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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

AS Anti-stokes

BOTDR Brillouin optical time domain
reflectometry

BOTDA Brillouin optical time domain
analyzer

BFS Brillouin frequency shift

CAD Computer-aided design

cv Coefficient of variation

Ca Absolute difference coefficient

Cr Relative difference coefficient

CF Carbon fibre

DOFS Distributed optical fibre sensor

DSC Differential scanning calorimetry

DMTA  Dynamic mechanical thermal
analysis

EL Embedding length

EXT Extensometer

eg. Exempli gratia/For example

etc Et cetera/And other similar things

FFT Fast Fourier Transform

FBG Fibre Bragg grating

FFF Fused filament fabrication

FP Fabry-Perot sensor

FRP Fibre reinforced polymer

FDM Fused deposition modeling

FLIR Forward looking infrared

GF Glass fibre

GL Gauge length

IoT Internet of things

IR Infrared

viii

ie.

MEX

NTNU

OBR

OTDR

OFDR

OF
OFS
PA6
PI
PLA
PC

PhD

ROI
RBS

R&D
RQ

SHM

SG
STL
SS
SMF
1-D
3-D

Id est/That is

Matrix

Bound material-based
material extrusion
Norwegian University of
Science and Technology
Optical backscattering
reflectometer

Optical time domain
reflectometer

Optical frequency domain
reflectometer

Optical fibre

Optical fibre sensors
Nylon 6

Polyimide

Polylactic acid

Personal computer

Doctor of Philosophy
Relative mode

Region of interest
Rayleigh backscattering
spectral

Research and development
Research quesion
Stokes

Structural health
monitoring

Strain gauge
Stereolithography
Sensor spacing

Single mode fibre

One direction

Three directions



Symbols*

Acoustic wave velocity V (mm/s)
Boltzmann constant k (J/K)
Beat frequency of laser f(GHz)
Correlation index S
Differential value A
Distance z(m)
Energy E())
Euler’s number e(-)
Goodness-of-Fit RZ2(-)
Index of refraction n(-)
Length L, I (mm)

Laser frequency sweep A (GHz/s)
rate

Modulus of elasticity E (MPa)

Optical frequency v (GHz)
f(GHz)

Planck’s constant h (J/Hz)

Reflectivity

Shear lag dominant parameter
Strain

Sensitivity coefficient

Stress

Strain transfer coefficient
Time

Temperature

Thickness

Thermal expansion coefficient
Temperature Coefficients of
Refractive Index

Time delay

Tuning rate of the laser

Velocity of light
Wavelength

R (%)
a()

€(-)

K (1/°C)
o (MPa)
Kum

T (s)

T (°C)
Tenk (mm)
a(-)

B(1/°C)
T (s)
y (GHz)

c(m/s)
A (nm)

*  Detailed symbols used for equations are defined at these specific equations.
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Introduction

CHAPTER 1

INTRODUCTION

‘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 10T 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].
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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. [oT 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 10T 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 [oT-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 [oT, 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 [oT-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.

[ Interfaces layer ] [ Application layer J

T T

[ Application layer ] [ Service layer J [ Middleware layer }
T

Network layer [ Internet layer J

[ Sensing layer H Access Gateway layer ]

Figure 1-2. Examples of layers in the [oT.

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 I[oT-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 [oT-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 loT-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].

o/ [AUE#E§ Fusion (ITER) Nuclear reactors ANDRA @
) A Al - ,._, =

HV Transformer

= ~—\
Arcelor ETESIEO] ind‘ v >
Mittal % _—_\ A

a4 G o
Oil & gas ™

—t w ‘\
P Eu : Civil Engliering ‘

- ‘; ;i @ ,m],‘gim‘x‘ i

Structure Health Monitoring Z Fire detectjon

Wind turbines Security

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.

/Point optical fibre sensor

| |_S A a8

Intensity
Sensmg element <.1nnsmkm Components Stokes Componants >
Quasi-Distributed optical fibre sensor Raviio
I_I,J g g2 T & Tm En . ! .
LY el ) = A M H
AL . L ) hS g

Multiple sensing elements
Distributed optical fibre sensor

T =) =) ==
|—|_S =) =) =) =)=
()=)=)
\ Fibre ltselfas a continuous sensmg element/

(a)

FBG1 e« FBGn & FP1 e FPn

Fibre Bragg Gratings Fabry-Perot sensorsj

I S, 00001

Evaluation
(‘b e | ‘\

A

Nervous system

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.

Rayleigh scattered light
4 . -
/ Glass inhomognities

. | ‘
= I rﬁ/ ’_&C’
\ @) ' \ S
\ & ol B
, O 7 ?\ <
=N I

Incident Iight phOtOI'l [\ O Molecular vibration

v x O
Rayleigh scattered light 0 9)&

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 I4s components as follows [27,28]:

4 4
I A _ A _
R(z) :ILSZ[&—SJ g AF/keT :(/1_8) e (Bquation 1-1)

S AS AS

Where is the As and A4s are Stokes and anti-Stokes wavelengths respectively. {2z
is the Raman frequency shift, e is Euler's number, h is Planck’s constant and k is
the Boltzmann constant. In addition, AE 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]:

2NV,

Ve = 2 (Equation 1-2)
P

where ngs is the refractive index of the waveguide, V; is the acoustic wave
velocity, and Ap 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 vp 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.

10
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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 (D;) 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:

PRS (Z) = Rt ’ RR ) P(O)exp[—Zjoza(X)dX} (Equation 1-3)

where P(0) is the input optical peak powder, R:is the spatial resolution, Rris the
equivalent Rayleigh reflection coefficient, « 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 R; is dominated by the
pulse width ¢ as follows:

R =tc /(2n) (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.
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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].

Sensin, Measurement . P .
. 8 . Advantages Disadvantages Applications Suppliers
principle principle
OTDR Long sensing Dead zone, Low Loss, vibration and LUNA
distance spatial resolution breakpoint
Rayleigh L ibrati d
};t g High spatial Short sensing b:zZi(VIoil;lat fonan
scattering OFDR resolution distance, long PO, LUNA
i A temperature and
(mm range) measuring time .
strain
Raman OTDR Long sensing ) ) Halliburton,
B dist Low spatial resolution | Temperature Sensornet.
istance
scattering | oppr AP Sensing
Long distance 50
(km),
OTDR high spatial Long measuring time
Brillouin resolution (meter 0Z Optics,
. Temperature and .
scattering range) strain Omnisens
High spatial SA, Neubrex
resolution X .
OFDR . Long measuring time
(centimeter
range)

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
splitinto 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]:

2nL
| (t) =2. E1 . E2 COS(aAZ't +AT(00), At = T (Equation 1-5)

where c is the speed of light in vacuum, n is index of fibre refraction, E; and E-
are the field intensity of the reference arm and the test arm, At is the time delay
(optical path difference) between test signal and reference signal, « is the laser
frequency sweep rate and wy is the starting angular frequency.

Position function- Interference Frequency:

According to Equation 1-5, the frequency of the interference fringe forpr is
expressed as:

ov ot

foron =7 v :
OFDR Equation 1-6
ot ot (Eq )
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The laser turning rate dv/dt is known to be a constant, so the forpr is linearly
proportional to the 7, 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. dtr/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 itis 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 E:
detected by the detector at time ¢ is expressed as [38]:

E,(t) = E, - € O 4 E (1), k(t) =+ (at + @)
c (Equation 1-7)

where L; corresponds to L, E; is from the reference arm, which does not change
with the disturbance on the test optical fibre, while E; 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:

AZ = C znAV (Equation 1‘8)

Where AZ is the spatial resolution and Av 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.

Mach-Zehnder interferometer

Mirror —
T , -
[re— Reflaction 2
—
L
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Reflector 1 Reflector 2

(b

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].

Attach t
Substrate chmen Adhesives Application case
method
C late,
Surface mountin eyzzoac?ll Zsier uv Strain, cracking and
J POXy, polyester, vibration [43-47]
curable polymers
Concrete, steel Fooxv_silicone
and timber Pre-embedded bar POXy, ’ Strain [47-50]
rubber
Specialized optical Epoxy Creep strains,
cables temperature [51]
Thermosets Surface mounting . .
and with or without Cyanoacrylate, epox Strain and stiffness
) 4 ylate, epoxy degradation [52-54]
thermoset packaging
composites Embedding Epoxy resin Impact damage [55]
Surface mounting
with or without Cyanoacrylate, epoxy | Strain [56,57]
Th lasti packaging
an:rm()p asties Embedding Hand lay-up Residual strains [58]
. Partially fixed with
thermoplastic . . .
) Embedding epoxy, ultrasonic Relaxation [59,60]
composites s
welding
In-situ embedding Inside the polvmer Residual strains and
i
(3-D printing) poy 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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In-situ embedding

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 um) is usually larger than the diameter of glass fibres (3 um ...
20 um) or carbon fibres (5 pm ... 10 um), 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.

e 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.

e 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.

e 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.

e Inorder 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.

Key factor in strain measurement accuracy:
bottom interlayer thickness

Long-term measurements
under creep loading condition

Strain/temperature decoupling

Figure 1-10. Research objectives.
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In order to achieve the research goals, the following specific research questions
(RQs) were formulated:

e RQ1.How canthe OFs be integrated into thermoplastics or thermoplastic
composite materials by utilizing the material extrusion 3-D printing
process?

e 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).

e RQ3. Propose a more accurate calculation model for OF strain and
temperature decoupling, applicable beyond the usual ca. + 30 °C range
around the room temperature.

e 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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Objective
DOFS for SHM in thermoplastic composite

RQ1 RQ 2 RQ 3 RQ 4
Paper 1 Paper 2 Paper 3 Paper 4
OFs embedding Temperature/ Comparison of Effect of bottom
by 3-D printing strain decoupling attachment methods interlayer thickness

Figure 1-11. Structure of scientific papers related to research questions.

Appended papers:

e 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.

e 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.

e Paper 3 - Comparison of DOFS attachment methods for time dependent strain
sensing.

Shaoquan Wang, Erik Seeter, 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.

e Paper4 - 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.

e Chapter 2 offers a short description of the materials, methods, and
devices used.

e Chapter 3 summarizes the main results and gives answers to each of the
research questions (RQs) separately.

e Chapter 4 outlines the conclusions of the Thesis.

e Chapter 5 gives recommendations for further work.
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CHAPTER 2

EXPERIMENTAL METHODS

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
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an operating wavelength of 1550 nm. It has a silica/silica/polyimide structure
with a core diameter of 6.5 um, a cladding diameter of 125 pm, and a coating
diameter of 155 um. 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.

Distributed optical fiber sensor

;‘ . Strip the coating of fiber Cleave the fiber
— |

 Splice \ p— 1

.« SMB-EISS0H fiber \: =

Sensing region

Switch

N
—‘ e *DOFS 1
OBR 4600 ' ; * DOFS 2

&
= DOFS 8

Post-processing software

Shrinkage tube

(b)
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: Amethod 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 (Afin 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 I in Figure 2-3 (b)). The
length [ 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, I 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.

Brillouin Optical
Time Domain

Brillouin Optical
Time Domain

FBG OBR 4600
S Reflectometer Analysis
(BOTDR) (BOTDA)
Strain
+1 +30 +10 1
accuracy He He He He
Spatial Related to
P . grating 0.1m 0.1m 0.001 m
resolution
length
Sensing length - 100 km 100 km 2 km
Related to
sensing
length
Acquisiti ical
qu.llSltlon 3 kHz 0-20 min. As low as 5 min. (typical 5 to
time 10 sec for
fibre length
of less than
30 m)
Temperature £0.1°C NA. £1-2°C £0.1°C
accuracy
Equipment I\/.IlcroOpt%cs, Yokogawa, NTT, 0z OPtlcs,
manufacturers | Fibresensing, Omnisens, LUNA
Sensornet
(2022 status) Insensys. Neubrex
3,000 -
System cost 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 [ at the ingress/egress of the OF (b), from [42].
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2.1.3 OBRSIGNAL DEMODULATION

The Rayleigh backscattering spectral shift (RBS shift, denoted by 4v in Equation
2-1 and by Afin 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 Av of the spectrum induced by an
environmental perturbation (mechanical strain and/or temperature) is
calculated from [18]:

AV
_T = KTAT + Ké,g (Equation 2-1)

where v is the mean optical frequency, and Kr and K; are the temperature and
strain sensitivity coefficients, respectively. Typical values for germanium-doped
silica are reported as: K. = 0.78, and Kr= 6.45x10-6 °C-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 [3 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.

Binder jetting

Mater?ial Jetting
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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.

i s ; — PRUSA 13 MK3S Input material
Il (filament)

\ ~
B« 3\ - Heating Feed rollers
: , chamber

Nozzle

Heated nozzle

Semi-molten

material

Deposited
material

Hot bed

(a) (b)

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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CHAPTER 3

MAIN RESULTS

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 pm, slightly larger than the diameter of the OF (160+5
pum). 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
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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.

zzle : attern 90°
No Embedding Infill P

| Dogbone specimen

1 , ignment holders

R

/()ptical fiber

(1) G-code
rewriting
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holder design

(3) SMF
embedding

C))

Replacement

Figure 3-1. A schematic of the OF embedding procedure, from appended paper 1 [61].
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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 °C - 300 °C)
[83]. Regarding thermal resistance, consistent OF measurements and test results
from the DSC confirmed the OF manufacturer data that the fibre can sustain 300
°C 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.
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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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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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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.
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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 pe.
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 pe. A total of seven measurements were
recorded, going form 0 pe to roughly 9000 pe.

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:

A

&=- CKS AVM (Equation 3-1)

where K. is the strain coefficient, 1 is the central wavelength of the incident light
and c is the speed of light. Obtained experimental results agree that K; is a
constant with a value of 0.787. Thus, Equation 3-1 yields the conversion factor ¢
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= (-6.68 pe /GHz)-Avy 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 (Rz=1).

(a)
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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 Avy (blue dotted line in Figure 3-10(a)) is
achieved by subtracting Avr from Avrem. The Avm shows no variation with
temperature and is equal to the Avpy, which is the RBS shift achieved by pure
mechanical loading. Analogously, at constant temperature, the differences
between Avrey 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.
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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 AT=T,,- Tr and the corresponding
RBS shift Avris described for the general case as [79]:

3—|

C
Av, = _7 | K, (M)dT (Equation 3-2)

—

r

For germanosilicate core fibre, the coefficient Kr = a + 5, while the right-hand
side corresponds to the coefficient of thermal expansion (CTE) of silica (), and
the second term corresponds to the thermo-optic coefficient of the fiber (). Kr
is often viewed as constant, i.e. not temperature dependent, with a value equal
to 6.45-10-¢/°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 a is constant at
approximately 0.55-10-¢/°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]:

B= dn n*-1 n? —1(1' dE,, E

Tdt 2n (=3a) - 2n | E dT ' E2 — Ez] (Equation 3-3)
€9 ig

where, E is the photon energy, and E. is the excitonic band gap and Ej, 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 8 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], § is thereby simply
expressed by a quadratic function of temperature as follows:

p= bo +bT + szz (Equation 3-4)

where by, b; and b; 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:

c T
Av; = — J. K, (M)dT =C, (Tm -T, ) +C, (Tn? _Tr2 ) +C, (Tr: _Trs) (Equation 3-5)
Tr

where Cy, C; and C; are again constants and Avy is the RBS shift, T is the
measurement temperature of the OBR measurement test and T, 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 R? 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.

Ingress region

Strain

(© !

OF length coordinate

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.
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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 C4 and Cr as follows:

C.(t)= “C"OBR (1) — e (t)‘ (Equation 3-6)

Eopr (1) = exr (1)

Eexr (1)

Co(t) = x100%

(Equation 3-7)

where gopr (t) is the averaged OBR strain (ROI = 40 mm, in the center of curves
in Figure 3-14) and &gxr (t) is the strain from the extensometer during creep time
t. These calculated coefficients CV, C4(t) and Cg(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.

57



Creep strain measurements by optical fibres (RQ4)

1200

1100 —H@— Cyanoacrylate ]
(a) O~ Araldite
1000 - A E §
poxy
900 v Weld
800 —&@— Embedding
- 700
8 b o
= 600 ° e
o 500F o . 7
400 - ° a v ’
30f o v o .
A
200f a— 2
100F 4 = ]
of S 9 o —e—e—e |
0 600 1200 1800 2400 3000 3600 4200
Time (s)
40 T T T 5 T T
) @ Cyanoacrylate I Cyanoacrylate
st (b) O Araldite 1 (c) A
30 A~ Epoxy . 4+ Weld
v Weld Embedding
i 9 Embedding
< 2 S
o~ ~
< 15 >
&) o — &}
10 0——g_ 2+ §
5 B -
| —N—N—H—H % ] . e m—— e,
of g S~ s R o |
5t
_10 1 1 1 1 1 1 0 L 1 1 1 1 1
0 600 1200 1800 2400 3000 3600 4200 0 600 1200 1800 2400 3000 3600
Time (s) Time (s)

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 C4(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].

Bottom interlayer
Layup sequence of

Attachment thickness T Location of the optical )
configuration fibre the 3-D printed
No. of layers Approximate embedding element
thickness

DOFS-0 0 <0.1mm [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 o L6 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 T 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 Ky for FBG sensors has been generalized
from known theoretical models [100-102,104-107]:

sinh(«)

K, (T,)=1-
w (Terk) « cosh(a)

(Equation 3-8)

where Tax is bottom interlayer thickness, and parameter « is dominating the
shear lag behavior between the substrate and the optical fibre sensor. Parameter
a 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 T is
considered as the only non-constant variable, the strain transfer coefficient Ky
can be simplified to:

tanh( |- )
K _ 1 TthkS
m(Tw) =1-————— BE (Equation 3-9)
Tthk S

Parameter S is similar to a, but it is independent from thickness Tux 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 Tux and the strain transfer coefficient Ku(Twi) 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 Ku(Twmi) for DOFS with any unknown bottom thickness Tux 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 Timr and Ku(Twmx) are still difficult to know in practice,
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a Monte-Carlo sampling method, using estimated uncertainty ranges for
experimentally obtained Tm« and Ky, is adopted to predict strain transfer
coefficients Ky in Figure 3-17.

1.0 Monte-Carlo sample size 4x10*
_ | Rege [ Daat | a2 | Daa3 | paat |
0.9 T(mm) [minmax]  [0,0.15] [0.40, 0.45] [0.80,0.85]  [1.60, 1.65]
< Ky() [minmax] [0.799,0.910] [0.668,0.852]  [0.562,0.714] [0.346,0.497]
< 0.8~
] Data 1
5}
8
2 0.7
] X
2 Sumin= 128.9 (1/mm)
S
5 06
@«
§ Sean = 181.1 (1/mm)
2 B3
g Suax = 274.8 (1/mm)
0.4
Data 4
0.3
0 0.4 0.8 12 1.6 2

Embedding bottom thickness 7, (mm)

Figure 3-17. Strain transfer coefficient versus bottom interlayer thickness curve from the shear lag
correction model, from Paper 4 [83].

62



Conclusions and future work

CONCLUSIONS

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 pe. 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
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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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FUTURE WORK

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.
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Material extrusion (MEX) is a well established production method in additive manufacturing. However, internal
residual strains are accumulated during the layer-by-layer fabrication process. They bring about shape distor-
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detecting invisible manufacturing defects was shown by a trial experiment.

1. Introduction

Material extrusion (MEX) is the most conventional additive manu-
facturing technology for plastics, also known as 3D printing. It offers
great benefits to rapid prototyping and manufacturing applications [1].
MEX technology shows good potential in the automotive, aerospace,
design and biomedical industries, due to its low cost, simplicity and
environmental friendliness. Currently, it has already captured half of
the 3D printing market [2]. The printer builds one layer at a time, with
each subsequent layer being built directly on the previous. A wide
variety of thermoplastic materials are available. However, a common
negative characteristic is always recognized: accumulation of residual
stress and strain during the material build up [3]. More specifically, the
feedstock thermoplastic experiences a melting and rapid cooling cycle
and a consequent phase transformation from molten to solid state
during the deposition of each layer. Residual stress mainly arises from
the shrinkage of the thermoplastic during the phase transformation and
accumulates during the layer-by-layer build up process in MEX [4].
Residual stresses can significantly affect the dimensional accuracy,
cause warping, interlayer delamination, cracking, decrease of me-
chanical properties and even interrupt the printing procedure when the
specimen detaches from the printing bed. This kind of disadvantage,
innate to layer-by-layer build-up hinders the application of the MEX.

An experimental research study was carried out by Dao et al. [5] to

* Corresponding author.
E-mail address: shaogquan.wang@ntnu.no (S. Wang).

https://doi.org/10.1016/j.addma.2020.101040

evaluate the dimensional accuracy of models made by MEX. The results
show that the dimensional inaccuracy of the MEX production is mainly
induced by the material shrinkage after experiencing a phase trans-
formation from a semiliquid to a solid state during the melting and
cooling cycles. As reported by Casavola et al. [6], accumulation of re-
sidual stress due to the rapid heating and cooling cycles of thermo-
plastic can seriously affect the shape and the final dimensions of the
parts. A FEA model was developed by Zhang and Chou [7] to simulate
the shape distortion from the MEX process. The results show that part
distortions are related to the stress accumulation during the deposition.
Es-Said et al. [8] concluded that volumetric shrinkage, induced by
phase transformation during solidification, caused weak interlayer
bonding and high porosity resulting in reduced mechanical properties.
Wang et al. [9] showed that decreasing the glass-transition temperature
and linear shrinkage rate of the feedstock material is helpful for the
reduction of inner stresses responsible for warp deformation. These
results indicate that the contraction of thermoplastics during MEX
processing is believed to be the main cause of distortions, interlayer
del ion and d ion of mechanical properties. Hence, for
eliminating these negative effects, processing optimization aiming at
reducing residual strains can improve the strength and the shaping
precision. It is regarded as an important issue for successful industrial

lication of the MEX technology.

Evaluating residual strain distribution is essential for MEX
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parameter optimization [10]. Unfortunately, it is quite challenging to
measure residual strains during MEX by using traditional measurement
technologies. To the best of the authors' knowledge, only one series of
promising works in this field was reported by Kantaros et al. and
Kousiatza et al. over the recent years [10,11]. In this research, an in-situ
point strain measurement was performed through one Fiber Bragg
Grating (FBG). A short FBG was embedded at the midplane of the
samples. The residual strain at the centroid of the specimen, where the
grating was located, was viewed as the average residual strain of the
whole specimen. However, point sensors present serious limitations in
application. For instance, the measured strain value from FBG can be
distorted, when the grating of the FBG fiber passes through a manu-
facturing defect, like an under/over-filled region or distorted part of the
structure. Additionally, the number of point sensors necessary to obtain
a global strain monitoring, becomes impractically high for large spe-
cimens. The lack of reliable in-situ and distributed measurement ap-
proaches for residual strains impedes the development of the MEX
technology.

In this study, a novel approach for measuring the solidification-in-
duced residual strain distribution in MEX fabricated specimens was
achieved for the first time. The measuring system consists of an Optical
Backscatter Reflectometry (OBR) interrogation unit connected to a
standard single mode optical fiber embedded in the component during
the MEX process. Based on Rayleigh backscattering, distributed strain
sensing is achieved along the axis of the optical fiber. A non-invasive
embedding procedure is presented and validated from micro to macro
scale. A comparison between the in-situ OBR and the electrical strain
gauge validates the reliability of the new approach. A characteristic
horizontal residual strain distribution and the vertical average residual
strain distribution were revealed inside MEX fabricated specimens. A
simplified description is presented that captures key mechanisms of
residual strain creation in MEX. The molecular behavior of the feed-
stock material induced by temperature evolution during the MEX pro-
cess was characterized by a differential scanning calorimetry (DSC)
instrument and by an infrared camera. The effects of the OBR post-
processing parameters and specimen di ions on the
results were analyzed. Moreover, the possibility of detecting manu-
facturing defects by this innovative method was also demonstrated.

2. Materials and methods
2.1. OBR instrument and the optical fiber strain sensor

As shown in Fig. 1 (a), the distributed optical fiber strain sensor
(DOFS) is SMB-E1550H fiber from OFS Fitel, LLC. It is a silica/silica/
polyimide fiber with a core diameter of 6.5um, a clad diameter of
125um and a coating diameter of 155pum. It is a single mode fiber
(SMF) with an operating wavelength of 1550nm. The polyimide
coating enables working temperatures between -65°C and +300°C.
The SMF is spliced to a secondary coated optical fiber (SCOF), whose
end is a connector port for transmitting the sensing signal to the in-
terrogator. An “OBR 4600” reflectometer from Luna Instruments (Luna
Innovations Incorporated, Virginia, USA) is used as the interrogator
device as shown in Fig.1 (b).

2.2. Specimen preparation

The MEX printed test specimens were built on a PRUSA 13 MK2S 3D
printer (Fig.1 (¢)). A 1.75mm PLA filament (3DNet) was selected for
this research. PLA is the most common and representative thermo-
plastics for MEX printing, very popular in application and also preferred
as an environmentally-friendly material. In principle, similar experi-
ments could be carried out with any common 3D printing materials.
The alignment holders (Fig.2 (a)) were printed from 1.75mm ABS fi-
lament (3DNet), because it enables sufficient thermal stability on the
heating bed during printing. Cura software is used to control the
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printing process. The printing parameters are summarized in Table 1.
All specimens were infilled by PLA roads at 90° with respect to the X
direction of the specimen, as shown in Fig. 1 (d). The X-Y-Z coordinates
defined in Fig. 1 (d) will also be used in the following sections.

In order to investigate the effects of specimen geometry on the in-
situ OBR measurement results, eight sets of samples were printed as
shown in Table 2. The length of X axis of the specimens of group 1
(G11 ~G15) increases from 15 mm to 80 mm, while both the width (Y
axis) and height (Z axis) remain at 15 mm and 20 mm respectively. The
specimens of Group 2 (G21 ~G23) have different widths as the unique
variable parameter.

2.3. Sensor embedment

In order to achieve in-situ measurements of residual strains, the SMF
part of the sensor needs to be embedded into the MEX fabricated spe-
cimen. A schematic illustration of the SMF embedding procedure as
well as the final printed specimen after embedding are shown in Fig. 2.
Prior to the experiment, the G-code was rewritten to pause the 3D
printer at a self-defined deposition layer, and resumed the printing
process after a self-defined time period. A methodology for SMF in-
tegration during the building procedure is briefly described below:

(1) Alignment holder assembly

An ali holder was d d to assist the placement of the
SMF during printing. The alignment holder contains plug-in component
blocks with different thickness (Fig.2). Each component has a groove
covered by a soft double-face tape to fix the SMF. By assembling blocks,
two holders are able to support the optical fiber and assure the sensors'
positioning at a specific height.

(2) SMF embedding

When the layer where the optical fibre should be implemented was
reached, the 3D printer was paused automatically for 15s. The SMF was
then hand placed on the surface of the last deposited layer along the X
axis and fixed by tapes on the holders as shown in Fig.2. Subsequently,
the printing process was resumed. A new layer was built on the pre-
vious, and the SMF became encapsulated by extruded thermoplastic.

(3) Replacement and cooling

Each printed specimen was detached from the build platform right
after finishing the print. Measurements were taken after the specimen
had gradually cooled down to room temperature.

2.4. Optical Backscatter Reflectometry

2.4.1. OBR working principles

Optical Backscatter Reflectometry (OBR) is an optical frequency-
domain method that measures Rayleigh backscatter over the length of
the optical fiber. Rayleigh scattering happens when a photon penetrates
a medium composed of particles whose sizes are much smaller than the
incident photon wavelength. In this scattering process, the energy of the
incident photon is conserved but its direction is changed randomly. In
an optical fibre, silica molecules moved randomly in the molten state
and froze in place during fabrication, leading to random fluctuations of
the refractive index, on a scale smaller than the optical wavelength. In
the OBR system, a laser source sends the incident light through the
optical fiber. Rayleigh backscattering happens along the entire fiber
length and its pattern acts as a unique fingerprint for each fiber. The
Rayleigh backscattering in an optical fiber has similarities with fiber
Bragg gratings (FBG): changes in physical length induce a frequency
shift of the reflected spectrum [12-14]. These Rayleigh backscattering
spectral shifts (RBS) are measured and scaled to give distributed
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Fig. 1.
control software.

and

temperature or strain measurements with a high sensitivity and spatial
resolution. The OBR has been applied successfully in distributed optical
fiber sensor (DOFS) systems for monitoring of strain and temperature in
different materials [15-20]. Heinze et al. [15] reported a new experi-
mental method based on OBR to measure strains due to cure shrinkage
in large volumes of hardening epoxy. In the study of Billon et al. [16],
OBR was used as a truly distributed sensing system to monitor the strain
of a concrete structural element tested in four-point bending. OBR was
also adopted by Villalba et al. in detecting and monitoring the presence
of damage-induced cracks in concrete structures [17]. Under ideal
conditions, the DOFS based on OBR have a spatial resolution of under
1 mm and the strain resolution can be as good as 0.001 % [15,18,19].
This enables approximately thousand sensing points for every meter
length of the optical fiber. Thus, the OBR system can be used to map
strain distributions of a structure rather than a rough extrapolation
from a few point measurements [20].

PN basic /'
960 15.0 % 200 me

uring devices: (a) Distributed optical fiber strain sensor, (b) LUNA OBR 4600 interrogator apparatus, (¢) Prusa 3D printer, (d) Infill

2.4.2. OBR signal demodulation

The RBS (Av) between the spectra of free and loaded SMF are de-
modulated using the OBR Desktop v3.13.0 software. Identical to the
response of an FBG, the Av of the spectrum induced by environmental
perturbation can be given as [18]:

AV KAT + Kie &)

Where v is the mean optical frequency, and Ky and K, are the tem-
perature and strain coefficients, respectively.

Kr=a+§ (2)

Ko=1-1T
=l T(Pu = #(py; + py2)) @)

Ky is a sum of the thermal expansion coefficient a = (1/A)(9A/dT), A is
the volume of the optical fiber, and the thermo-optic coefficient & = (1/

of the SMF

ic ill

Fig. 2. A
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ing procedure (a) and a MEX fabricated specimen with the SMF ingressing and egressing at several locations (b).
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Table 1

Printing parameters.
Layer height Print speed Print Build Plate Infill Infill direction Build plate adhesion Fan

pattern cooling

0.2mm 30 mm/min 205°C 60°C Lines 90" Brim Open

Table 2 500 mm.

MEX Specimen dimensions. In order to fully understand the mechanisms of residual strain
Specimen No.  Length (mm)  Width (mm)  Height (mm)  Infill density .creanon and ensure the su.'a.ln transfer effecuvgness of the SMF/P;.A

interface, the thermal transition and corresponding molecular behavior

G11 15 15 20 100 % of PLA and SMF coating material during the MEX process were in-
g:; :2 :: ;g :x :‘ vestigated by DSC. More details will be discussed in subsection 3.1 and
c14 56 15 2 100 M: 3.3. DSC samples were prepared from chopped feedstock PLA filament
G15 80 15 20 100 % before printing and G14 specimen separately. Chopped SMF was used
G21 56 15 20 100 % as the optical fiber coating DSC sample. Measurements were performed
G22 56 25 20 100 % on a DSC-250 instrument (TA instruments, New Castle, DE) from 0 °C
G23 56 50 20 100 %

n)(an/aT), with typical values of 0.55 x 10™°°C" and 6.1 x 10~ °°C"!
for Germanium-doped silica core fibers. K, is a function of the group
index n; the components of the strain-optic tensor, pij; and Poisson’s
ratio p. Typical values for germanium-doped silica are reported in [18]:
K, = 0.78, and K = 6.45 x 10~ ¢ °C",

2.4.3. Residual strain sensing by in-situ OBR technology

Since the SMF is embedded into a substrate material, the general-
ized demodulation equation is modified to account for residual strains
in MEX. Before embedding, the optical fiber (without any mechanical
loading, at room temperature) is connected to the OBR interrogator and
the reference spectrum is recorded. In the next step, the SMF is em-
bedded into the specimen during MEX. After printing, the specimen is
removed from the hot bed and cooled down to room temperature, and a
measurement spectrum was recorded from the specimen after cooling.
In general, thermally induced strains are applied to the SMF as a result
of the mismatch in the coefficients of thermal expansion (CTE) between
the SMF (af) and the matrix material (am). Eq.(1) is modified as [10]:

- A"/v = K (& + (am — ap)AT) + K7 AT )

eresaccounts for the solidification-induced residual strains during MEX
and AT is the temperature difference between the initial reference and
the final measurement. In this research, the temperature of the re-
ference and measurement test is the same Ty i.€. AT = 0 and Eq. (4)
reduces to:

— O, = Kt ®)
Eq.(5) can be further converted to:
/T
s = —— A
e ®

where 4 is the center wavelength of the scan and C is the speed of light
inside the fiber. The scan center wavelength is 1550 nm. The constant
K. of 0.780 can be substituted to yield the following conversion factor:

Ers = —6.67(ue /GHz) *Av. @
By using this conversion factor, the solidification induced residual

strain £, in MEX along the axis of embedded SMF can be calculated
from RBS (Av).

2.5. Temperature profile measurement and the DSC
The temperature evolution during the MEX was measured using a

FLIR A655sc IR camera at 50 frames per second at full frame 640 x 480
resolution. The approximate distance from the lens to the target was
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up to 300°C, at a heating rate of 10°C /min, and kept at isothermal
state for 10 min, then cooled down to 0°C at a cooling rate of 10°C
/min. Nitrogen atmosphere was employed during the experiment, using
a 50 ml/min flow rate.

2.6. Micro-characterization

All sample cross-sections were prepared from a G14 specimen by
polishing in Meta 250 autopolisher (Buehler Inc, USA) using low speed
and water cooling. A RH-2000 digital microscope (Hirox. Ltd, France)
and a FEG Quanta 650 Environmental scanning electron microscope
ESEM (Thermo Fisher Scientific Inc., USA) were used to observe pos-
sible manufacturing flaws induced by SMF embedding.

3. Results and discussion

The in-situ OBR has never before been adopted for MEX fabricated
thermoplastic components according to the best of this author's
knowledge. Prior to measuring residual strains, preliminary tests were
conducted to validate the in-situ OBR measurement approach.
Subsequently the MEX fabricated specimens will be measured in both
horizontal and vertical directions. The effects of specimen dimensions
on the measurement results are discussed. Combined with the results of
DSC and infrared camera testing, the key mechanisms of residual strain
creation in MEX are investigated and a simplified description for the
residual strain creation is presented. Finally, the possibility of detecting
manufacturing defects by this innovative method will be presented.

3.1. Validation of in-situ OBR technology applied in MEX

3.1.1. Practical challenges and countermeasures

The practical challenges related to the use of in-situ OBR technology
in MEX are mainly twofold: the first one is that the SMF embedding
procedure is expected to be non-invasive with little disturbance to the
MEX process. Another concern is related to the strain transfer effec-
tiveness between the sensor and the surrounding material.

The SMF is expected to be straight during embedding. Nevertheless,
the moving nozzle may displace the SMF during deposition, leading to
damage or bending of the optical fiber. A broken optical fiber can not
transfer a sensing signal, and bending of the optical fiber can induce
noise into the data. These hidden dangers were mitigated by selecting
an appropriate layer thickness of 0.2 mm, slightly larger than the dia-
meter of the SMF. Fig.3 shows the micrographs taken from three cross-
section planes of the embedded SMF. As shown in cross-section 1 in
Fig.3 (b), the SMF is entirely encapsulated by the PLA material through
the surfaces in both the substrate and embedding layers without
pinching. In cross-sections 2 and 3 in Fig.3 (c) and (d), the embedded
SMF appears straight without bending or visible damage. In SEM
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Fig. 3. Micrograph analysis of embedded SMF:(a) Illustration of sampling position in specimen, (b) Optical micrograph of cross-section 1, (¢) Optical and electron
micrograph in cross-section 2, (d) Optical and electron micrograph in cross-section 3.

images of Fig.3 (c), there are no voids surrounding the optical fiber. The
special patterns of near triangular voids are proved to be intrinsic to the
MEX, as the vertical and horizontal distances between two adjacent
voids are corresponding to the layer thickness and nozzle diameter
separately [23]. The SMF/PLA interface and Coating/Silica interface of
SMF are well bonded in SEM images of Fig.3 (d). There are no dela-
minations or cracks generated by the SMF embedment. In conclusion,
the embedment process brings no disturbance on the MEX process and
no visible damage on the SMF itself.

When the SMF is used as a strain sensor, the strain of the sur-
rounding material needs to be transferred into the optical fiber by the
PLA/ SMF interface. As mentioned by Grave [18], when the coating
material of the SMF becomes soft, the strain of its surroundings can not
be transferred into the fiber by shear accurately. Thus, the interface
compliance will affect the accuracy of the measurement. In the present
work, the PLA/SMF interface is mainly composed of the polyimide
coating on the SMF. In order to assure the strain transfer effectiveness,
the polyimide coating needs to remain in the glassy state during the
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MEX process. Thus, thermal transitions of polyimide are important
physical characteristics for the application of the OBR technology.
Specifically, the frozen molecular motions of thermoplastics are acti-
vated during glass transition, hence the brittle and glassy polymer be-
comes soft and flexible. In this case, the polyimide coated SMF is no
longer ble for strain Fig. 4 shows the DSC heating-
cooling thermograms for the polyimide coating of the SMF. No en-
dothermal or exothermal peaks emerged in the DSC curve up to 300 °C.
The polyimide coating remains in the glassy state during printing, with
sufficient stiffness to transfer residual strains from the MEX process to
the silica of the optical fiber.

3.1.2. OBR based strain sensing compared to electrical strain gauges

As a distributed strain sensing system, the entire embedded SMF is
required to be evenly bonded with the surrounding matrix to enable
continuous strain field measurements. Thus, an initial proof of concept
tensile test was carried out to investigate the SMF/PLA interfacial
bonding. The strain values were measured by the OBR and electrical
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Fig. 4. DSC curve of the SMF polyimide coating.

strain gauges (SG) simultaneously to compare the strains from this OBR
method with a traditional method. The SMF was embedded in a 3D
printed dog-bone specimen (220 mm x 25mm X 2 mm), while two SGs
were bonded on the surface by cyanoacrylate. A hole (@ = 2 mm) was
built in the middle of the tensile specimen to investigate the measure-
ment capability of the OBR technology near sharp strain gradients. The
MEX-fabricated specimens were infilled in a line pattern perpendicular
to the long axis of the specimen. The SMF was applied in the mid-plane
of the specimen with a distance 1 mm from the hole and the SGs were
bonded 0 mm and 25 mm from the hole, as shown in Fig. 5 (a). The
tensile test was conducted in an Instron 5 kN test machine and the strain
measurements were taken by in-situ OBR technology and SGs (FLAB-6-
17, 6mm x 2.2mm, 120 Q, Tokyo Measuring Instruments Laboratory
Co., Ltd.) at the same time instance.

Fig.5 shows the strain measurements from the OBR and two electric
strain gauges. A continuous strain field along the specimen length was
successfully obtained through the OBR method. A gradual strain in-
crease over the gauge length of the specimen was exhibited in the strain
field. The highest values were obtained at the equator of the hole,
which coincides with the expected strain concentration location. A
general agreement can be seen between the results of SGs and the in-
situ OBR technology, but there are small deviations. The SG1 and SG2
showed tensile strains of similar magnitude, but always less than the
OBR results. The difference between OBR and SG values at higher
stresses (225 N ~380 N) is 14 %, while it is smaller at lower stresses (0
N~225N). This phenomenon arises from the intrinsic characteristic of
applying SGs. The SMF is more accurate, as it measures strains over a
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very narrow width (155um). The SG measures an average over its
width (2200 um), where the lower strains dominate. The averaging
effect over a spatially changing strain field is most likely the main cause
for the strain discrepancy. Secondly, the mislocation between the SMF
and SG is inevitable. The whole SG area is more offset from the hole
edge (stress concentration region) compared to the SMF, naturally
leading to lower peak strains than SMF. Additionally, the strain may not
always be tr d to the SG completely due to the possible partial
debonding between SG and specimen surface during tension. In con-
clusion, the embedded SMF seems evenly and well connected with PLA
and no PLA/SMF interfacial debonding happens before 10,000 pe. The
embedded SMF can be viewed as a reliable distributed strain senor in
the MEX fabricated specimen. Especially, when a steep variation exists
in the strain field, applying the in-situ OBR method can measure strains
more accurately than by using single-point SGs.

3.2. Experimental measurement results

3.2.1. Residual strain distribution

The data from the SMF were measured by OBR interrogator and
analyzed by the OBR Desktop v3.13.0 software. In post-processing, the
software defines many virtual strain gauges along the length of the
SMF. All virtual strain gauges have the same gauge length (GL) and
sensor spacing (SS) between them as shown in Fig.6 (a). After com-
paring the reference and measurement spectrum, strain of each virtual
sensor is calculated from an average RBS on the corresponding GL part.
One SMF is embedded in the midplane of a specimen
(56mm x 15mm x 20 mm) in the X direction during the MEX process.
When GL and SS parameters are both set to 8 mm, the embedded SMF
can be viewed as an array of 7 virtual strain gauge sensors placed back-
to-back along the axis of SMF. Each measurement point corresponds to
one virtual strain sensor, which shows the average strain of the
GL = 8 mm long section of the SMF. As shown in Fig.6 (b), the MEX
induced residual strain value on each virtual strain sensor is negative,
which indicates shrinkage strain. In the horizontal direction, experi-
mental measurement results show similar negative values inside the
specimen, except for the two points from the egress parts of the em-
bedded SMF. The strain differences in the egress parts may be induced
by the signal outliers in the measurement, which will be briefly dis-
cussed in subsection 3.2.2. Contrary to traditional casting and injection
moulding where the residual strains increase from the exterior to the
interior and lead to a symmetric tapered distribution [15,21], the MEX
shows a horizontally uniform distribution of residual strains as shown
in Fig.6 (c).

In order to characterize the residual strain distribution in both
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Fig. 5. Strain measurements from the OBR and electric strain gauges during a tensile test.
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length (horizontal) and thickness (vertical) directions, the SMFs were
embedded in the midplane at different heights (in Z direction) along the
length (in X direction) of the specimen (56 mm x 15mm x 20 mm) as
shown in Fig.7 (a). The adopted OBR parameters here are 4 mm GL and
0.15 mm SS, enabling high resolution measurements. A short overview
about the effects of post-processing parameters on the measured strains
is given in Appendix A. As shown in Fig.7 (b), no regular and con-
tinuous data can be observed in the ingress and egress parts of em-
bedded SMF, however the data measured in the central region of em-
bedded SMF are constant. The scattered outliers are viewed as noise
while the constant values in the central region are believed to be re-
presentative of the residual strain in the MEX fabricated specimen.
More details related to measurement noise will be discussed in chapter
3.2.2 and 3.4. In the length direction of G14 specimen, the residual
strains in the bottom, middle and top layers all show a uniform dis-
tribution simultaneously. In this research, the mean value of the central
region from the embedded SMF is used as the average residual strain of
the layer where the SMF is in. As shown in Fig. 7 (c), the variation of
average residual strain values shows a well-defined height dependency.
The average residual strain increases from the bottom to about one
third of specimen thickness and then starts to decrease until the top of
the specimen. Such ‘parabolic trend’ of average residual strains in
thickness direction of MEX fabricated PLA has never been reported
before. Two additional specimens with a lower thickness
(56 mm x 15mm x 10 mm) and a higher thickness
(56 mm x 15mm x 30 mm) were measured to verify the repeatability
of the parabolic trend in average residual strains. As shown in Fig.7 (c),
the specimens with different thicknesses all show similar parabolic
distribution of average residual strains in the thickness direction. The
most extreme residual strains develop inside the specimen, at ca. 1/3
height from the build plate.

3.2.2. Effect of specimen dimensions

The in-situ OBR technique may be applied to MEX-fabricated spe-
cimens of different dimensions. It is therefore of interest to investigate
how the geometrical size of specimens affects the OBR measurement.
One SMF was embedded within the midplane of the specimen built as
shown in Table 2. As shown in Fig.8 (a), the obtained data is scattered
along the embedded SMF randomly, and no constant and continuous
data can be observed in the short G11 specimen. For G12, the embed-
ding length of the SMF increased to 25mm and the outliers are still
apparent in the ingress and egress parts of embedded SMF, however the
data became stable in the central region. In this region, the strains
measured by OBR are constant and representative of the residual strain
in the MEX fabricated specimen. In measurement of G14, the length of
stable strain section was again longer than that of G12, meanwhile the
scattered outliers remain in the ingress and egress parts of the SMF.
Again, with increasing the specimen length, a similar trend was ob-
served in G15. In conclusion, when the specimen length is too small, the
measurement data are mostly noise, making it challenging to pick out
true values from the outliers. After increasing the specimen length,
noise still exists in the ingress and egress parts of the embedded SMF,
but the data in the central region becomes constant and representative.
The residual strain values of the central section of embedded SMF do
not change with further increasing the specimen length.

A specific filter program can be developed to remove the outliers.
The outliers always exist and have highly inconsistent values. The SMF
here experiences a large strain gradient (from 0 ye to ca. -5000 pe) from
the free part (outside the specimen) to the embedded part (inside the
specimen) in the edges of specimens. The appearance of outliers or
noises in strain gradient region of optical fibers during the OBR test
have also been reported by previous researchers [15]. Considering
practical applications, ignoring the data of the erratic end sections is
suggested as a simple alternative to developing a specific filter program.
In this way, the average strain of the central stable section is used as the
representative residual strain in MEX. For each specimen size, 4
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specimens were tested to verify the repeatability of test data. As seen
from Fig.9 (a) and (b), the residual strains of specimens with different
widths and lengths are all approximately -4450 pe. The specimen length
and width have little effect on the residual strains, besides the erratic
end regions. The data from ingress and egress parts of the embedded
SMF includes a number of outliers. A certain length of embedded SMF is
required to distinguish true values from the outliers at the ends. Ex-
perience shows that when the specimen length exceeds 25 mm and the
width exceeds 5mm, the in-situ OBR technology can measure residual
strains of specimens generated during the MEX process without much
difficulty.

3.3. A simplified description for residual strain creation
Based on the specimen temperature history during MEX and cor-

responding molecular behavior, a simplified description is presented
that captures the key mechanisms of residual strain creation.

3.3.1. Temperature profile and corresponding thermal tr

The temperature evolution of PLA material during MEX and SMF
embedding process was investigated using real-time thermography
taken by a FLIR IR camera. In the thermograph of Fig. 10 (a), four white
lines, i.e. regions of interest (ROI), were placed from the nozzle tip to
the current depositing layer and the adjacent previous deposited layers,
respectively. The temperature versus distance of ROI 1 shows the
temperature evolution of PLA from leaving the nozzle horizontally,
along the length of current layer deposition. The temperatures in ROI 2,
3 and 4 show the temperature evolution of the PLA in the thickness
direction, toward the previously deposited layers during MEX. Fig. 10
(c) and (e) shows the DSC heating-cooling thermograms of PLA. No
obvious differences can be seen between the DSC curves of original
filament and extruded i.e. once solidified PLA. The peaks in DSC curves
are related to the glass transition, first cold crystallization, interaction
between recrystallization and melting of PLA, respectively. As shown in
Fig. 10 (b), the temperature in ROI 1 shows a rapid decline from 160 °C
to 56 °C, then decreases slowly to a constant temperature of ca. 30 °C
(substrate temperature), with the increasing distance to the nozzle. The
original far field PLA filament first melts in the heating chamber,
changes from the solid state into the viscous flow and then is extruded
off the nozzle. Molten PLA is required to ensure layer to layer adhesion
and sufficient wetting of the strain sensor during embedment. The
temperature finally drops to constant substrate temperature (below
glass transition) during the solidification of PLA, before the hot nozzle
approaches this area again during the next MEX process cycle. This
thermal cycling experienced by the PLA filament during the MEX pro-
cess is called melting and rapid cooling cycling [22]. When a new layer
is built on this layer, the temperature distributions on ROIs 2, 3 and 4 in
Fig.10 (d) showed a very similar trend. The results show that the al-
ready solidified plastic, i.e. extruded PLA, will be partially melted again
and cooled down to a constant temperature with the increase of dis-
tance to the nozzle. Only the adjoining material of substrate layers less
than 0.4 mm to the nozzle, two times of layer thickness, experience
partial remelting and cooling cycles. In conclusion, the PLA material
first experiences a melting and rapid cooling cycling after being
squeezed out from the nozzle, and then encounters repeated remelting
and cooling cycles in the heat affect zone within ca. 0.4 mm thickness
(ca. two deposited layers deep) during the following process.

3.3.2. Description for the residual strain creation

Based on the discussion above, a simplified description for the re-
sidual strain creation reflected by embedded SMF is shown in Fig. 11. In
the MEX process, the embedded SMF and surrounding PLA material
experience two kinds of thermal cycles:

i melting and rapid cooling during the printing of the current layer.
ii remelting and cooling during the printing of subsequent layers.



S. Wang, et al.

Additive Manufacturing 32 (2020) 101040

10000 v T
8000 (b) 4
o 1
~~
) 2 o 1
bl =1
=i o 1
s &
& @ 04— .
7] <} 3
e R O 2000 45mm 1
i
s = o] — ]
8000 e GI2 ]
8000 T T T T T T
2 £ 3 “ 4 50 ss )
—_— Length (mm)
wo ] () 1 ]
-
6000 —~ 000 n_\ ° R
LRy « =T
= 400 2 w000+ N ]
£ 2000 : o= 20004 R
= i <
1] i £
= o : 7] o 1
172} H o
S 200 i 5 200 -
2 i =
S o | { = ]
10mm
6000 4 Gl14 4 6000 4 GI5 4
8000 T T T T T T 8000 T T T T T T T
° 10 20 3 “ 50 © 15 £ 4 6 75 %0 105 120
Length (mm) Length (mm)
Fig. 8. In-situ OBR measurements of residual strains in MEX specimens with different lengths: (a) 15mm, (b) 25 mm, (c) 56 mm, (d) 80 mm.
2099, T T T T T T T T 6000 T T T T T T T T
<8500 . 5500 4
@ S ©)
=3 5000 | e 1 = -s000- :
= H ; . s . 2 a
é o] ! v M . 1 E -4500 e : """""""""" "
A
-4000 | 4 J §
8 Z ~4000
= -3500 4 =
9 B 8 1
¥ - s Sample 1
S 30004 Gample2 1 = 0] T Simeez 1
Sample 3 A Sample 3
25004 v Sample 4 T 2500 - v Sample 4 1
L A T B 10 15 20 25 30 35 40 45 S50 55
Length (mm) Width (mm)

Fig. 9. Average residual strains of MEX fabricated specimens with different lengths (a) and widths (b), data from the central region.

In step 1, before embedding SMF, the PLA is first melted in the
heating chamber and extruded out from the nozzle to form the substrate
layer. The state of the PLA changes from a semi-molten state to solid
during the first melting and rapid cooling. The SMF is placed on the
solidified substrate layer before the deposition of a new layer on it. At
this moment, the SMF is free from any external strain loading. During
step 2, a new layer is built on the solidified substrate PLA layer, where
the SMF is laid on. The substrate material in the heat affected zone will
remelt. A neck is formed on the interface between the substrate and the
new layer, wetting the SMF at the same time. On a molecular level,
molecules diffuse, forming an interfacial zone that psul the

phase transformation of deposited layers. In step 3 and subsequent
steps, the next new layers will be built on the layer encapsulating the
SMF. The sensing region will be shortly influenced by the remelting and
cooling cycles until it is outside of the heat affected zone. Before re-
moving from the hotbed, the specimen is continuously heated by the
hot bed/nozzle and cooled by ambient cold air, resulting in non-uni-
form thermal gradients inside the 3-D printed structure. Finally, the
whole specimen integrated with SMF is detached form the hotbed and
cools down to room temperature. The contraction of embedded SMF is
only induced by the filament material volumetric shrinkage due to its

ling during MEX. The fabrication induced residual strain is a com-

SMF, and/or forms chemical bonding across the PLA/PLA interface
[22]. The bonding between the PLA and polyimide coating is of sec-
ondary/physical (i.e. non-covalent) type. The new layer, the substrate
layers below, and the SMF in the middle are welded together during the
cooling of the interface layer. Residual strain is generated due to the
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pressive strain mainly determined by phase transformation and thermal
cycles during the MEX process. In a 100 % infilled specimen, each
section of SMF is encapsulated by the same amount of PLA roads with
the same mesostructure (i.e. contacting surface area and air gap) within
the same layer. Because of the ch uring of MEX, the

istic
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deposited PLA (d)-(e).

PLA roads in the same layer experience almost the same phase trans-
formation and thermal cycles individually, resulting in a horizontally
uniform distribution of residual strains.

3.3.3. Numerical validation

The OBR measurement results should ideally be validated by com-
paring the results with the state of the art, but no similar experiments
have been reported. Thus, a numerical validation by Monte Carlo
sampling of the experimental test results in this research was adopted.
As discussed above, the residual strains measured by SMF are mainly
induced by the PLA volumetric shrinkage during the MEX process. A
theoretically reasonable value range of the residual strain can be ap-
proximated by the coefficient of thermal expansion (CTE) of the ma-
terial. The PLA surrounding the SMF is assumed as an isotropic mate-
rial, then the volumetric CTE is three times the linear CTE in one
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direction since the SMF is believed to be inert to the radial strain. Thus,
the residual strain measured ¢osr by SMF can be estimated by the fol-
lowing formula:

av._ A

L Ty
Copr = == jr: o, (T)dT

8)
Where a is the linear CTE, T, and T; are the initial and final tem-
peratures respectively.

The Ty, i.e. room temperature, is already known as 20 °C, while the
initial temperature T; depends on when the effective connection be-
tween the SMF and PLA is established. The accurate value of T; is highly
process specific and unknown. According to Fig. 10 (b)-(c), the T;
should exist between solidification and glass transition temperatures,
i.e. 130 °C to 60 °C. The a; value can be estimated between 30 x 10~°
to 85 x 10~ ® m/mK from 3D printing material suppliers in the market.
Fig.12 (a) shows 100,000 possible residual strain values calculated
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using Eq. (8) by Monte Carlo sampling. The values of T; and a; were
selected uniformly from their regions as shown in Fig.12 (b) and (c).
The OBR measurement residual strain values (from Fig. 9) were in-
cluded in the region of numerically calculated values. Fig. 12 (d) shows
the distribution statistics of the numerically calculated residual strains,
while the OBR measurement values are close to the bar of maximum
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3.4. Manufacturing defect detection

One of the advantages of in-situ OBR measurements is the ability of
detecting internal defects during the MEX process. By internal
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Fig. 12. Numerical predictions vs. OBR measurement results of residual strains: (a) Numerically calculated values, (b) Distribution statistics of Ti, (¢) Distribution

statistics of al, (d) Distribution statistics of the Monte Carlo sampling results.

85



S. Wang, et al.

After printing

During embedding

Additive Manufacturing 32 (2020) 101040

Microstrain (uc)

1117 mm

56 ™™

h

Fig. 13. A ic ill

of a pred

manufacturing defects we hereby mean voids in 100 % infill specimens.
The reference residual strain distribution in a MEX fabricated specimen
(without defects) can be obtained from previous results. By comparing
it with the measurement results of specimens with a void defect, the
location and the size of the void can be identified non-destructively
with in-situ OBR technology.

In this study, one specimen was predesigned with a hollow sphere
void (@ = 10mm) in the specimen center to mimic a manufacturing
defect. A SMF fiber was embedded in the midplane of the printed block
as shown in Fig. 13(left). After printing, the residual strains in the
specimen were processed with GL = 7mm and SS values at 7 mm,
3.5mm and 0.15mm, respectively. The result is shown in Fig.13
(right). Different to the usual residual strain distribution, a sudden re-
duction in strains appears in the center of the specimen. The strain
curve drops close to zero and then keeps flat for 6 mm-10 mm before
restoration. The length and position of the distorted section coincides
with the predesigned defect. With the decrease of SS, the location of the
defect didn’t change, but the length became more exact, showing higher
spatial resolution. Notably, the measurement noise appears nearby the
two sides of defect regions. This is consistent with previous test results
regarding the ingress and egress parts of the embedded SMF. Thus the
experiment here demonstrates the possibility of identifying manu-
facturing defects by this new OBR approach. Measuring fine scale
abrupt local changes in strains with OBR can become difficult due to
noise problems.

4. Conclusions

In this work, a novel approach for in-situ measurements of the so-
lidification induced residual strain distribution in MEX fabricated spe-
cimens was demonstrated for the first time. Optical backscatter re-
flectometry (OBR) based fiber-optic sensing system was embedded to
measure distributed residual strains. The practical challenges, validity
and reliability of the developed approach were investigated. The ex-
perimental OBR measurement results are summarized as follows:

1 The microscopy observations and DSC testing showed that the SMF

d defect inside the

80454035 3025201510 5 0 & 10 15 20 25 30 35 40 45 80

Location mm

s

and ¢ results from the OBR.
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is well encapsulated by the PLA and the presented embedding pro-
cedure is non-invasive in both micro- and macro-scale. The tensile
test showed that the SMF/matrix interface is uniform and enables
the SMF to work as a reliable distributed strain sensor at least up to
10,000 pe. The in-situ OBR strain data shows fair agreement with
point measurement from electrical strain gauges.

2 The horizontal inplane size (length and width) of the sample brings
minor effects on the measurement results. A noise region is always
present in the egress and ingress part of the embedded SMF, whereas
the signals from the center region are constant and representative.
The OBR can be adopted as a reliable in-situ measurement method
for residual strains, when the embedding length of SMF is longer
than 25 mm.

3 The temperature evolution, measured by the IR camera, showed that
the PLA material experiences several melting and rapid cooling
cycles after leaving the nozzle. The residual strains in MEX are
mainly created by the contraction of thermoplastics during phase
transformation induced by thermal cycles. Because of the special
manufacturing method of MEX, the residual strain value in each
point of the same layer is almost the same, resulting in a horizon-
tally uniform distribution of residual strains. In the vertical direction
(height), the average residual strain values show a parabolic trend.
Largest residual strain occurs inside the bulk of the specimen at ca.
1/3 height from the heat bed.

4 A hollow sphere located in the center of the 100 % infill specimen
was predesigned to mimic a manufacturing defect i.e. a large void.
The in-situ OBR technology was able to detect this manufacturing
defect successfully. The method shows a good potential for future
applications in production property assessment from 3D printing.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.



Paperl

S. Wang, et al. Additive Manufacturing 32 (2020) 101040
CRediT authorship contribution statement Wan: Writing - review & editing, Investigation. Andreas Echtermeyer:
Writing - original draft, Writing - review & editing, Resources,

Shaoquan Wang: Conceptualization, Data curation, Formal ana- Supervision.

lysis, Investigation, Methodology, Software, Validation, Visualization,
Writing - original draft, Writing - review & editing. Kaspar Lasn:

Project administration, Resources, Supervision, Funding acquisition, Declaration of Competing Interest
Writing - original draft, Formal analysis. Christer Westum Elverum:
Writing - original draft, Writing - review & editing, Supervision. Di None.

Appendix A. Post-pr ing p s effects on strain measurements

In OBR, two parameters, i.e. gauge length (GL) and sensor spacing (SS) need to be defined for the post processing program. To analyze the
influence of post-processing parameters, the same measurement data was processed with different GL and SS values. When SS was set to a constant
5 mm, the strain values with different GL from 4 mm to 50 mm show a similar pattern and an average value at about -4444 yie as seen in Table Al. But
the sensing length, which was the distance between the start point and end point of the bathtub, decreases slightly with increasing GL (see in Fig. A1
(a)). When the GL is set to 4 mm, the sensing length is closest to the real length of the specimen. The spatial resolution of the strain measurement is
mainly influenced by SS. A constant GL of 4 mm interacting with five SS values were also tested: 4 mm, 2 mm, 1 mm, 0.5 mm, and 0.15mm, thus
representing 14, 28, 56, 112 and 374 measuring points, respectively. As shown in Fig. Al (b), using a smaller SS, a strain map with higher spatial
resolution is achieved, however more noise peaks also emerge in the results. The strain values from different SS sets are analyzed statistically and
presented in Table A2, All mean strains were ca.1000 pie smaller than the average strains in Table Al. It is notable that calculated standard deviations
of each set were very large compared with the mean strain. The obvious distortion of the measured data is due to the relatively erratic measurements
in the ingress and egress part of the embedded SMF, i.e. the ends of the bathtub. After removing the data from the ingress and egress part from the
consideration, the mean strain became again very close to- 4444 pe, while the standard deviations of the reintegrated data of different sets are very
small as shown in second half of Table A2, Therefore, it is concluded that a very high spatial resolution at mm level can be accomplished by selecting
appropriate GL and SS. The disadvantage of a high spatial resolution mode is the presence of the noise. Noisy data should be identified - here at the
ingress/egress locations - and removed from further consideration. Based on the obtained results, the minimum S8, i.e. spatial resolution, and GL for
the in-situ OBR system adopted in this research are 0.15 mm and 4 mm, respectively.

Table A1
Residual strain values from different GL (SS = 5mm = Const.), at the bathtub bottom.
GL (mm) 4 16 30 50
Average strain (pe) —4429 —4458 — 4457 —4432
Standard deviations (pe) 93 59 56 8
Sensing length (mm) 60 55 44 34
500 ] Sensing len; ] =
(a) - ﬁ———g——g—-b- -> it
° - =
—~ oo
w 5004 =
3’ ~1000 4 a
g o] <]
8 2000 =
‘&; <2500 4 2
2 -
E -3500 4
4000 I
4500 b |—y—t0 4
00 S$S=5 mm= Const.
50 45-40-35-30-25-20-15-90 -5 0 5 10 15 20 25 30 35 40 45 50
Length (mm)
Fig. Al. Residual strain distribution in MEX fabricated speci : (a) Infl of GL on the results, (b) Influence of SS parameter on the results.

Table A2
Residual strain values from different SS (GL = 4 mm = Const.), at the bathtub bottom.
Statistical property SS (mm) 4 2 1 0.5 0.15
Original Average strain (ue) —3561 —3487 -3601 —3546 -3623
Standard deviations (pe) 2294 2233 2225 2286 2110
Disregarding noise regions SS (mm) 4 2 1 0.5 0.15
Average strain (pe) —4473 —4477 —4479 —4481 —4483
Standard deviations (pe) 53 56. 56 54 55
13
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Abstract: Fiber optic sensors are increasingly used in several fast-growing industries. Aerospace,
energy storage, and the medical sector consider new implementations of optical fibers mainly
for condition monitoring purposes. Applications using optical fibers entail measurements of
distributed strains and temperatures. However, the spectral shifts of transmitted and reflected light
are simultaneously sensitive to both of these influences. This coupled sensitivity can introduce
large errors for signal interpretation. An accurate calculation model for signal decoupling
is necessary to distinguish pure mechanical strains from pure thermal loading. Approaches
where the spectral shift is assumed to vary linearly with temperature give large errors when the
temperature variation is high. This investigation derives and validates a new temperature formula
that is used for high precision strain and temperature discrimination. The non-linear temperature
formula is deduced from physics-based models and is validated with Rayleigh backscattering
based OBR measurements. Our calculation approach demonstrates improved accuracy over
an extended temperature range. The relationship between strain and temperature effects in the
coupled mechanical and thermal loading environment is further studied in detail.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

More than 60 different optical fiber sensor types have been developed as future sensors in
previous decades [1,2]. Compared to conventional electrical sensors, optical fibers have several
distinguishing advantages: (i) immunity to electromagnetic interference and environmental
corrosion; (ii) small size and insignificant disturbance for the integrity of the structure: (iii)
high temperature resistance; (iv) a lifetime exceeding 25 years [3-5]. In addition, optical fibers
can multiplex a large number of sensors along a single fiber and set up a distributed optical
fiber sensors (DOFS) network. By measuring the intrinsic backscattering variation in the fiber
caused by external perturbations, the DOFS techniques based on multi fiber Bragg grating (FBG),
Raman, Brillouin, and Rayleigh backscattering have been developed successfully. Nowadays,
the DOFS are used for structural health monitoring in industrial infrastructure, in acrospace
components, in architectural structures, and in human health applications.

Today, one of the most significant limitations for using the DOFS is their coupled sensitivity
to both temperature and strain. For instance, temperature variations along the sensing fiber
will introduce errors for the strain measurement. The ability to distinguish between strain
and temperature effects is critical for the large-scale success of DOFS applications. Rayleigh
backscattering spectrum has been adopted in DOFS to determine strain and temperature along the
entire length of an optical fiber. Modeled as a weak FBG with a random period, changes in the
refractive index or in the physical optical fiber length cause the Rayleigh backscattering spectral
(RBS) shift in frequency. The RBS shift shows a cross-sensitivity to both strain and temperature
similar to FBGs. In the field of DOFS techniques based on FBGs, different approaches have
been proposed to discriminate strain and temperature [6-9]. These methods utilize well-designed

#410686 https://doi.org/10.1364/0OE.410686
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optical fiber sensor systems which have different temperature and strain sensitivities. Once
the temperature and strain coefficients of the optical fiber are known, the temperature and
strain variation can be determined by using the inverse of the coefficients’ matrix. Most recent
strain/temperature discrimination methods in Rayleigh backscattering based DOFS are analogous
to the decoupling techniques of FBGs [10-14]. One solution utilizes the specral shifts of the
fast and slow modes of birefringence by autocorrelation and by cross-correlation of RBS shifts
in the polarization maintaining fiber (PMF) [10,11]. The distributed autocorrelations of the
Rayleigh spectral signature are strongly related to thermal effects on the fiber, while distributed
cross-correlations of the Rayleigh spectral signature are related to both thermal and strain effects.
Another method uses stimulated Brillouin scattering and Rayleigh backscattering in a single-mode
fiber (SMF) to discriminate between the temperature and strain changes [12,13]. The Brillouin
frequency shift and the distributed RBS shift were induced by strain and temperature variations.
Although both methods are sensitive to temperature and strain, their sensitivities are different and
independent from each other: therefore, a complete temperature and strain discrimination can
be realized by measuring a pair of spectral shifts along the PMF sensor. Although the methods
above conveniently utilize a single fiber for dual-measurements of strain and temperature, they
are also complicated and costly. Measuring Brillouin scattering and Rayleigh backscattering in a
PMF requires two systems of measurement techniques. PMF is also more expensive compared to
single-mode optical fibers for large applications. A simple way to achieve discrimination utilizes
a SMF and a reduced-cladding SMF [14], because the temperature and strain coefficients of the
two optical fibers are different. However, two types of SMFs must be attached closely side by
side, and two interferometers are needed for measurements when using this system.

All previous strain/temperature discrimination methods for DOFS based on Rayleigh backscat-
tering (developing from the techniques of FBGs) assume that strain- and thermally-induced effects
are both linear with respect to RBS shifts. The superposition of strain and temperature induced
spectral changes has also been found to apply well for FGBs. Rayleigh scattering-based DOFS
have been successfully used to perform temperature measurements under thermal conditions
[15,16], and coupled with irradiation [17], or humidity [18]. In these investigations, RBS shifts
are modeled using linear relations to temperature with good accuracy within temperature ranges
from ca. 0 °C to ca. 75 °C. However, obvious measurement errors occur for linear fitting at
high temperatures (> 80 °C) and at cryogenic low temperatures (< -73 °C). Additionally, the
temperature induced RBS shifts are shown to be humidity and low dose radiation independent.
The review of existing literature for Rayleigh scattering-based DOFS shows clearly that super-
position/decoupling of strain and temperature induced spectral changes has not been addressed
with sufficient rigor thus far, especially for thermal conditions beyond typical inside and outside
temperatures.

In this paper, a simple and effective calculation model is realized for strain and temperature
discrimination by using the OBR, a high resolution DOFS technology based on Rayleigh
backscattering. Identical physically separated optical fibers are used to compensate for temperature
effects. During the procedure, the measurement fiber experiences a coupled mechanical and
thermal loading while the compensation fiber only the thermal loading. The temperature effect
for the OBR is shown to be nonlinear due to the thermo-optic coefficient and its relationship
with temperature. Improving state of the art, a polynomial temperature calculation formula is
deduced from a physics-based model. High precision temperature measurements over an extended
temperature range are carried out by using a customized test set-up where OBR measurements
are taken inside the temperature chamber of a DMTA (dynamic mechanical thermal analysis) test
instrument. The relationship between strain and temperature effects is studied in the coupled
mechanical and thermal loading environment. A novel high-precision calculation model is
applied to subtract temperature effects from the coupled measurement data.
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2. Experimental setup

2.1. Interrogator devices and sensors

As shown in Fig. 1(a), a reflectometer OBR 4600 from Luna Instruments is used as the interrogator
device for the DOFS measurements. The optical fiber SMB-E1550H from OFS Fitel with a
silica/silica/polyimide structure and a core diameter 6.5 pum, a cladding diameter 125 pm, and
a coating of 155 pm diameter is used for sensing strain and temperature. The independent
temperature measuring system in the experiment consists of an electronic temperature sensor
with accompanying data acquisition equipment. The temperature sensor is a special K-type
wire thermocouple SRTC-TT-KI-40-1M and the data is read and stored by a DP9800-TC digital
thermometer from OMEGA Engineering.

Fig. 1. (a) Interrogator apparatus LUNA OBR 4600, (b) Thermometer DP9800-TC.

2.2. Mechanical and thermal loading set-up

A customized experimental set-up is used to investigate the combined loading effect from strain
and temperature on the OBR RBS shift measurements. The set-up assembly (Fig. 2) consists of a
temperature chamber, a clamper, a perforated tube, and a dead weight system. The temperature
chamber from a NETZSCH Eplexor DMTA machine is used to control the temperature around
the optical fibers. The chamber has capacity from -150 °C to 500 °C. However, a smaller range
from -130 °C to 240 °C is used for this investigation. The clamper is attached to the ceiling of
the chamber to fix the top of the optical fiber. The optical fiber then passes through a perforated
tube which protects it from vibrations induced by the cooling fan. The mechanical loading
on the fibers is created by a system of dead weights. One thermocouple is plugged into the
perforated tube to provide accurate and independent temperature information about the optical
fiber measurement region. By these small modifications to the DMTA temperature chamber,
a controlled thermal and mechanical loading can be applied to individual fibers, or groups of
optical fibers simultaneously.

2.3. Measurement procedure

Before each OBR measurement, the DMTA chamber temperature is maintained for two minutes to
fully heat or cool down the optical fiber sensor and the measurement system around it. During the
testing procedure the optical fibers are heated from room temperature to the highest temperature
first and then cooled down to the lowest temperature of the range. The signals from the optical
fibers and the K-type sensors are recorded simultaneously over ca. 5 seconds period at each
temperature measurement. The average RBS shift over the measurement zone of the optical
fiber is recorded, while the mean temperature of the K-type sensor is used as an independent
temperature measurement. The K-type sensor data is used for the temperature values on the
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Fig. 2. Mechanical and thermal loading instrument with the OBR system.

x-axes of figures shown in the following Sections. The instrumentation parameters for OBR 4600
and DP9800-TC digital thermometer are shown in Table 1.

Table 1. Equipment parameters.

OBR 4600
Incident light Sensor diameter Scan mode Sensing range Gauge length Sensor spacing
A=1550 nm 155 pm Single scan-standard 60 mm 10 mm 4 mm

Digital thermometer

Sensor type Sensor diameter Limits of error
K-type (SRTC-TT-KI-40-1M) 190 pm 0.75% above 0 °C and 2.0% below 0 °C

3. Results and discussion
3.1. Thermal loading effects

In this Section, a polynomial formula is first deduced from the underlying physics. Thereafter it is
applied for precise temperature measurements with the OBR. The non-linear formula is compared
to the usual linear formula under pure thermal loading conditions over four temperature ranges.
It has to be pointed out that FBGs are outside of the experimental scope of current investigation.
However, the analyses approach described below is also applicable to these optical fiber sensors.

3.1.1.  Polynomial temperature formula

As described by Wang [ 19], the distributed Rayleigh backscattering along the length of the optical
fiber can be modeled as a weak FBG with a random period. Thus the RBS shifts induced by the
temperature change are identical to FBGs, expressed by [20]:
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AWT) _ ANT) _

— - ( - AN(T) + lAn(T)) (1)
v A n

A

where ¥ and 1 are the mean optical frequency and the mean wavelength of the scan, Av(T) is
the measured spectral shift of the light, n is the effective refractive index and A is the grating
period. The temperature sensitivity of the spectrum arises from the thermal expansion, and the
refractive index change of the glass fiber. The first term on the right-hand side corresponds to
the coefficient of thermal expansion (CTE) of silica (), and the second term corresponds to the
thermo-optic coeflicient of the fiber (f). Thus, Eq. (1) transforms into [21]:

AW(T

A —(Jn(T)dT+ J‘B(T)d’r) = -IKT(T)dT o))
5

where the temperature conversion factor is defined as K7 (T) =0+f . Thus, the temperature

induced RBS shift Avy between the OBR reference scan (fiber temperature 7= 7)) and the OBR

measurement scan (fiber temperature T'=T},,) in the Rayleigh scattering-based DOFS is calculated

by Eq. (3), where ¢ is the speed of light and A is the center wavelength of the scan (1550 nm for

the current device):
T
Avr = ‘% : JKﬂT)dT 3
¥
In the single mode silica optical fiber, the value of « is approximately 0.55 - 107%/°C, while the
value of B is from 1078 to 8.5 - 107%/°C [22]. Simplifying the values of « and f as constants,
coefficient K7 becomes equal to 6.45 - 107%/°C for the germanosilicate core fiber used in this
research. The relationship between the temperature change AT =T,, - T, and the temperature
change induced RBS shift Avy for this OBR measurement set-up is sometimes described in even
simpler form, using Cr as the constant equal to -1.248 GHz/°C, in:

Al‘r = CT AT (4)

However, in the infrared wavelength region adopted by the OBR system, the [ of silica glass
has also been found to be strongly dependent of temperature [23-26]. The relationship between
temperature and refractive index n exhibits a non-linear behavior at high temperatures [16]. The
optical properties of materials (including refractive index n) are determined by coupling various
types of oscillators to the electromagnetic radiation field. Corte et al. [24] uses a single oscillator
model to obtain the refractive index n of silica by:

2
E
B-P

5
n=1+

S)

where E), is electronic plasma energy, E the photon energy, and E; is the optical band gap
average energy. The E), is inversely proportional to the volume, and the E, is dependent on the
temperature. In order to show the temperature dependence of the refractive index, a physically
meaningful model from Gorachand Ghosh [25,26] is hereby applied. In this model, E;; = EgE g,
where E,, is the excitonic band gap and Ej; is the isentropic band gap in the infrared region
as shown in the energy level diagram (Fig. 3). As shown in Eq. (6), the model of Ghosh [25]
includes the first right-hand term which is related to the CTE (), and the second right-hand term
related to optical band gap temperature coefficients E,, and E;,. The isentropic band gap Ej,
is considered invariant with temperature, thus the temperature shift of excitonic band gap E,,
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controls the quantitive behavior of dn/dT [25]. A simple model for § is now expressed by Eq. (7).

dn  n?-1 =11 dE, Eizg
=E——(-3) s — | — —=  —
B dt 2n =3d) 2n (E“. dT  E? 2 ©)
B =A(T)+B(T) 0]

where thermo-optic coefficient 3 is controlled by two factors A(T) and B(T). It is assumed that
the first factor A(7) represents the contribution from the CTE (a), and the second term, B(T)
represents the contribution of the excitonic band gap (E,,). According to Ghosh [25], A(T) has
only a minor contribution to the temperature dependence of the refractive index compared to
B(T), and is viewed as constant ag in Eq. (8), while a quadratic function of temperature is used to
express the contribution of B(T) as shown in Eq. (9) [25].

B =ag+B(T) ®
B(T) = by + b\ T + byT* )
Thereby, K7 also becomes expressed as a quadratic function of temperature:
Kr(T)=a+p=a+ay+B(T) = Hy + HT + H,T? (10)
Finally, inserting Eq. (10) into Eq. (3), the latter can be rewritten and rearranged as:

T
dor ==+ [ KnOT = Ty =T+ QTR =T+ =T ()
s
where the temperature difference and the RBS shift between the reference test and the measurement
test become related by the polynomial temperature formula. This formula is physics-based and
enables high precision temperature measurements with the OBR. Based on analogy the formula
is also applicable for the FBGs.

(O Concucton bang

Isentropic band
Electrons Excitonic band
O @ 3

(GRC)

Ejq Ey

Fig. 3. Energy level diagram for silica glass.

3.1.2. Comparison between linear and polynomial formulas

A reference OBR test was implemented at 7, = 30.6 °C, and then a series of measurements were
performed over a temperature range from —130 °C to 200 °C. Five independent optical fibers (A,
B, C. D and E) were positioned simultaneously in the temperature chamber (see Fig. 2) without
any mechanical loading. The measured RBS shift was fitted by the usual linear model and the
new non-linear model separately to compare the difference between the two approaches. The
measured data and the parameters of linear and non-linear curve fits are shown in Fig. 4 and in

94



Paper 11

Vol. 29, No. 2/ 18 January 2021/ Oplics Express 1538 |

Optics EXPRESS

Table 2, respectively. The linear model is described by Avy = a + bT,,, where Avy is the RBS
shift induced by thermal loading, 7}, is the temperature of the measurement scan, b = —-KT,
and a has the value of Avy when 7, =0 °C. The non-linear model is expressed by Eq. ( 11),
where 7, =30.6 °C (reference temperature). By using the linear curve fitting formula, the value
of b=-1.225 GHz/°C was obtained, similar to —$K7 =-1.248 GHz/°C predicted previously in
Section 3.1.1. The results in [15-18,27] show lhal linear fitting is reasonable within a small
temperature range, however the discrepancies of using a linear formula become evident with
temperatures far away from the reference temperature. The measurement data and the fitting
curves of four different ranges symmetric to room temperature (see Fig. 4) are shown in Fig. 5
for visual comparison. In the smallest Range 1 (from -5 °C to 45 °C), both the linear and
polynomial fitting curves agree with the measurement data, almost overlapping each other. With
the expansion of the temperature range, the linear and polynomial fitting curves start to diverge
from each other as shown for Range 2 (from -25 °C to 65 °C) and for Range 3 (from -85 °C
to 125 °C). In the widest Range 4 (from -125 °C to 165 °C) only the non-linear curve is still
acceptable for representing the measurement data.

200 —

———f———

Avy, GHz

et 1o S X

450 100 -50 0 50 100 150 200
Temperature, °C

Fi

ig. 4. Thermal loading induced RBS shifts measured by the OBR.

Table 2. Parameters obtained for linear and non-linear curve fitting models.

Linear fitting formula Avr =a+bT),

a (GHz) 37.76

b (GHz/°C) -1.22

Polynomial fitting formula Avy = Co(T — Ty) + C(TR — T?) + Co(Tj, - T})
7, (°C) 30.6

Cy (GHZ/°C) 1.18

€y (GHz°C?) 135-107*

Cy (GHz°C?) 256-1077
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Fig. 5. The RBS shifts from the OBR and two alternative fitting curves when expanding the
temperature range.

The adjusted R-squared metric is a modified version of the R-squared that is often used to
evaluate the goodness-of-fit. High adjusted R-squared <1 indicates a good fit for the model.
The adjusted R-squared is calculated for different temperature ranges and the results are shown
in Fig. 6(a). The linear and non-linear fitting curves have very similar R? values for Range 1.
When the temperature range becomes wider, as expected, the polynomial formula shows a greatly
improved goodness-of-fit compared to the linear formula. Figure 6(b) dispalys the relative errors
for the OBR temperature measurements (%eerror) when using the polynomial and the linear
formulas:

ITx — Togrl

K
where T is the temperature measured by the K-type thermocouple (Fig. 2) and Tppg is the
temperature measured by the OBR using the optical fiber. When the temperature remains within
Range 1, there is little difference between the errors of polynomial and linear formulas (mostly <
5%). When the temperature exceeds Range 1, the polynomial formula shows a better temperature
measurement precision over the whole measured temperature range. This experiment clearly
demonstrates how the polynomial formula deduced from physics-based models improves the
temperature measurement accuracy over an extended temperature range.

Yoerror = - 100% (12)

3.2. Mechanical loading effects

In the absence of temperature change, the mechanical strain relationship to the RBS shift can be
written as [19]:

(13)
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Fig. 6. The goodness of linear and polynomial fitting formulas with increasing temperature
range: (a) Adjusted R-squared metric, (b) Relative error in the temperature measurement.

where K, is the strain coefficient and ¢ is the speed of light. Previous research in our group has
shown that K is a constant with a value of 0.787 [28]. Thus, Eq. (13) yields the conversion
factor: € =(-6.67 pe /GHz) Avy for this OBR system.

3.3.  Decoupling of mechanical and thermal loading effects

In this Section, the optical fibers are exposed to loading environments where a constant mechanical
loading is coupled with varying thermal loads, and a constant thermal loading is coupled with
varying mechanical loads. The relationship between strain and temperature effects for the RBS
shift is experimentally investigated. Both, the linear and the non-linear (polynomial) formulas
are applied for decoupling the mechanical and thermal loading effects. The relative errors of the
two methods are compared.

3.3.1. Coupled mechanical and thermal loading

The optical fiber (OF1) was measured before and after it was loaded by a dead weight (60.23 g)
at room temperature. This measurement gives the pure mechanical loading induced RBS shift
(Avpar). The mean value of Avpys over the measurement zone (Fig. 2) was calculated -95 GHz,
shown by a green dashed line in Fig. 7(a). Subsequently, four additional independent optical
fibers (OF2, OF3, OF4 and OF5) were placed into the temperature chamber. The measurement
temperature of the chamber was varied from —125 °C to 240 °C. The RBS shift of OF1 (Avygar)
was induced by coupled mechanical and thermal loading, while the other four fibers sensed only
the same thermal loading without any mechanical loading. The Avy is the average RBS shift of
four optical fibers over their measurement zones. The Avygas from OFI shows the same nonlinear
trend as Avy but at values uniformly shifted below from Avy. The mechanical loading induced
RBS shift Avy (blue dotted line) is achieved by subtracting Avy from Avrga. As evident from
Fig. 7(a), the Avys shows almost no variation with temperature and is in excellent agreement with
A\’pM.

Finally, another optical fiber (OF6) was subjected to a changing mechanical load by using
different dead weights at 20.6 °C and at 30.1 °C separately. Figure 7(b) shows the Avygys of
OF6 at these two different temperatures while increasing the dead weight. The temperature
difference induced Avy is calculated by subtracting Avygy at 20.6 °C from Avrgy at 30.1 °C
at the same weight. Figure 7(b) shows that, at constant temperature, the mechanical loading
affects the RBS shifts in the OBR linearly with applied dead weight (i.e., mechanical strain).
The constant small difference between Avrgar (empty and solid circles) comes from the small
temperature difference. The Avy remains mechanical loading independent. These results show
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Fig. 7. The RBS shifts of optical fibers under coupled mechanical and thermal loading
conditions. measured by the OBR.

that mechanical and thermally-induced effects can be considered independent from each other in
the OBR measurements. Thus, the strain and the temperature effects can be added/subtracted by
superposing the RBS shifts under coupled loading conditions.

3.3.2. Application of the polynomial formula

Mechanical loading is typically of main concern in the analysis of structures. That means the
strain measurements are usually considered as the primary outputs from optical fiber sensors in
engineering applications. The environmental temperatures can be obtained from separate thermal
sensors and the influence of temperature is then subtracted from the overall loading effect. The
linear and polynomial formulas are hereby applied to obtain pure mechanical strains from the
coupled loading on the optical fiber. A new optical fiber (OF7) is loaded by using a dead weight
of 29.32 g. The temperature data is obtained from an independent K-type thermal sensor. The
pure Avyy is decoupled by the same subtraction of OBR measurements as seen in Fig. 7(a) and as
described in Section 3.3.1. Figure 8 shows the Avyga of OF7 while changing the surrounding
temperature from —100 °C to 240 °C. The pure mechanical loading induced RBS shift Avgyy
of OF7 was measured by the OBR at reference temperature (31.4 °C) before and after loading
by the dead weight. The Avy_p is the mechanical loading induced RBS shift when subtracting
the Avy calculated by the polynomial formula (Table 2) from Avygas, while the Avyy_ uses the
linear formula (Table 2). As shown in Fig. 9(a), both the values of Avy_p and Avy; are in
very good agreement with the Avgy from 0 °C to 50 °C. The difference between the Avy_p and
Avyg—g. increases rapidly when the temperature is higher than 60 °C or lower than 0 °C.

The relative error (%error) between linear and polynomial formulas is also compared in
Fig. 9(b):

[Avey = Avy|

- 100% (14)

Yeerror =
Avrm

where Avyy can be Avy_p or Avy_; based on the formula applied. When the temperature shift is
small (e.g., as in Range 1 in Figs. 4-6), there is little practical difference between the measuring
errors of the polynomial and the linear formulas (< 3%). When the temperatures exceed the range
from ca. -25 °C to 75 °C, the linear model becomes poorly suited for decoupling mechanical and
thermal loading effects in the OBR measurement. The polynomial model works well over the
whole temperature range. Thus, the polynomial formula is a more accurate model to account for
thermal loading effects. It enables to decouple RBS shifts with a higher precision over a wider
range of temperatures.
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Fig. 9. A comparison between linear and polynomial models for an engineering application:
(a) decoupled mechanical loading RBS shifts, (b) relative errors of RBS shift measurements.

4. Conclusions

1. Thermal loading induced RBS shifts of the OBR measurements are proven to be non-
linear with temperature due to the relationship between the thermo-optic coefficient and
temperature.

2. A polynomial formula is deduced from physics-based models for accurate temperature
measurements with the OBR. The polynomial formula shows a higher temperature
measurement precision than a linear formula over an extended temperature range.

3. Pure mechanical loading induced RBS shifts are shown to be linear with strain. Under
coupled OBR measurement conditions, the mechanical and thermal loading effects are
shown to be independent from each other. Pure mechanical strains can be obtained by
subtracting the temperature effect (e.g. modelled by the polynomial formula) from the
coupled RBS shift.
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Abstract: Structural health monitoring (SHM) is a challenge for many industries. Over the last
decade, novel strain monitoring methods using optical fibers have been implemented for SHM
in aerospace, energy storage, marine, and civil engineering structures. However, the practical
attachment of optical fibers (OFs) to the component is still problematic. While monitoring, the
amount of substrate strain lost by the OF attachment is often unclear, and difficult to predict under
long-term loads. This investigation clarifies how different attachment methods perform under time-
dependent loading. Optical fibers are attached on metal, thermoset composite, and thermoplastic
substrates for distributed strain sensing. Strains along distributed optical fiber sensors (DOFS) are
measured by optical backscatter reflectometry (OBR) and compared to contact extensometer strains
under tensile creep loading. The quality of the bondline and its influence on the strain transfer is
analyzed. Residual strains and strain fluctuations along the sensor fiber are correlated to the fiber
attachment method. Results show that a machine-controlled attachment process (such as in situ 3-D
printing) holds great promise for the future as it achieves a highly uniform bondline and provides
accurate strain measurements.

Keywords: structural health monitoring; optical fiber; attachment methods; 3-D printing; distributed
strain sensing

1. Introduction

Maintaining the integrity of structural components and infrastructures over years of
service is a considerable challenge, and many structural health monitoring (SHM) systems
have been developed for this purpose. Among those, distributed optical fiber sensors
(DOFSs), or optical fiber (OF) sensors in short, hold many advantages over traditional SHM
technologies. Notably, the OF measures directly on the component, it has a long service life,
a good corrosion resistance, a small size, and it is immune to electromagnetic interference.

However, the integration of OF sensors inside the component, or attaching them on the
component surface, is still a challenge for many practical applications [1]. A limited scope
literature review identifies basic types of attachment methods [2-15] for fixing the optical
fibers, as shown in Table 1. Structural engineering applications (concrete, timber, and steel)
tend to adhere the OF directly on the surface by a rigid glue [2], pre-embed the OF in a
package filled with rigid glue or soft rubber [5-7], or attach specialized optical cables to the
component [8]. Similar methods are adopted for polymers and polymer composites [9,10].
In addition, the OF can be embedded directly inside the polymer or composite components
during the manufacturing process [11-15]. Polymer matrix surrounding the OF enables
the strain transfer and protects the sensor. When the OF is attached on the surface, the
geometry and the mechanical properties of the bondline will affect the accuracy of strain
measurements. Thin and rigid bonding is necessary for accurate transfer of strain. Non-
appropriate attachments can decrease the strain transfer coefficient, add noise, and give
false measurements [16]. Adhesives, such as epoxy, cyanoacrylate, polyester, and quartz
glue, are used quite arbitrarily on many substrate materials. The low surface energy,
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however, becomes a challenge for reliable bonding on thermoplastics with these standard
adhesives [17].

Table 1. An overview of optical fiber attachment concepts.

Substrate Attachment Method ~ Adhesives Application Case

Cyanoacrylate, epoxy, Strain, cracking,
quartz glue, polyester  and vibration [2-4]
Epoxy, silicone,

Surface mounting

Concrete, steel, and

timber Pre-embedded bar Sabler Strain [5-7]
Specialized optical Creep strains and
cables Epoxy temperature [8]

Thermosets Surface mounting Cyanoacrylate Sh(fifn::ss. degradation

and thermoset and strain [9]

it

composites Embedding Epoxy resin Impact damage [10,11]
Surface mounting Cyanoacrylate Strain [12]

Thermoplastics (El_r[r; Z:{fg;fp) Inside the composite  Residual strains [13]

and thermoplastic  Empedding Partially fixed with

Relaxation [14]

composites (Hot-pressing) epoxy
In situ ?m.beddlng Inside the polymer Residual st}'alns
(3-D printing) and defects [15]

To date, the experimental work on attachment methods of distributed OF sensors
has been very limited. This is the first investigation where attachments for DOFS are
compared under time-dependent loading. Spatially and temporally varying strain profiles
are compared along the OF attachment bondline. Practical solutions for fixing the OF on
metals, thermoset composites, and thermoplastics are experimentally compared. Both
crosslinked structural adhesives and un-crosslinked melting/fusion-based attachments are
employed for the sensor attachment process. All attachments remain intact throughout the
creep test, so any glueline durability aspects are out of the scope of this investigation.

Experimental strains from optical fibers revealed distinct regions of strain disturbances
at the ingress/egress parts of the DOFS. These regions are present for all OF attachments,
affecting distributed strain analysis, especially if the attachment lengths are short. Practical
analysis methods are suggested for estimating the lengths of the disturbed regions. More-
over, residual strains, as created by the attachment process, were easily characterized by
the optical fiber self-recording measurements. Strain fluctuations along the OF length were
related to specific fiber attachment processes. A novel optical fiber attachment method
based on polymer extrusion additive manufacturing showed good performance, achieving
uniform and accurate OF strain measurements.

2. Materials and Methods
2.1. Materials

Three material systems were employed as substrate specimens carrying OFs for
tensile creep experiments: a glass fiber epoxy composite, a 3-D-printed PA6 thermoplastic
(unreinforced), and a generic mild steel. Between them, a wide range of material behaviors
are covered. Structural steel, when loaded within the elastic range, gives negligible time-
dependent strains. Unreinforced PA6, on the other hand, creeps extensively already at
low loads at room temperature. The GF/Epoxy composite response to creep depends on
the lay-up but is somewhere between the previous two materials. Test specimens from all
substrate materials were prepared in dogbone shapes, with nominal dimensions adopted
from ASTM E8 [18] and ASTM D638 [19] standards, as described in Figure 1 and Table 2.
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Figure 1. The geometry of specimens and the positioning of the optical fiber (OF).

Table 2. Dogbone specimen dimensions (mm), after ASTM E8 [18] and ASTM D638 [19], with
reference to Figure 1.

Dimensions PA6 GF/Epoxy Steel
GL—Gauge length 50 50 25
GW—Width 13 13 6
T—Thickness 6.4 7 3
R—Radius of fillet 76 76 6
L—Overall length 165 165 100
A—Length of reduced parallel section 57 57 32
B—Distance between grips 115 115 40
W—Width of grip section 19 19 10
OF L—Attached optical fiber length 50 50 25
EXT L—Extensometer gauge length 50 50 25

Steel and GF/Epoxy dogbones were extracted from plates with a water jet cutting
system. Steel specimens were cut from a 3-mm-thick plate. The GF/Epoxy plate (7 mm
thick) was made by vacuum-assisted resin infusion using 8 layers of 1200 gsm unidirec-
tional 3B HiPer-tex fabric in a quasi-isotropic [90, 45, 0, —45]; layup sequence. The epoxy
was mixed from EPIKOTE MGS RIMR 135 and EPIKURE curing agent MGS RIMH 137.
PA6 dogbones were built on a PRUSA 13 MK2S 3-D printer from natural Ultrafuse 1.75 mm
filaments. The polyamide specimens were also infilled by a [90, 45, 0, —45]4s layup using a
0.2 mm layer height.

All specimens received the same basic surface preparation by cleaning with acetone,
abrading with the 120 grit sanding paper, and re-cleaning with acetone, before attaching the
OFs. The optical fiber sensor is SMB-E1550H from OFS Fitel. It is a silica/silica/polyimide
fiber with a core diameter of 6.5 um, a cladding diameter of 125 um, and a coating diameter
of 155 um. Altogether, five attachment methods were used for fixing the optical fibers
as summarized in Table 3. These attachment methods were chosen based on previous
projects in our lab: a regular cyanoacrylate glue, two types of epoxies (one cold/rapid
curing and one hot-curing epoxy film), and two thermoplastic fusion-based attachments
(one manual welding and one 3-D printing-based welding). The ‘Embedding’ method
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by 3-D printing was only employed for PA6 specimens, after being built on the same 3-D
printer. All specimens had a single OF installed along the centerline of the specimen, as
shown in Figure 1.

Table 3. Investigated optical fiber attachment methods.

Attachment

3 Shorthand Name Method Details !
Denotation

a ‘Cyanoacrylate’  Cyanoacrylate adhesive Slaqdard aliesive for
strain gauges.

b ‘Araldite’ Araldite Rapid adhesive Twocomponent sapid
curing epoxy.
Adhesive film (Gurit SA 80)

c ‘Epoxy’ Epoxy film adhesive i plaverd pver the OF, and

cured for 12 hat 80 °C
under vacuum.

A PAG6 filament (1.75 mm,
natural, Ultrafuse) is
melted and extruded with
a Leister Triac hot-air tool.

OF is manually fused/glued
d ‘Weld’ on the substrate by a filament
of thermoplastic material

The OF is 3-D printed under
a cuboid volume

e ‘Embedding’ (64 mm x 10 mm x 0.4 mm)
embedding it directly on the
surface of the PA6 specimen.

PA6 (1.75 mm filament,
natural, Ultrafuse).

! Room temperature varied between 19 and 25 °C and relative humidity between 15 and 35% during the
attachment and testing procedures.

2.2. Creep Testing

Mechanical testing was performed on a 5 kN MTS Model 42 universal testing machine.
An illustration of the applied creep load-time curve can be seen in Figure 2. At the
beginning of the test (time #;), all specimens were initially loaded to the same preload (15 N),
and then further until the defined creep load using a high cross-head speed (100 mm/min
for GF/Epoxy and PA6, and 10 mm/min for steel). The small load overshoot before time t,
is an artifact of control-loop programming. The load adjusted quickly (<40 s) and it was
maintained constant with less than 1 N variation during the one-hour creep test. Time #; is
defined as the start of the creep load, which was kept on until ¢, = 3600 s.

T ey T T T T T T T
3 : : Remove load -
: Constant creep load: 4800 N for GF/Epoxy :
P 3 2300 N for PA6 | g
[t 830 N for Steel : i
_— ' 1
&L i 1
= ! 1
< ' I
er 1 N B
—_ ' |
- ' ' R
! l
= t, = 0 second t,= 3600 seconds | ]
: Creep for an hour v
ISN«f (3] 4
N e . . . . . P——

Time (s)

Figure 2. The creep loading procedure.
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2.3. Strain Measurements

A contact extensometer Instron 2620-601 with the same gauge length as the OF at-
tachment length OF L in Figure 1, was adopted for independent strain measurements.
Extensometer strains are compared to the averaged OF strains of the same specimen.

Reflectometer OBR 4600 from Luna Instruments was used as the OF interrogator
device. Technical details about the entire distributed strain measurement system can be
found in Appendix A. To obtain any strain measurement, two light spectra, one from
the reference scan and one from the measurement scan, are analyzed in the software. In
the program, the OF becomes divided into many virtual strain gauges along the sensing
length of the fiber. Each gauge works as a separate virtual strain sensor. All virtual sensors
have the same gauge length and spacing between them as shown in Figure 3a. In our
work, a sensor spacing of 0.5 mm and a gauge length of 10 mm were selected. This gives
overlapping virtual strain gauges. Based on previous experience, this configuration is a
good compromise between high spatial resolution and unwanted noise occurrences. Strains
are calculated from the frequency shifts of the measured spectrum and averaged along the
length of each virtual sensor. Thus, some strains from the ingress and egress parts of the
OF can be artificially smaller than the natural strain in the surrounding material. The OBR
measured /calculated strain curve in the ingress and egress parts tapers gradually as shown
in Figure 3b. The disturbed region I contains a gradually increasing curve in the ingress
region and a gradually decreasing curve in the egress region. It would seem reasonable
to assume that / should be equal to the chosen virtual gauge length value. However, the
OBR system uses a cross-correlation algorithm to compare the spectra before and after
loading. When only a small part of the virtual strain gauge exceeds the attachment length,
the calculated strain will not decrease just yet. The disturbed region / therefore turns out to
be slightly smaller than the gauge length [20]. Avoiding inaccurate ingress/egress regions
I, only strains from the central region of the attached fiber can be used to calculate the
average OF strain. This quasi-constant central region is referred to as the region of interest
(ROI) as indicated in Figure 3b.
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Strain
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(3]

g
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0.0 Fesvssntioo) 221 H i
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| Fully coveredgauge |____ ! Partially covered gauge I (Free fiber | , Coveredfiber | Free Soer

(a) (b)

Figure 3. Illustration of OBR post processing parameters (a) and strains at the disturbed region [ at the ingress/egress of the

OF (b).

The OBR measurements were recorded every 60 s throughout the 1 h creep test. In
order to calculate strain, three kinds of reference measurements were used. References
taken before the OFs were attached on the specimens (i.e., free OFs) are hereby denoted as
free-fiber references. Strains calculated by comparing to the free-fiber reference are called
relative free-fiber strains. Two kinds of references were taken at times t, of the creep test,
where x =1, 2, as seen in Figure 2. The strains obtained by comparison to the reference
at f, are called relative-t, strains. Relative-t; strains represent the time-dependent strain
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development during tensile creep. Relative-t; strains are similar, but additionally include
the strain from the load ramp-up procedure.

3. Results

Tensile creep testing was carried out on GF/Epoxy, PA6, and steel specimens. Creep
loads were applied as 4800, 2300, and 830 N, which acting on 91, 83.2, and 18 mm? cross-
section areas, gave approximately 2500, 18000, and 250 pe initial (short-term) strains,
respectively.

In the current Section 3, raw data from the tests is displayed as follows: (i) exper-
imental strain measurements from three types of substrate specimens are presented by
different OF attachment methods, separately; and (ii) spatial and temporal strain curves
are accompanied by a coarse analysis of presented data. A more detailed analysis is carried
out later in Section 4.

3.1. GF/Epoxy Composite

Figure 4 shows the relative-t, spatial strain profiles obtained by the OBR at 60, 600,
1800, and 3600 s after t,. Analogous relative-t; strains from the contact extensometer,
constant within the EXT L gauge length, are also plotted on the same figure. The midpoints
and the start/end points of the OF attachments are indicated by vertical dashed and solid
lines, respectively. These positions correspond to the same markings in Figure 1. The OF
attachment length (OF L) is nominally the same as EXT L of the extensometer; however,
some adhesives flowed during the curing process, leading to a longer actual OF L for
these attachments. The ROI was defined as 40 mm in the center of the OF L to calculate
the average relative-f, OF strains shown in Figure 5. The error bars in Figure 5 show
+1 standard deviation for the OF strain profiles within the ROL
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Figure 4. Relative-f; spatial strain profiles on GF/Epoxy specimens.
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Figure 5. Average relative-f, strains of GF/Epoxy specimens measured throughout the creep test.

In Figure 4, all OF attachments are seen to behave qualitatively in a similar fashion.
The OFs display positive strains in reverse bath-tub profiles, which increase with time
during creep loading, as expected. Strains from the ‘Cyanoacrylate” and ‘Epoxy” film
attachments show a more consistent flat plateau than from the manually applied ‘Araldite’
and ‘Weld” attachments. However, even the biggest strain fluctuation, e.g., in ‘Araldite’
(ca. 25 pe) is small compared to the initial strain from loading the GF/Epoxy specimen
(ca. 2500 pe). Only the OF strain profile of the ‘Cyanoacrylate’ attachment compares
well to corresponding strains from the extensometer. The OF strains from ‘Araldite’,
‘Epoxy’, and especially the ‘Weld" attachments, are clearly lower than the corresponding
extensometer strains.

A detailed temporal comparison of average relative-t; strains from the OBR and
the extensometer is shown in Figure 5. All strains increase with time, while the slope
of the curve decreases. Relative-t; extensometer strains behave generally in the same
manner as the averaged OF strains during creep. The relative-t, strain increase for the
‘Weld’ attachment is ca. 200 pe after 3600 s, while it is only around 80 ue for all other
attachments. Since both the OBR and the extensometer show similarly high values for
the “Weld” attachment, this inconsistency must arise from an unknown variability in the
specimen production/preparation. Throughout all creep testing, the strains from the OBR
are consistently smaller than strains from the extensometer. The difference between the
OBR and extensometer strains is smallest for the ‘Cyanoacrylate’ attachment compared to
the other three attachments. The yellow markings with coefficients C (time) in Figure 5 are
clarified and discussed later in Section 4.

108



Sensors 2021, 21, 6879

Paper III

8of 24

14000
12000
10000

6000
4000

Microstrain (i)

1

-2000

14000
12000
10000

6000

Microstrain (j1€)

2000

-2000

3.2. Thermoplastic PA6

The PA6 specimens were initially loaded to very high strains of ca. 18000 pe. There-
after, Figure 6 shows how relative-f; strains along the OFs compare to the corresponding
strain profiles from the extensometer. As relative-f; strains exceed 6000-12000 pe after 1 h
of creep, overall strains approaching 3% are hereby measured on PA6 dogbones. Regard-
less of the high strain values, all attachments display strain curves that are qualitatively
similar to the GF/Epoxy specimen curves previously. Strains fluctuate with respect to
position and rise with increasing time. The new attachment ‘Embedding’ by 3-D printing
also shows similar characteristics to other attachments. Notably, the strain profiles of the

‘Embedding’ attachment are very consistent and uniform. The profiles of ‘Cyanoacrylate

q

and ‘Embedding’ attachments compare best to corresponding strains from the extensome-
ter. OF strains from “Araldite’ and ‘Weld’ attachments are higher than the corresponding
extensometer strains, while OF strains from ‘Epoxy” are lower. The temporal development
of average relative-t; strains on the PA6 specimens in Figure 7 was calculated using the
same ROI = 40 mm as for GF/Epoxy specimens. For GF/Epoxy, the strains from the OBR
were consistently smaller than strains from the extensometer. This relationship is more
complex for PA6, as shown in Figure 7, where the OBR strains are now measured larger
for ‘Cyanoacrylate’, ‘Araldite’, and ‘Weld’ attachments. For the ‘Embedding’ attachment,
excellent agreement between OBR and extensometer strains can be noted.
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Figure 7. Average relative-t; strains of PA6 specimens measured throughout the creep test.
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3.3. Steel

Creep strains are very small for steel specimens at room temperature. Therefore,
relative-f; strains, i.e., using reference measurements from unloaded specimens, were
chosen for the spatial strain data analysis. Relative-f; strain profiles from the OBR and from
the extensometer are compared in Figure 8. All strain profiles from the OBR (except for the
‘Weld’) show high variability along the attachment length. This can be caused by the small
size of the steel specimen, which negatively affects the practical attachment procedure. It
proved difficult to manually handle OFs over short attachment lengths, and to fix them
uniformly onto small-sized steel specimens. Expectedly, the OBR strains did not change
much during creep loading. However, the extensometer strains appear to increase with
time by ca. 20-35 pe. This was unexpected; however, it was witnessed from all experiments
in Figure 8. In order to clarify how strains from the OBR and the extensometer diverge
during creep, average relative-t; strain developments (using ROI = 15 mm) are shown in
Figure 9. All strain—time curves measured by the OBR fluctuate around zero. Contrary to
the OBR, the extensometer shows increasing strain-time curves before ca. 1500-1800 s and
then the curves remain flat. This behavior was seen on all specimens consistently, and it
is likely related to the warmup drift of the extensometer. Potential issues that can affect
contact extensometer strains are briefly summarized in Appendix B.
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Figure 8. Relative-t; spatial strain profiles on steel specimens.
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Figure 9. Average relative-t; strains of steel specimens measured throughout the creep test.

4. Discussion

Based on the raw data from Section 3, the differences between the adopted attachment
methods are further analyzed and discussed in detail. In addition, residual strains are
presented, and their creation mechanisms are discussed. Correlations between attachment
methods and strain data are also emphasized.

4.1. The OF Attachment Process

As seen from Figures 4 and 6, different OF attachment methods produce different
shapes of spatial strain profiles. Not only are the mean values different, but the strain profile
variability along the OF is clearly different. The OF attachment process appears to affect
the strain profile variability. Well-controlled attachment methods (‘Cyanoacrylate’, ‘Epoxy’,
‘Embedding’) tend to produce more uniform strain profiles compared to less-controlled
methods (‘Araldite’, “Weld’). Small imperfections, such as small cracks, thickness variations
in the adhesion layer, and misalignment of the attached OF, are well-known quality issues.
These imperfections are created in the attachment process, producing noisy datapoints or
local distortions in the strain profile.

4.1.1. Residual Strains

Residual strains are created in the attachment process when fixing the OFs to the
substrate, before any external mechanical loading occurs. These residual strains are not
trivial to predict or measure by conventional means. However, they can be characterized
directly, since the OF works as a strain sensor throughout the attachment process. To this
end, the pre-attachment free fiber is taken as the reference state, and the load-free condition
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after the attachment (without any external loading) as the measurement state. Figure 10
shows residual strains from all five attachments on steel, GF/Epoxy, and PA6 substrates.
The centerlines of substrate specimens are shifted to a common generic 100 mm coordinate,

marked by a vertical dashed line.
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Figure 10. Residual strain profiles along the attached OFs.

Residual strains from cold curing ‘Cyanoacrylate” and ‘Araldite’ attachments from
Figure 10a,b are small (below £150 pe) on all substrates. They are created by a combination
of compressive shrinkage and a small tensile pre-stretch, applied by hand on the optical
fiber. In room-temperature curing, compressive strains are generated from chemical volu-
metric shrinkage during crosslinking. At the same time, during the installation process,
the OF was slightly stretched (using two tapes outside the gauge area) to align it with the
specimen. This pre-stretch was hand-controlled, and thus the magnitude of tensile strain
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varied over different specimens. Figure 11a illustrates in detail how in these cold-curing
cases the overall residual strain consists of the pre-stretch (measured during the attachment
process) and from the curing shrinkage (calculated by subtracting the pre-stretch from the
overall residual strain).
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Figure 11. Residual strain formation for cold and hot curing OF attachments.

For the ‘Epoxy’ attachment in Figure 10c, residual strains on all specimens are pre-
dominantly compressive and much larger than residual strains from the cold curing
‘Cyanoacrylate’” and ‘Araldite” attachments previously. During the fiber attachment, the
specimens were heated in an oven for 12 h at 80 °C to cross-link the epoxy film and then
cooled back down to room temperature. In addition to chemical volumetric shrinkage
of epoxy from curing, the residual strains of the ‘Epoxy” attachment originate from the
physical volumetric shrinkage of substrates during the cooling process. This process is
illustrated in Figure 11b. The temperature change for all three specimens is ca. 60 °C, while
the CTE of PA6 (80-90 pum/(m°C)) is much larger than CTE of steel (9-17 um/(m°C)),
and CTE of quasi-isotropic GF/Epoxy (12-20 um/(m°C)). Thus, residual strains on PA6
became much larger (ca. —6000 pe) than residual strains on GF/Epoxy and steel specimens
(ca. —500 pe).

Residual strains for the manually applied ‘Weld”’ attachment in Figure 10d appear
less uniform. The mechanism of residual strain creation becomes rather complex, as the
strain value is affected by the local shrinkage of PA6 filament (after hot-air welding), and
similarly, local contraction of substrates during cooling. Because of locally inconsistent
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temperatures from the hand-controlled weld process, uneven distributions of residual
strains along the OFs are created.

The residual strains of in situ ‘Embedding’ (Figure 10e) originate from the shrinkage
of cooling from the deposited PA6 filament during the 3-D printing process [15]. Printing
parameters, such as the temperature, extrusion speed, and printing speed, are automatically
well controlled, resulting in a high but very uniform residual strain distribution along the
attached OF.

In summary, the residual strains of ‘Cyanoacrylate’, ‘Araldite’, and ‘Weld’ attachments
are strongly affected by local effects in the attachments process. Thereby, residual strain
becomes very inconsistent. In contrast, the residual strains of the ‘Epoxy” and ‘Embedding’
attachments originate from a global and more uniform source of strain on the specimens.
Fluctuations in the residual strain profile refer to a non-uniform occurrence in the bondline
in terms of thickness, small cracks, etc. The nonuniform cooling process of the specimen
(even for ‘Epoxy” when taken out of the oven) may also contribute to some variations in
residual strains.

4.1.2. Correlation between Residual Strains and Creep Strains

During data analysis, correlations between the residual strains and creep strains were
noted for some attachment methods. To visualize these correlations, residual strains and
relative-t; OF strains (at 60 and 3600 s) were first normalized by the peak values of strain
curves within the ROI Then, correlations between the normalized residual strain and
normalized relative-t; strain were visualized by calculating an index S:

er (t)
en (D)

S(t) = % 100% 1

where eﬁ is the normalized residual strain and s{‘i is the normalized relative-f, strain.
Figure 12 shows the calculated indices S(f), for all attachment types on PA6 specimens, at
t =60 sand f = 3600 s. Specifically, from Figure 12c,e, it is easy to see excellent, nearly one to
one correlation between the normalized ‘Epoxy’ and ‘Embedding’ strains between 80 mm
and 130 mm position along the attachment length, while the S index varies randomly
elsewhere. This correlation shows how creep strains that develop later in life are affected
by the specific (imperfect) attachment process.

200~ 200
} t=60s | t=3600s

i

Index S (%)
S
b g
Index S (%)
8

g
v
g
2

ola L ol nf

0 25 50 75 100125150175200 0 25 50 75 100125150175200

Position (mm) Position (mm)
(a) Cyanoacrylate

200 200, .
} L 1=60s | t=3600s

g
g

Index S (%)
8

3
i,
3
%

I e 4 4 fan 2@ 2
00 25 50 75 100125150 175200 00 25 50 75 100125150 175200

Position (mm) Position (mm)

(b) Araldite

Figure 12. Cont.

115



Sensors 2021, 21, 6879

Paper III

15 of 24

200 T 200
| : '-lfa)s } = 3600 s
_ 150} 4\ s _ 150}
2 | s : 2 |
“ 100} N~ Z 100!
s | 3 ¢ 2 S
- } E | )
sot: . ¢ so}
A T it [ R0
Lo e &S saranihe, P W
0925 50 75 100125 150175200 0935 50 75 100125150 175200
Position (mm) Position (mm)
() Epoxy
200 200 T
le 4 t=60s" | 1=3600%
_1sol & L 150} e
P 2 $
~ v | ¥ =~
® 100}=pmveg==flrn % 100 /
1} | o LS LI z . +
I z Ve '
sot - b 50} @ | e ..
Be - | i : 3
ol A ol J 3
0 25 50 75 100125150175200 0 25 50 75 100125150175200
Position (mm) Position (mm)
(d) Weld
200 200,
i ’ =3600 s.
_ 150} _150f s E
I $ [
£100p . o fwo[
< |° s |
2 ¢ ' 8 -
50} ¢ sol\..- !
oLosiddy’ Canl olatusiss W
0 25 50 75 100125150 175200 0 25 50 75 100125150 175200
Position (mm) Position (mm)
(¢) Embedding

Figure 12. Index S, the quotient of normalized residual strains and normalized relative-f; creep
strains, on PA6 substrates.

Clear correlations between residual strains and creep strains were only witnessed
for the “Epoxy’ and “Embedding’ attachments. As discussed in Section 4.1.1, the residual
strains of ‘Cyanoacrylate’, ‘Araldite’, and ‘Weld" attachments are heavily affected by local
(thermal) effects in the attachment process. Fluctuations in their residual strain profiles are
more random due to these local variations.

4.1.3. Variability of Creep Strains

As seen from the strain data presented in Section 3, all fiber attachment methods
produce somewhat nonuniform spatial strains along the OF sensor length. A nonuniform
bondline induces fluctuations in the profiles of the measured strains. Figure 13 compares the
coefficient of variation (CV) from different attachment methods. These CVs are calculated
from spatial relative-t, OF strains (SD can be seen as error bars in Figures 5 and 7). Well-
controlled attachment methods (e.g., ‘Cyanoacrylate’, by virtue of low viscosity) show
lower variability than hand-controlled and more viscous attachments (‘Araldite” and
“Weld’). Machine-controlled 3-D printed ‘Embedding’ attachment has the lowest strain
variability. The initial CV of GF/Epoxy in Figure 13a shows very large values compared
to the CV obtained later in the creep test. As a ratio (SD divided by the mean), CV is
affected by the variations in SD as well as in the average value. Specifically, when the
average value is very small, a situation similar to division by zero is approached. As seen
in Figures 5 and 7, the initial average strain of the GF/Epoxy specimens is ca. 5 ye, while
itis ca. 340 ue in PA6 specimens. Apart from these initial high CV values, Figure 13a,b
show that CV of the OF spatial strain profile remains nearly constant through the 1 h creep
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test. This means, SD increases in constant proportion to the mean for all tested attachment
types.
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Figure 13. OF strain variability expressed by the coefficient of variation (CV) vs. time for different attachment methods.

4.2. The Accuracy of OBR Strains
4.2.1. The Choice of ROI (and Disturbed End Regions)

In practical SHM applications, the strain value from the OF sensor is used to assess the
strain state of the host component. However, disturbed strain regions at the ingress/egress
of the optical fiber attachment have to be excluded from the strain analysis. These disturbed
regions are present at every transition between a free and an attached or embedded optical
fiber (including when OF passes through a void inside the structure). Only the middle
of the fiber contains ROI suitable for interpreting substrate strains. Thus, especially for
short OF attachment lengths, the selection of ROI (or alternatively, the ingress/egress
lengths) becomes important for accurate strain analyses. The choice of ROI defines how
much of the attachment ends are discarded. It filters out inaccurate ingress and egress
regions of the attached OF. Throughout previous analyses, the ROI was defined as the
central 40 mm for GF/Epoxy and PA6 specimens. This choice is hereby scrutinized. The
influence of the ROI length on averaged relative-f; OF strains is shown in Figure 14 for
GF/Epoxy and in Figure 15 for PA6 substrates. Average strains at 60 and 3600 s were
calculated using different ROIs. Average strains first increase with decreasing ROI, and
then remain constant on a plateau when the disturbed ends become fully excluded. As
evident, previously selected ROIs of 40 mm are positioned at the beginning of the plateaus
and were indeed a good choice to achieve accurate average strain values for both the
GF/Epoxy and PA6 specimens.

Disturbances in the ingress and egress regions are partially caused by averaging errors
from the OBR post-processing, as discussed in Section 2.3. Experience with OBR strain
measurements shows that steep strain gradients tend to produce more measurement noise
and thereby also play a role in the size of these disturbed regions. The most accurate way
to identify disturbed regions from experimental data is by parametric analysis, similar
to Figures 14 and 15. Alternatively, disturbed lengths | (Figure 3b) can be identified
manually/visually directly from strain profiles. Using this manual approach, disturbed
region lengths I were read from relative-t; strain profiles at 3600 s as shown in Table 4. For
GEF/Epoxy, lengths [ varied around 10 mm, when the gauge length (GL) for the virtual
OBR sensor was selected as 10 mm. When the gauge length GL was set to 20 mm, the
disturbed region lengths also doubled. For PA6, the disturbed region length I was much
less predictable, typically exceeding the selected gauge length GL. The strain profiles of the
PA6 specimens were inconsistent and fluctuations on the strain profiles make an accurate
length I difficult to extract. It shows that the disturbed region length [ cannot be simply
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defined equal to the OBR gauge length. Additionally, a more thorough analysis without
human inspection would be preferred.
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Figure 14. Average relative-t; OF strains as a function of the region of interest (ROI) length on GF/Epoxy specimens.

Table 4. The influence of the OBR virtual gauge length (GL) on disturbed region lengths [, at t = 3600 s

(all dimension in mm).

Disturbed Ingress Disturbed Egress

Specimen, Actual OF Region [ Region /
Attachment Method ~ Attachment Length OBR OBR OBR OBR

GL=10 GL=20 GL=10 GL=20
e 70 9.0 175 8.0 19.0
Cyanoacrylate

GF/Epoxy, Araldite 51 9.5 16.5 9.0 16.5
GF/Epoxy, Epoxy 53 8.0 17.5 115 220
GF/Epoxy, Weld 55 14.5 16.5 9.0 19.0
PA6, Cyanoacrylate 77 220 29.5 185 30.5
PA6, Araldite 54 15.0 23.5 28.0 30.5
PA6, Epoxy 58 11.0 25.0 10.0 24.0
PA6, Weld 59 16.0 16.5 14.0 16.5
PA6, Embedding 64 24.0 31.5 13.0 25.0
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Figure 15. Average relative-t; OF strains as a function of the region of interest (ROI) length on PA6 specimens.

Automated ROI definition can be devised based on the full width half maximum
(FWHM) concept for the spatial strain curve as shown in Figure 16. FWHM is the width of
the strain curve measured between two strain points, which are at half of the maximum
peak value. FWHM calculation is easy to automate. As shown in Figures 14 and 15, a gap
still exists between the FWHM-based ROI and the plateau of the strain-ROI curve. So, the
FWHM, when used directly as RO, is inaccurate. As described in Figure 16, the modified
FWHM (MFWHM)-based automated ROI can be more accurate, defined by:

ROI=EL-4x1 (2)

where EL is the embedding length of DOFS and /; is the gap between the EL and FWHM
at one end of the curve. Hereby, EL is defined as the length of the strain curve measured
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between the two strain points where the strain first exceeds 10 pe. In this method, the
length difference between the automated ROI (i.e., MFWHM) and the regular FWHM
is assumed to be 2/;. As shown in Figures 14 and 15, using MFWHM provides a fairly
accurate alternative for the ROI selection.

a L =1 Highest peak (MAX)
g oDl L
Z e C— .
- :
Modified FWHM !
(Automated ROI) H
FWHM

50% of MAX

= Y
Embedding length (EL) Xi(Position)

Figure 16. Automated ROI definition using regular and modified FWHM.

4.2.2. The Difference between OBR and Contact Extensometer Strains

The strain measurement accuracy of the attached OF can be determined by comparing
averaged OBR strains to contact extensometer strains along the same specimen length.
The difference between OBR and extensometer strains can be defined by two sets of
coefficients C(f):

Calt) = leopr(t) — epxr(t)] 3)
cr(t) = |fosr® Zerxr®) | 4q00, )
epxr(t)

where coefficients C4 and Cg denote absolute and relative differences, respectively. Coeffi-
cient Cg is similar to the strain transfer coefficient from the substrate to the OF, provided
that the contact extensometer strain is equal to the substrate strain. Variables eppg () and
epxr () are relative-t; strains from the OBR and extensometer as shown in Figures 5 and 7
at times t = 600, 1200, 1800, 2400, 3000, and 3600 s, respectively. The calculated coefficients
C(t) for all attachments on the GF/Epoxy and PA6 substrates are shown in Figure 17.

For GF/Epoxy specimens, only very low absolute strain differences (ca. 3-12 ue)
are reported in Figure 17a. Since Equation (3) is the numerator for Equation (4), and its
value remains nearly constant while the denominator increases with creep, the relative
difference Cr as a consequence shows a decreasing trend for GF/Epoxy in Figure 17c. The
low-viscosity ‘Cyanoacrylate’ attachment gave the smallest difference coefficients C, and
thereby the best agreement between OBR and extensometer strains. The manually applied
‘Weld” attachment, on the other hand, showed the largest difference between the OBR and
extensometer strains.

For PA6 substrates, much higher absolute strain differences C4 (between 13 and
650 e) can be noted from Figure 17b. The absolute strain difference increases similar to
the measured strains themselves, as seen in Figure 7. This causes a nearly constant relative
strain difference Cg as calculated in Figure 17d. The ‘Embedding” attachment displays
excellent agreement and nearly identical values from two strain measurement methods.
Again, the manually applied ‘Araldite’ attachment gives the largest difference between the
OBR and extensometer strains.

In summary, all relative differences Cr between the extensometer and OBR strains are
observed to either remain constant or decrease with time. The best agreement between the
OBR and extensometer strains is achieved by the automated ‘Embedding’ and low-viscosity
‘Cyanoacrylate’ attachments. The worst agreement of strains is obtained for the manually
controlled “Araldite’ and ‘Weld” attachments.
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Figure 17. Difference coefficients C(f) between OBR and extensometer strains.

5. Conclusions

1.

As experimentally demonstrated, optical fiber sensors can be used to measure residual
strains created by their own attachment process. The mechanisms of residual strain
creation were briefly discussed. Correlations between residual strain and creep strains
were observed for ‘Epoxy” and ‘Embedding’ attachment methods.

Creep strains up to 3% were measured from OFs fixed with five different attachment
methods on three types of substrate specimens.

e Unreinforced PA6 and GF/Epoxy substrates gave a satisfactory agreement be-
tween the optical fiber and contact extensometer strains. The relative difference
between OF strains and contact extensometer strains either remained constant or
converged towards more similar values over time.

e Negligible creep strains of steel specimens were accurately measured only by
OFs, as the contact extensometer displayed artificial warmup drift.

Problem areas for using DOFS over short attachment lengths are identified as follows.

e Unreliable strain data occurs in the ingress and egress regions of the fiber.
e Strain fluctuations along the OF length are caused by nonuniformities created in
the fiber attachment process.

Optical fiber attachment methods were compared from the aspects of residual strains
and creep strain development. The main takeaways from the experiments are sum-
marized in Table 5. The best performing attachments were ‘Cyanoacrylate” and
‘Embedding’. Concluding from these qualitative observations, an optimal optical fiber
attachment method:
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e Is machine-controlled, e.g., utilizes an attachment process, such as 3-D printing,
to achieve a uniform residual strain profile and a high strain transfer coefficient;

e  Uses a low-viscosity adhesive, such as cyanoacrylate, for the same reasons
as previous;

e Aims to minimize residual strains, e.g., by using room temperature curing
or annealing.

5. Practical and easily automated approaches can be devised for defining the disturbed
ingress/egress region lengths for strain measurement. For example, the modified
FWHM approach gives fairly accurate estimations.

Table 5. Qualitative comparison of DOFS attachment methods on three different substrates.

Attachment Silstate Residual Strain Creep Strain Creep Strain Attachment
Method (Figure 10) Variability (Figure 13)  Accuracy (Figure 17) Process
GF/Epoxy Low /Nonuniform Low High Manual
‘Cyanoacrylate’ PA6 Low /Nonuniform Low Medium Manual
Steel Low/Nonuniform - - Manual
GF/Epoxy Low/Nonuniform High Medium Manual
‘Araldite” PA6 Low/Nonuniform High Low Manual
Steel Low /Nonuniform - - Manual
GF/Epoxy Medium/Uniform Low Low Manual
‘Epoxy’ PA6 High/Uniform High Medium Manual
Steel Medium/Uniform - - Manual
GF/Epoxy Medium/Nonuniform Low Low Manual
“Weld’ PA6 High/Nonuniform High Medium Manual
Steel Medium/Nonuniform - - Manual
GF/Epoxy - - - -
‘Embedding’ PA6 High/Uniform Low High Automated
Steel - - - -
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Appendix A. Distributed Strain Sensing System

As shown in Figure A1, the distributed strain sensing system consists of a distributed
optical fiber sensor (DOFS), a PC, an optical fiber switch, and an interrogator device. The
DOFS is obtained by splicing a data transfer cable to a sensing optical fiber. The sensing
fiber section is a 1-m-long single mode fiber with an operating wavelength of 1550 nm.
The fiber SMB-E1550H was purchased from OFS Fitel. It is a silica/silica/polyimide fiber
with a core diameter of 6.5 um, a cladding diameter of 125 um, and a coating diameter
of 155 um. The data cable is 1.5 m long, reinforced with a rubber jacket, and ends with
a pigtail. All DOFS are first connected to an optical fiber switch and then to the Optical
Backscattering Reflectometer OBR 4600 from Luna Instruments. OBR 4600 measures
Rayleigh backscatter over the full length of the DOFS. Detailed technical parameters of
the OBR 4600 device are listed in Table Al1. During the measurement procedure, a laser
source sends the incident light through the OF, and subsequently Rayleigh backscattering
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occurs along the entire fiber. Changes on the fiber, such as strain and temperature, induce
a frequency shift to the reflected light spectrum. These Rayleigh backscattering spectral
shifts are measured and scaled to give distributed temperature or strain measurements
with a high spatial resolution.

Pigtail cable SMB-E1550H fiber

Switch (7

Ll DOFS 1

; ¥ ! ~ “DOFS§

Post-processing software

Figure Al. Distributed strain sensing system.

Table A1. Specifications of the OBR 4600 device.

Laser Tunable Laser Source (TLS)
Wavelength Range 1525-1610 nm
Internal laser module maximum rated output power 10.0 mW
Standard mode 30m/70 m
Extended mode 2000 m
Scan time (30 m mode) 3s
Sensitivity —130 dB
Dynamic range 80dB
Spatial resolution (30 m mode) 20 um
Strain resolution +1.0 pe
Temperature resolution +0.1 °C

Appendix B. Uncertainties of Contact Extensometer Strains

A small load was applied on steel specimens. Uniform stress in the gauge region
of the steel dogbone was estimated as 46 MPa, much smaller than its yield strength of
250 MPa. Thus, the measurement should display linear elastic behavior and no rise in
strain during one hour of room temperature creep. As evident from Figure 9, all strain—
time curves measured by the OBR fluctuate around zero. The extensometer, however,
showed increasing strains before ca. 1500 s, which then remained flat after 1800 s. This
deviation of extensometer strains from linear elastic behavior (i.e., near-zero strain values)
was unexpected.

One possible reason is the warmup drift [21]. When the extensometer is first powered,
the flow of current generates heat. This heat produces a small artificial strain drift. After
the temperature of the extensometer stabilizes, the warmup drift will also stabilize. The
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process is affected by time, excitation voltage, and room temperature. The warmup drift
effect was replicated for the used extensometer in additional proof-of-concept experiments,
e.g., as shown in Figure A2. This warmup drift also probably contributed to the small but
consistent strain difference between the OBR and extensometer strains for the GF/Epoxy
specimens (Figures 4 and 5). The presence of warmup drift is much less consequential for
PA6 specimens since their strain values in Figures 6 and 7 were orders of magnitude higher.

Figure A3 suggests a few other reasons that can potentially induce measurement errors
for the contact extensometer. The trapezoid cross-sectional profile of the steel specimen
was created by water jet cutting. The knife-edges were positioned on the canted and rough
edge surfaces and then fixed by rubber bands. During the test, the extensometer might
rotate slightly on the edge of the specimen. Local yielding may also happen at the contact
points of the knife-edges. Attaching the contact extensometer knives on the canted and
narrow edges of the steel specimens is not the best measurement practice.

A stringent reasoning of why small creep strains were measured by the contact exten-
someter, as witnessed in in Figure 9, cannot unfortunately be provided after the testing was
finished. Warmup drift is likely the biggest contributing factor. Possible misalignment and
contact imperfections at the knife-edges can also contribute to measurement uncertainties.
However, these effects should rather reduce the measured strain values. For the steel
specimens of this creep experiment, the OFs clearly provide more accurate strain data (in
agreement with expectation) compared to the contact extensometer strains.

30 T T T T r T T

Microstrain (pe)
n
o
T

-
o
s

0 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Figure A2. Strain from the contact extensometer on a steel specimen (unloaded, hanging by a hook)
at room temperature.

| Top view
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Figure A3. Other possible causes for measurement errors for the contact extensometer.
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ABSTRACT
Thermoplastic composites are becoming the materials of choice for lightweight structures. Distributed
optical fibre sensors can be valuable for structural health monitoring of thermoplastic composites,
improving safety against damage and extending the operational life of composite components.
However, the practical integration of optical fibres into thermoplastic composites remains still to be
solved. To this end, a novel sensor integration approach by 3-D printing is proposed, and mechanical test-
ing is conducted to test its performance. Optical fibres were placed inside thermoplastic embedding ele-
ments at controlled interlayer thicknesses (0 to 1.6 mm) from the substrate surface. Self-sensing
experiments by optical fibres identified a uniform level of residual strains at —1600 pe from the 3-D
printing attachment process. Furthermore, tensile creep testing (up to ca. 1% strain) revealed that dis-
tributed strain transfer coefficients for optical fibre sensors remain constant with time. A simple calcula-
tion method that accounts for the shear lag effect between the component and optical fibre strains was
derived from previous analytical work. This method enables the empirical prediction of strain transfer
coefficients for optical fibre surface attachments with arbitrary embedding interlayer thickness.
© 2022 The Authors. Published by Elsevier Ltd. Thisis an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Fibre reinforced thermoplastic composites are becoming more
popular over the entire spectrum of industrial and commercial
applications. Their success over thermoset composites is attributed
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to better recyclability, lower manufacturing cost, and a good
impact resistance [1]. Meanwhile, accurate and robust structural
health monitoring (SHM) techniques are needed to ensure a safe
operational life of thermoplastic composite components. Onboard
sensor systems enable online monitoring, early detection of dam-
age, and allow to extend the lifetimes of components based on
their actual mechanical performances [2]. Compared to single-
point or quasi-distributed fibre optic sensors such as Fibre Bragg
Gratings (FBGs), distributed optical fibre sensors (DOFS) are pre-
ferred for high spatial resolution SHM of composite structures
[3-6].

Any optical fibre (OF) strain sensor needs to be integrated into
the composite material so that it deforms together with the com-
ponent [7]. Thus, the OF performance depends to a large degree
on the integration/attachment technique [8-10]. For example,
optical fibres can be placed directly inside the composite material,
between layers of thermoplastic tapes during the layup, which are
then fused together with embedded OFs inside [11]. By using this
method, strain from the component is directly transferred to the
OF while the surrounding material protects the fibre sensor from
the hostile environment [12-14]. However, there are also disad-
vantages to using this embedding method for OF integration. Voids
or resin pockets are sometimes created around the embedded opti-
cal fibre which can locally affect the strength of the composite [15].
Embedded optical fibre becomes invisible to the eye and its accu-
rate positioning within the structure is difficult to assess. Further-
more, optical fibres can encounter a high loss in transmitted/
reflected signal power from bending at the edges of the laminate,
or within the fabric structure which can induce micro-bending.
High shrinkage of matrix material brings a birefringence effect to
the OFs, leading to distortions of the measured signal spectrum
instead of peak shifting [13]. Finally, the OF placement cannot usu-
ally be chosen with great flexibility during embedding, e.g. the
intended ingress and egress regions may not be compatible with
the manufacturing process.

Alternatively to embedding, OFs can also be bonded on the sur-
face of a composite component after completing the manufacturing
process [1G-18]. Surface-bonding allows for more flexibility in
attaching the OFs. It gives better opportunities for retrofitting exist-
ing structures with sensors, and for replacing damaged OFs with new
ones. A thin bonding element on the surface can be removed or
added without affecting the internal structure of the component if
broken OFs are to be replaced. Admittedly, the surface-bonding solu-
tion has also some disadvantages that impair its suitability for life-
time monitoring of thermoplastic composites. Most structural
adhesives are thermosetting peolymers, and thermoplastics have
poor adhesion with them due to their inherently low reactivity, sur-
face energy and insufficient diffusion between the two materials
| 19-21]. Thermoset adhesives such as cyanoacrylate are also sensi-
tive to the environment, they can have poor temperature or humid-
ity resistance. Some adhesives need to be cured at a high
temperature which is inconvenient and introduces heatinto the host
structure. Excessive amount of adhesive can induce a non-uniform
bonding thickness and thereby a non-uniform strain transfer from
the substrate to the surface-bonded sensor [22].

The attachment of optical fibres continues to be a manual pro-
cess, thereby requiring careful working procedures and highly
skilled assemblers. Automated solutiens for bonding optical fibre
sensors to thermoplastic composite materials have not yet become
widespread [ 14,23). For example, a semi-automated OF integration
method during the braiding process of thermoset composites has
been reported |23]. The optical fibre is placed between dry carbon
fibre layers, and the bonding of the optical fibre to the composite is
achieved later in the resin infusion process. However, this method
cannot be directly used for thermoplastic composites. Automated
methods are often developed for particular applications, resulting
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in lower flexibility in terms of product variety [24]. At the same
time automated solutions help to improve product quality and
consistency, adding the possibility of producing larger compo-
nents, reducing material waste, and enabling easier in-process
monitoring.

Out of all other alternatives, thermoplastic fusion bonding is
perhaps the most practical solution for attaching optical fibre sen-
sors to thermoplastic composites [25]. Additive manufacturing is
popular for fabricating small-volume structures with complex
structural geometries. Recently, the integration of OFs by 3-D
printing has attracted the attention of several researchers. For
example, point sensing FBGs have been embedded into metals dur-
ing fused additive manufacturing (FDM) [26-28]. FBGs have also
been embedded into 3-D printed polymer components again by
using FDM, as reported by Karalekas et al. [29-31], Leal-Junior
etal.[32,33], Manzo et al. [ 34|, Nascimento et al. 28] and Falcetelli
et al. [35]. Distributed OF sensors were embedded in titanium parts
by Zhou et al. [36] using laser powder bed fusion. Inspired by this
work, Wang et al. developed the embedding strategy for dis-
tributed OF sensors by in-situ FDM [37]. The most recent investiga-
tion by Wang et al. [38] compared different optical fibre surface
attachment methods including the in-situ FDM process. Sensor
integration attempts by 3-D printing are still in an early stage of
research and only a few reference works are available. For embed-
ded optical fibres, the difficulty of strain measurements with low
infilling densities has been a typical research topic [32] along with
some interest about residual strain measurements [37].

Ideally, strains from the surface bonded OFs should be equal to
strains of the host structure. However, strain transfer errors
through the attachment layer cannot be fully avoided. Previous
researchers have numerically investigated important factors that
affect the strain transfer coefficients from the substrate to the
adhered FBGs [9,39,40|. The results show that thickness of the
interlayer (i.e bondline thickness between the structure and the
OF sensor) is a very important parameter, along with the length
of the FBG sensor and the Young's modulus of the attachment layer
[39-48]. Correlation between the geometrical parameters of the
artachment layer and the strain transfer to the surface-bonded
FBGs has been investigated by using analytical models and the
FEM [40-45], On this topic, experimental investigations and the
validation of numerical models are much more rare. The influence
of bottom interlayer thickness has only been analyzed by numeri-
cal simulations thus far, unlike the effects from the Young's mod-
ulus and the bonding length, which have also been
experimentally investigated [39.40,43.46-48]. The most likely rea-
son is that a consistent OF attachment thickness with prescribed
values is difficult to produce by conventional hand-controlled sur-
face bonding methods.

This research proposes a novel solution for semi-automated
integration of distributed OF sensors on the surface of thermoplas-
tic composite structures. Single mode optical fibres are in-situ
embedded by material extrusion 3-D printing into block-shaped
embedding elements on the surfaces of dogbone specimens.
Short-fibre reinforced thermoplastic composite is extruded over
the OF sensor at a controlled interlayer thickness. Distributed
strain sensing system is achieved by using Rayleigh backscattering.
Strain measurements by optical fibres are compared to contact
extensometer strains in a tensile creep test. An experimental inves-
tigation on how the bottom interlayer thickness affects the strain
transfer behavior of the DOFS has been carried out.

2. Materials and methods

Before mechanical testing, short carbon fibre reinforced polya-
mide (CF/PAG) specimens were prepared for the sensor integration
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process. These specimens were produced by 3-D printing and the
additive manufacturing process was thereafter continued for the
OF integration on their surfaces. Optical fibres were placed inside
small blocks of extruded thermoplastic called embedding ele-
ments, at a controlled thickness from the substrate surface.

2.1. Specimen preparation

Fused Filament Fabrication (FFF) i.e. small scale material extru-
sion is the most widely used manufacturing process within ther-
moplastic additive manufacturing. This method is also used by
the PRUSA I3 MK3S 3-D printer, which was first employed to build
the test specimens, and later for semsor integration purposes.
Nylon 6 based composite filament (CF/PAG) from PolyMide
(20 wt®% chopped carbon fibres) and the dogbone specimen geom-
etry were selected to build the test structure. Doghone shape is
very convenient for realizing a uniform tensile creep loading. A line
pattern with 100% infill density and a quasi-isotropic layup
sequence [90,45,0,-45,]4., where 0° angle denotes the longitudinal
direction of the specimen, were employed to print the test speci-
mens. Remaining printing parameters are detailed in Table 1.

Nylon 6 is known for good mechanical properties and its resis-
tance to non-polar solvents [49]. Still, pure thermoplastic materials
are rarely used for load-bearing components, due to their limited
stiffness and strength. Composite components typically contain
long fibre reinforcements along the main loading directions, which
add stiffness, strength, and significantly reduce creep. Today, con-
tinuous fibre 3-D printing remains still technically challenging, and
short-fibre reinforcements are much more popular with basic FFF
printers, producing short-fibre reinforced polymer composites
|50]. Creep strains in short-fibre reinforced composites are much
higher than in any realistic long fibre reinforced composite lami-
nates. In addition, the simple doghone geometry allows to easily
choose appropriate load levels for accelerated creep strain devel-
opment compared to typical real-life composite structures. There-
fore, compared to practical long-fibre reinforced composite
structures, the specimen and the test set-up in this research pro-
vide larger/accelerated creep strain values for studying strain
transfer from the component to the optical fibre sensor, In princi-
ple, similar 3-D printed OF attachments as used here can be real-
ized with any type of thermoplastic composite provided that the
matrix material and the resin of the embedding element are able
to fuse and form a durable bond. In this sense, the choice of CF/
PA6 composite material for this investigation is generic and
arbitrary.

2.2. Sensor integration

As shown in Fig. 1, instrumenting the dogbone specimen occurs
by means of embedding the optical fibre sensor into a specifically
designed block-shaped embedding element. This embedding ele-
ment is fabricated by the same printer and the same filament
material on the surface of the specimen. The integration process
is semi-automated and printing parameters are well-controlled.
As previous work has showed, 3-D printing based integration pro-
cess gives a more consistent bondline and promotes good mea-
surement accuracy compared to other practical alternatives [38].
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During operation, the 3-D printer is controlled by a modified G-
code, which pauses printing after finishing a specific build layer
where the optical fibre is integrated, and then resumes printing
after a short delay. The OF attachment process (Fig. 1) follows a
carefully planned procedure which can be summarized as follows.

(1) Preparation of two alignment holders with the same height
as the finished layer.

(2) Placing the holders near the two ends of the specimen and
placing the fibre on the last layer surface.

(3) Straightening the OF and fixing it on the alignment holders.
Slight tension keeps the OF straight and controls its location
on the specimen.

(4) Finishing the printing process and waiting for the system to
cool down.

(5) Removing the alignment holders and detaching the instru-
mented specimen from the printing platform.

In order to investigate how the bottom thickness of the attach-
ment layer affects measured strains, four different embedding con-
figurations and a reference attachment with cyanoacrylate glue
were realized. Dogbone test specimen is detailed in Fig. 2 and
the specifics of embedding elements are further described in
Table 2. For DOFS-0 configuration, the optical fibre sensor was
placed directly on the surface of the dogbone specimen while the
embedding element was printed from two layers of extruded com-
posite. The first layer at 90° and the subsequent layer at 0°, each ca.
0.2 mm thick, were built directly on top of the optical fibre sensor.
‘When the nozzle moves in zigzag motion at 90° relative to the OF,
it 'sews’ the sensor fibre to the substrate. The fibre becomes fully
encapsulated after the 0° layer on top is finished. For DOFS-2 con-
figuration, the fibre was embedded in the middle of the embedding
element with two layers below and two layers above the fibre. For
DOFS-4, the sensor had four layers below and two layers above it.
For DOFS-8, the number of layers under the fibre grew to eight,
while still only two layers were printed above the sensor. It must
be emphasized that embedding elements DOFS-0 to DOFS-8 were
kept identical in other aspects besides the bottom thickness T
which varies between different attachment configurations. The
influence of bottom interlayer thickness on the strain transfer from
the host structure to the DOFS is experimentally investigated.
Cyanoacrylate glue attachment DOFS-C was also introduced to this
investigation representing the best performing ‘traditional’ surface
attachment for distributed optical fibre sensors [38]. Due to the
embedding element, the dogbone specimens were not symmetrical
in the thickness direction as shown in Fig. 2. This non-symmetry
can introduce additional strain for the tensile experiment, however
its effect was assumed small and it was not studied further in this
investigation.

2.3. Distributed strain sensing system

Distributed strain sensing system (Fig. 3) consists of an OBR
4600 device, a switch, a DOFS, and a laptop computer for running
the hardware and storing the data. The optical fibre interrogator
OBR 4600 (Luna Instruments) measures spectral shifts as a func-
tion of position along the optical fibre length. [t utilizes Rayleigh
backscattering to obtain distributed strain measurements. As the

Table 1

3-D printing parameters for CF/PAG specimens.
Element Material Nozzle temperature Build plate temperature Printing speed Cooling Build- adhesion Layer height
Dogbone CF{PAB 290 T 45T 50 mm/s OFF Brim 0.2 mm
Embedding element CF[PAG 300 C 45°C 25 mm/s OFF MNone 0.2 mm
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Fig. 1. lllustration of the optical fibre integration procedure.
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Fig. 2. Prescribed geometrical features of the dogbone specimen and the ing element. The
directions, on one side of the dogbone.

element is placed symmetrically in the length and width

optical fibre is mechanically strained, small changes in local Ray- change proportionally to the amplitude of strain. In general,
leigh backscattering spectra are calculated from the intrinsic Rayleigh spectral shifts are affected by both strain and tempera-
variations reflected by the sensor fibre. These spectral shifts ture. However, all measurements in this investigation are taken
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Table 2
Optical fibre attachment configurations.
Attachment configuration Bottom thickness T Location of the optical fibre Layup of the
No. of layers Approximate thickness
DOFS-0 0 less than 0.1 mm [OF | 90,0]
DOFs-2 2 0.4 mm —— [90.0 | OF | 90.0]
DOF5-4 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 s St ‘Cyanoacrylate”
Luna OBR4600 Distributed optical fiber sensor
Reflectometer

Fibre optic switch

e Vg I

Sensing part

Fig. 3. OBR 4600 interrogator system and the distributed optical fibre sensor (DOFS).

at constant room temperature, so the temperature effects are
assumed negligible for all practical purposes.

A single mode fibre SMB-E1550H from OFS Fitel is employed as
the distributed optical fibre sensor. The diameters of the core, the
cladding, and the coating of this silica/silica/polyimide fibre are
6.5 pm, 125 um and 155 pm, respectively. The laser in the OBR
4600 device sends light pulses through the optical fibre, and
reflected Rayleigh backscattering spectra are measured by the
same interrogator and stored in the computer memory. By compar-
ing the spectra before and after mechanical loading, strains along
the optical fibre are calculated. The measurement system offers
practical spatial resolutions below 1 cm, a strain resolution of 1
e, and a sensing length of ca. 50-70 m [51]. The post-processing
configuration with sensor spacing 5SS = 0.5 mm, and gauge length
of GL = 5 mm was chosen as a compromise between high spatial
resolution and unwanted noise occurrences. By choosing this
5 mm gauge length value, each virtual strain sensor along the opti-
cal fibre has been assigned the typical dimension of a physical
strain gauge. Much shorter sensor spacing indicates that virtual
strain sensors on the DOFS are overlapping. These two parameters
were selected based on quick trials with the test data, and on pre-
vious experiences from similar measurements.

2.4. Creep testing

Mechanical testing of dogbone specimens was performed on a
MTS Model 42 universal testing machine. The test set-up is shown
in Fig. 4(a). Test machine fixtures clamp the ends of the dogbone
specimens at a length of 30 mm as seen in Fig. 2. The creep load-
time curve is presented in Fig. 4(b). All specimens were initially
loaded up to a small pre-load of 15 N, and then further until
1800 N using a cross-head speed of 100 mm/min. This loading pro-
duced initial (short-term) strains of approximately 8000 pe. A
short adjustment period of less than 40 s was necessary due to

the control-loop programming before the load settled to a constant
value at time t,. Creep loading was maintained constant with less
than 1 N variation and the test was stopped at 1 h after .

Strains were recorded every 120 s from time ¢, until the end of
the experiment. Strain of the dogbone was simultaneously moni-
tored by the DOFS system and the contact extensometer (EXT)
set-up, as shown in Fig. 4(a). Extensometer Instron 2620-601 has
a gauge length of 50 mm. Its knife edges were mounted on the side
of the composite specimen to measure averaged strain along the
same region where the DOFS was attached.

Tweo different baseline references were used to calculate both
the DOFS and the contact extensometer (EXT) strains. References
taken before the DOFS were fixed on the specimens (i.e. when
the fibres were free) are hereby denoted as free-fibre references.
Accordingly, strains calculated by comparing to the free-fibre ref-
erence are called relative free-fibre strains. Another reference was
taken at time t, of the creep test. Similarly, strains obtained by
comparing to the reference at t, are called relative-t; strains. As evi-
dent from the load-time curve in Fig. 4(b), relative-t; strain repre-
sents only the time-dependent portion of strain development
during tensile creep, excluding short-term strain from the load
ramp-up procedure.

Although only one specimen for each configuration (Table 2) is
reported in this paper, two additional specimens were internally
fabricated and tested for each configuration. These two additional
tests yielded very repeatable results. Therefore, for the sake of clar-
ity in the figures and to reduce the volume of the paper, only one
specimen for each test configuration is hereby reported.

3. Results and discussion

As previous investigation has demonstrated [38], the bondline
consistency of optical fibre surface attachments varies a lot
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Fig. 4. Experimental test set-up.

between different attachment methods. Imperfections such as
small cracks and the misalignment of the OF can cause noisy
data-points and local distortions in the DOFS strain profile. Bottom
interlayer thickness between the optical fibre and the substrate
surface also holds a high degree of uncertainty. This interlayer
thickness is difficult to control in hand-operated optical fibre inte-
gration processes. Furthermore, since high-resolution computed
tomography equipment is not widespread, measuring the bottom
thickness is typically a destructive process that involves cutting,
polishing, and optical microscopy. On the other hand, the bottom
thickness value can be easily prescribed for a machine-controlled
attachment process, e.g. when using the 3-D printing principle.
The effect of bottom interlayer thickness on distributed optical
fibre strains has not been experimentally investigated until now.

In the following, residual strains and creep strains from varied
bottom interlayer thickness optical fibre placements are experi-
mentally compared. Strain curves obtained from 3-D printed OF
sensor attachments are also compared to a typical high-accuracy
attachment method using cyanoacrylate glue. In addition, OF
strains are compared to contact extensometer strains within the
same dogbone specimen gauge length.

3.1. Embedded length (EL), region of interest (ROI) and peak value

Along both, load free fibres and strain-loaded optical fibres, a
fluctuation of strains within ca. + 5 p& is considered a normal level

of noise. It is present everywhere on the DOFS and these small
strain variations are usually ignored in the measurement [52]. By
measuring the length of the region where strains exceed this nor-
mal level of noise, the true embedded length of the fibre (denoted
as EL in Fig. 5) can be obtained. The Table in Fig. 5 shows true DOFS
embedded lengths (Els) obtained by measuring where the strain
exceeds + 5 pe of signal noise, from Fig. 6 (a)-(d). The Els for
DOFS-0 to DOFS-8 were all prescribed for 3-D printing as 55 mm.
The Els obtained from residual strain values vary within 53.0 +5 m
m and 58.5 + 5 mm. Considering the size of the extrusion bead, the
tolerances of the specific printer, and the virtual DOFS gauge length
of 5 mm (which is assumed to govern the error [38]), this is a good
agreement between the design aim and the actual realized embed-
ded length of the optical fibre sensor.

As Fig. 6 and further strain graphs show, in practical OBR mea-
surements, the strains in the DOFS ingress and egress transition
regions are observed to be highly variable. Thus, in order to mean-
ingfully compare mean strains from the OBR measurements to
averaged values of extensometer strains, these highly variable dis-
turbed strains at the transition regions must be excluded from the
analysis [38,53]. This way, only strains from the central region of
the DOFS attachment, with relatively even strain distribution, are
averaged to assess the strain state of the host component. This
quasi-constant central region symmetric with respect to the length
of the specimen, is referred to as region of interest (ROI). As shown
in Fig. 5, disturbed regions located at the ingress/egress of the opti-
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Fig. 5. lllustration of EL, ROI and Peak Value on simplified DOFS strain curves. The EL values in the Table are obtained from residual strain curves after 3-D printing (Fig. 6).

cal fibre attachment, define a transition between a free and an
attached optical fibre. In the usual analysis, strains from the ROI
are averaged when interpreting spatial strain curves from the
DOFS. However, as illustrated in Fig. 5 and exemplified with mea-
sured strain curves later, with increasing the length of disturbed
regions, which occurs with increasing bottom interlayer thickness,
the central region forming the ROI becomes shorter or even disap-
pears. In this case, the Peak Value can be used as an alternative
characteristic or metric for DOFS strains.

3.2. Residual strains from the attachment process

During the optical fibre attachment process, residual strains can
be built into the host structure of the optical fibre sensor. Residual
strains are created from changes in the material constitution (such
as cure shrinkage of thermosets and changes in crystallinity of
thermoplastics), and from physical volumetric shrinkage when
the hot material cools down to room temperature. Residual strains
and corresponding residual stresses remain ‘frozen in' inside the
component without any external mechanical loading. When mea-
suring residual strains with optical fibres, the pre-attachment free
fibre is taken as the reference state, and the load free room temper-
ature condition after the fibre integration as the measurement
state. That is, relative free-fibre strain is measured after the attach-
ment process is finished.

As defined in Table 2, the DOFS were attached according to four
embedding configurations and were also bonded by a cyanoacry-
late glue as the control specimen. Residual strain distributions
from the DOFS integrated with these five configurations are shown
in Fig. 6. The profiles from 3-D printed attachments in Fig. 6(a)-(d)
display very similar bathtub shapes with occasional outliers in the
ingress/egress regions. In contrast, residual strains from the cold-
curing cyanoacrylate attachment DOFS-C (Fig. 6(e)) are much
smaller and drift up and down chaotically along the embedded
DOFS length. Fig. 6(f) compares the mean values, standard devia-
tions (SD) and the coefficient of variation (CV) for attachments
DOFS-0 to DOFS-8. Mean values and SDs are calculated from spatial
residual strains within the ROI = 40 mm as shown in Fig. 6(a)-(d).
CV is the ratio of SD to the absolute value of the mean. The mean
values of residual strains for DOFS-0 to DOFS-8 vary within 1500

pe and 1750 pe in compression and the CVs range from ca. 2.0%
to 5.5%. No monotonic trend with increasing embedding bottom
thickness was observed for different attachment configurations.
The mean values of residual strains turn out to be independent
of the small variation in embedding bottom thickness.

In summary, all 3-D printed attachment configurations pro-
duced nearly uniform compressive residual strains of ca. 1600 pe
along the OF sensor length. These strains are created by the cooling
shrinkage of the polymer melt together with a few layers of re-
heated substrate material. In comparison, the tiny residual strains
from the cyanoacrylate glue (between + 70 pe) were created in a
fully room-temperature process, by a combination of locally vari-
able compressive shrinkage of the glue and a small tensile pre-
stretch applied by hand, when aligning the fibre during the attach-
ment process [38]. This resulted with a random variation of small
strains along the optical fibre length.

3.3. Creep strain analysis

Many structural components are monitored under long-term
loading conditions. To understand time-dependent strain transfer
from the host structure to the surface bonded optical fibre better,
uniaxial tensile creep testing was carried out with dogbone speci-
mens. Throughout creep loading, strains within the specimen
gauge region were measured with the attached DOFS and the con-
tact extensometer (EXT) simultaneously. This investigation focuses
on time-dependent strain development, thereby discarding the ini-
tial short-term strains. Relative-t; strains of the DOFS and the
extensometer were recorded. The influences of time and embed-
ding bottom thickness T on distributed strain development were
experimentally investigated.

3.3.1. Relative-t; creep strains

Fig. 7(a), (d), (g). (j) show relative-t2 spatial strains from the
DOFS attached by 3-D printing with different embedding bottom
thicknesses. For comparison, Fig. 7(m) shows relative-t, strains
when using the traditional cyanoacrylate glue attachment. Note
that the vertical axis range is the same for all strain curves on
Fig. 7. Relative-t; strains from different bottom thickness configu-
rations show distinctly different spatial distribution patterns. For
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Fig. 6. DOFS measured residual strains for different attachment configurations.

example, DOFS-0 and DOFS-C show a spatial strain distribution
again similar to a ‘bathtub’. Strain values increase gradually in
the ingress region, decrease gradually in the egress region, and
hold a nearly constant plateau value in the middle. By increasing
the embedding bottom thickness, the length of the plateau how-
ever shortens (DOFS-2) and finally disappears (DOFS-4 and
DOFS-8). The shape of the spatial strain curve begins to display a
peak where the plateau used to be. With the creep time increasing,
relative-t; strains of the DOFS also keep on increasing. At first sight,
no significant distortions emerge on the strain profiles, indicating
no cracking or delamination in the specimen or at the optical
fibre/matrix interface during creep.

Fig. 7(b), (e), (h), (k), (n) show temporal average relative-t,
strains and peak value strains from all attachments, using the data

over the gauge length of the contact extensometer, i.e.
ROI = 50 mm. As seen from the spatial strain plots, this ROI
includes transition regions at the ingress/egress of the optical fibre
for all types of attachments. Strain measurements from the
attached DOFS are compared to the EXT strains from the contact
extensometer. The difference between DOFS strains and EXT
strains is further elaborated in Fig. 8(c), (f), (i), (1), (0) by calculating
absolute differences Cx(t) and relative differences Cg(t), as defined
by Egs. (1) and (2).

Ca(t) = |epors(t) — pxr(t)| (1)
Cr(t) = %‘(:f’“m « 100% @)
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Fig. 8. Discretization of the substrate/attachment/DOFS structure.

In these Equations, &gyr (t) denotes relative-t; strains from the
extensometer, while &pgrs (t) are defined as the peak values of
the DOFS strain curves within the ROIL

The thinnest 3-D printed attachment DOFS-0 and the
cyanoacrylate glue display the best agreement between exten-
someter strains and peak relative-t; strains from the optical fibres.
The peak values and the extensometer strains are also very close
for the slightly thicker DOFS-2 attachment. For all attachments,
the absolute difference C4(t) continues to increase with increasing
of the creep time, while the relative difference Ci(t) flattens out
after initial transient and then remains almost constant,

From specimens DOFS-0 to DOFS-8, the differences between
average relative-t; strains and EXT strains quickly increase with
the increase of the bottom interlayer thickness. Meanwhile, as
the plateau region shortens to zero, average strains within any
length of RO, let alone ROl = 50 mm, are not suitable for interpret-
ing the strain curves anymore. The plateau region simply ceases to
exist. Alternatively, the peak values of DOFS strains can be used as
a strain characteristic. However, the peak values are still smaller
than EXT strains and the Ca(t) shows an increasing trend of growth
with both the increase of bottom interlayer thickness and with
elapsed time. The relative difference Cg(t) on the other hand
remains nearly constant with time, increasing rapidly from 2.5%
to 36% with only ca. 1.6 mm increase of bottom interlayer thick-
ness. This monotonically increasing disagreement between DOFS
strains and EXT strains indicates an increasing strain transfer lag
in the embedding element caused by a larger bottom interlayer
thickness.

Main highlights of the experimental data are summarized as
follows. Strain measurement accuracy of DOFS-0 is comparable
to using a high-accuracy cyanoacrylate attachment. However, a
strain transfer lag develops quickly when increasing the bottom
interlayer thickness. And finally, the relative difference Ci(f)
between extensometer and optical fibre strains remains approxi-
mately constant under creep loading conditions, for all tested con-
figurations of DOFS attachments. This confirms similar findings
first noted in [38].

3.3.2. The effect of time on strain transfer coefficients

Strain transfer coefficients of DOFS which are attached by low-
creep thermoset adhesives, e.g., to CFRP laminates or to steel, are
often viewed as constant in time. Meanwhile, the viscoelastic
mechanical behavior of CF/PA6 thermoplastic composite causes
much larger time-dependent deformations in creep; thus, it is
essential to understand if and how does time play a role in the
strain transfer process. The challenge lies in that both the substrate
and the attachment layer are built from the same polymer compos-
ite material with highly time dependent mechanical properties.

As illustrated in Fig. 8, the substrate/attachment/DOFS structure
can be discretized into n segments along the length of the DOFS-
substrate adhesive joint. It is assumed that no slip occurs in the
attachment. Using this framework, the strain distribution along
the attached DOFS can be expressed by using a diagonal strain
transfer matrix Kj;, as follows:

& Kn 0 - - 0 51

&z 0 Kun 0 - 0 &

i3 N = : 0 Kiz O &3 (3)
: : 0o .0

EMn 0 0 0 Km fsm

where K; are the strain transfer coefficients between substrate
strains &y and DOFS strains &, for the iy, attachment segment.
The initial set of coefficients K can be calculated by adopting DOFS
strains and EXT strains at t3 = 120 s, as illustrated in Fig. 4(b). Exten-
someter strains represent substrate strains &g, which are considered
equal/constant at every segment i along the length of the OF attach-
ment. The DOFS strains &, are obtained from the embedded length
(EL) of spatial strain curves in Fig, 7 and each segment i corresponds
to one virtual strain gauge on the optical fibre. Initial strain transfer
coefficients Kj; are calculated by using Kj; = £yy/25; from Equation (3),
and plugging in the measurement data &y, (DOFS) and &y (EXT) from
the first time point t; = t; + 120 s. The choice of initial time point 3
is arbitrary and a very similar analysis to what follows is produced
by selecting e.g > + 240 s or {> + 360 s as the initial point in time.

As a first approximation, it is assumed that strain transfer coef-
ficients Kj remain constant in time, In this case, the DOFS strain
profiles at a later time t = f, can also be predicted by Equation
(3) by using the initial transfer matrix K; times extensometer
strains & at t = t, In this way, the DOFS strain profiles at
t, =960 s, 1800 s and 3600 s are predicted and compared to actual
measured DOFS strains in Fig. 9. For DOFS-0, DOFS-2 and DOFS-8,
predicted strains match well with experimentally measured
strains, all along the DOFS length, and all throughout the creep pro-
cess. These results support the hypothesis that temporal variation
does not affect the strain transfer coefficients Kj;.

It can be observed from Fig. 9(c), that predicted strain values of
DOFS-4 were noticeably smaller than measured strains, and their
distribution patterns had also changed at the ends of the embed-
ded DOFS. For DOFS-4, the creep strains had developed faster than
anticipated. One possible interpretation is that some imperfections
(micro-cracks, local yielding) had developed at both ends of the
DOFS early during the creep loading process. All other things equal,
imperfections or damage are expected to appear at the ends of the
bondline where stress concentrations are the highest. Looking
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back, the existence of possible imperfections at the ends of DOFS-4
was vaguely implied from early on, in the residual strain profile in
Fig. 6(c).

3.3.3. The influence of bottom interlayer thickness

As the strain graphs in Fig. 7 showed, the thickness of bottom
interlayer T affects the strain transfer behavior significantly. By
increasing bottom interlayer thickness, the quasi-constant strain
plateau in the middle of the attachment becomes contracted. Fur-
thermore, the peak values of strain curves are also increasingly
lower.

It is well known that specimens made by extrusion based 3-D
printing still suffer from inconsistencies from the production pro-
cess. This may cause a higher dispersion in material properties,
compared to other more established manufacturing methods. To
account for specimen-to-specimen variability, the DOFS strains of
Fig. 7 are normalized by their corresponding EXT strain values in
Fig. 10. This Figure shows normalized relative-t> DOFS strain pro-
files from specimens DOFS-0 to DOFS-8 at the beginning
(t=120s)and at the end (t = 3600 s) of the creep test. Strains from
the contact extensometer, constant at 100%, are also shown on the
same Figure by horizontal red lines. The midpoints as well as the
start/end points of the EXT gauge area are indicated by vertical
dashed lines.

It is easy to recognize that normalized DOFS strain curves now
display the strain transfer coefficients visually. Along the optical
fibre, most of the DOFS strains are smaller than substrate strains
(EXT strains) depending on the bottom thickness T of the embed-
ding element. The left and the right columns of the Figure are
nearly identical, confirming again that time does not significantly
affect the strain transfer coefficients. However, by increasing the
bottom thickness T, difference between DOFS strains and EXT

strains increases monotonically. Both the normalized strain mag-
nitude and the shape of the strain curve change simultaneously.
As Fig. 10 shows, by increasing the bottom interlayer thickness,
the height of strain curve decreases, and the width of the curve
contracts, The plateau shortens from DOFS-0 to DOFS-2 and
transfers into a peak in DOFS-4. By further increasing the bottom
thickness T in DOFS-8, the curves become narrower, and the peak
sharpens. It can be concluded that bottom interlayer thickness T
affects the DOFS strains in two ways: i) by increasing T the
length of the ingress/egress, ie. the strain gradient regions
increases, and ii) by increasing T the peak values of DOFS strain
curves decrease. The most likely reason is the ‘shear lag' effect
from the attachment layer. Similarly, this ‘shear lag’ effect has
been shown to induce monotonically increasing/decreasing strain
gradients for the FBG strain sensors in a number of earlier studies
[41-47].

3.4. Shear lag correction

Both Fig. 7 and Fig. 10 have clearly demonstrated how dis-
tributed optical fibre strains do not agree with the extensometer,
i.e. structural component strains, already when the embedding
bottom thickness reaches 0.4 mm (DOFS-2) or larger. Any strain
analysis that employs the bathtub curve from the DOFS sensor
needs to account for this shear lag error. That is, DOFS strain
curves must be interpreted to compare them with the uniform
strain of the substrate that is measured by the extensometer.
Reducing the length of the ROI (Fig. 5) is a simple practical
method for discarding the ingressfegress regions of distributed
strains [38]. However, as the experimental strain curves in
Fig. 10 show, reducing the ROI alone is not sufficient to calculate
strains from the DOFS measurement which are equal to the sub-
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Fig. 11. Curve fitted strain transfer coefficients calculated from experimental data using the shear lag correction model.

As known from theoretical models of surface-bonded FBGs [41-
47], the average strain transfer coefficient Ky, for the FBG sensor
can be expressed as:

sinh(x)

Ki(t)y =1~ ocosh(a)

(4)

where T is the bottom thickness of the attachment layer (the
same as in this investigation), and « is a ‘hybrid’ coefficient domi-
nating the shear lag behavior between the substrate and the opti-
cal fibre sensor. This coefficient o combines material and
geometrical properties of the optical fibre and the attachment
layer. Although o can be expressed by complex equations using
different variables in the analytical models [41], when bottom
interlayer thickness T is considered as the only non-constant vari-
able, it can be simplified as follows:

1

Ts

Here, parameter S is a constant, independent from thickness T,
and determined by the diameter and the modulus of the naked
optical fibre, fibre coating, width of the bondline, etc. In this work,
parameter S is considered as constant for all specimens with differ-
ent embedding bottom thicknesses. Now, by substituting Eq. (5)
into Eq. (4), the strain transfer coefficient is expressed as:

tanh( \/%)
Vi

Consequently, when both thickness T and strain transfer coeffi-
cient Ky, (T) are known from several test configurations (of one or
more), a curve fitting procedure can be applied to obtain the miss-
ing constant S. Then, by inserting the obtained S value back into Eq.
(6), any unknown strain transfer coefficient for DOFS with arbitrary
bottom interlayer thickness T can be calculated.

Unfortunately, in this investigation the bottom interlayer thick-
ness T can not be known precisely, even if the number of 3-D
printed attachment layers under the DOFS are prescribed. During
embedding, the optical fibre (@ = 0.15 mm) is encapsulated within
one 0.2 mm layer of melt, on top of previously 3-D printed and
solidified layers of thermoplastic composite. To account for this

o= (5)

Ku(T)=1- (6)

vertical placement uncertainty, the value of bottom interlayer
thickness is hereby estimated between the nominal bottom
thickness T (Table 2) and T + (0.2 - @) mm, that is, in the range
[T, T + 0.05] mm. The experimental strain transfer coefficients Ky,
(T) corresponding to aforementioned bottom interlayer thick-
nesses T have to be obtained similarly as ranges of values. As
shown in Fig. 10, strain transfer coefficients of embedded DOFS
vary along the optical fibre length. From these curves, a conserva-
tive estimate for the limits of the coefficient range is obtained by
using ROI = 5 mm (captures the highest peak in the middle of
the curve) and by averaging the entire curve by using
ROI = 50 mm (which includes tapered/lower end regions). Based
on these [min, max] ranges for the experimental values of T and
K, a range of parameters S can be calculated by using Monte-
Carlo sampling. The input data was generated uniformly over the
range [min, max] for each test configuration, as shown in Fig. 11.
An obvious characteristic relationship can now be observed for
all calculated curves of Ky as a function of bottom interlayer thick-
ness T. Strain transfer coefficients Ky are especially sensitive to the
variation of T when T is small, e.g., less than 0.4 mm (DOFS-0,
DOFS-2). This explains why varied strain data are often obtained
from optical fibres when using hand-controlled attachment meth-
ods, even though only a thin bottom layer of glue exists between
the optical fibre and the substrate. The method presented here
enables to predict the value of strain transfer coefficient Ky, for
any unknown thickness T. By using the shear lag correction
method, a more accurate substrate strain measurement can now
be realized even when optical fibres are attached through a thick
intermediate layer of material.

4. Conclusions

1. A novel 3-D printing based embedding method was presented
for attaching optical fibre sensors on the surface of thermoplas-
tic composite components.

. Residual strains from 3-D printing based attachment process
reached ca. —1600 pe for short-fibre reinforced CF/PA6 compos-
ite used in this study. All residual strain curves remained con-
stant along the attachment length and were independent of
the bottom interlayer thickness.
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3. Creep strain measurement accuracy that is comparable to

cyanoacrylate glue was achieved by optical fibres embedded

at zero interlayer thickness. However, by increasing the bottom
interlayer thickness, a shear lag effect is quickly introduced
between the substrate and the OF sensor strains.

Strain transfer coefficients along the attached optical fibres

remain constant with elapsed creep loading time. Departure

from constant values implies that some forms of imperfections

(cracks, local yielding) are occurring at these locations of sensor

attachments. However, any such stiffness degradation mecha-

nism needs more experimental confirmation.

5. A simple semi-empirical calculation method was proposed for
correcting optical fibre strains for the shear lag effect at an arbi-
trary interlayer thickness T.

6. For future experiments of the same type, a few recommenda-
tions are suggested for better experimental control. The embed-
ding elements are suggested for both sides of the dogbone
specimen (one dummy if necessary), and they should remain
in the same volume for all test configurations. Also, live temper-
ature measurements are recommended on the test specimen to
confirm that no excessive heating occurs when applying the
load.
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