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Abstract 

Today, thermoplastics and fibre reinforced thermoplastic composites, are 

increasingly being used in all fields of commerce and industry, for their improved 

performance with respect to impact resistance, recyclability, and the 

manufacturing cost. However, the damage and performance of thermoplastics 

and their composite structures is difficult to predict due to viscoelastic 

mechanical behavior and complicated failure mechanisms. Structural health 

monitoring (SHM) systems provide effective tools to detect and characterize how 

material degradation occurs and develops with time, assuring the safety of 

engineering structures. Optical fibre (OF) sensors are often considered for future 

SHM systems, because they enable both massive data acquisition and 

miniaturization of sensors in size and in power consumption. The performance 

of optical fibres depends to a large extent on how they are integrated into the 

host structure. For thermoplastics and their composite, OF sensor attachments 

typically use similar methods than have been used for traditional structural 

materials. The integration technology is still mostly manual work thereby 

producing inconsistent sensor measurements. The OF integration has three 

major issues; 1) lack of well-controlled OF integration methods; 2) lack of 

assessment methods for the OF attachment quality; 3) coupled sensitivity for 

thermal and mechanical effects on the OF. This research aims to improve upon 

these three aspects. 

The lack of automated, well-controlled OF integration methods induces 

inconsistent bonding which causes a non-uniform strain transfer from the host 

structure to the OF sensors. In this work, a novel method has been developed to 

integrate OF sensors into thermoplastics and thermoplastic composite materials 

by utilizing the material extrusion 3-D printing process. A procedure for OF in-

situ integration during the printing process with a fused deposition modeling 

(FDM) 3-D printer was proposed. The material behavior during and after the 

integration process have been investigated. Tensile testing and creep 

experiments were carried out to investigate the OF/thermoplastic interface 

bonding and the mechanical response of the substrate-OF system. Residual 

strains were measured on the integrated OF after 3-D printing and the residual 

strain creation mechanisms have been discussed. The measurement accuracy of 

the novel OF based method is compared with traditional methods. 

Quality and consistency of the OF bonding layer affects the measurement 

accuracy of the OF sensor directly. A good practical non-destructive method to 
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test and evaluate the OF integration quality is currently missing. In this work, 

residual strains created by the integration process were used to assess the 

integration quality of both the novel OF integration by 3-D printing and a 

selection of traditional methods. Residual strains and their fluctuations along the 

OF are shown to be correlated to the specific OF integration method and it 

appears to be a useful quantitative metric for evaluating the attachment quality 

of the integrated OF.  

The coupled sensitivity of temperature and strain is one of the most significant 

limitations for using Fibre Bragg Gratings (FBGs) as well as Rayleigh 

backscattering OFDR (adopted in this work) based optical fibre measurements. 

This coupled sensitivity can introduce large errors for signal interpretation. The 

relationship between strain and the temperature effects under coupled 

mechanical-thermal loadings is studied in detail and a mechanical-thermal 

loading superposition model is confirmed for decoupling strain and temperature 

effects. A polynomial formula is deduced from physics-based temperature effect 

models to overcome the poor accuracy of widely used linear calculation 

principle. This more accurate calculation model is realized and tested in practice 

to distinguish pure mechanical strains from pure thermal loading on the OF. 
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Abbreviations and symbols 

Abbreviations 

 
A Absolute mode i.e. Id est/That is 

AS Anti-stokes M Matrix 

BOTDR Brillouin optical time domain 

reflectometry 

MEX Bound material-based 

material extrusion 

BOTDA Brillouin optical time domain 

analyzer 

NTNU Norwegian University of 

Science and Technology 

BFS Brillouin frequency shift OBR Optical backscattering 

reflectometer 

CAD Computer-aided design OTDR Optical time domain 

reflectometer 

CV Coefficient of variation OFDR Optical frequency domain 

reflectometer 

CA Absolute difference coefficient OF Optical fibre 

CR Relative difference coefficient OFS Optical fibre sensors 

CF Carbon fibre PA6 Nylon 6 

DOFS Distributed optical fibre sensor PI Polyimide 

DSC Differential scanning calorimetry PLA Polylactic acid 

DMTA Dynamic mechanical thermal 

analysis 

PC Personal computer 

EL Embedding length PhD Doctor of Philosophy 

EXT Extensometer  R Relative mode 

e.g. Exempli gratia/For example ROI Region of interest 

etc Et cetera/And other similar things RBS Rayleigh backscattering 

spectral 

FFT Fast Fourier Transform R&D Research and development 

FBG Fibre Bragg grating RQ Research quesion 

FFF Fused filament fabrication S Stokes 

FP Fabry–Perot sensor SHM Structural health 

monitoring 

FRP Fibre reinforced polymer  SG Strain gauge 

FDM Fused deposition modeling STL Stereolithography 

FLIR Forward looking infrared SS Sensor spacing 

GF Glass fibre SMF Single mode fibre 

GL Gauge length 1-D One direction 

IoT Internet of things 3-D Three directions 

IR Infrared   
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Symbols* 

 
Acoustic wave velocity V (mm/s) Reflectivity R (%) 

Boltzmann constant k (J/K) Shear lag dominant parameter α (-) 

Beat frequency of laser f (GHz) Strain ε (-) 

Correlation index S (-) Sensitivity coefficient K (1/°C) 

Differential value Δ Stress σ (MPa) 

Distance z (m) Strain transfer coefficient KM 

Energy E (J) Time T (s) 

Euler’s number e (-) Temperature T (°C) 

  Thickness Tthk (mm) 

Goodness-of-Fit R2 (-) Thermal expansion coefficient  α (-) 

Index of refraction n (-) Temperature Coefficients of 

Refractive Index 

 

β (1/°C) 

Length L, l (mm) Time delay Τ (s) 

Laser frequency sweep 

rate 

Α (GHz/s) Tuning rate of the laser γ (GHz) 

Modulus of elasticity E (MPa) Velocity of light c (m/s) 

Optical frequency v (GHz) 

f (GHz) 

Wavelength λ (nm) 

Planck’s constant h (J/Hz)   
 

 Detailed symbols used for equations are defined at these specific equations. 
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‘It is a capital mistake to theorize before one has data. Data! Data! Data! … I can’t 

make bricks without clay!’ 

-Sir Arthur Conan Doyle 

 

 

 

1.1 MOTIVATION AND BACKGROUND 

1.1.1 IOT AND SHM  

Humans exist in an ever-changing environment, that is increasingly being 

modified by man-made technologies. Technological revolutions alter the way 

people live, work, and relate to one another (Figure 1-1). The transition from 

hunting to agriculture, and later to urbanization, has moved large populations of 

humans from farms to cities. The modern lifestyle in the Information Age has 

been shaped by the Internet Revolution since 1983. Now, we are again standing 

on the brink of a technological revolution, that will fundamentally reshape the 

way men live, work, and collaborate with one another [1].  

CHAPTER 1  

INTRODUCTION  
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Internet of things (IoT) is often defined as a dynamic global network 

infrastructure, with self-sensing functions, that are based on information and 

communications technology [2]. IoT introduces and utilizes the  next generation 

of internet, where most of the physical devices and machines are inter-connected 

and the data is collected, and then processed to help making decisions [3]. The 

architecture of IoT has been divided into various functional layers, as reported 

from different perspectives, see Figure 1-2 [3–5]. IoT works through the 

following flow of information: the data is first obtained in the sensing layer, and 

then fed into the post-processing layers, where humans and computing systems 

collaborate to make strategies and decisions based on it. IoT requires a powerful 

sensing system, and data acquisition and processing capabilities, which bring 

new opportunities, and great benefits by using many existing and future 

information analysis techniques. In particular, the advanced processing of 

information becomes fruitful when the IoT is connected to a structural health 

monitoring (SHM) system, whose core is data sensing, tracking and analyzing in 

real-time [6]. SHM systems are a data-driven remedy for the safety of 

civil/industrial structures [7]. It is a continuous procedure to detect and 

characterize the degradation and damage of engineering structures. Experience 

shows that traditional SHM systems are often troubled by the lack of efficiency 

and high cost, because the data collection, processing and decision-making has 

mostly been done manually. New automated IoT-SHM systems on the other hand 

show improved potentials in terms of reliability, efficiency and the low-cost of 

operation [8]. 

A crucial requirement for any IoT-SHM system is the need for reliable and timely 

data. All the data are sensed and received by the sensing layer, also referred to 

as the ‘Things’ of IoT, essentially anything that is integrated with sensors to sense 

their status. The more powerful sensors are realized, the more valuable data is 

captured. Thus far, a lot of the research and R&D work has been focused on the 

application layer and connectivity. In contrast, the technological development in 

the hardware of sensors has fallen behind. Key technologies driving the IoT-SHM 

are the challenges in the miniaturization of sensors, with the corresponding drop 

in both the size and the power consumption. 
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Figure 1-1. Technological revolutions have altered the lifestyles of human beings. 

 

Figure 1-2. Examples of layers in the IoT.  

1.1.2 FIBRE OPTIC BASED SHM 

Fibre optic sensors provide an excellent solution to many of the technical 

challenges facing the sensors of new IoT-SHM systems. Compared to 

conventional electrical sensors, optical fibres (OFs) show several distinguishing 

advantages for the IoT: (i) they are passive in terms of electrical energy 

consumption - no need for continuous source of electrical power at the remote 

location; (ii) optical fibres are small in size and create insignificant disturbances 

for the integrity of the material when embedded inside a  structural component; 

(iii) glass fibres are immune to electromagnetic interference and environmental 

corrosion; (iv) and finally, optical fibres have a long lifetime, exceeding 25 years 

[9,10]. These characteristics of OFs satisfy the crucial needs of IoT-SHM systems 

and offer advantages over typical electronic/mechanical sensors. Over 60 

different optical fibre sensor types have been developed and many of them have 

already been applied to SHM [8,11–15]. The application of OFs enables IoT-SHM 

platforms to achieve a reliable and timely source of data in constructions, critical 

infrastructure and key components of vehicles, as seen from examples in Figure 

1-3 [12,16–19]. 
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Optical fibre sensors can be classified into single point-based, and distributed 

fibre optic sensors (quasi-distributed or truly distributed), as shown in Figure 1-

4 (a). On single point OFs, the parameter of interest can only be measured at one 

specific location. If the OF is sensitive to the environment along its entire length, 

and able to monitor at various points, it is called a distributed optical fibre sensor 

(DOFS) [20]. 

 

 

Figure 1-3. Optical fibre sensors based SHM in various industries, reproduced from [12]. 

DOFS can be achieved by using two strategies: a quasi-distributed sensor array 

and a true distributed sensor array. As shown in Figure 1-4(b), the quasi-

distributed sensor is achieved by placing multiple point sensors, such as Fibre 

Bragg gratings (FBG) or Fabry–Perot sensors (FP) at certain intervals along the 

fibre length, typically about 10 sensors/fibre and, if multiplexed by wavelength, 

up to 1000 sensors per fibre. However, such a multiplexed sensor array is still 

unable to detect events that happen between any of the two discrete point 

sensors. In a truly distributed sensing system, the optical fibre works 

simultaneously to transmit the information and to sense the local external 

variables [21]. The sensing region is distributed along the entire optical fibre 

length. When the light passes through the fibre, the intrinsic scattering 
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phenomena, called Rayleigh scattering, Stokes scattering and anti-Stokes 

scattering are utilized to measure external perturbations along the length of the 

OFs (Figure 1-4(b)) [22]. 

The features of distributed optical fibre sensors make the SHM platform using 

them serve silimarly to the nervous system of the human. As shown in Figure 1-

4(c), the DOFS can be used to make distributed measurements of strain and 

temperature along distributed lines across the whole airplane. 

 

 

Figure 1-4. Classification of optical fibre sensors (a), the light intensity spectrum and the main 

working principles of distributed optical fibre sensors (b), DOFS applied for the SHM platform in 
aviation (c), from [11,23–25]. 
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1.2 OPTICAL FIBRE SENSING 

1.2.1 DOFS 

The experimental investigations discussed later in the Thesis are carried out by 

using the Rayleigh backscattering based OFDR (optical frequency domain 

reflectometry) measurement principle. However, to give a broader context to 

this specific measurement method, an overview and categorization of optical 

fibre sensing principles is first presented in this Section. 

When a monochromatic laser light (the light from the laser has a single 

wavelength) propagates through an optical fibre, a small portion of the light 

becomes scattered by the material [26]. Most of the photons are elastically 

scattered, and it is called Rayleigh scattering. A smaller fraction of the photons 

are inelastically scattered, and corresponding phenomena are called Brillouin 

scattering and Raman scattering. In elastic scattering, the energy of the incident 

photons remains the same, only its direction becomes changed. In inelastic 

scattering, both the energy and the direction of the photons are changed by the 

interaction. As shown in Figure 1-5, Rayleigh scattering occurs when the photons 

collide with inhomogeneities in the waveguide material; Raman scattering 

occurs when incident light photons interact with thermally excited molecular 

vibrations; Brillouin scattering is the result of incident light photons interacting 

with bulk molecular vibrations. These three scattering phenomena are further 

detailed in the following sections. 

 

 

Figure 1-5. Classification of scattering phenomena in the optical fibre sensor. 
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1.2.2 RAMAN SCATTERING  

The details of Raman scattering are discussed for example in [27–29]. As shown 

in Figure 1-4 (b), the intensity of Raman anti-Stokes scattering depends only on 

the local temperature of the optical fibre, while its Stokes scattering intensity is 

not affected by the temperature. This makes Raman scattering suitable for 

distributed temperature sensing along the DOFS as shown in Figure 1-6(a). The 

temperature is calculated by evaluating relative intensities R(z) of Raman Stokes 

IS and anti-Stokes IAS components as follows [27,28]: 

 

4 4

Δ / Ω /( ) B RE k T h kTAS S S

S AS AS

I
R z e e

I

 

 

− −   
= = =   

   

ħ
 (Equation 1-1) 

Where is the λS and λAS are Stokes and anti-Stokes wavelengths respectively. ΩR 

is the Raman frequency shift, e is Euler's number, h is Planck’s constant and k is 

the Boltzmann constant. In addition, ΔE is Raman energy shift and T is the 

temperature of the optical fibre. The temperature resolution of DOFS based on 

Raman scattering can be ca. 0.1°C, and a spatial resolution of 1 m for the 8 km 

sensing range and 5 m for up to 40 km sensing range have been reported [29]. 

1.2.3 BRILLOUIN SCATTERING 

The details of Brillouin scattering in the optical fibre are discussed in references 

such as [22,28,30,31]. Brillouin scattering in the optical fibre is an inelastic 

interaction process between the photons of the incident laser light and the 

variation in the glass material. This material variation is due to the bulk pressure 

wave produced by a traveling acoustic wave (or acoustic phonons) within the 

optical fibre. The acoustic wave is set off by thermally induced molecular 

vibrations. Refractive index fluctuations are induced by these acoustic wave 

pressure variations. The Brillouin frequency shift (BFS) is expressed analogous 

to FBGs as [30]: 

 
eff2 L

B

P

n V



=  (Equation 1-2) 

where neff is the refractive index of the waveguide, VL is the acoustic wave 

velocity, and λP is the wavelength of incident light. The acoustic wave velocity 
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and the refractive index are both sensitive to the temperature and strain in the 

optical fibre. When the temperature and strains change, the BFS υB is considered 

to be linearly related to both of them. The DOFS based on Brillouin scattering 

(Figure 1-6 (b)) are able to have a sensing range up to 50-100 km, with spatial 

resolutions in the meter range. The finest reported spatial resolution is 2 cm, 

when the sensing range in reduced to 2 km [31]. 

 

1.2.4 RAYLEIGH SCATTERING 

Rayleigh scattering is induced by the interaction between the photons of incident 

light and small-scale inhomogeneities of the optical fibre. The physical structure 

of the DOFS used in this work consists of a silica core, a silica cladding and a 

polymer coating (other waveguide and coating materials can also be used). 

Rayleigh scattering happens when a photon penetrates a medium composed of 

inhomogeneous regions in the material whose sizes are much smaller than the 

wavelength of the light. More specifically, in the fibre core which is the 

waveguide, Rayleigh scattering is caused by impurities with variable refractive 

index, which are due to glass composition or density fluctuations in small-scale, 

generated during the fibre fabrication process [32]. When a laser pulse is 

injected into the optical fibre, this inhomogeneity-induced Rayleigh scattering 

occurs along the entire optical fibre and the Rayleigh backscattering signal will 

drop over the fibre length. By measuring Rayleigh scattering loss in the fibre 

length direction worked with the location information through optical time 

domain reflectometry (OTDR), Rayleigh backscattering were firstly used to 

locate fault points in the telecommunication fibre as shown in Figure 1-6 (c) [24]. 

Today the Rayleigh scattering phenomenon is more used for high resolution 

distributed strain and temperature monitoring. Based on optical frequency 

domain reflectometry (OFDR) technology, the measurement system achieves a 

high resolution of measured perturbations in strain and temperature, and a good 

spatial resolution (typically a few millimeters), but the maximal length of the 

sensor is limited to a relatively short distance (70 m) in the case of specific OBR-

4600 equipment. The measurement system using the Rayleigh scattering is 

introduced later in Section 1.2.5 and in Section 2.1. 
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Figure 1-6. Three types of DOFS systems based on optical scattering: (a) Raman, (b) Brillouin, and 
(c) Rayleigh backscattering with respective light intensities obtained in typical OTDR system, 
reproduced from [19,24,30,33]. 

 

1.2.5 OPTICAL FIBRE DATA PROCESSING METHODS 

In the DOFS, the measurement and the signal processing from the backscattering 

are performed in a reflectometer based on either optical time domain 

reflectometry (OTDR) in a  or optical frequency domain reflectometry (OFDR) 

technology. 
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OTDR  

Using the OTDR principle [16], the laser sends incident optical pulses and the 

location of the perturbation on the optical fibre is determined by measuring it 

from the arrival time of the backscattered light. As shown in Figure 1-7, the input 

pulse is launched into the optical fibre, and the light becomes scattered (such as 

Rayleigh backscatter) when the input pulse travels along the fibre. The 

backscattered signal from the optical fibre is measured by the photo-detector, 

and then integrated as a function of time. The location of the specific point of 

backscattering (Di) is achieved by using the time delay between the forward 

incident light pulse and the corresponding backward scattered light as shown in 

Figure 1-7. By this way, the measured Rayleigh backscattering signal is 

transferred into a level of attenuation along the optical fibre as a function of 

position on the fibre, while the attenuation provides information of key features, 

such as splices, bends and breaks. More detailed, the received optical power 

(Rayleigh backscattering signal), PRS, at position z is expressed as: 

 ( ) ( ) ( )
0

0 exp 2
z

RS t RP z R R P x dx =   −
    (Equation 1-3) 

where P(0) is the input optical peak powder, Rt is the spatial resolution, RR is the 

equivalent Rayleigh reflection coefficient, α is the total loss coefficient of the 

fibre. The return power will decay significantly along the fibre due to the fibre 

loss as shown by decreasing backscatter signals in Figure 1-7. When there is 

signal loss in the optical fibre, such as a connector, bend, or break, the received 

optical power-length pattern displays sudden peaks and dips caused by Fresnel 

reflections, as shown in Figure 1-6 (c).  

For a measurement technique, two of important performance parameters are the 

sensing range and spatial resolution. Spatial resolution Rt is dominated by the 

pulse width t as follows: 

 / (2 )tR tc n=  (Equation 1-4) 

where c is the velocity of light in vacuum, n is the index of refraction and t is the 

pulse width. The spatial resolution can be improved by decreasing the width of 

the input pulse. However, the sensing range along the optical fibre will be 

shortened due to the weaker energy of the incident light as signal-to-noise-ratio 

decreases. Thus, the sensing range and the spatial resolution in the OTDR have 
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to be balanced. A measurement technique that provides better spatial resolution 

while maintaining a sufficient sensing range is always desirable. 

 

 

Figure 1-7. Illustration of the optical time domain reflectometry (OTDR) technique, reproduced 
from [34,35]. 

 

OFDR  

In order to improve the detection sensitivity and the spatial resolution in the 

DOFS based on e.g. Rayleigh scattering, a frequency domain reflectometry 

technique has been proposed and developed [32,35]. This technique can be 

realized by using two different types of reflectometry: low coherence optical 

frequency domain reflectometry (OLCR) or optical frequency domain 

reflectometry (OFDR or C-OFDR). Currently, OFDR is more commonly used than 

OLCR and is the method utilized in this study. Therefore, OFDR is introduced in 

the following text. The primary distinctions between these two methods are the 

type of optical source and reference arm employed. OLCR involves a broad-band 

source and a reference arm with a moving mirror, whereas OFDR employs a 

swept laser source and a fixed reference arm. Compared to OTDR, which has 
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been used for numerous years, OFDR is newer technology and enables some 

advantages over the OTDR [9,24]: (i) higher spatial resolutions and better 

sensitivity is achieved; (ii) lower noise levels are reported; (iii) and no dead 

zones occur in the measurement. The performance of DOFS based on OTDR and 

OFDR technologies is summarized and compared in Table 1-1 [9,24,36]. 

Table 1-1. Comparison of DOFS based on OTDR and OFDR technologies [9,24,36]. 

Sensing 

principle 

Measurement 

principle  
Advantages Disadvantages Applications Suppliers 

Rayleigh 

scattering  

OTDR 
Long sensing 

distance 

Dead zone, Low 

spatial resolution  

Loss, vibration and 

breakpoint 

LUNA 

 

OFDR 

High spatial 

resolution  

(mm range) 

Short sensing 

distance, long 

measuring time 

Loss, vibration and 

breakpoint, 

temperature and 

strain 

LUNA 

Raman 

scattering 

OTDR Long sensing 

distance 
Low spatial resolution Temperature 

Halliburton, 

Sensornet. 

AP Sensing OFDR 

Brillouin 

scattering 

 

OTDR 

Long distance 50 

(km), 

high spatial 

resolution (meter 

range) 

Long measuring time 

Temperature and 

strain 

OZ Optics, 

Omnisens 

SA, Neubrex 

OFDR 

High spatial 

resolution 

(centimeter 

range) 

Long measuring time  

 

In this work, the OFDR sensing system utilizes a measurement device based on 

the Mach-Zehnder interferometer [32,35]. Mach-Zehnder interferometer is 

designed for measuring the phase shift due to the relative length difference of 

the two arms of the interferometer. The classic Mach-Zehnder interferometer 

consists of two mirrors, two splitters, and a detector. The incident light is initially 

split into two beams, which travel through two different paths, referred to as the 

test arm and the reference arm. Two beams are reflected independently by the 

mirrors and recombine at the second splitter. The detector records an 

interference fringe (as shown in Figure 1-8 (a)) that depends on the phase 

difference caused by the optical path difference between the test arm and the 

reference arm. 

In Figure 1-8(b), it is illustrated that the OFDR system generates incident light 

through a swept laser source, which linearly scans over the optical frequency 

range. Directional couplers are utilized to divide the light into a reference arm 

and a test arm. Backscattered light from the test arm interferes with the 

reference arm, and the resulting interference fringe is detected by the photo-
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detector. The periodic signal observed by the detector possesses a frequency that 

relies on the location of the fibre point scattering the light back, with the 

frequency of the interference signal increasing as the point moves further away 

from the detector. Since the detector receives backscatter signals from all points 

along the fibre, a frequency domain analysis using the Fourier transform 

technique is employed to separate the accumulated signal as shown in Figure 1-

8 (c). The frequencies produced through this separation correspond to signal 

locations in the fibre, while the amplitude of each frequency component 

corresponds to the strength of the respective reflection.  

To further elaborate on the application of OFDR in DOFS sensing, it is essential 

to extract two crucial parameters from the system. These parameters are the 

interference frequency and the interference amplitude, both of which can 

provide valuable information. The interference frequency is related to the time 

delay and can be used to determine the location of an event along the fibre. On 

the other hand, the interference amplitude is linked to the reflectivity and can be 

used to quantify the severity of an event, such as strain, temperature variations 

and chemical environment. These two parameters play a critical role in the 

functioning of the OFDR for DOFS sensing. To provide more detail, consider the 

back-reflected light that occurs at a single point located at position L along the 

fibre in the test arm. The beating signals of intensity I(t) obtained by the detector 

at time t can be expressed as follows [37,38]: 

 1 2 0

2
( ) 2 cos( ),

nL
I t E E t

c
   =   +  =   (Equation 1-5) 

where c is the speed of light in vacuum, n is index of fibre refraction, E1 and E2 

are the field intensity of the reference arm and the test arm, Δτ is the time delay 

(optical path difference) between test signal and reference signal, α is the laser 

frequency sweep rate and ω0 is the starting angular frequency. 

Position function- Interference Frequency: 

According to Equation 1-5, the frequency of the interference fringe fOFDR is 

expressed as: 

 OFDRf
t t

 
 
 

= +
 

  (Equation 1-6) 
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The laser turning rate dv/dt is known to be a constant, so the fOFDR is linearly 

proportional to the τ, which refers to the distance of the backscatter point along 

the optical fibre as shown in Figure 1-8 (c) (if the flection delay induced by the 

event is changing in time, i.e. dτ/dt, the above equation is distorted. For 

remainder of this discussion, we assume the fibre is stationary and the second 

term in Equation 1-6 negligible). 

Event quantification- Interference amplitude: 

As it is well-known that the energy of a wave is proportional to the square of thw 

wave amplitude. In the OFDR system, the resulting optical field intensity E3 

detected by the detector at time t is expressed as [38]: 

 
2(k( ) )

3 2 1 0( ) ( ), ( ) ( )i t L t n
E t E e E t k t t

c

   −=  + =  +
  (Equation 1-7) 

where L2 corresponds to L, E1 is from the reference arm, which does not change 

with the disturbance on the test optical fibre, while E2 is from the test arm, which 

is determined by the refractive index n that can be affected by environmental 

factors such as temperature. 

Spatial resolution: 

 2
cZ

n 
 =


  (Equation 1-8) 

Where Z is the spatial resolution and  is the frequency range of the laser. 

Nowadays, the spatial resolution of OFDR can be on the order of millimeters if 

using a wavelength sweep range of a few tens of nanometers. However, this value 

is not a physical boundary but rather a limitation imposed by data processing 

devices[39]. 

It should be emphasized that the techniques discussed earlier are only effective 

when the interfering beams' states of polarization are identical. However, the 

intrinsic birefringence of the fiber under test can lead to a degradation of the 

interference process in practical applications. To address this challenge, a 

modified scheme that employs polarization diversity detection is necessary. For 

example, OBR 4600 device (the device utilized in this study and will be discussed 
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in detail in section 2.1.2), which comprises two cascaded Mach-Zehnder 

interferometers, two polarization controllers, and a polarization beam splitter, 

can accurately identify backscattered events along the optical fiber under test, 

even in the presence of polarization variations. 

 

Figure 1-8. (a) classic Mach-Zehnder Interferometer configuration, (b) OFDR basic configuration 
and (c) typical amplitude and frequency of the signal from the photo detector of the DOFS with 
different optical path length differences, reproduced from [32, 38]. 

1.3 SENSOR INTEGRATION TECHNIQUES  

When acting as strain sensors, the DOFS need to be integrated into the host 

structure to assure the sensor fibre deforms together with the substrate 

material. Thus, the performance of the OF depends to a large extent on the sensor 

integration technique [40]. Until now, the integration of OFs has not yet been 

solved satisfactorily for many practical composite material applications [41]. A 

limited scope literature review was carried out, identifying several basic types of 

attachment methods typically used for fixing the optical fibres, as summarized in 

Table 1-2 [42]. 
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Table 1-2. An overview of optical fibre attachments and adhesives used, from [42].  

Substrate 
Attachment 

method 
Adhesives Application case 

Concrete, steel 

and timber 

Surface mounting 

Cyanoacrylate, 

epoxy, polyester, UV 

curable polymers 

Strain, cracking and 

vibration [43–47] 

Pre-embedded bar  
Epoxy, silicone, 

rubber 
Strain [47–50] 

Specialized optical 

cables 
Epoxy 

Creep strains, 

temperature [51] 

Thermosets 

and 

thermoset 

composites 

Surface mounting 

with or without 

packaging 

Cyanoacrylate, epoxy 
Strain and stiffness 

degradation [52–54] 

Embedding Epoxy resin Impact damage [55] 

Thermoplastics 

and 

thermoplastic 

composites 

Surface mounting 

with or without 

packaging 

Cyanoacrylate, epoxy Strain [56,57] 

Embedding  Hand lay-up Residual strains [58] 

Embedding  

Partially fixed with 

epoxy, ultrasonic 

welding 

Relaxation [59,60] 

In-situ embedding 

(3-D printing) 
Inside the polymer 

Residual strains and 

defects [61] 

 

For structural engineering applications practitioners tend to adhere the OFs 

directly on the surface by using rigid glue [43–47], or pre-embed the OF either in 

a rigid package [47–50] or by using specialized optical cables [51] before the 

attachment procedure. Different thermoset-based structural adhesives are used 

for bonding the fibre on traditional structural materials such as concrete, timber 

and steel. Fibre reinforced polymer (FRP) composites, where carbon or glass 

fibres are embedded in a polymer matrix, are increasingly used in aerospace, 

transportation, infrastructures and sporting goods [62]. The matrix of structural 

FRPs has typically been a thermosetting polymer. Today, by replacing the 

thermoset matrix in the composite with a thermoplastic matrix, great 

improvements for impact resistance, recyclability, manufacturing cost, and 

environmental performance are reported [63]. The OF integration technology 

for thermoplastic and thermoset composites remains similar to traditional 

structural materials. Similar methods are directly adopted, as shown in Table 1-

2 and in Figure 1-9. Optical fibres and their packages are either surface-mounted 

by structural adhesives [52,56,57] or embedded directly inside the composite or 

polymer structures [55,59,61,64]. 
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Figure 1-9. OF integration methods for FRP structures, images from [54,55,57,65,66]. 

For composite structures, the OFs can be embedded directly inside the 

composite material during the manufacturing process to enable good strain 

transfer and to protect the sensor better from mechanical and chemical damage. 

However, this type of OF integration is often hindered due to the following 

disadvantages: (i) the locations of the OFs can not be chosen with flexibility and 

the intended OF ingress and egress regions may not be compatible with the 

manufacturing method; (ii) the OFs can move about with the flow of matrix 

during manufacturing, changing the location of embedded OFs; (iii) the diameter 

of the OFs (≥ 150 µm) is usually larger than the diameter of glass fibres (3 μm … 

20 μm) or carbon fibres (5 μm … 10 μm), thus the occurrence of voids, resin 

pockets or bent structural fibres around the embedded optical fibres can locally 

affect the strength of the composite; (iv) light attenuation in the OFs can be 

induced by excessive fibre bending. Bending may occur at the edge of the 

laminate, where the matrix flows out during curing. The fabric structure of 

structural fibres can also induce micro-bending effects; (v) high shrinkage of the 

matrix brings a birefringence effect to the OFs, leading to distortions of the 

measured signal spectrum instead of peak shifting (Birefringence is a double 

refraction phenomenon, whereby a ray of incident light is split by polarization 

into two rays having different paths within the glass). 
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The surface bonding solution appears less problematic from the manufacturing 

aspect than the embedding approach. The OFs can be attached on the surface of 

the composite component after the manufacturing process is completed. Surface 

bonding allows for more flexibility in the attachment process, and gives better 

opportunities for replacing any broken OFs. Kuang et al. [67] compares data from 

the embedded and the surface-bonded OFs fixed on the surface of the same 

thermoplastic fibre-metal laminate. Experimental results show that strains from 

the embedded FBGs exhibit good agreement with surface-bonded FBGs. Surface 

bonding is less practically challenging than embedding, but it also has its own 

notable disadvantages. 

• Thin and rigid bonding is necessary for accurate transfer of strain. 

•  Some of the structural adhesives need to be cured at elevated 

temperatures, introducing unwanted heat and residual strains into the 

host structure.   

• In order to improve the handling of fragile OFs, naked fibres are often 

packaged to make cables or instrumented “patches.” However, this 

increases the overall sensor size and the fibre sensitivity becomes 

compromised due to the packaging. 

• Optical fibre surface attachments are still mainly done by hand, due to 

the lack of automated, well-controlled fibre integration methods. 

Human variability can induce inconsistent bonding that causes a non-

uniform strain transfer from the host structure to the sensor.  

• In order to minimize creep strains, most structural adhesives in use are 

thermosetting polymers. It is well known that thermoplastic composites 

develop a low adhesive bonding strength with thermoset adhesives. 

Thermoplastic fusion based attachment can therefore be a better 

solution for thermoplastic composites. Up to very recently, no research 

work on surface-bonded OFs by using thermoplastic fusion has been 

reported. 

Bonding between the OFs and thermoplastics or thermoplastic composites 

requires consistency. The lack of automated bonding solutions deserves a deeper 

research focus to overcome these automation and consistency related practical 

challenges.  
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1.4 COUPLED SENSITIVITY OF THE OPTICAL FIBRE  

As practical evidence shows, even a perfectly attached optical fibre can 

sometimes give unreasonable strain values during routine measurements. One 

significant limitation for using specific types of OFs (e.g., FBGs, Rayleigh 

backscattering OFDR) is their coupled sensitivity to both strain and temperature. 

The ability to distinguish between strain and temperature effects is critical for 

the future large-scale success of OF applications. For Rayleigh backscattering 

based OFDR, both temperature related changes in the refractive index of glass, 

and changes in the physical optical fibre length cause the Rayleigh backscattering 

spectral (RBS) shifts in frequency. Like FBGs, the RBS shift therefore shows a 

cross-sensitivity to both strain and temperature. Any temperature variation 

along the sensing fibre, if not accounted for, will introduce errors in the strain 

measurement. Similarly, any unexpected strain occurrence will introduce errors 

in the temperature measurement. Different approaches have been proposed to 

discriminate strain and temperature. An optical fibre sensor system comprising 

of two parallel OFs which have different temperature and strain sensitivities can 

be utilized to determine both temperature and stain [69,70]. Although both 

optical fibres in this system are sensitive to temperature and strain, their 

sensitivities are different and independent from each other [71,72].  

One more significant aspect needs to be highlighted for strain/temperature 

discrimination methods of OFs based on Rayleigh backscattering. Based on 

analogy to FBGs, it is typically assumed that both mechanical strain and 

thermally induced effects have a linear effect on the RBS shifts. As an example, 

Rayleigh scattering-based DOFS have been successfully used for temperature 

measurements under thermal conditions [56,73], coupled with irradiation [74], 

or humidity [75]. In these investigations, RBS shifts were modeled using linear 

relationships to temperature with fairly good accuracy within the usual 

temperature ranges from ca. 0 °C to ca. 75 °C. However, trial measurements at 

NTNU have shown that obvious systematic measurement errors for linear fitting 

appear at high temperatures (> 80 °C) and at cryogenic low temperatures (< -73 

°C). Open literature review indicates that decoupling of strain and temperature 

induced spectral changes has not been addressed in sufficient rigor thus far, 

especially for a wider range of thermal conditions, beyond typical inside and 

outside temperatures. Temperatures higher than 300 °C are not considered in 

this work, because the optical fibre polymer coating material starts to degrade in 

such high/temperature environment. When the temperature is above 700 °C in 

the silica single mode fibre without the polymer coating, significant changes in 
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the Rayleigh backscattered signal are observed due to the atomic diffusion and 

defect mobility. For extremely high temperatures (≥ 750 °C ) or long-term 

exposure at 700°C, the Rayleigh backscatter signature can be altered 

significantly and this optical fibre becomes unfit for temperature sensing [18,45].  

1.5 TECHNICAL GAPS 

Based on state-of-the-art technical literature, there are gaps in understanding 

related to DOFS applications in thermoplastic composite structures, affecting the 

measurement accuracy and long-term measurements with optical fibre based 

sensor systems. A well-controlled practical OF integration process producing 

uniform attachment of OFs to thermoplastic components is currently still 

missing. Furthermore, the coupled strain/temperature sensitivity can introduce 

large errors for the signal interpretation. A new, more accurate calculation model 

for signal decoupling is therefore necessary to distinguish pure mechanical 

strains from pure thermal loading. 

1.6 OBJECTIVES OF THE PHD PROJECT  

In order to address the aforementioned technical gaps and provide new technical 

knowledge, improving on the shortcomings in current state-of-the-art, the main 

objectives of this research are formulated in Figure 1-10. 

 

Figure 1-10. Research objectives. 
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In order to achieve the research goals, the following specific research questions 

(RQs) were formulated: 

• RQ1. How can the OFs be integrated into thermoplastics or thermoplastic 

composite materials by utilizing the material extrusion 3-D printing 

process? 

• RQ2. How to assess the quality and the consistency of the OF attachment? 

Comparison of OF strains to results from traditional strain measurement 

methods (strain gauge, contact extensometer). 

• RQ3. Propose a more accurate calculation model for OF strain and 

temperature decoupling, applicable beyond the usual ca. ± 30 ℃ range 

around the room temperature.  

• RQ4. How does the optical fibre measurement change under creep 

loading conditions (if and how does the strain transfer coefficient 

change)? 

The improvements on the state-of-the-art, and the answers to these research 

questions are provided in the appended four scientific articles. This research 

proposes and implements a novel OF integration principle by material extrusion 

3-D printing and investigates the long-term loading effects affecting the OF strain 

measurement accuracy. 

1.7 THE STRUCTURE OF APPENDED PAPERS 

This article collection-based PhD Thesis contains four published papers. The 

schematic in Figure 1-11 illustrates how the appended papers relate to the 

overall objectives of research. Each paper contributes to the overall aim and to 

the research questions posed. However, as independent entities, each of them 

naturally contains their own individual objectives, methods and findings. Papers 

are numbered chronologically in the sequence of publishing. 
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Figure 1-11. Structure of scientific papers related to research questions.  

 

Appended papers: 

• Paper 1 – Novel in-situ residual strain measurements in additive 

manufacturing specimens by using the Optical Backscatter Reflectometry. 

Wang, Shaoquan; Lasn, Kaspar; Elverum, Christer Westum; Wan, Di; 

Echtermeyer, Andreas.  

Additive Manufacturing, 2020; 32: 101040 

The first article proposes and explores a novel OF integration technique by using 

material extrusion 3-D printing technology. The OFs are embedded inside fairly 

large blocks of PLA. Optical fibre strains are compared to strain gauge strains. 

The OF experiments give expected results, such as residual strain distributions 

and demonstrate how the detection of a large void inside the 3-D printed 

material can be achieved by using the DOFS. 

 

• Paper 2 – Accurate non-linear calculation model for decoupling thermal and 

mechanical loading effects in the OBR measurements. 

Shaoquan Wang and Kaspar Lasn. 

Optics Express, 2021; 2: 1532-1544. 
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An accurate calculation model is proposed to distinguish pure mechanical strains 

from pure thermal loading based on the RBS shift measurements from 

distributed optical fibres. A non-linear temperature formula is derived from 

physics-based refractive index models. This formula enables high precision 

strain and temperature discrimination and improves the temperature 

measurement accuracy over an extended temperature range. 

 

• Paper 3 – Comparison of DOFS attachment methods for time dependent strain 

sensing. 

Shaoquan Wang, Erik Sæter, and Kaspar Lasn. 

Sensors 2021; 21(20): 6879 

This investigation clarifies how different optical fibre attachment methods for 

distributed strain sensing perform under time dependent loading. The OFs are 

attached on three types of substrates (metal, thermoset composite, and 

thermoplastic) by a machine-controlled attachment method (in-situ 3-D 

printing) and several widely used manual attachment methods. The quality of 

the bondline and its influence on the strain transfer is analyzed. Residual strains 

and strain fluctuations along the OFs are correlated to the fibre attachment 

method. The measurement accuracy of time-dependent DOFS strains is assessed 

by comparing them with contact extensometer strains. 

 

• Paper 4 – Integration of optical fibre sensors by material extrusion 3-D printing 

– the effect of bottom interlayer thickness. 

Shaoquan Wang and Kaspar Lasn. 

Materials & Design 221 (2022): 110914 

In this paper, a number of tensile creep experiments are conducted to test the 

performance of the optical fibre integration approach by 3-D printing method. 

OFs were placed inside thermoplastic embedding elements (similar to Paper 3), 

but at a controlled thickness from the substrate surface. Self-sensing 

experiments by optical fibres identified a uniform level of residual strains 

created by the 3-D printing attachment process. Furthermore, tensile creep 

testing revealed that distributed strain transfer coefficients along the optical 
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fibre sensors remain constant with time. A simple calculation method that 

accounts for the shear lag effect between the component strains and the optical 

fibre strains was derived from previous analytical work, and is validated with 

experimental data. This method allows to empirically predict the strain transfer 

coefficient for any optical fibre surface attachment with arbitrary embedding 

interlayer thickness. 

1.8 STRUCTURE OF THE THESIS 

The content in the main part of the Thesis is organized into four separate 

chapters as follows. 

• Chapter 2 offers a short description of the materials, methods, and 

devices used. 

• Chapter 3 summarizes the main results and gives answers to each of the 

research questions (RQs) separately. 

• Chapter 4 outlines the conclusions of the Thesis. 

• Chapter 5 gives recommendations for further work. 
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The research within this PhD Project utilizes two recently established methods 

of experimental work, namely the OBR technology and the material extrusion 3-

D printing which were used for building the embedding element as optical fibre 

attachments. These two methods are central to the understanding of the 

technical contributions from this research. In addition, other well-established 

experimental equipment and testing methods such as electrical strain gauges, K-

type thermocouples, universal testing machines, DSC and DMTA testing 

equipment, etc. were used in various experimental set-ups. However, to keep the 

focus on more novelty-related aspects, only the aforementioned two 

experimental methods are introduced in detail in this Chapter. The experimental 

details of other methods can easily be found in the appended full papers. 

2.1 DISTRIBUTED OPTICAL FIBRE MEASUREMENTS 

In this investigation, the strain/temperature measurements with optical fibres 

are conducted by using an Optical Backscattered Reflectometry (OBR) system 

based on OFDR. This distributed sensing system measures Rayleigh 

backscattering along the optical fibre sensor. By using a single mode fibre as the 

sensing element, continuously distributed sensing is achieved along the entire 

optical fibre length. This technology has demonstrated promising results for 

SHM applications in a wide range of fields due to its high spatial resolution and 

sensing sensitivity. Currently, spatial resolutions of 20 microns have been 

achieved, and the longest sensing distance can be 2 km [32]. 

2.1.1 OBR-4600 MEASUREMENT SYSTEM  

As shown in Figure 2-1(a), the distributed optical fibre sensing system consists 

of a DOFS, a PC, an optical fibre switch, and the OBR-4600 interrogator device. 

The DOFS was obtained by splicing a data transfer cable to a bare optical fibre 

sensor. The sensing fibre is a single mode fibre SMB-E1550H from OFS Fitel. with 

CHAPTER 2   

EXPERIMENTAL METHODS  
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an operating wavelength of 1550 nm. It has a silica/silica/polyimide structure 

with a core diameter of 6.5 μm, a cladding diameter of 125 μm, and a coating 

diameter of 155 μm. The data cable is reinforced with a rubber jacket and ends 

with a pigtail. The preparation process of the DOFS is shown in Figure 2-1(b). 

The protective coating and the jacket of the fibres are first stripped out, leaving 

only the bare fibres. Two bare fibres are terminated by using a fibre cleaver to 

get as mirror-smooth and perpendicular fibre ends as possible. The two ends are 

aligned and welded together in the FITEL S178 splicing machine. Finally, a heat 

shrink tubing is used to protect the fused optical fibre from breakage. All 

separately prepared DOFS are first connected to an optical fibre switch and then 

to the optical fibre interrogator OBR-4600 from Luna Innovations.  

 
Figure 2-1. Distributed sensing system OBR-4600 (a) and optical fibre preparation process (b). 

2.1.2 MEASUREMENT THEORY  

The OBR-4600 device is composed of an active laser source and a swept-

wavelength interferometer to measure the Rayleigh backscatter amplitude as a 

function of the optical fibre length [33]. During the measurement procedure, a 

swept-wavelength laser source emits a continuous wave light with a time-linear 

sweep of varying frequency. This light is directed into the 3 dB and then divided 

into two beams which are sent into the reference arm and test arm respectively. 

As the light passes through the optical fibers (OFs) in both arms, Rayleigh 

backscattering occurs along the entire length of the fibers. The resulting 

interference signal between the two arms is detected by a photo detector and 

stored as the backscatter pattern of the optical fiber under test. This backscatter 

pattern is then processed using a fast Fourier transform to yield the amplitude 
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as a function of length along the optical fibre under test, i.e. the fibre ‘fingerprint’, 

as shown in Figure 2-2(a). For each glass fibre, this backscattered spectrum has 

a random pattern, but it remains stable and unique in time. When an external 

stimulus, such as strain or temperature variation acts on the fibre, the initial 

‘fingerprint’ becomes modified, showing a shift in the backscattered spectra. For 

example, thermal effects can induce variations to the refractive index due to the 

thermo-optic coefficient. The optical fibre length also changes simultaneously 

because of the coefficient of thermal expansion. By using this ’fingerprint’ 

comparison approach from Rayleigh backscattering, an individual OF can 

provide thousands of measurement points distributed along its length. 

The demodulation procedure of RBS shifts in OFDR system is implemented 

through the following steps [37]: 

Step 1: Performing the measurements on the given optical fibre under reference 

and measurement state. Save the resulting beating signal in the time domain.  

Step 2: Convert both the reference and measurement results from the time 

domain to the frequency domain using a fast Fourier transform (FFT). Then, 

convert the resulting frequency domain signals to spatial domain signals. 

Step 3: A method called sliding window is used to divide the optical fibre virtually 

into short segments, as shown in Figure 2-2 (c), typically of the order of 

millimeters or centimeters, using a sliding window with a length that holds a 

certain numbers of data points of local beating signals. 

Step 4: Convert each local spatial domain signals interval back to the time 

domain using an inverse FFT. The resulting windowed Rayleigh backscattering 

spectrum (RBS) pattern represent each interval along the optical fibre from the 

reference and measurement tests. 

Step 5: Perform a cross-correlation of the reference and measurement RBS of 

each interval. The shifts in the correlation peak represent the RBS shifts of each 

interval along the optical fibre. These shifts can later be converted to changes in 

sensing parameters, such as temperature or strain.  

All these steps are implemented in the post-processing software. In post-

processing programme, the OF becomes divided into many virtual sensors, such 

as strain gauges, along the sensing length of the fibre. All virtual sensors have the 

same gauge length (GL) and sensor spacing (SS) between them as shown in 

Figure 2-2(c). In this way, optical fibres can multiplex thousands of virtual 
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sensors along a single fibre, setting up a distributed optical fibre sensor array. 

When the sensor spacing is less than the gauge length, it gives overlapping virtual 

strain gauges. The post-processing configuration of sensor spacing, and gauge 

length is normally selected as a compromise between high spatial resolution and 

unwanted noise occurrences. In this work, depending on the task different 

configuration of GL/SS are adopted such as 10/4, 10/0.5, 5/0.5 and 4/0.15 

(mm/mm) [9,32,76]. Compared to other commercial DOFS systems for 

strain/temperature sensing, the OBR-4600 system has advantages in spatial 

resolution and accuracy as shown in Table. 2-1 [76].  

In the measurement, Rayleigh backscattering spectral shifts (Δf in Figure 2-2 (a)) 

are first obtained and then scaled to give either distributed temperatures or 

strains with a high spatial resolution. That is, when distributed strains are being 

measured, they are actually being calculated from the averaged frequency shifts 

of each virtual sensor. The strains from the ingress and egress parts of the OF can 

therefore be artificially smaller than the natural strain of the host material 

surrounding it (Figure 2-3). Thus, the OBR measured/calculated strains often 

show gradual tapering of the strain curves in the ingress and egress parts of 

optical fibre the attachment (two disturbed regions l in Figure 2-3 (b)). The 

length l is reasonable to be assumed equal to the chosen virtual gauge length 

value. But the post-processing calculation uses a cross-correlation algorithm to 

compare the reference and the measurement spectra. It has been noted that 

when only a small portion of the virtual gauge exceeds the attached part of the 

OF, the obtained strain will not decrease just yet, due to the nature of cross-

correlation algorithm [38,38]. Therefore, l turns out to be slightly smaller than 

the virtual gauge length [42] often in practical applications, only strains from the 

central quasi-constant region of the attached fibre (ROI in Figure 2-3(b)) are 

used to calculate the average OF strains to avoid the inaccuracies present in the 

strain measurements within ingress/egress regions l. 
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Figure 2-2. The working principle of the OBR 4600 interrogator (a), the demodulation procedure 
of RBS shifts (b) and the two main post-processing variables GL, SS (c), reproduced from 
[61,77,78]. 
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Table 2-1. Comparison of different commercial DOFS strain and temperature sensing systems. 

 FBGs 

Brillouin Optical 

Time Domain 

Reflectometer 

(BOTDR) 

Brillouin Optical 

Time Domain 

Analysis 

(BOTDA) 

OBR 4600 

Strain 

accuracy 
± 1 µε ± 30 µε ± 10 µε ± 1 µε 

Spatial 

resolution 

Related to 

grating 

length 

0.1 m 0.1 m 0.001 m 

Sensing length - 100 km 100 km 2 km 

Acquisition 

time 
3 kHz 0-20 min. As low as 5 min. 

Related to 

sensing 

length 

(typical 5 to 

10 sec for 

fibre length 

of less than 

30 m) 

Temperature 

accuracy 
± 0.1 ℃ N.A.  ± 1-2 ℃ ± 0.1 ℃ 

Equipment 

manufacturers 

(2022 status) 

MicroOptics, 

Fibresensing, 

Insensys. 

Yokogawa, NTT, 

Sensornet 

OZ Optics, 

Omnisens, 

Neubrex 

LUNA 

System cost 

3,000 -

15,000 

€ 

> 100,000 € > 200,000 € > 100,000 € 
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Figure 2-3. Illustration of OBR virtual sensors over the attachment length (a) and strains of 
disturbed regions l at the ingress/egress of the OF (b), from [42]. 
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2.1.3 OBR SIGNAL DEMODULATION 

The Rayleigh backscattering spectral shift (RBS shift, denoted by Δv in Equation 

2-1 and by Δf in Figure 2-2(a) earlier) between the spectra of the reference scan 

and the measurement scan are demodulated in the OBR Desktop software. 

Identical to the response of FBG sensors, the Δv of the spectrum induced by an 

environmental perturbation (mechanical strain and/or temperature) is 

calculated from [18]: 

 T

v
K T K

v



− =  +  (Equation 2-1) 

where v is the mean optical frequency, and KT and Kε are the temperature and 

strain sensitivity coefficients, respectively. Typical values for germanium-doped 

silica are reported as: Kε = 0.78, and KT = 6.45×10−6 ℃−1 [79]. The post-processing 

principle of the software assumes that either the temperature or the strain 

remains constant throughout the measurement. If both quantities are varied, 

post-processing has to be carried out manually by using the RBS shift output 

from the software. 

2.2 MATERIAL EXTRUSION 3-D PRINTING 

2.2.1 ADDITIVE MANUFACTURING 

Additive manufacturing, also known as 3-D printing, is a fairly new 

manufacturing technology only recently (within the previous decade) adopted 

by the industry and the academia. Additive manufacturing methods are often 

classified into seven basic types, as shown in Figure 2-4. The method adopted in 

this work is based on small-scale material extrusion, normally called fused 

deposition modelling (FDM) or fused filament fabrication (FFF). The 3-D printed 

specimens are hereby built on a PRUSA I3 MK2S 3D printer. The FDM uses 

thermoplastic filaments or TPE to build layered structures with great geometric 

flexibility. This process has become very attractive for building small-scale 

structures for scientific purposes and to companies for rapid prototyping. Large 

scale printers exist too, but are not as wide-spread as small-scale material 

extrusion today. 

FDM based 3-D printers have good potential for modifications and the low-cost 

characteristic of tabletop printers is very attractive for a wide set of users. 

Chopped and continuous glass/carbon fibres can also be mixed with 
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thermoplastic resin, extending the FDM into thermoplastic composite 

manufacturing.  

 
Figure 2-4. Different types of additive manufacturing processes [80,81]. 

 

2.2.2 FUSED DEPOSITION MODELING (FDM) 

The working principle of FDM is based on layer-by-layer manufacturing, as 

shown in Figure 2-5(a). Before printing, the specimen design is generated and 

processed in a CAD program to define the desired geometry of the structure. 

Besides avoiding very steep over-hange, the choice of geometry is very flexible. 

The CAD model is first converted into a STL file, which is then processed by the 

slicer software to achieve the path for adding the material. The path of the nozzle 

is saved in the G-code language for the printer. In the printing process, a 
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thermoplastic filament is uncoiled from the roll and fed into the heating chamber 

where the polymer is melted and extruded through the nozzle (Figure 2-5(b)). 

The nozzle moves accurately in the x-y-z directions defined by the G-code to 

build layer after layer of thermoplastic structure onto the build platform. 

Through repeating the process i.e. adding the liquid/semi-solid layers of plastic 

one above the other, the layers are bonded by thermoplastic fusion and the 

prescribed shape of the CAD model is eventually achieved. 

 

Figure 2-5. Fused Deposition Modeling (FDM) for 3-D printing: (a) workflow of the manufacturing 
process, (b) illustration of the extrusion system, reproduced from [82]. 
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3.1 OPTICAL FIBRE INTEGRATION BY MATERIAL 

EXTRUSION 3-D PRINTING (RQ1)  

3.1.1 THE EMBEDDING PROCEDURE 

A new working procedure had to be developed in order to embed the OF into the 

plastic specimen during the 3-D printing process. A methodology for optical fibre 

in-situ integration during the building procedure of the FDM 3-D printer was 

proposed. A schematic illustration of this embedding procedure is shown in 

Figure 3-1. There are four steps in the procedure: (1) G-code rewriting; (2) 

application of the OF alignment system; (3) the OF embedding process; (4) 

cooling and specimen detachment. This methodology is described in Paper 1 [61] 

and in Paper 4 [83]. 

There are two main challenges with embedding of optical fibre sensors during 

the small-scale material extrusion 3-D printing process. 

Challenge 1: the embedding procedure itself. The OF will have to become 

encapsulated inside the thermoplastic melt extruded off the moving nozzle 

before it cools down. The moving nozzle however is very close to the substrate 

surface and may displace the OF, leading to damage on the OF. The viscous flow 

of the thermoplastic melt may also drag the OF, leading to its mispositioning.  

Solution: The OF embedding procedure was first developed in Paper 1 [61] and 

later put to practice in Paper 3 [42] and in Paper 4 [83]. In order to avoid above 

mentioned problem, which can damage or displace the OF, the printing layer 

height was defined as 200 µm, slightly larger than the diameter of the OF (160±5 

µm). Optical cross-section microscopy was used to investigate the in-situ state of 

the embedded OFs. As shown in Figure 3-2, the embedding process did not bring 

any significant disturbances on the geometry and the immediate surroundings 

CHAPTER 3  

MAIN RESULTS 
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of the optical fibre, i.e, the OF remains straight and properly embedded in the 

polymer. No visible damage was observed on the embedded OF and no unusual 

signal loss in the OBR measurements. 

 

Figure 3-1. A schematic of the OF embedding procedure, from appended paper 1 [61]. 



Optical fibre integration by material extrusion 3-D printing (RQ1) 

38 
 

8877kiu 

Figure 3-2. Example of optical cross-section micrographs taken from the embedded OF, from Paper 
1 [61]. 
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Figure 3-3. FLIR thermographs and temperature data from the 3-D printing embedding process, 
and corresponding DSC thermal transitions of the PLA material (original filament and deposited 
plastic), from Paper 1 [61]. 

 

Challenge 2: In order to obtain accurate optical fibre measurements, the coating 

material of the optical fibre should remain in the original state (i.e. glassy, not 

melt or degraded) during the integration process and a strong non-slipping 

bonding between the coating and the surrounding thermoplastic material is 

needed to transfer strain by a shearing motion.  
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Solution: The integrity of the OF and the bond between two polymer materials 

was investigated in Paper 1 [61]. Thermal transitions of the coating material, i.e. 

polyimide, and the matrix material PLA were characterized by the DSC. 

Temperature evolution of the extruded PLA during the OF embedding process 

was investigated using real-time thermography taken by a FLIR IR camera 

(Figure 3-3). It was confirmed that when the nozzle temperature was defined as 

215 °C, which enables to fully melt the PLA matrix, the OF polyimide coating 

remains still in the glassy state during the embedding process. In a subsequent 

investigation, consistent optical fibre measurements were also achieved with a 

slightly higher temperature resin CF/PA6 (nozzle temperature = 290 ℃ - 300 ℃) 

[83]. Regarding thermal resistance, consistent OF measurements and test results 

from the DSC confirmed the OF manufacturer data that the fibre can sustain 300 

℃ temperature environment for at least short periods of time [84]. 

A tensile test was carried out to investigate the OF/thermoplastic interface 

bonding properties by comparing the OF strain to strain from the cyanoacrylate 

surface-bonded strain gauges. Bonding between the optical fibre coating and the 

surrounding plastic is at least partially achieved by the shrinkage of plastic while 

it cools down. As shown in Figure 3-4, embedded OFs can be viewed as accurate 

and reliable distributed strain sensors inside the 3-D printed specimens.  

 

 

Figure 3-4. Strains from the embedded OF (lines, denoted OBR) and from electric strain gauges 
(point markers, SG1 and SG2) at different load levels during a tensile test, from Paper 1 [61]. 
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3.2 ASSESSMENT OF THE ATTACHMENT QUALITY (RQ2) 

3.2.1 IN-SITU RESIDUAL STRAINS IN BLOCKS OF PLA 

Residual strain from 3-D printing of thermoplastic products is a compressive 

strain generated in fabrication due to high temperature effects from the 

production process. The crystallinity of thermoplastic material increases, and 

the physical volumetric shrinkage occurs when the hot material cools down to 

room temperature. During the optical fibre attachment process, residual strains 

are built into the host structure and they are partially responsible for clamping 

and fixing the optical fibre sensor to the surrounding polymer matrix. Residual 

strains and corresponding residual stresses remain ‘frozen in’ inside the 

component without any external mechanical loading. 

In a fully infilled 3-D printed specimen, each section of the OF is encapsulated by 

analogous 3-D printed roads experiencing the same phase transformation and 

thermal cycles individually during the 3-D printing process. Thus, the residual 

strains measured from embedded OFs should display a uniform strain 

distribution. A sudden distortion in the central part of the residual strain profile 

(outside the ingress/egress regions) implies a bonding defect, damage or a large 

void. Thus, the attachment quality of the embedded OF can be assessed by using 

the residual strains on the OF. When measuring residual strains, the pre-

attachment free fibre is taken as the reference state, and the load-free room 

temperature condition after the fibre integration as the measurement state. That 

is, strains relative to free-fibre are measured after the attachment process is 

finished. 

Residual strains in 3-D printed polymers were first measured and discussed in 

Paper 1 [61]. As shown in Figure 3-5, an in-situ distributed measurement of 

residual strains was achieved. Experimental strain measurements showed that 

outliers were always present in the ingress and egress parts of the embedded OF, 

while the strains in the central region remained constant and uniform. Residual 

strain distributions in the horizontal and vertical directions inside a block of 3-D 

printed PLA, and the main mechanisms of residual strain creation were also 

discussed in Paper 1. The potential of in-situ OBR technology for detecting 

invisible manufacturing defects was demonstrated by a trial experiment in Paper 

1, as shown in Figure 3-6. 
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Figure 3-5．Distributed residual strains within a block of 3-D printed PLA [61]. 

 

Figure 3-6. A schematic illustration of a spherical defect (void) detection by using residual strains, 
from Paper 1 [61]. 
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3.2.2 RESIDUAL STRAINS FROM VARIOUS OPTICAL FIBRE 

ATTACHMENT METHODS 

As discussed in the previous Section, residual strains can help to assess the 

quality of in-situ OF integration by 3-D printing. Paper 3 [42] compares residual 

strains from five different attachment methods for optical fibres on steel, 

GF/Epoxy, and PA6 substrates. That is, four additional surface-bonding 

attachment methods besides the ‘Embedding’ method by 3-D printing were 

employed in these experiments. As shown in Figure 3-7, the residual strains of 

‘Cyanoacrylate’, ‘Araldite’, and ‘Weld’ attachments are strongly affected by local 

effects in the hand-controlled attachment process. It is suspected that curing (for 

‘Cyanoacrylate’ and ‘Aradite’,) or cooling (for ‘weld’) process is locally variable. 

Thereby, residual strain distributions became very inconsistent. In contrast, the 

residual strains of the ‘Epoxy’ (epoxy film, oven cured) and especially the 3-D 

printed ‘Embedding’ attachments originate from a more uniform origin of strain. 

Imperfections in the adhesion layer, and a non-uniform bondline are also well-

known quality issues. In addition to curing or cooling related inconsistencies, 

these may also produce noisy datapoints or local distortions in the measured OF 

strain profiles. 

In Section 4 of Paper 3, a calculation of index S is proposed to investigate the 

correlation between residual strains and creep strains measured by the attached 

OFs. When the correlation is good index S displays values around 100%. As 

shown in Figure 3-8, clear correlations between residual strains and creep 

strains were only witnessed for ‘Epoxy’ (Figure 3-8 (c)) and ‘Embedding’ (Figure 

3-8 (e)) attachments (two attachments with the most uniform residual strains) 

where index S gave close to 100% values for the central part of embedded length. 
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Figure 3-7. Residual strain profiles along the attached OFs created by using five different OF 
attachment methods in combination with three substrate materials (GF/Epoxy, PA6, Steel), from 
Paper 3 [42]. 
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Figure 3-8. Index S calculated from residual strains and creep strains by using different attachment 
methods in a creep test (times t = 60 s, and t = 3600 s), from Paper 3 [42]. 
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In summary, residual strains, as created by different attachment processes, are 

easily characterized by the self-recording measurements of optical fibres. 

Distributed residual strain can be a very useful quantitative metric for evaluating 

the attachment quality of integrated OFs. Furthermore, residual strains and their 

fluctuations along the sensor fibre appear to be correlated to the specific optical 

fibre attachment method.  

 



An accurate calculation model (RQ3) 

47 
 

3.3 AN ACCURATE CALCULATION MODEL (RQ3) 

In previously discussed research, the DOFS has been realized as an embedded or 

surface bonded strain sensor. To avoid accounting for temperature effects, all 

DOFS measurements have been recorded at a constant room temperature. This 

points to an important issue however. One of the most significant limitations for 

using the DOFS today is their coupled sensitivity to both temperature and strain. 

This can introduce large errors for signal interpretation. For instance, when 

using OBR 4600, a 1 °C temperature variation along the sensing fibre will 

introduce errors for the strain measurement at a value of ca. 8.34 µε. 

Experiments have shown that linear calculation models for describing the 

relationship between strain and temperature (see Equation 2-1) were lacking in 

accuracy, especially when applied over a wide range of temperatures. Thus, 

providing a more accurate calculation model to distinguish between mechanical 

strain and temperature effects would be a useful improvement on the basic 

understanding of how the OF works. A series of temperature-controlled 

experiments and the corresponding data analysis in Paper 3 [79] was fully 

devoted for solving this task. 

3.3.1 MECHANICAL LOADING EFFECT  

As shown in Figure 3-9(a), a deformation controlled micro-positioner was used 

as the strain coefficient characterization setup. One end of the DOFS was fixed on 

a micro-positioner by a small drop of cyanoacrylate, while the other end was 

fixed on a stationary steel bracket. The strain was applied on the DOFS by a 1-D 

linear movement of the micro-positioner. After each measurement, the strain on 

the DOFS was increased by ca. 1000 με. A total of seven measurements were 

recorded, going form 0 με to roughly 9000 με. 

The results in Figure 3-9 (b),(c) show a clear linear relationship between the RBS 

shift and the applied strain. This was expected. In the absence of temperature 

change, the mechanical strain on the DOFS can be written as: 

 Mv
cK


 = −   (Equation 3-1) 

where K is the strain coefficient,  is the central wavelength of the incident light 

and c is the speed of light. Obtained experimental results agree that Kε is a 

constant with a value of 0.787. Thus, Equation 3-1 yields the conversion factor ε 
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= (-6.68 με /GHz)∙ΔνM for our OBR system. Using this conversion factor, the 

linear fit of the RBS shift and strain, in Figure 3-9(c) is near perfect (R2=1).  

 

Figure 3-9.(a) Schematic of the strain coefficient characterization setup, (b) RBS shift obtained 
from mechanical strain, and (c) the linear fit of the measured RBS shift and strain. 

 

3.3.2  COUPLED MECHANICAL AND THERMAL LOADING 

In order to investigate the relationship between Rayleigh backscattering spectral 

(RBS) shift, strain and temperature, a series of DOFS measurements were carried 

out with naked optical fibres without any surrounding substrate structure 

beyond the PI coating. Optical fibres were exposed to loading environments 

where a constant mechanical loading was coupled with varying thermal loads 

(Figure 3-10(a)), and a constant thermal loading was coupled with varying 

mechanical loads (Figure 3-10(b)). When mechanical strain is constant, the 

mechanical loading induced RBS shift ΔvM (blue dotted line in Figure 3-10(a)) is 

achieved by subtracting ΔvT from ΔvT&M. The ΔvM shows no variation with 

temperature and is equal to the ΔvPM, which is the RBS shift achieved by pure 

mechanical loading. Analogously, at constant temperature, the differences 

between ΔvT&M at different temperatures (empty and solid circles in Figure 3-

10(b)) are constant and this difference remains independent from mechanical 
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loading. These results show that strain and temperature effects can be 

added/subtracted by superposing the RBS shifts under coupled loading 

conditions. This mechanical-thermal loading superposition model is the basis of 

strain and temperature effects decoupling for the DOFS.  

 
Figure 3-10. The RBS shifts of optical fibres under coupled mechanical and thermal loading 
conditions: (a) constant mechnical load, (b) constant temperature, from Paper 3 [79]. 

3.3.3 THE NOVEL POLYNOMIAL FORMULA 

The relationship between temperature change ΔT=Tm - Tr and the corresponding 

RBS shift ΔvT is described for the general case as [79]: 

 Δ ( )
m

r

T

T T

T

c
v K T dT


= −    

(Equation 3-2) 

For germanosilicate core fibre, the coefficient KT = α + β, while the right-hand 

side corresponds to the coefficient of thermal expansion (CTE) of silica (α), and 

the second term corresponds to the thermo-optic coefficient of the fiber (β). KT 

is often viewed as constant, i.e. not temperature dependent, with a value equal 

to 6.45·10−6/°C. The linear formula obtained from this is typically used to 

calculate temperature in the OBR measurement. However, experimentally 

measured relationship between temperature and RBS shift exhibits a clear non-

linear behavior in a wider temperature range as can be seen in Figure 3-11(a). 

The reason for the temperature sensitivity of RBS spectrum arises from thermal 

expansion, and the refractive index change of the glass fibre. For silica optical 

fibre core, the value of thermal expansion coefficient α is constant at 

approximately 0.55·10−6/°C, while the refractive index n exhibits a significant 

temperature dependence [56,85–88]. The optical properties of materials 
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(including refractive index n) are modeled by coupling various types of 

oscillators to the electromagnetic radiation field. A single oscillator model for the 

refractive index n of silica is expressed by [86]: 
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(Equation 3-3) 

where, E is the photon energy, and Eeg is the excitonic band gap and Eig is the 

isentropic band gap in the infrared region as shown in the energy level diagram 

in Figure 3-11(b).  

It is evident from Equation 3-3, that the β is predominant by the temperature 

dependence of the Band-gap energy [89]. The temperature dependence of the 

energy band gap is closely linked to interactions between electrons/excitons and 

phonons [90, 91]. Both Bose-Einstein-type and Varshni-type functions are 

proven to provide an excellent description of the non-linear temperature 

dependence of the band-gap energy due to the electrons and phonons interaction 

[92]. While the Varshni function is certainly quite useful for quantitative 

characterization of the temperature dependence of Band-gap energy across 

various temperature ranges, thus, according to Ghosh [88], β is thereby simply 

expressed by a quadratic function of temperature as follows:  

 
2

0 1 2b bT b T = + +   (Equation 3-4) 

where b0, b1 and b2 are constants. Deducing from underlying physics (Equations 

3-2 and 3-4) the polynomial formula for accurate temperature RBS shift when 

using the DOFS was first proposed in Paper 3 [79] as: 

 ( ) ( ) ( )2 2 3 3
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(Equation 3-5) 

where C0, C1 and C2 are again constants and ∆𝑣𝑇  is the RBS shift, Tm is the 

measurement temperature of the OBR measurement test and Tr is the 

temperature of the OBR reference test. Hence, this polynomial spectral shift 

formula, which is based on the electron-phonon interaction physical mechanism, 

enables high precision temperature measurements with the OBR. 

In order to compare the two approaches (linear and polynomial), the RBS shift -

temperature curve was fitted by the usual linear model (Equation 3-2) and the 
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new non-linear model (Equation 3-5) separately. The goodness of fit of the two 

models was assessed by using the adjusted R-squared metric. The adjusted R-

squared was calculated for four different temperature ranges (as in Figure 3-

11(a)) and the results are shown in Figure 3-12 (a). The linear and non-linear 

fitting curves have very similar R2 values for the narrow temperature Range 1. 

However, when the temperature range becomes wider, the polynomial formula 

shows a much better goodness-of-fit (higher R2 value) compared to the linear 

formula. Figure 3-12 (b) shows an example with relative errors for the OBR 

temperature measurements (%error) when using the polynomial and linear 

formulas. When the temperature shift remains within Range 1, there is little 

difference between the errors of polynomial and linear formulas (mostly < 5%). 

When the temperature shift exceeds Range 1, the polynomial formula shows a 

much higher temperature measurement precision over the whole measured 

temperature range. This experiment clearly demonstrates how the polynomial 

formula improves the temperature measurement accuracy over an extended 

temperature range. 
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Figure 3-11. (a) Thermal loading induced RBS shifts measured by the OBR and (b) energy level 
diagram for silica glass, from Paper 3 [79]. 
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Figure 3-12. The goodness of linear and polynomial fitting formulas with increasing temperature 
ranges: (a) the adjusted R-square metric, (b) relative error in the temperature measurement [79]. 
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3.4 CREEP STRAIN MEASUREMENTS (RQ4) 

In engineering applications, both the short-term and the long-term performance 

of a structure is important. Creep phenomenon describes the time dependent 

behavior where the material deforms with time under constant state of stress 

(typically much lower than the yielding stress or the fracture stress). Creep is 

regarded as an important life-limiting factor especially when polymeric 

structures are required to service for long periods of time [93]. At room 

temperature, creep is often neglected for metals. However, for polymers and 

polymer composites, creep is a critical phenomenon for their long-term service 

life already at room temperature, because of the visco-elastic nature of the 

material [94,95]. Even though long fibres in fibre reinforced polymer (FRP) 

composites can reduce creep, a significant increase of strain can be observed 

even in these materials [96]. Creep development is dependent on the interaction 

between loading parameters such as time, temperature and stress level in 

particular. The monitoring of creep behavior is important so that the actual 

status of the composite structure can be evaluated.  

In previous research, the concepts of DOFS embedding methods by 3-D printing 

have been proposed and demonstrated. To the best of the authors knowledge, 

experimental work on comparing the DOFS attachment methods under time-

dependent loading has been very limited. The effects of creep on the strain 

transfer behavior of the attached distributed optical fibre sensor have not been 

openly investigated. Both Paper 3 [79] and Paper 4 [83] were devoted for 

providing new knowledge on this matter. 

3.4.1 REGION OF INTEREST (ROI) 

The bathtub curves in Figure 3-13 display typical strains measurements from the 

surface attached DOFS sensor. When stretched uniformly along the embedding 

length (EL), the central region of the DOFS often shows quasi-constant strains. 

The transition between a free and an attached optical fibre, also called the 

ingress/egress of the optical fibre, often displays gradual tapering curves due to 

the employed post-processing algorithm (see Figure 2-3). Apart from these 

ingress/egress regions, the quasi-constant central region is hereby referred to as 

the region of interest (ROI). An average strain value on the DOFS needs to be 

extracted to interpret the measurements from the DOFS. Only the strains from 

the ROI of the DOFS should be averaged to discard the ingress/egress transition 

regions in distributed strains. The chosen length of the ROI can significantly 
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affect the averaged strain value and reducing the ROI length is a simple strategy 

to remove the ingress/egress regions effect. However, the quasi-constant central 

region, forming the ROI, can become shorter or even disappear with increasing 

the length of disturbed regions as illustrated in Figure 3-13 (b) and Figure 3-13 

(c). This can for example occurs with excessive bondline thickness over a limited 

embedding length. When this happens, the peak value of the strain curve (Figure 

3-13(c)) can be used as an alternative metric for interpreting the DOFS strains. 

 

Figure 3-13. Illustration of embedding length (EL), region of interest (ROI) and peak value on the 
strain curves from DOFS, from Paper 4 [83]. 

3.4.2 COMPARISON OF DIFFERENT OF ATTACHMENT METHODS 

Figure 3-14 shows spatial strain profiles obtained from the DOFS and strains 

from the contact extensometer on the same specimen at 60, 600, 1800, and 3600 

s into the creep loading time. Initial short-term strains are omitted (i.e. reference 

is taken right after the creep load is applied) and only the creep strain 

development after the load application is presented. A similar structure can be 

observed in the strain curves of all DOFS attachments. The strains display a bath-

tub shape with respect to the position and rise with increasing time. The strain 

values in the ROI of the ‘Cyanoacrylate’ and ‘Embedding’ (which is the 3-D 

printing integration method) attachments agree well to corresponding strains 

from the extensometer. Their strain profiles also show a more consistent flat 
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plateau than manually applied ‘Araldite’, ‘Epoxy’ and ‘Weld’ attachments strain 

curves, which fluctuate along the DOFS. Most of the strains from ‘Epoxy’ are 

clearly lower than extensometer strains, while the strains from ‘Araldite’ and 

‘Weld’ attachments became locally higher after 600 s. The best agreement 

between the OBR and extensometer measurements is observed in the 3-D 

printed ‘Embedding’ attachment. 

 

Figure 3-14. Spatial strain profiles along the attached DOFS (on a PA6 substrate) during creep, from 
Paper 3 [42]. 
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In addition to the visual analysis of strain curves, statistical analysis can also be 

adopted to quantitively compare the difference between these DOFS 

attachments as shown in Figure 3-15. The coefficient of variation (CV) is 

calculated from spatial DOFS strains as the metric of the bonding inconsistency 

along the ROI of the DOFS. A perfect attachment transfers 100% strain of the 

substrate to the attached optical fibre sensor. Thus, the difference between 

strains from the DOFS and strains from the contact extensometer helps to 

characterize the measurement accuracy of the DOFS attachment method. The 

differences between the DOFS strains and the extensometer strains are hereby 

defined by the absolute and relative difference coefficients CA and CR as follows: 

 ( ) ( ) ( )A OBR EXTC t t t = −   (Equation 3-6) 
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where εOBR (t) is the averaged OBR strain (ROI = 40 mm, in the center of curves 

in Figure 3-14) and εEXT (t) is the strain from the extensometer during creep time 

t. These calculated coefficients CV, CA(t) and CR(t) are shown in Figure 3-15 for 

all types of attachments. Figure 3-15(c) shows how the ‘Embedding’ i.e. 3-D 

printing attachment enables the lowest strain variability compared to the other 

hand-controlled attachment methods. The lowest absolute and relative strain 

differences CA(t), CR(t) i.e. the strain transfer loss is observed in the ‘Embedding’ 

attachment (Figure 3-5 (a), (b)). All relative differences CR(t) between the 

extensometer and the OBR strains are observed to remain constant or slightly 

decrease with time. In summary, these results show that the 3-D printing 

attachment achieves a uniform bonding quality, a high measurement accuracy 

and the strain transfer coefficient remains nearly constant during 1 h of creep. 
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Figure 3-15. Statistical analysis of the difference between the strains from the DOFS and the 
corresponding contact extensometer, from Paper 4 [83]. 

3.4.3 BOTTOM INTERLAYER THICKNESS EFFECTS 

When using the 3-D printing integration method, many factors can significantly 

affect the strain transfer from the substrate to the attached optical fibres sensors 

[97–99]. For example, the bottom interlayer thickness (bondline thickness 

between the structure and the OF sensor), Young’s modulus of the attachment 

layer, and the attachment length of the OF sensor have all been shown to be 

influential parameters. However, only the bottom interlayer thickness has not 

been investigated experimentally, as the other parameters have [98–103]. The      

3-D printing integration method can produce a consistent interlayer thickness 

with prescribed values, enabling to experimentally investigate the strain transfer 

behavior from the substrate to the DOFS for the first time. Detailed results of this 

investigation are presented in Paper 4 [83]. 

Figure 3-16 shows spatial strain profiles along the DOFS attached by 3-D printing 

with different bottom interlayer thicknesses (DOFS-0 to DOFS-8, see Table 3-1) 

and the corresponding statistical analysis of the difference between the DOFS 

strains and the extensometer (EXT) strains. Strains from the DOFS using a 
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traditional cyanoacrylate glue attachment (DOFS-C) are also plotted in the same 

diagram for comparison. The spatial strain profiles from different bottom 

thickness configurations (the first column in Figure 3-16) have distinctly 

different spatial distribution patterns for the same creep load. When the bottom 

interlayer thickness is thin (DOFS-0 and DOFS-2), spatial strain curves show a 

‘bathtub’ shape. By increasing the bottom interlayer thickness (DOFS-4 and 

DOFS-8), the plateau shortens and finally converts into a peak. For 3-D printed 

attachments, all averaged DOFS strains (ROI= 50 mm) or the peak values of DOFS 

strains are smaller than the EXT strains and show an increasing trend of 

disagreement with the increase of the bottom interlayer thickness. The absolute 

difference CA(t) continues to increase with increasing of the creep time, while the 

relative difference CR(t) remains approximately constant with the creep time. In 

summary, the monotonically increasing disagreement between the DOFS strains 

and the EXT strains indicates an increasing strain transfer lag caused by a larger 

bottom interlayer thickness. No significant distortions were observed on the 

strain profiles during creep, indicating no cracking or delamination inside the 

attachment layers surrounding DOFS during the creep test. 

Table 3-1. DOFS attachment configurations, from Paper 4 [83]. 

Attachment 

configuration 

Bottom interlayer 

thickness T Location of the optical 

fibre 

Layup sequence of 

the 3-D printed 

embedding element No. of layers 
Approximate 

thickness 

DOFS-0 0 < 0.1 mm  [OF | 90,0] 

DOFS-2 2 0.4 mm 
 

[90,0 | OF | 90,0] 

DOFS-4 4 0.8 mm 
 

[90,0,90,0 | OF | 90,0] 

DOFS-8 8 1.6 mm 
 

[90,0,90,0,90,0,90,0 | OF | 

90,0] 

DOFS-C N/A N/A  ‘Cyanoacrylate’ 
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Figure 3-16. Comparison between creep strains from the DOFS and the contact extensometer 
strains with different 3-D printed attachment configurations (in Table 3-1), from Paper 4 [83].
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3.4.4 SHEAR LAG CORRECTION 

Experimental data in Figure 3-16 shows that bottom interlayer thickness Tthk has 

a significant influence on the strain transfer coefficients for optical fibre sensors. 

This shear lag needs to be understood and accounted for, to assure the 

measurement accuracy of the attached DOFS for engineering applications. Thus, 

a simple calculation method that accounts for the shear lag effect between the 

component and the optical fibre strains is hereby presented. 

An average strain transfer coefficient KM for FBG sensors has been generalized 

from known theoretical models [100–102,104–107]: 

 
sinh( )

( ) 1
cosh( )

M thkK T


 
= −  (Equation 3-8) 

where Tthk is bottom interlayer thickness, and parameter α is dominating the 

shear lag behavior between the substrate and the optical fibre sensor. Parameter 

α is normally expressed by complex analytical equations using different 

variables from material properties and geometrical properties of the optical 

fibre and the attachment layer [104]. When interlayer thickness Tthk is 

considered as the only non-constant variable, the strain transfer coefficient KM 

can be simplified to: 
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Parameter S is similar to α, but it is independent from thickness Tthk i.e. the 

thickness variable has been separated. Thus, in this work, parameter S is the 

same for all specimens with different bottom interlayer thicknesses. When both 

thickness Tthk and the strain transfer coefficient KM(Tthk) are measured from a 

number of test configurations, a curve fitting procedure can be applied to obtain 

the missing constant S. As the relationship is established, the strain transfer 

coefficient KM(Tthk) for DOFS with any unknown bottom thickness Tthk can be 

calculated. This method allows to semi-empirically predict the strain transfer 

coefficients for optical fibre surface attachments with arbitrary embedding 

interlayer thickness as shown in Figure 3-17. Because the precise value of 

bottom interlayer thickness Tthk and KM(Tthk) are still difficult to know in practice, 
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a Monte-Carlo sampling method, using estimated uncertainty ranges for 

experimentally obtained Tthk and KM, is adopted to predict strain transfer 

coefficients KM in Figure 3-17. 

 

Figure 3-17. Strain transfer coefficient versus bottom interlayer thickness curve from the shear lag 
correction model, from Paper 4 [83]. 
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This work has proposed a novel optical fibre (OF) sensor integration principle 

by material extrusion 3-D printing. Practical challenges, validity and the 

reliability of the developed method were hereby investigated. The 

improvements in current state-of-the-art, and the novel experimental results are 

documented below. 

1. An optical fibre sensor embedding procedure was proposed. The 

developed approach was experimentally investigated using distributed 

optical fibre sensors. 

A standard single mode optical fibre was embedded into the fused deposition 

modeling (FDM) fabricated specimen during the 3-D printing process. 

Microscopy observations showed the OF is well encapsulated by the 

thermoplastic material. Tensile testing showed that bonding between the OF and 

the PLA matrix is strong enough to enable the embedded OF working as a 

distributed strain sensor up to 10,000 με. Strains from the embedded OF show 

fair agreement with strains from electrical strain gauges. It is noted that 

unreliable strain data occurs in the ingress and egress parts of the distributed 

optical fibre. 

 

2. Residual strains are generated inside the substrate structure and thereby 

on the embedded the optical fibre sensor during the OF attachment 

process. Residual strains are however very uniform for the small-scale 

material extrusion i.e. 3-D printing process. A sudden distortion in the 

residual strain profile may imply a bonding defect, damage or a large void 

around the embedded OF. 

Residual strain distribution in FDM fabricated specimens was in-situ measured 

and demonstrated in longitudinal and through-thickness direction for the first 

time by using the embedded DOFS. This strain is induced by material volumetric 

shrinkage from material cooling during after the 3-D printing process. It results 

CONCLUSIONS 
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in a horizontally uniform distribution of residual strains. Strain curves from the 

center region of embedded OFs are constant and representative, whereas noisy 

data are always present in the egress and ingress parts of the OF attachment. A 

sudden drop of residual strains was observed when a hollow sphere was 

designed and realized inside the center of the specimen. This experiment 

demonstrates the possibility of identifying manufacturing defects by using 

residual strains from the embedded OFs  

Residual strain can also be created when fixing the OFs on the surface of the 

specimens, before any external mechanical loading occurs. Residual strains of 

crosslinked structural adhesives such as the ‘Cyanoacrylate’, ‘Araldite’, and 

thermoplastic fusion-based method like hand-controlled ‘Weld’ attachments 

become very inconsistent, because they are strongly affected by the local nature 

of curing or cooling. In contrast, residual strains of oven cured ‘Epoxy’ 

attachment and surface attachment by 3-D printing originate from a more 

uniform source of strain on the specimens. This indicates that residual strain 

fluctuations along the DOFS length are caused by nonuniformities created in the 

fibre attachment process. Fluctuations in the residual strain profile refer to a 

non-uniform occurrence in the bondline in terms of thickness, small cracks, etc. 

3. Coupled sensitivity to both thermal and mechanical loading effects 

hinders DOFS applications. A more accurate calculation model is hereby 

provided to distinguish between strain and temperature effects over an 

extended temperature range. 

Pure mechanical loading effects (RBS shifts) are proven to be linear with strain, 

while the mechanical and thermal loading effects are shown to be independent 

and superposable with each other. Under coupled OBR measurement conditions, 

the mechanical strain can be obtained by subtracting the temperature effect from 

the coupled RBS shift and vice versa. Due to the relationship between thermo-

optic coefficient and temperature, pure thermal loading effects are proven to be 

nonlinear with temperature. Thus, a polynomial formula for calculating 

temperature is deduced from physics-based models. The polynomial formula 

shows a higher temperature measurement accuracy than a linear formula over 

an extended temperature range. The proposed non-linear temperature effect 

calculation model is a useful improvement on the basic understanding of how the 

OF works. 
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4. Long-term performance of DOFS embedded by 3-D printing were 

investigated and quantitatively compared with other more traditional 

DOFS attachment methods. 

Tested specimens gave a satisfactory agreement between the attached optical 

fibre sensors and contact extensometer strains in two sets of creep tests. Test 

results revealed that distributed strain transfer coefficients along the optical 

fibre sensors remain approximately constant with time. Relative difference 

between OF strains and contact extensometer strains either remained constant 

or converged towards slightly more similar values over time. 

Strain fluctuations along the OF length are partially caused by nonuniformities 

created in the fibre attachment process. A machine-controlled attachment 

process (such as in situ 3-D printing) achieves a highly uniform bonding quality, 

and a high measurement accuracy. Creep strain measurement accuracy 

comparable to a cyanoacrylate glue attachment was achieved by optical fibres 

embedded at zero interlayer thickness. By increasing the bottom interlayer 

thickness, a disagreement between the OF strains and the extensometer strains 

increases monotonically, showing that a shear lag is introduced between the 

substrate and the OF sensor strains. A semi-empirical calculation method was 

proposed to correct the optical fibre strains for the shear lag effect at an arbitrary 

interlayer thickness. 
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1. Optical fibre integration 

A novel optical fibre (OF) sensor integration principle by material extrusion 3-D 

printing technology is proposed in this work for thermoplastic materials. At 

current stage, the adopted OF integration procedure has specialized fixtures to 

fix and align the OF during the 3-D printing process. Because of this reason, the 

OF is integrated only in a straight line. In SHM, it is required to monitor the status 

of different key points of structures, thus the OFs are expected to be placed along 

patterns with 3-D curvatures. It is necessary to integrate the OF with more 

degrees of freedom than available today. Future research can be conducted on 

1) attaching new modified fixtures to the 3-D printer to enable automated OF 

integration during 3-D printing, and 2) pre-embedding the OF into a filament for 

the 3-D printer and constructing a modified printer head for this smart filament. 

2. Live monitoring 

In this thesis, the potential of in-situ OBR technology for detecting invisible 

manufacturing defects has been demonstrated. Optical fibres are a convenient 

tool for evaluating manufacturing quality. More future applications to assess the 

quality of different manufacturing processes by using optical fibres are certainly 

expected, such as filament winding and automated fibre placement technologies.  

A live monitoring of any manufacturing process can significantly increase the 

value of this technique in the industry application. One of the problems is the 

coupled sensitivity of thermal and mechanical effects of OF sensors. With the 

technology development, the OF sensors will be able to solve this problem and 

sense the temperature and strain simultaneously for live monitoring of 

fabrication processes. 

 

FUTURE WORK 
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