
ABSTRACT 

GUO, GUODONG. A Low-power Fiber Bragg Grating Sensor Interrogation System for High-

speed Sensing. (Under the direction of Dr. Kara Peters). 

 

This research develops a low-power, high speed interrogation system for interrogating 

fiber Bragg grating (FBG) strain sensors under dynamic loading of mechanical and aerospace 

structures. The interrogation system is based on a vertical cavity surface emitting laser (VCSEL) 

light source. To achieve this goal, the multiplexing capacity of FBG sensors using a narrow 

bandwidth light source is first maximized. Specifically, a spectral profile division multiplexing 

technique is derived to track each FBG wavelength shift in a serially multiplexed FBG network. 

Each sensor in the network is uniquely characterized by its own reflected spectrum shape, thus 

spectral overlapping is allowed in the wavelength domain. Spectral distortion caused by multiple 

reflections and spectral shadowing between FBG sensors that occur in serial topology sensor 

networks, are considered in the identification algorithm. A nonlinear optimization function based 

on the output spectrum is constructed. Next, the feasibility of using the developed interrogation 

technique in shape sensing of Kevlar woven fabrics is demonstrated. To back out the surface 

deflection of a central loaded circularly clamped dry woven fabric, a finite element model 

exceptionally considering edge slipping effect was developed to understand fabric deformation. 

Due to fabric edge slipping, large deflection level of the fabric, a modified empirical 

approximation approach was found to be the optimal choice for the deflection reconstruction. To 

construct the interrogation system, several VCSELs at different wavelength were multiplexed 

into an arrayed architecture by using a digital multiplexer. High-speed scanning of the VCSEL 

array is achieved by a high-speed switch circuit. The developed swept source is then 

demonstrated for interrogating an FBG sensor integrated with a composite laminate that is 

subjected to a low velocity impact and a shock wave loading. The full spectrum of the FBG 



during the impulse loading were captured at 4 kHz over a wavelength of 10 nm. The 

interrogation results are compared with that of a high-speed swept laser measurements. The good 

agreement between different measurement techniques indicates that the approach is a promising 

one for low-power FBG interrogation for structural health monitoring applications of 

engineering structures. 
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CHAPTER 1: Introduction  

1.1. Background 

Structural health monitoring (SHM) plays a key role in the long-term assessment of the 

performance and integrity of a structure. The goal of SHM is to diagnose the state of the 

structure at every moment during its service life (Balageas et al., 2006; Schedat et al., 2016). The 

measurands of general interest for SHM include strain, temperature, load, deformation and 

vibration. These data are processed to provide a warning of abnormal states, predict remaining 

lifetimes and enable preventative maintenance. During the past several decades, several type of 

sensors have been investigated for SHM applications, including electrical strain gages, 

accelerometers, and ultrasonic sensors (Annamdas et al., 2017; Mueller et al., 2015; Wolf et al., 

2015). Some of these sensors are difficult to deploy over large structures, unable to withstand 

harsh environments, or unable to continue to operate for long periods of time. Among possible 

solutions for SHM, FBG sensors have been emerging as an increasingly interesting technology 

due to their distinctive advantages which include high sensitivity, immunity to electro-magnetic 

fields and durability. One unique advantage of FBG sensors is their multiplexing capability, 

which allows hundreds or thousands of sensors to be deployed in the target structure and 

interrogated with relative ease (Hill et al., 1997; Peters 2009; Liang et al., 2005). 

FBG sensors are a fast growing sensing technology for both nondestructive evaluation of 

material systems and in-service SHM. FBGs are used as strain and temperatures sensors based 

on the silica photo-elastic effect and temperature sensitivity. The past two decades has witnessed 

a rapid expansion of FBG sensors in engineering applications. Early FBG applications included 

SHM of civil structures, especially bridges. Figure 1.1 shows the West Mill Bridge, under 

loading test, was developed in UK in 2002. A monitoring system containing 40 FBGs was 
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installed on the bridge (Gebremichael et al., 2005). The purpose was to confirm the predicted 

structural behavior during load tests and collect long-term field data over its service lifetime. 

Another common field application of FBG sensors is to monitor composite structures. Due to the 

fact that optical fibers are compatible with the microstructures of fiber reinforced composites, 

FBG sensors can be easily integrated with the target structure in the fabrication stage. Figure 1.2 

shows an example of dry composite propeller blades with integrated FBG arrays (Ferdinand et 

al., 2002). In addition, due to their durability and survivability in harsh environments, FBGs have 

also find applications in chemical industry, pipelines and offshore structures (Alemohammad et 

al., 2018; Mieloszyk et al., 2017; Felli et al., 2016). 

 

 
 

Figure 1.1 West Mill Bridge, fabricated in a temporary site factory using composites and then 

lifted into position (Gebremichael et al., 2005). 
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Figure 1.2 Composite airplane propeller blade with embedded FBG sensors (Ferdinand et al., 

2002). 

 

One common advantage across these applications is the high density of sensors that can 

be integrated into a single optical fiber and interrogated rapidly with a single instrumentation. 

However, the instrumentation to process these high density of sensors is necessarily complex and 

with a high power consumption due to the need for precision lasers. It is anticipated that with 

further engineering of these interrogation systems to reduce their complexity and power 

consumption, the application field of FBG sensors will continuously grow and expand. 

1.2. Fiber Bragg gratings 

The generation of permanent grating structures in an optical fiber was first developed by 

Hill and co-workers in 1978 at the Canadian Communications Research Center (CRC) in Ottawa, 

Ontario, Canada (Hill et al., 1978; Kawasaki et al., 1978). A fiber Bragg grating consists of a 

small length of an optical fiber, of which the effective refractive index is periodically modulated 

in the fiber core. Figure 1.3 shows a schematic diagram of a fiber Bragg grating. The two 

parameters that define an FBG are the effective refractive index of the fundamental mode of the 
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optical fiber neff and the grating period ɤ. These two parameters determine the Bragg 

wavelength, ɚB, through the Bragg condition, 

 

 ‗ ςὲ ɤ  (1.1) 

 

When a lightwave from a broadband source is injected from one side of a single mode 

optical fiber, the portion of the lightwave at the Bragg wavelength will be reflected by the 

grating. The rest of the light will be transmitted because the reflection at these wavelength are 

weak. A more comprehensive description of FBG spectral properties can be found (Erdogan, 

1997), where the coupled-mode theory is used to derive the reflection spectral of the FBG. 

 

 
 

Figure 1.3 Schematic diagram of an FBG. 

 

The period of an FBG is controlled during the manufacturing process to create different 

Bragg wavelengths. The basic operation of the FBG as a strain sensor is based on tracking the 

peak wavelength shift. When a uniaxial strain is applied to the FBG, the optical fiber effective 

index will change due to the photo-elastic (strain-optic) effect (Bertholds et al., 1988). The 

grating period also changes as a result of physical elongation of the optical fiber. This two 
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factors work together to rise a change in Bragg wavelength. The induced Bragg wavelength shift 

is written in terms of the effective strain-optic constant, ὴ, 

 

 ɝ‗ ρ ὴ ‗‐ (1.2) 

 

where ‐ is the axial strain experienced by the grating, and ɝ‗ is the shift of Bragg wavelength. 

In practical applications, the peak wavelength is much easier to identify and is always considered 

as equal to the Bragg wavelength. So, the strain experienced by the grating is decoded from 

interrogating the peak wavelength shift. 

Figure 1.4 shows an example of three independent loads applied to the optical fiber. The 

effect of the axial load (F1) is to shift the reflected peak. An example showing the reflected 

spectrum of an FBG, subjected a uniform axial strain is given in Fig. 1.5(a). In this simplest case, 

the FBG spectrum will shift either to a higher wavelength or a lower wavelength, for tensile or 

compressive strain respectively. The shape of the reflected spectrum shape does not change. 

However, in real applications, for example when the FBG is embedded in a composite laminate, 

the FBG could be subjected to more complex loading states (Takeda et al., 2005; Kuang et al., 

2001). When a non-uniform longitudinal strain field is applied to the FBG, the reflected 

spectrum can show significant distortion as shown in Fig. 1.5(b). The form of the spectral 

distortion varies depending upon the specific axial strain distribution (Peters, 2001). Another 

type of loading case is transverse loading on the FBG (F2 and F3 in Fig. 1.4). For non-hydrostatic 

loading cases, the diametrical loading creates birefringence in the optical fiber, leading to two 

axes of propagation in the fiber (Wagreich et al., 1996). The light propagating through the fiber 

is split into two modes, each experiencing a different Bragg wavelength as they pass through the 

FBG. So the reflected spectrum displays a distinctive two peak as shown in Fig. 1.5(c). If the 
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loading condition is a combination of these cases, the FBG spectrum will not only shift, but also 

distort and split. The information of the strain states is encoded in the FBG spectrum. Simply 

tracking the Bragg wavelength loses important information for these cases and could produce 

incorrect results, therefore we need a technique to measure the full spectrum of the FBG sensor. 

 

 
 

Figure 1.4 Schematic diagram shown possible loading states of an optical fiber.
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Figure 1.5 FBG spectra under different loading states. (a) Uniform axial loading; (b) non-

uniform axial loading; (c) uniform transverse loading.
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1.3. Existing interrogation techniques and VCSELs 

For FBG interrogation, the light reflected by the FBG needs to be detected for strain 

decoding. During the past twenty years, different interrogation techniques have been developed 

to satisfy different application requirements. Based on the classification according to scanning 

rate of the system, the simplest available FBG interrogator is the conventional optical spectrum 

analyzer (OSA). The OSA has been widely used in the industry where the deformation frequency 

of the target structure is less than a few hundred kilohertz. Degrieck et al. demonstrated FBG 

strain measurement under both static and slowly varying dynamic loading conditions of a simple 

composite laminate. Lau et al. investigated the effect of host structure properties on FBG 

measured strain for both glass fiber composites and fiber reinforced plastic strengthened concrete 

beam. Tian et al. studied the feasibility of using FBG strain sensor to measure the torsion 

deformation of a shaft structure. In all these experimental tests, a conventional OSA is used to 

collect the reflected light signal since the target frequency are relatively slow. To achieve higher 

frequency scanning, wavelength swept lasers have been used. Jung et al. reported a Fourier 

domain mode-locked swept laser achieve a scanning rate of 31.3 kHz and a broad scanning range 

of 70 nm. The performance of this laser source was characterized in both static and dynamic 

strain responses. Nakazaki et al. also reported fast wavelength-swept fiber laser with a tuning 

rate over 200 kHz. Another important type of interrogation technique consists of using a fixed 

broadband light source and a tunable filter (Vella et al., 2010). In this technique, the high speed 

scanning is accomplished by the high speed moving mechanical part of the tunable filter. While 

some of these technologies are still in the laboratory testing stage, the commercially available 

interrogation instruments are still bulky, expensive and have high-power consumption 

(Minneman et al., 2011). In field applications where continuous power is limited, such as 
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aircraft, the application of these techniques is significantly limited. As a result, there is much 

demand for an interrogation technique that enables low power operation and high-speed full 

spectrum measurement. 

Recent advances in low-power tunable laser sources, based on VCSEL (vertical cavity 

surface emitting laser) technology, have dramatically reduced the power required to interrogate 

FBG sensors. Researchers at Ghent University integrated single-mode VCSEL sources, optical 

interconnects and photodiode arrays into an ultra-thin flexible package (Bosman et al., 2010). 

The sensing package was applied to the interrogation of a single FBG sensor and could operate 

for 24 hours powered by a lithium battery (Hoe et al., 2012). The ultra-thin, low power sensor 

package represents the first such interrogator for a FBG sensor and opens up exciting 

possibilities for the future. 

A VCSEL is a semiconductor laser that emits light in a cylindrical beam vertically from 

the surface of the fabricated wafer. As a semiconductor laser, its emitted wavelength can be 

tuned by varying the driving current. A schematic diagram of a typical VCSEL is shown in Fig. 

1.6. Compared to other tunable lasers, it has some advantages. First of all, the power 

consumption is only a few milliwatts, much lower than the more common external cavity tunable 

lasers. Secondly, due to its circularly shaped emitted light beam, the light can be easily coupled 

into an optical fiber. Thirdly, since it emits light vertically from its top surface, large, two 

dimensional arrays of VCSELs can be fabricated through organic-chemical-vapor-deposition 

(MOCVD) method (Seurin JF et al., 2009).  
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Figure 1.6 Schematic diagram of VCSEL (Materion, 2014). 

 

Figure 1.7(a) shows an example from the literature using a VCSEL light source to 

interrogate a FBG sensor during a dynamic test (Lamberti A et al., 2016). One FBG was adhered 

to surface of a steel beam under vibration. Figure 1.7(b) shows the driving current and the 

measured FBG signal. The VCSEL current was driven at a frequency of 5 kHz and the FBG 

peaks were successfully detected. However, the measured strain was very small, below 0.1 

micro-strain, and only one VCSEL was used. Details of the VCSEL actuation calibration were 

also not given in the paper, therefore it is not clear if any dynamic errors were introduced. Figure 

1.8(a) shows another recent example of interrogating a FBG sensor using VCSELs (Garcia-

Souto JA et al., 2014). A load was applied to the optical fiber, containing an FBG, directly 

through a loudspeaker. The VCSEL wavelength calibration was performed for several constant 

current values, as shown in Fig. 1.8(b). However there is no calibration data reported when the 

VCSEL is driven by a high repetition rate cyclic current. Some of the measured FBG wavelength 

shift results are shown in Fig. 1.8(c). It can be seen that the FBG wavelength shifts were captured 

for the vibration frequencies up to 500 kHz. The magnitude of the FBG wavelength shift drops 

with increasing vibration frequency as expected since the amplitude of vibration of the string 

decreases. Again the maximum measured wavelength is small (less than 1 nm for 100 Hz 

vibration), therefore the bandwidth of the VCSEL at the higher frequencies was not tested. 
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(a) 

 

 
(b) 

 

Figure 1.7 (a) Steel beam test using VCSEL interrogated FBG sensor; (b) Illustration of the 

measurement principle. The blue line represents the VCSEL current and the green curve 

corresponds to the photodiode current of the signal reflected from the FBG sensor (Lamberti A et 

al., 2016). 

FBG peaks 
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Figure 1.8 (a) VCSEL interrogated vibration test of FBG sensor; (b) Wavelength calibration of 

the VCSEL at different current values; (c) Measured FBG wavelength shift at different vibration 

frequencies (Garcia-Souto JA et al., 2014).
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It can be seen that in spite of these initial testing, VCSELs still have significant 

challenges for FBG sensing applications. The major challenge of using VCSELs to cover a 

wavelength range is its narrow sweeping wavelength bandwidth. A typical VCSEL bandwidth is 

4 nm, which is sufficient for a single FBG interrogation and small strain applications. However, 

using a single VCSEL narrow bandwidth light source, we cannot take advantage of the 

multiplexed FBG sensor network. Also, a low bandwidth light source is not adequate for 

measuring a large strain, which often relies on wavelength bandwidth of 10s or 100s of nm. In 

addition, as for all tunable systems, the scanning bandwidth also decreases with scanning speed. 

1.4. Scope of Research 

The goal of this research is set to design, implement and evaluate a VCSEL based FBG 

sensor interrogation system for high-speed testing of mechanical and aerospace structures. The 

specific research objectives are to, 

¶ Derive a spectral profile multiplexing algorithm to permit a high wavelength density of 

sensors and test its performance on a FBG sensor network; 

¶ Implement a FBG interrogation system based on VCSEL sources and enable broadband 

sweeping by multiplexing a VCSEL array; 

¶ Test the efficiency of the multiplexing algorithm on an array FBG sensors used for shape 

sensing of Kevlar woven fabrics under low speed loading; 

¶ Test the efficiency of the interrogation system during high-speed and high-strain loading 

events by interrogating FBG sensors in simulated lightning strike experiments of 

composite plates. 

Two different ways of enlarging the multiplexing capacity of an FBG network will be 

studied, both of which could be applied simultaneously. In chapter 2, the first method is 
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investigated. Specifically, for a narrow bandwidth light source, we will develop a spectral profile 

multiplexing technique. The spectral profile multiplexing technique is based on the creating a 

FBG sensor network where each different FBGs has a unique different spectral profile. Because 

they have unique profiles, the wavelength of multiple FBGs can overlap in the spectrum and still 

be uniquely identified. A theoretical analysis is performed to calculate the output spectrum of a 

serially constructed FBG sensor network in an efficient manner. An inverse optimization method 

is then implemented to determine the wavelength location of each individual FBG. It will be 

shown that the interrogation accuracy is improved by considering the spectral distortion effects 

caused by interaction of different FBGs. Experimental tests are also performed to verify the 

interrogation efficiency of the developed algorithm. 

Chapter 3 investigates the feasibility of the developed technique under quasi-static and 

low-speed loading conditions. Specifically, we will investigate the use of FBG sensors as a strain 

measurement technique for shape sensing of Kevlar woven fabrics. A theoretical analysis and 

numerical simulation of the reconstruction of the back face deformation of the fabric from in-

plane strain measurements based on the FBG data is performed. Several different shape 

reconstruction methods are found to lead to different levels of accuracy. Experimental tests at 

different, low-speed, loading rates are then performed on Kevlar woven fabrics with both surface 

mounted and integrated FBG sensors. The shape reconstruction results from these strain data are 

analyzed. Due to reduction in the in-plane strains due to slipping between the optical fibers and 

the woven fabric, overlapping of the FBG spectral in the wavelength domain was not achieved, 

therefore the spectral profile multiplexing algorithm was not tested.  

In chapter 4, the development of a VCSEL based low-power, high-speed FBG 

interrogator is presented. For the purpose of high-repetition rate measurements, the dynamic 
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wavelength behavior of a single VCSEL source is experimentally calibrated at both low and high 

driving rates. Calibration at the high sweep rates required is enabled by a Fabry-Perot filter 

technique. For large strain measurements, a broad bandwidth light source is constructed by 

multiplexing several VCSELs that emit different wavelengths into an arrayed architecture by 

using a digital multiplexer. The scanning of the VCSEL-array is accomplished by a high-speed 

electronic switch circuit. The developed interrogation instrument is then demonstrated in a low-

velocity dynamic test of a composite plate instrumented with a single FBG. The interrogation 

results are compared with those obtained by a swept laser source to validate the accuracy. 

Chapter 5 shows the demonstration of the VCSEL-array interrogator for higher loading 

rates. A composite plate is instrumented with a FBG and subjected to a shock wave loading 

condition and a combined shock wave and heat loading condition. The combined loading thermal 

and mechanical loading condition simulates that of a structure subjected to a lightning strike, 

although at lower magnitudes than in actual lightning strikes. In both of these tests, the full strain 

history that would be experienced by the plate is first mapped out by the swept laser to ensure it 

is within the limit of the VCSEL-array interrogator. The results of the VCSEL-array interrogator 

measurement will be compared to the high-speed swept laser measurement to test its accuracy. 

The results of this research will provide an innovative interrogation instrument and 

multiplexing algorithm for FBG sensor interrogation, especially at high-rate loading conditions. 

This measurement technique will potentially enable monitoring of large FBG sensor arrays using 

low-cost, low-power light sources, which may be useful applications for which available power 

is critically limited. The full FBG spectrum tracking during high speed loading test of 

composites will provides a path forward towards capturing structural damage indicators and 

significantly improve remaining lifetime predictions of structures 
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CHAPTER 2: Interrogation of a spectral profile division multiplexed FBG sensor network 

using a modified particle swarm optimization method 

2.1. Introduction  

Fiber Bragg grating (FBG) sensor networks have found broad application in structural 

monitoring of strain and temperature fields in civil infrastructure systems, aircraft, wind turbines, 

and other industries (Rodrigues et al., 2010; Ecke et al., 2001; Schroeder et al., 2006; Ferdinand 

et al., 2002). The critical information that must be extracted from multiplexed FBG sensor 

networks is the Bragg wavelength location and the sensor identification for each wavelength 

location measured. 

Conventional multiplexing strategies for FBG sensor arrays have been borrowed from 

telecom applications. Wavelength division multiplexing (WDM) is the most commonly applied, 

where each FBG sensor output is confined within a pre-defined sensor wavelength window 

(Allan et al., 2009). The number of sensors that can be interrogated in an array is therefore 

limited by the bandwidth of the light source and the width of each sensor window required (or in 

other words the expected loading on the sensor). Scanning the wavelength spectrum is typically 

accomplished by using a broadband source with a scanning tunable filter or scanning laser output 

(Schultz et al., 2009). For either case, the maximum scanning bandwidth decreases with 

increasing scan frequency (Chen J et al., 2008). 

Alternative multiplexing approaches have been applied to increase the number of sensors 

in a given wavelength bandwidth window, including time division multiplexing (TDM) and 

optical code division multiplexing. TDM separates each sensor in the time domain through 

delaying the time of arrival difference for each reflected signal (Wang et al., 2012), placing a 

limitation on the acquisition speed and spatial distance between individual sensors (Yan et al., 
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2013). The techniques of optical code division multiplexing also enable a large number of 

sensors be placed in a given bandwidth, however requires significant complexity in the 

fabrication of the FBG sensors in order to create highly specialized output spectra (Childs et al., 

2010; Triana et al., 2016). 

More recently, researchers have investigated modifying WDM to allow the individual 

reflected spectra of FBGs to overlap in the wavelength domain and using signal processing 

algorithms based on the spectral profile of individual FBGs to identify the individual wavelength 

locations. The challenge is to accurately identify the wavelength of each FBG in a reasonable 

amount of signal processing time. Methods to identify the wavelength of each FBG generally fall 

in the category of optimization methods based on evolutionary algorithms or machine learning 

techniques. The optimization methods include genetic algorithm (Shi et al., 2013), particle 

swarm optimization (Liang et al., 2005), differential evolution (Jiang et al., 2013) and simulated 

annealing algorithm (Shi et al., 2004). While each of these techniques is capable of accurately 

identify the Bragg wavelengths, they also have the possibility of incorrectly converging to local 

optima unless a large number of initial guesses are used, increasing the computational 

requirements. Machine learning techniques combined with regression models have also been 

applied (Chen et al., 2014; Jiang et al., 2014). These machine-learning based techniques are 

capable of interrogating very large sensor networks rapidly, however, they require a long time to 

train based on sample data and often require regular updating of the training samples. Taking a 

more direct approach, Stewart et al. (Stewart et al., 2015) demonstrated a spectral profile 

tracking technique called spectral profile division multiplexing (SDM) based on a cross-

correlation algorithm. This technique demodulated the FBG sensors at an extremely fast speed 

even when the spectrum of two FBGs are partially overlapped. While the algorithm produced 
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accurate results for many test cases, it also had instabilities, leading to false solutions for some 

cases, which would not be known a-priori. 

Finally, even though as many as ten FBG sensors are multiplexed in theoretical studies in 

the literature (Liang et al., 2005; Chen et al., 2014), these theoretical studies are not 

experimentally verified. The number of sensors previously experimentally multiplexed, where 

spectral overlapping was considered was two (Cheng et al., 2014, Stewart et al., 2015). Further, 

it is not known how the computational efforts of these techniques scale with the additional 

sensors. 

This paper applies the concept of spectral profile division multiplexing to track the Bragg 

wavelength shift in a serially multiplexed FBG network. Instead of modulating the sensor signal, 

as in (Triana et al., 2016), the unique reflection spectrum of each sensor is treated as a distinct 

feature to be identified. In contrast to the previous literature, spectral distortion caused by 

multiple reflections and spectral shadowing between FBG sensors that occurs in serial topology 

sensor networks are considered in the identification algorithm. In addition, distinct spectral 

profiles generated only by changing the FBG length are considered, so as to make the algorithm 

realistic to commercially available FBG fabrication processes. A modified dynamic multi-swarm 

particle swarm optimizer (DMS-PSO) is introduced to detect the Bragg wavelength shift of each 

sensor. The presented approach is experimentally demonstrated on multiplexed networks 

consisting of up to four sensors (Guo et al., 2017). Particularly, in the three and four sensor 

networks, different overlapping scenarios that might occur to real applications are investigated. 

Guidelines on choosing different FBG sensors to assure the unique spectra for each FBG sensor 

and an analysis of the scaling of the computational effort with the number of sensors is also 

presented. 
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2.2. Theoretical Background 

This section describes the simulations of the spectral output of a serially multiplexed 

sensor network and the evolutionary algorithm used to process the measured spectral output of 

the network into wavelength shifts of each individual FBG sensor. 

2.2.1. Multiplexed FBG Sensors 

An FBG sensor consists of a small length of optical fiber, of which the refractive index is 

periodically modulated along the core of the fiber. The FBG sensor acts as a wavelength 

dependent filter. When broadband light is incident into the optical fiber, a narrow bandwidth is 

reflected, while the rest of the bandwidth is transmitted. The wavelength at the maximum 

reflectivity is referred to as the Bragg wavelength, ‗, 

 

 ‗ ςὲ ɤ (2.1) 

 

where ὲ  is the effective refractive index of the fundamental core mode of the optical fiber and 

ɤ is the FBG modulation pitch. The Bragg wavelength shifts to a higher wavelength under 

tension or increasing temperature and to a lower wavelength under compression or decreasing 

temperature (Peters, 2009). 

The spectral profile in reflection of a single FBG, Ὑ‗, is given by (Erdogan, 1997) 

 

 Ὑ‗
Ѝ

Ѝ
 (2.2) 

 

where R is the reflectivity, ‗ is the wavelength of the light wave, ὒ is the grating length. ‖ is the 

AC coupling coefficient and „ is the DC coupling coefficient. These coefficients are defined as 
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 ‖ ὲ‏‡  (2.3) 

 „ ὲ ὲ‏  (2.4) 

 

where ‡ is the fringe visibility and ‏ὲ  is the amplitude of the FBG index modulation. 

In constructing a sensor network, there are two fundamental multiplexing schemes, 

parallel and serial multiplexing. Serial multiplexing is more commonly used due to the lower 

power losses, however we discuss both schemes here for comparison. The topology for parallel 

and serial multiplexing are shown in Fig. 2.1. As can be seen, in a parallel multiplexing system, 

the light source is coupled into different channels, and each sensor is attributed to an individual 

channel. The measured reflection spectrum can be expressed as 

 

 Ὑ‗ В ‎Ὑ ‗ (2.5) 

 

where ὲ is the number of FBGs, ‎ is the fraction of power that goes into the Ὥth branch from the 

coupler and Ὑ ‗ is the reflectivity of the Ὥth sensor as given by Eq. (2.2). It can be seen that in 

this case the total reflectivity is a simple superposition of that from each sensor, meaning that 

when the output of sensors overlap in the spectrum there is no distortion to the individual 

reflectivities. 

 

 
                             (a)                                                                                 (b) 

 

Figure 2.1 Schematic diagram of a (a) parallel and (b) serial topology multiplexed system. 
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In a serially connected sensor network, a number of sensors are concatenated along a 

single fiber. Without the need to split the input power into a number of measurement channels, 

the power losses will be significantly reduced. However, unlike the parallel configuration, the 

individual spectra in the serial topology can be distorted due to the interaction between multiple 

sensors (Stewart et al., 2015; Hwang et al., 2012). Taking a two sensor system as an example, 

ignoring splice losses, the total reflectivity can be expressed as   

 

 Ὑ‗ Ὑ ‗ Ὕ ‗ Ὑ ‗В Ὑ ‗Ὑ ‗  (2.6) 

 

where Ὑ ‗ denotes the original reflectivity of the Ὥth FBG, and Ὕ ρ Ὑ ‗ denotes the 

corresponding transmissivity of the Ὥth FBG. The distortion can be attributed to two effects, 

multiple-reflection and spectral-shadowing (Kersey et al., 1997). As indicated in Eq. (2.6), 

the Ὕ ‗  term before Ὑ represents a shadow effect of upstream FBG1 on downstream FBG2. 

The summation series term В Ὑ ‗Ὑ ‗  represents the multiple reflections between FBG1 

and FBG2. Unlike Eq. (2.5), the coefficients multiplying Ὑ ‗ depend on ‗  and are therefore 

functions of the Bragg wavelength distance between FBG1 and FBG2. For a highly multiplexed 

network, these effects would significantly degrade the detection accuracy if not considered.  

Expanding Eq. (2.6) to a network with many sensors generates a large number of terms to 

calculate. However, we can significantly reduce the terms that need to be considered through 

three strategies: First, low reflectivity FBGs were chosen to construct the network. Low 

reflectivity FBGs have attracted great interest in highly multiplexed TDM systems to reduce 

spectral shadowing effects (Luo et al., 2013). However, a tradeoff does exist as reducing the 

maximum reflectivity also reduces the signal to noise ratio. As a result, in the current study, 

FBGs with a maximum reflectivity ranging from 6% to 45% are utilized. Second, multiple 
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reflections are only taken into account between immediately adjacent FBGs. Finally, the 

summation series term that represent the multiple reflection effect similar as in Eq. (2.6) are 

truncated after few terms. 

To demonstrate the validity of the first and third assumption, the spectral profile of a two 

sensor system (Eq. (2.6)) is given in Fig. 2.2 (a). It should be noted that both of the FBGs in this 

calculation have a maximum reflectivity of 45%, which is the highest reflectivity used in this 

work. While one FBG is held stationary and the other is moved from a lower to a higher 

wavelength in one hundred steps, the maximum error between the exact reflectivity and 

truncated series, defined as  

 

 Ὁ ÍÁØ
В

В
 (2.7) 

 

is shown in Fig. 2.2 (b). It can be observed that that the maximum error in the spectral profile 

occurs when the individual spectra overlap in the wavelength domain and rapidly decreases with 

the number of terms, k. When k is equal to one, the maximum error is only 1%. 



   

25 

 

Figure 2.2 (a) The spectral profile evolution of a two sensor network and (b) the largest error, 

Ek, in each step. E0 represents the case when no interaction is considered between FBGs.
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Using these strategies, a generalized expression to describe the total reflectivity in a 

serially connected network can be written as, 

 

 Ὑ‗ Ὑ ‗ В Б Ὕ‗ Ὑ ‗ρ Ὑ ‗Ὑ ‗  (2.8) 

 

where ὲ is the total number of FBGs concatenated in a single fiber, Б Ὕ‗  represents the 

spectral shadowing and Ὑ ‗Ὑ ‗ represents the interaction between adjacent sensors. This 

expression will be used in the simulations and experiments in the following sections. 

2.2.2. FBG Sensor Wavelength Location Problem 

This section describes the approach applied to identify the Bragg wavelength location of 

each FBG in the network. The original reflectivity of each FBG, prior to inclusion in the 

network, is given by Ὑ ‗ (Ὥ ρȟςȟȣȟὲ). We assume that this spectral profile has been 

measured independently for each FBG. The original Bragg wavelength for each FBG is denoted 

as ‗ . The measured output spectrum of the full network is denoted as Ὑ ‗. In order to 

generate potential solutions for the strain load on each FBG, we artificially shift the spectral 

profile of each FBG from Ὑ ‗ to Ὑ ‗ Ў‗  and generate a fictional spectrum using Eq. (2.8), 

denoted as Ὑ ‗. At this point, we construct an objective function as  

 

 ὪЎ‗ȟЎ‗ȟȣȟЎ‗ В Ὑ ‗ Ὑ ‗  (2.9) 

 

Equation (2.9) represents the summation of the difference between the measured spectrum and 

fictionally constructed spectrum, over the wavelength range of the light source when sampled at 

ὴ wavelength points, ‗ (Ὥ= 1é ὴ). This function achieves its true minimum only when ‗

Ў‗ is coincident with the Bragg wavelength location simultaneously for all FBGs in the 
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network. In this way, the interrogation problem is converted to a multidimensional optimization 

problem whose dimensionality is defined by the number of sensors ὲ in the network.  

In order to select an optimization method for the objective function of Eq. (2.9), multiple 

techniques from the literature were compared and on different sensor networks. Figure 2.3 shows 

the considered situations where two, three and four sensors are multiplexed and the spectrums 

are overlapped. The FBG parameters used in simulation are given in Table 2.1. The methods 

compared include the Genetic algorithm (GA) (Shi et al., 2003), simulated annealing (SA) (Shi 

et al., 2004), particle swarm optimizer (PSO) (Eberhart et al., 1995), dynamic multi-swarm 

particle swarm optimizer (DMS-PSO) (Liang et al., 2005) and cross-correlation (CC) (Stewart et 

al., 2015). For the optimization methods, twenty simulations were performed. For the cross-

correlation method, only one simulation was performed because it is not a stochastic method. 

The results of these simulations are shown in Fig. 2.4. It can be seen that although the CC 

method is several orders faster than the other methods, it generates relatively large errors that 

cannot be avoided in overlapped conditions. In contrast, the optimization methods produce lower 

errors, but at the cost of additional computational time. Based on the relative computational time 

required and minimal identification error, DMS-PSO method was selected as the best method to 

apply to the future experimental results. It should be noted that the individual parameters chosen 

for all of the optimization methods were selected to balance the accuracy and speed and were 

based on recommendations from the previous literature. A full optimization of these parameters 

to improve the computational time and error performance of these methods is beyond the scope 

of the paper and therefore was not performed. Based on these initial simulations, the DMS-PSO 

method was selected for the remaining simulations, therefore details on its application and 

individual parameters will be given in the next section.
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Figure 2.3 Simulated output spectrum of a (a), two sensor network; (b), three sensor network 

and (c), four sensor network. Dotted lines show the real location of individual FBGs.
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Table 2.1 FBG parameters used in simulations and experiments 

 

Parameter # of 

FBG

s 

Simulation Experiment 

FBG1 FBG2 FBG3 FBG4 FBG1 FBG2 FBG3 FBG4 

lB (nm) 2  1549.13 1549.04   1547.70 1548.80   

3  1548.76 1548.92 1549.04  1547.70 1548.50 1549.30  

4  1548.71 1548.80 1548.86 1549.04 1547.70 1548.50 1549.30 1549.80 

rmax (%) 2  10.0 19.0   8.2 13.1   

3  8.2 16.2 28.6  6.1 11.2 21.5  

4  6.2 12.2 20.1 40.3 6.1 11.2 19.5 39.5 

 

 
(a)                                                                                  (b) 

 

Figure 2.4 (a) Calculation speed and (b) average error of different FBG identification methods. 

 

2.2.3. Modified DMS-PSO Algorithm 

In PSO, a problem solution set is initialized with a population of random solutions 

(Eberhart R et al., 1995). In our interrogation problem, each solution is the set of wavelength 

shifts for each sensor, Ў‗ Ў‗ȟЎ‗ȟȣȟЎ‗ . The population as a whole is called a swarm 

and each solution within the population is called a particle. The particles are attributed with 

velocities, ὺ ὺȟὺȟȣȟὺ , which is the wavelength shift per increment. The solutions are 

rated by the objective function given in Eq. (2.9). The velocity of each particle is updated by 
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keeping track of the best solution achieved so far for that particle and the overall best solution 

achieved by the other particles. If the multiplexed sensor network consists of ὲ FBGs and the 

initial population is assumed to encompass ά particles, the optimization procedure can be 

mathematically expressed as, 

 

 Ў‗ Ў‗ ὺ (2.10) 

 

and 

 

 ὺ ‫ ὺz ὧ ὶzᶻὴὦ Ў‗ + ὧ ήzᶻὫὦ Ў‗  (2.11) 

 

where ὺ represents the wavelength shift of the Ὥ  FBG (i = 1,2, é, n) in the Ὦ  particle per 

increment (j = 1,2, é, m), based on which the total wavelength shift Ў‗ is updated as by Eq. 

(2.10).  ,is a weight factor, and ὧ and ὧ are called acceleration constants. In all simulations ‫ 

these parameters were set to be ‫ πȢφ, ὧ ς and ὧ ς, as suggested by Eberhart and 

Kennedy (Eberhart et al., 1995). ὶ and ή are two random numbers bounded in the range 

[0,1].  ὴὦ represents the best position experienced by the Ὥ  FBG of the Ὦ  particle and 

Ὣὦ characterizes the best position of the Ὥ  FBG experienced by the whole population. 

In order to enhance the global searching ability of PSO, we apply the dynamic multi-

swarm particle swarm optimizer (DMS-PSO) (Liang et al., 2005). In DMS-PSO, the whole 

population is divided into several small swarms. Each small swarm evolves in the same way as 

PSO did to search for the optima. After certain generations, these small swarms are regrouped 

and thus the information is exchanged among the sub-swarms. DMS-PSO enlarges the diversity 
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of the population, therefore it has a lower tendency to converge to a local optimum. This method 

was previously applied to interrogate a parallel multiplexing FBG network (Liang et al., 2005). 

Sometimes during the searching process, the solution is trapped in a local optimum 

because of the complexity of the search space for several FBG sensors. This issue is further 

increased in a system with a large number of sensors. In decreasing the probability of local 

minimum solutions, one could expand the population size or increasing the iteration number, 

however this would drastically increase the computation time. For this problem, the local minima 

are not random, but instead represent interchanging of the individual FBG locations to the actual 

network solution, similar to that indicated by (Jiang et al., 2013) in a two sensor network. This 

symmetry between the global and local optimal solutions is depicted in Fig. 2.5 for two sensors. 

Therefore, after the local optima are obtained, a permutation of the FBG locations is then 

performed to find the global optimum. The flowchart of this modified DMS-PSO is depicted in 

Fig. 2.6. The stop criterion is set to when the fitness value does not improve for 200 iterations, 

based on the previous literature. It was found that this criterion works for the simulations and 

experiments.  
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Figure 2.5 Optimization space of a two sensor network (‗ ρυτψȢυ ÎÍȟ‗ ρυτω ÎÍ) 
 

 
 

Figure 2.6 Flowchart of modified DMS-PSO. 
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2.3. Experimental Verification  

In this section, the developed interrogation method is applied to the experimental data 

from the interrogation of real sensor networks consisting of different number of FBG sensors.  

2.3.1. Experimental methods 

To independently load each FBG in the network, a tensile loading device for up to four 

sensors was constructed, as shown in Fig. 2.7. In each channel, a uniform strain is achieved by 

gluing the optical fiber, including the FBG portion, between two aluminum plates, of which one 

is fixed and the other one clamped. Strain was applied to each FBG by turning the fine threaded 

screws (7/16-20 UNF) driving the clamp. 

A schematic diagram of the optical connections is shown in Fig. 2.8. The light source was 

a narrow bandwidth tunable laser. For each loading condition, it was necessary to measure both 

the complete network output signal and the individual FBG sensor outputs. The second is 

required to know the actual wavelength location of each FBG. Therefore, each channel was 

connected and disconnected between measurements, potentially creating changes in the input 

power to the FBG. In an actual application, the individual FBG sensors would not be 

disconnected. Therefore, all measurements were performed in transmission, so that input power 

variations could be removed through normalization of the spectra. The transmission spectrum of 

the entire network was measured by scanning the tunable laser across the wavelengths of interest 

and measuring the output intensity with a photo-detector and oscilloscope, from which the 

normalized reflection spectrum was calculated. Approximately 770 wavelength points were 

collected for each spectral scan of the full sensor network, yielding a wavelength step size of 

about 5pm. 
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Experiments were performed on sensor networks with two, three and four sensors. The 

parameters of the FBGs used in each experiment are listed in Table 2.1. The FBGs used in the 

experiments were produced in a draw tower process with an ORMOCER® coating by the 

manufacturer FBGS and were selected with different maximum reflectivities in order to create 

different spectral profiles. The FBGs were originally written onto different optical fibers and 

spliced together to create the serial multiplexed array. 

 

 
 

Figure 2.7 Tensile loading device for multiplexed FBG network. 

 

 
 

Figure 2.8 Schematic diagram of the experiment setup. 

 

2.3.2. Experimental and simulation results 

The experimentally measured evolution of the output spectrum of the two, three and four 

sensor networks are depicted for selected loading steps in Figs. 2.9 (a), 2.10 (a) and 2.11 (a), 

respectively. In the two sensor network, one FBG, denoted as FBG2, was kept stationary while 
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the other FBG, denoted as FBG1, was strained incrementally such that the spectrum moved pass 

that of FBG2. As can be seen, the reflected spectra of the two FBGs overlapped in steps 3 

through 9, with the maximum overlap at step 6 (not shown). Similarly, in the three and four 

sensor networks, one FBG was kept stationary and the other two or three FBGs were under 

varying levels of tension. These different loading steps were chosen to represent typical spectral 

overlapping conditions that would be encountered in real applications.  

 

 
(a) 

 

 
(b) 

 

Figure 2.9 (a) Spectrum evolution and (b) identification results of a two FBG network. Error 

bars show the stochastic effect of the optimization method. In most of the steps, which are hardly 

seen due to resolution. 
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(a) 

 

 
(b) 

 

Figure 2.10 (a) Spectrum evolution and (b) identification results of a three FBG network. Error 

bars show the stochastic effect of the optimization method. In most of the steps, which are hardly 

seen due to resolution. 
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(a) 

 
(b) 

 

Figure 2.11 (a) Spectrum evolution and (b) identification results of a four FBG network. Error 

bars show the stochastic effect of the optimization method. In most of the steps, which are hardly 

seen due to resolution. 

 

Based on these measured spectra, the wavelength location of each individual FBG was 

predicted, following the procedure of section 2. The initial measured spectrum of each FBG was 

used as the undistorted spectrum. In the simulation, the number of sub-swarms and particles used 

were 5 and 3, 15 and 5, and 30 and 5 for the two, three and four sensor networks, respectively. 
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Due to the stochastic output of the particle swarm algorithm, each measurement case was 

simulated for 20 times in our laptop (Inter (R), CPU 2.6 GHz).  

The corresponding prediction results for each case are shown in Figs. 2.9(b), 2.10(b) and 

2.11(b), with the mean absolute error for the 20 simulations shown as error bars. It can be seen 

that the error is different in each case, even for different loading steps, due to the changing 

complexity of the overlapped spectra and the stochastic property of the optimization method. For 

many cases, the error bars are too small to be seen in the figure. The maximum error for the 2, 3, 

and 4 sensor network was 15 pm, 51 pm and 110 pm, respectively. Thus the maximum error 

tends to increase with the number of sensors. This result is not a surprise because the 

dimensionality of the problem increases, therefore the algorithm would need more iterations to 

converge. Also, the potential overlapping of multiple sensor spectra increases the complexity of 

the combined spectrum which must be reconstructed.  

The identified spectral profiles are also plotted on top of the measured spectra in Figs. 

2.9(a), 2.10(a) and 2.11(a). It can be seen that the overall agreement is good except some minor 

discrepancies that were potentially worsened by the need to disconnect the sensors in between 

measurements, as discussed earlier. The prediction results are also a validation of the 

approximate expression for the spectral profile given in Eq. 2.8. For comparison, simulations 

without the distortion effect were also performed on measurement of the 5th loading step of the 

four sensor network, where the spectra of three sensors out of four are overlapped. The 

simulations produced a maximum error of 121 pm, compared to 10 pm when distortion was 

considered through Eq. 2.8. This highlights the importance of including distortion effects in the 

network reconstruction. 
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It should be commented that the choice of specific spectral profiles used is also expected 

to influence the wavelength location error. As can be seen from Fig. 2.11(b), the largest error of 

the four sensor network occurred at the third step, where overlapping of FBG1 and FBG2 created 

a spectral shape similar to that of FBG3. In this case, it was more difficult for the algorithm to 

distinct FBG1 and FBG2 from FBG3. As a consequence, it is critical that a specific spectral 

profile be defined for each FBG in the network. In our study, the distinction between spectral 

profiles is identified with their maximum reflectivity, although they might have a different full-

width-at-half-maximum. For example, in a two FBG system, a 5% difference in their reflectivity 

is prescribed to guarantee a quick detection. However, for a system with more than two FBGs, 

solely comparing the difference in reflectivity is not sufficient. For the case of the three FBG 

system, if the overlapping of FBG1 and FBG2 generates a similar spectral shape as FBG3, then it 

is not possible to distinguish FBG3 from FBG1 and FBG2. Considering this, a general guidance 

is to choose Ὑ Ὑ Ὑ. The design scheme in a four FBG system can be analyzed in a 

similar way. Following this guidance, it can be found that the maximum sensor numbers that can 

be multiplexed is restricted by the maximum reflectivity of each sensor in the network. 

2.4. Conclusions 

To improve the multiplexing capability of FBG sensor networks, we studied overlapping 

of reflected spectra from several FBGs in the same wavelength window. In a serially multiplexed 

sensor network, this spectral overlapping also results in spectral distortion caused by spectral 

shadowing and multiple reflections. These distortion effects potentially affect the Bragg 

wavelength identification accuracy when the spectra are overlapped. It is shown that by using 

low reflectivity FBGs, a truncated series expression can well simulate the output spectrum of the 

network while taking into account these distortion effects. The expression agrees with 
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experimentally measured output spectrum very well and improves the tracking accuracy of the 

sensor network.  

The multi-swarm particle swarm method has significant advantages in speed and 

accuracy over other optimization or correlation methods, and was modified successfully to the 

FBG network interrogation problem. Overall the method was able to identify the individual FBG 

sensor locations with reasonable accuracy.  In constructing the FBG network, the spectrum shape 

should be sufficiently distinct for the optimization method to work. This requirement places an 

upper bound on the number of sensors that can be multiplexed in the low reflectivity regime. In 

this work, we choose to limit the original spectral shape to those that could be generated through 

varying simple parameters in a draw tower implemented FBG writing process. In future work, 

we will consider including high reflectivity FBGs in the network and other strategies to generate 

distinct spectral profiles, and perform a general analysis of the prediction error as a function of 

the FBG properties.  
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CHAPTER 3: Estimating deflection of woven fabrics using FBG strain sensors 

3.1. Intr oduction 

The measurement of the out-of-plane shape or deflection of woven fabrics is an important 

parameter for several engineering applications. For example, in impact testing, the out-of-plane 

deflection of fabrics are directly related to their energy absorption capacity (Karahan et al., 2008; 

Kedzierski et al., 2015). Secondly, this out-of-plane shape can be used to capture the local 

material orientations for future predictive computational models of the material behavior (Wang 

et al., 2010). Finally, the prediction of fabric draping is also a critical parameter for predicting 

the fiber layout in resin infusion molding of fabric reinforced composites (Mohammed et al., 

2000). The lack of accurate models that can predict the formation of wrinkling during layup in 

complex shaped molds remains a critical challenge to the performance of fabric reinforced 

composites and highlights the need for in-situ measurement techniques (Dong et al.,, 2000; 

Arnold et al., 2016). 

A conventional way of measuring the out-of-plane deflection is to use an image based 

technique such as digital image correlation (Parson et al., 2010). These techniques work well to 

collect the time history of deformation, however require direct line of sight to the specimen, 

which is not always available (Pierce et al., 2015). Alternatively, for impact testing, the residual 

deformation in a backing material can be measured after the loading has been applied (Karahan 

et al., 2008; Kedzierski et al., 2015). However, the use of a backing material introduces its own 

challenges due to its viscoelastic response and cannot provide the time history of the 

deformation. 

An alternative method for fabric shape estimation is through strain-based shape sensing, 

in which internal measurements of in-plane strains or curvatures are converted into a prediction 
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of the out-of-plane deformation through a structural model. Due to the need for a structural 

model, this type of reconstruction is specific to the deformation behavior of the structure of 

interest. Researchers have applied shape reconstruction to strain sensor networks to bridges and 

airplane wings (Kim et al., 2004). The use of a strain sensor network allows real time 

deformation of the structure to be monitored (Kang et al., 2007; Rapp et al., 2009; Wang et al., 

2014). For these examples, the shape reconstruction algorithms are based on simple beam or 

plate theories of which the deformation is dominated by bending. The strain-curvature 

relationship is then generally employed to deduce the displacement field through integration. 

However, the extension of such methods to fabric structures presents several unique challenges 

(Zhu et al., 2007; Manimala et al., 2014). First, fabric structures possess little resistance to 

bending, thus common assumptions applied using curvature relationships from plates and beams 

are not valid. Secondly, fabrics deform primarily through out-of-plane deflection, leading to 

large, nonlinear deformations. Thirdly, completely fixed boundary conditions, without slipping, 

are often not present for fabric structures, creating the lack of a known fixed displacement 

reference point from which to start the shape reconstruction. Finally, fabrics have multiple 

inherent length scales, creating challenges when bonding conventional strain gages with fixed 

gage lengths to the fabric.  

Wire-based or optical fiber sensors are particularly suited for the use as strain sensors for 

fabric materials, as they can be woven into the fabric without significantly disturbing the 

deformation of the fabric itself. Chocron et al. (Chocron et al., 2009) integrated Nickelï

Chromium wire-based sensors into a woven fabric to measure the fabric in-plane strain during 

ballistic impact tests. These tests showed the ability of the wires to deform with the fabric, 



   

45 

 

however the strain measurements were integrated along the entire wire length, therefore shape 

reconstruction could not be performed. 

The primary goal of this paper is to develop a methodology that uses in-plane strain 

measurements to determine out-of-plane deflection for woven fabrics using an optical fiber based 

sensor network. In this work, a multiplexed fiber Bragg grating (FBG) network is used to collect 

strain at discrete locations in the fabric. To simplify the problem a circularly shaped two-

dimensional woven fabric material under a spherical indenter load is studied. A finite element 

(FE) model of the fabric behavior, derived from benchmark testing, was used to help develop 

reconstruction algorithms, some of which account for slipping of the fabric at the clamped 

boundaries. Finally experiments are performed to evaluate one of the algorithms on actual strain 

data from FBG sensors bonded to and woven into the fabric.  

3.2. Benchmark fabric experiments and modeling 

We consider the problem of the reconstruction the out-of-plane displacement of a circular 

woven fabric from in-plane strain measurements. The fabric is loaded in the transverse direction 

by a semi-spherical indentor. This problem is sufficiently general to investigate the issues of 

shape reconstruction of 2D surfaces, while keeping the complexity of the deformation behavior 

to a minimum. Initial experimental testing was performed to measure the deformation of a 

representative fabric material, in order to generate an accurate simulation model to later test 

different shape reconstruction algorithms. Figure 3.1 (a) shows a drawing of the specific 

geometry considered and a photograph of the actual test specimen. The dry woven, Kevlar KM2 

fabric specimen was mounted between two steel clamping rings with an inner diameter of 76 

mm. The specimen was then loaded with a spherical intender head of diameter of 19 mm under 
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displacement control, as shown in Fig. 3.1 (b). In this coordinate system, r denotes the radial 

direction, u denotes radial displacement and deflection in the z direction is denoted as w. 

 

 
(a) 

 

 
(b) 

 

Figure 3.1 (a) Schematic diagram of a circularly clamped fabric specimen and (b) photograph of 

an actual specimen before loading. 

 

Figure 3.2 shows the experimental measurement arrangement used in these tests. Load 

was applied to the fabric, by deflecting an indenter mounted to the crosshead of an Instron 

hydraulic uniaxial testing machine. A Digital Image Correlation (DIC) system (Vic-3DTM, 
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Correlated Solutions) was used to measure the full 3D deformation of the fabric. The Vic-3DTM 

system consists of two Point Grey Grasshopper cameras, each with a resolution of 1920×1200 

pixels, maximum frame rate of 163 fps and 100 mm lens. The resulting pixel size is about 0.08 

mm/pixel. The specimen was speckled with matte black paint. The cameras took images of the 

lower surface of the specimen reflected from a mirror that was placed below the specimen at a 

45o angle. To improve the imaging quality and prevent glare, four linear polarizers were used. 

Two of them were placed between the light source and the specimen while the other two were 

placed between the lens and the specimen. A subset size of 61×61 pixel and step size of 12 pixels 

were chosen for the calculation.  

 

 
 

Figure 3.2 Loading frame for indentation of circular fabric specimen and DIC measurement 

equipment. Equipment for FBG sensor interrogation is also shown. 

 

To provide a benchmark case to test different shape reconstruction approaches, a finite 

element (FE) model was generated since there is no direct analytical solution available for full 

fabric deformation of the problem. The woven fabric was modeled as a membrane with a fabric 

behavior in ABAQUS, i.e. the deformation of the fabric in the normal and shear directions are 

assumed to be decoupled in the principal weave axes. A two-dimensional membrane (M3D4) 

element was used for the fabric, as shown in Fig. 3.3. The material parameters were input as the 

nominal stress-strain relations in the warp, weft and shear directions for a Kevlar fabric at a 
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loading rate of 2.5 mm/min from Zhu et al. (Zhu et al., 2013). For this material, the properties in 

the warp and weft directions are the same. The dimensions of the FE model are the same as that 

of Fig. 3.1. The thickness of the model was 0.2 mm. One quarter of the fabric was modeled due 

to symmetry. The outer edge of the fabric was modeled as a fixed boundary and the two radial 

edges were modeled using symmetry conditions. The contact between the indenter head and the 

fabric was modeled based on Coulomb friction with a friction coefficient of 0.2 (Rao et al., 

2009). 

 

 
 

Figure 3.3 FE model of the woven fabric under indentation. Slipping boundary conditions were 

realized by spring elements. 

 

The FE model result was validated against the 3D DIC data on the fabric deformation 

from the experiments. One outcome of the later experiments was the realization that, for each 

test case, slipping of the fabric occurred at the outer, clamped boundary of the fabric at the 

clamping ring shown in Fig. 3.1. We were not able to completely eliminate edge-slipping of the 

fabric through the clamps without premature failure of the fabric at the edge, even by making the 

clamping surfaces rough. Therefore, it was also necessary to model this slipping boundary 

condition for comparison with the experimental data. For this boundary condition, multiple 

spring elements were added to the exterior boundary nodes at the fabric edge to connect them to 
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the fixed boundary. The clamping effect for each loading case are fit to the experimental data by 

tuning the spring stiffness. Figures 3.4 (a)-(b) show contour plots of the simulated deflection 

field and radial strain field when the fabric is under 12 mm indentation and for which the spring 

stiffness was 100 kN/m. Results are plotted for the full area instead of one quarter section for 

easier visualization. It can be seen that due to the anisotropic properties of the fabric and the 

decoupling of normal and shear strain in the fabric, the deflection and radial strain distributions 

are not axisymmetric. Therefore, the shape reconstruction is limited to horizontal principal yarn 

direction only (q = 0°). 

To validate the FE results, the out-of-plane and radial displacements in the principal yarn 

direction, calculated by the FE model when the indentation depth is 12 mm are plotted in Fig. 3.4 

(c)-(d). Both fixed-boundary and the modified slipping-boundary results are presented. For the 

slipping-boundary condition, the results from two spring stiffness results are presented, 1000 

kN/m and 100 kN/m. The results from the DIC measurements are also plotted in Fig. 3.4 (c)-(d). 

The experimental data shows good agreement with the FE results for the out-of-plane 

displacement in all three cases since the deflection at the boundary due to slipping is much less 

than the indentation depth. The presence of edge slipping in the experiment can be seen more 

clearly in the horizontal displacement DIC measurements in Fig. 3.4 (d). Applying the 

appropriate spring stiffness, in this case 100 kN/m, corrects the FE solution for the amount of 

edge-slipping. At this stage, it is important to accurately represent the amount of slipping, 

because while it does not directly affect the FE out-of-plane displacement, it will significantly 

affect the later reconstruction of the out-of-plane displacement from the in-plane strain sensor 

measurements. Now that a FE model has been generated that can accurately represent the 
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behavior of the woven specimen, the FE model will be used to test the theoretical performance of 

different shape reconstruction methods, prior to experimental verification. 

 

   
 

   
 

Figure 3.4 (a) FE simulated results of out-of-plane deflection and (b) radial strain of the fabric 

under 12 mm indentation (boundary spring stiffness is 100 kN/m). (c) Comparison between FE 

simulation and DIC measurement of out-of plane deflection and (d) displacement on q = 0° axis 

under 12 mm indentation. In order to plot across the entire diameter of the material, we define 

the coordinate x, where x > 0 corresponds to q = 0° and x < 0 to q = 180°. 

 

3.3. Shape Reconstruction Methods 

In this section, we derive different methods for the reconstruction of out-of-plane 

deflections from in-plane strain measurements. The different methods are applied to the 

benchmark FE model data to test their performance for the prediction of out-of-plane deflections. 
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3.3.1. Isotropic membrane solutions 

The simplest approximation to the problem of Fig. 3.1 is to consider the fabric as an 

isotropic membrane, clamped on the outer edges and loaded by a semi-spherical indentor, 

following the analytical solution of Jin et al. (Jin et al., 2017). The form of the solution depends 

on the Poisson ratio n of the membrane. The simplest form of the deflection profile occurs for 

the specific case of  

 

 ὺ
Ȣ

Ȣ

  (3.1) 

 

where a is the radius of the membrane, P0 is the load applied, E is the membrane Youngôs 

modulus, h is the membrane thickness and R is the radius of the indenter head (Jin et al., 2017). 

For this case, the deflection profile of the membrane is then decomposed into two regions: the 

contact region (r < c) and the noncontact region (r > c), for which the deflections are respectively 

given as follows: 
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c is the contact radius, given as 

 

 ὧ ρȢπψ  (3.3) 
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and ύ  is the deflection at ὶ ὧ. When the in-plane strain is measured at a specific location, the 

applied load can then be calculated by solving a nonlinear equation that relates the in-plane strain 

with the load P0 as detailed in Jin et al. (Jin et al., 2017).  

To test this approach, strain data from FE simulation were input to the nonlinear equation 

to calculate the applied load and then P0 was put to Eq. (3.2) to solve for the deflection curve w. 

The Youngôs modulus of the membrane was assumed to be 117 GPa to approximate the Youngôs 

modulus of the FE model fabric in the principal directions. The membrane thickness used was 

the same as the FE model. 

Figure 3.5 plots reconstructed deflection curves, as compared to the FE results where the 

indentation depth is chosen to be 12 mm. The strain data used in the reconstruction was selected 

at three different locations A, B and C as shown in Fig. 3.5. The point within the contact region 

was not chosen since the strain data out of contact region is needed to solve for the load applied. 

It can be seen that when strain data at point A, close to the membrane center or point C far from 

the membrane center is selected, the reconstructed deflection underestimates or overestimates the 

fabric deflection respectively. When the strain at point B is selected, the reconstruction well 

approximated the fabric deflection. However, the location of point C will not be known a-priori, 

therefore the usefulness of this approach is limited. 
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Figure 3.5 Deflections calculated by Eq. (3.2) when strain value is extracted from different 

positions in FE model, as compared to FE results. Solid black dots show the positions where the 

strain values were obtained. 

 

The reason why the reconstruction results shown in Fig. 3.5 has a location sensitivity is 

that the analytical solutions are given for an isotropic membrane for which the constitutive law is 

determined by just two parameters E and v, which is not accurate for the fabric. The applied load 

is calculated first by the strain data extracted from the FE fabric model using this constitutive 

law, whose error depends on position.  

Since the exact solution of Eq. (3.2) cannot be used in this case, a second approach would 

be to use an approximation for the out-of-plane deflection and to relate the radial strain to this 

out-of-plane displacement. However, a second challenge arises because, except for specialized 

cases, the u component is not zero and the radial and hoop strain-displacement relations are,  

 

 ‐  (3.4) 

 

 ‐  (3.5) 
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Therefore, the radial strain is a function of both the in-plane and out-of-plane 

displacements. In an isotropic membrane, eq can be significant, however in a fabric it is 

negligible, so we do not discuss that component here.  

In order to understand the role of the radial displacement on the in-plane radial strain 

component, we performed FE simulations of the resulting w and u fields at the same loading, for 

different values of n. As the FE model had already been implemented, the model was simply 

modified to have isotropic membrane properties and fixed boundary conditions. The calculated 

out-of-plane deflections are plotted in Fig. 3.6 (a). It can be seen that there is no significant 

difference in the w displacement predicted by all each of these cases. 

The solution from the original FE model with the fabric membrane elements, is also 

plotted in Fig. 3.6. The out-of-plane deflection shape predict is highly accurate. Therefore, one 

might expect a shape reconstruction algorithm based on measured in-plane strains to produce 

excellent results. However, the in-plane strain measured contains components due to both w and 

u, shown in Eq. 3.4. The calculated horizontal displacement, u, at different Poisson ratios is 

shown in Fig. 3.6 (b). It can be observed that Poissonôs ratio has a significant effect on horizontal 

displacement. In other words, Eq. 3.4 provides a non-unique solution for both the w and u fields 

based on a single measurement er. Neglecting the contribution of the u displacement creates an 

error in the reconstruction of the w field, which increases with the effect of the Poisson ratio 

mismatch. 
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Figure 3.6 (a) Deflections and (b) horizontal displacement, calculated by isotropic membrane FE 

model with different Poissonôs ratio, as compared to fabric model. 

 

One potential approach to solving this problem would be to use independent 

measurements of the hoop strain, eq, and Eq. 3.5 to solve for the radial displacement field 

independently. However, the complexity of the u(r) curve would require a high density of 

sensors to fully resolve the shape of the field with sufficient accuracy to improve the 

reconstruction of w. In addition, none of the u curves calculated using the isotropic membrane 

solution represents that of the previous FE model with the fabric membrane elements. Therefore, 

a simple solution to correct for the contribution of the radial displacement is not apparent. 

A final approach to more accurately represent the radial displacement is to derive a direct 

analytical relationship between w and u. To find a relationship between the out-of-plane 

deflection, w, and horizontal displacement, u, we extend the compatibility relation for a 

membrane under large displacements previously derived by Ventsel et al. (Ventsel et al. 2001). 

First we substitute Eq. 3.4 and Eq. 3.5 into the linear elastic constitutive law for a membrane 
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to express the radial and hoop forces in terms of u and w. We next substitute the result into the 

equilibrium equation for the membrane, 

 

 π  ὔ ὔ ὶ   (3.7) 

 

and expand to find the result 

 

 ὶσ ρ ‘ ὶ  

 πȢ  (3.8) 

 

While Eq. (3.8) provides an analytical relationship between u and w, it is a higher order 

differential equation that involves two variables and would need to be numerically integrated to 

solve. The solution of this equation poses the same issues as for the experimental measurement 

of u, in that to accurately integrate Eq. (3.8) would require a high density of strain measurement 

points, more than physically realistic. Further, errors in Eq. (3.8) would be further increased due 

to the presence of edge slipping of the fabric. 

3.3.2. Empirical deflection reconstruction method  

Due to these challenges with theoretical solutions to the fabric deflection-strain 

relationship, we move to an empirical reconstruction method. The empirical method will also be 

shown to permit easier inclusion of edge slipping effects in the experimental data. The 

reconstruction method used here is similar to that of Glaser et al. (Glaser et al., 2012). The 

method relies on the relationship between radial strain and displacement only and an accurate 

determination of the fabric specific material properties are not needed. Consider the strain 

displacement relationship in the principal yarn direction Eq. 3.4. The radial strain at several 
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discrete points are measured and a cubic spline is used to approximate the deflection and 

horizontal displacement curves, respectively, as shown in Fig. 3.7. The curve can be discretized 

into several segments to increase the accuracy of the reconstruction. The cubic polynomials that 

represent the i th segment (r i < r < r i+1) of deflection and horizontal displacement curve are given 

as, 

 

 ύ ὶ ὃ ὃ ὶ ὃ ὶ ὃ ὶ (3.9) 

 

 ό ὶ ὄ ὄ ὶ ὄ ὶ ὄ ὶ (3.10) 

 

where ὃ  and ὄ  are the coefficients of the polynomials. A group of equations can be built to 

define the following conditions: appropriate boundary conditions at the fabric center and edge, 

Eq. 3.11 (a) and the continuity conditions of w and u, ύ  and ό, ύ  and ό  at the nodes shared 

by each segment, Eq. 3.11 (b), 
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With these conditions, the difference between the measured strain, ‐ , and the predicted 

strain ‐ύȟό, determined by Eqs. (4), is minimized. The amount of edge slipping can be taken 

into account by tuning the constants Q1 and Q2. The minimum number of strain data required is 
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2n+3, where n is the number of segments of the spline. This set of equations is then solved to 

obtain the parameters ὃ  and ὄ  to parameterize w and u. 

 

 
 

Figure 3.7 Schematic diagram showing spline approximation method. 

 

Figure 3.8 (a) and (b) shows an example of reconstruction results for w and u, 

respectively for a 12 mm indentation, using the FE simulated radial strain data. 2n strain data 

points were extracted roughly from the Gauss point of each segment as suggested by Glaser et al. 

(Glaser et al., 2012) while 3 other strain data points were extracted from the 3 nodes closest to 

the edge. The reconstruction was tested for 2 to 6 segments. For each reconstruction, the total 

error is evaluated by averaging the error summed over eighty evenly distributed points along the 

radius. This error characterization method will also be used in all of the following sections. The 

error was a maximum of 60.1%, for 2 segments and a minimum of 23.7% for five segments 

reconstruction. Increasing of number of segments in the spline does not necessarily leads to an 

increase in reconstruction accuracy. The reason is the strain displacement relation is nonlinear in 

Eq. (3.4), so that Eq. (3.11) that is nonlinear with respect to ὃ  and ὄ , leading to non-unique 

solutions. 
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Figure 3.8 Reconstruction results of (a) w and (b) u based on Eq. (3.11) using different numbers 

of segments. 

 

To establish a linear relationship between measured radial strain and spline coefficients, 

we first attempted the reconstruction simply setting u = 0. For fixed boundary conditions, the 

reconstruction results are shown in Fig. 3.9 (a). Four indentation levels are studied, including 3 

mm, 6 mm, 9 mm and 12 mm indentation. Eight strain data points were used for each 

reconstruction. The reconstruction error is 40.1%, 17.5%, 12.4% and 10.6%, respectively for the 

four indentation levels. These errors are quite large, due to the fact that du/dr is of the same order 

as ½(dw/dr)2 in the simulated strain data. 

Similar reconstructions were applied to FE data with an edge-slipping boundary 

condition, with the FE spring stiffness of 100 kN/m. The amount of slipping is assumed to be 

known and imposed as a boundary condition. The reconstruction results are given in Fig. 3.9 (b). 

The error is 9.1%, 5.9%, 24.0% and 32.9%, respectively for the four indentation levels. It shows 

that the error increases significantly when indented at a larger depth. The reason is attributed to 

the fact that the radial strain dramatically decreases when edge slipping occurs, which is not 

captured in the reconstruction. Therefore, a method that better approximates the deflection 

gradient term considering edge slipping effect is needed. 
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Figure 3.9 Deflection reconstruction ignore u when (a) fabric edge is perfectly fixed and (b) 

slipping occurs at the boundary. 

 

3.3.3. Modified Empirical deflection reconstruction method 

Since the fabric deformation is dominated by out-of-plane deflection, we next derived a 

second empirical method by fitting a direct relationship between ρςϳ ὨύὨὶϳ  and the 

measured radial strain ‐. Then a set of linear equations are generated in terms of the coefficients 

ὃ  in Eq. (3.11). 

In order to generate the empirical fit, we plot the radial strain and ρςϳ ὨύὨὶϳ  from 

the FE simulation for the fabric membrane in Fig. 3.10 at an indentation depth of 12 mm. The 

term ρςϳ ὨύὨὶϳ  is zero at the center of the fabric and then rises to a sharp peak before it 

decreases more gradually with r. The position where the peak is achieved, d, is defined as the 

contact radius. The radial strain distribution is roughly uniform outside the contact area since the 

fabric is mainly under tension, while inside the contact area it achieves a slightly higher 

magnitude. These same general forms of the strain distribution were observed for all indentation 

levels. Therefore, we will approximate the ρςϳ ὨύὨὶϳ  term as two separate functions, inside 

and outside the contact radius. 
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Outside the contact radius, ρςϳ ὨύὨὶϳ  it is assumed to be exponentially related to 

radial strain, ‐, while inside the contact radius, it is assumed to follow a straight line, follows. 

 

 
 ὥὩ ὧ‐ὶ

 ὥὩ ὧ‐ὶ
                      

ὼ Ὠ
ὼ Ὠ

 (3.12) 

 

where a, b, c, and d are parameters need to be fitted out by FE simulation. In Fig. 3.10, the 

approximated ρςϳ ὨύὨὶϳ  by Eq. (3.12) is plotted on top of the FE results. The 

approximation error outside the contact radius is 4.1% while within the contact radius, the error 

can be several times larger. However, only a few sensors are typically used within the contact 

radius, therefore their contribution to the overall deflection reconstruction are small. 

 

 
 

Figure 3.10 FE results of radial strain ‐, when measured along the  = 0o axis, the actual term 

ρςϳ ὨύὨὶϳ  and its approximation. 

 

For the edge fixed case, at four different indentation levels, including 3mm, 6 mm 9 mm 

and 12 mm, the fitted a, b, c and d values from FE simulation are given in table 3.1. Fig. 3.11 (a) 

shows the reconstructed deflection results as compared to the FE results when a 4-segment 

discretization scheme is used. The reconstruction errors range from 3.1% to 0.4%, respectively 
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for the indentation levels of 3 to 12 mm. The small error indicates that Eq. (3.12) is an efficient 

way of approximating the deflection gradient.  

 

Table 3.1 Parameters identified for the fixed edge case 

 

wmax (mm) a b (mm-1) c d (mm) 

3 8.1 0.28 0.47 2.4 

6 6.1 0.26 0.70 3.2 

9 7.7 0.28 0.75 4.4 

12 5.9 0.21 0.74 5.2 

All  7.0 0.26 0.67 3.8 

 

 
 

Figure 3.11 Deflection reconstruction results while (a), directly fitted parameters were used and 

(b), averaged parameters were used, as compared to FE results. 

 

In real experiments, however, the indentation level is not known a-priori. Therefore, it is 

also necessary that the parameters are relatively insensitive to the indentation level. For this 

purpose, average values of a, b, c and d from the four indentation levels (given in table 3.1) were 

used and the reconstruction results plotted in Fig. 3.11 (b). Other than for the smallest 

indentation level where the contact radius was over estimated, the averaged parameters worked 

well, with a maximum error of 5.9% at 12 mm indentation. These results demonstrate that using 
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average parameters for the fixed edge case work well for the expected levels of out-of-plane 

deflection. 

Next, the empirical approach is applied to an edge-slipping case, for which the spring 

stiffness in the FE model was chosen to be 100 kN/m. Using the best fit parameters for the 

different indentation levels for this case, the reconstruction results are plotted in Fig. 3.12 (a). 

Again, the reconstruction works well. However, the use of averaged parameters, plotted in Fig. 

3.12 (b), was not successful as large differences can be seen between the FE results and the 

reconstruction. Looking more closely at the best fit parameters, the major difference between the 

fixed boundary and edge-slipping cases was the parameter c. This occurred between edge 

slipping drastically decreases the far-field strain, which is represented in Eq. 3.12 by the 

parameter c. Therefore, we repeated the reconstruction, keeping the average values of a, b, and d, 

but using the best fit for c at each indentation level. These results are plotted in Fig. 3.12 (c) and 

reconstruct the out-of-plane displacement well, with the total error ranging from 1.9 to 4.6%. The 

parameters are a = 13.2, b = 0.22, d = 4.0 and c = 0.84, 0.97, 1.62 and 2.17, respectively for the 

four indentation levels. 
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Figure 3.12 Deflection reconstruction results for simulated indentation levels with edge slipping. 

(a) Exact parameters for each indentation levels; (b) averaged parameters for all indentation 

levels; and (c) exact values for c, all others averaged. 

 

Finally, we investigate the role of the number of segments on the reconstruction results 

using the modified empirical reconstruction method. Figure 3.13 displays the reconstruction 

results for different number of segments when the indentation is 12 mm. The reconstruction error 

decreases from 4.3% for 2 segments and 2.1% for 4 segments division, and further increasing 

doesnôt drastically increase the reconstruction accuracy 
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Figure 3.13 Deflection reconstruction results when different number of segments is used for the 

12 mm indentation. 

 

In summary, the reconstruction performance of the new deflection gradient 

approximation method is investigated for both the edge-fixed case and the edge-slipping case. It 

shows that, for the edge-fixed case, one group of parameters is adequate for deflection 

reconstruction purpose; however, for the edge-slipping case, parameters a, b, and d can be set to 

constant values, while parameter c is slipping dependent and should be adjusted accordingly. 

This method will be used in the experimental tests in the following section. 

3.4. Experiments 

In this section, the shape sensing technique developed in Sec. 3.3.3 is applied to 

experimental data from fabric tests to reconstruct the out-of-plane deflection shape. In the 

experimental tests, FBG sensors were bonded or woven in the fabrics to collect strain data. 

Independent DIC measurements of the specimens were also collected for comparison to the 

reconstructed results. In addition, as the slipping behavior between the integrated FBGs and the 

surrounding Kevlar fabric is expected to be a function of the loading rate, several loading rates 

were tested. 
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3.4.1. Specimen preparation and experimental methods 

The benchmark test shown in Fig. 3.1 was repeated, now varying the applied loading rate 

and including FBG sensors either bonded to or woven in the Kevlar fabric. Figure 3.14 (a) shows 

an example specimen with the integrated FBG sensors. Figure 3.14 (b) shows the backside of the 

same specimen speckled for DIC measurement. The FBGs used in the experiments were 

produced in a draw tower process with an ORMOCER® coating and a length of 10 mm (FBGS). 

Since the clamped area of the specimen has a radius of 38 mm, a maximum of 4 sensors could 

realistically be deployed in the two perpendicular principal yarn directions. The location of the 

FBGs was chosen to be 0 mm, 9 mm, 20 mm and 25 mm, respectively, measured from the FBG 

center, as shown in Fig. 3.14 (c-d). These locations are not the same as used in the reconstruction 

simulation due to integration difficulties. The four FBGs were connected to the FBG interrogator 

(Micron Optics sm130) through a 1x4 splitter. The upper clamping ring was machined with a 

slope to facilitate the lead-in and lead-out of the optical fibers, as shown in Fig. 3.1 (b).
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Figure 3.14 Photographs show, (a) a Kevlar specimen with FBGs woven in and (b), speckled 

back surface of the specimen. Schematic diagram of, (c) a bonded FBG in a fabric specimen and 

(d) a woven FBG in a fabric specimen. 
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Two strategies were used to integrate the FBG into the fabric. First, the optical fiber was 

directly bonded to the fabric at the FBG locations using cyanoacrylate adhesive, as shown in Fig. 

3.14 (c). For this strategy, only one loading rate, 10 mm/min was tested. This specimen was used 

to test the shape reconstruction while avoiding any slipping between the optical fiber and the 

fabric. Second, the optical fiber was woven into the fabric every two Kevlar fiber tows as shown 

in Fig.3.14 (d), to provide sufficient strain measurement while avoiding premature failure of the 

optical fiber due to bending. Initial testing was performed to arrive at the final integration pattern 

of 2 by 2 woven. For this strategy, four loading rates, 10 mm/min, 50 mm/min, 100 mm/min and 

150 mm/min were tested. All the specimens were loaded to a maximum indentation depth of 14 

mm which was then held for 30 seconds. The DIC system and FBG interrogator continuously 

collected data during the entire loading process. For the DIC measurements, 1fps frame rate was 

used for 10 mm/min test while 5 fps was used for the other three loading rates.  

For a FBG strain sensor under tension, the average axial strain along the FBG, ‐, can be 

calculated as 

 

 ‐
Ў

 (3.13) 

 

where Ў‗ is peak wavelength shift; ‗ is the initial peak wavelength and ὴ is the strain-optic 

coefficient which is 0.22 for the FBGs used in these tests. Simply tracking the peak wavelength 

of the sensors was not sufficient due to the potential for distortion in the FBG spectra due to 

localized bending and non-uniformity in strain along the FBG. Therefore, the full spectrum 

measurement function of the interrogator was used, at a max acquisition rate of 4Hz. Therefore, 

to obtain sufficient FBG strain data during the tests, the loading rate was limited to 150 mm/min 

max. 
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3.4.2. Bonded FBG results 

Figure 3.15 shows some of the representative spectra collected at different times during 

the loading at 10 mm/min. The time each spectra was collected is shown in Figure 3.16 (a). 

Figure 3.15 (a) shows the FBG spectrum right after the specimen is clamped. The clamping ring 

generates a pretension effect on the specimen, straightening the initially crimped fiber tows (Das 

et al., 2015). As the FBG length is much longer than the fiber tow width, the FBGs are subjected 

a non-uniform strain at this stage. The pretension effect is clearly seen for FBG 3 and FBG 4, of 

which the spectra are slightly distorted. The spectra of Figure 3.15 (a) will be considered as the 

initial spectrum to calculate the FBG strains for the successive loading steps. 

As the amount of loading increased, the non-uniformity in the strain field for each FBG 

increased. This can be seen as the individual FBG reflected spectra broaden, develop peak 

splitting and decrease in maximum reflected intensity. Again, the cause of these behaviors is due 

to the large differences in strain along the length of the FBG (Zhang et al., 2002; Wang et al., 

2008). The most severe case is that of FBG 1 which broadens to around 8 nm in Figure 3.15 (b) 

and then is not detectable in Figure 3.15 (c). This FBG is the placed right underneath the 

indentor head, therefore it also has a large component of transverse loading, not experienced by 

the other FBGs. Late in the loading process, the spectra from all four FBGs were highly 

distorted, presumably due to the failure of some of the adhesive tows. In addition to the spectral 

distortion, we also observed occasional decreases in the FBG mean wavelength between loading 

steps, meaning that some strain was released on the FBG. An example is shown in Figure 3.15 

(c) where spectra from two subsequent time steps are plotted. The detail shows the release in 

strain on FBG 3. This phenomenon is attributed to the partial failure of the adhesive between the 

FBG and fiber tows. 
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Figure 3.15 (a-f). Example spectra collected during the loading for bonded FBGs. (a) Initial 

spectrum after clamping. (b)-(f) spectra collected at increasing loading values; exact load and 

time for each spectra shown in Figure 3.16 (a).
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The fact that each FBG experiences different strain levels along its length, due to the 

tows, makes it challenging to compare the measured strain values between FBGs. Therefore, we 

calculated the maximum and minimum strain values for each FBG as a function of time based on 

the highest and lowest wavelength peak. The difference in wavelength these peaks was as much 

as 10 nm, corresponding to a 0.8% tensile strain difference from Eq. (3.13). The maximum strain 

and minimum strain calculated from FBG 3 is shown in Fig. 3.16 (a). The strain uniformly 

increased on the FBG throughout the loading process. The strain then relaxed during the holding 

period, which could be due to relaxation of the fabric or the adhesive. The difference between the 

maximum and minimum strain along the FBG also increased with loading as expected. Finally, 

the strain curves did jump suddenly at times, for example at the points 3 and 7. At point 3, the 

entire spectrum shifted, meaning that strain was released on the entire FBG, whereas at point 7, 

only the section with the minimum strain suddenly further loaded. For FBG strain-based 

deflection reconstruction, a single strain input is needed at each position. The average value 

based on this maximum strain and minimum strain will be used. The averaged strain values for 

the four FBGs are plotted in Fig. 3.16 (b). 

 

      
 

Figure 3.16 (a) Maximum and minimum strain history calculated for FBG 3. Labels in the 

circles indicate when the spectrum is plotted in Fig. 3.15. (b) Average strain history of the four 

bonded FBGs. Distance of each FBG from center is labelled. 
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Based on the measured edge-displacement from the DIC data, the corresponding spring 

stiffness in the FE model for this test was found to be 20 kN/m. Comparison between the average 

FBG strain and FE predicted strain was performed at four different indentation levels, plotted in 

Figure 3.17. The error bar plotted for the FBG strain indicates the maximum and minimum peak 

strains. The FE strain is the average radial strain calculated over the FBG length. It can be seen 

that the FBG bonded right beneath the indenter head measures a larger strain than the FE 

prediction. At the three other positions, the FBG strains are close to the FE predictions.  

 

 
 

Figure 3.17 Comparison between average bonded FBG strains and FE strains at different 

indentation levels. 

 

These FBG strain data were used as input for reconstruction of the deflection w, using the 

modified empirical technique. The FE simulation identified parameters for Eq. (3.12) for this test 

are a = 28.4, b = 0.21 mm-1, d =4.1 mm and c = 2.60, 2.53, 2.88 and 3.51 respectively for the 

four indentation levels. The reconstruction results are presented in Fig. 3.18. The average 

deflection errors are 11.3%, 17.7%, 8.7% and 5.9%, respectively for the four indentation levels. 

These reconstructions are quite good, considering the complex behavior of the fabric, except for 
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the region near the indentor. This is not unexpected based on difference in predicted and 

measured strain in Figure 3.17. The reconstructions consistently underpredicted the maximum 

deflection at the indentor. Presumably this is due to the spreading of the fabric tows under the 

indentor, which could be seen once the specimens were removed from the load frame and was 

not included in the FE simulations. 

 

 
 

Figure 3.18 Deflection reconstruction based on bonded FBG strains and modified empirical 

approach compared to DIC measurements. 

 

3.4.3. Woven FBG results 

Next specimens were tested with the optical fibers woven into the fabric, at four different 

loading rates. The strategy to weave the optical fibers into the fabric was to allow the optical 

fiber to slip in the fabric as needed such that the maximum axial strain on the optical fiber did 

not exceed its breaking strength. Therefore the strain measured by the FBG does not necessarily 

directly correlate to that in surrounding fabric, however using the empirical approach, a 

relationship between the measured FBG strain and out-of-plane deflection could still be 

obtained. To determine the optimal weaving pattern for the optical fiber, the measured FBG 

strain was collected using an optical fiber woven every 2 tows versus every 4 tows at the 10 
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mm/min loading rate. The FBGs were both located right beneath the indentor head (at 0 mm 

radial position). Figure 3.19 plots the average measured FBG strain. The 4 by 4 woven optical 

fiber slides earlier than the 2 by 2 woven case. It was not physically possible to weave the in-

between every tow optical fiber, therefore the 2 x 2 weave pattern was used for all experiments. 

 

 
 

Figure 3.19 Comparison of average strain history for two weave strategies for 10 mm/min 

loading test. Label 1 shows the time when only the 4 by 4 woven FBG slides. Label 2 shows the 

time with both FBGs sliding. 

 

FBG spectra collected for the 10 mm/min loading rate are presented in Figure. 3.20. The 

initial spectrum of the four FBGs is shown in Fig. 3.20 (a), after the specimen was clamped. 

These spectra will be taken as the reference spectrum for the strain calculation of successive 

loading steps. There is no clear spectrum distortion on the initial spectrum due to pretension of 

the fabric. At successive loading steps, some FBG demonstrated spectral distortion. Similar to 

the case with the bonded FBG, the spectrum of FBG 3 slightly shifted back to a lower value as 

the loading increased, seen in Figure 3.20 (b). For the FBG woven into the fabric this is due to 

free sliding of the FBG when the friction is overcome. Further increasing the indentation caused 

the FBG spectrum to distort further as seen in Figure 3.20 (c-d). The increased spectral distortion 
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observed for the FBGs, as compared to the bonded case is due to the periodic bending of the 

optical fiber with the weave pattern. At the final loading state, shown in Figure 3.20 (d), the 

spectra of FBG 2, 3 and 4 are overlapped. Since the initial wavelength separation between these 

FBGs were 7 nm, the minimum tensile strain to create overlapping is 0.6%. Prior to testing, it 

was expected that all the FBG spectra will shift to higher wavelengths, thus no spectrum 

overlapping would occur. However, the overlapping seen in Figure 3.20 (d) shows that FBG 2 

and FBG 3 have shifted much more than FBG 4, due to different friction exerted on the FBGs. 

 

   
 

   
 

Figure 3.20 (a-d). Spectra collected during the loading at 10 mm/min for the FBGs woven into 

fabric. (a) Initial spectra of the four FBGs. (b) Spectra collected at increasing loading values. 
 






















































































































