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Abstract
The utilization of Carbon fibre reinforced polymers (CFRP) in aircraft structures has increased

due to their advantageous properties, including being lightweight, strong, and cost-effective.

However, CFRP materials are more complex than aluminium alloys and are susceptible to

damage issues such as delamination, debonding, and matrix cracking, making structural health

monitoring (SHM) essential. Strain measurement is a critical SHM technique as it detects

structural damage by measuring changes in strain distribution. One effective sensor for strain

measurement in CFRP is the single mode fibre that can be interrogated using the optical fre-

quency domain reflectometer technique, which provides high spatial accuracy and continuous

high-precision sensing.

At present, limited research has been conducted on the analysis of measurement accuracy in

the presence of complex environmental conditions, such as thermal and vibration variations.

Moreover, SMFs are sensitive to both mechanical and thermal loads. Therefore, this thesis

focuses on fundamental research at first, including improving the sensitivity of strain measure-

ments, calibration of strain measurement accuracy, and consistency of strain measurement on

different structures.

Upon obtaining an accurate strain distribution based on fundamental research mentioned above,

the next step of this thesis focuses on damage detection and shape sensing of CFRP shells using

the inverse finite element method. The detection of damage is achieved by detecting sudden

changes in the strain field under loading. In addition, a widely applicable and high-accuracy

shape sensing scheme based on distributed fibre optic sensing has been proposed in this thesis.

This scheme combines a block-based strain acquisition method with strain extrapolation based

on single image super resolution algorithms to obtain displacement fields with high accuracy

and high spatial resolution.

The research objectives are geared towards enhancing the SHM of CFRP structures using

distributed fibre optic sensing, which improves their performance and durability in aerospace

applications.
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Chapter 1

Introduction

1.1 Motivation

There is an increased interest in evaluating the health and integrity of aircraft structures con-

tinuously, largely driven by the extensive use of advanced composite materials including carbon

fiber reinforced Polymer (CFRP), Glass fiber reinforced Polymer (GFRP), Quartz fiber rein-

forced Polymer (QFRP), and Glass reinforced aluminum laminate (GLARE) in aircraft design.

For instance, the A380 incorporates composite materials in critical components such as the

center wing box, wing ribs, and rear fuselage section, as depicted in Figure 1.1. The increas-

ing adoption of composites is justified by their advantages, including their lightweight nature,

superior strength, and cost-effectiveness.

However, the integration of these composite materials presents new challenges concerning

durability and damage, surpassing those encountered with traditional aluminum alloys. The

anisotropic properties and intricate composition of composites contribute to a heightened com-

plexity, leading to a multitude of unpredictable damage issues. The challenges arising from this

complexity encompass various aspects, including:

• Delamination: Delamination refers to the separation of layers within a composite ma-

terial due to the varying strengths and adhesion between layers [2]. The anisotropic

1
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Figure 1.1: Distribution of composite materials in A380 [1]

nature of composites can result in different mechanical properties along different direc-

tions, making it challenging to predict the initiation and propagation of delamination,

especially under varying loads and environmental conditions.

• Impact damage: When a composite material experiences an impact from foreign ob-

jects or during a collision, the anisotropic properties can cause the damage to spread in

unexpected ways [3]. The intricate arrangement of fibers and matrix in composites influ-

ences the energy absorption and distribution, making the damage pattern less predictable

compared to isotropic materials like metals.

• Fatigue and crack propagation: The anisotropic behavior of composites can lead

to complex stress distributions during cyclic loading [4]. This complexity affects the

initiation and propagation of cracks, making it difficult to anticipate the exact paths and

rates of crack growth, especially when considering the interactions between multiple layers

and interfaces.
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• Environmental degradation: Composites can be sensitive to environmental conditions

such as moisture, temperature, and chemical exposure [5]. The complex composition

and anisotropic properties can create preferential pathways for environmental agents to

penetrate the material, leading to unpredictable degradation and damage over time.

• Manufacturing defects: The complex manufacturing processes involved in creating

composite materials can result in various defects such as voids, resin-rich or resin-poor

areas, and fiber misalignment [6]. These defects can significantly influence the mate-

rial’s mechanical properties, making it challenging to predict how they will behave under

different loading conditions.

• Composite repair: When composites sustain damage, repairing them can be more

complex than repairing isotropic materials [7]. The anisotropic properties require careful

consideration of fiber orientation, layer stacking sequence, and bonding techniques to

restore the original structural integrity effectively.

As a result, the aerospace industry places significant emphasis on detecting and monitoring

the health and integrity of composite structures. Currently, one of the most widely adopted

solutions is offline maintenance, which relies on various non-destructive testing (NDT) methods

to realize periodic inspections and repairs based on scheduled maintenance intervals. The com-

monly utilized NDT methods include visual inspection, thermography [8], and CT Scanning

[9]. Additionally, shearography [10], an optical inspection technique measuring surface dis-

placements caused by internal defects, and electromagnetic testing [11], such as eddy current

and microwave testing, are also employed.

Despite the effectiveness of these methods for identifying damage, they lack the capability of

real-time health and integrity monitoring of composite structures. To address this limitation,

structural health monitoring (SHM) has emerged as a promising technique for achieving real-

time assessment [12, 13]. SHM is a process that involves the continuous or periodic monitoring

of structures to assess their health and integrity. It aims to detect and evaluate any damage,

defects, or changes in the structure’s condition over time, providing valuable information for
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Figure 1.2: The implementation of structural health monitoring [14, 15]

maintenance and ensuring the safety and reliability of the structure. As shown in Figure 1.2, the

implementation of SHM is roughly divided into three steps. The first step involves strategically

installing various sensors on a structure to continuously or periodically collect data. The second

step is the acquisition and pre-processing of data related to strain, vibration, temperature, and

other parameters. This pre-processing mainly including data filtering, reconstruction, and

storage. The collected data is then processed and analyzed in the third step using specialized

algorithms to detect and evaluate any damage or anomalies within the structure. This real-time

monitoring approach enables early detection of structural issues, supports informed decision-

making, and facilitates timely maintenance or repairs, ensuring higher safety standards and

optimizing the structural performance of critical infrastructure across various industries.

Therefore, the key advantages of SHM compared to traditional offline maintenance strategy are

list as follows:

• Early Detection of Damage: SHM allows for the early detection of structural damage

or anomalies that may not be readily visible during visual inspections. This enables timely

intervention and prevents the development of serious issues that could compromise the

structure’s integrity.

• Real-Time Monitoring: SHM employs various sensors to continuously monitor the

structure, providing real-time data on its condition. This real-time monitoring allows for
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rapid response to any changes or damage, facilitating quick decision-making for necessary

repairs or maintenance.

• Improved Structural Performance: By continually monitoring the structure’s health,

SHM helps to optimize its performance and operational lifespan. It allows for better un-

derstanding of how the structure responds to various loads and environmental conditions,

which can lead to more efficient designs and improved maintenance strategies.

• Cost-Effectiveness: SHM can potentially lead to cost savings by reducing the need for

frequent manual inspections and enabling targeted maintenance efforts. It allows main-

tenance activities to be performed when needed, rather than relying solely on predefined

maintenance schedules.

• Safety Assurance: Ensuring the structural health and integrity of critical infrastruc-

ture, such as wing box, wing ribs, and fuselage section, is essential for aircraft safety.

SHM provides a proactive approach to monitor these structures, reducing the risk of

catastrophic failures and accidents.

Numerous studies have been conducted to develop SHM systems using various types of sensors.

For instance, piezoelectric (PZT) sensors [16], fiber optic sensors (FOS) [17], acoustic emission

(AE) sensors [18], strain gauges [19], temperature sensors [20], accelerometers [21], electro-

magnetic sensors [22], and smart multi-functional printed sensors [23]. Moreover, research on

hybrid SHM systems combining different sensor types has been explored to achieve higher per-

formance [24]. Among the mentioned sensors, fiber optical sensors hold significant importance

due to their advantageous attributes such as low weight, affordability, widespread accessibil-

ity, immunity to corrosion, and resistance to electromagnetic interference. These sensors are

categorized into three types based on their operating principles as shown in Figure 1.3: (1)

Interferometric sensors (Mach-Zehnder sensor or Fabry-Perot sensor) [25]; (2) Grating-based

sensors (fiber Bragg grating) [26]; (3) Distributed sensors [27]. While all three sensors passively

measure strain or temperature, the interferometric and grating-based sensors can only detect

limited points, leading to additional weight, cables, and costs in SHM systems for large struc-

tures, which is a common scenario in real-world applications. Therefore, distributed fiber optic
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Figure 1.3: The structural health monitoring system based on three types of fiber optic sensors

sensing plays a crucial role in aircraft SHM due to its numerous advantages, such as high spatial

resolution, wide measurement range, and continuous sensing capabilities along the entire length

of the fiber.

The distributed fiber optic sensors can provide real-time monitoring of structural behavior and

potential damage detection without the need for multiple individual sensors. This capability

not only reduces the weight and complexity of the SHM system but also enhances its overall

reliability and performance. Moreover, the distributed nature allows for comprehensive cover-

age of large aircraft structures, providing valuable data for structural health assessment and

ensuring enhanced safety standards in the aerospace industry. However, despite its advantages,

challenges persist in the implementation of SHM based on distributed FOS. These challenges

can be summarized as follows:

• Measurement sensitivity enhancement: Improving the sensitivity of distributed FOS

is crucial to detect smaller changes in strain or temperature accurately. Increasing sensi-

tivity enables the detection of early-stage damage or degradation, enhancing the overall

reliability of the SHM system.

• Measurement accuracy assessment in complex environments: Several researchers

have validated the FOS for strain measurement under quasi-static loading [28, 29, 30].

However, the operational conditions of aircraft results in low frequency vibration in-service
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which the SMF sensors will also be exposed to. Therefore, the accuracy of distributed

strain sensing under fatigue load needs to be demonstrated. Understanding and quanti-

fying the impact of these environmental conditions on measurement accuracy is essential

to ensure precise and reliable data.

• Measurement Consistency Assessment: The consistency analysis of distributed FOS

measurements in diverse scenarios, encompassing different structures, measurement times,

and loading conditions, has received limited research attention. This can be attributed to

various reasons, including the need for specialized equipment and expertise, the complex-

ity and cost involved, limited awareness and prioritization of this aspect, and challenges

related to data availability and sharing. Consequently, ensuring measurement consistency

across various measurement scenarios remains a challenge for distributed FOS. It is im-

perative to analyze and minimize difference in measurements to guarantee uniform and

reliable data, thus facilitating comprehensive SHM practices. Addressing this issue can

lead to more effective and accurate SHM outcomes for critical structures.

• Damage Detection: Current damage detection methods that rely on fiber optic sensor

strain measurements have several limitations, notably their vulnerability to environmen-

tal fluctuations and their reduced accuracy when subjected to complex loads and strain

conditions. While distributed FOS offer continuous monitoring, detecting, and localizing

damage accurately in complex structures remains challenging. Developing advanced al-

gorithms and signal processing techniques to distinguish damage signatures from normal

operational variations is crucial for effective damage detection.

• Shape Sensing: Accumulation of concealed failures has the potential to progressively

reduce the lifespan of structures, leading to both economic losses and catastrophic failure

of the entire structure. Consequently, it is crucial to proactively mitigate such failures

and acquire precise real-time information regarding the structural safety. To attain this

objective, a SHM system with the capability for three-dimensional full-field displacement,

strain, and stress monitoring becomes essential [31]. Expanding the capabilities of dis-

tributed FOS to enable shape sensing of structures represents an ongoing challenge. It
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contains several aspects including development of efficient and accurate shape sensing

algorithms, design of standardized sensor network, and development of efficient strain

extrapolation algorithms. The shape sensing would allow for monitoring and tracking

structural deformations and movements, which is beneficial for ensuring optimal perfor-

mance and safety.

1.2 Objectives

Considering the aforementioned challenges, this PhD project aims to address the following main

tasks and research objectives, along with the proposed solutions:

• Task 1: Measurement Sensitivity Enhancement of Single-Mode Fiber (SMF)

in Distributed Sensing. Enhancing the measurement sensitivity of SMF is crucial for

achieving higher accuracy in strain and temperature measurements, especially for SHM of

composites. This objective will be achieved through in-depth research on sensor configu-

rations, including coatings and pre-loading. For instance, exploring coatings with varying

thermal expansion coefficients can effectively modify the temperature measurement sen-

sitivity of SMF.

• Task 2: Strain Measurement Calibration. This task involves the calibration of

strain measurements for distributed sensing, with a specific focus on ensuring accuracy

under challenging conditions, including temperature variations and low-frequency fatigue

encountered in real-world applications. To achieve this objective, two experiments are

conducted. The first experiment investigates strain measurement accuracy under varying

ambient temperatures and mechanical loads, simulating thermal and mechanical stress

conditions. The second experiment examines strain measurement accuracy under low-

frequency fatigue, replicating real-world dynamic scenarios. Through these experiments,

valuable insights are gained to ensure the reliability and precision of the distributed strain

sensing system, making it suitable for practical applications in various industries where

real-time and accurate strain measurements are crucial for structural health monitoring.
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• Task 3: Measurement Consistency of Distributed Fiber Optic Sensing. This

task aims to investigate the measurement consistency of distributed fiber optic sensing

under various test scenarios, encompassing temperature and strain measurements across

different time and space domains. It involves conducting fifty-six independent experi-

ments, categorized into six groups, which include tensile, fatigue, three-point bending,

and three sets of temperature experiments. The normality of strain-frequency shift coeffi-

cient and temperature-frequency shift coefficient of distributed fiber optic sensing, based

on OFDR, are assessed through the Kolmogorov-Smirnov test. Additionally, the con-

sistency of these coefficients is evaluated using statistical measures such as Cronbach’s

alpha, McDonald’s omega, and Split-half reliability, all based on the confirmed normal

distribution conclusion. Finally, the standard uncertainty (type A) of frequency shift

measurements across the fifty-six independent test scenarios is calculated to affirm the

robustness and reliability of distributed fiber optic sensing for accurate strain and tem-

perature data acquisition in composite structures.

• Task 4: Damage Detection of Composite Structures. This task focuses on damage

detection in composite structures using the OFDR technique, which enables real-time

recording of detailed strain distribution on CFRP structures. The proposed approach

presents a novel insight for damage detection based on local strain feature matching.

Distributed in-plane strain measurements are utilized for plate structures under load,

representing in-service applications. To achieve damage detection, a local point autocor-

relation coefficient is defined based on Delaunay triangulation and Hausdorff distance.

This coefficient effectively identifies discontinuities in distributed in-plate strain, allowing

for accurate capturing of damage information. The damage index, defined as the inte-

gral of this coefficient, provides a robust measure for detecting damage, including Barely

Visible Impact Damage (BVID) and Visible Impact Damage (VID). The efficacy of the

proposed approach has been demonstrated through theoretical analysis and experimental

investigations, showcasing its excellent detection results for various types of damage in

composite structures. This research offers valuable insights and serves as a reference for

future studies in the domain of damage detection, contributing to enhanced safety and
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maintenance practices in composite structures.

• Task 5: Shape Sensing of Composite Shell Structures. In this task, a novel

and accurate scheme is proposed for shape sensing of composite shell structures. The

scheme utilizes the inverse finite element method (iFEM) with drilling degrees of freedom

for shape sensing. It includes two main components: strain acquisition based on dis-

tributed fiber optic sensors and strain extrapolation using a single image super-resolution

(SISR) technique. The strain acquisition process involves designing a basic sensing block

capable of acquiring both normal and shear strain, implemented using fiber optic sen-

sors. Validation of the proposed strain acquisition method is performed on three CFRP

specimens with different dimensions, materials, and layouts to assess its generality and

robustness under various loads. Subsequently, based on the acquired strain field, the

SISR-based strain extrapolation method is proposed to obtain a displacement field with

significantly higher spatial resolution using iFEM. Successful implementation of this in-

novative scheme will advance the field of shape sensing for composite shell structures,

offering valuable insights for optimizing their design, performance, and safety in diverse

engineering applications.

1.3 Thesis outline

The structure of this thesis can be summarized as follows:

• Chapter 1: The introduction to this chapter delves into the motivation behind this

PhD research, which includes discussing the challenges surrounding the widespread use

of composite materials, the benefits of SHM over traditional methods, and the obsta-

cles in implementing SHM based on distributed fiber optic sensors. Subsequently, the

research tasks and objectives of this PhD study are outlined to address the aforemen-

tioned challenges. Five tasks are proposed to tackle these issues. The remainder of this

chapter provides an outline of the thesis and highlights the publications achieved during

the course of the PhD study.
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• Chapter 2: This chapter provides a comprehensive introduction to the background of

distributed fiber optic sensing, with a specific focus on Rayleigh-based techniques. It

introduces the principles of distributed fiber optic sensing (DFOS), including Raman,

Brillouin, and Rayleigh backscattering. The significance of Rayleigh-based sensing for

aircraft SHM is underscored, highlighting its principle to capture strain and tempera-

ture information. Based on this, challenges in employing the Optical Frequency-Domain

Reflectometry (OFDR) technique for SHM are discussed. This chapter explores spatial

resolution enhancement, algorithmic efficiency improvement, continuous vibration mea-

surement, shape sensing, and embedding FOS in composite materials by a thorough

literature review.

• Chapter 3:This chapter provides a comprehensive exploration of distributed fiber optic

sensing, covering various critical aspects. It begins with an introduction to the significance

and application of distributed fiber optic sensing, outlining challenges and objectives for

subsequent sections. The discussion then delves into sensitivity enhancement techniques

for distributed fiber optic sensors, including re-coating and twist pre-stress, which elevate

sensor sensitivity to capture finer parameter changes. Investigation on the accuracy of

distributed strain sensing in composite laminates under thermal loads is then conducted.

This section addresses challenges from varying temperatures and emphasizes the need for

extreme thermal load calibration to ensure precise strain measurements. In addition, this

chapter further explores the accuracy of distributed strain sensing in composite laminates

under fatigue loads, analyzing the impact of mechanical fatigues on strain measurements

and their influence on data reliability and accuracy. Finally, this chapter examines strain

measurement consistency within distributed fiber optic sensing, evaluating the sensors’

reliability across diverse testing scenarios.

• Chapter 4: This chapter delves into two distinct techniques that harness the poten-

tial of distributed fiber optic sensing for damage detection of composite structures. The

summary below encapsulates the critical aspects explored within each technique. The

first technique, ”2D Strain Field Reconstruction of Composite Plates Based on Dis-

tributed Fiber Optic Sensors,” concentrates on meticulously reconstructing the strain
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field on composite plates using distributed fiber optic sensors. This section aims to re-

alize strain reconstruction under varying sensor densities, utilizing barycentric Lagrange

and cubic spline interpolation methods. The implications of this study extend to op-

timizing strain measurement precision while minimizing the weight and cost of sensor

network. The second technique, ”A Novel Damage Detection Method for CFRP Struc-

tures Based on Distributed Strain Measurements with Fiber Optic Sensors,” introduces a

pioneering methodology that employs distributed strain measurements for damage detec-

tion in CFRP structures. Grounded in feature matching of local neighborhoods among

distributed strain measurements, this approach addresses the complexities of damage

detection under operational conditions. It capitalizes on correlations between local mea-

surement points to differentiate between damaged and undamaged segments, offering

potential solutions for challenges in damage detection in CFRP structures, including dif-

ferentiating BVID and VID.

• Chapter 5: This chapter introduces a novel and precise approach for achieving highly

accurate shape sensing of CFRP structures using the iFEM technique. The accuracy

of shape sensing in practical applications is notably influenced by strain field precision,

which is primarily governed by spatial measurement resolution and sensor distribution.

This chapter proposes a strain acquisition method based on basic sensing blocks, utilizing

distributed fiber optic sensors, resulting in a robust sensor network that enables high-

accuracy shape sensing with minimal measurement data required for iFEM. The efficacy

and general applicability of the proposed scheme are demonstrated through experiments

on diverse CFRP samples, showcasing its feasibility, robustness, and high-precision shape

sensing capabilities, even under complex loads caused by defects. In addition, to achieve

a detailed displacement field distribution, the chapter introduces the SISR-based strain

extrapolation technique, overcoming limitations of traditional methods. This technique

is validated against multiple algorithms, highlighting its superiority in non-smooth strain

fields. By integrating the proposed strain acquisition method with the SISR-based strain

extension technique, this chapter outlines the potential for achieving high-fidelity shape

sensing of CFRP shell structures.
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• Chapter 6: This chapter presents a comprehensive summary of the conclusions and

contributions derived from this PhD research. Furthermore, it delves into the potential

avenues for future work that can be built upon the foundation laid by this study.

• Appendix A: This chapter includes two appendices. The first appendix corresponds to

Chapter 5, while the second appendix provides a comprehensive derivation of the inverse

finite element method.
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Chapter 2

Background: a review of optical

frequency domain reflectometry

technique

2.1 Distributed fiber optic sensing

DFOS is an innovative and powerful technology that revolutionizes the way structural monitor-

ing and measurements are conducted. Unlike traditional sensors (such as fiber Bragg gratings,

strain gauges, and interferometric optic sensors) that provide point measurements, DFOS of-

fers continuous and real-time monitoring along the entire length of an optical fiber, enabling

a comprehensive understanding of the structural behavior and environmental conditions. This

technology harnesses the principles of light propagation through optical fibers, taking advan-

tage of the changes in light intensity or wavelength caused by external loads such as strain,

temperature, pressure, and acoustic waves.

DFOS has found numerous applications across various industries, including civil engineering

[32], oil and gas [33], telecommunication [34], medicine [35], chemistry [36] and nuclear physics

[37]. In civil engineering, DFOS is used to monitor bridges, tunnels, dams, and pipelines, pro-

viding critical data on structural integrity and potential risks. In the oil and gas industry, it

14



2.1. Distributed fiber optic sensing 15

Figure 2.1: Three types of intrinsic backscattering in distributed fiber optic sensing [39]

aids in the monitoring of reservoir performance and pipeline integrity. The aerospace sector

benefits from DFOS by ensuring the safety and performance of aircraft structures [27], while

geotechnical engineering relies on its capabilities for monitoring soil and rock behavior [38].

As shown in Figure 2.1, distributed optical sensors commonly detect three types of intrinsic

backscattering: Brillouin, Raman, and Rayleigh backscattering. Given that Brillouin and Ra-

man backscattering involve inelastic scattering, both the central wavelength and amplitude of

backscattering will be nonlinearly influenced by temperature and stress, as depicted by the red

arrow in Figure 2.1.

Raman backscattering is a remarkable phenomenon in the realm of optical fiber sensing, pre-

senting a powerful and versatile approach for distributed fiber optic sensing. Named after the

Indian physicist Sir C. V. Raman, who discovered the Raman effect in 1928 [40]. This effect

occurs when light interacts with the vibrational modes of molecules in an optical fiber, leading

to a change in the wavelength of the backscattered light. This unique characteristic enables

the measurement of temperature and strain variations along the entire length of the fiber. The

fundamental principle behind Raman backscattering lies in the interaction between photons of

incident light and the vibrational modes of atoms or molecules in the fiber material. When

light traverses the fiber, a small fraction of the photons undergo inelastic scattering, resulting

in either a shift to higher or lower energy levels. This shift in energy corresponds to a change

in the wavelength of the scattered light, known as the Raman shift. The magnitude of this

shift is directly related to the temperature and strain experienced by the fiber. In this type of

backscattering, photons are scattered due to the vibrational and rotational transitions in the
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bonds between neighboring atoms of the transmitting medium. This phenomenon enables the

determination of the chemical composition and molecular structure of the medium in which it

occurs.

Brillouin backscattering, named after the distinguished physicist Léon Brillouin [41], occurs

due to the interaction between light waves and material waves (e.g., electrostriction and mag-

netostriction) within a medium, such as a fiber optic sensor. When light waves propagate

through an optical fiber, some of these photons interact with material waves present in the

fiber material. This interaction gives rise to the generation of new frequencies, known as Bril-

louin frequencies, which are shifted from the original frequency of the incident light. The extent

of this frequency shift is directly correlated with the temperature and strain experienced by

the fiber. By analyzing the frequency shift of the backscattered light, precise measurements of

temperature and strain distribution along the fiber can be accurately obtained. Unlike Raman

backscattering mentioned above, Brillouin scattering is attributed to the scattering of photons

by large-scale, low-frequency phonons. This unique property makes Brillouin backscattering

particularly suitable for measuring the elastic behavior and material properties of the medium

in which it occurs.

Rayleigh backscattering is a fundamental optical phenomenon that plays a crucial role in dis-

tributed fiber optic sensing. Named after the British scientist Lord Rayleigh, who first described

the phenomenon in the late 19th century [42]. The principle of Rayleigh backscattering is based

on the interaction between light waves and microscopic density fluctuations within an optical

medium, such as an optical fiber. When a beam of light propagates through the fiber, it en-

counters various density variations caused by random thermal motion of atoms and molecules.

These fluctuations lead to small changes in the refractive index of the medium, creating tiny

scattering centers within the fiber. As the incident light interacts with these scattering centers,

some of the photons are scattered in various directions. A small fraction of these scattered

photons, known as Rayleigh backscattered photons, travel back along the original path of the

incident light. These backscattered photons carry information about the local environment

in the fiber, including changes in temperature and mechanical stress. The frequency of the

backscattered light is influenced by the density fluctuations in the fiber, which in turn are af-
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fected by the local temperature and strain conditions. When the fiber experiences temperature

changes or mechanical stress, the density fluctuations and hence the refractive index variations

in the fiber also change. As a result, the frequency of the backscattered light undergoes a slight

shift, known as the Rayleigh frequency shift. Different from Rama and Brillouin backscatter-

ing, the Rayleigh backscattering is elastic with no energy is lost or gained, which means the

spectral component of backscattering remains the same as the incident light (when there is no

temperature or mechanical load).

In recent years, distributed fiber optic sensing based on Rayleigh, Raman, and Brillouin

backscattering has generated significant attention and widespread adoption, particularly in

the field of SHM. Among these techniques, Rayleigh-based distributed sensing stands out due

to its high spatial resolution, suitable measurement range, and cost-effectiveness, making it the

preferred choice for SHM of aircraft.

2.2 Rayleigh-based distributed sensing

Rayleigh-based distributed sensing includes two techniques: Optical Time Domain Reflectom-

etry (OTDR) and OFDR. Figure 2.2 illustrates the OTDR technique, which is employed in

optical fiber sensing to determine changes in the fiber’s optical properties. The process in-

volves generating a short pulse of light that is launched into one end of the fiber. As the light

propagates along the fiber, a portion of it is backscattered due to various optical phenomena.

The OTDR unit continuously monitors the backscattered light signal over time, generating an

OTDR trace that indicates the distribution of backscattered light intensity along the fiber’s

length. By analyzing the trace, events such as splices, connectors, bends, and breaks within the

fiber can be identified and located. OTDR has extensive applications in telecommunications

and fiber optic networks for testing and troubleshooting purposes, as well as in SHM appli-

cations to detect changes in strain, temperature, or other physical parameters using optical

fiber-based sensors.

However, due to the high speed of light, achieving high spatial resolution becomes challenging,
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Figure 2.2: The basic sensing principle of OTDR technique

as it would require an impractically large sampling frequency, making it less suitable for aircraft

applications. Fortunately, this limitation is easily overcome with the OFDR technique in the

frequency domain. In OFDR, the frequency-swept light is split into two parts by optical cou-

plers. One part illuminates the FOS, while the other acts as a local reference light, interfering

with the Rayleigh backscattering light of the FOS. The resulting interference signal contains

valuable strain or temperature information along the FOS, which is demodulated using Fourier

transform and correlation calculations. This technique effectively addresses the sampling fre-

quency limitation of OTDR, making it more suitable for SHM applications, particularly for

aircraft structures.

Figure 2.3 illustrates the basic schematics of an OFDR system. The OFDR setup comprises

of a Tunable Laser Source (TLS), Optical Coupler (OC), circulator, Photo Detector (PD),

and the Fiber Under Test (FUT). The TLS emits light that is split into two beams by the

OC. Both beams have the same spectral component but differ in amplitude. The beam with

higher amplitude is directed towards the FUT, generating Rayleigh backscattering light. The

other beam serves as a reference light. The Rayleigh backscattering light and the reference

light interfere at another OC, creating a coherent field containing information along the entire

FUT. This coherent field can be seen as the superposition of interferences between Rayleigh

backscattering from different fiber segments and their corresponding reference light. Conse-

quently, analyzing the interference of each fiber segment allows obtaining the coherent field,

enabling the comprehensive assessment of the FUT’s optical properties.

In Figure 2.3, the input light is denoted as Ũin, the reference light as Ũout1, the Rayleigh

backscattering light as Ũout2, and the output light intensity as Iout, and they are represented

by Equation 2.1 :
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Figure 2.3: The schematic diagram of an OFDR system

Ũin = A0e
iω(t)t (2.1a)

Ũout1 = A1e
iω(t+τ1)t (2.1b)

Ũout2 = A2e
iω(t+τ2)t (2.1c)

where A0, A1, and A2 represent the amplitude of the input light, reference light, and Rayleigh

backscattering light, respectively. ω(t), ω(t+ τ1), and ω(t+ τ2) correspond to the correspond-

ing cycles of the input light, reference light, and Rayleigh backscattering light, respectively.

The difference in τ1 and τ2 is due to the distinct optical paths of the reference light the and

Rayleigh backscattering light. Therefore, the expressions of the output light detected by the

photodetector after interference are expressed by Equation 2.2:

Ũout = A1e
iω(t+τ1)t + A2e

iω(t+τ2)t (2.2)

Applying the Euler’s formula, Equation 2.2 can be simplified to Equation 2.3:
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(a) (b)

Figure 2.4: The basic principle of OFDR system

Ũout = A1{cos[ω(t+ τ1)t] + i · sin [ω(t+ τ1)t]}+ A2{cos[ω(t+ τ2)t] + i · sin [ω(t+ τ2)t]}

= {A1 cos[ω(t+ τ1)t] + A2 cos[ω(t+ τ2)t]}+ i · {A1 sin [ω(t+ τ1)t] + A2 sin [ω(t+ τ2)t]}
(2.3)

Therefore, the output light intensity is expressed by Equation 2.4:

Iout = Ũout · Ũ∗
out

= {A1cos[ω(t+ τ1)t] + A2cos[ω(t+ τ2)t]}2 + {A1sin[ω(t+ τ1)t] + A2sin[ω(t+ τ2)t]}2

= A1
2 + A2

2 + 2A1A2cos ωt(τ1 − τ2)

(2.4)

To illustrate the fundamental principle of the OFDR technique in detail, Figure 2.4 provides

an example. In Figure 2.4(a), a fiber segment with a length of z0 is considered, where a time

delay (τ0) exists between the Rayleigh backscattering light and its corresponding reference light,

expressed by Equation 2.5:

τ0 =
2z0n0

c
(2.5)

where n0 is the refractivity at z0 and c is the speed of light in vacuum. The light emitted

by the TLS is linear in frequency, leading to the generation of a beat signal resulting from
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the interference between the Rayleigh backscattering light and the reference light (as depicted

in Figure 2.4(b)). The beat frequency, denoted as fz0 , is expressed in Equation 2.6. In this

equation, γ is the sweeping speed of the optical frequency.

fz0 = γτ0 =
2z0n0γ

c
(2.6)

As per Equation 2.6, there is a proportionality between the location along the fiber and the

beat frequency. Consequently, the location can be determined by analyzing the frequency

components of the coherent field using the Fast Fourier Transform (FFT). However, due to

the uncertainty principle [43], the frequency components of the coherent field undergo aliasing,

affecting the achievable spatial resolution. The theoretical spatial resolution is determined by

the minimum recognizable frequency interval:

∆z =
c∆τ

2n
=

c

2n∆F
(2.7)

where ∆z is the spatial resolution; ∆τ expresses the minimum time interval between two

adjacent segments; ∆F is the optical frequency sweeping span of the TLS; n is the refractivity

index.

As described earlier, the coherent field detected by photodetector is transformed into a fre-

quency domain signal using FFT, representing the reflectivity pattern along the entire fiber.

Subsequently, a rectangular window comprising of N points is applied to extract the sensing

data from the frequency domain signal, corresponding to the reflectivity pattern on a specific

segment. When this segment undergoes stress, the reflectivity pattern changes accordingly.

The alterations in the reflectivity pattern are then determined through inverse fast Fourier

transform (IFFT) to obtain the strain on that segment. Consequently, the actual spatial reso-

lution in the OFDR system is calculated by Equation 2.8. Frequently, there exists a substantial

disparity between the theoretical and measured spatial resolutions. As exemplified in [44], the

theoretical spatial resolution is stated as 40 µm, yet the measured spatial resolution is only
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4mm. Furthermore, while enhancing the spatial resolution of the measurement is possible by

reducing the number of sampling points (N) used in the FFT, such an adjustment may also

result in a reduction in the measurement’s robustness.

∆z′ = N∆z =
Nc

2n∆F
(2.8)

In summary, Typical measurement parameters based on techniques are summarized in Table

2.1. According to this table, Raman-based distributed sensing is excellent in high-temperature

measurements and provides higher sensitivity for temperature sensing but is generally asso-

ciated with higher costs, making it particularly competitive in temperature sensing applica-

tions [45]. Meanwhile, Brillouin-based distributed sensing is well-suited for both temperature

and strain measurements; however, it may have limitations in spatial resolution compared to

Rayleigh-based distributed sensing, especially in applications like SHM of aircraft. Nonetheless,

Brillouin-based distributed sensing finds extensive use in SHM of large structures like bridges,

roads, and buildings within the civil engineering domain [46]. Each of these distributed sens-

ing techniques offers distinct advantages, and the choice of technique depends on the specific

requirements and objectives of the monitoring application.

For SHM of aircraft based on DFOS, numerous sensors with high spatial resolutions (at the mil-

limeter level), a medium measuring range (e.g., several hundred meters), and a high sampling

frequency (e.g., several hundred hertz) are essential. Considering the commercial equipment

outlined in Table 2.1, Rayleigh-based distributed sensing emerges as the most promising tech-

nique for SHM of aircraft based on DFOS. However, challenges persist when adopting this

technique for aircraft SHM. Consequently, a review of potential approaches to enhance the

performance of OFDR in aircraft SHM is undertaken in the following subsection.

The SHM of aircrafts As shown in Table 2.1
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Table 2.1: The distributed fiber optic sensing based on various of techniques

Rayleigh Raman Brillouin
Typical system OFDR OTDR OTDR
Sensing type Strain/Temperature Temperature Strain/Temperature

Measurement range 70-100 m 20 km 10 km
Spatial resolution 5 mm 1-2 m 10 cm
Strain accuracy 1µε 1µε 25µε

Suppliers LUNA/4DSP
AP sensing/

Halliburton Co.
Sensornet Ltd.

OZ Optics
Omnisens SA/Neubrex

2.3 State of the art of the OFDR technique for aircraft

structures

The Rayleigh backscattering based OFDR technique stands as one of the most widely adopted

methods for interrogating distributed optical sensors. Its applications span across various re-

search areas, including aeronautics [27, 47], civil engineering [32, 48, 49, 50, 38, 51, 52, 53, 54,

55], energy [56, 39, 57, 33, 58], telecommunication [34, 59], chemistry [60, 61, 62, 36, 63, 64], and

nuclear engineering [65, 66, 67, 37]. Throughout these research endeavors, the advantages of

OFDR have been extensively demonstrated. However, when applying this technique to SHM of

aircraft, several challenges arise. Specifically, in the context of being adopted as a maintenance

strategy, OFDR as a SHM technique needs to obtain a 90/95% reliability and probability of

detection to meet the stringent requirements of aircraft maintenance [68].

• The first challenge lies in improving its spatial resolution. Higher spatial resolution is

crucial for obtaining detailed temperature and strain distribution in SHM. However, lim-

itations of TLS, such as the frequency sweeping span and nonlinearity, can reduce the

spatial resolution of OFDR [69, 70]. Additionally, an intrinsic phase error induced by

the interference between Rayleigh backscattering and reference light further degrades the

spatial resolution [71].

• The second challenge is associated with the drawbacks of the FFT used in OFDR. The

uncertainty principle of FFT makes it challenging to achieve both high spatial resolution
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and high measurement accuracy simultaneously. Moreover, large-scale data processing

using FFT adds computational complexity to the SHM system [44, 72].

• The third challenge pertains to continuous vibration measurement and shape sensing using

OFDR. While OFDR can achieve high spatial resolution and measurement accuracy in

static measurements, dynamic measurements encounter environmental noise and crosstalk

from multiple perturbations [73, 74]. This phenomenon makes it difficult to implement

high frequency distributed acoustic sensing (DAS).

• The final challenge is related to the application of FOS in composite materials. FOS

can be embedded in the composite material or surface mounted. However, depending on

the integration methodology, several factors need to be considered, such as temperature

compensation [75], strain transfer rate [76], and the ability to measure large strains to

obtain reliable results in composite structures [77].

Based on the challenges mentioned above, this section provides a comprehensive exploration

of the Rayleigh backscattering based OFDR technique, specifically focusing on its applications

for SHM of composite aircraft structures. The section is structured as follows:

• Section 2.3.1: covering techniques aimed at improving spatial resolution in OFDR sys-

tems. It discusses strategies such as extending the frequency sweeping span, compensating

for frequency sweeping nonlinearity, and addressing the intrinsic phase noise.

• Section 2.3.2: an overview of research related to the limitations of the FFT and en-

hancements to algorithm efficiency is presented.

• Section 2.3.3: showcases existing endeavors related to continuous vibration measure-

ment and shape sensing using OFDR.

• Section 2.3.4: Challenges associated with embedding FOS in composite materials are

discussed. Topics covered include temperature compensation, addressing large strain,

and mitigating non-uniform lateral strain. Viable solutions to these challenges are also

presented.
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Figure 2.5: Three ways to improve the spatial resolution of an OFDR system

• Section 2.3.5: The section concludes by summarizing key findings and highlighting

the ongoing challenges in reliably applying the Rayleigh backscattering based OFDR

technique for SHM of aircraft structures.

2.3.1 Spatial resolution improvement

Achieving higher spatial resolution in the OFDR system is important for effective SHM in

aircraft. As demonstrated by Equation 2.8, the spatial resolution is intrinsically linked to

the frequency sweeping span of the TLS. Enhanced spatial resolution necessitates a wider fre-

quency sweeping span, essentially translating to a higher sweeping speed. However, this higher

speed introduces a larger beat frequency in the output, requiring data acquisition devices with

high sampling rates. As illustrated in the literature [78], a spatial resolution of 0.97cm is

attained within a measurement range of 710m. This spatial resolution corresponds to a fre-

quency sweeping span of 10.31 GHz, implying that the sampling frequency should be at least 20

GHz in accordance with the Nyquist–Shannon sampling theorem. In addition to the frequency

sweeping span, the spatial resolution is significantly influenced by the presence of frequency

sweeping nonlinearity. This nonlinearity gives rise to errors during FFT computation due to

the uniformity of time sampling. These errors translate to location inaccuracies, effectively

compromising the overall spatial resolution. The intrinsic phase noise of TLS is another factor

which deteriorates the spatial resolution drastically when a measurement range beyond the co-

herence length of TLS exists. Therefore, three ways to improve the spatial resolution of OFDR

system are presented in Figure 2.5.
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Frequency sweeping span extension

The external modulation technique stands as one of the most prevalent methodologies for ex-

tending the sweeping span of OFDR systems. In the work by [79], a significant advancement in

sweeping span was achieved through the utilization of a recirculating frequency shifter (RFS)

employing both 2nd-order single sideband (SSB) and 3rd-order SSB modulation. This inno-

vative RFS exhibits great promise in optical frequency comb applications and OFDR systems,

primarily due to its capacity for substantial carrier-to-carrier spacing. An application of this

RFS within the OFDR framework was specifically elaborated upon in [78]. Through the appli-

cation of this external modulation technique, an experimental demonstration in [78] showcased

a spatial resolution of 0.97 cm across a measurement range of 710 m. In this study, a sweeping

range of 882MHz was employed to achieve spatial resolution within a sweep range of 10.31GHz.

In addition to SSB modulation, double sideband (DSB) modulation has also been employed to

extend the frequency sweeping span, as demonstrated by [69] (Four Wave Mixing and DSB-SC

Modulation). In this study, a double sideband with suppressed carrier (DSB-SC) modulation

technique was combined with degenerated four wave mixing (FWM) within the OFDR sys-

tem. According to the results in this study, a spatial resolution of 3.4cm was accomplished by

employing a sweep range of 1GHz, representing a threefold expansion of the sweep range.

Both SSB modulation and DSB modulation offer effective means of extending frequency sweep-

ing span. However, in conventional SSB modulation, a challenge arises from frequency overlap

among adjacent high-order sidebands. This overlap complicates the extraction of these high-

order sidebands using a band-pass filter (BPF). As a recent alternative [80], the injection-locking

technique has been utilized to extract high-order sidebands. As the frequency sweeping span

achievable through SSB modulation remains constrained, the utilization of the degenerated

FWM process is further employed to expand the frequency sweeping span. In this research,

a spatial resolution of 1mm was exhibited across a 2000m measurement range, equivalent to

achieving a frequency sweep range of 100GHz.

As mentioned in the beginning of the subsection 2.3.1, the extension of frequency sweeping

span requires high sampling rate. Numerous approaches have been devised and demonstrated
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Figure 2.6: Schematic diagram of bandwidth-division technique based on multiple BPFs

to tackle the challenge of high sampling rates when extending the frequency sweeping span. A

direct method to reduce sampling rate involves bandwidth-division. In 2011, a hardware-based

bandwidth-division technique utilizing multiple BPF was introduced and validated [81]. The

diagram in Figure 2.6 illustrates this approach which involves two electrical switches that route

the signal based on synchronization equipment input. When Route 2 or Route 3 is chosen, the

beat signal passes through either BPF1 or BPF2. This extraction process isolates the middle

or high-frequency components. Subsequently, the extracted signal is down-converted to a lower

frequency range through a mixer driven by an arbitrary waveform generator (AWG). Lastly, a

low-pass filter is employed to extract the low-frequency component from either route 1, route

2, or route 3. The implementation of this technique yielded a spatial resolution of 5cm within a

field trial measurement range of 39.2km.This is comparable to attaining a scanning bandwidth

of 15GHz.

While the bandwidth-division technique mentioned above showcased improved performance, it

tends to become expensive and less feasible when dealing with high beat frequencies. Conse-

quently, an alternative bandwidth-division approach based on digitally enhanced interferometry

has emerged [82, 83, 84]. This technique harnesses digitally enhanced interferometry [82] to

segregate interferometric signals in the time domain, thereby reducing the need for high sam-

pling rates. The digital signal processing approach based on digitally enhanced interferometry

exhibits considerable promise in mitigating the need for high sampling rates within the OFDR

system. Nevertheless, the incorporation of pseudorandom noise (PRN) modulation and demod-

ulation procedures introduces substantial noise floor, which in turn limits the dynamic sensing

range of the OFDR system. In 2015, a novel method known as time-gated digital optical
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frequency domain reflectometry (TGD-OFDR) was introduced [85]. This innovative technique

addresses the challenge of high sweeping speeds and the associated sampling rate problem while

addressing the issue of a significant noise floor. More recently, another method centered around

signal reconstruction has been successfully applied to the OFDR system, effectively reducing

the requisite sampling rate [86].

Frequency sweeping nonlinearity compensation

The frequency sweeping signal of the TLS is typically generated using two methods [87]. One

method is external modulation, wherein an external modulator is employed to drive the TLS

and produce a linear frequency sweeping signal. However, this approach comes with limitations

in terms of the achievable sweeping span due to the bandwidth constraints of the modulator.

The other method is internal frequency sweeping, which relies on devices like Fabry-Perot or

PZT to induce linear wavelength changes in the TLS, leading to linear frequency sweeping.

In this case, the Fabry-Perot or PZT is controlled by voltage to modify the TLS wavelength

through mechanical adjustments. However, due to the presence of mechanical components,

achieving perfectly linear frequency sweeping in practical applications can be challenging. This

inherent nonlinearity introduced by the TLS can result in errors during the interrogation of the

OFDR system, as depicted in Figure 2.7(a). Beyond the frequency sweeping nonlinearity arising

from mechanical components, the intrinsic phase noise of the TLS significantly compromises the

linearity of frequency sweeping, particularly when the time delay of the Rayleigh backscattering

light exceeds half of the coherent time of the TLS. The impact of errors introduced by the

intrinsic phase noise of the TLS is illustrated in Figure 2.7(b).

In addressing the issue of frequency sweeping nonlinearity stemming from mechanical compo-

nents within the TLS, two commonly employed methods are utilized for compensation: enhanc-

ing the laser source and employing an auxiliary interferometer. The auxiliary interferometer

method is often preferred, wherein an auxiliary interferometer containing a constant delay fiber

is leveraged to measure the sweeping nonlinearity of the laser source. A prevailing approach

involves utilizing the output from the auxiliary interferometer as a clock signal to trigger the
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(a) (b)

Figure 2.7: The errors induced by nonlinearity and phase noise of TLS: (a) The impact of
errors introduced by the inherent nonlinearity introduced by the TLS; (b) The impact of errors
introduced by the intrinsic phase noise of the TLS [88, 89]

Figure 2.8: Signal processing steps to detect the optical frequency [91]

acquisition system [90, 70]. However, in practical scenarios, this signal may not consistently

maintain accuracy. Therefore, the output of the auxiliary interferometer is frequently employed

for calibrating sweeping nonlinearity during a subsequent post-processing phase, rather than

serving as an acquisition system trigger.

In recent years, numerous post-processing algorithms have emerged. In the study by [91],

an algorithm was proposed for gauging the frequency sweeping slope of lasers, outlined in

Figure 2.8. Here, u(t) symbolizes the alternating current (AC) component of the auxiliary

interferometer output. Assuming the input of the auxiliary interferometer is denoted by E(t) =

E0 exp [jϕ(t)], where E0 signifies the amplitude of the input optical field, and ϕ(t) represents the

phase information of the input optical field. ϕ(t) = 2π
∫ t

0
v(u)du+ϕ0, where v(t) corresponds to

the instantaneous optical frequency of the laser, and ϕ0 indicates the initial phase of the input

optical field. The expression describing the output of the auxiliary interferometer is presented

by Equation 2.9.
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I(t) = η|E(t) + E(t+ τ)|2 = 2η|E0|2{1 + cos [ϕ(t+ τ)− ϕ(t)]} (2.9)

Where η is a coefficient that depends on the insertion loss of the couplers; τ is the delay time

between the two arms of the auxiliary interferometer. When τ
2v(t)

dv(t)
dt

≪ 1, according to Taylor

expansion, the AC part of the auxiliary interferometer output is expressed by Equation 2.10.

u(t) = 2η|E0|2 cos[2πτv(t)] (2.10)

The frequency sweeping slope is acquired through the signal processing procedures illustrated

in Figure 2.8. Subsequently, a resampling technique is applied to rectify the frequency sweeping

nonlinearity within a measurement interferometer based on the determined frequency sweeping

slope measurement outcome.

An alternative post-processing algorithm designed to counteract the frequency sweeping non-

linearity was introduced in [92], utilizing the non-uniform fast Fourier transform (NUFFT).

NUFFT is known for its efficacy in non-uniform sampling applications [93, 94]. Unlike the

standard FFT, NUFFT entails a convolution between a tailor-made digital window and non-

uniformly sampled data, followed by the application of the FFT. In addition to NUFFT, a

Deskew filter, initially employed in frequency modulated continuous wave systems, was adapted

for compensating the frequency sweeping nonlinearity of OFDR in [95]. This method calculates

the nonlinear phase of a TLS via an auxiliary interferometer, subsequently employing a Deskew

filter to counteract the frequency sweeping nonlinearity by extrapolating the nonlinear phase

throughout the spatial domain. However, as the measurement distance extends, the estimation

error of the nonlinear phase grows, reducing the compensation’s effectiveness for long-range

applications. Hence, an enhanced Deskew filter, integrating the Cepstrum method and higher

order Taylor expansion, is proposed to refine the accuracy of nonlinear phase estimation for

improved compensation [96].

The interpolation technique serves as another valuable post-processing algorithm to counteract
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frequency sweeping nonlinearity. In [97], a cubic spline interpolation algorithm was imple-

mented to re-sample the raw data from the measurement interferometer. This nonlinearity is

ascertained using an auxiliary interferometer. Utilizing this nonlinearity data, the raw mea-

surements from the interferometer are recalibrated to a set of discrete points with varying

time intervals. These points serve as the basis for generating a smooth curve through cubic

polynomial fitting. Subsequently, this curve is subjected to interpolation to obtain resampled

data with uniform time intervals. A similar approach was outlined in [98], where a time-scale

factor was deduced through zero-crossing detection in the auxiliary interferometer’s output.

This factor was subsequently employed to recalibrate the raw measurements from the mea-

surement interferometer, after which the cubic spline interpolation algorithm was utilized for

resampling. Demonstrating efficacy both in mitigating frequency sweeping nonlinearity and ac-

curately predicting new data points, the cubic spline interpolation algorithm is effective across

the board. An alternate signal conditioning algorithm leveraging cubic spline interpolation was

introduced in [99]. Differing from [97] and [98], the cubic spline interpolation is applied to

auxiliary interferometer data. The spatial resolution enhancements obtained through various

post-processing algorithms are summarized in Table 2.2, revealing the interpolation algorithm’s

superior performance in enhancing the spatial resolution of OFDR.

Table 2.2: The spatial resolution obtained by different post-processing algorithms

algorithms reference Spatial resolution/cm Measurement range/m
NUFFT [92] 5 50

Deskew filter [95] 20 10000
Deskew filter [96] 80 8000

Interpolation algorithm [97] 0.03 300
Interpolation algorithm [98] 0.017 155
Interpolation algorithm [99] 0.036 -

The second approach to address frequency nonlinearity involves enhancing the laser source it-

self. For instance, a wideband phase locking technique is embraced to enhance the frequency

sweeping linearity, resulting in the generation of a highly coherent linear laser in the study

presented by [100]. Similarly, an approach based on the optoelectronic phase-locked loop tech-

nique is introduced to enhance the frequency sweeping linearity of laser sources [101]. Beyond

these strategies, a variety of lasers are incorporated into OFDR systems to tackle the frequency
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sweeping nonlinearity challenge. For instance, a sinusoidal frequency scan optical frequency

domain reflectometry (SFS-OFDR) is established based on a sinusoidal frequency scan laser,

proving valuable in numerous research domains [102, 103, 73, 104, 74, 105]. This laser type

is adopted due to the difficulties in achieving suitably linear scans with conventional lasers.

Although the frequency behavior of a sinusoidal frequency scan laser isn’t linear, it can be

approximated as linear through short windows at the maximum slope [103, 73]. Moreover, cer-

tain algorithms have been proposed to process raw data from SFS-OFDR, aiming to enhance

accuracy and reduce processing time[104, 74, 105]. More recently, an innovative fiber laser

with inherent frequency self-scanning characteristics has been integrated into OFDR systems,

displaying potential for compensating frequency sweeping nonlinearity [106, 107].

Particularly, when considering OFDR systems based on an external cavity laser diode, compre-

hensive investigations have been conducted into the mathematical aspects of sampling errors

and the creep of PZT translators. Corresponding models have been developed, forming a foun-

dation for subsequent hardware or software modifications aimed at enhancing spatial resolution.

For example, strategies such as dynamic recalibration of the PZT translator’s driving signal

have been devised based on these model outputs. A sampling error model for the auxiliary in-

terferometer was elaborated upon in the work by [108]. This model discerns that the sampling

error diminishes with escalating frequency sweeping speeds. Additionally, a more finely tuned

sampling error model was introduced in [109]. This latter model identifies two distinct sources

of sampling errors and proposes appropriate remedies. One source is attributed to the inherent

error of the auxiliary interferometer, while the other arises from acquisition delays.

The frequency sweeping nonlinearity also emerges from hysteresis and creep exhibited by the

PZT translator. A mathematical model was formulated to assess the nonlinearity of the external

cavity laser diode in [110]. A comparable model was developed in [111] to counter the effects

of hysteresis and creep in the PZT translator. In this instance, the instantaneous frequency of

the interference signal is estimated through an extended Kalman filter. These estimated values

are subsequently integrated to derive the interferometric phase. This integration effectively

mitigates the impact of frequency sweeping nonlinearity on the phase extraction process.
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Intrinsic phase noise compensation

In an OFDR system, the beat signal at z0 (as shown in Equation 2.5 and Figure 2.4 (a)) is

converted to frequency domain by FFT. The one-side spectral density of this frequency domain

signal is described in [71], which shows in Equation 2.11.

S1
I (f) = (1 +R)2δ(f) + 2R · exp(−2τ0

τc
) · δ
(
f − fz0

)
+

2Rτc
1 + π2τc2(f − fz0)

2

{
1− exp(

−2τ0
τc

) ·
[
cos2π

(
f − fz0

)
τ0 +

sin2π
(
f − fz0

)
τ0

πτc
(
f − fz0

) ]}
(2.11)

Here, R represents the reflectivity of the FUT; δ symbolizes the unit-impulse response function;

τ0 stands for the time delay; τc denotes the coherent time of the TLS; and fz0 represents the

beat frequency at the location z0 as defined in Equation 2.5. In accordance with Equation 2.11,

the one-side spectral density is composed of three components: the direct-current term, the

coherent term, and the intrinsic phase noise term. The direct-photocurrent term (1 + R)2δ(f)

relies on the value of R when the frequency is zero. The coherent term,2R ·exp(−2τ0
τc

) ·δ
(
f−fz0),

forms a unit-impulse response function at fz0 . This term encapsulates details about location and

optical intensity. The remaining portion of Equation 2.11 constitutes the intrinsic phase noise

term. The amplitude of the coherent term amounts to 2R·exp(−2τ0
τc

). This amplitude diminishes

rapidly as the delay time approaches half of the coherent time. Conversely, the amplitude of the

intrinsic phase noise term becomes dominant when the measurement distance extends beyond

half of the coherent distance. The one-side spectral density outlined in Equation 2.11 transitions

into a Lorentzian Function due to the presence of the intrinsic phase noise term. Consequently,

the existence of the intrinsic phase noise term exacerbates the decline in spatial resolution as

the measurement range increases. This phenomenon leads to an uneven distribution of spatial

resolution along the entire length of the FUT.

Numerous investigations have been dedicated to mitigating the effects of intrinsic phase noise,

aiming to expand measurement range and enhance spatial resolution. Many studies have con-
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centrated on addressing this phase noise through specialized data processing algorithms, leading

to the development of Phase Noise Compensated OFDR systems (PNC-OFDR). One variant of

PNC-OFDR, rooted in the concept of ”concatenately generated phase” (CGP), has been intro-

duced in literature [112, 113, 114]. The CGP technique employs an auxiliary interferometer for

phase noise compensation. Within this approach, the FUT is segmented into distinct sections.

The calculated CGPs derived from the auxiliary interferometer are utilized to offset phase noise

in various segments. However, as the FUT’s length increases, the spatial resolution tends to

deteriorate due to residual noise. A thorough analysis of this noise source has been carried out

in literature [114]. To illustrate the effectiveness of this OFDR system variant, a field trial was

conducted in [115]. Furthermore, alternative algorithms grounded in concatenative reference

phase [89], phase noise term measurement [116] (Long Measurement Range OFDR Beyond

Laser Coherence Length), and optical power spectrum analysis [117] have all exhibited good

performance in compensating for intrinsic phase noise. Using the research in Literature [117]

as an example, compensation for inherent noise enabled the attainment of a spatial resolution

of 30m within a measurement range of 100km.

Other investigations have directed their attention toward refining the experimental setup. One

notable enhancement is Delay Shift Averaging (DSAV), grounded in the utilization of an opti-

cal frequency comb source and a tunable delay line [118]. Preceding the emergence of DSAV,

a similar technique referred to as Frequency Shift Averaging (FSAV) had been employed to

address intrinsic phase noise compensation. FSAV involves averaging outcomes from multiple

independent reflectometry measurements conducted at distinct optical frequencies. To accom-

modate FSAV, a laser source with an extensive frequency variation range is required. Hence,

optical frequency comb sources boasting broad frequency variation ranges are introduced to

the OFDR system. The tunable delay line, integrated into the reference path, facilitates the

establishment of different optical frequencies. This application of an optical frequency comb

source within the FSAV framework has also been demonstrated elsewhere [88]. Beyond FSAV

and DSAV, an innovative approach grounded in an optical fiber delay loop, encompassing a

delay fiber and a frequency shifter, was introduced for compensating the intrinsic phase noise

term [119, 71]. The delay loop, positioned along the reference path, serves to curtail the optical
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path difference between the reference and measurement paths, ensuring it remains substantially

smaller than the laser source’s coherence length. The frequency shifter functions as a counter,

diligently tracking the number of circulation loops.

In recognition of the intrinsic phase noise term’s origin from the interference between Rayleigh

backscattering and reference light, an innovative approach termed Incoherent Optical Frequency

Domain Reflectometry (I-OFDR) has been developed [102]. This system is exclusively engi-

neered to detect Rayleigh backscattering light emanating from the FUT. Subsequently, a com-

prehensive transfer function of the Rayleigh backscattering light is computed, encapsulating all

the pertinent information across the entire FUT. The I-OFDR system has demonstrated com-

mendable performance in applications such as strain measurement [120] and the interrogation

of delicate Fiber Bragg Grating (FBG) arrays [121, 122].

2.3.2 Drawbacks of the FFT and algorithm efficiency improvement

The FFT holds a pivotal role in the OFDR system, facilitating the transformation of signals

from the time domain to the frequency domain. Nevertheless, as elucidated in the beginning of

this chapter (2), there exist numerous limitations inherent to FFT that impact the effectiveness

of the OFDR system. One prominent limitation is encapsulated by the uncertainty principle,

implying that heightened spatial resolution comes at the expense of compromised strain or

temperature accuracy. Moreover, the complex computational nature of FFT renders it ill-

suited for managing substantial data sets, leading to diminished efficiency. Consequently, the

demand for a real-time processing algorithm becomes imperative to enhance the performance

of the OFDR system.

Numerous approaches have emerged to counteract the limitations associated with FFT. A re-

cent advancement involves employing the wavelet transform as a signal processing technique to

mitigate the uncertainty inherent to FFT [123, 72]. Specifically, the Morlet wavelet transform

has been harnessed to alleviate frequency overlap and enhance frequency details, especially

at higher spatial resolutions. The synergy between wavelet parameters and sensing variables,

such as temperature and strain, is demonstrated in these studies. Consequently, by judiciously
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configuring wavelet parameters, spatial resolution and sensing accuracy can be simultaneously

heightened. The relationship between spatial resolution and measurement accuracy is intrin-

sically linked to the length of a rectangular window, as defined by Equation 2.8. A shorter

window equates to superior spatial resolution but diminished strain or temperature precision

due to the uncertainty principle. Therefore, optimizing this rectangular window length assumes

pivotal importance in achieving a balance between spatial resolution and measurement accu-

racy, particularly under high spatial resolutions. Recent investigations have delved into this

aspect, employing a model grounded in noise variance and a defined quality factor to estimate

strain measurement errors [124]. This quality factor aids in selecting the ideal rectangular

window length for optimization. Beyond wavelet transforms and rectangular window analysis,

a novel approach rooted in image processing has emerged to enhance measurement accuracy

in scenarios with high spatial resolutions [44]. Here, original OFDR data is transformed into a

2D image encapsulating cross-correlation traces across the FUT. This image undergoes spatial

filtering using techniques like mean value filtering or non-local means, followed by frequency-

based wavelet denoising. Notably, the overlapped window strategy is embraced to mitigate

resolution deterioration, a common challenge when employing image processing methodologies.

Although the algorithms mentioned above can effectively tackle the uncertainty issues asso-

ciated with FFT, their inherent complexity places a substantial computational load on the

OFDR system. Furthermore, the considerable volume of data generated by the OFDR system

necessitates ample memory resources to obtain fine resolutions. Given the intricacies of these

algorithms and the sheer data volume, their applicability often remains confined to controlled

laboratory settings. Consequently, a rapid and efficient data processing algorithm is impera-

tive for real-world implementation. An example of this requirement can be found in a study

involving the integration of FBG sensors into the OFDR system for distributed measurements

[125]. Here, a specialized group delay calculation method is employed to enhance data process-

ing efficiency. Diverging from FFT, which furnishes the full Bragg spectral profile, this group

delay calculation approach exclusively discerns Bragg peak shifts. This innovative methodol-

ogy reduces processing time by a significant 92.5% compared to conventional FFT-based data

processing in OFDR systems.
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In addition to exploring alternatives to FFT, a strategy that combines FFT with the seg-

mented chirp-Z transform (SCZT) has been introduced for expedited spectrum analysis [126]

(Fast Spectrum Analysis for an OFDR Using the FFT and SCZT Combination Approach). This

method is tailor-made for specific frequency analyses. Initially, FFT is employed to perform a

broad frequency range analysis, quickly identifying zoom bands of interest. Subsequently, these

bands undergo precise examination using an optimized SCZT technique, supplemented by par-

allel computing techniques. The integration of SCZT serves to counteract the degradation of

measurement resolution arising from frequency overlap. Remarkably, the combined approach

exhibits a 30% efficiency improvement compared to conventional FFT-based methods. Another

innovative technique was put forth in [127] to enhance data processing efficiency when incor-

porating FBG sensors into an OFDR system. This methodology hinges on cross-correlation,

weighted sliding windowed fast Fourier transform (W-WFFT), and logistic activation functions.

The initial step entails calculating the cross-correlation between measurement and reference

signals. This cross-correlation output then undergoes processing via W-WFFT to derive the

distribution of Bragg peak shifts. Subsequently, a thresholding operation, facilitated by lo-

gistic activation functions, refines the measurement accuracy. Notably, the reported approach

achieves speeds approximately tenfold faster than conventional FFT. Several other algorithms

not only concentrate on enhancing the OFDR interrogation process but also bolster the ef-

ficiency of phase noise compensation processes [128]. One such example is the introduction

of a hardware-adaptive algorithm, which obtains real-time phase noise compensation, thereby

enhancing the overall efficiency of the OFDR system.

Numerous studies focusing on algorithmic efficiency improvements have yielded positive out-

comes, particularly in static applications. However, dynamic scenarios necessitate even more

efficient algorithms due to the substantial volume of recorded data. An illustrative case is

the employment of an OFDR system for distributed acoustic sensing (DSA), where daily data

accumulation can exceed 1 terabyte [129]. DSA exemplifies a prevalent dynamic application,

prompting extensive investigations into augmenting the processing efficiency of OFDR systems

tailored for DSA applications. For instance, a rapid processing algorithm tailored for DSA, re-

lying on two consecutive FFT operations, was detailed in [74]. In another notable effort [129],
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Figure 2.9: The methods adopted to address the drawbacks of FFT and improve the efficiency
of algorithms

deep learning techniques were harnessed to process substantial data loads within OFDR sys-

tems employed in DSA. Here, the methodology capitalizes on generative adversarial networks

(GANs) to simulate the DAS system and produce training datasets. These datasets then facili-

tate the training of artificial neural networks (ANNs), which subsequently process experimental

data directly. A comprehensive overview of methods aimed at mitigating FFT limitations and

enhancing algorithmic efficiency is presented in Figure 2.9.

2.3.3 Continuous vibration measurement and shape sensing

Shape sensing is pivotal in SHM as it facilitates the continuous monitoring of structural de-

formations and alterations in a structure’s geometry in real-time. This technology furnishes

detailed insights into the shape, position, and movement of structural elements, aiding in the

detection of anomalies like deformations, displacements, or misalignments. Such anomalies can

serve as indicators of potential structural damage or deterioration. Furthermore, the vibration

monitoring is also important to SHM. Vibrations have the potential to contribute to fatigue

and overloading of structural elements. The surveillance of vibration levels aids in recognizing

patterns linked to fatigue, facilitating proactive measures to prevent structural damage and

prolong the lifespan of components.

However, research efforts in the realm of OFDR have predominantly concentrated on static

scenarios, with fewer studies demonstrating its aptitude for continuous vibration measurement.

Several factors contribute to this prevailing trend.

• The escalating demand for heightened measurement repetition rates and the management
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of substantial data volumes in dynamic applications pose formidable challenges to real-

time processing capabilities.

• The issue of crosstalk arises when dealing with distinct vibration points. In this context,

the modulation of measurement light at a prior vibration point engenders crosstalk when

the modulated light encounters a subsequent vibration point. The severity of this crosstalk

intensifies as vibration frequencies ascend.

• The constricted sweeping span characteristic of dynamic applications significantly di-

minishes spatial resolution, thereby rendering further exploration into facets like shape

sensing in dynamic scenarios with OFDR a challenging endeavor.

Previous investigations into vibration measurement and shape sensing in aircraft SHM pre-

dominantly leaned towards FBG, primarily due to their elevated sensitivity and established

interrogation systems. This section aims to elucidate the most recent advancements in continu-

ous vibration measurement and shape sensing facilitated by the Rayleigh backscattering based

OFDR technique.

Continuous vibration measurement with OFDR system

Continuous vibration measurement holds immense significance in the context of aircraft SHM.

Consequently, thorough investigation into vibration measurement via the Rayleigh backscattering-

based OFDR technique is imperative. Numerous of studies have been done for realizing con-

tinuous vibration measurement. In this section, these methods are roughly divided into two

categories including phase extraction and other methods, as shown in Figure 2.10.

The majority of research endeavors pertaining to continuous vibration measurement have been

focused on phase extraction. This emphasis stems from the direct correspondence between the

phase alterations of the Rayleigh backscattering spectrum and the vibrations being measured.

To obtain accurate measurement of higher vibration frequencies, diverse methods have been

employed to extract phase variations induced by vibrations. For example, in a bid to achieve

enhanced vibration frequency measurement, a study utilized an I-OFDR system to successfully



40 Chapter 2. Background: a review of optical frequency domain reflectometry technique

Figure 2.10: The two categories of methods on continuous vibration measurement with OFDR
system

measure vibrations at a frequency of 2 kHz [130]. The paper meticulously calculates the alter-

ations in the length of the FUT as well as the variations in optical power caused by vibration

events between reflection points by extracting phase changes within the Rayleigh backscatter-

ing spectrum. Similarly, in other works [103, 73, 105], a sinusoidally swept-frequency laser

was employed to drive the OFDR system. This approach not only enhances back-reflected

power but also augments the Signal-to-Noise Ratio (SNR), thereby facilitating more accurate

phase extraction. As a result, acoustic vibrations were effectively detected in [103] and [73] at

frequencies of 1 kHz and 2.7 kHz, respectively.

In 2015, a novel approach for phase extraction was introduced, leveraging TGD-OFDR for

vibration measurement [131]. This technique utilizes a 90-degree optical phase extraction pro-

cess. By employing TGD-OFDR, the frequency sweeping speed is elevated, which in turn

helps mitigate the impact of environmental phase noise. However, the vibration frequency

that could be accurately measured was limited to 600 Hz, and only one vibration event was

demonstrated experimentally. Due to the limited performance of this initial approach, an en-

hanced TGD-OFDR system was subsequently proposed [132], incorporating the inner-pulse

frequency-division method and the rotated-vector-sum technique. This advancement extended

the measurable vibration frequency to 1.25 kHz, enabling the detection of two distinct vibration

events in experimental scenarios. In recent times, the TGD-OFDR-based vibration measure-

ment technique has achieved even more remarkable performance improvements [133]. These
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enhancements are attributed to several factors, including the utilization of a LiNbO3 intensity

modulator with an expansive modulation bandwidth, which enhances the spatial resolution of

the system. Furthermore, noise suppression is achieved through the application of a matched

filter and the rotated-vector-sum method. Through these advancements, the system achieved a

notable enhancement in measurable frequency, reaching 5 kHz, and successfully detecting two

vibration events in experimental trials.

In addition to the vibration measurement technique relying on TGD-OFDR, an innovative

data analysis algorithm was introduced by [134]. This algorithm was designed to accurately

extract phase information from the Rayleigh backscattering spectrum. Notably, the algorithm

compensates for various errors, including phase noise and frequency sweeping nonlinearity.

A significant contribution of this algorithm is its capability to address challenges related to

overlapped perturbations in multi-vibration measurements. By applying this algorithm, an

impressive vibration frequency of up to 12.5 kHz can be reliably measured, and the system can

detect multiple vibration events with precision using the OFDR technique. Another recent ad-

vancement in phase extraction methodology is based on the combination of inner-pulse division

and rotating-vector-sum techniques [135]. This method incorporates a Hanning time window,

effectively suppressing crosstalk issues that may arise between different vibration points.

The phase extraction technique has garnered considerable attention in the realm of vibration

measurement and has been extensively studied in recent years. However, a significant chal-

lenge lies in balancing the SNR, spatial resolution, and measurement range, which remains a

prominent bottleneck. As a result, researchers have explored alternative methods to accomplish

vibration measurement. In 2012, a novel approach called cross-correlation similarity analysis

(CCSA) was introduced for vibration measurement [116]. This method involves conducting two

independent measurements of the FUT under different vibrational states—vibrated and non-

vibrated. The resulting measurements are then subjected to correlation analysis to identify

vibration events. Through the CCSA method, two vibration events along the FUT can be si-

multaneously detected, achieving a vibration frequency of up to 2 kHz. This CCSA method was

further validated in long-range vibration measurement, demonstrating successful results with

a vibration frequency of 500 Hz [136]. However, achieving multi-vibration measurement using
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the CCSA method poses challenges. In pursuit of multi-vibration measurement capabilities, a

novel approach based on the diverse characteristics of Rayleigh backscattering spectrum was

proposed [137]. This method capitalizes on both the optical frequency shift in the frequency

domain and the distinctive ”V” shape in the spatial domain of the Rayleigh backscattering spec-

trum for vibration measurement. Nonetheless, this new method does not yet provide vibration

frequency information.

In addition to the CCSA method, a novel approach based on transmission-reflection analysis

(TRA) is explored in [138] using an I-OFDR system. The TRA technique involves assess-

ing both transmitted and reflected optical power to detect vibration events along the FUT.

Another research effort involves the utilization of FBG sensors within an OFDR system to

measure vibrations [139]. This is achieved by employing current-modulated laser diodes for

rapid frequency sweeping. By employing FFT, the different central wavelengths of the FBGs

are interrogated, allowing the measurement of vibration events that influence the FBGs’ central

wavelengths. This method achieves a measurable frequency of 3 kHz and successfully captures

three synchronous vibration events along the FUT. Although, in another study [140], FBG

sensors are used for vibration measurement of a helicopter blade, the obtainable measurement

frequency is only 150 Hz. In recent research, a novel algorithm based on the Doppler effect

in all-fibre Michelson interferometers is proposed for vibration measurement [141]. This ap-

proach uses FFT to convert the beat signal of the OFDR system into a frequency signal, which

is then segmented in the frequency domain. Taking one segment as an example, the inverse

Fourier transform is applied to acquire the filtered response of this segment. By subsequently

performing FFT on this response, the distribution of frequency components is obtained. The

effects of frequency noise induced by vibrations in other segments are mitigated by subtracting

adjacent segment data from the FFT results. This leaves behind the frequency component

that corresponds to the vibration frequency of the measured segment. This innovative method

demonstrates impressive performance in vibration measurement. It achieves a measurable fre-

quency of up to 8 kHz at a spatial resolution of 15–20 cm and 30 kHz at a spatial resolution of

1.5 m. Moreover, this method enables synchronous vibration measurement across 30 segments

along a FUT.
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While significant progress has been made in vibration measurement research, only a limited

number of studies have demonstrated continuous vibration measurement capability. This chal-

lenge mainly stems from the presence of crosstalk between different vibration points. Crosstalk

complicates the distinction between adjacent vibration events, posing a barrier to accurate

measurement. To address this issue, numerous studies have focused on minimizing crosstalk.

In 2012, initial efforts were made to theoretically analyze crosstalk arising from multi-reflection

and spectral shadowing in temperature measurement utilizing low-reflective fiber Bragg grat-

ings [142]. Subsequently, in 2018, a crosstalk-free theory and design were proposed to effectively

mitigate crosstalk between vibration points in continuous vibration measurement [143]. This

innovative approach introduced a dynamic phase interrogation theory that not only eliminated

crosstalk but also enabled real-time interrogation. Further developments in this area led to

the proposal of a theory regarding the crosstalk between preceding and subsequent vibrations

[144]. The theory demonstrated that the modulation induced by a preceding vibration, with

a measurement time shorter than the vibration period, results in a frequency or wavelength

shift in the Rayleigh backscattering spectrum—a phenomenon similar to the Doppler shift. Ex-

ploiting this concept, a distance tracking technique was devised. This technique estimates the

frequency shift caused by the preceding vibration through cross-correlation calculation. The

estimated frequency shift is subsequently utilized to counteract the crosstalk between preced-

ing and subsequent vibrations. This approach was validated through successful multi-point

vibration measurements along a fiber. In Figure 2.11, we provide an overview of the techniques

employed for continuous vibration measurement.

Shape sensing with OFDR system

Shape sensing is a critical application in aircraft SHM, offering essential insights into aircraft

status during testing, operations, and maintenance. However, the utilization of the Rayleigh

backscattering based OFDR technique for shape sensing has been relatively scarce. In 2010, an

approach leveraging I-OFDR was introduced, allowing measurement of length changes between

different reflections, thus enabling structural deformation assessment with the OFDR system

[145].
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Figure 2.11: The techniques of continuous vibration measurement

Formally in 2012, the first shape sensing technique utilizing an OFDR system was proposed

[146]. It employed a twisted-fiber configuration for high-resolution 3D shape sensing, demon-

strated using a generalized flexible structure. More recently, a study on shape sensing using the

OFDR system has emerged [147]. Employing a local spectrum matching method, researchers

managed to eliminate spurious and multiple peaks during measurements. However, the method

is currently restricted to 2D shape sensing, and its application is limited by the need to attach

fiber optic sensors to opposing surfaces of structures.

Presently, the OFDR-based shape sensing techniques are also being developed in the medical

field. Given the high resolution of the Rayleigh backscattering based OFDR technique, medical

researchers are increasingly drawn to the potential of shape sensing using this method. A shape

sensing approach targeting surgical needles using OFDR was introduced in [148]. Ultraviolet

(UV) exposed single-mode fibers SMFs were employed to enhance Rayleigh backscattering. By

combining three parallel SMFs into a fiber triplet, 3D shape sensing was achieved. A similar

strategy has been effectively applied in intra-arterial image guidance [35] and minimally invasive

surgery [149].
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2.3.4 Challenges of embedding FOS in composite materials

Two prevalent installation approaches are employed for incorporating FOS in aircraft SHM:

surface-mounted and embedded configurations. The surface-mounted method, due to the

fragility of FOS, finds more relevance in controlled laboratory research. On the contrary, the

embedded approach is better suited for practical application. Consequently, the trend in aircraft

SHM is leaning towards embedding FOS, which offers enhanced performance under real-world

conditions. However, integrating the Rayleigh backscattering based OFDR technique into the

embedded setup presents numerous challenges.

• One significant barrier involves temperature compensation, owing to the FOS’s suscepti-

bility to both strain and temperature. Aircrafts undergo substantial temperature fluctua-

tions throughout their operational cycles, intensifying the need for effective compensation.

• Another critical challenge is accurate measurement of large strains and addressing non-

uniform lateral strain effects. The measurement range of strain for OFDR systems is

narrower compared to other strain sensors like strain gauges and FBG sensors. The

application of OFDR-based strain measurement systems capable of measuring strains

exceeding 3000µε is rarely documented.

• Moreover, embedding FOS in composite materials introduces birefringence due to non-

uniform lateral strains, leading to axial strain measurement errors.

Given these challenges, the latest advancements in OFDR-based research addressing tempera-

ture compensation, large strain measurement, and non-uniform lateral strain compensation are

discussed in this subsection.

Temperature compensation

Aircraft often encounter extreme conditions, such as wide temperature fluctuations and even

cryogenic temperatures, during their operations. These conditions can introduce errors in strain
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measurements when employing the Rayleigh backscattering based OFDR technique in aircraft

SHM. While the OFDR technique has demonstrated exceptional accuracy and stability in con-

tinuous temperature or strain sensing scenarios [150, 75, 151, 152, 153], simultaneously measur-

ing strain and temperature remains a challenge. To tackle this challenge, various temperature

compensation methods have been proposed for applications utilizing the OFDR technique.

Many of these studies have focused on employing polarization-maintaining fiber. This type of

fiber supports two distinct polarization modes, each with its own refractive index, resulting

in different sensitivities to temperature and strain. This intrinsic distinction between the two

polarization modes lends itself to calculating temperature and strain simultaneously, offering a

promising avenue for addressing this concern.

For example, polarization maintaining FBG sensors were introduced for temperature compen-

sation purposes in 2011 [154]. Although successful discrimination between temperature and

strain was achieved, notable discrepancies were observed in continuous measurements. In a

subsequent study [155], polarization maintaining FBG sensors were employed to enable tem-

perature compensation in a four-point bending test. This experiment demonstrated enhanced

accuracy compared to the findings in [154]. Temperature and strain sensing exhibited average

errors ranging from -0.9◦C to 1.3◦C and -31µε to 19µε, respectively. However, the measurement

accuracy of the OFDR system in this setup remained inferior to its counterparts like FBGs and

strain gauges. To address this limitation, researchers proposed a relationship between mea-

surement accuracy and the refractive index difference in polarization maintaining FBG sensors

[156]. They introduced a numerical model for temperature compensation in continuous strain

sensing using these FBG sensors. The model revealed that enhancing the measurement ac-

curacy hinges on increasing the refractive index difference in polarization maintaining FBG

sensors. However, it was noted that the rate of improvement diminishes as the refractive

index difference increases. This study found a way to improve measurement accuracy when

polarization maintaining FBG sensors are employed for simultaneous strain and temperature

measurements. In another investigation, common polarization maintaining fiber optics were

evaluated for temperature compensation [157]. This research achieved impressive outcomes,

including high spatial resolution (6.5mm), minimal temperature sensing error (0.8 ◦C), and low
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strain sensing error (7µε).

Besides polarization maintaining fiber, alternative approaches have been investigated for tem-

perature compensation. In one instance, a system combined both Brillouin and Rayleigh

backscattering to enable simultaneous temperature and strain measurement [158]. This ap-

proach yielded a temperature accuracy of ±1.2◦C and a strain accuracy of ±15µε and. How-

ever, the incorporation of both Brillouin and Rayleigh backscattering necessitates a complex

interrogation system and complex data processing algorithms, rendering this strategy imprac-

tical for real-world applications. An innovative method centered on two types of fibers, namely

a standard SMF and a reduced-cladding SMF, has been proposed [159]. These two sensors are

installed side by side and treated as a single sensing unit. The distinct sensitivity responses of

the SMF and the reduced-cladding SMF to temperature and strain, respectively, enable simul-

taneous measurements. This strategy demonstrated temperature errors of 0.31◦C and strain

errors of 7.97µε, showcasing its efficacy.

Large strain and non-uniform lateral strain

In conventional OFDR, cross-correlation calculation is employed to determine the frequency

shift between the measurement spectrum and the reference spectrum. This is feasible due to

the shared characteristics between these two spectra. However, when measuring a large strain

under high spatial resolution, this resemblance between the spectra diminishes considerably.

This deterioration stems from the deformation of the measurement spectrum, introducing errors

into the cross-correlation calculation. As a result, the applicability of the OFDR technique in

applications requiring the measurement of large strains becomes limited.

Numerous studies have been dedicated to enhancing the measurement range of the Rayleigh

backscattering based OFDR technique. In one such effort [160], an amplifying add-on module

is introduced to extend the strain measurement range. Positioned between the OFDR system

and the FUT, this module mitigates noise and compensates for optical losses. However, even

with this module, the deformation of the measurement spectrum persists under large strain

conditions. To tackle this issue, a solution based on local similar characteristics is proposed
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[161]. Despite the reduced global similarity between the measurement and reference spectra due

to deformation, certain local similar characteristics still persist. Thus, the strain calculation is

achieved by matching these local characteristics and deriving the shifts between them. Recently,

a combined approach of spectrum registration and spatial calibration has been introduced to

maintain high spatial resolution while measuring large strains [77]. This method employs a

local measurement spectrum segment technique to uphold high spatial resolution. Through

this approach, strains up to 7000µε have been successfully demodulated.

In addition to situations involving large strains, strain measurement errors can also stem from

non-uniform lateral strains resulting from the embedding of FOS into composite materials

or bending during installation. Consequently, compensating for non-uniform lateral strain is

crucial when implementing the OFDR technique for Aircraft SHM. Two key strategies have

emerged for addressing this challenge.

The first approach focuses on the development of bend loss-free FOS. Multiple techniques have

been utilized to create FOS with low bending loss, including the chemical vapor deposition

process [162], nano-structures techniques [163], trench management around the core [164], and

photonic crystal fiber [165]. However, most of these FOS operate within the visible wavelength

range or are applied in fiber-to-the-home scenarios. In 2018, a bend loss-free FOS was intro-

duced based on Ge-doped-core photonic crystal fiber for distributed sensing using the OFDR

technique [166]. This FOS managed to achieve a bend diameter of up to 2mm without expe-

riencing bend loss. This innovation has opened up the possibility of implementing OFDR for

real SHM applications in aircrafts.

The second strategy revolves around lateral strain measurement through the use of OFDR

systems. Polarization calculation forms the basis of lateral strain measurement for various

FOS. One such example is the Panda-type fiber, a commonly used polarization FOS [167].

This fiber exhibits two polarization modes with distinct refractive indices. While both indices

alter equally when longitudinal strain is applied, lateral strain introduces disparate changes.

Thus, lateral strain is calculated by separately gathering data from these two polarization

modes. A similar polarization-based strategy is employed in [168], where a long-length FBG
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sensor is utilized to measure lateral strain using the OFDR system. The lateral strain applied

to this sensor induces birefringence, creating two polarization states and leading to FBG peak

separation. The degree of peak separation is detected by the OFDR system, enabling the

calculation of the lateral strain. A comprehensive numerical simulation elucidating the two

polarization states of the long-length FBG sensor is discussed in [169]. Another numerical model

addressing polarization-dependent loss interrogation of cascaded identical FBGs is presented

in [170]. This model establishes the connection between the spectral evolution of FBGs and

birefringence, underscoring the advantages of polarization-based calculations in lateral strain

measurement.

Although the FBG-based techniques mentioned above exhibit promising potential for lateral

strain measurement, they often struggle to achieve csontinuous sensing. Additionally, the

method centered around Panda-type FOS can prove cost-prohibitive, especially for long-range

applications. Consequently, a continuous lateral strain measurement method based on SMF is

introduced. This method involves integrating a polarization state generator and a polarization

state analyzer into the OFDR system [171].

2.3.5 Conclusions

This comprehensive review delves into the theory and applications of the Rayleigh backscattering-

based OFDR technique for Aircraft SHM. The document meticulously outlines the challenges

that need to be overcome to ensure the dependable application of the Rayleigh backscattering-

based OFDR technique in aircraft SHM. Leveraging these challenges as a foundation, the

paper proceeds to introduce noteworthy research endeavors that have advanced the Rayleigh

backscattering-based OFDR technique. Ultimately, the overarching aim of this review is to

propel the widespread adoption of the OFDR technique in the field of aircraft SHM.

For effective SHM in aircraft, an OFDR system with fine spatial resolution is essential to

capture complex temperature and strain distributions. Presently, three key strategies have been

extensively explored to enhance spatial resolution. These strategies encompass extending the

frequency sweeping span, compensating for frequency sweeping nonlinearity, and addressing
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intrinsic phase noise. Broadening the frequency sweeping span translates to a increase of

frequency sweeping speed, consequently enhancing theoretical spatial resolution.

Regarding frequency sweeping nonlinearity compensation, the majority of methods leverage

auxiliary interferometers. Through data garnered from these auxiliary interferometers, non-

linearity is typically rectified using post-processing algorithms. Among these algorithms, the

interpolation algorithm excels in delivering high spatial resolution within the mid-range of mea-

surement, aligning well with the SHM requirements for aircraft. Tackling intrinsic phase noise,

which becomes prominent at distances exceeding half of the coherent distance, is complex. It’s

particularly crucial for long-distance measurements. Hence, incorporating a TLS with an ex-

tended coherent distance emerges as a viable solution when deploying OFDR systems in aircraft

SHM. In addition to the enhancement of spatial resolution, the uncertainty principle inherent in

the FFT creates a barrier to simultaneously improving spatial resolution and measurement ac-

curacy. To address this challenge, strategies such as the Morlet wavelet transform, optimization

of rectangular window, and image processing have emerged. However, the adoption of these

algorithms introduces substantial computational load to OFDR systems, which is particularly

concerning in the context of aircraft SHM.

As OFDR techniques are deployed in real aircraft SHM scenarios, several challenges demand

attention. Continuous vibration measurement and shape sensing are pivotal components of

aircraft SHM. Vibration measurement based on phase extraction stands as a classic approach,

capable of detecting vibration frequencies up to 12.5 kHz. Meanwhile, a novel Doppler effect-

based strategy has showcased the potential to detect up to 30 vibration events simultaneously,

each with frequencies up to 8 kHz. Notwithstanding, the existing methodologies still require

further refinement to meet the stringent demands of continuous vibration measurement and

shape sensing in aircraft SHM.

The crucial aspect of temperature compensation predominantly hinges on polarization FOS.

Typically, this approach achieves temperature measurement errors below 1◦C. Clearly, con-

siderable work remains to be done in the realm of temperature compensation when applying

the OFDR technique to aircraft SHM. Furthermore, the presence of large strain situations and
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non-uniform lateral strain, particularly in composite material embedding, can lead to substan-

tial inaccuracies in strain measurement. Mitigating such issues requires strategies like relying

on local similar characteristics for large strain situations and utilizing low bending loss fibers

and polarization fibers to counteract the effects of non-uniform lateral strain.



Chapter 3

Strain and temperature measurement

based on Rayleigh backscattering

3.1 Introduction

CFRP have been widely used in various aircraft structures [172, 173, 172, 174], due to their

outstanding advantages including light weight, superior strength, and low costs. However,

durability, unforeseen and complex damage scenarios are challenges that require attention.

Damage types in CFRP include delamination, debonding, fibre breakage and matrix cracking,

and are difficult to characterise and detect [175, 176, 17], which makes the monitoring the

integrity of composite parts particularly important [177, 178, 179, 180].

To address this challenge, SHM has emerged as a solution to assess the structural integrity

of CFRP components. SHM is an effective method for assessing the integrity of composite

materials through continuous monitoring [181]. SHM techniques can monitor the type, size

and severity of the damage in composite structures based on sensors permanently installed on

the structures [182]. Active sensing and passive sensing are the two main research directions for

SHM of composite structures [183, 184, 185, 186]. In passive sensing, fiber optic sensors are one

of the most widely used sensors. For example, many types of fiber optical (FO)sensors including

FBG, Mach-Zehnder sensor, and Fabry-Perot sensor are adopted in SMH of composites [17,

52
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187, 188, 189] . By implementing SHM, it becomes possible to continuously monitor the health

of CFRP structures during their operational life, thereby reducing maintenance expenses and

enhancing overall safety [190]. SHM provides real-time data on crucial parameters, such as

strain, temperature, and load, to evaluate the safety of composite structures.

Various FO sensors have been adopted in different SHM applications [191, 192, 193]. For

example, buckling detection based on distributed FO sensors [194], hybrid piezoelectric-fibre

optic system based on FBG [195, 196], embedded FBG sensors in SHM of complex composite

structures [197] and sandwich panel [198]. In addition, the FO sensors are adopted in composites

manufacturing monitoring [199, 200] and damage detection [201, 17]. For in-field applications,

however, much more FBG sensors are required than distributed FO sensors to obtain sufficient

measurements, which results in higher system weight and cost.

In recent years, the OFDR has emerged as a prominent method in the realm of SHM and

condition monitoring due to its capacity for real-time monitoring and early detection of potential

defects or damage in various structures [202, 203, 204]. This is because it can provide high

accurate distributed sensing signals, which provides much more measurement data compared

with single point sensors (FBG, M-Z sensor, F-P sensor). Many studies have been carried out

to monitor composite structures based on the distributed fiber optical sensors[205, 206, 207].

According to the introduction in Chapter 2.2, the fundamental principle of this technique

involves exploiting the interference phenomenon between Rayleigh backscattering and incident

light to characterize the loading state along a SMF [208]. Rayleigh backscattering of SMFs is

used to interfere with the incident light to produce a beat signal. The frequency and amplitude

of this beat signal corresponds to a specific location on the SMF and the Rayleigh backscattering

intensity at that location, respectively, since the light frequency of Rayleigh backscattering does

not change during the above processes. Moreover, the intensity of this backscattering is related

to defects introduced during the manufacturing process. The beat signal is adopted as a unique

code to identify a position on the SMF [209]. When this position is subjected to an external

load, the resulting strain causes a frequency shift of the beat signal which is then calculated

by matching the beat signals before and after loading. The strain is finally measured using

a determined strain-frequency shift coefficient. This coefficient is the ratio between the strain
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shift and the corresponding frequency shift. Specifically, to detect this shift, cross-correlation

analysis is performed between the reference and the loading states in the frequency domain

[194]. Consequently, the measurement principle of OFDR can be mathematically expressed by

Equation 3.1.

∆v = KT∆T +Kε∆ε (3.1)

In this equation, the frequency shift caused by the total external load is represented by ∆v,

while ∆T and ∆ε signify the thermal and the mechanical load contributions, respectively. The

temperature-frequency shift coefficient and strain-frequency shift coefficient are denoted by

KT and Kε, respectively. For detailed expressions of these coefficients, readers can refer to

[210]. The unique ability of OFDR to provide distributed measurements with sub-millimeter

spatial resolution makes it a valuable tool for investigating a wide range of samples including

composites.

SMFs interrogated by OFDR have been adopted as strain sensors in many studies for various

analyses of composite structures [211]. For example, shape sensing of a beam-like composite

structure [202], damage detection in composite wind turbines [39], multi-Parameter strain sens-

ing of composites [212], hygrothermal degradation of single fibre composite [213] and health

state assessment of composite laminates during manufacturing [214]. Furthermore, the small

size of SMF makes it suitable for application to complex composite structures including cylin-

ders [215], bonded lap joints [30] and CFRP plates with circular hole [216]. Nonetheless, there

remain several pressing research challenges that need to be addressed when implementing dis-

tributed optical fiber sensing for composite structures through OFDR systems. These challenges

are outlined below:

• Many methods have been adopted to enhance the measurement sensitivity of fiber op-

tical sensors. For example, special metal coating [217], improvement of demodulation

algorithms [218], pre-straining inducing [219], and system improvement [220]. However,

few studies are paying attention to enhancing the measurement sensitivity of distributed
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fiber optical sensors. The purpose of SHM is to permanently monitor the integrity of the

structure during in-service condition. This means that the aircraft structure is subjected

to a complex load environment including temperature and fatigue load. Therefore, the

SHM system should reliably operate under the operational and environmental conditions

of flight. This requires a high sensitivity to both strain and temperature, as well as ro-

bust algorithms to compensate these effects so that a reliable diagnosis can be carried

out, minimizing false alarm and missed-detection rates.

• As the measurement results of SMFs are influenced by thermal loads, many studies have

been conducted on temperature compensation to improve the strain measurement ac-

curacy [28]. However, the temperature compensation cannot eliminate the strain mea-

surement error induced by variations in the strain transfer coefficient due to temperature

fluctuations [221]. The temperature fluctuations are inevitable in field applications, which

induce non-negligible errors in strain measurement even with temperature compensation

applied. Therefore, investigation of strain measurement accuracy under thermal loads is

essential for the field applications of SMF-based distributed sensing in CFRP.

• Several researchers have validated the FO sensors for strain measurement under quasi-

static loading [28, 29, 30]. However, the operational conditions of aircraft results in

low frequency fatigue loads in-service which the SMF sensors will also be exposed to.

For example, this will affect the adhesion and embedding quality of SMF sensors [222,

223]. Therefore, the accuracy of distributed strain sensing under fatigue load needs to

be demonstrated. When measuring the strain based on distributed SMFs, the strain-

frequency shift coefficient is usually obtained in a straightforward way by reading the

frequency shift under a known load [224, 225, 226, 227]. This method is unable to obtain

high-precision strain information in complex environment such as during flight.

• The significance of consistency assessment on OFDR measurements is of high importance,

as it directly influences the reliability and validity of the recorded data [228]. However,

limited consistency analysis of OFDR measurements have been conducted in various

scenarios, including different structures, measurement times, and loading conditions. This
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may be due to different reasons, including lack of specialized equipment and expertise,

high complexity and cost, limited awareness and prioritization, and data availability and

sharing.

This chapter primarily delves into the investigation of distributed fiber optic sensing using the

OFDR technique. Considering the challenges discussed earlier, the focal points of this chapter

are the sensitivity enhancement, accuracy assessment amid temperature variations, accuracy

assessment during low-frequency fatigue loads, and consistency and uncertainty analysis. The

following contents of this chapter is organized as follows:

• Section 3.2: the sensitivity enhancement of temperature measurement and strain mea-

surement are investigated by researching the sensor parameters, including coating types

and pre-loading. Experimental setup including SMF sensor manufacturing and UV cur-

able material selection are presented at this subsection.

• Section 3.3: the strain measurement accuracy of distributed SMF under thermal loads is

studied. The results show that environmental condition is one of the critical factors that

needs to be considered for higher accuracy of strain sensing with distributed SMFs. It

also demonstrates that at certain temperature range the strain-frequency shift coefficient

can be considered constant, but outside it range it needs to be compensated.

• Section 3.4 investigates the measurement error of SMF under fatigue loads through

strain-frequency shift coefficient analyses through a fatigue experiment. The results

demonstrate that the strain measurement errors of SMF-based distributed sensing un-

der low frequency fatigue load is negligible and the fatigue loads mainly increase the ratio

of null values in strain measurements.

• Section 3.5 presents a thorough examination of the measurement consistency of OFDR,

investigating their reliability, consistency and applicability under different test scenarios:

different load, different temperature (surface mounted and in a free state) and uncertainty

analysis to assess the uncertainty of strain and temperature measurements.
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3.2 The sensitivity enhancement of distributed fiber op-

tic sensors

Distributed sensing with FOS has many advantages for strain monitoring, shape sensing and

damage detection. However there are various factors that affect the sensitivity of the sen-

sors. In this subsection, different parameters such as types of coating and twist pre-stress

are investigated to enhance the measurement sensitivity of distributed FOS used in Rayleigh-

Backscattering sensing (ODiSI-B manufactured by Luna Innovations), exposed to environmen-

tal and operational conditions of aircraft. To enhance the temperature measurement sensitivity,

different UV curable materials including UV683, UV639 (manufactured by Permabond Engi-

neering Adhesives Ltd) were adopted as the FOS coating. Compared to commonly used coatings

such as acrylates and polyimide, these UV-curable coatings exhibit different Poisson’s ratios

and hardness, leading to distinct temperature sensitivities. However, this temperature sensi-

tivity difference decreased significantly when FOS are mounted onto the surface of composite

laminates due to the adhesive. To improve the strain measurement sensitivity, different coatings

and pre-stressing of fibre (in form of twisting) are induced in FOS. Experiments confirm a small

enhancement of strain measurement sensitivity with different coatings. A greater sensitivity

enhancement was observed when pre-stress was induced before the tensile test.

3.2.1 Experimental setup

The OFDR system adopted in this experiment is ODiSI-B optical distributed sensor interrogator

manufactured by LUNA Ltd. This system can realize nearly continuously strain or temperature

measurement along the SMF with high accuracy and speed. This system is based on Rayleigh

backscattering interference detection, which is sensitive to Fresnel reflection. Therefore, special

SMF sensors with Fresnel reflection elimination are needed for this system in real applications.

This type of SMF sensors consists of three parts: LC/APC connector, SMF, and no core fiber

(NCF). The SMF is used as sensing part while the NCF is used for eliminating the Fresnel
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reflection at the end of the sensor. The comparison of backscattering spectrum between sensor

with and without NCF is shown in Figure 3.1. This figure illustrates that the backscattering

spectrum of the sensor without NCF includes noise caused by the Fresnel reflection.

(a) (b)

Figure 3.1: The comparison of backscattering spectrum between sensors with and without NCF:
(a) With NCF; (b) Without NCF

After the SMF sensor is manufactured, different coating materials are investigated for the

temperature sensitivity enhancement. The recoating is realized by an optical fiber recoat device

FSR-05 manufactured by Fujikura Ltd. The UV curable coating materials are required. After

comparing parameters of numerous UV curable materials, UV683 and UV639 manufactured by

Permabond Ltd were selected for the coating experiment since they are both suitable for FSR-05

and have different mechanical properties after curing. In addition, a thermoplastic film based

on modified polyolefins (Pontacol 22.100) was adopted as adhesive to bond the SMFs to CFRP

specimens. This type of thermoplastic film is employed due to its advantages of uniform and

controllable pasting thickness, easy replacement, and maintenance. Thermoplastic films with

similar properties can also be used to validate this work. The SMF with polyimide coating

adopted in this subsection is manufactured by FIBERCORE Ltd, with a model number of

SM1500 (9/125)P. The SMF with acrylate coating adopted in this subsection is manufactured

by THORLAB Ltd, with a model number of 1550BHP.
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3.2.2 Temperature measurement sensitivity enhancement

The measurement results of SMF change when exposed to temperature variation, due to thermal

expansion. Therefore, selecting an appropriate coating can improve the temperature sensitivity

of SMF. Based on this principle, temperature sensitivity of the bare fiber and four types of

coating is investigated by temperature experiments. These experiments are carried out inside

the Temperature Applied Sciences (TAS) conditioning chamber. The temperature range for

these experiments was -50 to 50◦C. The temperature information is directly obtained from the

output of TAS conditioning chamber in these temperature experiments. Furthermore, these

coatings were investigated under both free state and surface mounted state respectively to

isolate the effect of temperate variation on sensor only and sensor surface bonded to composite

with adhesive. The frequency shift of the fiber as a function of temperature is obtained which

can then be used to mitigate and correct for the effect of temperature variation during in service

operation.

(a) (b)

Figure 3.2: Temperature response of UV683 coating at free state: (a) Measurement data;(b)
Temperature sensitivity

Figure 3.2(a) shows the measurement results of SMF sensor which contains UV683 coating.

The recoated part (area covered by red shadows, which is around 0.06m) is obvious because

of temperature sensitivity difference between UV683 and original coating (acrylate coating).

Therefore, the temperature sensitivity of UV683 coating is calculated and plotted in Figure

3.2(b). This figure illustrates that UV683 coating shows different temperature sensitivity when
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temperature is below and above 0◦C. It is worth pointing out that 0 ◦C here is just an estimate.

It is only used to roughly distinguish between the high-temperature range (small temperature

sensitivity) and the low-temperature range (large temperature sensitivity). For example, in

Figure 3.2(b), this value approaches -5 ◦C. This means that piecewise function is more suitable

for describing the temperature sensitivity of these coatings.

The same temperature experiments were carried out with UV639, polyimide, and acrylate

coatings. The sensitivity results for those coatings show identical characteristics with UV683

coating. However, the temperature sensitivity of UV683 and UV639 is much higher than poly-

imide and acrylate coatings when temperature is below 0◦C. Finally, a temperature experiment

of the bare fiber is conducted to compare its temperature sensitivity with different types of

coating materials. The temperature sensitivity of different coating materials and bare fiber are

summarized in Table 3.1. This table illustrates that the effect of the coating on temperature

sensitivity is more pronounced at temperatures below 0◦C. When temperature is above 0 ◦C,

the temperature sensitivities of different coatings are similar to the bare fiber, which means

that the effect of coating on temperature sensitivity is negligible. The new UV curable material

adopted in this experiment (UV683 and UV639) shows much higher temperature sensitivity

than commonly used acrylate and polyimide coating for temperatures below 0◦C. Meanwhile,

the polyimide coating shows lower degree of sensitivity difference in the whole temperature

range than any other coating.

Table 3.1: Temperature sensitivity of different coating materials at the free state

Material type Above 0◦C (GHz/◦C ) Below 0◦C (GHz/◦C ) Difference (GHz/◦C )

UV683 2.31 1.23 1.08
UV639 2.15 1.29 0.86

Polyimide 1.31 1.21 0.1
Acrylate 1.70 1.38 0.32
Bare fiber 1.04 1.23 0.19

The aforementioned results are acquired when the sensor is in an unrestrained state. In this

unconstrained condition, the SMF sensors are positioned directly on the surface of the speci-

men without any bonding. After this, another temperature experiment was conducted when
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these SMF sensors are surface mounted on a composite plate. These sensors are mounted on

the surface of the specimen with a thermoplastic adhesive film based on modified polyolefins

manufactured by Cornelius. The specimen with SMF and thermoplastic adhesive film is placed

in a vacuum heating table for around 1h under vacuum and 150◦C. The SMF is mounted well

on the surface of specimen after cooling down.

The temperature range of the experiment is -50 to 50 ◦C (Due to data loss at low temperatures,

some results only show results above -30 ◦C or -40 ◦C). Since the UV683 and UV639 coatings

show similar temperature sensitivity in the previous experiment (free state), only the UV683

coated fiber is investigated when surface mounted by thermoplastic adhesive film based on

modified polyolefins. Therefore, the temperature sensitivity of the bare fiber and three different

recoated sensors surface mounted are investigated.

(a) (b)

(c) (d)

Figure 3.3: Temperature response for different coatings after surface mounting: (a) UV683
coating; (b) Polyimide coating; (c) Bare fiber optic sensor; (d) Arcylate coating
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The temperature experiment results are shown in Figure 3.3. As with the free state, the spe-

cific values of different coatings are summarized in a table (table 3.2). This table illustrates

that temperature sensitivity decreases significantly after surface mounting when temperature is

below 0 ◦C. All coatings show similar temperature sensitivity in the whole temperature range.

This phenomenon demonstrates that the effect of coating type on temperature sensitivity is

negligible when the SMF is surface mounted on the structures. This is because the temperature

sensitivity of SMF is mainly determined by the thermal response of composites and thermo-

plastic adhesive film after surface mounting.

Table 3.2: Temperature sensitivity of different coatings after surface mounting

Coating material Below 0◦C (GHz/◦C) Above 0◦C (GHz/◦C) Difference (GHz/◦C)

Original acrylate -1.32 -1.58 0.26
UV683 -1.34 -1.56 0.22
Bare -1.45 -1.62 0.17

Original polyimide -1.49 -1.59 0.10

3.2.3 Strain measurement sensitivity enhancement

Two strategies were adopted to enhance the strain sensitivity of the fiber optic sensors in this

subsection. The first one is using different coating. The second one is inducing pre-stressing

to the SMF sensors by twisting the fibre. The strain in these two strategies were measured

by ODiSI-B system with the strain-frequency shift coefficient of 6.7µε/GHz. A loading device

was designed for this experiment to enable controlled twisting of the SMF, shown in Figure

3.4(a) and Figure 3.4(b) shows the design of the special clamps required for twisting. The

installation of fiber clamps is shown in Figure 3.4(c) and Figure 3.4(d). This loading device is

used to directly apply uniform twisting to SMF. When subjecting the device above to a load,

the counterweight is linked to the fiber optic clamp on the right side via a thin wire and a

pulley. Furthermore, with the left bearing secured, a torsional load can be induced on the fiber

by rotating the right bearing.

The first strategy is conducted based on the bare fiber and two coatings including UV683
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(a) (b) (c) (d)

Figure 3.4: The diagram of loading device and clamps: (a) The loading setup; (b) The design
of clamps; (c) The clamps by 3D printing; (d) The installation of fiber optic sensors

coating and acrylate coating. During the experiment, 10 uniform weights were added step by

step in order to apply controlled strain and monitor the response of the sensor at each strain

level. All experiments were repeated ten times to ensure the reliability of the data. The mean

results of these experiments are shown in Figure 3.5, where Figure 3.5(a) shows the strain

sensitivity of the original acrylate coating; Figure 3.5(b) is the strain sensitivity of the bare

fiber; Figure 3.5(c) is the strain sensitivity of the UV683 recoated fiber. The strain sensitivity

of UV683 coating and acrylate coating are only slightly different from the bare fiber.

The second strategy is inducing pre-load before recoating. Different number of twists is induced

before the uniform weights are applied. As same as as first strategy, all experiments were

repeated ten times to ensure the reliability of the data. The mean results of these experiments

are shown in Figure 3.6, where (a) is the strain sensitivity without pre-load (b) shows the

strain sensitivity with 20 twists; (c) is the strain sensitivity with 30 twists. It is worth noting

that the strain sensitivity in Figure 3.5 is different from the strain sensitivity in Figure 3.6.

This is because the weights adopted in these experiments are different. The former one weighs

approximately twice as much as the latter. Therefore, this diagrams illustrate that inducing

the pre-load can improve the strain sensitivity of SMF sensors in distributed sensing.

3.2.4 Conclusions

The enhancement of temperature and strain measurement sensitivity in SMF based distributed

sensing was investigated. Different UV curable materials including UV683 and UV639 were

adopted to enhance the temperature measurement sensitivity. According to the experimental
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(a) (b)

(c)

Figure 3.5: The strain sensitivity of different coatings at free state: (a) Acrylate coating; (b)
Bare fiber optic sensors; (c) UV683 coating

result, UV curable coatings show different temperature sensitivity when temperature is below

and above 0◦C. For example, temperature sensitivity of UV683 is 2.31 GHz/◦C and 1.23 GHz/◦C

respectively when temperature is below and above 0◦C. Comparing with the commonly used

coatings such as acrylates and polyimide, these UV curable coatings show higher temperature

sensitivity, especially in low temperature range (-50◦C to 0 ◦C). Several factors could contribute

to this phenomenon, such as an elevated thermal strain transfer coefficient resulting from the

hardening of the coating material at low temperatures, potential temperature measurement

errors during the experiment, and other experimental inaccuracies. Consequently, additional

experimental validation is required. In addition, the temperature sensitivity of different types

of coating materials decreases significantly when SMF sensors are mounted to the surface of

composite laminates. This is because the adhesive severely influences the temperature response
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(a) (b)

(c)

Figure 3.6: The strain sensitivity under different twist pre-loads at free state: (a) Without
twist; (b) Twist 20; (c) Twist 30

of the coating when surface mounted.

To improve the strain measurement sensitivity, different coatings and pre-stress are induced

in SMF sensors. Experiments confirm a small enhancement of strain measurement sensitivity

with different coating. A greater sensitivity enhancement than different coatings is observed

when pre-stress is induced by twisting the fiber, before tension is applied. However, it was

concluded that applying pre-stress through twisting of the fiber is not a very controlled way for

increasing its sensitivity. Further investigation is required to propose a strategy to control the

induced pre-stress in a repeatable way and to ensure that there will not be significant relaxation

in time. The higher strain sensitivity is essential for applications such as high accurate strain

measurement, temperature measurement, and temperature compensation.
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3.3 Accuracy of distributed strain sensing in CFRP un-

der thermal and mechanical load

In this subsection, the strain measurement accuracy of SMF under thermal load is investigated

by strain-frequency shift coefficient analyses. This research allows for the application of SMF

sensors for structural health monitoring in real operational conditions. The strain measurement

accuracy under combined static tension and thermal load is investigated experimentally, which

demonstrated that temperature fluctuations induce non-negligible error in the strain measure-

ment, even with temperature compensation applied. The temperature fluctuation range which

can induce measurement errors is quantified as less than -20◦C or higher then 55◦C. Findings

from experiments can be applied to improve the structural health monitoring reliability for in

service application and reduce false positives.

3.3.1 Static loading experiment setup

Specimen and sensors

The size of the specimen manufactured and tested is 50×100×3.2mm. This specimen is made

of CYTEC non crimp fabric. The layout of this specimen is [45/90/− 45/0/45/02/− 45]s. The

thickness is 3.2mm and the elastic properties of the lamina is shown in table 3.3.

Table 3.3: Elastic parameters of the lamina used in this subsection

Parameters Symbol Unit Value

Elastic modulus E11

E22 = E33

MPa 111800
7620

Poisson’s ratio v23
v12 = v13

- 0.450
0.290

Shear modulus G23

G12 = G13

MPa 2628
4130

The single mode fibre (SM1500(9/125)P manufactured by FIBERCORE) and strain gauges are
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both adopted in the experiment for strain measurement. The SM1500(9/125)P with polyimide

coating has a variety of features such as high temperature survival and bend insensitive, which

makes it very attractive for distributed strain sensing. In this work, the single mode fibres

were adopted for strain measurement of composite laminates under both mechanical load and

thermal load. The frequency shift of SMF can be related to a temperature or strain change.

This relationship is expressed in equation3.1. In this equation, both KT and Kϵ are usually

regarded as constant in the reported applications. For example, this equation works in a

temperature range of -40◦C to 220◦C or in a strain range of -10000µϵ to 10000µϵ for ODiSI-B

system manufactured by LUNA Ltd.

The SMF and strain gauges are bonded to the surface of the specimen by a thermoplastic

adhesive film based on modified polyolefins (Pontacol 22.100). This type of thermoplastic

adhesive film is adopted because of advantages including easy maintenance, high peel strength,

and controllable thickness [201, 182, 229, 183]. As shown in Figure 3.7, two ”S” shape SMF,

called SMF1 and SMF2 are mounted on each sides of the specimen independently, to provide

strain readings in different directions. The SMF was extended directly out from the edge of the

specimen. A strain gauge is mounted on each sides of the specimen: on side 1 at −45◦ with

respect to the fibre direction, defined as Gauge1 (as shown in Figure 3.7(a)), and at 0◦ on side

2 (as shown in Figure 3.7(b)) defined at Gauge2. The data acquired by these two strain gauges

are used as reference strain for the strain-frequency shift coefficients calculation.

(a) (b)

Figure 3.7: Layout of sensors on specimen: (a) The sensors configuration of side 1; (b) The
sensors configuration of side 2
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Static loading experiment

In the static loading experiment, a simultaneous loading of temperature and tension was applied

to the specimen. This load was realized by the combination of an Instron dual-column machine

(Instron 50kN 5960 system) and a fitted environmental chamber(Instron 3119-600) shown in

Figure 3.8(a). Figure 3.8(b) and Figure 3.8(c) show side 1 and side 2 of the specimen in the

test set-up. The SMF data was acquired by ODiSI-B system manufactured by LUNA Ltd.

The temperature on the surface of specimen in this experiment is measured by a wired digital

thermometer (68022-2P manufactured by Gain Express Holdings Ltd.).

Two types of tests were carried out: first test scenario is measurement of frequency shift with

tensile load, under different temperature. In this test scenario, the temperature changed from -

30◦C to 80◦C in steps of 5◦C. Each time when the temperature stabilised, the reference spectrum

of SMF sensor was reset. A 0 to 10kN (625MPa) tensile load was then applied to the specimen

and the frequency shift of SMF was acquired. Therefore, this frequency shift is only caused by

tension load under different temperature. Another test scenario was to continuously measure

the frequency change with tension and temperature variation. In this test, the temperature

changed from -30◦C to 80◦C in steps of 5◦C. The reference spectrum of SMF is only set once at

-30◦C. A 0 to 10kN (625MPa) tension load is directly applied to the specimen each time after

the temperature became stable. Therefore, the measured frequency shift in this test scenario

contains the combined effects of both tension and temperature variation.

(a) (b) (c)

Figure 3.8: Static loading experiment setup: (a) The experiment setup; (b) The side 1 of
composite specimen; (c) The side 2 of composite specimen
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3.3.2 Data analyses of static loading experiment

Data cleaning and reconstruction

In the static loading experiment, many outliers and null values are observed in the measurement

data acquired by ODiSI-B system because of similarity degenerate between measurement and

reference Rayleigh backscattering under high load, which can significantly affect the results

[161, 77]. Therefore, an algorithm is developed for data cleaning and reconstruction. The data

of SMF2 at -30◦C in an independent test of the first test scenario, is used to illustrate the

data reconstruction algorithm. The first step is outlier elimination. This is realized by local

outlier factor (LOF) algorithm [230].This method is adopted becasue of the continuity of strain

measurements. A constant LOF (∆vLOF in equation 3.2) is sufficient to achieve the outlier

elimination in this experiment since the outliers are orders of magnitude greater than other

data points. Assuming that the measurements of SMF is (xi,∆vi), (i = 1, 2, · · · , N). The data

after the elimination with LOF algorithm (∆ṽi) is shown in equation 3.2.

∆ṽi =


null ∆v′i ≥ ∆vLOF

∆vi ∆v′i < ∆vLOF

i = 1, 2, 3, · · · , N (3.2)

After the elimination, the data of surface mounted area is extracted according to peak align-

ment. Since the spatial resolution of ODiSI-B system is 2.6mm, 73 sensing segments are included

along the fibre length according to its layout. The peak value of measurement data indicates

the sensing segment along the loading direction in the static loading experiment (around 25th

and 49th sensing segment as shown in figure 3.9(a)). Therefore, the data along the fibre orien-

tation is extracted according to the locations of the peak values. The data after filtering and

extraction is shown in Figure 3.9(b). The x-axis shows the spatial distribution of the measure-

ment segments of SMF, which range from 0 to 0.2m; the y-axis shows the static load from 0

to 10 kN ; the z-axis plots the frequency shift of ODiSI-B at each measurement segment under
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each static load.

(a) (b)

Figure 3.9: Sensing segments distribution and measurement data of SMF2 in static loading
experiment (under -30◦C of the first test scenario): (a) The measurement data on fibre optic
sensor; (b) The data after filtering and extraction

Null values are observed after outlier elimination, which implies a significant information loss.

The occurrence of data drop-outs can be attributed to the potential challenges posed by large

strain gradients and their impact on the performance of the correlation algorithm. In situations

where substantial strain gradients are present, the correlation algorithm may face difficulties

in accurately tracking and matching the pattern changes in frequency domain. Large strain

gradients can lead to rapid and significant changes in the features in frequency domain after

FFT, making it challenging for the algorithm to maintain a continuous and reliable correlation.

Temporal-based and spatial-based reconstruction methods [231] are adopted to address this

problem since the measurement data has a clear spatial and temporal pattern. In time domain,

linear fit between load and frequency shift is adopted first for data reconstruction. This is

because of the linear relationship between the tension load and the measurements for every

measurement segments on SMF. All missing data was reconstructed after the linear fit in time

domain. The results are shown in Figure 3.10(a). However, because of low signal-noise ratio

and measurement errors, there still exist errors after the linear fit. These errors (discontinuous

value) are clearly indicated in Figure 3.10(a). Therefore, the robust locally weighted scatter-plot

smoothing (RLOWESS) algorithm is adopted to eliminate these errors and to smooth the the

data in temporal and spatial domain [232]. The discrete measurements of SMF measurements

after outlier elimination and linear fit reconstruction is (xi,∆v̂i), i = 1, 2, 3, · · · , N . The mea-
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surements within a local sliding window at [xp, xq], (1 ≤ p < q ≤ N) are adopted for RLOWESS

algorithm. The weighted function adopted in this method is given by the symmetric tricube

function shown below.

wk =

(
1−

∣∣∣∣x⌊(p+q)/2⌋ − xk
dpq

∣∣∣∣3
)3

k = p, p+ 1, · · · , q − 1, q (3.3)

where wk is the weight of the k − th measurement in the linear regression; x⌊(p+q)/2⌋ is the

centre of the local sliding window, which has the highest weight in linear regression; xk is the

measurements within the local sliding window; dpq is the Euclidean length of the local sliding

window. Therefore, the sum of the residual squares after weighted linear regression is expressed

by Equation 3.4.

J(a, b) =
1

(q − p+ 1)

q∑
k=p

wk(a · xk + b−∆v̂k)
2 k = p, p+ 1, · · · , q − 1, q (3.4)

where a and b are the estimated coefficients of weighted linear regression. Therefore, the optimal

solution of a and b is obtained by minimising J(a, b), as expressed in Equation3.5.


∂J(a, b)

∂a
=

2

(q − p+ 1)

q∑
k=p

wk · xk(a · xk + b−∆v̂k) = 0

∂J(a, b)

∂b
=

2

(q − p+ 1)

q∑
k=p

wk(a · xk + b−∆v̂k) = 0

k = p, p+ 1, · · · , q − 1, q(3.5)

Following by the weighted linear regression mentioned above, a modified weighted function

based on regression residual is adopted to enhance the robustness of this algorithm. This

modified weighted function is shown in Equation 3.6
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w̃k =


(1− (rk/6Med)2)2 rk < 6Med

0 rk ≥ 6Med

k = p, p+ 1, · · · , q − 1, q (3.6)

where rk = a·xk+b−∆v̂k expresses the regression residuals;Med = |median(rk)| is the median

absolute deviation of the residuals. The result after data cleaning and reconstruction is shown

in Figure 3.10(b).

(a) (b)

Figure 3.10: Data cleaning and reconstruction results of SMF2 measurements in static loading
experiment: (a) The measurement data after the linear fit; (b) The measurement data after
cleaning and reconstruction

It is worth noting that the smoothing process mentioned above is intended to restore the outliers

and null values that are a result of systematic errors of ODiSI-B . However, this process may

inadvertently mask crucial strain features in proximity to the damage region, thereby negatively

impacting certain applications such as damage detection.

Temperature compensation

The data cleaning and reconstruction algorithm successfully restored the results in both test

scenarios. As mentioned above, the recorded data in both tests are different: the continu-

ous measurements from the second test scenario contain tension and temperature information,

whereas measurements from the first test scenario are mainly influenced by tension load. To
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illustrate the measurement consistency of both scenarios, a temperature compensation is ap-

plied to the continuous measurement test based on the data recorded at the part of the SMF

which is only exposed to thermal load. The continuous measurements from the second test sce-

nario are compensated and then compared with the measurements from the first test scenario.

The comparison result under 80◦C is shown in Figure 3.11. Where Figure 3.11(a) shows the

results of distributed measurements at 6kN (375MPa) tension load. Figure 3.11(b) shows the

frequency shift along the load direction, under different tension loads. Note that the data of

49th segment on SMF2 (Figure 3.9(a)) is adopted in this figure. This comparison illustrates

that the compensated result of both test scenarios are highly consistent. Therefore, the mea-

surements from first test scenario are regarded as continuous measurements with temperature

compensation in the following analyses.

(a) (b)

Figure 3.11: Temperature compensation results of SMF2 in static loading experiment: (a) The
temperature compensation results of distributed measurements at 6kN (375MPa) tension load;
(b) The temperature compensation results along the load direction under different tension loads

Strain measurement accuracy under thermal load

The measurements from the first test scenario after data cleaning and reconstruction are

adopted in strain calculation based on the above analyses. Since these measurements are in the

form of frequency shift of the SMF, the selection of the strain-frequency shift coefficient directly

influences the strain results. Constant strain-frequency shift coefficient is usually used under

different measurement states in real applications. However, the question raises that whether

variability in operational conditions will also influence this coefficient. In other words, if the
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strain-frequency shift is calculated at room temperature , e.g. 20◦C, can this coefficient be used

to convert the SFM readings recorded at a different temperature, to strain? Therefore, in this

work the strain-frequency shift coefficient at different ambient temperature is investigated in

detail.

The strain-frequency shift coefficient is calculated based on measurements of SMF2 and Gauge2,

with Gauge2 measurements being adopted as the reference strain. Therefore, the reliability of

these strain gauge measurements at different temperatures is first investigated. Under the ex-

perimental conditions in this subsection, this stability can be directly reflected by the variation

in strain-load coefficient of Gauge2. This strain-load coefficient is the ratio between strain shift

and the corresponding load shift. This coefficient should be stable because it is not expected

to see any reduction in the CFRP modulus at -30◦C to 80◦C [233]. However, as shown in Fig-

ure 3.12(a), a significant decreasing trend is observed at temperatures greater than 45◦C. This

decrease is mainly caused by deterioration of the thermoplastic adhesive film used for bonding

the sensors.

(a) (b)

Figure 3.12: Strain-load coefficient of Gauge2 and Strain-frequency shift coefficient of SMF2
under thermal load: (a) The Strain-load coefficient of Gauge2 under thermal load; (b) The
strain-frequency shift coefficient of SMF2 under thermal load

To obtain a reliable reference strain, the average value of strain-load coefficient at temperatures

below 45◦C is adopted to calibrate the measurement strain of Gauge2 above 45◦C. With the

calibrated reference strain and SMF2 measurements near Gauge2 (49th segment shown in Figure

3.9(a)), the strain-frequency shift coefficient is directly calculated and shown in Figure 3.12(b).

This coefficient is stable when temperature stays between -20◦C and 55◦C. However, when
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temperature becomes higher than 55◦C or lower than -20◦C, a significant decrease is observed.

This decrease induces non-negligible errors in SMF strain even with temperature compensation

when a constant strain-frequency coefficient is adopted. This conclusion is demonstrated by

Figure 3.13(a) which shows a comparison of Gauge2 reference strain and the calculated strain

from the SMF2 at 50◦C and 80◦C when the strain-frequency shift coefficient at 20◦C is adopted.

Note that the data of 49th segment on SMF2 (Figure 3.9(a)) is adopted in this figure. Based

on this conclusion, a further analysis of SMF strain error is conducted. In this analysis, the

frequency shift under current state and the strain-frequency shift coefficient under baseline

state are adopted to calculate the SMF strain. The error between the calculated SMF strain

and the reference strain is defined as ett0 :

ett0 =
g(t0)∆f − Sgt

Sgt

× 100% (3.7)

where t is temperature of the current state, t0 is temperature of the baseline state; ∆f expresses

the frequency shift of the SMF under the current state; g(t0) expresses the strain-frequency

coefficient for the baseline state; Sgt denotes the reference strain under the current state. The

error for different current and baseline states combinations are shown in Figure 3.13(b). In

this figure, the x-axis is the temperature of current state (the frequency shift data of SMF2 is

adopted under this temperature); the y-axis shows the temperature of baseline state (the strain-

frequency shift coefficient is adopted under this temperature); the z-axis express the percent

error of calculated strain compared with reference strain. For comparing with reference strain,

only the data of 49th segment on SMF2 (Figure 3.9(a)) is adopted in this figure. This figure

illustrates that ett0 increases rapidly when temperature of the current or the baseline state is

below -20◦C or above 55◦C. This result suggests that a constant strain-frequency shift coefficient

cannot be adopted for strain measurement at all temperature conditions. However,there exists

a temperature insensitive area according to 3.13(b). When the temperature of both current and

baseline states are between -20◦C to 55◦C, ett0 is less than 2% and a constant strain-frequency

shift coefficient can be adopted. Therefore, the calibration of strain-frequency shift coefficient
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is only necessary when the measurement temperature is out of this range.

(a) (b)

Figure 3.13: Strain calculation errors of SMF2 in static loading experiment: (a) The comparison
of Gauge2 reference strain and the calculated strain from the SMF2 at 50◦C and 80◦C when
the strain-frequency shift coefficient at 20◦C is adopted; (b) The error for different current and
baseline states combinations

Numerical verification

The SMF strain is calculated and analyzed in the previous sections. For example, the calculated

strain along SMF2 under different load at 20◦C is shown in Figure 3.14.

Figure 3.14: Strain calculated from SMF2 under 10kN(625MPa) tension and 20◦C

To validate the reliability of the calculated strain, a numerical model is built based on the

elastic parameters of the carbon fibre which is shown in table 3.3. Figure 3.15(a) shows the

model of the composite laminate. A 10kN (625MPa) tension load is applied to the short edge

of the composite laminate. The simulation result is shown in Figure 3.15(b). The maximum
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displacement is 0.1145mm, which means the strain of the specimen under 10KN (625MPa)

tension is 1145µε.

(a) (b)

Figure 3.15: Numerical modelling results: (a) The model of the composite laminate; (b) The
simulation result of finite element method

As shown in Figure 3.14, the calculated strain of SMF2 under 10kN(625MPa) tension at 0◦

direction is 943.7µε (t0 = t = 20◦C), which is less than the numerical result. This is mainly

because of the strain transfer rate between the substrate and SMF. In the work of [234], a

model is built to estimate this strain transfer rate α by Equation 3.8. The expression of k in

this equation is shown in Equation 3.9

α = 1− 2sinh(0.5kLf )

kLfcosh(kL)
(3.8)

1
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=
Ef

Ga

(
rf
2

− πrf
2
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2
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[
Ea

(
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2

D

)
− Ef

πrf
2

D

]
(3.9)

Where α is strain transfer rate; Lf represents the sensing gauge length; rf expresses the radius

of SMF; h denotes bonding thickness; D is the bonding length; Gm is the shear modulus of

composite laminate; Ef is the elastic modulus of SMF; hi represents the influence depth of the

shear stress; Ea denotes the elastic modulus of the adhesive film; Ga is the shear modulus of

the adhesive film.

The parameters of the thermoplastic adhesive film and SMF adopted in this experiment are

summarized in table 3.4. With these parameters, the strain transfer rate is therefore obtained
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using Equation 3.8 and Equation 3.9, which was calculated to be 0.842 (set Gm ≈ G23). In this

experiment, the strain transfer rate calculated from the modelling result and SMF measurement

is 0.824. This result agrees fairly well with the value of the strain transfer rate calculated from

the literature [234]. This result demonstrates that the calculated strain of SMF2 based on the

proposed data cleaning and reconstruction, temperature compensation, strain-frequency shift

coefficient calibration is highly accurate and reliable.

Table 3.4: Parameters of thermoplastic adhesive film and SMF adopted in the experiment

Parameters Symbol Unit Value

Sensing gauge length Lf mm 10
SMF radius rf mm 0.0625

Bonding thickness h mm 1
Influence depth hi mm 1
Bonding width D mm 1
Bonding length 2L mm 10

Shear modulus of composite laminate Gm ≈ G23 MPa 2628
Elastic modulus of SMF Ef MPa 72000
Elastic modulus of film Ea MPa 2780
Shear modulus of film Ga MPa 1000

3.3.3 Conclusions

This subsection investigates the robustness of single mode fibres, as strain sensors, for in-field

application where the operational and environmental conditions such as thermal fluctuations

can influence the reliability of the strain distribution. Because SMF do not measure strains

directly, there needs to be a conversion coefficient used for transferring the recorded frequency-

shifts to strain output. In this subsection, the influence of temperature on the calculation of this

conversion coefficient was investigated in detail. To this aim, the static loading experiment was

conducted on a CFRP specimen under thermal and mechanical loads. The strain measurement

were compared with strain gauge readings and the errors of the SMF-based distributed sensing

were investigated by strain-frequency shift coefficient analyses under temperature fluctuation.

In summary, SMF-based distributed sensing own much higher spatial resolution compared to

strain gauges. In addition, the findings of this study reveal that temperature fluctuations intro-



3.4. Accuracy of distributed strain sensing in composite laminates under fatigue loads 79

duce significant errors in strain measurement, despite employing temperature compensation.

Nevertheless, a temperature-insensitive range exists, within which these errors are negligible. In

the current investigation, this temperature-insensitive range was identified as -20◦C to 55◦C. To

achieve highly accurate strain measurements during in-field applications when the measurement

temperature falls outside this range, it becomes imperative to calibrate the strain-frequency

shift coefficient.

3.4 Accuracy of distributed strain sensing in composite

laminates under fatigue loads

This subsection delves into the examination of strain measurement accuracy for SMF under the

influence of fatigue loads using strain-frequency shift coefficient analyses. This investigation

is significant for enabling the practical application of SMF sensors in real-world operational

conditions for structural health monitoring. A fatigue experiment is conducted to evaluate the

accuracy of strain measurements under low-frequency fatigue loads.

The outcomes of the fatigue experiment concluded that loads primarily lead to an increase in

the proportion of null values in the recorded strain measurements.

3.4.1 Fatigue experimental setup

The specimen and sensors utilized in the fatigue experiment are identical to those introduced

in Chapter 3.3. In the fatigue experiment, a 5 Hz sine wave signal was used. The range of

this load was set between 0 and 3kN (187.5MPa). The specimen was tested in an Instron

8032 servo-hydraulic universal testing machine, as shown in 3.16(a). Side 1 and side 2 of the

specimen in the test set-up are depicted in Figure 3.16(b) and Figure 3.16(c), respectively.

The fatigue experiment lasted for a whole week to reach more than 1.6 million fatigue cycles.

This experiment was carried out at room temperature. The strain gauge data was measured
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(a) (b) (c)

Figure 3.16: The setup of fatigue experiment: (a) The experiment setup; (b) The side 1 of
specimen; (c) The side 2 of specimen

automatically every 1000 fatigue cycles. As for the SMF data, only SMF2 was measured about

every hour during the day time. This is because the ODiSI-B system cannot support multiple

channels during dynamic measurements. The main purpose of the fatigue experiment was to

evaluate the applicability of the SMF under continuous dynamic measurement and frequency-

strain coefficient stability under low frequency mechanical load.

3.4.2 Data analyses of fatigue experiment

Dynamic measurements and data re-sampling

In the fatigue experiment, the data of SMF2 and Gauge2 (shown in Figure 3.7) was measured

under cyclic load with a frequency of 5Hz and an amplitude of 3kN (625MPa). The SMF2

measurements at around 54,000 cycles is shown in Figure 3.17(a). This diagram illustrates

high precision continuous sensing by the SMF under low frequency tensile load. Figure 3.17(b)

shows the strain data of Gauge2 at around 54,000 cycles. As with the static measurements,

SMF-based distributed sensing obtains more strain information on specimen than strain gauges.

The sampling frequency of SMF2 and Gauge2 is 50Hz and 100Hz respectively. To compare the
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(a) (b)

Figure 3.17: Measurements of SMF2 and Gauge2 in fatigue experiment (at around 54,000
cycles): (a) The measurement of SMF2; (b) The measurement of Gauge2

measurement results of SMF2 and Gauge2, the SMF2 measurements near Gauge2 are adopted

(49th segment shown in Figure 3.9(a)). An interpolation method is then applied to unify the

sampling frequency. The results of SMF2 and Gauge2 are shown in Figure 3.18(a) and Figure

3.18(b) respectively. The sampling frequency after the interpolation is 5kHz.

(a) (b)

Figure 3.18: Data interpolation of single mode fibre and strain gauge measurements: (a) The
interpolation result of SMF2; (b) The interpolation result of Gauge2

Strain measurement error under low frequency load

As with the static analysis, the Gauge2 measurements are adopted as the reference strain

in strain-frequency shift coefficient calculation of SMF2. Therefore, the reliability of Gauge2

measurements throughout the fatigue experiment is first investigated based on the analysis of

strain-load coefficient. The calculation result of this coefficient is shown in Figure 3.19(a). This
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figure illustrates that the ratio between the strain shift and the corresponding load shift is stable

during the whole fatigue experiment. In addition, the value of this coefficient is consistent with

the result in the static loading experiment shown in Figure 3.12(a). However, the reading of

Gauge2 creeps with the increase of the fatigue cycle, even though the strain-load coefficient

stays stable. This creep behaviour is illustrated in 3.19(b) which shows the reading at 0kN and

3kN (187.5MPa). In this figure, the reading of Gauge2 at 0kN gradually creeps from 0µε to

−100µε throughout the whole fatigue experiment. Because of the long duration of the fatigue

test, it is highly probable that this phenomenon is a result of errors in the strain measurement

instrument. Therefore, the Gauge2 reading at the beginning of the fatigue experiment was

adopted as the reference strain during the whole fatigue experiment to avoid this creep effect.

(a) (b)

Figure 3.19: Strain-load coefficient and Gauge2 measurements in fatigue experiment: (a) The
strain-load coefficient of Gauge2; (b) The strain measurement of Gauge2

The strain-frequency coefficient is then obtained based on reference strain and reading of 49th

segment on SMF2 (Figure 3.9(a)) at 3kN(187.5MPa). The result of this coefficient is shown in

Figure 3.20(a). The strain-frequency coefficient stays stable and is consistent with the result

in static loading experiment shown in Figure 3.12(b) during the whole fatigue experiment.

Therefore, the strain under 0 to 3kN (0 to 187.5MPa) during fatigue experiment measured by

SMF2 is calculated based on the frequency shift of SMF2 and the strain-frequency coefficient.

The peak values of the calculated strains are shown in Figure 3.20(b). A constant load is

induced during the fatigue experiment because the reference spectrum of the SMF is set before

the experiment, which is the reason for non-zero values in Figure 3.20(b) when the tension

load is 0kN. These two diagrams demonstrate that strain measurement errors of the SMF-
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based distributed sensing under low frequency fatigue load is negligible when a constant strain-

frequency shift coefficient is adopted. Although the fatigue experiments do not show significant

influence on the strain-frequency shift coefficient, there is a clear tendency that the proportion

of null values in the SMF2 measurements increases with the increase of fatigue cycles. These

null values in strain measurements are shown as white area in Figure 3.21(a). The proportion

of null value with increase of fatigue cycle is shown in Figure 3.21(b).

(a) (b)

Figure 3.20: Strain-frequency shift coefficient and calculated strain of SMF2 in fatigue experi-
ment: (a) The Strain-frequency shift coefficient of SMF2; (The alculated strain of SMF2)

(a) (b)

Figure 3.21: Null values in measurements of SMF2 in fatigue experiment: (a) The Null values
in measurements of SMF2; (b) The proportion of null value with increase of fatigue cycle

3.4.3 Conclusions

This subsection explores the robustness of SMF as strain sensors for in-field applications, where

operational and environmental conditions such as mechanical load can impact the reliability of
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strain distribution measurements. The key conclusions can be summarized as follows:

• A reading creep of Gauge2 is observed even though the strain-load coefficient is stable

during the entirety of the fatigue experiment. In contrast, the calculated strain and

strain-frequency coefficient of SMF2 remained stable during the whole fatigue experiment,

which means that strain measurement errors of SMF-based distributed sensing under low

frequency load is negligible. This conclusion illustrates the advantage of SMF for accurate

distributed sensing in low-frequency load compared to strain gauges.

• Although the fatigue experiments do not show significant influence on SMF2 measurement

values, there is a clear tendency that the number of null values in SMF measurements

will increase as the fatigue cycles increase. Therefore, data reconstruction algorithms are

required for recovering the strain information when SMF is adopted for strain measure-

ment of composite laminate under low frequency fatigue load. It is worth noting that

excessive data reconstruction may lead to the suppression of important features in the

strain field, which can have adverse effects on various applications, including damage de-

tection. Specifically, while the primary goal of the smoothing process is to restore the

null values arising under low frequency tensile load, it can also unintentionally dampen

critical strain features near the damage region, thereby hampering potential uses such as

damage detection.

3.5 Strain measurement consistency of distributed sens-

ing

So far, it has been demonstrated that the resolution, consistency and reliability of strain sensing

with distributed FOS, is subject to variability under various conditions (static load, dynamic

load, temperature, etc.) Therefore, it is essential to test the accuracy of the strain sensing un-

der various operational and environmental conditions which can be represented by different test

cases. Therefore, this subsection presents a comprehensive investigation into the measurement
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consistency of distributed sensing in composite structures under a diverse test matrix. The

study encompasses fifty-six independent experiments, categorized into six groups, comprising

of tensile, fatigue, three-point bending, and three sets of temperature experiments. The strain-

frequency shift coefficient and temperature-frequency shift coefficient of distributed fiber optic

sensing based on OFDR in different test scenarios are visually represented by plots obtained

from ESTIMATION STATISTICS BETA [235], and their normality is rigorously assessed utiliz-

ing the Kolmogorov-Smirnov test [236]. Furthermore, the coefficients’ consistency is evaluated

through Cronbach’s alpha [237], McDonald’s omega [238], and Split-half reliability[239], predi-

cated on the confirmed normal distribution conclusion.

3.5.1 Strain-frequency shift coefficient consistency

The strain-frequency shift coefficient in various experiments

Since the measurement of OFDR is presented with frequency shift, the strain is obtained by

a strain-frequency shift coefficient according to Equation 3.1. In this research, the reading

of strain gauge is adopted as the reference strain, which is adopted to calculate the strain-

frequency shift coefficient. Therefore, the strain-frequency shift coefficient under different test

scenarios is obtained. An illustrative example of obtaining strain-frequency shift coefficients

from a tensile experiment using distributed fiber optic sensing is demonstrated in Figure 3.22.

In the depicted subfigure at the bottom-right of Figure 3.22, 1000 measurement values of strain

gauge and SMF sensor (GHz) during the tensile experiment are presented. The blue line in the

subfigure represents the strain gauge measurement in units of µε, while the red line represents

the SMF sensor measurement in units of GHz. From these measurements, points between 601

to 900 are selected to calculate the strain-frequency shift coefficients, which are depicted in

the top-right subfigure. Similar procedure is applied to calculate the temperature-frequency

shift coefficient in temperature experiments. In this case, the reference temperature is readily

obtained from the environmental chamber, eliminating the need for additional temperature

sensors.
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Figure 3.22: An illustrative example of obtaining strain-frequency shift coefficients from a
tensile experiment using distributed fiber optic sensing

In this subsection, the results of this coefficient obtained from a tensile test, a fatigue test,

and a three-point bending test are utilized. Detailed experimental information can be found

in Table 3.5. The specimens used in these experiments are composed of the same composite

material, namely TENAX@ − E IMS65 E23 24K, and have a consistent layout of [45/90/ −

45/0/45/02/−45]s. And the SMF sensors coated with polyimide were model SM1500(9/125)P,

manufactured by FIBERCORE are adopted in these experiments. The polyimide coating has

notable features, such as high temperature survival and bend insensitivity, making it highly

desirable for distributed strain sensing applications. All distributed sensing data were obtained

using the ODiSI-B system, manufactured by LUNA Ltd. In addition, a thermoplastic film

based on modified polyolefins (Pontacol 22.100) was adopted as adhesive to bond the SMFs to

CFRP specimens in these experiments.

Table 3.5: The experiment details in strain measurement

Test scenarios Dimensions / mm Load configuration Temperature ◦C Test quantities

Tension 200× 50× 3.2 0-10 kN -30∼70 12

Fatigue 200× 50× 3.2
0-3 kN / 5 Hz
1677700 cycles

Room 13

Three-point
bending

300× 225× 3.2 0-90 N Room 9



3.5. Strain measurement consistency of distributed sensing 87

Figure 3.23: The plot of strain-frequency shift coefficients under different temperatures in
tensile experiment

The tensile experiment was conducted at various ambient temperatures, ranging from -30 to

70◦C with a 5◦C step. The plot of strain-frequency shift coefficients under different temperatures

is depicted in Figure 3.23. The x-axis represents different tests conducted under different

temperatures, while the y-axis indicates the corresponding strain-frequency shift coefficients.

The results obtained at 30◦C (room temperature) serve as the reference for calculating the

differences between different tests, and these differences are shown at the bottom of Figure

3.23. Observations reveal that the strain-frequency shift exhibits slight variations with changes

in ambient temperature, particularly when the ambient temperature falls below −20◦C or

exceeds 70◦C.

The fatigue experiment involved continuous testing for 1,677,700 cycles at room temperatures.

The plot of strain-frequency shift coefficients under different fatigue cycles is presented in

Figure 3.24. The x-axis of the plot represents different fatigue cycles, while the y-axis indicates

the corresponding strain-frequency shift coefficients. It is evident from the results that this

coefficient does not exhibit significant variation with an increase in fatigue cycles. Furthermore,

the maximum mean difference between test 1 at cycle 53,600 and other tests (less than 0.4

µε/GHz) is lower compared to that observed in the tensile experiment under different ambient

temperatures (less than 0.8 µε/GHz).

The strain-frequency shift coefficients from nine tests conducted under room temperature in
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Figure 3.24: The plot of strain-frequency shift coefficients under different fatigue cycles

Figure 3.25: The plot of strain-frequency shift coefficients in three-point bending experiment

the three-point bending experiment are depicted in Figure 3.25. The x-axis represents T1 to

T9, corresponding to test 1 to test 9, while the y-axis represents the strain-frequency shift

coefficients. Similar to the observations in the fatigue experiment, the strain-frequency shift

coefficients in the three-point bending experiment exhibit a comparable level of stability, as the

mean difference between test 1 and other tests is less than 0.4 µϵ/GHz.
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(a) (b)

Figure 3.26: The K-S test results for the different test scenarios in both strain and temperature
measurement: (a) The The K-S test results for strain measurement experiments; (b) The The
K-S test results for temperature measurement experiments

Consistency assessment of strain-frequency shift coefficient

In this subsection, the normality of the measurement of strain-frequency shift coefficients pre-

sented in subsection 3.5.1 is assessed firstly using the Kolmogorov-Smirnov (K-S) test. Widely

recognized for testing the normality of measurements, additional information on the K-S test

can be found in [236]. The test results for the different test scenarios are displayed in Fig-

ure 3.26(a). In this histogram, the x-axis representing various test scenarios, while the y-axis

shows the p-value of the K-S test (ranging from 0 to 1). The p-value means the probability

of observing a test statistic as extreme as, or more extreme than, the observed value under

the hypothesis of normal distribution. The p-values for test scenarios in the tensile experiment

are indicated by blue bars, for the fatigue experiment by green bars, and for the three-point

bending experiment by red bars. The red dashed line represents the significance level of the

hypothesis test, conventionally set at 0.05. Based on the figure, it can be inferred that the

measured strain-frequency shift coefficients under most test scenarios conform to the normal

distribution.

The measurement errors in different test scenarios are clearly independent, and all the measure-

ments in these tests exhibit the same relationship with the underlying construct, as indicated

by Equation 3.1 (tau-equivalent). Leveraging the normal distribution conclusion obtained from
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the K-S test, various coefficients, such as Cronbach’s alpha (α), McDonald’s omega (ω), and

Split-half reliability coefficient, can be employed to assess the internal consistency of the strain-

frequency shift coefficients measured in different test scenarios [240, 241]. The results of the

consistency assessment of the strain-frequency shift coefficients presented in subsection 3.5.1 are

summarized in Table 3.6. Based on the results presented in this table, the strain-frequency shift

coefficients demonstrate high consistency across different test scenarios, including temperature

variations , fatigue, and three-point bending experiments.

Table 3.6: The consistency assessment results of the strain-frequency shift coefficients

Test scenarios Cronbach’s alpha (α) McDonald’s omega (ω)
Split-half

reliability coefficient

Tension 0.991 0.998 0.993
Fatigue 0.997 0.999 0.991

Three-point bending 0.992 0.997 0.992
All three types 0.997 0.999 0.997

3.5.2 Temperature-frequency shift coefficient consistency

The temperature-frequency shift coefficient in different experiments

In this subsection, a comprehensive analysis of the temperature-frequency shift coefficient de-

rived from data collected during twenty-two independent temperature experiments was con-

ducted. These experiments were organized into three distinct groups. The first group en-

compassed temperature measurements of SMF sensors (acrylate coating) in their free state,

consisting of eight independent experiments. The temperature configuration in this group is

-50 ◦C to 50 ◦C with a step of 5 ◦C. The second group encompassed temperature measurements

of SMF sensors (acrylate coating) in their mounted state, consisting of seven independent ex-

periments. The temperature configuration in this group is -50 ◦C to 50 ◦C with a step of 5 ◦C.

The third group encompassed temperature measurements of SMF sensors (polyimide coating)

in their free state, consisting of seven independent experiments. The temperature configura-

tion in this group is -30 ◦C to 80 ◦C with a step of 5 ◦C. The details of these three groups of
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experiments are summarized in Table 3.7.

The SMF sensors with acrylate coating were model 1550BHP from THORLABS, while the SMF

sensors coated with polyimide were model SM1500(9/125)P, manufactured by FIBERCORE.

All distributed temperature sensing data were obtained using the ODiSI-B system, manufac-

tured by LUNA Ltd. In addition, a thermoplastic film based on modified polyolefins (Pontacol

22.100) was adopted as adhesive to bond the SMFs to CFRP specimens in these experiments.

Table 3.7: The experiment details in temperature measurement

Test scenarios
Temperature
range ◦C

Temperature
step ◦C

Coating
material

Sensor state
Test

quantities

First Group -50∼50 5 Acrylate Free 8
Second Grou -50∼50 5 Acrylate Surface mounted 7
Third Group -30∼80 5 polyimide Free 7

The temperature-frequency shift coefficients obtained from the experiments in the first group

are visualized using a plot in Figure 3.27. The x-axis represents Test 1 (T1) to Test 8 (T8),

while the y-axis denotes the values of the temperature-frequency shift coefficient (denoted by

‘T-frequency shift coefficient’). The difference between T1 and the rest of the experiments is

presented at the bottom of this figure, indicating that the mean difference is less than 0.07

◦C / GHz.

The installation of SMF sensors (acrylate coating) on the surface of composite panels signifi-

cantly affects the temperature-frequency shift coefficient compared to their free state counter-

parts. Based on the temperature-frequency shift coefficients obtained in the experiments of

the second group, the value of this coefficient decreases from -1.55 ◦C / GHz (free state) to

-1.04 ◦C / GHz (surface mounted). The detailed measurement data is presented in Figure 3.28.

Notably, the maximum mean difference after installation decreased to 0.03 ◦C / GHz compared

to the free state situation (0.07 ◦C / GHz) in the first group shown in Figure 3.27. This ob-

servation indicates that the installation of SMF sensors improves the measurement stability of

temperature.

In the third group of experiments, all SMF sensors were coated with polyimide, resulting in
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Figure 3.27: The plot of temperature-frequency shift coefficients obtained from the experiments
in the first group

a different temperature-frequency shift coefficient compared to the previous two groups. The

detailed results of experiments in this group are presented in Figure 3.29. According to the

figure, the temperature-frequency shift coefficient of SMF sensors coated with polyimide is

approximately -1.28 ◦C / GHz. This value is slightly smaller than that observed for SMF

sensors coated with acrylate (-1.55 ◦C / GHz). However, it is worth noting that the maximum

mean difference in Figure 3.29 is less than 0.03 ◦C / GHz, which is equivalent to the surface

mounted sensors in the second group. This indicates that the SMF sensors with polyimide

coating exhibit higher stability in temperature measurement compared to those with acrylate

coating.

Temperature-frequency shift coefficient consistency assessment

In this subsection, we employed the same procedures as in Section 3.5.1 to assess the consistency

of the temperature-frequency shift coefficient across various experiments. Due to the different

coefficient values observed in the three groups, the consistency assessment was carried out inde-

pendently within each temperature experiment group. The results of the K-S tests for the three
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Figure 3.28: The plot of temperature-frequency shift coefficients obtained from the experiments
in the second group

experimental groups are presented in Figure 3.26(b). The p-value, indicated by the red dashed

line, was set at 0.05 for characterizing the normality of measured temperature-frequency shift

coefficient in different experiments. It can be observed that nearly all tests exhibit conformity to

the normal distribution, especially in the surface mounted situation within the second group.

As a consequence, the consistency assessment of the temperature-frequency shift coefficient

was represented by Cronbach’s alpha, McDonald’s omega, and Split-half reliability coefficient,

which are summarized in Table 3.8. The results presented in this table provide compelling

evidence for the high temperature measurement consistency of distributed fibre optic sensors

in composite structures under various test scenarios.

Table 3.8: The consistency assessment results of the temperature-frequency shift coefficients

Test scenarios Cronbach’s alpha (α) McDonald’s omega (ω)
Split-half

reliability coefficient

First Group 0.988 0.993 0.979
Second Group 0.999 0.999 0.984
Third Group 0.941 0.977 0.955
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Figure 3.29: The plot of temperature-frequency shift coefficients obtained from the experiments
in the third group

3.5.3 Measurement uncertainty of distributed fibre optic sensors

with OFDR system

According to the type A evaluation of standard uncertainty, as defined in the ”Guide to the

Expression of Uncertainty in Measurement” (GUM) [242] published by the Joint Committee for

Guides in Metrology (JCGM), the uncertainty of measurement can be mathematically expressed

in Equation 3.10.

s(q̄) =

√∑n
i=1(qi − q̄)2

n(n− 1)
(3.10)

In this equation, the type A evaluation of standard uncertainty is determined based on the

mean value (q) of the measurement data, the quantity of data points (n), and the individual

measurement points (qi). Utilizing this definition, the uncertainty degree of measurements in all

test scenarios mentioned in Section 3.5.1 and Section 3.5.2 is calculated and visualized in Figure

3.30. The x-axis of the histogram represents different test scenarios, with labels mentioned in

Section 3.5.1 and Section 3.5.2(same as Figure 3.26, Table 3.5, and Table 3.7), comprising a

total of fifty-six experiments (corresponding to fifty-six bars). The y-axis displays the values of



3.5. Strain measurement consistency of distributed sensing 95

Figure 3.30: The type A evaluation of standard uncertainty of all test scenarios mentioned in
Section 3.5.1 and Section 3.5.2

the type A evaluation of standard uncertainty. The results in this figure are obtained from 200

measurement points in each test scenario. According to the findings depicted in Figure 3.30,

the type A evaluation of standard uncertainty in various test scenarios is consistently less than

0.1 GHz (n=200). This suggests that the uncertainty degree of measurement is low and remains

stable when distributed fiber optic sensors are employed to obtain strain or temperature data

in composite structures.

3.5.4 Conclusions

This subsection was focused on assessing the measurement consistency of distributed fiber

optic sensing under various test scenarios. The measurement data from fifty-six independent

test scenarios were categorized into six groups, including tensile experiments (thirteen tests),

fatigue experiments (twelve tests), three-point bending experiments (nine tests), and three

groups of temperature experiments (twenty-two tests). The normality of these coefficients

was determined using the Kolmogorov-Smirnov (K-S) test, and their consistency was further

assessed through Cronbach’s alpha, McDonald’s omega, and Split-half reliability based on the

normal distribution conclusion. In addition, the standard uncertainty (type A) of frequency

shift measurement in these fifty-six independent test scenarios are calculated and presented in

this research. The main findings of this study are as follows:
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• The strain-frequency shift coefficient in different tests consistently measured around -6.4

µε/GHz. However, the stability of this coefficient was influenced by changes in ambient

temperature, especially when the ambient temperature falls below−20◦C or exceeds 70◦C.

Despite the variation, the measurement of this coefficient demonstrated high consistency

across different test scenarios.

• The value of the temperature-frequency shift coefficient was affected by factors such as

the coating material of SMF sensors and their installation state. The coefficients obtained

from three groups of temperature experiments were -1.55 ◦C / GHz (acrylate coating in a

free state), -1.04 ◦C / GHz (acrylate coating after surface mounting), and -1.28 ◦C / GHz

(polyimide coating in a free state), respectively. The coefficient showed higher stability

when SMF sensors with polyimide coating were used or when the SMF sensors were

installed. Additionally, the measurement of this coefficient also exhibited high consistency

across different test scenarios.

• The standard uncertainty (type A) of frequency shift measurements in the fifty-six inde-

pendent test scenarios was found to be less than 0.1 GHz (when 200 measurement points

were used in the calculation). This indicates that the degree of uncertainty of measure-

ment remains stable when employing distributed fiber optic sensors to obtain strain or

temperature in composite structures.



Chapter 4

Damage detection in composite plates

based on distributed fiber optic sensing

4.1 Introduction

In the realm of damage detection in CFRP, FOS hold significant importance due to their

advantageous attributes such as low weight, affordability, widespread accessibility, immunity

to corrosion, and resistance to electromagnetic interference. A considerable number of cutting-

edge studies on the detection of CFRP damage are based on various FOSs, including FBG

[243, 244, 245], distributed SMF [246], and fiber optical interferometer [247, 248, 24]. These

studies can be broadly divided into three categories: acoustic emission, vibration-based modal

identification, and strain field analysis.

In acoustic emission, FBGs or fibre optical interferometers are utilized as transducers to capture

the guided wave signal generated by actuators (typically piezoelectric sensors) after it has

propagated through the CFRP structures [249, 250, 251, 252, 253]. The integrity of the CFRP

structures is assessed by comparing the baseline signal (when there is no damage) with the

current signal (when the state is unknown). This method partially alleviates the limitations

of traditional acoustic emission systems, which are solely based on piezoelectric sensors, by

reducing the use of cables and increasing embedded performance [254, 255, 256, 257]. However,

97
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it remains susceptible to errors, common in all baseline-based approaches, due to operational

deviations, variations in bonding quality, or temperature fluctuations. There is also a practical

disadvantage for embedding the FOS, which can introduce strength reduction to the composite

based on their location, and more importantly if they are broken or damaged, there is no

option to repair them which means the whole part has to be replaced, which is not acceptable

for industrial application of this method to large scale composite structures [258].

In vibration-based modal identification method, FBGs or distributed SMFs are utilized as

transducers to acquire discrete or distributed dynamic strain [259, 260]. This dynamic strain

is then utilized to perform computational modal analysis, which results in the calculation of

the strain frequency response function of structures. Complex mode indicator function,[261]

random decrement and mode shape extraction [244], and Hankel matrix with single value de-

composition [262] are among the methods used in computational modal analysis. Despite the

substantial progress that has been made in the non-destructive testing of structures through

modal analysis, few studies have been conducted utilizing FOSs. The main reason for this is

the limitations in measurement accuracy and frequency range of FOS, particularly distributed

SMFs, compared to their counterparts such as scanning Laser Doppler Vibrometers and ac-

celerometers [263, 264, 265]. Furthermore, since regular vibration input is required for modal

analysis, this technology is more suited for non-destructive testing of structures in laboratory

environments rather than in-service applications.

Therefore, for in-service applications, damage detection through the analysis of the strain field

is considered to be the most promising approach [266, 267]. Fibre optical sensors, including

FBGs and distributed SMFs, are frequently utilized to gather robust strain data from structures

due to their high strain sensitivity. This data is then utilized to assess the integrity of CFRP

structures. The fundamental principle behind this approach is that the strain field near damage

area, such as splitting, delamination, or fibre breakage, experiences changes after the damage

occurs [268, 269, 270, 271, 272, 273]. In addition, residual strain or strength after damage is

also considered to be a crucial index for assessing structural integrity [274, 275, 276, 277, 278].

Based on this, the most straightforward approach is to identify discontinuities in the measured

strain as damages [279, 280, 281, 282, 283], as supported by recent experimental studies in
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[284] and [285]. Furthermore, in place of strain measurement, more basic and detailed spectral

parameters of FOS (shape, intensity, polarization state, etc.) can be employed to indicate

the damage state of structures, as demonstrated in [286, 287, 288, 289, 290, 291, 292]. It is

evident that this straightforward method only proves to be effective when the external load is

substantial or when the structures have reached a failure state. This, however, is not suitable

for the early detection of damage, particularly for BVID. This conclusion is supported by

the experimental results presented in [284] and [285]. In addition, huge amounts of sensors

are required in real composite structures to obtain accurate strain filed even with distributed

sensing based on single mode fiber. This means high cost and weight of the SHM system. Few

research has paid attention to critically investigating reducing cost and weight of SHM system

based on distributed strain sensing by identifying the minimum required sensor density.

In an effort to improve the accuracy, reliability, and timeliness of damage detection in CFRP

structures, various methods have been proposed to effectively capture discontinuities in the

strain field. For example, the use of machine learning techniques, such as principal component

analysis [39, 293, 294, 295], artificial neural networks [296, 297, 298], and deep learning [299], has

been extensively researched in strain field-based damage detection. The results of these studies

have demonstrated the feasibility and advantages of using machine learning for this purpose.

However, there are some limitations to using these techniques for in-service structural health

monitoring, such as the need for large amounts of training data, high computational costs, low

interpretability, and a tendency towards overfitting. An alternative approach is to establish a

damage index (DI) based on extracted features from the strain field. The features extracted for

the DI include Pearson correlation coefficient [17], standard deviation [204, 300, 301], and first

or second order derivatives [302, 194]. This DI-based approach is shown to be highly sensitive to

damage (especially for BVID) in CFRP structures. Additionally, it has high interpretability and

requires lower computational costs, making it a potential solution for in-service applications.

Despite the promise of the DI-based damage detection approach, there are still limitations and

challenges to be addressed. One issue is the limited detection points allowed by the use of FBGs.

Additionally, the deviation or derivatives of strain measurement are prone to uncertainties due

to variying operational and environmental conditions of structures in service, such as those
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caused by complex strain distribution and temperature variation.

Based on the challenges mentioned above, two research objectives are presented in this chapter:

• 2D reconstruction of strain along the optical fiber axis by interpolation: In this

objective, the strain reconstruction under different sensor densities is studied based on

barycentric Lagrange and cubic spline interpolation methods. The fibre optical sensors

were mounted on the surface of a composite laminate. The distance between the SMF

sensing part is 5mm. The measurements under 5mm were adopted as true strain distri-

bution, which correspond to high-fidelity data. The measurements under larger sensor

distance (10,15,20,25,30mm) are identified as the low-fidelity data and were interpolated

to 5mm as reconstructed strain. This reconstructed strain was then compared with the

true strain distribution. The errors of strain reconstruction under different sensor densi-

ties were studied in this subsection. The results obtained in this research are meaningful

for both increasing strain measurement accurate and decreasing weight and cost of SHM

system.

• A novel DI-based damage detection method: this subsection proposes a novel ap-

proach based on feature matching of local neighborhoods among distributed strain mea-

surements. This approach utilizes the correlation between local measurement points to

differentiate between damaged and undamaged parts, offering new insights and potential

solutions to the challenges faced in damage detection of CFRP structures under opera-

tional conditions. The primary contributions of this study include: (1) The feasibility

of utilizing distributed strain measurements, in conjunction with image processing tech-

niques, for the purpose of detecting damage in CFRP structures has been demonstrated

through theoretical analysis and experimentation. (2) The local point autocorrelation

based on Delaunay triangulation and Hausdorff distance is defined and proved to be an

effective criterion for identifying those measurement points located near the damage site

in CFRP structures. (3) The prior knowledge of the non-damaged strain distribution is

not required in proposed approach. Furthermore, the effectiveness of the approach in

detecting a variety of damage types, including BVID and VID, in CFRP structures has
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been demonstrated.

In this subsection, the organization is summarized as follows: 4.3.1 introduces the methodology,

which includes the OFDR technique, strain measurements filtering and reconstruction, local

point autocorrelation, and damage detection schemes. 4.3.2 details the implementation of the

low-velocity impact experiment and the static tensile experiment. 4.3.3 presents the analysis

of the strain measurements obtained from the experiments and the resulting damage detection

outcomes. Finally, 4.3.4 offers the main conclusions, inferences, limitations, and suggestions

for future research.

4.2 2D reconstruction of strain along the optical fiber

axis by interpolation

In this subsection, the strain reconstruction with interpolation methods was investigated based

on measurements of distributed fibre optical sensors. It should be noted that all strains men-

tioned in this subsection represent strains along the optical fiber axis. The strain measurements

under different sensor densities (5, 10, 15, · · · , 30mm) were adopted in this investigation. The

measurements under 5mm distance were adopted as true strain distribution (high-fidelity data).

The other measurements were interpolated to 5mm by barycentric Lagrange and cubic spline

methods. These interpolated results were adopted as the low-fidelity data and to compare

with the true strain distribution. The results show that the accuracy of strain reconstruction

decreases with the increase of sensors distance. Specifically, the local patterns of strain dis-

tribution are lost after the reconstruction when the sensor distance of measurement data is

much larger (≥6 times) than the sensor distance of reconstruction data. However, the main

trends of the reconstructed strain distribution is consistent with the true strain distribution.

In addition, the barycentric Lagrange interpolation shows better stability than the cubic spline

interpolation, especially for measurements with large sensor distance.
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4.2.1 Experiment Setup

In the experiment, a quasi-isotropic composite laminate made of M21 T800 material with a size

of 230 × 118 × 2mm was adopted. The length of End-Tab is 50mm. The distributed sensing

system adopted in this experiment is ODiSI-B optical distributed sensor interrogator manu-

factured by LUNA Ltd.The spatial resolution of this system is 2.6mm. The SM1500(9/125)P

manufactured by FIBERCORE was adopted in the experiment for strain measurement. This

kind of fibre with polyimide coating has a variety of advantages such as high temperature

survival, bend insensitive and enhanced photo sensitivity, which makes it very attractive for

distributed strain sensing. The fibre optical sensor was mounted on the surface of composite

laminate with a kind of epoxy potting compound (sourced from RS Components with Stock

number 199-1468). This epoxy potting compound can provide strong adhesion quality in var-

ious harsh conditions without significant lateral strain on fibre optical sensors, which makes

it much easier for long distance distributed sensing with OFDR system. Therefore, any room

temperature-curing epoxy resin with strong adhesive ability can be used as a substitute to

verify the work of this subsection. The layout of fibre optical sensors is shown in Figure 4.1.

As shown in this figure, a wraparound layout was adopted in manufacturing. This scheme was

adopted because it realizes both high density and large bend radius of fibre optical sensors. The

distance between two adjacent sensing segments on composite laminate is 5mm. The signal

transmission loss in fibre optical sensors is decreased because of large bend radius, which in-

creases the measurement accuracy and stability. In this experiment, a continuous tension load

(0-10 KN) is applied to composite specimen by Instron 5980 Series Dual Column Floor Frames

(250KN). The tensile load was applied along the longer side of the specimen. The experiment

setup is shown as Figure 4.2.
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(a) (b)

Figure 4.1: The layout of fibre optical sensors: (a) The installation of fiber optic sensor; (b)
The design of the layout

(a) (b)

Figure 4.2: The experiment setup: (a) The specimen fixed by clamps; (b) The setup of tensile
experiment
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(a) (b)

Figure 4.3: The raw data of fibre optical sensor: (a) The raw data before filtering; (b) The
raw data after filtering

4.2.2 Methodology

Measurement results

The measurement data of fibre optical sensor is shown in Figure 4.3. The raw data is shown

in the left picture of Figure 4.3, noise is observed in this figure. This is mainly caused by

mismatch of reference and Rayleigh back scattering spectrum[161, 77]. This kind of noise is

filtered by a constant threshold because that the noise is usually much larger than normal data.

The measurements after filtering is shown in the right picture of Figure 4.3.

After filtering, the measurements of fibre optical sensor were converted to strain by a constant

strain-frequency shift coefficient (The default value of the ODiSI-B system at room temperature:

−6.7µϵ/GHz). The strain data obtained from fibre optical measurements is shown in Figure

4.4(a). According to the layout of fibre optical sensor mentioned in chapter 2, there exists a

mapping between measurements and real spatial location. This mapping is shown in Figure 4.4.

In this figure, s1, s2, s3, · · · , s20 means sensing segments arranged sequentially along the fibre

optical sensor. f(s1), f(s2), f(s3), · · · , f(s20) means the sensing segments assigned in Figure

4.1.

The measurements of fibre optical sensor are expressed as a1, a2, a3, · · · , an. The sensing seg-

ments arranged sequentially along the fibre optical sensor are expressed as s1, s2, s3, · · · , s20.
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Figure 4.4: The strain measurements and spatial mapping.

There exists a relationship as follows:

si = [aki , aki+1, aki+2, · · · , aki+p−1] i = 1, 2, · · · , 20 1 ≤ ki ≤ 20 (4.1)

where ki is the beginning of si. p express the length of sensing segments. Therefore, the strain

matrix of composite laminate under load is obtained with the spatial mapping.

s′ = f([s1, s2, · · · , s20]T ) = f([s̃1, s̃2, · · · , s̃p]) = [f(s̃1), f(s̃2), · · · , f(s̃p)] (4.2)

s̃j = [ak1+j−1, ak2+j−1, · · · , ak20+j−1]
T j = 1, 2, · · · , p (4.3)

In this subsection, the strain reconstruction under different sensor densities is studied. There-

fore, f(s̃j) is adopted as true strain distribution in interpolation research. Different sensor

densities were simulated by resampling f(s̃j). The resampling results is f(s̃qj), as shown in

Table 4.1. The interpolation of f(s̃qj) is adopted to compare with f(s̃j) to assess the strain

reconstruction accuracy.
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Table 4.1: Different sensor densities

Sensor Distance/mm Measurements
Total

points(m)

f(s̃1j) 2× 5 f([ak1+j−1, ak3+j−1, · · · , ak19+j−1]
T ) 10

f(s̃2j) 3× 5 f([ak1+j−1, ak4+j−1, · · · , ak19+j−1]
T ) 7

f(s̃3j) 4× 5 f([ak1+j−1, ak5+j−1, · · · , ak17+j−1]
T ) 5

f(s̃4j) 5× 5 f([ak1+j−1, ak6+j−1, · · · , ak16+j−1]
T ) 4

f(s̃5j) 6× 5 f([ak1+j−1, ak7+j−1, · · · , ak19+j−1]
T ) 4

Barycentric Lagrange interpolation

Barycentric Lagrange interpolation is an efficient method to realize data reconstruction [303].

In this subsection, the data of f(s̃qj) is set as [y1, y2, y3, · · · , ym]. The corresponding position

coordinates are [x1, x2, x3, · · · , xm]. The Lagrange polynomial is therefore written as

p(x) =
m∑

j=1 j ̸=k

(x− x1)(x− x2) · · · (x− xk) · · · (x− xm)

(xj − x1)(xj − x2) · · · (xj − xk) · · · (xj − xm)
yj (4.4)

The barycentric weights is defined by

ωj =
1∏m

k=1 k ̸=j(xj − xk)
(4.5)

Therefore, the Lagrange polynomial is written as

p(x) =
m∏
k=1

(x− xk)
m∑
j=1

ωj

x− xj
(4.6)

The barycentric Lagrange polynomial is defined as follows
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P (x) =
p(x)|yi
p(x)|yi≡1

=

∑m
j=1

ωj

x−xj
yi∑m

j=1
ωj

x−xj

(4.7)

Considering the measurement point is uniformly distributed in length range xj ∈ [a, b], xj =

a+ b−a
m−1

(j − 1). Therefore, the barycentric weights is calculated as:

ωj = (−1)jCj
m−1

(−1)m−1

( b−a
m−1

)
m−1

(m− 1)!
(4.8)

However, when m is large, the barycentric weights change fast because of Cj
(m−1), which leads

unacceptable errors near the two ends of the length range [a, b]. This is known as Runge

phenomenon. One efficient way to avoid this phenomenon is interpolation based on Chebyshev

points. The first kind Chebyshev points and corresponding barycentric weights are calculated

as (xj ∈ [−1, 1]):

xcj = cos
(2j + 1)

(2m+ 2)
π (4.9)

ωc
j = (−1)jsin

2j + 1

2m+ 2
π (4.10)

The second kind Chebyshev points and corresponding barycentric weights are calculated as

(xj ∈ [−1, 1]):

xcj = cos
j

m
π (4.11)

ωc
j = (−1)j


1

2
j = 1 or j = m

1 1 < j < m

(4.12)
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Since the measurement data [y1, y2, y3, · · · , ym] is uniformly distributed, the data at Chebyshev

points are obtained by linear estimation.

ycj = yk +
yk+1 − yk
xk+1 − xk

(xcj − xk) xcj ∈ [xk, xk+1] k = 1, 2, · · · , (m− 1) (4.13)

Cubic spline interpolation

The cubic spline interpolation is another efficient method to realize data reconstruction [304].

The essential principle is piecewise function fitting for the measurement data. The piecewise

function can be written as follows.

S(x) =



s1(x) x ∈ [x1, x2]

s2(x) x ∈ [x2, x3]

· · ·

sm−1(x) x ∈ [xm−1, xm]

(4.14)

where the piecewise functions shown in Equation (4.14) are defined as cubic polynomial

sj(x) = aj(x− xj)
3 + bj(x− xj)

2 + cj(x− xj) + yj j = 1, 2, · · · , (m− 1) (4.15)

Some conditions at measurement points are proposed to grantee the smoothness of S(x). Specif-

ically, the adjacent functions (sj(x) and sj+1(x)) have the same zero to two derivative values

at their intersection xj(j = 1, 2, 3, · · · , (m− 2))
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
sj(xj+1) = sj+1(xj+1))

s
′

j(xj+1) = s
′

j+1(xj+1)

s
′′

j (xj+1) = s
′′

j+1(xj+1)

(4.16)

Based on Equation (4.15) and Equation (4.16) mentioned above, the undetermined coefficients

aj and cj in sj(x) can be expressed by bj and bj+1 as follows (j = 1, 2, 3, · · · , (m− 2)).


aj =

bj+1 − bj
3(xj+1 − xj)

cj =
yj+1 − yi
xj+1 − xj

− bj+1 + 2bj
3(xj + 1− xj)

(4.17)

This relationship is expressed by a matrix in Equation (4.18).



1 4 1 0 0 0

0 1 4 · · · 0 0 0

0 0 1 0 0 0

...
. . .

...

0 0 0 1 0 0

0 0 0 · · · 4 1 0

0 0 0 1 4 1





b1

b2

b3
...

bm−1

bm


=

3

(xj+1 − xj)2



y1 − 2y2 + y3

y2 − 2y3 + y4

y3 − 2y4 + y5
...

ym−3 − 2ym−2 + ym−1

ym−2 − 2ym−1 + ym


(4.18)

where [b1, b1, · · · , bm]T is undetermined coefficients. However, only (m− 2) independent equa-

tions are built according to the recurrence relation. Therefore, two other conditions need to be

induced to calculate above matrix. These lead to different types of cubic spline interpolation

methods. Such as natural splines (b1 = bm = 0), parabolic runout spline (b1 = b2, bm−1 = bm),

and cubic runout spline (b1 = 2b2 − b3, bm = 2bm − bm−1).
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(a) (b)

Figure 4.5: Interpolation results of resampling data f(s̃1j) and f(s̃5j) (Refer Table 4.1): (a)
The interpolation results of f(s̃1j); (b) The interpolation results of f(s̃5j)

4.2.3 Results and discussion

Based on the interpolation methods mentioned above, all f(s̃qj) in Table 4.1 were interpolated

and compared with true strain distribution f(s̃j). The interpolation results for f(s̃1j) and f(s̃
5
j)

under 5KN tension load with different methods are shown in Figure 4.5. As shown in this figure,

the true strain distribution at different location is different even under one-axis tension load.

This is mainly because of different mechanical parameters and strain transfer rate in different

location. This difference on strain distribution generate relatively fixed local pattern in true

strain distribution. The comparison between these two interpolation results shows that the

accuracy of strain reconstruction decreases with the increase of sensors distance. This means

that local patterns of strain distribution are lost after the reconstruction.

The strain reconstruction results based on different sensor layout distance f(s̃qj) is defined as

ŝ. Therefore, the average error of reconstructed strain compared with true strain distribution

is shown as follows.

e =
1

20p

p∑
x=1

20∑
y=1

|s′(x, y)− ŝ(x, y)

s′(x, y)
× 100% (4.19)

The results of interpolation errors in strain distribution reconstruction are shown in Table
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4.2. This table demonstrates the relation between the accuracy of strain reconstruction and

sensor distance. Specifically, the average error of reconstructed strain compared with true

strain distribution increase with increase of sensor distance. The average errors of barycentric

Lagrange interpolation methods are slightly larger than cubic spline interpolation methods.

This is because that the adopted linear estimation in data estimation at Chebyshev points

induces extra errors. However, the barycentric Lagrange interpolation methods show much

better stability than cubic spline interpolation methods with the increase of sensor distance.

For example, the average error under f(s̃5j) increases by 103.31% compared with f(s̃1j) when

cubic runout spline is adopted. However, this value is 47.46% when barycentric Lagrange based

on 1st Chebyshev method is adopted.

Table 4.2: The results of interpolation errors in strain distribution reconstruction

f(s̃1j) f(s̃2j) f(s̃3j) f(s̃4j) f(s̃5j)

Barycentric Lagrange based on 1st Chebyshev 1.58% 2.20% 2.04% 2.13% 2.33%
Barycentric Lagrange based on 2st Chebyshev 1.74% 2.41% 2.32% 2.48% 2.78%

Natural splines 1.15% 1.71% 1.74% 1.96% 2.03%
Parabolic runout spline 1.17% 1.74% 1.75% 1.99% 2.25%
Cubic runout spline 1.21% 1.85% 1.86% 2.03% 2.46%

The strain reconstruction results based on barycentric Lagrange interpolation under different

sensor distance are shown in Figure 4.6.From left to right, the first figure is true strain dis-

tribution.The second figure express the strain reconstruction result under f(s̃1j), in which the

sensor distance of measurement data is twice than the sensor distance of reconstruction data.

The third figure shows the strain reconstruction result under f(s̃5j). The comparison between

these three figures also demonstrates that local patterns of strain distribution are lost after the

reconstruction when the sensor distance of measurement data is much larger (≥ 6 times) than

the sensor distance of reconstruction data. However, the main trends of reconstructed strain

distribution consistent with the true strain distribution.
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(a) (b) (c)

Figure 4.6: The strain reconstruction results: (a) The true strain distribution; (b) The strain
reconstruction result under f(s̃1j); (c) The strain reconstruction result under f(s̃5j)

4.2.4 Conclusions

The research on strain reconstruction with interpolation methods based on distributed fibre op-

tical sensor measurements is conducted in this subsection. The main conclusions are summaries

as follows.

• The accuracy of strain reconstruction decreases with the increase of sensors distance,

which means that the average error of reconstructed strain compared with the true strain

distribution increases with the increase of sensor distance. For example, the average error

of cubic runout spline method increased from 1.21% to 2.46% when the sensor distance

increased from 10mm to 30mm.

• The average errors of barycentric Lagrange interpolation methods are slightly larger than

cubic spline interpolation methods. This is mainly because of the linear estimation of

data at Chebyshev points.

• The barycentric Lagrange interpolation methods show much better stability than cubic

spline interpolation methods with the increase of sensor distance.

• Local patterns of strain distribution are lost after the reconstruction when the sensor

distance of measurement data is much larger (≥6 times) than the sensor distance of re-

constructed data. However, the main trends of reconstructed strain distribution consistent

with the true strain distribution.



4.3. A novel DI-based damage detection method 113

Based on these conclusion, future work on damage detection with reconstructed strain field

will be conducted. In addition, More complex methods can be adopted to decrease the errors

induced by data estimation when barycentric Lagrange interpolation methods are adopted. For

example, calculating the data at Chebyshev points with polynomial function [305].

4.3 A novel DI-based damage detection method

This subsection presents a novel DI-based approach for damage detection in CFRP structures

based on local strain feature matching. The proposed approach utilizes distributed in-plane

strain measurements (obtained by OFDR technique) for plate structures under load to define

a local point autocorrelation coefficient based on Delaunay triangulation [306] and Hausdorff

distance [307]. This coefficient effectively identifies the discontinuities in distributed in-plate

strain, enabling accurate capture of damage information through the damage index which

is defined as the integral of this coefficient. Notably, the proposed approach requires no prior

knowledge of the non-damaged strain distribution and yields excellent detection results for both

BVID and VID. Leveraging the advantages of distributed strain sensing, coupled with image

processing technology for the purpose of in-service damage detection of CFRP structures, the

proposed novel method is a promising technology. The efficacy of this technology has been

demonstrated in this subsection through theoretical analysis and experimental investigations,

offering valuable insights and reference for future research in this domain.

4.3.1 Methodology

In practical applications, two challenges associated with distributed strain measurement based

on OFDR are encountered. The first challenge pertains to the existence of outliers in raw data,

which has been discussed in previous studies [161, 77]. The second challenge is the limitation

of acquiring only one-dimensional strain, which is unable to represent the spatial distribution

of strain on 2D CFRP plate structures. Therefore, filtering and reconstruction of raw strain

data is proposed to obtain reliable strain distribution. Subsequently, the development of a
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damage detection scheme is presented, which is used to detect discontinuities in the distributed

in-plate strain during loading. The proposed methodology includes: obtaining neighbourhood

strain sets, sparse representation of the neighbourhood strain set by convex hull representation

(obtained by Delaunay Triangulation), similarity assessment of convex hull during loading, and

calculation of damage index based on sparse representation and similarity assessment. The

diagram of the proposed methodology is illustrated in Figure 4.7. The proposed methodol-

ogy is then verified and validated with three CFRP plates, impacted with with low velocity

impacts of different energy to cause different damage severity. The specimens are subjected

to static load after impact, and the strain data within the SMFs were collected and 2D strain

distribution along 1D SMF was reconstructed to demonstrated the capabilities of the developed

methodology.

Figure 4.7: The diagram of the proposed methodologies

Strain measurements filtering and reconstruction

Data filtering and reconstruction are critical steps in the data processing workflow and can

significantly impact the accuracy and effectiveness of subsequent analyses and models. Filtering

and reconstruction of raw strain data recorded by FOS (along the fibre axis) is necessary to

obtain reliable in-plane strain distribution map. The steps for achieving data filtering and

reconstruction are listed below.

1. Outliers in measurements are eliminated by applying the local outlier factor (LOF) ap-

proach, which is a widely adopted method for outlier detection [230]. An example of
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outliers in real strain measurements is presented in Figure 4.8(a). LOF evaluates the

deviation of the target data from its local neighbours. Assuming a is an object in the

strain measurement set A(a ∈ A), the LOF of a is expressed as:

LOFk(a) =
1

|Nk(a)|
∑

b∈Nk(a)

lrdk(b)

lrdk(a)
(4.20)

where Nk(a) is a set of k-nearest neighbors around a; b denotes any object in Nk(a);

lrdk(a) and lrdk(b) defined as local reachable density of a and b, respectively. They have

same definition, which shown as:

lrdk(a) =
|Nk(a)|∑

b∈Nk(a)
max{dk(b), d(a, b)}

(4.21)

where dk(b) is the Euclidean distance between b and its k-th nearest neighbor, d(a, b)

express the Euclidean distance between a and b. Outliers in the data are identified by

LOFs much greater than 1. The LOF threshold should be carefully selected to distinguish

true outliers from discontinuous data induced by damage in the strain field, as the latter

is crucial for the identification of damage.

2. Data reconstruction here refers to the process of converting one-dimensional (1D) strain

measurements of a SMF to a two-dimensional (2D) strain distribution based on the struc-

ture’s shape and layout of SMF. The specific implementation involves locating the effective

sensing segment on the SMF according to the layout, removing redundant non-sensing

segment measurements, defining a matrix with location information based on the struc-

ture’s shape, and arranging the data of the effective sensing segments into this matrix.

Figure 4.8(a) presents an example in the follow-up experimental verification of this work,

which measures the strain field of a rectangular CFRP panel in a certain load state using

a SMF sensor. This figure depicts all the strain data measured along the SMF, providing

no information about the structure. In contrast, Figure 4.8(b) shows the data after

reconstruction under the same load state, where the x-axis and y-axis indicate the panel’s

length and width, respectively, and the z-axis represents the strain data corresponding
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to each location on this panel. This processing enhances the data’s interpretability and

plays a vital role in subsequent damage detection, particularly for complex structures.

The experimental procedure and findings are presented in detail in the experimental

subsection of this article.

(a) (b)

Figure 4.8: Strain data filtering and reconstruction of distributed sensing: (a) the 1D strain
measurements along the SMF; (b) the corresponding reconstructed 2D strain distribution along
1D SMF on a CFRP panel

The sparse representation and similarity assessment of neighbourhood strain set

The strain data obtained from distributed fibre optic sensors is divided into multiple collections

of measurement points containing adjacent spatial locations, referred to as neighbourhood strain

sets. Identification of discontinuities in the strain field is performed through analysis of these

neighbourhood strain sets, including sparse representation and similarity assessment. Sparse

representation involves the adoption of image processing techniques to extract features for rep-

resenting the neighbourhood strain set. The Delaunay triangulation is adopted to partition

the neighbourhood strain set in the spatial distribution figure of strain, obtaining a unique

convex hull that contains all the strain measurements in the set. This convex hull is defined as

the sparse representation of the neighbourhood strain set. Consequently, detection of discon-

tinuities in the strain field can be transformed into the evaluation of similarity changes of the

convex hull during loading. If the similarity (autocorrelation) of the convex hull significantly

deteriorates during loading, it indicates discontinuity in the strain field.
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As mentioned in the beginning of Chapter 4.3.1, the sparse representation of neighbourhood

strain set is realized by the Delaunay triangulation (DT) method [306], which has been widely

employed in various research for feature matching, such as ship collision [308], image matching

[309, 310], atmospheric remote sensing [311], fingerprints and palmprint recognition [312], and

motion detection [313] due to its robustness and effectiveness. The Delaunay triangulation is

based on the Delaunay condition, which mandates that all circumcircles of generated triangles

have empty interiors. This condition ensures that the generated triangles have the largest min-

imum angle and represent the relationship between the scattered points as sparsely as possible.

After the Delaunay triangulation, the neighbourhood strain set is represented by a unique con-

vex hull (under no degeneracies), enabling the sparse representation of neighbourhood strain

set with good structure and minimal redundancy. This unique convex hull considers the con-

straints of all objects within the neighbourhood strain set, imparting a strong capacity for

describing the neighbourhood strain set. Furthermore, many well-established methods, such as

the divide-and-conquer algorithm [314] and incremental insertion algorithm [315], have been

utilized to expedite the acquisition of Delaunay triangulation.

Figure 4.9(a) presents the Delaunay triangulation of a neighbourhood strain set comprising of

five adjacent points which were selected from the FOS measurements shown in Figure 4.8(a).

The x-axis and y-axis represent the measurement points’ locations and corresponding strain

values, respectively. The locations of the points depicted in this illustration are relative to

the first point rather than the actual locations on the SMF. The red asterisks indicate the

strain measurements, while the Delaunay triangulation is represented by solid blue line. The

circumcircles of triangles and their corresponding circumcentres are represented by black dotted

lines and black dots, respectively. Notably, the Delaunay condition is satisfied, as there are no

points within the circumcircles.

The similarity assessment of the convex hull, acquired through Delaunay triangulation under

distinct loads, is a suitable approach for discontinuity detection in strain field. This phenomenon

is attributed to the fact that strain discontinuity is observed in the event of damage, leading to

a reduction in the similarity of convex hulls. Assuming that the strain measurements in neigh-

bourhood strain set presented in Figure 4.9(a) is expressed as S = {(li, ϵi) i = 1, 2, 3, 4, 5},
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(a) (b)

Figure 4.9: Delaunay triangulation and similarity assessment: (a) The Delaunay triangulation
of a neighbourhood strain set; (b) Similarity assessment of convex hulls based on Hausdorff
distance and area difference

where li is the location of i-th point, ϵi express the strain measurement of i-th point. With the in-

crease of load, this set changes to S
′
= {(li, ϵ

′
i) i = 1, 2, 3, 4, 5}. Since the similarity of the con-

vex hulls is our concern, these two sets are transformed into Ŝ = {(li−l3, ϵi−ϵ3) i = 1, 2, 3, 4, 5}

and Ŝ ′ = {(li− l3, ϵ
′
i− ϵ

′
3) i = 1, 2, 3, 4, 5}. Figure 4.9(b) depicts the Delaunay triangulation of

Ŝ and Ŝ ′ , where the x-axis and y-axis denote the location and strain relative to the middle point

(the third point) in the neighbourhood strain set, respectively. A good similarity between these

two convex hulls is observed, which signifies that no strain discontinuity is observed within the

neighbourhood strain set after loading.

In order to mathematically evaluate the similarity of the convex hulls mentioned above, the

Hausdorff distance and the area of the convex hulls are employed in this work. The Hausdorff

distance is defined as the distance between two discrete point sets, and is commonly used for

evaluating the similarity of polygons. This method has been successfully applied in various

fields, including medical image segmentation [316], three-dimensional (3D) objects retrieval

[317, 318], graph matching[319], and multi-objective optimization [320]. The Hausdorff distance

between the convex hulls in Figure 4.9(b) can be calculated as Equation 4.22:

dH(CH1, CH2) = max{h(CH1, CH2), h(CH2, CH1)} (4.22)
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where CH1 and CH2 express the vertices of these two convex hulls, we have CH1 = Ŝ and

CH2 = Ŝ ′ in this example. h(CH1, CH2) and h(CH2, CH1) are defined as Equation 4.23 and

Equation 4.24:

h(CH1, CH2) = max{min{dE(chi, chj)}} chi ∈ CH1, chj ∈ CH2 (4.23)

h(CH2, CH1) = max{min{dE(chi, chj)}} chi ∈ CH2, chj ∈ CH1 (4.24)

where dE(chi, chj) denotes the Euler distance between chi and chj, and i, j = 1, 2, 3, 4, 5. The

Hausdorff distance between these two convex hulls in Figure 4.9(b) is labelled and marked with

dash-dotted red line. In this study, we have defined the local point autocorrelation (LPA)

coefficient of the neighbourhood strain set as the product of the area difference between these

two convex hulls and their Hausdorff distance.

LPA = |SCH1 − SCH2| · dH(CH1, CH2) (4.25)

where SCH1 and SCH2 represents the area of the two convex hulls mentioned above, and are

depicted in Figure 4.9(b). In addition to using the Hausdorff distance for the assessment of

convex hulls’ similarity, this autocorrelation incorporates the difference in the areas of the

convex hulls obtained through Delaunay triangulation. Because significant changes in the area

of convex hull obtained from the same set of measurement points under different loads indicate

possible damage. Therefore, a large LPA in value means high probability of damage. In

addition, the proposed LPA coefficient in this study improves the robustness and reduces false

positives in damage detection by incorporating the area difference.

Damage detection based on one-dimensional strain measurements

Based on the relationship between LPA coefficient and potential damage, this investigation

proposes a damage detection framework for CFRP structures. By using the 1D distributed

measurements taken under continuous loading, damage data can be gathered by computing
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and analysing the LPA coefficients of all neighbourhood strain sets spanning the entire SMF.

The implementation approach is outlined below.

1. The distributed strain measurements are processed by performing data filtering and re-

construction, as outlined in Chapter 4.3.1.

2. During the loading process, a reference strain is selected for calculating the LPA coeffi-

cients.

3. The LPA coefficients are calculated based on the reference strain selected during the load-

ing process according to Equation 4.25. Figure 4.10(a) demonstrates the implementation

of this step using the example from Figure 4.9(b). The x-axis represents the location of

the measurement points, and the y-axis shows the measured strain. The black dash line

represents the reference strain, and the black solid line represents the measured strain.

The Delaunay triangulation results from Figure 4.9(b) are represented by the solid blue

line here. The grey sliding rectangle in Figure 4.10(a) is used to define the neighbourhood

strain set to calculate the LPA coefficient array. The LPA coefficients of all neighbour-

hood strain sets along the SMF during the entire loading process can be stored in a 2D

matrix, as shown in Equation 4.26.where u(u ∈ N∗) denotes the total number of neigh-

bourhood strain sets and w(w ∈ N∗) represents the number of loading states obtained

during the loading process. It is important to note that dynamic damage detection can

be achieved by interpolating the LPA coefficient array to this 2D matrix in real-time.

Xu,w =


LPA1,1 · · · LPA1,w

· · · LPAx,z · · ·

LPAu,1 · · · LPAu,w

 x ∈ [1, u] z ∈ [1, w] (4.26)

4. The calculation of the DI is predicated by the matrix Xu,w. As shown in Equation

4.27, the damage index is computed as the integral of the LPA coefficient over the entire

loading process, which effectively mitigates the influence of random noise and enhances the
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robustness of damage detection. MatrixDIu,w denotes the possibility of damage occurring

near the neighbourhood strain set. The emergence of damage incites a substantially larger

damage index in the neighbourhood strain sets near the affected area in comparison to

the non-affected sets. Thus, high damage index values relative to other neighbourhood

strain sets indicate a higher probability of damage.

DIu,w =
∫
load

[LPA1,z, LPA2,z, · · · , LPAu,z]
T

=
∑w

z=1 [Xu,w(1, z), Xu,w(2, z), · · · , Xu,w(u, z)]
T

(4.27)

(a) (b)

Figure 4.10: Damage detection schemes based on LPA coefficients: (a) Calculation of LPA
coefficients based on 1D strain measurements along the SMF sensor; (b) Calculation of LPA
coefficients based on 2D strain distribution of 1D SMF on CFRP panel

Damage detection based on two-dimensional strain measurements

The damage detection scheme for CFRP structures based on fibre optic sensors relies directly on

the 1D strain measurements obtained from SMF sensor. However, for complex plate structures,

it may be more desirable to acquire the full in-plane strain field and damage information related

to the actual CFRP structures, as shown in Figure 4.8(b). Therefore, in this subsection, we

propose a damage detection scheme based on the 2D strain distribution of 1D SMF on the

surface of the CFRP structure. The procedure of this scheme is similar to the one mentioned

in Chapter 4.3.1, with the difference being discussed below.
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The calculation of LPA coefficients is modified in the proposed damage detection scheme based

on the 2D strain distribution of 1D SMF on the surface of the CFRP structures. The key

difference is in the selection of neighbourhood strain set, which now changes from 1D to 2D.

To address this, a 3D Delaunay triangulation is required for the strain set on the 2D surface.

Similar to 2D Delaunay triangulation, the 3D Delaunay triangulation condition ensures that the

circumscribed sphere of all tetrahedra have empty interiors and maximize the minimum angle of

tetrahedra. Further information on 3D Delaunay triangulation can be found in [321, 322, 323].

As a result, the local point autocorrelation coefficient is revised as Equation 4.28:

LPA = |VCH1 − VCH2 | · dH(CH1, CH2) (4.28)

Where VCH1 and VCH2 express the volume of two convex hulls (CH1 and CH2) obtained by the

3D Delaunay triangulation. dH(CH1, CH2) is the Hausdorff distance between these two convex

hulls.

In this study, the 2D strain distribution of 1D SMF presented in Figure 4.8(b) serves as an

exemplary case to explain the calculation process of LPA coefficients based on 3D Delaunay

triangulation, as demonstrated in Figure 4.10(b). The x-axis and y-axis represent the sensing

area along the length and width of the CFRP panel, respectively, while the strain is represented

by different colours, with the colour bar on the right indicating the corresponding values. The

neighbourhood strain set is defined using a series of circles, with the red asterisks representing

all measurement points. LPA(x,y) denotes the LPA coefficient of neighbourhood strain set (x, y).

Assuming that the strain field contains u × v(u, v ∈ N∗) neighbourhood strain sets, and the

strain in these sets is recorded under w(w ∈ N∗) different loading states, the LPA coefficients of

all points in the 2D strain distribution of 1D SMF throughout the loading process can be stored

in a 3D matrix as shown in equation 4.29. Subsequently, the damage index is transformed into

a 2D matrix using equation 4.30.
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Xu,v,w =


LPA(1,1),z · · · LPA(1,v),z

· · · LPA(x,y),z · · ·

LPA(u,1),z · · · LPA(u,v),z

 x ∈ [1, u], y ∈ [1, v], z ∈ [1, w] (4.29)

DIu,v,w =
w∑

z=1


Xu,v,w(1, 1, z) · · · Xu,v,w(1, v, z)

· · · Xu,v,w(x, y, z) · · ·

Xu,v,w(u, 1, z) · · · Xu,v,w(u, v, z)

 (4.30)

4.3.2 Experiments

Specimen and layout

Experimental verification of the proposed damage detection algorithm was conducted on three

rectangular specimens made of M21 T800 material, each measuring 280× 120× 2 mm. These

three specimens were extracted from a single large CFRP panel. For each specimen, the SMF

sensors are installed on the surface using epoxy (Stock number 199-1468) sourced from RS

Components. The epoxy was adopted in this experiment because it is able to cure under room

conditions, offering convenience in mounting a complex sensor network.Therefore, any room

temperature-curing epoxy resin with strong adhesive ability can be used as a substitute to

verify the work of this subsection. The sensor layout for all three specimens is identical, as

shown in Figure 4.11. This layout permits a sensing separation of 5 mm between adjacent

segments with low bending losses. To implement the above-mentioned laying scheme, start by

securing the two ends of the optical fiber sensor with instant adhesive (eg. super glue). Once

the optical fiber sensor network is fixed using this method, immerse the entire surface with

epoxy resin glue. Finally, let it stand for at least 24 hours to allow for curing. This method

of laying the sensor network aims to maintain parallelism between the optical fiber sensors as

much as possible. The shaded area in Figure 4.11 represents the distributed sensing area of
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130× 100 mm. This layout facilitates the straightforward identification of specific segments on

the CFRP specimen, as substantiated by the results presented in Figure 4.8(a). Additionally,

the size of the END-TABs is 50 × 120mm. It is worth noting that the sensors are exclusively

installed on one surface of the specimens. The damage is induced by impacting the opposite

surface, which lacks SMF sensors.

Figure 4.11: The layout of SMF sensor on the CFRP specimens

Low-velocity impact experiment

Damage was induced in the deep surface of specimens by an experiment with low-velocity im-

pact utilizing a CEAST 9350 drop tower system, as illustrated in Figure 4.12(a). This system is

able to comprehensively record the profiles of the entire impact event through a dedicated data

acquisition system (CEAST DAS 16000), including force, energy, displacement, and velocity

data with time. The impacting tup employed in the experiment featured a 10mm diameter.This

low-velocity impact experiment was conducted to simulate scenarios that are typically encoun-

tered in aircraft maintenance and operation. These scenarios encompass instances of improper

maintenance practices, such as the application of force near a jack pad or unintended impacts

involving tools or ground-support equipment (tow vehicles), inadvertent dropping of tools. It is

worth to note that such impact events pose significant threats to the composite industry. This

is due to their propensity to induce intricate failure mechanisms and internal damage, especially

the BVID. The consequences of these damages are substantial and manifest as a substantial

reduction in the structural properties of composite materials[324, 325, 326].

The impact energy of the three experiments is presented in Figure 4.12(b), where the x-axis
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(a) (b)

Figure 4.12: The low-velocity impact experiment: (a) The experiment setup; (b) The impact
energy of three specimens

denotes the time during the impact and the y-axis denotes the impact energy. It can be

observed that specimen 1 absorbed the largest impact energy, followed by specimen 3, while

specimen 2 absorbed the least impact energy. Accordingly, visible impact damage was observed

for specimen 1 and 3 after impact. However, only barely visible impact damage was observed

for specimen 2 through c-scan, as shown in Figure 4.13(b), where the size of the c-scan area

was 120 × 90mm, which is slightly smaller than the sensing area of the SMF sensor. Despite

setting the impact energy at the same level for specimen 2 and specimen 3, it was observed

that specimen 2 absorbed marginally less energy compared to specimen 3. This discrepancy can

be attributed to minor variations in the impact location and discrepancies in manufacturing

quality. Figure 4.13(a) shows the three specimens after the low-velocity impact experiment. It

should be noted that the SMF sensor on the surface of specimen 1 was also broken and could not

be used for strain measurement in subsequent experiments. To enhance the interpretability of

the subsequent damage detection results, three locations on the specimen are marked as Point

1, Point 2, and Point 3 in Figure 4.13(b) with red dot and text description, and the strain

measurement results of Specimen 2 and Specimen 3 at these locations will be discussed in

detail in the subsequent section to illustrate the performance of the proposed damage detection

algorithm.
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(a) (b)

Figure 4.13: Different types of impact damage induced in CFRP specimens: (a) Damage state
of three specimens after low-velocity impact experiment; (b) BVID in Specimen 2 observed by
c-scan

Static tensile experiment

This section focuses on specimens 2 and 3 since the SMF sensor on specimen 1 was damaged

during the impact experiment, as previously mentioned. Prior to and after the low-velocity

impact experiment, static tensile experiments were conducted on specimens 2 and 3 using a

250 kN tensile machine from Instron (Instron 5980 Series Dual Column Floor Frames (250KN)).

More specifically, the experimental procedure begins with a static tensile test to collect strain

data in an undamaged state. Subsequently, a C-scan is conducted to confirm the absence

of damage in the specimens. Following the verification by C-scan, damage is intentionally

introduced to the specimens through low-velocity impact experiments. After the damage is

induced, another C-scan is performed to assess the extent of BVID in specimen 2. Finally,

static tensile tests are conducted once more on both specimen 2 and specimen 3 to collect

strain data in a damaged condition. This entire process simulates the data collection scenarios

that SMF sensors would encounter during real-world damage events in composite structures.

The proposed methodology relies on measuring local strain changes in the damaged area of the

composite plates, to indicate damage and therefore the structure has to be subjected to load

while recording the response with SMF. Figure 4.14(a) illustrates the experimental setup of

static tensile experiment, which involved using the ODiSI-B system to obtain distributed strain
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data throughout the loading process. A zoomed view of the CFRP specimen is also provided

on the right side of the figure.

(a) (b)

Figure 4.14: The static tensile experiment: (a) The experiment setup; (b) The load response
of Specimen 2 in Test 3-1

Table 4.3 depicts all the test scenarios for the static tensile experiment. These scenarios involved

conducting tensile tests with and without damage for specimens 2 and 3. As indicated in this

table, the tensile loads applied in these test scenarios are significantly lower than the failure load

of CFRP structures. This implies that during the experiments, specimen 2 and 3 experience

controlled tensile loads without reaching structural failure. Five controlled tensile tests were

conducted for each test scenario to ensure the reliability of strain data and simulate the typical

working conditions of damaged structures. The reference signal of the OFDR system is reset,

and the tensile load is completely released after each tensile test to prevent the influence of

residual strain in the specimens. The tensile load for each test is presented in Table 4.3. For

instance, in Test 1-1, Specimen 2 underwent a loading process from 0 MPa to 41.7 MPa, followed

by an unloading process from 41.7 MPa to 0 MPa. The load for specimen 2 with BVID was set

higher than the other scenarios to amplify changes in the local strain field caused by presence

of damage. The strain response of Point 1, 2 and 3 (marked in Figure 4.13(b)) in Test 3-1 is

presented in Figure 4.14(b). It is observed that the strains at these locations increase linearly

with the load increase, indicating that obtaining damage information directly from the strain

response is challenging when BVID is present in CFRP structures.
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Table 4.3: Test scenarios in the static tensile experiment

Test scenario Specimen Test Number Load / MPa Damage State

1-1 0-41.7
1-2 0-44.2

1 2 1-3 0-44.6 Without Damage
1-4 0-44.2
1-5 0-44.6

2-1 0-43.8
2-2 0-44.2

2 3 2-3 0-44.6 Without Damage
2-4 0-44.2
2-5 0-44.6

3-1 0-104.2
3-2 0-138.7

3 2 3-3 0-168.1 With BVID
3-4 0-180.4
3-5 0-172.7

4-1 0-41.7
4-2 0-43.3

4 3 4-3 0-43.5 With VID
4-4 0-43.0
4-5 0-43.3

4.3.3 Results and discussion

Damage detection result based on one-dimensional strain measurements

In the static tensile experiments, the stability of multiple repetitions of each test scenario was

observed to be good. Consequently, for the purpose of realizing damage detection using the

algorithm proposed in this chapter, the strain measurements in Test 3-1 and Test 4-1 were

used to represent the strain data under two typical damage states, namely BVID and VID,

respectively. Figure 4.15 depicts the LPA coefficients of neighbourhood strain sets near Point

1, 2 and 3 (as marked in Figure 4.13(b)) in Test 3-1 and Test 4-1. It is worth mentioning

that the unit of the LPA coefficient and damage index is not marked in the figures presented

in this chapter. This is because that the employed image processing method makes the unit

complex and lacks practical meaning. Instead, the damage is evaluated based on its magnitude.
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The LPA coefficients in Test 3-1 are presented in Figure4.15(a) and 4.15(b). As per step 2 in

subsection 4.3.1, the strain measurements obtained in Test 1-1 (without damage) and those

obtained in Test 3-1 (with damage) are utilized as reference strain for Figure 4.15(a) and

4.15(b), respectively. In both figures, the LPA coefficients close to the damage (Point 2)

exhibit significantly different characteristics than the other points (Point 1 and 3). Although

the utilization of pristine state strain (form Test 1-1) as a reference has been observed to yield

superior outcomes, it is noteworthy that the reference strain selected in the presence of damage

(form Test 3-1) can also determine the damaged state. Therefore, the proposed LPA coefficient

can identify the measurement points close to the damage without relying on the pristine state

reference strain, indicating its potential in damage identification of CFRP structures.

(a) (b)

(c) (d)

Figure 4.15: The LPA coefficients near Point 1,2 and 3 based on 1D strain measurements along
the SMF sensor: (a) Results of Test 3-1 (reference strain: Test 1-1 under 41.7MPa); (b) Results
of Test 3-1 (reference strain: Test 3-1 under 41.7MPa); (c) Results of Test 4-1 (reference strain:
Test 2-1 under 10.4MPa);(d) Results of Test 4-1 (reference strain: Test 4-1 under 10.4MPa)
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The LPA coefficients near Point 1, 2 and 3 (as marked in Figure 4.13(b)) in Test 4-1 are depicted

in Figures 4.15(c) and 4.15(d). Similar to Test 3-1, Figure 4.15(c) and 4.15(d) illustrate the

results obtained under reference strain with and without damage. Comparable conclusions

regarding damage identification can be inferred from both figures, as stated in the analysis of

Test 3-1. It is noteworthy that the VID in Test 4-1 can be detected at a significantly lower

load than the BVID in Test 3-1. Moreover, the magnitude of the LPA coefficients in Test 4-1 is

much higher than that in Test 3-1. This is due to the fact that the BVID has a smaller impact

on the strain field than the VID under the same load.

(a) (b)

(c) (d)

Figure 4.16: The damage index of all neighbourhood strain sets on 1D strain measurements
along the SMF sensor: (a) Results of Test 3-1 (reference strain: Test 1-1 under 41.7MPa);
(b) Results of Test 3-1 (reference strain: Test 3-1 under 41.7MPa); (c) Results of Test 4-1
(reference strain: Test 2-1 under 10.4MPa);(d) Results of Test 4-1 (reference strain: Test 4-1
under 10.4MPa)

The damage index based on the strain measurements of Test 3-1 and Test 4-1 is depicted in
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Figure 4.16, wherein the x-axis illustrates the length along the SMF sensor (as illustrated in

Figure 4.8(a)), and the y-axis represents the magnitude of the damage index. Figure 4.16(a)

and 4.16(b) represent the result of Test 3-1 under different reference strain, while Figure 4.16(c)

and 4.16(d) illustrate the outcome of Test 4-1 under different reference strain. These figures

depict the positions of points 1, 2 and 3 on the SMF sensor by blue diamond, black circle

and red square marks, respectively. These figures reveal a notably higher amplitude of the

damage index at position 2 compared to positions 1 and 3. This suggests that position 2 is

likely in close proximity to the damage site. Therefore, the damage index results presented in

these figures demonstrate the efficiency of the proposed technique in detecting the measurement

points proximate to the BVID and VID, regardless of whether the reference strain is selected in

the presence or absence of damage, which shows the potential of this method to be applied to

in-service damage detection of CFRP structure. Moreover, the damage identification outcomes

align with the damage location observed in specimen 2 and specimen 3.

Damage detection result based on two-dimensional strain measurements

This subsection presents the results of damage detection based on 2D strain distribution of

1D SMF obtained from Test 3-1 and Test 4-1. The proposed algorithm for damage detection

has demonstrated validity under different reference strains; thus, this subsection presents only

the results based on the reference strain selected in the presence of damage. Figure 4.17(a)

and 4.17(b) depict the LPA coefficients near Point 1, 2, and 3 (marked in Figure 4.13(b)).

Meanwhile, Figure 4.17(c) and 4.17(d) show the distribution of the damage index on the surface

of the CFRP specimens. The x-axis and y-axis in Figure 4.17(c) and 4.17(d) indicate the length

and width of the sensing area on the CFRP specimens, respectively. The colour bar on the right

indicates the corresponding values of damage index. The LPA coefficients obtained by Equation

4.28 based on 3D Delaunay triangulation also demonstrate excellent performance in identifying

the measurement points near the damaged location, as shown in Figure 4.17(a) and 4.17(b).

Using the outcomes depicted in Figure 4.17(a) as an illustration, the LPA amplitudes at Point

1, Point 2, and Point 3 exhibit negligible differences under light loads. However, as the load

intensifies and surpasses 60MPa, the rate of increase in the LPA value at point 2 significantly
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outpaces that of points 1 and 3. This observation suggests the existence of damage near Point

2. Furthermore, the damage index distribution aligns with the damage location observed in

specimen 2 and specimen 3, indicating excellent performance in both BVID and VID, when

considering the shape of CFRP structures. Notably, this damage index can be updated in real-

time based on the calculation of the LPA coefficient under the current strain measurement,

suggesting the possibility of in-service damage detection of CFRP structures without prior

information about non-damaged strain distribution.

(a) (b)

(c) (d)

Figure 4.17: The damage detection results based on 2D strain distribution of 1D SMF on CFRP
specimens: (a) LPA coefficient of Test 3-1 (reference strain: Test 3-1 under 41.7MPa); (b) LPA
coefficient of Test 4-1 (reference strain: Test 4-1 under 10.4MPa); (c) Damage index distribution
of Test 3-1 (reference strain: Test 3-1 under 41.7MPa); (d) Damage index distribution of Test
4-1 (reference strain: Test 4-1 under 10.4MPa);
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4.3.4 Conclusions

The OFDR technique has enabled real-time recording of detailed strain distribution on CFRP

structures, facilitating damage detection based on image feature matching. this chapter pro-

poses a LPA coefficient as a key feature for damage detection in CFRP structures in service

(under variable load). The LPA coefficient is defined as the area difference and Hausdorff dis-

tance between two convex hulls, generated by Delaunay triangulation of two neighbourhood

strain sets under distinct loads. One set is selected from reference strain measurements, while

the other is selected from current strain measurements. The variation of the LPA coefficient

during the loading process indicates the discontinuities in the strain field, directly related to

damage in the CFRP structures. The damage index is defined as the integral of the LPA

coefficient within the entire loading process to increase the robustness of damage detection.

The damage index near the damage location increases much faster than those far away from

damage during load variation. The proosed methodology was validated with three composite

specimens, surface mounted with SMFs and impacted with low velocity impact to cause both

VID and BVID in the composite. Based on the experiments and analysis presented in this

chapter, the following conclusions can be drawn.

• The LPA coefficient exhibits excellent performance in identifying the measurement points

located near the damage site in CFRP structures.

• The damage detection results, based on the proposed algorithm using damage index,

match well with the actual damage observed in the CFRP specimens.

• In the proposed algorithm for damage detection, no prior knowledge about the strain dis-

tribution in the pristine specimen is required, allowing the reference strain to be selected

at any time, even in the presence of damage.

• The proposed algorithm demonstrates effective detection of both BVID and VID.

• The magnitude of the damage index can be used to characterize the severity of damage.

For example, the damage index of VID in Specimen 3 is significantly larger than the
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damage index of BVID in Specimen 2.

• Real-time damage monitoring can be achieved by updating the damage index with the

LPA coefficients of current strain measurements.

Moreover, based on the principle of proposed algorithm in this chapter, the following inferences

can be drawn.

• The proposed damage detection approach in this chapter integrates the LPA coefficient

over the entire loading process to obtain the damage index. As the integral interval

expands, the difference between the damage index near damaged and non-damaged mea-

surement points becomes more apparent. Thus, this approach is suitable for long-term

damage detection of CFRP structures.

• The feature matching-based approach proposed in this chapter identifies local areas with

significant strain variations. This approach is not sensitive to changes in ambient tem-

perature since temperature changes result in uniform strain variations. Therefore, this

method can be considered robust in complex environments.

• The selection of neighbourhood strain set is crucial in this approach. A large neighbour-

hood strain set leads to a broad local strain distribution, resulting in decreased sensitivity

to small-sized damage. Conversely, a small neighbourhood strain set may reduce the ro-

bustness of damage detection.

There are some limitations in the present scenario of damage detection of CFRP structures

using distributed strain sensing. These limitations include the inferior dynamic performance

of distributed strain measurements (no more than 100Hz for ODiSI-B system), susceptibility

to the influence of complex loading conditions, and the restricted lateral sensing range of the

SMF sensor. Therefore, subsequent works will be conducted to test the efficacy of the proposed

algorithm under challenging structural conditions, intricate loading conditions, and diverse

sensor configurations.



Chapter 5

Shape sensing of composite plates

based on distributed fiber optic sensing

5.1 Introduction

The shape sensing technique of CFRP structures is of great significance in SHM and has wit-

nessed rapid development in recent years. This technique aims to reconstruct a high-fidelity

displacement field from limited strain measurements on CFRP structures [202]. The shape

sensing technique is broadly classified into three categories, namely, numerical integration-

based approach (such as Ko’s displacement theory) [327, 31], approximation approach based

on basis functions (such as the modal method) [328], and iFEM based on the least square

method [329, 330]. A comprehensive study comparing these algorithms has been conducted in

the latest review and research articles [331, 332]. Among these schemes, iFEM is considered

one of the most promising techniques due to its ability to accurately reconstruct a displacement

field with limited strain measurements [333].

The iFEM was initially proposed by Alexander Tessler and Jan L. Spangler in [334] for shape

sensing of shell structures, utilizing the first-order shear deformation theory. The iFEM method

employs the finite element discretization and the least squares variational principle to solve

135
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the inverse problem, which involves reconstructing a high-fidelity displacement field from lim-

ited strain measurements [335]. Based on this principle, several iFEM algorithms have been

developed, employing different kinematic assumptions and validated theoretically and experi-

mentally on various materials and structures. One category of extensively developed iFEM is

for shape sensing of isotropic shell structures, including the three-node inverse shell element

(iMIN3) [336], the four-node quadrilateral inverse-shell (iQS4) [337], and the eight-node curved

inverse-shell element (iCS8) [338], which have been validated in several structures, including

chemical tankers [339], bulk carriers [340], offshore wind turbine towers [341], and machine

columns [342]. For anisotropic and quasi-isotropic shell structures, such as composite laminate

and sandwich structures, a more complex algorithm based on the refined zigzag theory (RZT),

namely iRZT, has been developed to enhance the precision of displacement field reconstruc-

tion [343, 344, 345, 346]. Another category of iFEM has been developed for shape sensing

of isotropic beams based on Timoshenko’s kinematic assumptions [347, 348, 349, 350, 351]

and Euler-Bernoulli beam assumption [352, 353, 354]. Recently, the RZT theory has been ap-

plied in sandwich beams to improve the precision of displacement field reconstruction [355].

These iFEM algorithms for beams have been validated in applications such as tunnel moni-

toring [356], subsea pipelines [357, 358], and soil deformation monitoring [359]. Moreover, the

above-mentioned iFEM algorithms have also been utilized for structural damage detection and

integrity assessment with promising potential [360, 361, 362, 363, 364, 365]. Notably, some

of the latest studies have employed boundary element [366, 367], inverse-plate quadrilateral

area coordinates method [368], fuzzy networks[369], the isogeometric analysis [370] and other

techniques to further enhance the performance of the iFEM algorithms.

The iFEM shows strong correlation with strain measurements in practical applications. In

current research, strain gauges [347], FBG [340], and distributed fibre optic sensors [371] have

emerged as the most commonly used sensors for strain measurement. Strain gauges provide

normal and shear strain with ease. However, for larger structures, a huge number of cables

are required [335, 372]. FBG sensors partly solve this issue as multiple sensing points can be

integrated onto a single sensor, thereby reducing the cable requirement. Nonetheless, obtaining
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the complete strain field, including all strain components, remains difficult with FBG sensors.

Consequently, distributed fibre optic sensing is considered one of the most promising solutions

due to its high directional flexibility and spatial precision. These features make it possible to

acquire the normal and shear strain with high spatial precision. However, a universally applica-

ble scheme for strain field acquisition has not been proposed in any of the existing experiments

or application examples. As a result, the selection of sensors and installation schemes needs

to be tailored independently for different structures and applications, which has limited the

widespread adoption of iFEM.

In addition, obtaining a large amount of strain data is often infeasible due to cost limitations in

practical applications. Therefore, strain extrapolation techniques have adopted as a promising

solution to reduce cost and improve spatial resolution of displacement field. This technique

utilizes sparse measurements to predict high-fidelity strain fields, which can effectively increase

the mesh density of iFEM and improve the spatial resolution of displacement field [373]. The

cubic spline interpolation is a classical method, but it tends to lose many details of the strain

field. Smoothing element analysis (SEA) is another classical method proposed by Alexander

Tessler and first utilized in finite element method (FEM) [374]. Recently, the effectiveness of

SEA in strain extrapolation for iFEM has been demonstrated by Adnan Kefa et al [372, 375].

Furthermore, new strain extrapolation techniques based on Gaussian process (GP) [376], ra-

dial basis function (RBF) [377], polynomial [378, 379], and physics [380] have been proposed.

However, these methods tend to produce smooth strain fields and lose high-frequency features

in the actual strain distribution. These high-frequency features are important for both shape

sensing and damage detection. Furthermore, the GP-based extrapolation technique requires

substantial work in selecting kernel functions and hyperparameter settings, as well as significant

computing performance when processing large amounts of data.

To address the aforementioned challenges, this research introduces a precise and block-based

solution for shape sensing with distributed fibre optic sensing. The proposed scheme geometri-

cally represents the sensor network by combination of basic sensing blocks, making it universally
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applicable for different structures. The adoption of basic sensing blocks simplifies the design

of sensor networks for different structures and enhances the standardization and robustness of

sensor networks. The strain distribution is then obtained by combining the mesh information

of iFEM with the geometric representation of the sensor network. Furthermore, to achieve

high-fidelity strain fields and refine the mesh of iFEM, a novel strain extrapolation method

based on single image super resolution (SISR) technique is proposed [381]. The SISR technique

is originally developed for high-resolution reconstruction of images in computer vision and is

well-suited to solving ill-posed problems like strain extrapolation. The proposed strain extrap-

olation method can effectively preserve high-frequency features of the strain field, overcoming

the limitations of existing strain extrapolation techniques. The contributions of this study can

be summarized as follows:

• A block-based strain field acquisition scheme based on distributed fibre optic sensing is

proposed, and it was validated in three experiments with different shell structures.

• A novel strain extrapolation scheme is introduced that employs image super resolution

techniques to preserve high-frequency features in the strain field. The strain extrapolation

results are compared with those of existing techniques, highlighting the advantages of the

proposed approach.

This chapter is structured as follows: subsection 5.2 presents the theories employed in this

study, encompassing iFEM with drilling degrees of freedom, strain acquisition scheme, and

SISR-based strain extrapolation technique. The details of the specimens and experiments car-

ried out in this research are illustrated in subsection 5.3. The outcomes and discussions are

presented in subsection 5.4, which include shape sensing and strain extrapolation results. Fi-

nally, the concluding remarks and summary of this chapter are presented in the last subsection.
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5.2 Methodology

This subsection begins with a comprehensive overview of iFEM with drilling degrees of freedom

is provided. Following this, a robust and standardized strain acquisition scheme for iFEM, based

on distributed optic sensing, is introduced. Lastly, the SISR-based strain extrapolation method

is proposed as a method to achieve strain field with high spatial resolution, thereby enabling

the high-fidelity determination of displacement field using iFEM.

5.2.1 Inverse finite element method with drilling degrees of freedom

The iQS4 element with drilling degrees of freedom was initially introduced in [329] to enhance

the robustness of iFEM when simulating curved shell structures. An overview of iFEM is il-

lustrated in Figure 5.1. The fundamental principle of iFEM involves minimizing the difference

between virtual strain, represented by a virtual displacement field, and experimental strain

using the weighted least-squares formulation Φe.The process of obtaining virtual strain is de-

picted at the bottom of Figure 5.1. An isoparametric coordinate system (ξ, η) is constructed for

the iQS4 element to express the interpolation of the virtual displacement field. The real iQS4

element is defined by a local coordinate system (x, y, z) located at its centroid. The unique

mapping between isoparametric and local coordinate is given by bilinear isoparametric shape

functions (summarized in Appendix A.1) and expressed in Equation 5.1.

x(ξ, η) =
4∑

i=1

N(ξ, η)ixi (5.1a)

y(ξ, η) =
4∑

i=1

N(ξ, η)iyi (5.1b)
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Figure 5.1: An overview of inverse Finite Element Method

In the local coordinate system, the thickness of the iQS4 element is assumed to be 2h, such that

the z coordinate is given by z ∈ [−h, h]. Similar to the Mindlin plate theory, the nodal degrees

of freedom (DOFs) are defined as U, V,W, θx, θy, θz. The kinematic assumption is expressed

mathematically in Equation 5.2.

Ux = U + zθy (5.2a)

Uy = V + zθx (5.2b)

Uz = W (5.2c)

where Ux, Uy, Uz are nodal displacement along x, y, z direction in local coordinate, respectively.

Since the drilling degree of freedom is induced in this model, the distribution of kinematic vari-
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ables in Equation 5.2 is expressed by interpolation based on nodal displacements in isopara-

metric coordinate and shown in Equation 5.3. The detailed expressions of shape functions

including L(ξ, η)i and M(ξ, η)i are summarized in Appendix A.1). The detailed derivation of

these results can be found in [382, 383].

U =
4∑

i=1

N(ξ, η)iUi +
4∑

i=1

L(ξ, η)iθzi (5.3a)

V =
4∑

i=1

N(ξ, η)iVi +
4∑

i=1

M(ξ, η)iθzi (5.3b)

W =
4∑

i=1

N(ξ, η)iWi −
4∑

i=1

L(ξ, η)iθxi −
4∑

i=1

M(ξ, η)iθyi (5.3c)

θx =
4∑

i=1

N(ξ, η)iθxi (5.3d)

θy =
4∑

i=1

N(ξ, η)iθyi (5.3e)

By combining the strain-displacement relations in linear elasticity with Equation 5.2 and 5.3,

the virtual strain of iQS4 element is expressed through interpolations based on nodal displace-

ments ue described in isoparametric coordinate system as follows:

[
εxx εyy γxy

]T
= e(ue) + zk(ue) (5.4a)

[
γxz γyz

]T
= g(ue) (5.4b)
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where e(ue) is the membrane strain; k(ue) expresses bending curvature; g(ue) is the trans-

verse shear strain. The detailed expressions of ue , e(ue), k(ue), and g(ue) are summarized

in Appendix A.1). Experimental strain is typically measured using strain rosettes, FBG, or

distributed fibre optic sensors. Take the strain rosette depicted in the upper left of Figure 5.1

for example, the complete strain distribution is obtained according to Equation 5.5. In this

equation, ε+,−
xx , ε+,−

yy , and γ+,−
xy represent the normal and shear strain on the top (+) and bot-

tom (−) surface of iQS4 element in the local coordinate.The ε+,−
1,2,3 express the reading of strain

rosettes on the top (+) and bottom (−) surface of iQS4 element, respectively. The directions

of the strain rosettes are denoted by θ1, θ2, θ3.


ε+,−
1

ε+,−
2

ε+,−
3

 =


(cosθ1)

2 (sinθ1)
2 sinθ1cosθ1

(cosθ2)
2 (sinθ2)

2 sinθ2cosθ2

(cosθ3)
2 (sinθ3)

2 sinθ3cosθ3



ε+,−
xx

ε+,−
yy

γ+,−
xy

 (5.5)

Based on Equation 5.4 and 5.5, the membrane strain (eε) and bending curvature (kε) under ex-

perimental conditions can be mathematically represented by Equation 5.6. It should be noted

that it is impossible to directly measure the transverse shear strain (gε) under experimental

conditions using the strain measurements provided by Equation 5.5. Nevertheless, the defor-

mation of shell structures is mainly governed by the membrane strain and bending curvature,

and the contribution of transverse shear strain can be neglected. Therefore, it is reasonable to

assume that the transverse shear strain under experimental conditions is equal to zero (gε = 0).

eε =
1

2

[
(ε+xx + ε−xx) (ε+yy + ε−yy) (γ+xy + γ−xy)

]T
(5.6a)

kε =
1

2h

[
(ε+xx − ε−xx) (ε+yy − ε−yy) (γ+xy − γ−xy)

]T
(5.6b)
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In the actual deformation of an iQS4 element, the membrane strain, bending curvature, and

transverse shear strain under virtual and experimental conditions should be well-matched. This

implies that the actual deformation field of the iQS4 element minimizes the following weighted

least-squares functional:

Φe = ωm∥e(ue)− eε∥2 + ωk∥k(ue)− kε∥2 + ωg∥g(ue)∥2 (5.7)

The functional presented in Equation 5.7 introduces the weights ωm, ωk, and ωg to adjust the

contributions of the membrane strain, bending curvature, and transverse shear strain, respec-

tively. Due to practical limitations, it may not be possible to obtain strain measurements for

all iQS4 elements among the whole structure. Consequently, only the weights of the iQS4 ele-

ments with measured strain are set to one, while the weights of the other elements are set to

a much smaller value (≤ 10−4) to reduce errors. The normalized Euclidean norms in Equation

5.7 are mathematically represented by Equation 5.8 in isoparametric coordinate system, where

Ae is the area of the iQS4 element in the mid-plane and |J | represents the determinant of the

Jacobian matrix.

∥e(ue)− eε∥2 =
1

Ae

∫∫
Ae

[e(ue)− eε]
2 |J |dξ dη (5.8a)

∥e(ue)− eε∥2 =
(2h)2

Ae

∫∫
Ae

[k(ue)− kε]
2 |J |dξ dη (5.8b)

∥g(ue)|2 = 1

Ae

∫∫
Ae

[g(ue)]2 |J |dξ dη (5.8c)
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Therefore, the weighted least-squares functional in Equation 5.7 can be minimized to obtain

the solutions for the real deformation field. This solution is expressed as Equation 5.9, where εe

denotes a vector of iQS4 element containing the experimental membrane strain, bending curva-

ture, and transverse shear strain. The ke and f e are the coefficient matrix of nodal displacement

vector and experimental strain vector, respectively. The detailed mathematical expressions for

εe, ke, and f e can be found in Appendix A.1).

∂Φe

∂ue
= keue − f eεe = 0 (5.9)

It is noteworthy that the aforementioned conclusions are derived based on the local coordinate

system (x, y, z). Therefore, Equation 5.9 is expanded to Equation 5.10 for the entire structure in

the global coordinate system (X, Y, Z), where Tθ represents the transformation matrix between

the local and global coordinate systems. The total number of iQS4 elements in the entire

structure is denoted by n. The displacement field of the structure is then obtained by combining

Equation 5.10 with the displacement boundary conditions.

n∑
e=1

(Tθ)
TkeTθ

n∑
e=1

(Tθ)
Tue −

n∑
e=1

(Tθ)
Tf eεe = 0 (5.10)

5.2.2 The strain acquisition scheme based on distributed fibre optic

sensing

In accordance with the fundamental principle of the iFEM methodology discussed in Chap-

ter 5.2.1, experimental strain measurements have a direct impact on the calculated displace-

ment field. Weights such as ωm, ωk, and ωg (as in Equation 5.7) are introduced to reduce
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errors from iQS4 elements without experimental measurements. However, the analyses in

[384, 378, 379, 371] show that inaccurate displacement outcomes occur when the proportion of

iQS4 elements with measured strain is low or their distribution is unreasonable. Based on the

conclusions in former research, a reliable sensor network must meet specific conditions when

prior knowledge about the possible strain distribution is unavailable.

• The sensor network should furnish comprehensive and adequate strain information, which

includes measurements for a higher number of iQS4 elements as well as complete strain

information, comprising normal and shear strains.

• For a robust sensor network, the iQS4 elements with strain measurements should be

distributed as uniformly as possible to cover the entire surface of the structure. Moreover,

efforts should be made to ensure symmetrical distribution of iQS4 elements with strain

measurements.

Therefore, this subsection presents a strain acquisition scheme utilizing distributed fibre optic

sensors, which is designed to enhance the accuracy of iFEM by satisfying the aforementioned

conditions. The proposed scheme utilizes the combination of basic sensing blocks to geometri-

cally represent the sensor network of a structure, making this approach applicable to various of

structures. By adopting basic sensing blocks, the scheme simplifies the design of sensor networks

for different structures, and promotes standardization and robustness of sensor networks.

Figure 5.2 illustrates the four steps involved in the design and installation of sensor networks

based on distributed fibre optic sensors. The first step is to design basic sensing blocks, similar

to strain rosettes, containing various measurement directions to obtain both normal and shear

strain distribution on the surface. In addition, considering the geometric characteristics of

fibre optic sensors, the track of SMF obtained by connecting basic sensing blocks should be

C1-continuous. A feasible Ω-type basic sensing block is presented in the top-left of Figure

5.2, which contains all directional components from −π/3 to π/3 and has a bending radius

of 12.5mm to avoid bending loss. A detailed analysis of this design is expressed in [385].
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Figure 5.2: The design and installation scheme of sensor network: Step1: basic sensing blocks
design; Step2: discretization of basic sensing blocks; Step3: sensor network design; Step4:
installation of sensor network

The second step involves the discretization of basic sensing blocks in local coordinate system

(x,y). Since the distributed sensing based on fibre optic sensors measures the discrete strain

information along the sensor with high spatial resolution, all the discrete sensing segments in

the Ω-type basic sensing block are mathematically expressed in Equation 5.11. In this equation,

sx = [sx1, sx2, · · · , sxn] represents the x-coordinates of sensing segments, sy = [sy1, sy2, · · · , syn]

represents the y-coordinates of sensing segments, and sφ = [sφ1, sφ2, · · · , sφn] expresses the

directions of these sensing segments. It is noteworthy that the quantity of sensing segments (n)

present within the basic sensing block is decided by the configuration of the shape in the first

step and the spatial resolution of the distributed sensing. For instance, the spatial resolution

of the commercial OFDR system (ODiSI-B) utilized in this work is 2.6mm, implying that the

Euclidean distance between adjacent sensing segments in sΩ is 2.6mm.

sΩ =


Sx

Sy

Sφ

 (5.11)

The third step involves designing the sensor network in global coordinate (X, Y ) based on the
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basic sensing block mentioned above. In the bottom-right of Figure 5.2, a rectangular shell

(725×190mm) has been used to illustrate this step using m basic sensing blocks (sΩ), and

the resulting sensor network is mathematically expressed in Equation 5.11. The x-coordinate

of the i-th basic sensing block in the sensor network is denoted by ψxi, and the y-coordinate

is represented by ψyi. The transformation matrix between the local and global coordinate

systems is denoted by Tθ, where θ is the angle between the local coordinate system and the

global coordinate system.

S = Tθ


sx + ψx1 sx + ψx2 · · · sx + ψxm

sy + ψy1 sx + ψy2 · · · sx + ψym

sφ + θ sφ + θ · · · sφ + θ

 (5.12)

The fourth step involves the installation of the sensor network, which is based on the design

obtained from step three. The sensor network obtained from the basic sensing blocks satisfies

the requirements for a robust network mentioned in the beginning of this subsection, including

comprehensive and sufficient strain information, uniform distribution, and a well-organized

symmetric layout. Moreover, owing to its simple and highly regular design, the installation

of this sensor network is straightforward. One potential approach is to employ reusable and

modular moulds to facilitate the installation of the designed sensor network, as depicted in the

upper right corner of Figure 5.2.

Once the geometric distribution and corresponding measurement direction of all sensing seg-

ments in the sensor network have been obtained, the strain distribution of iQS4 elements are

calculated based on the iFEM mesh information. The implementation scheme is consistent

with Equation 5.5, where three sensing segments with different angles are selected from a pool

of k (k ≥ 3) sensing segments within an iQS4 element to calculate normal and shear strain. To

reduce calculation errors, the angular difference between the selected sensing segments should

be maximized. The membrane strain and bending curvature in experiment are then obtained

using Equation 5.6. In conclusion, a robust sensor network based on basic sensing blocks can be
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readily assembled for various shell structures, thereby yielding a sound experimental strain field

for iFEM and improving the accuracy of shape sensing. Moreover, the simplicity and regularity

of such a network facilitates the installation of sensors, particularly for larger structures.

5.2.3 Strain extrapolation based on single image super resolution

In shape sensing based on iFEM, strain extrapolation is adopted to address sensor limitations

and achieve high resolution displacement fields. It aims to predict surface strain in areas where

no strain measurements are available with limited strain measurements. This is an underdeter-

mined inverse problem, as the inferred high-fidelity strain distribution is not unique. The most

widely used technique is the SEA, which generates a smoothed strain field for iFEM. Although

this approach provides a certain level of noise suppression, it also suppresses high-frequency

components that may exist in the actual strain field, which are often caused by structural com-

plexity (such as the presence of holes) or potential damage (such as cracks or delamination).

Retaining these high-frequency components in strain extrapolation is not only beneficial for im-

proving the accuracy of shape sensing, but also important for damage detection based on iFEM.

The SISR technique, which originated in the field of computer vision, is employed to reconstruct

a high-resolution (HR) image from a low-resolution image (LR). This technique also faces an

underdetermined inverse problem as same as strain extrapolation. SISR is specifically designed

to upscale a LR image while preserving its sharpness. In other words, it aims to retain all

frequency components after the upscaling process [381]. The mathematical formulation of the

SISR problem is expressed in Equation 5.13.

Y = DBX + v (5.13)
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In Equation 5.13, X represents the HR image, while Y denotes the corresponding LR image

degraded by v, which represents additive noise. D and B represent the down-sampling and

blurring operator used to acquire Y . It should be emphasized that this relationship can also

be applied to describe the strain extrapolation problem, where X represents the high-fidelity

strain field obtained after extrapolation and Y denotes the strain field measured by the sensor

network. Therefore, the SISR technique presents itself as a promising solution for the realiza-

tion of strain extrapolation.

To enable strain extrapolation using the SISR technique, the strain distribution obtained in

subsection 5.2.2 is initially transformed into RGB colour space. This conversion process in-

volves linearly mapping the strain information of each iQS4 element to a corresponding pixel.

Specifically, if the strain of the i-th iQS4 element is denoted as (εixx, ε
i
yy, γ

i
xy), then the corre-

sponding colour information (Ri, Gi, Bi) is expressed by Equation 5.14. In this equation, α is

a conversion coefficient used to regulate the range of high-fidelity strain results after extrapo-

lation. When α is set to zero, the range of the strain field after strain extrapolation is equal

to the range of the measured strain field, which may not be desirable in practical applications.

Therefore, α is appropriately adjusted to a value greater than zero to obtain a more accurate

high-fidelity strain field. In this this work, the α is set to 0.2.

[
Ri, Gi, Bi

]
=

1

(Emax − Emin)

[
εixx − Emin, εiyy − Emin, γixy − Emin

]
(5.14a)

εmax = (1 +
α

2
) ·max

(
εixx, ε

i
yy, γ

i
xy

)
− α

2
·min

(
εixx, ε

i
yy, γ

i
xy

)
i = 1, 2, 3, · · · , k (5.14b)

εmin = (1 +
α

2
) ·min

(
εixx, ε

i
yy, γ

i
xy

)
− α

2
·max

(
εixx, ε

i
yy, γ

i
xy

)
i = 1, 2, 3, · · · , k (5.14c)

In practical scenarios, the outcome of the aforementioned transformation is regarded as a LR

image. This image is subsequently scaled up using the SISR technique to achieve strain extrap-
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olation. Presently, the most prevalent and well-established SISR algorithms are those based

on interpolation, dictionary training, and deep learning. The schematic diagram of these algo-

rithms is presented in Figure 5.3. It is important to note that the images presented in this figure

are solely utilized for illustrating the fundamental principles of the respective approaches. In

addition, readers are advised to consult the relevant literature for a more detailed description

of these algorithms.

Figure 5.3: The schematic diagram of most prevalent and well-established SISR algorithms

Interpolation-based algorithms have been widely adopted in image processing for several decades,

with bicubic interpolation being the most well-known techniques for SISR. However, these ap-

proaches are based on smoothness priors and tend to lose high-frequency components after

upscaling. To address this issue, a rational fractal interpolation model has been proposed in

[386]. As depicted in top of Figure 5.3, this model divides the image into low-frequency and
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high-frequency components, which are then interpolated separately. The low-frequency com-

ponent is smoother and is interpolated using rational interpolation, while the high-frequency

component is upscaled using fractal interpolation. The HR image is then obtained through

pixel mapping of these two interpolation results. This method effectively enhances the quality

of the upscaled image by maintaining the high-frequency components, such as texture details,

that are present in the original image.

The SISR approach based on dictionary learning is a widely studied method, which adopts

local patches of images to learn the relationship between LR and HR images and construct

dictionary pairs. The LR image is partitioned into overlapping patches to form a Markov ran-

dom field, where the overlapping patches are represented by an LR dictionary. Consequently,

the HR image is reconstructed using the relationship between the LR and HR dictionaries. To

reduce computational costs, two solutions have been proposed based on this principle.

The first solution involves sparse representation inspired by compressive sensing. As shown in

the second part of Figure 5.3, the LR patch y obtained from LR image Y (as shown in Equation

5.13) can be represented sparsely by Dl, which means y = Dlα , where α is a sparse vector

with most of its elements being zero. The sparse coding α̂ can be obtained by solving the

optimization problem in Equation 5.15, where λ is the regularization weight for the l1-norm

∥α∥1. The corresponding HR patch x is then calculated as x = Dhα̂, where Dh is the com-

pact dictionary for HR image X. This sparse representation solution has been shown to be a

promising algorithm in SISR [387].

α̂ = argmin
α

{∥Dlα− y∥22 + λ∥α∥1} (5.15)

The second solution is the neighbour embedding algorithm (NE) [388], which is based on the
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assumption that the LR and HR patches generate low-dimensional nonlinear manifolds with

similar local geometry. As presented in the third part of Figure 5.3, this approach approximates

the LR patch as a weighted linear combination of its K-nearest neighbour patches in Euclidean

space. The HR patch is then constructed using the optimal weights obtained in LR patches. In

addition, algorithms based on both sparse representation and neighbour embedding, including

anchored neighbourhood regression (ANR) [389] and adjusted anchored neighbourhood regres-

sion (A+) [390], have also been proposed and widely validated.

The final category of widely utilized SISR algorithm employs deep learning techniques. Nu-

merous studies have been conducted to develop a variety of networks for SISR. This article

highlights a typical example based on deep convolutional network [391], and readers are en-

couraged to refer to a comprehensive review paper for further details [381]. In this typical

example, the LR image is first upsampled using bicubic interpolation to match the size of the

HR image. A three-layer network is then constructed to learn an end-to-end mapping between

the upsampled LR image and HR images, as shown in the bottom of Figure 5.3. The first

layer employs n1 filters with a size of f1 × f1 to represent the upsampled LR image. The

second layer non-linearly maps the outputs of the first layer to an n2-dimensional space using

n2 filters with a size of n1 × f2 × f2. The last layer linearly reconstructs the HR image using

a filter with a size of n2 × f3 × f3. Following training, the optimal network has parameters

f1 = 9, f2 = 3, f3 = 5, n1 = 32, n2 = 64, which are also adopted for the strain extrapolation in

this study.
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5.3 Experiments

5.3.1 The specimens and experimental setup

In order to validate the efficacy of the proposed strain acquisition scheme, three CFRP spec-

imens with different dimensions, materials, and layouts were utilized in the experimental in-

vestigations. The detailed specifications of these specimens are summarized in Table 5.1. It

is worth highlighting that in this study, the iFEM method with drilling degrees of freedom is

employed instead of the iRZT theory, which is specifically designed for CFRP and sandwich

structures. This choice is based on the fact that the span-to-thickness ratio of the CFRP speci-

mens used in this study is sufficiently large. As per the findings reported in the literature [372],

the results from normal iFEM and iRZT theory are almost identical when the span-to-thickness

ratio exceeds 40.

Table 5.1: The specifications of specimens adopted in this study

Specimen
Dimensions /

mm
Material Layout

Span-to-
thickness
ratio

I 200× 50× 3.2
TENAX@ −

E IMS65 E23 24K
[45/90/−45/0/45/02/−45]s 62

II 300×225×3.2
TENAX@ −

E IMS65 E23 24K
[45/90/−45/0/45/02/−45]s 93

III 780×190×1.6 Hexply 914C-TS-5 [0/45/− 45/90]2s 458

The sensor network design and installation follows the procedure outlined in subsection 5.2.2.

Two different basic sensing blocks are utilized in the sensor network design for the three spec-

imens: the Ω-type basic sensing block, as detailed in subsection 5.2.2, and the S-type basic

sensing block, which has a 20mm radius (as shown in Figure 5.5). The sensor network for spec-

imens I and II is illustrated in Figure 5.4, while the sensor network for specimen III has been

presented in Figure 5.2. In installing specimens I and II, efforts are made to enhance alignment

by allowing natural bending of the SMF. Initially, the 0-degree and 90-degree points on the
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SMF network are bonded with glue, maintaining the natural bending state of the remaining

sensing segments. Subsequently, thermoplastic film or epoxy resin is employed to cover the en-

tire sensor network and bond the SMF onto the specimens. Sample 3 utilizes a specialized mold

to optimize sensor bonding quality and minimize measurement errors. Furthermore, Figure 5.4

also displays the experimental setup of these three specimens, with specimen I subjected to

a tensile test in the top-left, specimen II employed for a three-point bending experiment in

the bottom-left, and the largest specimen used in a compression experiment on the right. The

specimen I and II were installed by a thermoplastic film based on modified polyolefins (Pontacol

22.100), while specimen III was installed by a kind of epoxy potting compound sourced from

RS Components with Stock number 199-1468. Regarding the selection of bonding materials,

Specimen I and II are smaller in dimension. The thermoplastic film with high peel strength,

controllable thickness, and easy maintenance was adopted to install SMF sensor. Sample III

is larger in dimension. The epoxy resin with high bonding strength and minimal pre-stress

after bonding was adopted to install the SMF sensor. Table 5.2 summarizes the load and basic

sensing block types used for these specimens investigated in this study.

Table 5.2: The load and basic sensing block types used for these specimens investigated in this
study

Specimen Experiment Load Basic sensing block type

I Tensile Test 0-10kN S-type

II
Three-point
bending

0-90N S-type

III Compression Test 0-2mm Ω-type

In the aspect of implementation, the static tensile experiment, three-point bending experiment,

and compression experiment were performed using an Instron dual-column machine (Instron 50

kN 5969 system). The distributed strain was acquired by employing a commercial OFDR system

(ODiSI-B) manufactured by LUNA. The experiments were conducted at room temperature,

and the strain-frequency shift coefficient was set to a constant value of 6.7 µε/GHz based

on the conclusions reported in [392]. The single mode fibre utilized in these experiments

was manufactured by FIBRECORE, with a model number of SM1500 (9/125)P. As specimen
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I and specimen II were subjected to pure tension and pure bending, respectively, only the

strain on one surface was measured. The measured data exhibits apparent periodicity due

to the designed network’s composition of basic blocks. Exploiting this characteristic allows

for the straightforward determination of the measuring segment’s position on specimens. The

experiments were repeated more than three times to minimize experimental errors and ensure

stable results.

Figure 5.4: The experimental setup and sensor network: Specimen I (Top-left); Specimen II
(Bottom-left); Specimen III (Right)

It is noteworthy that the displacement of clamps serves as a representative of the deformation

of specimen I and specimen II, which can be easily obtained from the Instron dual-column

machine during the experiment in real-time. However, in the case of the compression experi-

ment involving specimen III, the displacement of clamps becomes boundary conditions, and is

inadequate in representing the deflection of the specimen. Hence, to determine the deflection of

specimen III during the compression experiment, a Canon EOS 250D digital single-lens reflex

camera was employed to record the deflection of the longest side of the specimen in real-time,
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with a sampling frequency of 24 Hz and a resolution of 1080×1920. The position of the optic

camera is depicted in Figure 5.4.

5.4 Results and discussion

5.4.1 The iQS4 mesh of specimens

The present study describes the sensor network for three specimens, as shown in Figure 5.4

and Figure 5.2, which exhibit a gradual increase in complexity. Specimen I and specimen II

are composed of one and eight S-type basic sensing blocks, respectively, whereas specimen III

contains forty Ω-type basic sensing blocks. Considering the sensor network and dimensions,

these three specimens were meshed with iQS4 elements as illustrated in Figure 5.5, where the

light-blue area represents elements with measured strain. Therefore, the proportions of elements

with measured strain in specimens I, II, and III are 50%, 27%, and 57%, respectively (This ratio

represents the elements with measured values relative to the total number of elements). The

designed sensor network fulfils the conditions of a robust sensor network, as discussed in the

first paragraph of subsection 5.2.2. The loading direction of specimens I and III are indicated by

a red arrow in this figure, while the loading of specimen II is marked by ⊙, indicating that the

load direction is vertically outward. As mentioned in subsection 5.2.2, the strain distribution

(including normal and shear strain) of these specimens can be obtained using the geometric

representation of the sensor network and mesh information.

5.4.2 The shape sensing results of specimens: Specimen I (Top-left);

Specimen II (Bottom-left); Specimen III (Right)

The outcome of the shape sensing analysis for specimen I is illustrated in Figure 5.6(a). This

figure showcases the load-displacement curve obtained from both the Instron machine (Ecx-
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Figure 5.5: The iQS4 mesh of specimens

periment) and the iFEM calculation. The result calculated by iFEM is found to be in good

agreement with the experimental value. However, minor differences between the iFEM result

and experimental value can be attributed to factors such as clamp sliding and strain transfer

rate between specimen I and fibre optic sensor. Furthermore, the detailed distribution of the

displacement field calculated by iFEM under different loads, namely 3kN, 6kN, and 10kN, are

also presented in this figure by pseudo-colour images. As specimen I comprises a single S-type

basic sensing block in the tensile experiment, it serves as a simple example that effectively

demonstrates the proficiency of the proposed strain acquisition scheme for shape sensing based

on iFEM.

The present study investigates the generality of the proposed strain acquisition scheme by

adopting specimen II and specimen III which differ in dimension, layout, material, and loading
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(a) (b)

Figure 5.6: The shape sensing results of specimen I and specimen II: (a) The shape sensing
results of specimen I; (b) The shape sensing results of specimen II

type. The shape sensing result of specimen II is depicted in Figure 5.6(b), which presents

the load-displacement curve obtained from both the Instron machine (Experiment) and iFEM

calculation. In contrast to specimen I, the displacement is along the z-axis due to bending.

The figure reveals that the deflection calculated by iFEM is highly consistent with the exper-

imental results, even though the proportion of elements with measured strain is merely 27%.

This finding further confirms the robustness of the design scheme of sensor network presented

in subsection 5.2.2. It can be concluded that highly accurate shape sensing can be achieved

with a robust sensor network consisting of few effective iQS4 elements (those elements with

measured strain). Although the proportion of effective elements is limited in specimen II, it

should be noted that the dimension of the iQS4 element is only 20×20mm, which is a challenge

for strain gauges or FBGs. This advantage is primarily due to the high spatial resolution of

distributed sensing and good sensor network design.

As detailed in subsection 5.3.1, a camera was used to record the deflection of specimen III

for comparing with the iFEM result. Figure 5.7(a) displays the deflection of specimen III at

the observation edge, which refers to the edge of the specimen close to the camera, as shown

in Figure 5.4. The deflection at six different compression loads of the upper clamp, namely

0.3mm, 0.6mm, 0.9mm, 1.2mm, 1.5mm, and 1.8mm, are represented in sub-figures (I) to (VI),
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respectively. The white line with red marks in these figures represents the deflection captured

by camera, while the light white line denotes the initial state of specimen III before loading.

The deflection data presented in Figure 5.7(a) serves as a crucial criterion to evaluate the ac-

curacy of the iFEM result for specimen III.

(a) (b)

Figure 5.7: The deflection and deflection difference of specimen III observed by camera: (a) The
deflection data obtained by camera; (b) The deflection difference of two longest edge during
the compression obtained by camera

A further criterion to assess the accuracy of the iFEM result for specimen III is the maximum

deflection discrepancy between the observation edge and its opposite edge. During the com-

pression experiment, a slight torsion occurred in the specimen due to the defect of potting-end

induced during the manufacturing process, leading to a discrepancy in the deflection of the two

longest edge (the observation edge and the opposite edge) of specimen III. This phenomenon

was captured by the camera, as shown in Figure 5.7(b). This figure depicts the deflection dif-

ference measured under four conditions when the upper clamp displacement was 0mm, 0.5mm,

1mm, and 2mm, respectively. The corresponding deflection discrepancies are indicated in the

figure, namely 0mm, 3.0mm, 4.5mm, and 6.0mm.

Based on the mesh structure detailed in Figure 5.5 and the experimental strain field, the dis-

placement field of specimen III are obtained and illustrated in Figure 5.8(a). The x-axis in this

figure represents the displacement of clamps during the experiment, while the y-axis represents
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the compressive load during the experiment. The abrupt alteration in this curve is caused by

the manufacturing defect in the potting-end. The detailed iFEM outcomes are presented by

pseudo-colour images when the displacement of the upper clamp is 0.5mm, 1mm, and 2mm.

Consistent with the camera observations, the iFEM results demonstrate discrepancies in de-

flection between the observation and opposite edges. A detailed comparison between the iFEM

results and the camera observations is presented in Figure 5.8(b), 5.8(c), and 5.8(d), respec-

tively, when the displacement of the upper clamp is 0.5mm, 1mm, and 2mm. The deflection

discrepancy between the observation edge and its opposite edge depicted in these figures is

consistent with the results presented in Figure 5.7(b). Based on the experimental outcomes

of the aforementioned three specimens, we conclude that iFEM exhibits promising accuracy in

shape sensing based on the proposed strain acquisition scheme.

5.4.3 The strain extrapolation results

The experimental strain of specimen III subjected to 1mm compression load is utilized to inves-

tigate the performance of SISR-based strain extrapolation technique. First, the measured strain

distribution is downsampled by a factor of two to obtain a low-density strain field. Next, this

low-density strain field is extrapolated by a factor of two to obtain a predicted strain field with

the same size as the original measurements. The difference between the predicted strain field

and the measured strain distribution is then employed to evaluate the performance of differ-

ent strain extrapolation techniques. In this study, various SISR algorithms, including rational

fractal interpolation (RFI) [386], sparse coding (SCSR) [387], neighbor embedding algorithm

(NE) [388], anchored neighborhood regression (ANR) [389], adjusted anchored neighborhood

regression (APLUSE) [390], and deep convolutional networks (SRCNN) [391], which are the

most prevalent and well-established methods, are adopted to investigate strain extrapolation.

In addition, cutting edge strain extrapolation methods such as GP [376], RBF [377], and bicu-

bic interpolation are used as reference in this research.
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(a) (b)

(c) (d)

Figure 5.8: The shape sensing results of specimen III: (a) The displacement field of specimen III;
(b) A detailed comparison between the iFEM results and the camera observations under 0.5mm
load; (c) A detailed comparison between the iFEM results and the camera observations under
1mm load; (d) A detailed comparison between the iFEM results and the camera observations
under 2mm load

The evaluation of the performance of the strain extrapolation techniques is based on the mean

(κ
(x,y,xy)
1 ) and maximum errors (κ

(x,y,xy)
2 ) between the predicted and measured strain distri-

butions. These evaluation indices are defined in Equations 5.16(a) and 5.16(b), respectively.

Here, N represents the number of measurement points, and ∆ε denotes the maximum strain

difference among the measured strain distribution. The measured strain and predicted strain

are represented by ε
(x,y,xy)
m and ε

(x,y,xy)
p , respectively.
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κ
(x,y,xy)
1 =

100%

N∆ε

N∑
i=1

∣∣∣ε(x,y,xy)mi − ε
(x,y,xy)
pi

∣∣∣ (5.16a)

κ
(x,y,xy)
2 =

100%

∆ε
max

(∣∣ε(x,y,xy)m − ε(x,y,xy)p

∣∣) (5.16b)

This subsection presents the results of strain extrapolation using the algorithms mentioned

earlier. The mean error of the extrapolation is shown in Figure 5.9. Sub-figures (a), (b), and

(c) exhibit the mean error of normal strain εx, normal strain εy, and shear strain γxy on sur-

face one, respectively. Conversely, sub-figures (d), (e), and (f) demonstrate the mean error of

normal strain εx, normal strain εy, and shear strain γxy on surface two, respectively. The mean

error values resulting from the strain extrapolation techniques based on SISR algorithms are

indicated by black bars, while the results obtained using the reference algorithms (GP,RBF,and

BICUBIC) are represented by gray bars. The outcomes reveal that the mean error of the nor-

mal strain εx is comparatively higher than that of εy and γxy.

The maximum error of the strain extrapolation utilizing the aforementioned algorithms is il-

lustrated in Figure 5.10, where sub-figures (a), (b), and (c) demonstrate the outcomes of εx,

εy, and γxy on surface one, while sub-figures (d), (e), and (f) present the corresponding results

on surface two. As with the mean error, the maximum error of εx has a greater impact on

the overall error. Based on the results of both the mean and maximum error, we can safely

conclude that SISR-based strain extrapolation yields a similar performance to the cutting edge

strain extrapolation methods, including GP and RBF interpolation.

It is worth noting that the strain field of specimen III is inherently smooth due to the absence

of damage or complex features like holes, resulting in minimal differences between SISR-based

and traditional strain extrapolation methods. To assess the ability to preserve high-frequency

components (damage features) in the strain field, experimental data from a prior study on dam-
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(a) (b) (c)

(d) (e) (f)

Figure 5.9: The mean error of strain extrapolation: (a) The mean error of the normal strain εx
after extrapolation on surface 1; (b) The mean error of the normal strain εy after extrapolation
on surface 1; (c) The mean error of the shear strain γxy after extrapolation on surface 1; (d)
The mean error of the normal strain εx after extrapolation on surface 2; (e) The mean error of
the normal strain εy after extrapolation on surface 2; (f) The mean error of the normal strain
γxy after extrapolation on surface 2

age detection of CFRP specimens was utilized. The same procedures used for specimen III were

applied to the experimental data with damage. In contrast to specimen III, the CFRP speci-

mens with BVID show distinctive features in the strain field when subjected to tension load,

usually characterized by discontinuities in the strain field, as depicted in the shaded region of

Figure 5.11. The solid red line in this figure shows the strain extrapolation results obtained us-

ing various algorithms, while the dotted black line represents the experimental measurements

of the CFRP specimen with BVID. The results presented in Figure 5.11 reveal that strain

extrapolation algorithms based on smoothness prior (GP, RBF, BICUBIC) suppress damage-

related features in the strain field to some extent. However, most of the SISR-based strain

extrapolation algorithms do not suppress damage-related features. Further more, some SISR

algorithms, including ANR, APLUSE, NE, and SRCNN, highlight damage-related features to

some extent. Therefore, SISR-based strain extrapolation exhibits potential for application in

CFRP structures with complex components (such as holes) or potential damages.
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(a) (b) (c)

(d) (e) (f)

Figure 5.10: The maximum error of strain extrapolation: (a) The maximum error of the normal
strain εx after extrapolation on surface 1; (b) The maximum error of the normal strain εy after
extrapolation on surface 1; (c) The maximum error of the shear strain γxy after extrapolation
on surface 1; (d) The maximum error of the normal strain εx after extrapolation on surface
2; (e) The maximum error of the normal strain εy after extrapolation on surface 2; (f) The
maximum error of the normal strain γxy after extrapolation on surface 2

5.4.4 The shape sensing result of specimen III after strain extrapo-

lation

The density of the iQS4 mesh can be increased based on the results of strain extrapolation

to achieve a more detailed displacement field based on iFEM. The strain field of specimen III

under 1mm compression is extrapolated by a factor of three to obtain a detailed strain dis-

tribution. The resulting strain distribution is then used as input for iFEM to calculate the

detailed displacement field. The weight of the extrapolated strain is set to one in iFEM. Fig-

ure 5.12 presents the shape sensing results based on different strain extrapolation algorithms.

The detailed distribution of the displacement field is depicted through pseudo-colour images,

accompanied by a corresponding colour bar on the right side to indicate the respective val-
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Figure 5.11: The extrapolation of strain field with BVID: (a) extrapolation result by GP; (b)
extrapolation result by RBF; (c) extrapolation result by BICUBIC; (d) extrapolation result by
ANR; (e) extrapolation result by APLUSE; (f) extrapolation result by NE; (g) extrapolation
result by RFI; (h) extrapolation result by SCSR; (i) extrapolation result by SRCNN

ues. The results show that the displacement field obtained by iFEM based on extrapolated

strain offers promising accuracy. The black dots in the figure represent the deflection result on

the observation edge calculated directly from experimental measurements (as same as Figure

5.7(c)). The dashed blue line shows the deflection result on the observation edge obtained from

extrapolated strain field. The deflection obtained under experimental strain and extrapolated

strain match well with each other. However, the error of the GP algorithm is larger than that

of other algorithms because the strain field extrapolated by GP is much smoother than that of

other algorithms.

5.5 Conclusions

This chapter presents a novel and precise scheme for achieving high-accuracy shape sensing

of CFRP structures based on iFEM. In practical applications, the accuracy of shape sensing

is significantly influenced by the precision of strain field, which is primarily determined by

the spatial resolution of the measurement and the distribution of sensors. Therefore, based
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Figure 5.12: The shape sensing results of specimen III based on different strain extrapolation
algorithms: (a) GP; (b) RBF; (c) BICUBIC; (d) ANR; (e) APLUSE; (f) NE; (g) RFI; (h)
SCSR; (i) SRCNN

on existing research, this chapter proposes a strain acquisition method based on basic sensing

blocks, utilizing distributed fibre optic sensors. The proposed method results in a robust sensor

network, requiring only a limited amount of measurement data for high accuracy shape sensing

using iFEM.

The efficacy and general applicability of the proposed scheme were demonstrated by conduct-

ing experiments on three different CFRP samples, varying in dimensions, materials, and lay-

out types. The feasibility of the proposed scheme was established by conducting a tensile

test on Sample I. The robustness of the sensor network designed using the proposed scheme

was confirmed by a three-point bending experiment conducted on Sample II, which achieving

high-precision shape sensing using only 27% of the effective iQS4 elements. Furthermore, com-

pression experiments conducted on Sample III validated the ability of the proposed scheme to

achieve high-precision shape sensing under complex loads, caused by potting-end defects.

To obtain a more detailed distribution of the displacement field, the strain extrapolation tech-

nique is employed to interpolate the strain field obtained through the proposed strain acquisition
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method. However, the traditional strain extrapolation technique is limited by the smoothness

assumption and not suitable for non-smooth strain fields, which are primarily caused by poten-

tial damage or special components, such as holes, in the structure. To overcome this challenge,

this chapter proposes the SISR-based strain extrapolation technique. After linearly mapping

the strain field to the RGB colour space, the resulting image is then extrapolated using the

SISR technique. The proposed SISR-based extrapolation is superior to the traditional strain

extrapolation technique as it retains the high-frequency components in the image that corre-

spond to non-smooth regions in the strain field. The study validates several well-established

SISR algorithms, including ANR, APLUS, NE, RFI, SCSR, and SRCNN, and compares their

performance against cutting edge strain extrapolation algorithms, including GP, RBF, and

bicubic. Experimental results show that the SISR-based extrapolation technique achieves com-

parable performance with GP, RBF, and bicubic in a smooth strain field, but outperforms

them in a strain field with BVID, indicating that the SISR-based technique is more promising

for extrapolation of non-smooth strain fields. By combining the proposed strain acquisition

method and the SISR-based strain extension technique, high-fidelity shape sensing of CFRP

shell structures can be achieved.

It should be mentioned that this study did not conduct any work related to the training of

dictionaries or deep learning models. The dictionaries and deep convolutional networks utilized

in this study were directly adopted from related original studies. It is expected that training

dictionaries or deep convolutional networks with real strain fields will further enhance the

accuracy of strain extrapolation. This area of research warrants further investigation in the

future.
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Summaries and future works

This doctoral research effectively tackled numerous challenges in SHM of CFRP structures using

distributed fiber optic sensing. These challenges include enhancement of measurement sensi-

tivity (strain and temperature), measurement accuracy evaluation, assessment of measurement

consistency, damage detection, and shape sensing. Therefore, research objectives correspond-

ing to these challenges are proposed in subsection 1.2. By addressing these research objectives,

this doctoral research provides a comprehensive perspective on SHM of CFRP structures using

distributed fiber optic sensing. It serves as a valuable reference for related research.

6.1 Summary of background introduction

Chapter 2 serves as a comprehensive overview of distributed fiber optic sensing, with a specific

focus on Rayleigh-based distributed sensing techniques. The subsequent sections concisely

summarize the chapter’s core content:

Introduction to Distributed Fiber Optic Sensing:

The initial segment introduces the concept and significance of DFOS. It elaborates on three

distinct distributed sensing techniques, namely Raman backscattering, Brillouin backscattering,

and Rayleigh backscattering. The discussion underscores the diverse applicability of DFOS

across various fields and emphasizes its crucial role in SHM within aircraft structures.

168
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Introduction of Rayleigh-Based Distributed Sensing

This portion is dedicated to introducing Rayleigh-based distributed sensing, a prominent and

pivotal technique within the realm of DFOS. The elucidation revolves around the selection of

Rayleigh backscattering as the prime choice for SHM in aircrafts. The working principle is

detailed, underscoring its adeptness in capturing strain and temperature information along the

fiber.

Challenges of the OFDR Technique in SHM of Aircrafts and Literature Review:

The central theme of this section revolves around the challenges encountered while implementing

the OFDR technique for aircraft structural health monitoring. It comprehensively explores key

challenges, encompassing spatial resolution enhancement, algorithm efficiency augmentation,

continuous vibration measurement, shape sensing, and embedding FOS. The section is fortified

with a comprehensive literature review that delves into the challenges’ scope and potential

remedial approaches.

In summary, Chapter 2 provides an insightful journey into the realm of distributed fiber optic

sensing, spotlighting the efficacy of Rayleigh-based methodologies. It presents an exhaustive

analysis of challenges inherent to employing the OFDR technique for SHM in aircraft structures,

encapsulating spatial resolution advancement, algorithmic efficiency refinement, continuous vi-

bration measurement, shape sensing, and the intricacies of integrating FOS within composite

materials. The chapter’s detailed examination of existing literature and exploration of poten-

tial solutions substantially enriches the comprehension and application of distributed sensing

within the aviation domain.

6.2 Summary of the strain and temperature measure-

ment research

Chapter 3 presents a comprehensive exploration of various parametric study related to dis-

tributed fiber optic sensing, as outlined in the following sections:
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The Sensitivity Enhancement of Distributed Fiber Optical Sensors:

This subsection focuses on the enhancement of sensitivity in distributed fiber optic sensors.

It delves into methodologies including re-coating and twist pre-stress to amplify the sensing

capability of these sensors, enabling them to capture finer changes in the measured parameters.

Accuracy of Distributed Strain Sensing in Composite Laminates under Thermal

and Mechanical Loads:

This subsection explores the accuracy of distributed strain sensing in the context of composite

laminates subjected to both thermal and and Mechanical loads. It delves into the challenges

posed by varying ambient temperatures and proposes the demands for calibration under extreme

thermal load to ensure precise strain measurements.

Accuracy of Distributed Strain Sensing in Composite Laminates under fatigue

Loads:

This subsection delves into the accuracy of distributed strain sensing within composite lami-

nates under fatigue loads. It examines the impact of mechanical fatigue loads on strain mea-

surements and analyzes how these fatigue loads influence the reliability and accuracy of the

acquired data.

Strain Measurement Consistency of Distributed Fiber Optic Sensing:

The last subsection addresses the issue of strain measurement consistency in distributed fiber

optic sensing. It scrutinizes the reliability of these sensors over various test scenarios.

In summary, Chapter 3 provides a comprehensive exploration of distributed fiber optic sensing,

encompassing sensitivity enhancement, accuracy under thermal and fatigue loads, and the mea-

surement consistency. By delving into these critical aspects, the research outcomes contribute

to advancing the understanding and application of distributed fiber optic sensors for structural

health monitoring and related applications.
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6.3 Summary on damage detection of CFRP structures

Chapter 4 studies on two distinct techniques that enhance the potential of distributed fiber optic

sensing for SHM of composite structures. The comprehensive summary below encapsulates the

pivotal aspects explored within each technique:

Two-dimensional Strain Field Reconstruction of Composite Plates Based on Dis-

tributed Fiber Optic Sensors:

This subsection concentrates on the reconstruction of the strain field within composite plates,

leveraging the capabilities of distributed fiber optic sensors. The study’s objective centers on

understanding strain reconstruction under varying sensor densities, facilitated by barycentric

Lagrange and cubic spline interpolation methods. This study’s outcomes carry profound impli-

cations for optimizing strain measurement precision, concurrently minimizing the weight and

cost of SHM systems.

A Novel DI-based Damage Detection Method for Carbon Fiber Reinforced Polymer

Structures Based on Distributed Strain Measurements with Fiber Optic Sensors:

This subsection introduces a novel methodology that capitalizes on distributed strain measure-

ments for the detection of damage in CFRP structures. The approach, grounded in feature

matching of local neighborhoods among distributed strain measurements, addresses the com-

plexities of damage detection under operational conditions. The methodology capitalizes on

correlations between local measurement points to differentiate between damaged and undam-

aged segments, offering a fresh perspective and potential solutions for the challenges inherent

to damage detection in CFRP structures. Furthermore, the study underscores the technique’s

efficacy in detecting diverse damage types, encompassing BVID and VID in CFRP structures.

In summary, Chapter 4 shows the remarkable potential of distributed fiber optic sensing in

enhancing structural health monitoring. Through meticulous strain reconstruction and inno-

vative damage detection methodologies, the chapter demonstrates how these techniques hold

the promise of revolutionizing the field, ushering in increased accuracy, efficiency, and cost-
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effectiveness.

6.4 Summary of shape sensing of CFRP shell structures

Chapter 5 introduces an innovative approach aimed at achieving precise shape sensing of CFRP

shell structures using the iFEM. In practical applications, the accuracy of shape sensing relies

heavily on the precision of the strain field. This precision, in turn, depends on factors such as

the spatial resolution of measurements and the sensor distribution. Consequently, Chapter 5

proposes a strain data acquisition method built upon fundamental sensing blocks, employing

distributed fiber optic sensors.

To further refine the distribution of displacement fields, the strain extrapolation technique

based on SISR technique is proposed to interpolate the strain data acquired through the pro-

posed block-based method. This is because that the traditional strain extrapolation approach is

constrained by its reliance on smoothness assumptions and may not be suitable for non-smooth

strain fields, typically arising from structural damage or unique components like holes. Notably,

the proposed SISR-based extrapolation method surpasses traditional strain extrapolation tech-

niques. It preserves high-frequency components within the image, indicative of non-smooth

regions in the strain field.

6.5 Contributions and outcomes

According to the summaries of this doctoral research mentioned above, all objectives in sub-

section 1.2 have been studied in detail. In addition, the main contributions and outcomes of

this doctoral research were outlined as follows:

• The first contributions includes the research on strain and temperature measurement

based on distributed fiber optic sensing. Firstly, the potential strategies for enhancing

sensor measurement sensitivity, specifically through modifications in coating materials
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and the application of pre-stress were proposed. The related outcomes were published in

”European Workshop on Structural Health Monitoring 2022” with title ”The Sensitivity

Enhancement of Distributed Fiber Optical Sensors”. Simultaneously, an investigation into

the accuracy of distributed fiber optic measurements under temperature fluctuations and

low-frequency vibrations has been conducted, revealing the significant error introduced

by temperature fluctuations in strain measurements, even when employing temperature

compensation techniques. The related outcomes were published as a journal paper with

title ”Accuracy of Distributed Strain Sensing with Single-Mode Fibre in Composite Lam-

inates under Thermal and Vibration Loads”. Lastly, employing statistical methodologies,

the measurement consistency and uncertainty of distributed fiber optic sensing have been

comprehensively assessed across various measurement scenarios. The related outcomes

were published in ”International Conference on Fracture, Damage and Structural Health

Monitoring 2023” with title ”Strain measurement consistency of distributed fiber optic

sensors for monitoring composite structures under various loading”.

• The second contribution focuses on damage detection in CFRP structures utilizing dis-

tributed fiber optic sensing. Firstly, the strain reconstruction with interpolation methods

based on measurements from distributed fiber optic sensors was proposed, which benefits

the optimization of the efficiency and cost-effectiveness of sensor networks. The related

outcomes were published in ”International Conference on Fracture, Damage and Struc-

tural Health Monitoring 2022” with title ”2D Strain Field Reconstruction of Composite

Plates Based on Distributed Fibre Optic Sensors”. Secondly, a novel damage detec-

tion method based on distributed fiber optic sensing for CFRP structures was proposed

combining with image processing techniques. Notably, the proposed approach operates

independently of prior knowledge regarding non-damaged strain distribution. The related

outcomes were published as a journal paper titled: ”A novel damage detection method

for carbon fibre reinforced polymer structures based on distributed strain measurements

with fibre optical sensor”.

• The final contribution pertains to shape sensing in CFRP shell structures utilizing dis-

tributed fiber optic sensing. Initially, a block-based strain field acquisition methodology
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based on distributed fiber optic sensing is introduced and subsequently validated across

three distinct experiments involving varying shell structures. Furthermore, an innovative

strain extrapolation approach is presented, employing image super-resolution techniques

to retain high-frequency characteristics within the strain field. Comparative analysis

against existing techniques underscores the merits of the proposed approach in strain

extrapolation. The related outcomes were summarized as a journal paper titled: ”The

shape sensing of composite shell structures using distributed fibre optic sensing” (under

review).

6.6 Future works

Building upon the findings of this PhD research, the future research directions for employing

distributed fiber optic sensing in SHM of CFRP structures can be outlined as follows:

• The research on the efficacy of the proposed damage detection algorithm under complex

built up aeronautical structures such as beams, wing box, wing ribs, and fuselage section.

• The performance of proposed damage detection algorithm under complex loading con-

ditions (under thermal, fatigue, mechanical loads and impact events), and different sen-

sor configurations (under different density, layout, and intallation method) are worth

researching. For example, ensuring accurate damage detection under diverse sensor den-

sities and complex loads that replicate aircraft operations.

• Expanding the scope of shape sensing using distributed fiber optic sensing is valuable,

encompassing a range of structural configurations beyond thin plates. This includes

beams, built up structures, sandwich structures, and three-dimensional solid structures.

• Conducting research on fiber optic sensor layout optimization is imperative. Particu-

larly in shape sensing applications involving intricate structures, the refinement of sensor

placement is vital to attain both high resolution and quality strain data while minimizing
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unnecessary sensing points, thereby reducing costs and computational demands. Achiev-

ing this could involve employing multi-objective optimization strategies that consider

factors like sensor quantity, layout symmetry, and shape sensing precision. Approaches

such as Pareto front learning, strength Pareto evolutionary algorithms, or particle swarm

optimization offer promising avenues for optimizing sensor layouts.

• Although iFEM has demonstrated its potential in simple structures, its applicability be-

comes constrained in complex structures due to the heightened demands on measurement

precision. For instance, for thick structures where the shear deformation is not negligible,

the strain readings from both sides are needed. Hence, enhancing the iFEM algorithm is

imperative to address these challenges effectively.

• The dictionaries and deep convolutional networks employed in this research for strain

extrapolation were directly sourced from relevant original studies which pay attention on

image super resolution. Therefore, the potential improvement lies in training dictionaries

or deep convolutional networks with real strain field data, which has the potential to

significantly enhance the precision of strain extrapolation.

• Exploring real-time shape sensing for complex structures (such as wing box) holds sub-

stantial value. The demands of numerous measurement points in large and complex

structures lead to the accumulation of extensive data. The real-time acquisition, storage,

and processing of this data can present considerable challenges.



Appendix A

The inverse Finite Element Method

A.1 The appendix of Chapter 5

N1 =
1

4
(1− ξ) (1− η) N2 =

1

4
(1 + ξ) (1− η) (A.1a)

N3 =
1

4
(1 + ξ) (1 + η) N4 =

1

4
(1− ξ) (1 + η) (A.1b)

N5 =
1

16

(
1− ξ2

)
(1− η) N6 =

1

16
(1 + ξ)

(
1− η2

)
(A.1c)

N7 =
1

16

(
1− ξ2

)
(1 + η) N8 =

1

16
(1− ξ)

(
1− η2

)
(A.1d)

L1 = (y1 − y4)N8 − (y2 − y1)N5 L2 = (y2 − y1)N5 − (y3 − y2)N6 (A.2a)

L3 = (y3 − y2)N6 − (y4 − y3)N7 L4 = (y4 − y3)N7 − (y1 − y4)N8 (A.2b)

M1 = (x4 − x1)N8 − (x1 − x2)N5 M2 = (x1 − x2)N5 − (x2 − x3)N6 (A.2c)

M3 = (x2 − x3)N6 − (x3 − x4)N7 M4 = (x3 − x4)N7 − (x4 − x1)N8 (A.2d)
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ue =

[
Ui Vi Wi θxi θyi θzi

]T
i = 1, 2, 3, 4 (A.3a)

Bm
i =


∂Ni

∂x
0 0 0 0

∂Li

∂x

0
∂Ni

∂y
0 0 0

∂Mi

∂y
∂Mi

∂y

∂Ni

∂x
0 0 0

∂Li

∂y
+
∂Mi

∂x

 i = 1, 2, 3, 4 (A.4a)

e(ue) = [Bm
1 , Bm

2 , Bm
3 , Bm

4 ]ue = Bm · ue (A.4b)

Bb
i =


0 0 0 0

∂Ni

∂x
0

0 0 0 −∂Ni

∂y
0 0

0 0 0 −∂Ni

∂x

∂Ni

∂y
0

 i = 1, 2, 3, 4 (A.5a)

k(ue) =
[
Bb

1, Bb
2, Bb

3, Bb
4

]
ue = Bb · ue (A.5b)

Bs
i =

0 0
∂Ni

∂x
−∂Li

∂x
−∂Mi

∂x
+N1 0

0 0
∂Ni

∂y
−∂Li

∂y
−N1 −∂Mi

∂y
0

 i = 1, 2, 3, 4 (A.6a)

g(ue) = [Bs
1, Bs

2, Bs
3, Bs

4]u
e = Bs · ue (A.6b)
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εe = [eε, kε, gε]
T (A.7a)

Ke =

∫
Ae

[
ωm(B

m)TBm + ωb(2h)
2(Bb)TBb + ωs(B

s)TBs
]
dAe (A.7b)

f e =

[∫
Ae [ωm(B

m)T ]dAe
∫
Ae [ωb(2h)

2(Bb)T ]dAe
∫
Ae [ωs(B

s)T ]dAe

]
(A.7c)

A.2 A detailed derivation of the inverse finite element

method

A.2.1 Basic assumption

The isometric coordinate system of iQS4 element is shown in Figure A.1(a).

As shown in Figure A.1(b), the displacement mode includes: U ,V ,W ,θx,θy,θz.

The continuous displacement field within the iQS4 is as same as Mindlin plate, shown as:

Ux = U + zθy (A.8a)

Uy = V − zθx (A.8b)
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(a) (b)

Figure A.1: The coordinate system: (a) The isoparametric coordinate system; (b) The local
coordinate system

Uz = W (A.8c)

A.2.2 iQS4 fields characterization

Membrane Part

Nodes’ displacement:

qem =

[
U1 V1 θz1 U2 V2 θz2 U3 V3 θz3 U4 V4 θz4

]T
(A.9)

The membrane displacement field is:

Um = U(ξ, η) =
4∑

i=1

NiUi +
4∑

i=1

Liθzi (A.10a)

Vm = V (ξ, η) =
4∑

i=1

NiVi +
4∑

i=1

Miθzi (A.10b)

The detailed derive is shown in literature as follows:
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An improved treatment of transverse shear in the mindlin-type four-node quadrilateral element

Four-node ‘flat’ shell element: Drilling degrees of freedom, membrane-bending coupling, warped

geometry, and behaviour

According to papers list above, the expression of Ni , Li , Mi is expressed in Equation A.1 and

A.2.

Therefore, for membrane displacement field, the discretized expression is:

Um(ξ, η)

Vm(ξ, η)

 =

N1 0 L1 · · · N4 0 L4

0 N1 M1 · · · 0 N4 M4

 qem (A.11)

According to geometric equation (2D):


εxm

εym

γxym

 =


∂/∂x 0

0 ∂/∂y

∂/∂y ∂/∂x


U(ξ, η)
V (ξ, η)

 (A.12)

The strain field can be expressed as:


εxm

εym

γxym

 =


∂/∂x 0

0 ∂/∂y

∂/∂y ∂/∂x


N1 0 L1 · · · N4 0 L4

0 N1 M1 · · · 0 N4 M4

 qem (A.13)

This can be expressed as:


εxm

εym

γxym

 =


∂N1

∂x
0 ∂L1

∂x

0 ∂N1

∂y
∂M1

∂y
Bm2 Bm3 Bm4

∂N1

∂y
∂N1

∂x
∂L1

∂y
+ ∂M1

∂x

 qem =

[
Bm1 Bm2 Bm3 Bm4

]
qem = Bmq

e
m

(A.14)
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Bending curvatures

Nodes’ displacement

qeb =

[
θx1 θy1 θx2 θy2 θx3 θy3 θx4 θy4

]T
(A.15)

The bending displacement field is:

Ub = zθy(ξ, η) = z

4∑
i=1

Niθyi (A.16a)

Vb = −zθx(ξ, η) = −z
4∑

i=1

Niθxi (A.16b)

Assumed continuous displacement field function:

Ub

Vb

 =

 zθy(ξ, η)

−zθx(ξ, η)

 (A.17)

θx(ξ, η) = a0 + a1ξ + a2η + a3ξη

θy(ξ, η) = b0 + b1ξ + b2η + b3ξη

(A.18)

Therefore:

a0 + a1ξ1 + a2η1 + a3ξ1η1 = θx1

a0 + a1ξ2 + a2η2 + a3ξ2η2 = θx2

a0 + a1ξ3 + a2η3 + a3ξ3η3 = θx3

a0 + a1ξ4 + a2η4 + a3ξ4η4 = θx4

(A.19)

which is:
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

θx1

θx2

θx3

θx4


=



1 ξ1 η1 ξ1η1

1 ξ2 η2 ξ2η2

1 ξ3 η3 ξ3η3

1 ξ4 η4 ξ4η4





a0

a1

a2

a3


(A.20)

set:

A =



1 −1 −1 1

1 1 −1 −1

1 1 1 1

1 −1 1 −1


(A.21)

Therefore: 

a0

a1

a2

a3


= A−1 =

1

4



1 1 1 1

−1 1 1 −1

−1 −1 1 1

1 −1 1 −1





θx1

θx2

θx3

θx4


(A.22)

Therefore:

θx(ξ, η) = a0 + a1ξ + a2η + a3ξη

=
1

4
{(θx1 + θx2 + θx3 + θx4) + (−θx1 + θx2 + θx3 − θx4)ξ + (−θx1 − θx2 + θx3 + θx4)η

+ (θx1 − θx2 + θx3 − θx4)ξη]

=
1

4
{(1− ξ − η + ηξ)θx1 + (1 + ξ − η − ηξ)θx2 + (1 + ξ + ηξ)θx3 + (1− ξ + η − ηξ)θx4]

=
1

4
{(1− ξ)(1− η)θx1 + (1 + ξ)(1− η)θx2 + (1 + ξ)(1 + η)θx3 + (1− ξ)(1 + η)θx4}

(A.23)

That is:
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θx(ξ, η) = [(1− ξ)(1− η), (1 + ξ)(1− η), (1 + ξ)(1 + η), (1− ξ)(1 + η)]



θx1

θx2

θx3

θx4



= [N1, N2, N3, N4]



θx1

θx2

θx3

θx4



(A.24)

Therefore, the shape function here is expressed as (This result matches well with Equation

A.1):

N1 =
1

4
(1− ξ)(1− η) N2 =

1

4
(1 + ξ)(1− η)

N3 =
1

4
(1 + ξ)(1 + η) N4 =

1

4
(1− ξ)(1 + η)

(A.25)

Same reason:

θy(ξ, η) = [N1, N2, N3, N4]

[
θy1 θy2 θy3 θy4

]T
(A.26)

So, interpolation result of displacement:

Ub

Vb

 =

 zθy(ξ, η)

−zθx(ξ, η)

 = z

 0 N1 0 N2 0 N3 0 N4

−N1 0 −N2 0 −N3 0 −N4 0

 qeb (A.27)

According to the geometric equation (2D) presented in Equation A.12, the strain field can be

expressed as:


εxb

εyb

γxyb

 = z


∂/∂x 0

0 ∂/∂y

∂/∂y ∂/∂x


 0 N1 0 N2 0 N3 0 N4

−N1 0 −N2 0 −N3 0 −N4 0

 qeb (A.28)
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This can be expressed as:


εxb

εyb

γxyb

 = z


0 ∂N1

∂x

−∂N1

∂y
0 Bb2 Bb3 Bb4

−∂N1

∂x
∂N1

∂y

 qeb = z[Bb1 Bb2 Bb3 Bb4] = zBbq
e
b (A.29)

Transverse part

The displacement mode of transverse part is expressed in Equation A.8. Therefore, the shear

strain caused by transverse load is calculated by:

γxz =
∂Ux

∂z
+
∂W

x
=
∂U

∂z
+ θy +

∂W

x
(A.30a)

γyz =
∂Uy

∂z
+
∂W

y
=
∂V

∂z
− θx +

∂W

y
(A.30b)

In this equation, ∂U
∂z

= ∂V
∂z

= 0, because in the Mindlin assusption, U = U(x, y), V = V (x, y).

So, only θx,θy, W are included in the transverse part. Note that εz =
∂W
∂z

is considered as a in-

finitesimal amount compared with other strain components. Therefore, the nodes’ displacement

in transverse part is:

qem =

[
W1 θx1 θy1 W2 θx2 θy2 W3 θx3 θy3 W4 θx4 θy4

]T
(A.31)

The transverse displacement field is:

Us = zθy(ξ, η) = z

4∑
i=1

Niθyi (A.32a)

Vs = −zθx(ξ, η) = −z
4∑

i=1

Niθxi (A.32b)

Ws = W (ξ, η) =
4∑

i=1

NiWi −
4∑

i=1

Liθxi −
4∑

i=1

Miθyi (A.32c)



A.2. A detailed derivation of the inverse finite element method 185

Note that the detailed derivation of Ws is explained in:

An improved treatment of transverse shear in the mindlin-type four-node quadrilateral element

Four-node ‘flat’ shell element: Drilling degrees of freedom, membrane-bending coupling, warped

geometry, and behaviour

So, interpolation result of displacement:


Ws

Vs

Us

 =


W (ξ, η)

−zθx(ξ, η)

zθy(ξ, η)

 =


N1 −L1 −M1 · · · N4 −L4 −M4

0 −zN1 0 · · · 0 −zN4 0

0 0 zN1 · · · 0 0 zN4

 qes (A.33)

According to geometric equation (3D):

γxzs
γyzs

 =

 ∂
∂x

0 ∂
∂z

∂
∂y

∂
∂z

0



W (ξ, η)

−zθx(ξ, η)

zθy(ξ, η)

 (A.34)

The strain field can be expressed as:

γxzs
γyzs

 =

 ∂
∂x

0 ∂
∂z

∂
∂y

∂
∂z

0



N1 −L1 −M1 · · · N4 −L4 −M4

0 −zN1 0 · · · 0 −zN4 0

0 0 zN1 · · · 0 0 zN4

 qes (A.35)

This can be expressed as:

γxzs
γyzs

 =

∂N1

∂x
−∂L1

∂x
−∂M1

∂x
+N1

∂N1

∂y
−∂L1

∂y
−N1 −∂M1

∂y
Bs2 Bs3 Bs4

 qes = [Bs1 Bs2 Bs3 Bs4

]
= Bsq

e
s

(A.36)
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Coordinate transformation

Since the Bm, Bb, Bs mentioned above contain terms such as ∂Ni

∂x
and ∂Ni

∂y
(i = 1,2,3,4,5,6,7,8).

This can be calculated by Coordinate transformation.

Set:

x(ξ, η) = a0 + a1ξ + a2η + a3ξη (A.37a)

y(ξ, η) = b0 + b1ξ + b2η + b3ξη (A.37b)

As same as Equation A.19, A.20, A.21, A.22, A.23, the transformation relation between xoy

and ηoξ are expressed as Equation A.38.

x(ξ, η) = [N1, N2, N3, N4]

[
x1 x2 x3 x4

]T
(A.38a)

y(ξ, η) = [N1, N2, N3, N4]

[
y1 y2 y3 y4

]T
(A.38b)

According to compound function derivative rule:

∂Ni

∂ξ
=
∂Ni

∂x

∂x

∂ξ
+
∂Ni

∂y

∂y

∂ξ
(A.39a)

∂Ni

∂η
=
∂Ni

∂x

∂x

∂η
+
∂Ni

∂y

∂y

∂η
(A.39b)

The Equation A.39 can be expressed as:

∂Ni

∂ξ

∂Ni

∂η

 =

∂x
∂ξ

∂y
∂ξ

∂x
∂η

∂y
∂η


∂Ni

∂x

∂Ni

∂y

 = J

∂Ni

∂x

∂Ni

∂y

 (A.40)

J is called Jacobian matrix. According to Equation A.38, the Jacobian matrix is expressed as:
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J =

∂∑4
i=1Nixi/∂ξ ∂

∑4
i=1Niyi/∂ξ

∂
∑4

i=1Nixi/∂η ∂
∑4

i=1Niyi/∂η

 =


4∑

i=1

∂Nixi/∂ξ

4∑
i=1

∂Niyi/∂ξ

4∑
i=1

∂Nixi/∂η

4∑
i=1

∂Niyi/∂η

 (A.41)

Therefore, the terms such as ∂Ni

∂x
and ∂Ni

∂y
(i = 1,2,3,4,5,6,7,8) can be calculated as:

∂Ni/∂x

∂Ni/∂y

 = J−1

∂Ni/∂ξ

∂Ni/∂η

 i = 1, 2, 3, 4, 5, 6, 7, 8 (A.42)

According to the Equation A.1, the results of

[
∂Ni

∂ξ
∂Ni

∂η

]T
i = 1, 2, 3, 4, 5, 6, 7, 8 is calculated

as:

∂N1

∂ξ
= −1

4
(1− η)

∂N1

∂η
= −1

4
(1− ξ) (A.43a)

∂N2

∂ξ
=

1

4
(1− η)

∂N2

∂η
= −1

4
(1 + ξ) (A.43b)

∂N3

∂ξ
=

1

4
(1 + η)

∂N3

∂η
=

1

4
(1 + ξ) (A.43c)

∂N4

∂ξ
= −1

4
(1 + η)

∂N4

∂η
=

1

4
(1− ξ) (A.43d)

∂N5

∂ξ
= −1

8
ξ(1− η)

∂N5

∂η
= − 1

16
(1− ξ2) (A.43e)

∂N6

∂ξ
=

1

16
(1− η2)

∂N6

∂η
= −1

8
η(1− ξ) (A.43f)

∂N7

∂ξ
= −1

8
ξ(1 + η)

∂N7

∂η
=

1

16
(1− ξ2) (A.43g)

∂N8

∂ξ
= − 1

16
(1− ξ2)

∂N8

∂η
= −1

8
η(1− ξ) (A.43h)

Therefore, according to Equation A.2 and A.43, the terms includ

[
∂Li

∂ξ
∂Li

∂η

]T
and

[
∂Mi

∂ξ
∂Mi

∂η

]T
i =

1, 2, 3, 4 are calculated as:
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∂L1

∂ξ

∂L1

∂η

 =

(y1 − y4)
∂N8

∂ξ
− (y2 − y1)

∂N5

∂ξ

(y1 − y4)
∂N8

∂η
− (y2 − y1)

∂N5

∂η


= (y1 − y4)

∂N8

∂ξ

∂N8

∂η

− (y2 − y1)

∂N5

∂ξ

∂N5

∂η


= (y1 − y4)J

−1

∂N8

∂ξ

∂N8

∂η

− (y2 − y1)J
−1

∂N5

∂ξ

∂N5

∂η


= (y1 − y4)J

−1

− 1
16
(1− ξ2)

−1
8
η(1− ξ)

− (y2 − y1)J
−1

−1
8
ξ(1− η)

− 1
16
(1− ξ2)



(A.44)

ALL the results are summarized in Equation A.45:

∂L2

∂ξ

∂L2

∂η

 = (y2 − y1)J
−1

−1
8
ξ(1− η)

− 1
16
(1− ξ2)

− (y3 − y2)J
−1

 1
16
(1− η2)

−1
8
η(1− ξ)

 (A.45a)

∂L3

∂ξ

∂L3

∂η

 = (y3 − y2)J
−1

 1
16
(1− η2)

−1
8
η(1− ξ)

− (y4 − y3)J
−1

−1
8
ξ(1 + η)

1
16
(1− ξ2)

 (A.45b)

∂L4

∂ξ

∂L4

∂η

 = (y4 − y3)J
−1

−1
8
ξ(1 + η)

1
16
(1− ξ2)

− (y1 − y4)J
−1

− 1
16
(1− ξ2)

−1
8
η(1− ξ)

 (A.45c)

∂M1

∂ξ

∂M1

∂η

 = (y4 − y1)J
−1

− 1
16
(1− ξ2)

−1
8
η(1− ξ)

− (y1 − y2)J
−1

−1
8
ξ(1− η)

− 1
16
(1− ξ2)

 (A.45d)

∂M2

∂ξ

∂M2

∂η

 = (y1 − y2)J
−1

−1
8
ξ(1− η)

− 1
16
(1− ξ2)

− (y2 − y3)J
−1

 1
16
(1− η2)

−1
8
η(1− ξ)

 (A.45e)

∂M3

∂ξ

∂M3

∂η

 = (y2 − y3)J
−1

 1
16
(1− η2)

−1
8
η(1− ξ)

− (y3 − y4)J
−1

−1
8
ξ(1 + η)

1
16
(1− ξ2)

 (A.45f)
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∂M4

∂ξ

∂M4

∂η

 = (y3 − y4)J
−1

−1
8
ξ(1 + η)

1
16
(1− ξ2)

− (y4 − y1)J
−1

− 1
16
(1− ξ2)

−1
8
η(1− ξ)

 (A.45g)

The differential relationship is expressed as follows:

dV e = 2hdAe = 2hdxdy = 2h|J |dξdη (A.46)

A.2.3 Variational Principle

Matrix assembly

Set the nodes displacement information of iQS4 element is:

qe =

[
U1 V1 W1 θx1 θy1 θZ1 · · · U4 V4 W4 θx4 θy4 θZ4

]T
(A.47)

The qe has the relationship with qem, q
e
b ,q

e
s as follows:

qe(1, 2, 6, 7, 8, 12, 13, 14, 18, 19, 20, 24) = qem (A.48a)

qe(4, 5, 10, 11, 16, 17, 22, 23) = qeb (A.48b)

qe(3, 4, 5, 9, 10, 11, 15, 16, 17, 21, 22, 23) = qes (A.48c)

Based on these relationships, the strain field of membrane, bending, and transverse part are

expressed by node displacement of iQS4 element as follows:

εm = Bmq
e
m = Be

mq
e =


∂N1

∂x
0 0 0 0 ∂L1

∂x

0 ∂N1

∂y
0 0 0 ∂M1

∂y
Be

m2 Be
m3 Be

m4

∂N1

∂y
∂N1

∂x
0 0 0 ∂L1

∂y
+ ∂M1

∂x

 qe (A.49a)
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εb = zBbq
e
b = zBe

bq
e = z


0 0 0 0 ∂N1

∂x
0

0 0 0 −∂N1

∂y
0 0 Be

b2 Be
b3 Be

b4

0 0 0 −∂N1

∂x
∂N1

∂y
0

 qe (A.49b)

εs = Bsq
e
s = Be

sq
e =

0 0 ∂N1

∂x
−∂L1

∂x
−∂M1

∂x
+N1 0

0 0 ∂N1

∂y
−∂L1

∂y
−N1 −∂M1

∂y
0 Be

s2 Be
s3 Be

s4

 qe (A.49c)

Set:

εm = Be
mq

e = e(qe) εb = zBe
bq

e = zk(qe) εs = Be
sq

e = g(qe) (A.50)

Therefore,


εx

εy

γxy

 = e(qe) + zk(qe) (A.51a)

γxz
γyz

 = g(qe) (A.51b)

Experiment Data

The measurement data from experiment for the iQS4 element is list below:

eε =
1

2


ε+xx + ε−xx

ε+yy + ε−yy

γ+xy + γ−xy

 (A.52)

The bending curvatures are calculated as:
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Figure A.2: The isoparametric coordinate system

kε =
1

2h


ε+xx − ε−xx

ε+yy − ε−yy

γ+xy − γ−xy

 (A.53)

The transverse strain is not able to directly calculate according to the measurements data. If

want to calculate this part (gε), use Smoothing Element Analysis method. However, in the

deformation of thin shell, the contributions of gε are much smaller than eε and kε. Therefore,

the contributions of gε are safely omitted.

Weighted least-squares function

Define the function as follows to minimum the difference between real strain field and hypo-

thetical strain field:

Φe = ωm∥e(qe)− eε∥2 + ωk∥k(qe)− kε∥2 + ωg∥g(qe)∥2 (A.54)

Where ωm ,ωk , ωg is the constant coefficient. For example, if gε is unavailable, the coefficient

ωg is set very small (usually ≤ 10−4) to omit the influence of transverse load (thin shell). For

the situation that we can obtain eε and kε, the coefficient is set as 1. Therefore, the norms

shown in Equation A.54 is expressed in Equation A.55:
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∥e(qe)− eε∥2 =
∫∫∫
V e

[e(qe)− eε]
2dVe =

1

Ae

∫∫
Ae

[e(qe)− eε]
2 |J |dξ dη (A.55a)

∥k(qe)− kε∥2 =
∫∫∫
V e

[k(qe)− kε]
2dVe =

(2h)2

Ae

∫∫
Ae

[k(qe)− kε]
2 |J |dξ dη (A.55b)

∥g(qe)|2 =
∫∫∫
V e

[g(qe)]2dVe =
1

Ae

∫∫
Ae

[g(qe)]2 |J |dξ dη (A.55c)

Therefore, the least square functional is expressed as:

Φe =
ωm

Ae

∫
Ae

(e(qe)− ee)
2dAe + ωb

(2h)2

Ae

∫
Ae

(k(qe)− kε)
2dAe +

ωs

Ae

∫
Ae

(g(qe)− gε)
2dAe

=
1

Ae

∫
Ae

[ωm(B
e
mq

e − eε)
2 + ωb(2h)

2(Be
bq

e − kε)
2 + ωs(B

e
sq

e − gε)
2]dAe

(A.56)

In Equation A.56,

(Be
mq

e − eε)
2 = (Be

mq
e − eε)

T (Be
mq

e − eε) = [(qe)T (Be
m)

T − (eε)
T ](Be

mq
e − eε)

= (qe)T (Be
m)

TBe
mq

e − (qe)T (Be
m)

T eε − (eε)
TBe

mq
e + (eε)

T eε

(A.57a)

(Be
bq

e − kε)
2 = (Be

bq
e − kε)

T (Be
bq

e − kε) = [(qe)T (Be
b )

T − (kε)
T ](Be

bq
e − kε)

= (qe)T (Be
b )

TBe
bq

e − (qe)T (Be
b )

Tkε − (kε)
TBe

bq
e + (kε)

Tkε

(A.57b)

(Be
sq

e − gε)
2 = (Be

sq
e − gε)

T (Be
sq

e − gε) = [(qe)T (Be
s)

T − (gε)
T ](Be

sq
e − gε)

= (qe)T (Be
s)

TBe
sq

e − (qe)T (Be
s)

Tgε − (gε)
TBe

sq
e + (gε)

Tgε

(A.57c)
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Therefore,

Φe =
1

Ae

∫
Ae

{ωm[(q
e)T (Be

m)
TBe

mq
e − (qe)T (Be

m)
T eε − (eε)

TBe
mq

e + (eε)
T eε]

+ ωb(2h)
2[(qe)T (Be

b )
TBe

bq
e − (qe)T (Be

b )
Tkε − (kε)

TBe
bq

e + (kε)
Tkε]

+ ωs[(q
e)T (Be

s)
TBe

sq
e − (qe)T (Be

s)
Tgε − (gε)

TBe
sq

e + (gε)
Tgε]}dAe

(A.58)

variation

We hope to find a displacement field that can minimum the difference between real strain field

and hypothetical strain field, which means,

∂Φe

∂qe
= 0 (A.59)

This can be expressed as:

∂Φe

∂qe
=

2

Ae

∫
Ae

{ωm[(B
e
m)

TBe
mq

e − (Be
m)

T eε] + ωb(2h)
2[(Be

b )
TBe

bq
e − (Be

b )
Tkε]

+ ωs[(B
e
s)

TBe
sq

e − (Be
s)

Tgε]}dAe = 0

(A.60)

which is:

∫
Ae

[ωm(B
e
m)

TBe
m+ωb(2h)

2(Be
b )

TBe
b + ωs(B

e
s)

TBe
s ]dA

e · qe

=

∫
Ae

[
ωm(B

e
m)

T eε + ωb(2h)
2(Be

b )
Tkε + ωs(B

e
s)

Tgε
]
dAe

(A.61)

So, the equation is written as:

Keqe = f eεe (A.62)

In this equation,
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Ke =

∫
Ae

[ωm(B
e
m)

TBe
m + ωb(2h)

2(Be
b )

TBe
b + ωs(B

e
s)

TBe
s ]dA

e (A.63a)

f e =

[∫
Ae

[ωm(B
e
m)

T ]dAe

∫
Ae

[ωb(2h)
2(Be

b )
T ]dAe

∫
Ae

[ωs(B
e
s)

T ]dAe

]
(A.63b)

εe =


eε

kε

gε

 (A.63c)

A.2.4 Numerical integration

In order to calculate the integration in Ke and f e, the numerical integration method is adopted.

1D situation

Method 1: Newton-cotes integration

For definite integral,

∫ 1

−1

f(ξ)dξ ξ ∈ [−1, 1] (A.64)

Construct a polynomialΦ(ξ) makes that in ξ1, ξ2,· · · ,ξn:

φ(ξi) = f(ξi) i = 1, 2, · · · , n (A.65)

Therefore,

∫ 1

−1

f(ξ)dξ ≈
∫ 1

−1

φ(ξ)dξ (A.66)

The polynomial Φ(ξ) is constructed by Lagrange interpolation:
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φ(ξ) = c0 + c1ξ + · · ·+ cn−1ξ
n−1 =

n∑
i=1

li(ξ)f(ξi) (A.67a)

li(ξ) =
(ξ − ξ1)(ξ − ξ2) · · · (ξ − ξi−1)(ξ − ξi+1) · · · (ξ − ξn)

(ξi − ξ1)(ξi − ξ1) · · · (ξi − ξi−1)(ξi − ξi+1) · · · (ξi − ξn)
i = 1, 2, · · ·n (A.67b)

For li(ξ),

li(ξ) =

1 ξ = ξi

0 ξ ̸= ξi

i = 1, 2, · · ·n (A.68)

Φ(ξ) is a polynomial with a degree of n-1. So,

∫ 1

−1

f(ξ)dξ ≈
∫ 1

−1

φ(ξ)dξ =

∫ 1

−1

n∑
i=1

li(ξ)f(ξi)dξ =
n∑

i=1

Aif(ξi) (A.69)

In this equation,

Ai =

∫ 1

−1

li(ξ)dξ (A.70)

Ai is called weight. Convert the integral to a weighted sum based on known points.

Method 2: Gauss integration

Gauss integration has better resolution than former method. For the definite integral shown in

Equation A.64, a polynomial Φ(ξ) is constructed to satisfy Equation A.65 and Equation A.66

as follows (in this equation, βi is constant coefficient):

φ(ξ) = c0 + c1ξ + · · ·+ c2n−1ξ
2n−1 =

n∑
i=1

li(ξ)f(ξi) +
n−1∑
i=0

βiξ
iP (ξ) (A.71)

The li(ξ) and P (ξ) is expressed as follows:
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li(ξ) =
(ξ − ξ1)(ξ − ξ2) · · · (ξ − ξi−1)(ξ − ξi+1) · · · (ξ − ξn)

(ξi − ξ1)(ξi − ξ1) · · · (ξi − ξi−1)(ξi − ξi+1) · · · (ξi − ξn)
i = 1, 2, · · ·n (A.72a)

P (ξ) = (ξ − ξ1)(ξ − ξ2) · · · (ξ − ξn) (A.72b)

Therefore,

li(ξ) =

1 ξ = ξi

0 ξ ̸= ξi

i = 1, 2, · · ·n (A.73)

P (ξi) = 0 i = 1, 2, · · ·n (A.74a)∫ 1

−1

ξiP (ξ)dξ = 0 i = 0,1, · · ·n− 1 (A.74b)

This means P (ξ) andξi are orthogonal in [-1,1].Φ(ξ) is a polynomial with a degree of 2n-1. So,

∫ 1

−1

f (ξ) dξ ≈
∫ 1

−1

φ(ξ)dξ =

∫ 1

−1

[
n∑

i=1

li(ξ)f(ξi) +
n−1∑
i=0

βiξ
iP (ξ)

]
dξ

=
n∑

i=1

Aif(ξi) +
n−1∑
i=0

∫ 1

−1

βiξ
iP (ξ)dξ =

n∑
i=1

Aif(ξi) + 0 =
n∑

i=1

Aif(ξi)

(A.75)

The expression of Ai is same as Equation A.70. It converts the integral to a weighted sum

based on known points.

For example, one point Gauss integration: n=1

∫ 1

−1

f(ξ)dξ ≈
∫ 1

−1

φ(ξ)dξ =

∫ 1

−1

[
l1(ξ)f(ξ1) + β0ξ

0(ξ − ξ1)
]
dξ

= 2f(ξ1) + β0(
1

2
ξ2 − ξ1ξ)

∣∣∣∣1
−1

= 2f(ξ1)− 2β0ξ1

(A.76)

So, ξ1 = 0 ,A1=2, which means,
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∫ 1

−1

f(ξ)dξ ≈ 2f(0) (A.77)

Two points Gauss integration: n=2

∫ 1

−1

f(ξ)dξ ≈
∫ 1

−1

φ(ξ)dξ =

∫ 1

−1

[
2∑

i=1

li(ξ)f(ξi) +
1∑

i=0

βiξ
iP (ξ)

]
dξ

=
2∑

i=1

∫ 1

−1

li(ξ)dξf(ξi) +
1∑

i=0

βi

∫ 1

−1

ξiP (ξ)dξ

=

∫ 1

−1

l1(ξ)dξf(ξ1) +

∫ 1

−1

l2(ξ)dξf(ξ2) + β0

∫ 1

−1

P (ξ)dξ + β1

∫ 1

−1

ξ1P (ξ)dξ

=

∫ 1

−1

(ξ − ξ2)

(ξ1 − ξ2)
dξf(ξ1) +

∫ 1

−1

(ξ − ξ1)

(ξ2 − ξ1)
dξf(ξ2) + β0

∫ 1

−1

(ξ − ξ1)(ξ − ξ2)dξ

+ β1

∫ 1

−1

ξ(ξ − ξ1)(ξ − ξ2)dξ

= f(ξ1)

[
1

(ξ1 − ξ2)
(
1

2
ξ2)

∣∣∣∣1
−1

+
(−ξ2)

(ξ1 − ξ2)
ξ

∣∣∣∣1
−1

]
+ f(ξ2)

[
1

(ξ2 − ξ1)
(
1

2
ξ2)

∣∣∣∣1
−1

+
(−ξ1)

(ξ2 − ξ1)
ξ

∣∣∣∣1
−1

]

+β0

(
1

3
ξ3 − 1

2
(ξ1 + ξ2)ξ

2 + ξ1ξ2ξ)

∣∣∣∣1
−1

+ β1 (
1

4
ξ4 − 1

3
(ξ1 + ξ2)ξ

3 +
1

2
ξ1ξ2ξ

2)

∣∣∣∣1
−1

=f(ξ1)
[
0 +

−2ξ2
(ξ1 − ξ2)

]
+ f(ξ2)

[
0 +

−2ξ1
(ξ2 − ξ1)

]
+ β0(

2

3
− 0 + 2ξ1ξ2) + β1(0−

2

3
(ξ1 + ξ2) + 0)

=
−2ξ2

(ξ1 − ξ2)
f(ξ1)−

2ξ1
(ξ2 − ξ1)

f(ξ2) + β0(
2

3
+ 2ξ1ξ2) +

2

3
β1(ξ1 + ξ2)

=A1f(ξ1) + A2f(ξ2) + β0(
2

3
+ 2ξ1ξ2) +

2

3
β1(ξ1 + ξ2)

(A.78)

Where,

A1 =
−2ξ2

(ξ1 − ξ2)
(A.79a)
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A2 =
−2ξ1

(ξ2 − ξ1)
(A.79b)

2

3
+ 2ξ1ξ2 = 0 (A.79c)

ξ2 + ξ1 = 0 (A.79d)

According to the equation set expressed in Equation A.79, the parameters can be obtained as

follows:

ξ1 = ± 1√
3

ξ2 = ∓ 1√
3

A1 = 1 A2 = 1 (A.80)

This means:

∫ 1

−1

f(ξ)dξ ≈
∫ 1

−1

φ(ξ)dξ = f

(
− 1√

3

)
+ f(

1√
3
) (A.81)

2D Gauss integration

According to the results presented in Equation A.77, the results of 2D Gauss integration with

n=1 is expressed as:

∫ 1

−1

∫ 1

−1

f(ξ, η)dξdη =

∫ 1

−1

Aξ1f(ξ1, η)dη = Aξ1Aη1f(ξ1, η1) = 2× 2f(0, 0) = 4f(0, 0) (A.82)

According to the results presented in Equation A.81, the results of 2D Gauss integration with

n=2 is expressed as:
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∫ 1

−1

∫ 1

−1

f(ξ, η)dξdη =

∫ 1

−1

[Aξ1f(ξ1, η) + Aξ2f(ξ2, η)]dη

=Aξ1[Aη1f(ξ1, η1) + Aη2f(ξ1, η2)] + Aξ2[Aη1f(ξ2, η1) + Aη2f(ξ2, η2)]

(A.83)

Here we adoptAξ1 = Aξ2 = Aη1 = Aη2 = 1,ξ1 = −1/
√
3, ξ2 = 1/

√
3, η1 = −1/

√
3, η2 = 1/

√
3

shown in 1D Gauss integration results (Equation A.80).Therefore, the numerical integration

results are expressed as:

∫ 1

−1

∫ 1

−1

f(ξ, η)dξdη = f

(
− 1√

3
,− 1√

3

)
+ f

(
− 1√

3
,
1√
3

)
+ f

(
1√
3
,− 1√

3

)
+ f

(
1√
3
,
1√
3

)
(A.84)

Numerical integration in iFEM

Therefore, for the Ke and f e expressed in Equation A.63 can be calculated by 2D Gauss

integration when n=2. Take the first term of Ke as example:

∫
Ae

ωm(B
e
m)

TBe
mdA

e = ωm

∫ 1

−1

∫ 1

−1

(Be
m)

TBe
mdξdη = ωm

∫ 1

−1

∫ 1

−1

(Be
m)

Tdξdη

∫ 1

−1

∫ 1

−1

Be
mdξdη

(A.85)

According to Equation A.49,

∫ 1

−1

∫ 1

−1

Be
mdξdη =

∫ 1

−1

∫ 1

−1


∂N1

∂x
0 0 0 0 ∂L1

∂x

0 ∂N1

∂y
0 0 0 ∂M1

∂y
Be

m2 Be
m3 Be

m4

∂N1

∂y
∂N1

∂x
0 0 0 ∂L1

∂y
+ ∂M1

∂x

 dξdη (A.86)

According to results shown in Equation A.42, we can set:
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fNi
(ξ, η)

gNi
(ξ, η)

 =

∂Ni

∂x
∂Ni

∂y

 = J−1


∂Ni

∂ξ
∂Ni

∂η

 i = 1, 2, · · · , 8 (A.87a)

kNi
(ξ, η)

lNi
(ξ, η)

 =

∂Li

∂x
∂Li

∂y

 i = 1, 2, 3, 4 (A.87b)

pNi
(ξ, η)

qNi
(ξ, η)

 =

∂Mi

∂x
∂Mi

∂y

 (A.87c)

Therefore,take the first term of the matrix in Equation A.86 as an example:

∫ 1

−1

∫ 1

−1

∂Ni

∂x
dξdη =

∫ 1

−1

∫ 1

−1

fNi
(ξ, η)dξdη

= fNi
(GP1) + fNi

(GP2) + fNi
(GP3) + fNi

(GP4) =
4∑

i=1

fNi
(GPi)

(A.88)

In Equation A.88, GP1, GP2, GP3, GP4 express Gauss Points.

GP1 =

(
− 1√

3
,− 1√

3

)
, GP2 =

(
− 1√

3
,
1√
3

)
, GP3 =

(
1√
3
,− 1√

3

)
, GP4 =

(
1√
3
,
1√
3

)
(A.89)

Therefore, the Equation A.86 can be expressed as:
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∫ 1

−1

∫ 1

−1

Be
mdξdη =

4∑
i=1

fN1(GPi) 0 0 0 0
4∑

i=1

kN1(GPi)

0
4∑

i=1

gN1(GPi) 0 0 0
4∑

i=1

pN1(GPi)
∫
Be

m2

∫
Be

m3

∫
Be

m4

4∑
i=1

gN1(GPi)
4∑

i=1

fN1(GPi) 0 0 0
4∑

i=1

[qN1(GPi) + lN1(GPi)]


(A.90)

Therefore, all definite integral list below can be calculated:

∫ 1

−1

∫ 1

−1

Be
mdξdη

∫ 1

−1

∫ 1

−1

Be
bdξdη

∫ 1

−1

∫ 1

−1

Be
sdξdη∫ 1

−1

∫ 1

−1

BeT
m dξdη

∫ 1

−1

∫ 1

−1

BeT
b dξdη

∫ 1

−1

∫ 1

−1

BeT
s dξdη

(A.91)

Therefore, the Ke and f e can be calculated by by 2D Gauss integration when n=2.

A.2.5 Structure/global stiffness matrix

The structure has m elements, n nodes. For each element, according to Equation A.62, the

expression of global structure is shown as:

Kq = Fε (A.92)

The global displacement fields and experiment measurement can be expressed as:

q =

[
U1 V1 W1 θx1 θy1 θZ1 · · · Un Vn Wn θxn θyn θZn

]T
(A.93a)
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ε =



(ε+xx1 + ε−xx1)/2

(ε+yy1 + ε−yy1)/2

(γ+xy1 + γ−xy1)/2

(ε+xx1 − ε−xx1)/2h

(ε+yy1 − ε−yy1)/2h

(γ+xy1 − γxy1)/2h

0

0

...

(ε+xxm + ε−xxm)/2

(ε+yym + ε−yym)/2

(γ+xym + γ+xym)/2

(ε+xxm − ε−xxm)/2h

(ε+yym − ε−yym)/2h

(V +
xym − γxym)/2h

0

0



(A.93b)

Note that the transverse strain is not able to directly calculate according to the measurements

data. And in the deformation of thin shell, the contributions of gε are much smaller than kε

and eε. Therefore, the contributions of gε are safely omitted. So, correlation components are

set to 0.

The degrees of freedom (DOF) of q is 6n × 1. The degrees of freedom (DOF) of ε is 8m × 1.

Therefore, the DOF of K is 6n× 6n. The DOF of F is 6n× 8m.

For example, the i−th(i ∈ [1,m]) finite element have four nodes c1, c2, c3, c4 (c1, 2, 3, 4 ∈ [1, n])

. The DOF of qe is 24 × 1, the DOF of εe is 8 × 1. Therefore, the displacement fields and

experiment measurement of this element is expressed as:
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qe =

[
Uc1 Vc1 Wc1 θxc1 θyc1 θZc1 · · · Uc4 Vc4 Wc4 θxc4 θyc4 θZc4

]T
(A.94a)

εe =



(ε+xxi + ε−xxi)/2

(ε+yyi + ε−yyi)/2

(γ+xyi + γ−xyi)/2

(ε+xxi − ε−xxi)/2h

(ε+yyi − ε−yyi)/2h

(γ+xyi − γxyi)/2h

0

0



(A.94b)

The correspondence between qe and q is q(I1) = qe, where the I1 is expressed in Equation A.95.

I1 =



6c1 − 5

6c1 − 4

6c1 − 3

6c1 − 3

6c1 − 2

6c1 − 1

6c1 − 1

...

6c4 − 5

6c4 − 4

6c4 − 3

6c4 − 2

6c4 − 1

6c4 − 1

6c4 − 1



I2 =



8i− 7

8i− 6

8i− 5

8i− 4

8i− 3

8i− 2

8i− 1

8i



(A.95)
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In addition, the correspondence between εe and ε is ε(I2) = εe, where the I2 is expressed in

Equation A.95.

Therefore, the assembly of Ke and f e of the i − th(i ∈ [1,m]) finite element can be realized

according to the correspondence shown in Equation A.96.

K(IT1 , I
T
1 ) = Ke (A.96a)

F (IT1 , I
T
2 ) = f e (A.96b)

A.2.6 Solution of iFEM

When K, F , and ε is obtained and combined with displacement boundary conditions, the

displacement field can be calculated according to Equation A.92.

Method 1: When the all boundary displacements are zero, set r − th row and column as 0,

Krr = 1 , Fεr = 0 (r = [r1, r2, · · · , rj] is the set of boundary nodes). As shown in Equation

A.97. This operation equal to set qr = 0, which is exactly the zero boundary conditions.


· · · 0 · · ·

0 1 0

· · · 0 · · ·



...

qr
...

 =


...

0

...

 (A.97)

Method 2: When there is some nodes have a constant displacement boundary condition,

which means qr = u, set r − th row and column as a very large number, which expressed as:

Krr = αKrr , Fεr = αKrru (r = [r1, r2, · · · , rj] is the set of boundary nodes). As shown in

Equation A.98.This operation equal to set αKrru(qr) = αKrru, which is exactly the constant

boundary conditions.
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
... ... ...

... αKrr ...

... ... ...



...

qr
...

 =


...

αKrru

...

 (A.98a)

α ≥ max (K) · 104 (A.98b)
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[170] K. Yüksel and D. Pala, “Analytical investigation of a novel interrogation approach of fiber

bragg grating sensors using optical frequency domain reflectometry,” Optics and Lasers

in Engineering, vol. 81, pp. 119–124, 2016.

[171] T. Feng, Y. Shang, X. Wang, S. Wu, A. Khomenko, X. Chen, and X. S. Yao, “Distributed

polarization analysis with binary polarization rotators for the accurate measurement of

distance-resolved birefringence along a single-mode fiber,” Optics Express, vol. 26, no. 20,

pp. 25989–26002, 2018.

[172] X. Zhang, Y. Chen, and J. Hu, “Recent advances in the development of aerospace mate-

rials,” Progress in Aerospace Sciences, vol. 97, pp. 22–34, 2018.

[173] R. Di Sante, “Fibre optic sensors for structural health monitoring of aircraft composite

structures: Recent advances and applications,” Sensors, vol. 15, no. 8, pp. 18666–18713,

2015.

[174] Q. Xia, Z. Zhang, Y. Liu, and J. Leng, “Buckypaper and its composites for aeronautic

applications,” Composites Part B: Engineering, vol. 199, p. 108231, 2020.



226 BIBLIOGRAPHY

[175] S.-W. Kim, M.-C. Cha, I. Lee, E.-H. Kim, I.-B. Kwon, and T.-K. Hwang, “Damage

evaluation and strain monitoring of composite plates using metal-coated fbg sensors under

quasi-static indentation,” Composites Part B: Engineering, vol. 66, pp. 36–45, 2014.

[176] M. Saeedifar and D. Zarouchas, “Damage characterization of laminated composites using

acoustic emission: A review,” Composites Part B: Engineering, vol. 195, p. 108039, 2020.

[177] D. Geng, Y. Liu, Z. Shao, Z. Lu, J. Cai, X. Li, X. Jiang, and D. Zhang, “Delamination

formation, evaluation and suppression during drilling of composite laminates: A review,”

Composite Structures, vol. 216, pp. 168–186, 2019.

[178] B. Hoekstra, A. Shekarian, K. Kolasangiani, D. C. Oguamanam, R. Zitoune, and

H. Bougherara, “Effect of machining processes on the damage response and surface qual-

ity of open hole hybrid carbon/flax composites: An experimental study,” Composite

Structures, vol. 285, p. 115244, 2022.

[179] M. M. Ahmed, H. Dhakal, Z. Zhang, A. Barouni, and R. Zahari, “Enhancement of impact

toughness and damage behaviour of natural fibre reinforced composites and their hybrids

through novel improvement techniques: A critical review,” Composite Structures, vol. 259,

p. 113496, 2021.

[180] Z. Mahboob and H. Bougherara, “Fatigue of flax-epoxy and other plant fibre composites:

Critical review and analysis,” Composites Part A: Applied Science and Manufacturing,

vol. 109, pp. 440–462, 2018.

[181] L. Zhang, X. Qu, Z. Zhao, H. Zhang, S. Lu, and X. Wang, “Health monitoring of compos-

ite pressure vessels through omnidirectional buckypaper sensor array,” Applied Physics

A, vol. 128, no. 3, p. 178, 2022.

[182] F. Lambinet and Z. S. Khodaei, “Measurement platform for structural health monitoring

application of large scale structures,” Measurement, vol. 190, p. 110675, 2022.

[183] F. Lambinet and Z. S. Khodaei, “Damage detection & localization on composite patch

repair under different environmental effects,” Engineering Research Express, vol. 2, no. 4,

p. 045032, 2020.



BIBLIOGRAPHY 227

[184] I. Dafydd and Z. Sharif Khodaei, “Analysis of barely visible impact damage severity with

ultrasonic guided lamb waves,” Structural Health Monitoring, vol. 19, no. 4, pp. 1104–

1122, 2020.

[185] W. Staszewski, S. Mahzan, and R. Traynor, “Health monitoring of aerospace composite

structures–active and passive approach,” composites Science and Technology, vol. 69,

no. 11-12, pp. 1678–1685, 2009.

[186] A. H. Seno, Z. S. Khodaei, and M. F. Aliabadi, “Passive sensing method for impact local-

isation in composite plates under simulated environmental and operational conditions,”

Mechanical Systems and Signal Processing, vol. 129, pp. 20–36, 2019.

[187] P. Lesiak, M. Szelag, D. Budaszewski, R. Plaga, K. Mileńko, G. Rajan, Y. Semenova,
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composite structures,” Composite Structures, vol. 100, pp. 443–450, 2013.

[271] S. I. Thorsson, S. P. Sringeri, A. M. Waas, B. P. Justusson, and M. Rassaian, “Experi-

mental investigation of composite laminates subject to low-velocity edge-on impact and

compression after impact,” Composite Structures, vol. 186, pp. 335–346, 2018.



BIBLIOGRAPHY 237

[272] H. Li, Z. S. Khodaei, and M. F. Aliabadi, “Multiscale modelling of material degradation

and failure in plain woven composites: A novel approach for reliable predictions enabled

by meta-models,” Composites Science and Technology, p. 109910, 2023.

[273] M. Zhuang, L. Morse, Z. S. Khodaei, and M. Aliabadi, “Statistical inference of the equiv-

alent initial flaw size distribution for an anisotropic material with the dual boundary

element method,” International Journal of Fatigue, vol. 158, p. 106702, 2022.

[274] J. T. Siivola, S. Minakuchi, T. Mizutani, and N. Takeda, “Evaluation of damage de-

tectability in practical sandwich structure application conditions using distributed fiber

optic sensor,” Structural Health Monitoring, vol. 15, no. 1, pp. 3–20, 2016.

[275] N. Alexopoulos, C. Bartholome, P. Poulin, and Z. Marioli-Riga, “Damage detection of

glass fiber reinforced composites using embedded pva–carbon nanotube (cnt) fibers,”

Composites Science and Technology, vol. 70, no. 12, pp. 1733–1741, 2010.

[276] S. Rivallant, C. Bouvet, E. Abi Abdallah, B. Broll, and J.-J. Barrau, “Experimental

analysis of cfrp laminates subjected to compression after impact: The role of impact-

induced cracks in failure,” Composite Structures, vol. 111, pp. 147–157, 2014.

[277] M. N. Saleh, H. M. El-Dessouky, M. Saeedifar, S. T. De Freitas, R. J. Scaife, and

D. Zarouchas, “Compression after multiple low velocity impacts of ncf, 2d and 3d woven

composites,” Composites Part A: Applied Science and Manufacturing, vol. 125, p. 105576,

2019.

[278] X. Sun and S. Hallett, “Failure mechanisms and damage evolution of laminated compos-

ites under compression after impact (cai): Experimental and numerical study,” Compos-

ites Part A: Applied Science and Manufacturing, vol. 104, pp. 41–59, 2018.

[279] D. Munzke, D. Kraus, R. Eisermann, S. Kübler, M. Schukar, L. Nagel, S. Hickmann,
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[298] T. Bergmayr, S. Höll, C. Kralovec, and M. Schagerl, “Local residual random forest classi-

fier for strain-based damage detection and localization in aerospace sandwich structures,”

Composite Structures, vol. 304, p. 116331, 2023.

[299] D. Cristiani, F. Falcetelli, N. Yue, C. Sbarufatti, R. Di Sante, D. Zarouchas, and M. Giglio,

“Strain-based delamination prediction in fatigue loaded cfrp coupon specimens by deep

learning and static loading data,” Composites Part B: Engineering, vol. 241, p. 110020,

2022.
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