derived from 

this study and proposes future work topics in this research area. 

 

Damage in Woven Composite Laminates 

Composite materials have become increasingly common as a replacement for 

traditional homogenous materials in numerous industries.  They have gained popularity in 

aerospace, aircraft, automotive, marine, energy, infrastructure, armor, biomedical and 

recreational applications for their lighter weight and high strength (Daniel and Ishai).  

However, a great challenge exists to develop non-destructive means of monitoring and 

measuring damage progression.  Composites will often develop non-visible damage below 

the surface and this can lead to complete failure before conventional inspection techniques 

observe surface damage.  Failure can also occur through several interacting different modes 

in composite structures, further complicating damage prediction and detection.  A relatively 

new technique that has been developed to measure damage is the embedment of sensor 

networks into the composite structure directly, for assessment of the current state of stress 

within the material rather than at the surface of the structure. Of particular interest to this 

work are optical fiber Bragg grating (FBG) sensors which can be multiplexed into a single 

optical fiber and then embedded within laminated composite materials for real time strain 

monitoring.  These sensors are etched into short portions of the optical fiber core, and local 

strains are measured by the wavelength shifts of the Bragg wavelength reflected by the 

grating.  
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Previous studies have investigated the use of a single embedded FBG for damage 

initiation and progression monitoring in a two-dimensional woven composite during multiple 

low velocity impact events. Pearson, et al. (2007), and Tsutsui et al. (2004) demonstrated the 

use of embedded FBG sensors to detect impact damage in laminated and stiffened composite 

panels.  Similar studies have focused on impact damage in fiber metal laminates (Kuang et 

al., 2001).  Each of these studies demonstrate that FBG sensors can provide detailed 

information about the state of strain within the composite material system. In particular, as 

the strain along the grating becomes non-uniform, the complicated spectral response of the 

FBG can provide quantitative information on the strain field, more than simply the average 

strain value. 

For a general application, the proper placement of the FBG sensors would require a 

reasonable knowledge of potential impact locations.  On the other hand, the development of a 

network of sensing FBGs would allow for damage monitoring over a given area without 

knowing a-priori the location of impact events.  A sensing network could also provide 

detailed information on the form, mechanisms, severity and progression of damage by 

providing spatial information. 

 

Fiber Bragg Gratings 

Optical strain sensors, including FBGs, have many advantages over traditional strain 

gauges (Culshaw, 1988).  Because they do not transmit an electrical signal, optical sensors 

may be used in environments where electric fires present a danger.  They are also immune to 

electromagnetic interference, allowing them to be used in applications where nearby 

electrical sources could create large signal errors for electrical gages.  FBGs can also be 
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multiplexed together for distributed sensing, and therefore can be used for large- and small-

scale applications.  Optical sensors in general demonstrate excellent durability and often a 

working life of twenty-five years or more.  Additionally, optical sensors are extremely 

lightweight, making them advantageous for many aerospace applications.  Although the 

sensors themselves, as well as the required equipment, are expensive, this technology is 

becoming more affordable as production technology improves. 

Fiber Bragg Gratings were first created by Hill et al. (1978).  Fiber Bragg gratings are 

periodic modulations in the effective index of refraction of an optical fiber core.  This 

modulation is produced by exposing the core of an optical fiber to a strong UV-laser light 

interference pattern, producing permanent gratings.  At the Bragg wavelength, Bλ , 

constructive interference occurs between the multiple reflected lightwaves as each reflection 

is in phase with the others. At this wavelength, a resonance conditions occurs in reflection 

and the lightwave is reflected rather than transmitted through the grating. The resonance 

condition occurs at the wavelength,   

2B effnλ = Λ         (1.1) 

where neff is the effective index of refraction of the optical fiber for the fundamental mode 

and Λ is the period of the Bragg grating (see Figure 1.1).   

 An advantageous characteristic of FBGs is that the Bragg wavelength changes 

linearly with strain and temperature, making them easy to calibrate and use (Kersey, 1997).  

As the fiber is strained two effects occur: firstly the period of the grating changes and 

secondly the effective index of refraction changes through the strain-optic effect.  Therefore, 

the FBG will reflect a different resonant wavelength.  These two effects can be combined to 

write, 
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where ν is the Poisson’s ratio and p11 and p12 are the photoelastic constants of the optical 

fiber material. For fused silica fibers, a typical of pe is 0.78. For non-uniform strain applied 

along the FBG, numerous wavelengths will be reflected at various intensities.   

FBG sensors are also very sensitive to temperature changes.  In applications where 

temperature variations will be present, one option is to incorporate a reference grating which 

will only measure strain due to temperature change.  This allows for the temperature 

dependence to be eliminated from consideration. 

 FBGs can be multiplexed together to permit distributed sensing.  FBGs of slightly 

different Bragg wavelengths may be spliced together serially to create a sensing network 

requiring just a single light source (see Figure 1.2).  This technique is known as wavelength 

division multiplexing and will be applied in this study.  Because FBG sensor measurements 

are interpreted from wavelength shifts rather than intensity changes, splice losses generally 

do not limit the capability of FBG sensing networks. 

 

Embedment of FBGs in Composite Materials 

Studies have shown conflicting results on the effects of embedding optical fiber 

sensors on the mechanical strength of the host composite.  For example, LeBlanc and 

Measures (1992), embedded two hundred and fifty weakened optical fibers within a de 

Havilland Dash-8 aircraft composite wing leading edge (LeBlanc and Measures, 1992).  The 

fibers were chemically weakened in advance to the point where fracture would coincide with 

initial system damage.  Low velocity impacts were applied at differing locations and 

energies, and as damage occurred, the locally embedded fibers fractured.  It was determined 
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that no fibers outside of the damage area fractured.  This study was able to measure initial 

damage but had very limited ability to monitor the progression of damage. Their results 

showed that the presence of the optical fiber network did not deteriorate the damage response 

of the composite.  However, slight weakening can occur during tensile loading and moderate 

to extreme weakening has been recorded in compression tests with large quantities of 

embedded fibers (Jenson and Pascual, 1990; Jenson et al., 1991).  The orientation of the 

embedded optical fibers relative to the host fibers significantly affects to what degree the 

composite compressive strength is degraded (Mall et al., 1996; Jensen et al., 1991).  

Additionally, the embedded fiber density has a strong effect on the composite strength 

(Jenson and Pascual, 1990).   

 6



CHAPTER 1 FIGURES 

 

 

Figure 1.1.  Fiber Bragg Grating schematic. 

 

 

 

Figure 1.2.  FBG sensors serially multiplexed. 
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CHAPTER 2.  EXPERIMENTAL METHODS 

Specimen Preparation 

Two-dimensional 2x2 twill woven carbon fiber prepreg with thermoset epoxy matrix 

was obtained from the Advanced Composite Group and used for all specimens in this study.  

The prepreg is essentially isotropic in the plane of the woven fiber.  Each composite 

specimen was fashioned into 127 mm square coupons, composed of twenty-four laminae of 

the woven carbon fiber prepreg, resulting in an overall thickness of 4 mm.  The prepreg 

layers were placed in a 127 mm square metal mold that had been lubricated with carnauba 

wax and mold releaser agent to allow easy removal of the cured specimen.  The carbon fiber 

prepreg layers were then sealed in a vacuum bag and a vacuum was drawn to remove air 

voids between the laminae.  The entire setup was then cured in a hotpress at a constant 

pressure of 1.38 MPa and varying temperature cycle, as shown in Figure 2.1.  

To embed the optical fibers between prepreg layers, the fibers were mounted onto a 

specially designed fiber jig which oriented them parallel to each other at desired densities, up 

to 6.3 optical fibers (250 µm diameter) per centimeter, and maintained tension during loading 

so that no curving or movement of the fibers would occur during curing of the composite (see 

Figure 2.2).  The applied tension also ensured that the fibers did not shift locations during 

layering of the prepregs in the mold.  No visible misalignment of the optical fibers was 

observed later when cross sectional images of the cured composites were obtained.  The 

stainless steel fiber jig had 508 µm diameter semi-circular grooves (approximately twice the 

diameter of the optical fibers) engraved around its edge for the placement of the optical 

fibers.  The fibers were initially aligned in the desired grooves and taped into place, spanning 

the frame.  Loctite 3751 UV Light Cure Adhesive was then applied to temporarily bond the 
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fibers to the jig.  A UV lamp operating at a 365 nm wavelength was used to cure the glue to 

firmly hold the fibers in place.   

A slightly different technique was used for uni-directional and bi-directional optical 

fiber embedment.  For uni-directional embedment, a pre-cured eleven-layer carbon fiber 

composite sample was placed in the mold.  On top of this layer was placed an uncured single 

lamina of the carbon fiber weave.  Then the fiber jig was arranged so that the parallel optical 

fibers were centered over the composite.  Then another uncured prepreg lamina was placed 

on top of the optical fibers, followed by a final eleven-layer pre-cured plate (Figure 2.3a).  

After the top of the mold was set in place, the entire glue mass was carefully pried loose from 

the jig, freeing the optical fibers.  The glue remained attached to the optical fibers; however it 

had no detrimental effect on the ability of the fibers to transmit light.  An example cured 

composite specimen with a high density of uni-directional optical fibers is shown in Figure 

2.4.  For bi-directional embedment of optical fibers, the optical fibers orthogonal to each 

other had to be embedded at different layers because preliminary tests demonstrated that 

when fibers were embedded within the same layer, they experienced complete fracture at the 

overlapping segments of fiber (as described in the following section).  This prevented any 

light transmission, required for interrogation of the FBG sensors.  First a ten layer pre-cured 

laminate was set in the mold.  Then a single layer of uncured prepreg was applied, followed 

by the jig with parallel optical fibers.  Two more uncured prepreg laminae were then placed 

on top of the optical fibers, and the jig was removed as described above.  Afterwards, the jig 

was placed again with a second set of optical fibers perpendicular to the first set.  Another 

single prepreg layer was applied, and then the final ten layer pre-cured sample was placed on 
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top (Figure 2.3b).  Each of these techniques produced a final twenty-four layer composite.  

The details of each specimen’s layup and optical fiber density are shown in Table 2.1. 

 

Light Transmission Testing 

Each of the embedded optical fibers was tested post specimen manufacturing for total 

light transmission.  Light transmission testing was performed for the preliminary specimens 

to ensure that the fabrication technique was suitable, meaning that the technique consistently 

produced embedded sensors with sufficient light transmission.  As explained earlier, FBG 

sensors measure strain based on resonant wavelengths, not intensity at a particular 

wavelength.  Therefore, transmission losses would not directly affect the accuracy of the 

strain measurements; however a minimum threshold is required for sensing.  This requires 

then that each fiber transmit some minimum percentage of interrogated light in order for 

multiplexed sensing to be feasible.  This value is dependent on the number of fibers/sensors 

that will be used in a system.  When multiple optical fibers are spliced together, the losses of 

each fiber are multiplied such that the total transmitted light intensity is: 

( ) ( ) ( ) ( )NLLLLI −⋅⋅−⋅−⋅−= 1...111 321 ,              (2.1) 

where Li is the proportional loss of intensity through each fiber ( )10 ≤≤ NL .  The individual 

losses can be a result of fabrication issues (crushing of embedded fibers) as well as splice 

losses.   

The survivability of the optical fibers was at risk due to the high pressure used during 

the cure process.  Two common fiber coatings available for fiber sensors are acrylate and 

polyimide.  Polyimide coatings are very durable, however they are difficult to remove from 

the fiber cladding for the purpose of splicing or light interrogation.  Acrylate coatings are less 
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stiff and durable than polyimide coatings, however previous testing demonstrated that the 

acrylate coating provided adequate protection to the fibers during lower pressure cure than 

that recommended for the material system.  In this study, testing of specimens C8-C14 

established that supporting fibers with the Loctite 3751 epoxy rather than rigid side supports 

allowed them to survive even under the recommended high pressure cure (1.38 MPa).   

Individual optical fibers were interrogated with a laser light source and the 

transmitted light intensity was recorded for each specimen.  Of the attempted fiber 

configurations, the only configuration that caused excessive optical fiber damage (resulting 

in no light transmission) was the bi-directional lay-up of optical fibers within the same layer 

of composite specimen C13.  It is believed that the stress concentrations caused by the direct 

overlap of optical fibers resulted in fracture and complete breakage of the glass fibers.  

However, configurations of uni-directional optical fibers and bi-directional optical fiber 

patterns separated by two layers of uncured prepreg weave allowed significant light (25% of 

incoming light or greater in all cases) to pass through the embedded fibers.  To determine 

approximate losses, a reference fiber was tested in the same matter and its intensity 

transmission was used as a baseline for the embedded fibers.   

Similar tests were initially performed on fibers with a mass of the Loctite 3751 glue 

surrounding the fiber to ensure that the residual stresses on the optical fiber created by the 

glue did not lower the transmission capabilities of the fiber.  It was determined that the glue 

shrinkage did not have any measurable effects on light transmission. 
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Low Velocity Impact Loading 

The prepared composite specimens were subjected to multiple low-velocity impacts in the 

drop tower shown in Figure 2.5.  The drop tower was instrumented with a piezoelectric 

accelerometer and magnetorestrictive position sensor to measure the indentor’s acceleration 

and position during the impact sequence.  The 5.5 kg aluminum crosshead had a 19 mm 

diameter hemispherical steel indentor, capable of delivering 500 Joules per impact event.  

The crosshead was mounted on guide rods and could be raised and dropped from varying 

heights to vary the impact energy.  For these tests, the crosshead was dropped from a position 

calibrated to result in a 2 m/s crosshead velocity upon impact with the composite specimen.  

The specimen to be impacted was securely clamped between two 76.2 mm inner- and 152 

mm outer-diameter steel rings that had a thin neoprene mat on the surface in contact with the 

specimen, as shown in Figure 2.6.  The area designated for impact was located at the center 

of the metal rings (see Figure 2.7).  All specimens, with and without embedded FBG strain 

sensors, were impacted in the drop tower.  A reference damage response was acquired by 

performing impact tests on six uniform twenty-four layer composite samples, (C1-C6), 

without any embedded optical fibers.  The information collected by the accelerometer and 

position sensor was transmitted to an oscilloscope.  This information was used to calculate 

velocity, dissipated energy, contact force, and surface deflection.   

The crosshead impact was delivered to each specimen until complete perforation of 

the specimen occurred (see Figure 2.8 and appendix).  The rebound of the crosshead after 

impact had to be manually stopped to prevent additional non-recorded impact damage to the 

specimen.  
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A Photonetics tunable laser operating in the infrared wavelength range was used to 

interrogate the embedded fiber sensor system after each impact event at a wavelength step of 

0.1 nanometers (see Figure 1.2).  The network of eight embedded optical fibers was spliced 

together in series before impact testing (see Figure 2.9).  

 

Cross Sectional Evaluation 

To determine the impact of embedding large densities of optical fibers on the 

mechanical response of the composite system, cross sectional views of several of the 

fabricated samples were analyzed under an optical microscope both before and after low 

velocity impact testing.  The samples were cut at various cross sections with a tile saw and 

then polished on a Buehler grinding wheel.  A Nikon Eclipse optical microscope was used to 

photograph the polished sections at magnifications from 50X to 500X.  Of specific interest 

was to determine if the region of influence of each fiber was affected by the presence of 

neighboring fibers.  As the density of optical fibers increased, it was expected that the 

strength of the composite would decrease within the same layer as the embedded fibers.  The 

rate at which this would occur was unknown, so multiple optical fiber densities were 

fabricated, impacted, and examined.  If the optical fibers weakened the system beyond a 

certain threshold, then system failure could occur prematurely due to delamination.  It was 

observed that even at the greatest density of optical fibers possible using the jig of Figure 2.2, 

the optical fibers did not have a measurable effect on the impact resistance of the composite 

specimens.  The photos showed that the optical fibers developed an “eye” shaped resin area 

around them.  These “resin eyes” are areas of weakness relative to the surrounding carbon 

fiber matrix because they are essentially hardened pools of the prepreg epoxy and void of 
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carbon fiber (Figure 2.10).  The photographs also show that the optical fibers were partially 

deformed during the high pressure of fabrication.  Occasionally the pressure caused the 

acrylate coating to separate from the glass fiber.  Figures 2.11 and 2.12 show the cross 

sectional photos of specimens with minimum and maximum fiber densities respectively. 
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CHAPTER TWO FIGURES AND CHARTS 
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Figure 2.1.  Temperature cure cycle for specimen fabrication. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.  Fiber jig and composite mold in place prior to final cure cycle. 
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Figure 2.3.  Composite specimen configurations for (a) uni-directional embedment of optical 

fibers and (b) bi-directional embedment of optical fibers. 
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Figure 2.4.  Specimen with high density (6.3 OF/cm) of embedded optical fibers. 
 

Table 2.1.  Composite specimen descriptions. 
Specimen Layup Optical fiber density 

Preliminary (no embedded fibers) 
C1 24 layers all at once ---- 
C2 24 layers all at once ---- 
C3 24 layers all at once ---- 
C4 24 layers all at once ---- 
C5 24 layers all at once ---- 
C6 24 layers all at once ---- 
C7 24 layers all at once ---- 

Experimental specimens (embedded optical fibers) 

C8 11-1-OF-1-11 .79 OF/cm, unidirectional 
C9 24 layers all at once .79 OF/cm, unidirectional 
C10 11-1-OF-1-11 .79 OF/cm, unidirectional 
C11 11-1-OF-1-11 6.3 OF/cm, unidirectional 
C12 11-1-OF-1-11 6.3 OF/cm, unidirectional 
C13 11-1-OF-1-11 .79 OF/cm, bi-directional 
C14 10-1-OF-2-OF-1-10 .79 OF/cm, bi-directional 

Final Specimen (embedded FBG sensors) 

C15 10-1-OF-2-OF-1-10 1.58 OF/cm, bi-directional 
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Figure 2.5.  Instrumented drop tower facility (Pearson, 2005). 
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Figure 2.6.  Support/clamp system for securing specimens for impact (Pearson, 2005). 
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Figure 2.7.  Specimen dimensions and impact location. 

 

 

 

 

 

 

 

   (a)       (b) 

Figure 2.8.  Perforation of specimen C1 (a) back and (b) front. 
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Figure 2.9.  Specimen C15, shown mounted in impact tower, with FBG sensors spliced 
together and connected in series. 
 

 

Figure 2.10.  “Resin eye” effect. 
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Figure 2.11.  Microscopy image of cross-section with minimum embedded fiber density, 
0.79 optical fibers/cm.  
 

 

Figure 2.12.  Microscopy image of cross-section with maximum embedded fiber density, 6.3 
optical fibers/cm. 
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CHAPTER THREE: EXPERIMENTAL RESULTS 

Baseline woven composite specimens 

Specimens C1-C6, fabricated without any embedded optical fibers, were impacted to 

failure in the drop tower. The goal of these tests was to develop a baseline average 

mechanical response to which all other specimens with embedded fiber networks would then 

be compared.  Additionally, the baseline allows the results of this study to be compared to the 

previous results of Pearson et al. (2007) for which the same material system was used, with 

slight modifications to the fabrication process. Parameters such as total dissipated energy, 

dissipated energy per strike, strikes to failure, contact force per strike, and maximum contact 

force were calculated for each specimen. These data allow us to quantitatively compare 

comparing how various embedded optical fiber densities affected the mechanical response of 

the composite.  

 The contact force and dissipated energy per strike calculated for specimen C1 are 

plotted in Figures 3.1 and 3.2, respectively.  The contact force and dissipated energy per 

strike for the other specimens C2-C6 are plotted in the Appendix. Tables 3.1 and 3.2 

summarize the mechanical response of specimens C1-C6. All specimens were fabricated 

following the strict guidelines described in the previous chapter in an attempt to produce 

repeatable, nearly identical composites, but the results show that there is a certain amount of 

variability inherent to the composite specimens.  This variability is consistent with that 

typically found when testing composite material systems through impact loading. 

Furthermore, the number of strikes to failure and total dissipated energy were similar to the 

previous results of Pearson et al. (2007). 
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Specimen C7 was not impacted, but instead was sectioned for optical microscopy 

evaluation of the cross section to determine pre-impact appearance in a uniform composite 

without embedded sensor networks. A typical cross-section from this specimen is shown in 

Figure 3.3. 

 

Embedded optical fiber networks 

Specimens C8-C14 contained embedded optical fibers at various densities.  The 

acrylate coated optical fibers employed in these specimens had the same geometry as those 

with FBG sensors written into the core to be used later. The purpose of this portion of the 

study was to determine the effects of the embedded optical fibers on the mechanical response 

of the composite material system and the survivability of the optical fibers during fabrication 

of the specimen. 

Two densities of embedded optical fibers were examined in seven total specimens, 

C8-C14.  A low density configuration of 0.79 optical fibers per cm and a high density 

configuration of 6.3 optical fibers per centimeter were considered.  The specific details of 

each specimen are given in Table 2.1.  Of these seven specimens, five were subjected to 

multiple low velocity impacts.  Specimen C8 was not impacted as it was used to obtain pre-

impact cross sectional micrographs of the embedded fiber regions.  Specimen C13 was not 

subjected to an impact loading since, as mentioned in the previous chapter, results show that 

embedding optical fibers bi-directionally within the same layer instigates complete fiber 

breakage and therefore prevents light transmission. 

Specimens C12-C14 were subjected to light transmission tests to determine whether 

the embedded fibers transmitted sufficient light for interrogation of the FBG sensor networks 
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after fabrication of the specimens under elevated temperature and pressure in the hot-press.    

The results of these tests are listed in Table 3.3. For each specimen, a reference fiber not 

embedded in the composite was used as a reference for 100% transmission. The values for 

each fiber listed in Table 3.3 are the voltage emitted from the photo-detector which is linearly 

proportional to the intensity (or power) of the lightwave transmitted through the optical fiber. 

The light transmission test for each optical fiber required two splices, the losses from which 

affect the amount of transmitted light.  This effect can be seen in Table 3.3 as each of the 

three reference fibers resulted in different transmitted intensities despite identical input 

lightwave powers from the laser source.  However, the splices were performed with a fusion 

splicer, therefore the losses were only in the range of 0.01-0.1 dB (0.25-2.5%). The values 

for the fibers and reference for each specimen can therefore be qualitatively compared.  Both 

specimens C12 (6.3 OF/cm, uni-directional) and C14 (0.79 OF/cm, bi-directional embedment 

on different planes) permitted sufficient light transmission after cure.  

Results from impact tests on C9, C10, C12, and C14 demonstrate that the embedded 

optical fibers do not appear to cause significant premature failure of composite specimens.  

Figures 3.6 and 3.7 show the contact force and dissipated energy per strike respectively for 

specimen C9.  Results for specimens C10-C12 and C14 are included in the appendix.  

Figures 3.8-3.11 illustrate the effects of embedded optical fibers on various parameters, and 

the specific data is provided in Table 3.4.  Due to the variability inherent in the composite 

material damage responses, the impact test results cannot be compared on an individual 

basis.  However, the test results reveal that the parameters recorded during the impact tests, 

such as number of strikes to failure, dissipated energy, and maximum contact force, of the 
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specimens with embedded optical fibers (other than specimen C11) are similar to the baseline 

values for the specimens without embedded optical fibers.   

The premature failure of specimen C11 was caused by improper fabrication in which 

the necessary pressure during the cure cycle was not reached, preventing satisfactory resin 

flow between the separate laminae.  This premature failure occurred in the same layer as the 

embedded fibers.  It was later determined that the mold used to contain the curing specimen 

was improperly positioned, which prevented complete pressure transfer to the specimen.  The 

lack of resin transfer was visible in the post-fabricated specimens as regions of dry fiber 

could be seen on one edge. Figure 3.4 shows the numerous voids present within the specimen 

C11 through a micrograph image taken of a slice of the edge of the specimen prior to testing, 

while Figure 3.5 shows the delamination present after the impact loading.  As can be seen in 

Figure 3.5, the delamination occurred primarily between the layers sandwiching the 

embedded optical fibers.  For this specimen the impact loading was not performed until 

perforation occurred; instead it was ended after fifty strikes, at which point no evidence of 

imminent perforation was observed.  Figure 3.12 plots the dissipated energy per strike for 

specimen C11 and the trend line associated with the delamination event. For comparison, the 

trend line is also plotted for specimen C2. Generally, the dissipated energy per strike 

increased linearly for all specimens, but C11 shows a linear increase, followed by a distinct 

leveling off of the dissipated energy per strike.  It was therefore determined that delamination 

was initiated in the specimen at approximately strike twenty-seven. This fabrication issue 

was subsequently corrected and did not affect any other specimens in this study. 
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Embedding and testing of FBG sensors 

Specimen C15 contained an embedded sensor network including eight FBG sensors 

(Avensys Inc.).  The sensors were embedded bi-directionally as previously described and 

then spliced together in series to produce a single sensing array.  The FBG strain response 

was monitored after each impact through a complete spectral scan .  Due to the symmetry of 

the damage response of the composites to impact events, FBG’s were only embedded in one 

quadrant of the specimen.  As the repeatability and accuracy of FBG sensors has previously 

been shown (Pearson et al., 2007), it was not necessary to monitor FBGs in various other 

locations. Therefore, fourteen dummy fibers without FBGs were also embedded in the 

specimen to produce a symmetric specimen.  Figures 3.14 and 3.15 show the arrangement of 

FBG sensors within the monitored quadrant of C15.  These locations were chosen in an effort 

to obtain damage information in both high and low sensitivity regions.  Figure 3.16 shows 

specimen C15 in various stages of fabrication while Figure 3.17 shows the completed 

specimen C15. 

Figure 3.13 shows the pre-embedment, pre-impact spectral response of the eight FBG 

sensors used in specimen C15.  The original Bragg wavelengths of the sensors in the network 

were spaced approximately three nanometers apart to prevent overlapping of sensor signals 

within the expected strain levels.  Table 3.5 lists the measured Bragg wavelength for each 

FBG sensor in specimen C15 before and after fabrication of the composite laminate.  

Residual stresses developed during the fabrication procedure are responsible for the shift in 

Bragg wavelength.  Each Bragg wavelength was determined by calculating centroidal 

wavelength of the loss peak in the transmission spectrum.  The spectral output for each FBG 
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sensor has been normalized to 100% transmission at wavelengths far from the Bragg 

wavelength to remove splice losses and is plotted in the Appendix.   

For maximum flexibility during the impact test, each fiber containing an FBG sensor 

was spliced to pigtail connectors, which were then connected in series.  This setup permitted 

rapid removal of sensors from the sensing loop in the event that optical fiber fracture were to 

occur during the testing of the laminate.  Further strain monitoring could then continue for 

the remaining intact FBG sensors.  Each splice location was stiffened with heat shrink tubing 

to prevent breakage. 

The numerous losses caused by splices, pigtails, and connectors led to a very low 

transmitted light intensity in the combined sensor network.  If the optical fibers had been 

directly spliced one to another, approximately half of the system losses due to splices and 

connectors would have been eliminated, but this would have prevented quick adjustments 

during testing if, as previously mentioned, individual sensors failed.  The system as tested 

had a total of fifteen splices and eight connectors between pigtails, whereas if the fibers were 

directly spliced together, there would have been only two connectors and nine splices.  

Because of the limited transmitted light the laser interrogation of sensors was broken into two 

steps.  FBG sensors 1-5 were first interrogated, and then a second scan was made for sensors 

6-8.  This permitted higher transmitted light intensities and better output signals to the data 

acquisition system.  Although a single scan of all eight sensors at once could have been 

performed, the noise in the system would have significantly lowered the quality of output. 

After each impact event, a scan of the embedded FBGs was performed.  After the 

eighth strike, the FBG sensor #8 (080705770030) fractured and would not transmit light.  It 

was removed from the sensing loop and subsequent scans were performed, bypassing FBG 
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#8.  The specimen C15 experienced complete failure in the form of perforation by the 

impactor after twelve strikes.   Figure 3.18 shows the transmitted spectrum of FBG #1 

(080705770009) after every impact, and Figure 3.19 shows the same for FBG #8 

(08070577030).  Figures for the remaining sensors are included in the appendix.  The strain 

experienced for each embedded sensor after each impact event is listed in Table 3.6.  While 

all sensors recorded small strains, only sensor #8 (080705770030) exhibited large strains due 

to the impact event.  Inspection of the spectra of the other sensors indicates that a more 

detailed record of damage near the impact location could be acquired by embedded sensors 

nearer to the impact location. Although some of the sensors have split peak spectra, the 

change from strike to strike is generally only translational.  Therefore, the centroid method 

adequately calculates the change in strain experienced by each sensor, particularly for 

purposes of comparing the strain from one impact event to the next.  A plot of the strain as a 

function of strike number for a typical sensor (FBG #3, 08070577015) is shown in Figure 

3.20.  The remaining plots are included in the appendix.  There was a slight strain relaxation 

in several of the embedded sensors after the first strike.  In general, after the first strike, the 

strain in each sensor increased.  This was particularly true for the sensors nearest the impact 

location (FBG #8), and less so for sensors far from the impact location.   
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CHAPTER THREE FIGURES AND CHARTS 
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Figure 3.1.  Contact force per strike for specimen C1. 
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Figure 3.2.  Dissipated energy per strike for specimen C1. 
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Table 3.1.  Impact data summary for specimens C1-C6. 

Specimen # of Strikes to 
Failure 

Total 
Dissipated 
Energy (J) 

Maximum Contact Force 
(N) 

Dissipated energy 
per strike 

(J) 

C1 47 308.32 27,800 6.56 

C2 35 203.75 28,200 5.82 

C3 36 220.90 28,200 6.14 

C4 21 134.12 28,300 6.39 

C5 22 174.75 35,800 7.94 

C6 37 268.12 40,200 7.25 

Average 33.00 218.33 31,400 6.68 

 

 

Table 3.2.  Mean and standard deviation of physical parameters for specimens C1-C6. 

Parameter  Mean σ 
Total Energy Dissipated (J): 218.3 62.9 
Energy Dissipated per Strike (J / # of Strikes): 6.7 0.8 
Peak Contact Force (N): 31419.8 5280 
# Strikes to failure 33.0 9.9 

 

Table 3.3.  Light transmission test data. 

  C12 
(mV) 

% of 
reference

C13 
(mV) 

% of 
reference

C14 
(mV) 

% of 
reference

Reference 2.510 100 2.604 100 2.260 100 
Fiber 1 1.83 72.9 0 0 0.60 26.5 
Fiber 2 1.56 62.2 0 0 1.21 53.5 
Fiber 3 0.783 31.2 0 0 1.78 78.8 
Fiber 4 --- --- --- --- 1.31 58.0 
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Table 3.4.  Impact event results for composite specimens with embedded fibers. 

 C9 C10 C12 C14 C11* C11** C15*** 
Total Energy Dissipated (J): 121.1 117.5 125.3 199.8 198 422 97 
Energy Dissipated per 
Strike (J): 7.06 9.04 7.8 6.45 7 8 8 
Peak Contact Force (N): 28200 27100 26500 28100 24440 24440 16800 
# Strikes to failure 19 13 16 31 27 50+ 12 
Fabrication procedure: 1 2 2 4 2 2 4 

* Data represents impact response until beginning of delamination failure. 
** Entire impact response data for specimen C11. 
*** Lost critical impact data, rendering comparison difficult. 
 

 

Figure 3.3.  Specimen C7, pre-impact photo with no embedded optical fibers.  
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Figure 3.4.  Voids caused by lack of pressure during cure cycle in specimen C11. 

 

 

 

Figure 3.5.  In specimen C11 delamination is clearly seen at the optical fiber embedment 
layer. 
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Figure 3.6.  Contact force per strike for specimen C9. 
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Figure 3.7.  Dissipated energy per strike for specimen C9. 
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Figure 3.8.  Total dissipated energy until failure in each tested specimen.  Red data 
points are specimens without embedded fibers, and dark lines indicate range of ± one 
standard deviation. 
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Figure 3.9.  Maximum contact force during impact testing for each tested specimen.  Red 
data points are specimens without embedded fibers, and dark lines indicate range of ± 
one standard deviation. 
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Figure 3.10.  Dissipated energy per strike for each tested specimen.  Red data points are 
specimens without embedded fibers, and dark lines indicate range of ± one standard 
deviation. 
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Figure 3.11.  Number of strikes to failure during impact testing for each tested specimen.  
Red data points are specimens without embedded fibers, and dark lines indicate range of 
± one standard deviation. 
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(b) 
 

Figure 3.12.  Dissipated Energy trend line for (a) typical failure and (b) delamination failure 
of C11. 
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Figure 3.13.  Pre-embedment, pre-impact spectral response of eight FBG sensors   embedded 
into C15. 
 

 

Table 3.5.  Specimen C15: Bragg wavelengths pre- and post-fabrication, but prior to impact. 

FBG 
Coordinate 
Direction of 
embedment

Pre-
Fabrication 
λB (nm) 

Post-
Fabrication 
λB (nm) 

Residual 
strain 
(με) 

1 080705770009 X 1546.07 1546.31 195.7 
2 080705770012 X 1549.08 1549.65 473.8 
3 080705770015 X 1551.88 1552.72 696.7 
4   080705770020* X 1554.94 1555.72* 644.7 
5 080705770021 Y 1557.82 1557.92 85.4 
6 080705770026 Y 1561.12 1561.48 295.8 
7 080705770029 Y 1563.76 1564.18 341.5 
8 080705770030 Y 1567.17 1568.10 762.2 

*Due to split peak after fabrication, determination of Bragg wavelength via centroid 
approach may not be accurate. 
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Figure 3.14.  Locations for embedded FBG sensors within specimen C15. 
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Figure 3.15.  FBG sensor locations within single quadrant of specimen C15. 
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              (a)       (b) 

 

 

         (c)        (d) 

Figure 3.16.  Fabrication photos for specimen C15.  (a) Positioning first layer of fiber 
sensors, (b) visible FBG sensors (white section), (c) Positioning second layer of FBG 
sensors, orthogonal to the first, and (d) layup completed, prior to hotpress cure. 
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Figure 3.17.  Completed specimen C15 with eight embedded FBG sensors and fourteen 
embedded dummy sensors (red and blue color). 
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Figure 3.18.  Normalized transmitted intensity after each impact for sensor #1 

(080705770009). 
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Figure 3.19.  Normalized transmitted intensity after each impact for sensor #8 

(080705770030). 
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Table 3.6.  Micro-strain after each strike for each sensor. 

 

Strike 
FBG Post-

fab 1 2 3 4 5 6 7 8 9 10 11 12 
1 195.7 246.5 269.8 212.3 189.1 204.8 197.2 171.8 172.5 166.5 182.2 195.5 207.8 

2 473.8 514.3 537.1 544.5 490.7 491.1 469.8 482.3 470.9 553.5 553.8 550.4 557.5 

3 696.7 646.0 712.1 733.0 750.8 754.2 770.1 755.2 752.5 762.2 757.0 738.5 756.2 

4 644.7 652.1 655.3 802.3 817.3 801.7 809.3 801.2 803.1 787.3 891.7 801.4 800.4 

5 85.4 107.9 239.6 162.3 169.9 151.7 138.5 153.6 139.7 150.4 123.5 148.2 192.7 

6 295.8 280.0 401.2 392.3 415.2 421.2 422.7 414.7 417.7 401.4 369.3 364.9 348.6 

7 341.5 420.2 582.0 593.7 624.0 596.1 606.4 605.3 613.4 614.3 609.1 605.6 603.6 

8 762.2 705.9 788.3 889.3 1350.8 1555.5 1686.7 1196.9 ---- ---- ---- ---- ---- 
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Figure 3.20.  Strain by strike for sensor #3 (08070577015).
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CHAPTER FOUR: CONCLUSIONS AND FUTURE WORK 

Conclusion 

This study demonstrates that relatively high densities of embedded 250 μm diameter 

optical fibers may not have a negative effect on the host woven composite material during 

low velocity impact events.  In this study, up to 6.3 optical fibers per centimeter were 

embedded within woven composite systems.  While there did appear to be slight trends due 

to the presence of embedded fibers, there were no clear trends associated with the increase in 

embedded fiber densities.  The fabrication method used within this study to embed optical 

fibers during fabrication of the composite specimens improved upon that previously applied, 

permitting greater fiber survivability and light transmission at higher cure pressures. 

FBG sensor networks were shown to be useful for measuring and monitoring damage 

progression due to low velocity impact events.  Eight sensors were embedded in two 

different layers within a laminate.  All but one sensor survived beyond failure of the host 

material system and valuable strain information was gathered from them.  As sensors fail, 

elimination from the sensing loop allows for continued damage monitoring.  Data collected 

from the sensor network could be used to create a strain map of the field being monitored.  In 

the future, two- or three-dimensional maps of damage could be quickly processed for a given 

system, allowing for better understanding of the structural integrity at any point during the 

lifetime of the structure. 
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Suggestions for Future Work 

Further optimization of the FBG sensor network for realistic applications needs to be 

investigated.  For a predetermined impact location, it is evident that the sensor locations in 

this study were spaced too distant from the impact location to maximize damage information.  

However, increasing the density of the sensor network would increase the risk of 

deteriorating the impact resistance of the host material system. Therefore the optimum sensor 

density would need to be determined. To test the performance of any sensor network, impact 

events should also be applied at random locations rather than at a pre-determined single 

impact location to test the ability of the sensor network to not only measure damage but also 

the location of damage within the sensing area.  Embedding sensors at varying depths within 

composites should be investigated for different applications and systems, such as thick and 

thin composites and differing impact energies. 

More impact tests at various embedded fiber densities should be performed to 

determine more clearly the effect of the embedded fibers on the host material.  There will be 

an optimal density which provides greatest sensing capability without causing mechanical 

degradation of the host material. 

Further improvements in reducing the transmission losses would also greatly increase 

the feasibility of such embedded networks in real life applications.  A practical system that 

would permit the removal of failed sensors from the sensing loop without requiring excessive 

labor and time would be particularly advantageous. 
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Figure A.1. Post impact perforation for specimen (a) C2, (b) C3. 
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Figure A.2. Post impact perforation for specimen (a) C4, (b) C5.

 50



 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Figure A.3.  Post impact perforation for specimen C6. 
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Figure A.4.  Contact force for specimen C2. 
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Figure A.5.  Dissipated energy for specimen C2. 
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Figure A.6. Contact force for specimen C3. 
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Figure A.7. Dissipated energy for specimen C3. 
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Figure A.8. Contact force for specimen C4. 
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Figure A.9. Dissipated energy for specimen C4. 
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Figure A.10. Contact force for specimen C5. 
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Figure A.11. Dissipated energy for specimen C5. 
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Figure A.12. Contact force for specimen C6. 
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Figure A.13. Dissipated energy for specimen C6. 
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Figure A.14.  Contact force per strike for specimen C10. 
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Figure A.15.  Dissipated energy per strike for specimen C10. 
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Figure A.16. Contact force per strike for specimen C11. 
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Figure A.17.  Dissipated energy per strike for specimen C11. 
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Figure A.18. Contact force per strike for specimen C12. 
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Figure A.19.  Dissipated energy per strike for specimen C12. 
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Figure A.20. Contact force per strike for specimen C14. 
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Figure A.21.  Dissipated energy per strike for specimen C14. 
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Figure A.22.  Spectral response of FBG #1 (080705770009). 
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Figure A.23.  Spectral response of FBG #2 (080705770012). 
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Figure A.24.  Spectral response of FBG #3 (080705770015). 

 

0%

20%

40%

60%

80%

100%

1553 1553.5 1554 1554.5 1555 1555.5 1556 1556.5 1557

wavelength (nm)

Pe
rc

en
t t

ra
ns

m
is

si
on

Pre-Fab
Post-Pab

 
Figure A.25.  Spectral response of FBG #4 (080705770020). 
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Figure A.26.  Spectral response of FBG #5 (080705770021). 
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Figure A.27.  Spectral response of FBG #6 (080705770026). 
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Figure A.28.  Spectral response of FBG #7 (080705770029). 
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Figure A.29.  Spectral response of FBG #8 (080705770030). 
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Figure A.30.  Normalized transmitted intensity per strike for sensor #2 (080705770012). 
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Figure A.31.  Normalized transmitted intensity per strike for sensor #3 (080705770015). 
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Figure A.32.  Normalized transmitted intensity per strike for sensor #4 (080705770020). 
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Figure A.33.  Normalized transmitted intensity per strike for sensor #5 (080705770021). 
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Figure A.34.  Normalized transmitted intensity per strike for sensor #6 (080705770026). 
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Figure A.35.  Normalized transmitted intensity per strike for sensor #7 (080705770029). 
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Figure A.36.  Strain by strike for sensor #1 (08070577009). 

 

460
480
500
520
540
560
580

0 1 2 3 4 5 6 7 8 9 10 11 12
strike #

m
ic

ro
-s

tra
in

 

Figure A.37.  Strain by strike for sensor #2 (08070577012). 
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Figure A.38. Strain by strike for sensor #4 (08070577020). 
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Figure A.39. Strain by strike for sensor #5 (08070577021). 

 

200

250

300

350

400

450

0 1 2 3 4 5 6 7 8 9 10 11 12

strike #

m
ic

ro
-s

tra
in

 

Figure A.40. Strain by strike for sensor #6 (08070577026). 
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Figure A.41. Strain by strike for sensor #7 (08070577029). 
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  Figure A.42. Strain by strike for sensor #8 (08070577030). 
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