
1 | P a g e  
 

The Development of Fibre-Optic 

Acoustic Emission Sensors for 

Structural Health Monitoring 

 

 

by 

James Owen Willberry 

 

 

A thesis submitted to the 

University of Birmingham 

 for the degree of 

 DOCTOR OF PHILOSOPHY 

 

 

 

 

 

 

 

 

School of Metallurgy and Materials 

College of Engineering and Physical Sciences 

University of Birmingham 

May 2021 

 



 
 
 
 

 
 
 
 
 

University of Birmingham Research Archive 
 

e-theses repository 
 
 
This unpublished thesis/dissertation is copyright of the author and/or third 
parties. The intellectual property rights of the author or third parties in respect 
of this work are as defined by The Copyright Designs and Patents Act 1988 or 
as modified by any successor legislation.   
 
Any use made of information contained in this thesis/dissertation must be in 
accordance with that legislation and must be properly acknowledged.  Further 
distribution or reproduction in any format is prohibited without the permission 
of the copyright holder.  
 
 
 

UNIVERSITYDF 
BIRMINGHAM 



2 | P a g e  
 

Synopsis 

 

Acoustic emission (AE) is widely used for condition monitoring of critical components 

and structures. Conventional AE monitoring techniques use piezo-electric AE sensors 

to detect elastic stress waves emitted from a source, such as a propagating crack. These 

sensors are often surface mounted and secured in place using magnetic hold-downs 

or adhesive tape to monitor structural components. Coupling sensor and structural 

components is achieved with the use of an appropriate ultrasonic couplant due to the 

high frequency signals emanating from an AE event (up to 1 MHz). The couplant is 

crucial to permit an efficient transfer of elastic waves between damage source and 

sensor. Piezo-electric sensors tend to be relatively bulky, so cannot be embedded into 

composite materials. The embedding process protects sensors against environmental 

stresses, prolonging operational lifetime and enhancing device sensitivity. In addition, 

piezo-electric AE sensors are affected by electromagnetic interference meaning that 

when required in challenging conditions such as in flammable or explosive 

environments, AE sensors need to be manufactured as intrinsically safe. Fibre-optic 

acoustic emission sensors (FOAES) offer several advantages over conventional piezo-

electric AE sensors. FOAES can be both surface-mounted to various materials or 

embedded into composites owing to their small size and acrylate coating relieving the 

stress concentration around the sensor. The immunity of FOAES to electromagnetic 

interference makes these sensors attractive for condition monitoring across a wide 

range of operational environments. This is because the FOAES employs light at the 

sensing region to interrogate elastic stress waves instead of electrical components used 

in piezo-electric AE sensors. This study discusses the approach employed for 

manufacturing sensitive and reproducible FOAES in addition to methods used to 

characterise them. Towards the end of the investigation, a comparison between AE 

signals captured using both conventional piezo-electric sensors and FOAES is also 

provided. 
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Glossary 

Absolute Energy:  Obtained from the integral of the squared voltage signal over 

the reference resistance, the absolute energy is measured in 

attojoules (aJ). 

 

Acoustic Emission (AE): Elastic waves generated by the rapid release of energy from a 

source within a material. 

 

Acoustic Impedance 

(AI):  

A measurement of the resistance of a material to the 

transmission of sound waves. The result is the product of the 

material density and the sound velocity. AI determines how 

sound will be transmitted and reflected when a wave 

encounters a boundary with another material. 

 

AE Amplitude: The largest voltage peak in an AE signal waveform, expressed 

in decibels to 1 microvolt at the preamplifier input (dBAE). 

 

AE Channel:  A single sensing input and related instrumentation for 

transmitting, conditioning, detecting, and measuring a signal. 

 

AE Event Energy: The total elastic energy released by an AE event according to 

AEWin interrogation software. 

 

AE Hit: The detection and measurement of an AE signal from a channel. 

 

AE Sensor: A device, typically a transducer, consisting of a piezo-electric 

ceramic element that converts an elastic wave into an electric 

voltage. 

 

Amplified Spontaneous 

Emission (ASE): 

A process where spontaneously emitted radiation (light) is 

optically amplified. ASE is sometimes also referred to as super 

luminescence. 

 

Attenuation: 

 

The loss of amplitude with distance and as a function of time as 

an AE signal propagates through a material. 

 

Average Signal Level: 

 

A measure of the varying and average AE signal amplitude. 

ASL is measured in decibels and differs from the RMS, which 

is a measure of voltage. 

 

Centroid Frequency: 

 

The centre of mass of a power spectrum graph. 
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Counts: 

 

The number of times an AE signal crosses the detection 

threshold that can also be represented as the “Threshold 

Crossing Counts”. 

 

Coupling Ratio (CR): 

 

The percentage of the optical power transferred between 

optical ports of a 2x2 coupler. The CR value is relative to the 

sum of the power from the two outputs. 

 

Detection: 

 

Acknowledgment of the presence of an AE signal when it 

surpasses the detection threshold.  

 

Draw Length: 

 

A term used to describe the length of the draw on the fibre pair 

used to achieve a 50 ± 10 % coupling ratio for the fibre-optic AE 

sensor that is measured by the coupler manufacturing unit. 

 

Duration: 

 

The time from the first threshold crossing of an event to the end 

of the last threshold crossing from an AE signal. 

 

Energy: 

 

The measured area under the rectified signal envelope, which 

is derived from the integral of the rectified voltage signal over 

the hit duration in the AEWin software. 

 

Excess-Loss: 

 

The optical loss relative to the input optical radiation that is not 

typical of the normal operation of the device ports.  

 

Fibre Bragg Grating 

(FBG): 

 

A type of distributed Bragg reflector manufactured from a short 

segment of optical fibre, which reflects and transmits 

wavelengths of light to create a periodic variation in the 

refractive index of the fibre core. This generates a wavelength-

specific dielectric mirror that changes according to the 

surrounding environment (temperature/strain). 

 

Fibre Fabry-Perot 

Interferometer (FPI): 

A sensor manufactured by an optical cavity made from two 

parallel reflecting surfaces separated by a micrometre gap. FPIs 

are usually classified into two groups: extrinsic Fabry-Perot 

interferometer (EFPI) and intrinsic Fabry-Perot interferometer 

(IFPI). An EFPI allows light to exit the fibre and propagate in 

an external cavity, whilst an IFPI utilises light restricted in the 

fibre. 
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Fibre-Optic Sensors 

(FOS): 

A sensor that uses an optical fibre as a sensing element or by 

relaying signals from a remote sensor to the electronics of 

appropriate interrogation software. FOS can also be used to 

abbreviate fibre-optic acoustic emission sensors (FOAES), such 

as in this investigation. 

 

Fibre-Reinforced 

Polymer Composites 

(FRPC): 

Materials made of a polymer matrix reinforced with fibres. The 

fibres are usually glass, carbon or aramid but can sometimes be 

paper, wood, or asbestos. Most common are glass and carbon 

reinforcement, which can also be expressed as glass-fibre 

reinforced polymers (GFRP) and carbon-fibre reinforced 

polymers (CFRP).  

 

Fourier Transform 

Infrared Spectroscopy 

(FTIR): 

 

This is a technique used to obtain an infrared spectrum of 

absorption or emission of a solid, liquid or gas. An FTIR 

spectrometer simultaneously collects high-resolution spectral 

data. Can also be used to describe Fourier transform near-

infrared radiation (FTNIR) and Fourier transform far-infrared 

radiation (FTFIR).  

 

Hit Definition Time 

(HDT): 

 

A time constant used to terminate the measurement of a signal. 

 

Hit Lockout Time 

(HLT): 

 

A time constant used to create “dead-time” after the end of a 

hit. 

 

Hsu-Nielsen Source 

 

Also referred to as a pencil lead break (PLB), this is an industry 

standard calibration method that involves fracturing a 2H 

grade pencil lead with 0.5 mm diameter, 3 mm length, broken 

at a 30° angle to simulate an AE event.  

 

Lead Zirconate Titanate 

(PZT):   

 

Lead Zirconate Titanate is an inorganic compound that exhibits 

the piezo-electric effect meaning that the compound changes 

shape when an electric field is applied. PZT is often confused 

with meaning piezoelectric transducer, which is often the 

product of the compound that is used to make ultrasound 

transducers and other sensors and actuators. 
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Long Period Gratings 

(LPG): 

 

These gratings couple light from a guided mode into forward 

propagating cladding modes, which is lost to absorption and 

scattering. LPGs allow light to be coupled between propagation 

modes of the optical fibre. They are very sensitive to 

temperature and strain as they have advantages over FBGs that 

include a low insertion loss and polarisation independence.  

 

Multi-Functional Sensor 

(MFS): 

 

A sensor manufactured from optical fibres that utilises a variety 

of methods to detect multiple parameters, which can include 

strain, temperature, and refractive index. A specific multi-

functional sensor was published in 2015 [1], and defined as a 

Multi-Measurand Sensor (MMS) capable of monitoring strain, 

temperature, refractive index and cross-linking chemistry. 

 

Multi-Mode Fibre 

(MMF): 

 

Multi-mode optical fibre has a large diameter and lets multiple 

modes of light pass through it. It is commonly used over short 

distances. 

 

Multi-Mode 

Interferometer (MMI): 

 

A multi-mode interferometer (MMI) also known as a multi-

mode interference coupler, is a device used for splitting and 

coupling light. As the light is confined and guided, the MMI is 

essentially a broad optical waveguide. 

 

No-Core Fibre (NCF): 

 

Coreless fibres usually consist of a pure silica glass rod and an 

acrylate coating. Where a standard optical fibre would have an 

inner core, no-core fibres often have a glass rod without a 

distinct core or cladding. The absence of a waveguide makes 

the fibre useful for reducing back reflections or preventing 

damage to the fibre end face in high-power applications. 

 

Noise: 

 

Signals produced by other causes aside from AE or by AE 

sources that are not relevant to the test. 

 

Non-Destructive 

Testing (NDT): 

NDT is a testing and analysis technique used to evaluate the 

properties of a material, component, structure, or system for 

characteristic differences. It can also be referred to as non-

destructive evaluation (NDE), non-destructive inspection 

(NDI) and non-destructive examination (NDE). 

 

Optical Spectrum 

Analyser (OSA): 

 

A device used for analysing the output light beams from lasers, 

light-emitting diodes and other light sources that often feature 

a wide dynamic range, high resolution, and fast sweet speeds 

to gain an accurate picture of the wavelength analysis. 
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Peak Definition Time 

(PDT) 

 

Provides a control over which peaks from an AE signal are used 

to define rise time and amplitude. 

Peak Frequency: 

 

The point at which the maximum frequency magnitude occurs 

in the power spectrum or fast Fourier transform (FFT) plot from 

an AE signal. 

 

Photo Sensitive Fibre 

(PSF): 

 

These fibres are often used when manufacturing gratings and 

grating-based devices in critical components of optical 

communications networks. Usually boron co-doped, PSFs have 

a core composition that permits high-reflectivity gratings to be 

written in applications such as FBG temperature sensors. 

 

Refractive Index (RI): 

 

A dimensionless number describing how fast light travels 

through the material. Defined by n = c/v, c is the speed of light 

in a vacuum and v is the phase velocity of light in the medium. 

 

Relative Humidity (RH): 

 

This is the concentration of water vapour present in the air. 

Relative humidity is expressed as a percentage and indicates a 

present state of absolute humidity relative to a maximum 

humidity given the same temperature.  

 

Rise Time: 

 

The time from an AE signal’s first threshold crossing to its peak. 

 

Scanning Electron 

Microscopy (SEM): 

 

SEM scans a focused electron beam over a surface to create an 

image. The electrons in the beam interact with the sample, 

producing various signals to obtain information about the 

surface topography and material composition. 

  

Signal Characterisation: 

 

Quantification of AE signal features from a specific type of 

damage mechanism or noise source. 

 

Signal Description: 

 

The result of the hit process and a digital (numerical) 

description of an AE signal. 

 

Signal Features: 

 

Measurable characteristics of an AE signal, including 

amplitude, AE energy, duration, counts and risetime, which 

can be stored as part of an AE hit description.  

 

Signal-to-Noise Ratio 

(SNR): 

 

Defined as the ratio of the power of a signal to the power of 

background noise. Both signal and noise power must be 

measured at equivalent points in a system within the same 

system bandwidth. 
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Single-Mode Fibre 

(SMF): 

 

It is an optical fibre designed to carry only a single-mode of 

propagating light – the transverse mode. This means there is no 

interference or overlap between wavelengths.  

 

Source Location: 

 

A technique used to determine the relative positions of AE 

sources in 1, 2 or 3 dimensions from multiple sensors. 

 

Structural Health 

Monitoring (SHM): 

 

SHM involves the observation and analysis of a system over 

time using periodically sampled response measurements to 

monitor changes to the material and geometric properties of 

various structures. 

 

Threshold: 

 

This is recorded from the AE setup and is only needed when 

using a floating threshold so that variations in the threshold can 

be quantified. 

 

Time-of-Flight: The time required for an ultrasonic signal to travel from 

transmitter to receiver via diffraction along a material surface 

or a discontinuity edge.  

 

Ultrasonic Testing (UT): 

 

A non-destructive evaluation technique that is used to 

characterise the thickness or internal structure of a test piece 

using high frequency sound waves, most commonly in the 

range of 500 kHz to 20 MHz. 

 

Visual Testing (VT): 

 

This evaluates the visible output of an application and 

compares to the results expected by design. Visual tests are one 

of the simplest forms of NDT and can be run at any time on any 

application with a visual user interface. 

 

Wavelet: A mathematical function used to obtain the time-frequency 

representation of the time domain signal. 

 

 

 

 

 

 

 



41 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 
Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 | P a g e  
 

1     Introduction 

 

Structural components and machinery can be evaluated with respect to their 

structural integrity using structural health monitoring (SHM) techniques in real-time. 

In-situ sensing has grown in popularity across a range of industrial sectors in recent 

years. Fibre reinforced polymer composites (FRPCs) need to be inspected regularly to 

evaluate their structural integrity. Various inspection methods can be used including 

visual evaluation, ultrasonic testing (UT) [2], infrared thermography (IR) [3], 

shearography [4], radiography [5], and acoustic emission (AE) [6], to name a few. 

Originally used for health monitoring of rock and concrete in the second half of the 

20th century [7], AE sensing relies solely on the elastic waves generated from a material 

when subjected to sufficiently high external stresses. As such, it is one of the least 

disruptive non-destructive evaluation (NDE) techniques used today since it can be 

used during normal operational conditions. AE sensing is based on the detection of 

transient elastic waveforms propagating through a material due to the sudden release 

of an elastic wave. The waveform characteristics are directly related to the source that 

generated them, type of material and component geometry [8]. As such, it is primarily 

used for fault detection, location, and characterisation of damage modes in 

mechanically loaded structures [9, 10]. Piezo-electric transducers are commonly 

employed as AE sensors. However, environments of high electromagnetic 

interference inherently limit these devices. Moreover, embedding the device into 

structures remains difficult due to their large size, which would result in the 

weakening of the structural integrity. Fibre-optic acoustic emission sensors (FOAES) 

can increase the potential applications of embedded SHM technology due to their 

small diameter (~250 µm). The small diameter FOAES allows a user to embed these 

devices into composite materials. Fibre-optic sensors (FOS) employ light to detect AE 

events optically, rather than electronically. FOAES are thus immune to 

electromagnetic interference. The operating temperature of the FOAES is 
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approximately between -55 and 125 ºC. Most piezo-electric AE sensors are limited to 

an operational temperature of around 200 ºC [11, 12]. However, with the introduction 

of heat-resistant optical fibre such as Teflon, the FOAES can operate in environments 

over 200 ºC. Optical fibre devices can also be multiplexed to accommodate a range of 

multiple sensors typically from only a few optical fibres [1, 13-15]. Since 1980, fibre-

optic couplers have been used as passive devices for splitting, multiplexing, and 

filtering optical systems [16, 17]. FOAES are commonly fabricated from fused tapered 

fibre-optic couplers [18-20], which monitor the optical output of two fibres through 

their coupling ratio. During manufacturing, the power transfer between two fibres is 

evaluated by assessing their core-to-core distance, which dictates an efficient transfer 

of light between fibres, and thus the sensor’s coupling ratio. When an elastic wave 

propagates across the tapered region, the region is excited and alters the coupling 

ratio. The fused tapered region acts as a strain concentrator where the stress wave is 

magnified. The elastic-optic and mechanical effects cause changes in the refractive 

index and effective length. The fibre taper increases the interaction between the 

evanescent fields, enhancing the interaction of the light with the surrounding medium 

by reducing the core-to-core distance. The optical outputs on the device influence the 

signal-to-noise ratio (SNR) since power loss attributed to the manufacturing process 

and detected by the outputs at an interrogation unit is related to the background noise 

of the system. The optical outputs are influenced by the acoustic energy from an AE 

event, optical input power, coupling region structure and the acoustic wave 

properties. Common methods of reducing the core-to-core distance and creating a 

central tapered region, include fibre etching [21], and polishing [22]. However, fibre 

fusion [23, 24], has emerged as the most cost effective and is often used during the 

fabrication of FOAES with the fibre bi-conical tapered (FBT) technique [18]. In 

practice, two fibres are placed into intimate parallel contact. They are stripped of their 

acrylate coating and cleaned to remove surface impurities. The fibres are exposed to a 

high temperature flame at the centre of this stripped region, fusing the fibre cores at 

the tapered region and allowing for a light transfer. 
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1.1   Aims and Objectives 
 

The present study investigated the manufacturing of fibre-optic acoustic emission 

sensors, evaluated their performance and compared them with conventional piezo-

electric transducers. The aims of this study are given in detail herein: 

(i) To optimise and stabilise the signal-to-noise ratio of the fibre-optic 

acoustic emission sensors by assessing the manufacturing parameters. 

The initial stages of the present investigation evaluated the response of the FOAES. 

The focus was on identifying the factors influencing the consistency of production of 

the FOAES. These outcomes were analysed by evaluating the production process and 

modifying it to establish repeatable manufacturing. The focus was on the response of 

various manufacturing configurations, which was investigated by using an 

aluminium plate and excited with pencil breaks. The directionality of the fibre-optic 

devices was determined and directly compared to that of conventional piezo-electric 

sensors based on lead zirconate titanate (PZT) crystals. A guide to manufacturing and 

packaging the fibre-optic devices was provided alongside a summary of the hardware 

and software used during sensor analysis tests.  

(ii) To evaluate the signal response between the fibre-optic acoustic emission 

sensors and conventional piezo-electric acoustic emission sensors during 

sensor packaging optimisation. 

The packaging process of inserting the sensor into a glass capillary was investigated 

and developed to improve the signal-to-noise ratio (SNR) associated with each sensor. 

The mounting process was investigated to minimise damage during loading and 

maximise sensitivity. Appropriate testing configurations were designed and 

implemented to evaluate the signal response of the FOAES and PZTs. The 

performance, specifically sensitivity and directionality, of the FOAES were compared 



45 | P a g e  
 

with conventional PZT sensors. Suitable AE interrogation and analysis software were 

utilised, namely Noesis procured from Envirocoustics.  

(iii) To conduct a direct comparison of the damage propagation and failure 

analysis between surface-mounted fibre-optic acoustic emission sensors 

and conventional piezo-electric acoustic emission sensors whilst 

performing structural health monitoring. 

Commercial, off-the-shelf, Mistras Group Inc. hardware and AEWin® software were 

employed for the acquisition of AE signals produced by both fibre-optic and piezo-

electric sensor technologies. These tests evaluated the tensile strain tolerable by the 

FOAES prior to failure. This included studying the amplitude and fast Fourier 

transform (FFT) of the AE signals collected by the two sensor types throughout axial 

loading. Furthermore, glass-fibre composites were examined for their damage modes 

and crack propagation during tensile loading by the PZT sensors. Tensile loading tests 

provided the appropriate experimental configuration to examine damage modes 

recorded by FOAES and PZT sensors. Two PZTs were used to analyse the damage in 

the materials. A set of tests compared the results to FOAES, whilst another set 

investigated the viability of using surface mounted PZT sensors for AE damage 

inspection whilst correlating the presence of material damage.   

1.2   Thesis Structure 

The thesis is divided into seven chapters, as follows: 

Chapter One: Introduction 

This chapter presents an introduction to the project presenting a description of the 

aims and objectives of the research. The structure of the thesis and the contributions 

of the author to scientific journals are also detailed.  
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Chapter Two: Literature Review 

A review of the general state of the art of structural health monitoring is provided in 

this chapter. Acoustic emission sensing is particularly focused on. Close attention is 

granted to the manufacture of fibre-optic AE sensors and to the damage 

characterisation of composite materials by benchmark AE devices. 

Chapter Three: Materials and Methods 

This chapter illustrates the experimental methods and procedures adopted to progress 

the programme of research this report presents. Particular attention is given to the 

setup used to manufacture FOAES and to compare the AE events captured by these 

devices and PZTs during tensile loading tests.  

Chapter Four: Sensor Manufacturing and Characterisation 

Chapter four describes the impact of different manufacturing and packaging 

parameters on the sensitivity of the fibre-optic devices. The response of various 

manufacturing configurations is investigated on an aluminium plate whilst the 

devices are subjected to simulated AE from pencil breaks. The directionality of the 

fibre-optic devices is determined and compared with PZTs. A description of the 

hardware and software utilised during sensor comparison tests is given. A step-by-

step guide to manufacturing and packaging the devices is provided.  

Chapter Five: Damage Evaluation of FRPCs by FOAES and Benchmark AE Sensors 

A comparison of the AE activity captured by surface mounted FOAES and PZT 

sensors are discussed in this chapter. A tensile loading investigation provides the 

necessary and appropriate experimental configuration to examine damage modes 

captured by the devices. To enact a comparison, a single FOAES was mounted to 

carbon-fibre reinforced polymer composites and a glass-fibre reinforced polymer 

composite alongside two PZT devices. The laminates were strained with a universal 

testing apparatus whilst the AE activity was documented.  
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Chapter Six: Conclusions and Future Work 

The conclusions emerging from the current study are provided together with 

comparisons with previous reports in chapter six. Additional contributions made to 

the progress of the thesis are detailed alongside suggestions for future work 

developments.  

Chapter Seven: References 

The bibliography with relevant references is provided in this chapter. Additional 

contributions to the study are provided after the references and are categorised into 

the Appendices section.  

 

1.3   Publications 

 

The following journal publication containing findings from research carried out by 

the author has been published:  

Willberry, J.O.; Papaelias, M.; Franklyn Fernando, G. Structural Health Monitoring 

Using Fibre Optic Acoustic Emission Sensors. Sensors 2020, 20, 6369 
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2     Literature Review  

 

2.1     Introduction to Literature 

2.1.1 The Necessity of AE Sensing 

 

Non-destructive evaluation or testing (NDE or NDT) is used to monitor structural 

components and machinery in real-time or during downtime. In-situ sensing has 

grown in popularity across a range of industrial sectors in recent years since it 

contributes towards the maximisation of asset availability, increases operational 

reliability and safety, minimises disruption, and increases the efficiency of 

maintenance planning [25-28]. Fibre reinforced polymer composites (FRPC) consist of 

a matrix with supporting reinforcement fibres. During loading, the matrix transfers 

the stress to the reinforcing fibres providing the composite with some ductile strength. 

These materials are light-weight, non-magnetic, exhibit a good corrosion resistance 

and high strength to weight ratio [29]. FRPCs are popular in such environments where 

high tensile strength and stiffness are necessary [30]. Due to their complex 

microstructure, FRPCs require extensive NDE techniques for assessment of their 

structural integrity. NDE methods are preferred for their non-intrusive nature, with 

examples including ultrasonic testing (UT), infrared thermography (IR) and acoustic 

emission (AE) [2, 3, 6, 31]. UT offers the advantage of data repeatability and inspection 

of inaccessible components. Unfortunately, the technique is often time-consuming and 

exhibits a reduced effectiveness on uneven surfaces due to ineffective coupling. Large 

surfaces can be inspected with infrared thermography but are constrained by 

unpredictable weather conditions. Some of the difficulties mentioned from many NDE 

procedures can be alleviated by acoustic emission [9]. First introduced in the latter 

half of the 20th century, AE testing has become a recognised NDE method primarily 

used for fault detection and location in mechanically loaded structures [10]. The 
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acoustic signals convert from elastic stress waves to electric signals with usually piezo-

electric sensors [32].  

 

Fibre-optic sensors offer several advantages over piezo-electric elements. They do not 

suffer from electromagnetic interference and integration into hazardous 

environments is possible as a result. A typical piezo-electric sensor is made of doped 

PZT crystals. It can be 20 mm in diameter and 20 - 30 grams in weight [33], meaning 

FOS offer the unique ability to be lightweight, small enough to be embedded into 

composites (~250 µm) and multiplexed to accommodate multiple sensors from only a 

few fibres [1, 13-15]. Airbus is actively investigating the use of fibre-optic sensors in 

their aircraft, including advanced sensing in the Airbus A380 commercial aircraft [27], 

and fibre Bragg grating sensing in the Airbus A340/600 tail wing [34]. Their data has 

shown excellent correlation to conventional strain gauges thus far. 

2.1.2 Structural Health Monitoring and Non-Destructive Testing 

 

Structural health monitoring (SHM) evaluates the process of implementing a damage 

detection and characterisation tool for the monitoring of engineering structures. It 

allows a user to make a judgement on the condition of a structure by utilising a range 

of sensing components to detect its defects. Characterised into two types of 

monitoring, passive monitoring extracts information from a structure without 

impinging on its mechanical properties. Active monitoring requires an external input, 

such as an embedded actuator, to capture data based on the electromechanical 

impedance method [35]. Although this technique is useful for determining various 

mechanical properties, passive monitoring permits an inspection of components 

without creating potential damage [36]. SHM technologies have become increasingly 

vital for multiple industries: civil, mechanical, transport, and medical engineering, by 

helping analyse the lifetime of structures and sometimes reduce the rate of 

deterioration, thereby increasing the lifespan of such structures [37]. Typical SHM 

methods include visual inspection [38-41], ultrasonic testing [42-46], infrared 
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thermography [47, 48], radiographic evaluation [5, 49-53], shearography [54-57], and 

acoustic emission [9], to name a few. AE is a passive monitoring technique and relies 

solely on the energy introduced from a component under test, rather than creating a 

disturbance from an external source. This operation has been extensively researched 

in this study.  

 

2.2     Acoustic Emission 

 

AE sensing considers the detection of transient elastic waves propagating through a 

material due to its sudden release from a damage event such as cracking. The 

waveform characteristics are directly related to the source that generated them, type 

of material and component geometry [8]. Appropriate hardware converts the sound 

waves to electric signals for analysis, usually with a piezo-electric sensor made of 

doped PZT crystals [58-64]. A schematic illustration of a conventional AE detection 

set up that utilises a PZT sensor is provided in Figure 1.  

 

 

 

 

 

 

 

 

 

Figure 1   A schematic illustration of a conventional AE detection set up utilising a piezo-electric 

transducer converting sound waves into electrical signals (source: [65]). 
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Kaiser was the first to investigate AE via the Kaiser effect in the 1950s. He proposed 

that a material under load only emits acoustic waves after a previous load event has 

been exceeded, working much as a natural threshold in a material [66]. This allows 

the observer to eradicate external noise in the system both before and after an event. 

AE can be utilised for passive non-destructive testing of materials to establish growing 

fractures in structures related to metals and composites. The passive technique relies 

on the energy produced in the material rather than from an external source [9, 67]. A 

successful AE sensor requires the damage-related events to be separated from the 

mechanical noise, which is possible by amplifying the AE signal and filtering for 

background noise. Computers with appropriate post-processing capabilities examine 

the ‘hits’ or ‘events’ to evaluate the corresponding damage mode. To separate the data 

from noise, the characterisation of the signals considers the threshold, of which no 

data under this value is recorded and is used to remove background noise. Rise time, 

peak amplitude and event duration are also used to characterise the signals. Rise time 

is defined as the time to the maximum amplitude of the event and is recorded from 

the point that the signal amplitude crosses a defined signal threshold to when it passes 

back below the threshold. 

 

An RA value is the value of the signal rise time divided by the peak amplitude of the 

signal. It is used as a good indication of classifying the type of fracture in a material 

[68]. Energy is generally preferred over counts due to its sensitivity to amplitude and 

duration. As such, it relies less on the threshold location and functioning frequency 

compared to the counts. Absolute energy is the true energy. It is the result of a squared 

voltage signal divided by the reference resistance (10 kΩ) over the time duration of 

the AE event waveform packet. The absolute energy of a detected AE burst signal is 

commonly expressed in atto-joules 1 aJ = 10−18J [69]. Table 1 provides details on the 

parameters utilised during AE signal examination. 
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Table 1   The key parameters considered during AE examination (source: [70]). 

 

Peak definition time (PDT), hit definition time (HDT) and hit lockout time (HLT) are 

timing parameters of the signal measurement process and are modified according to 

the limitations of the test specimen and individual needs of the measurement. The 

PDT describes the time elapsed between the signal first exceeding the threshold to the 

maximum amplitude of the individual hit. HDT is the time that an event capture 

remains open after the signal has passed the threshold. Setting this low is particularly 

useful when testing a brittle material with many consecutive AE events, but not too 

low to impinge on the maximum peak of the signal. HLT is the period where the AE 

sensors do not record further signals after a hit is recorded [70, 71]. These parameters 

are represented in an example AE signal in Figure 2.  

Parameters Definitions 

Absolute (True) Energy 

This is the true energy of an AE hit available in both the Hit and Time driven data 

sets. In the time driven feature, it is an excellent parameter for monitoring 

continuous signals as it is independent of hit based activity. 

AE Amplitude (dBAE) 

The maximum amplitude (±) observed over a hit. It is expressed by the equation 

[9]: 

dBAE = 20 log (
Vmax

1μ−volt
) − (Preamplifier Gain in dBAE). 

Where Vmax is the peak signal voltage (preamplifier input), measured in 

microvolts. 

Counts (counts) 
Referred to as the AE Threshold crossing counts, it is the counts of an AE signal 

over a set threshold across a set duration. 

Duration (µs) The time from the first hit crossing the threshold to the last threshold crossing. 

Peak Frequency (kHz) 

A real time frequency feature, the peak frequency is defined as the point in the 

power spectrum at which the peak magnitude occurs. A real time FFT is 

performed on the waveform associated with the AE signal. 

Rise Time (µs) The time between the start and peak of an AE hit beyond the threshold limit. 

Threshold ( dBAE) 
The value that the user can set to define the minimum amplitude where a ‘Hit’ is 

recorded. 
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Figure 2   A schematic illustration of an annotated AE signal (source: [65]).  

 

Materials of various acoustic properties require variable set parameters when 

considering the timing features. Mistras have offered suggestions on these parameters 

dependent on the material, in Table 2. Different materials are tested with different 

PDT, HDT and HLT values due to the variability of the AE signal amplitude and 

attenuation propagating through materials of varying wave properties.  

  

Table 2   A display showing the recommended values for general-purpose AE testing (source: [70]). 

Materials PDT HDT HLT 

Composites, Non-Metals 20 - 50 100 - 200 300 

Small Metal Structures 300 600 1000 

Metal Structures (high damping) 300 600 1000 

Metal Structures (low damping) 1000 2000 20000 

 

Signal processing allows the user to analyse data after the event. In addition to further 

noise filtering, post processing can involve the following [72]: (i) signal separation of 

the event into more manageable segments; (ii) determining the wave propagation 

characteristics; (iii) damage source location when using at least three devices to 

accurately pinpoint the event; and (iv) source characterisation that is used to govern 

the significance of the event to the environment. Amplifying AE signals can also aid 
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with signal processing of acoustic waves, as has been attempted and discussed in [73, 

74]. 

 

One disadvantage with AE sensing is its susceptibility to noise due to weak signals 

and the strong requirement for signal enhancement, compared to other NDT methods. 

As such, noise reduction and signal enhancement methods are frequently explored. A 

noise removal method based on a particle filter was proposed [68]. Implementing a 

Rao-Blackwellised particle filter (RBPF) to enhance the SNR of AE signals was 

successfully demonstrated with a higher accuracy of noise filtering than standard 

band-pass filtering. 

 

In addition to monitoring the damage severity and the significance of an event upon 

a structure, one of the most crucial aspects of SHM through damage detection is 

identifying the damage source. The location identification technique and relevant real-

world solutions can be given depending on whether the AE signal is of continuous or 

discrete nature. This demands knowledge of amplitude measurement techniques such 

as first-hit and attenuation measurement methods [75], as well as timing techniques 

such as Time of Arrival (TOA) and cross-correlation. These explore the time difference 

between continuous and discontinuous waves [76-79]. Source location analysis has 

also been conducted for fibre-optic acoustic emission sensors [18, 80]. However, the 

sensitivity of these devices has not been comparable with conventional PZT sensors 

meaning further development of the FOAES is required. The coupling is a key factor 

for increasing the effectiveness of an AE device for damage detection. For AE sensing, 

the devices require microscopic coupling to allow efficient wave transfer to the 

sensing component [81]. The distribution of strain in a material causes the abrupt 

emission of acoustic waves, through burst type or continuous waves. Further defined 

into pressure (longitudinal) and shear (transverse) waves, they propagate parallel and 

perpendicular to the acoustic waveform, respectively. The removal of the air gap 

between a sensor and substrate is crucial for efficient wave transfer and can be 
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alleviated with an acoustic couplant [82-85]. The acoustic impedance (AI) of air can be 

nearly five orders of magnitude lower than between other media [86]. That is, how 

waves effectively travel through a medium. Numerous couplants can provide 

different transmission properties and alter the frequency response of the AE sensor. 

Liquid couplants have a lower AI than their solid counterparts. Examples include 

propylene glycol and medical ultrasound gel [78].  For solid couplants, Cyanoacrylate 

adhesive glue is common but is difficult to handle and remove from a sensor without 

inflicting damage. Silicone rubber improves upon the disadvantages of common 

superglue. It is repeatable, easily applicable, and long lasting. However, it is difficult 

at collecting high amplitude results due to its elastomer nature. The result is a poor 

transmission of shear waves from the dampened signal source. When the acoustic 

wavelength is of the same order as the bond thickness, there will be a large reflection 

coefficient. This leads to a noisy bond between sensor and substrate. High frequency 

bonds therefore require extremely thin couplants to alleviate the noisy contact [87]. 

Some of the typical AE wave characteristics dependent on the coupling media used, 

are described in Table 3. The results show that adhesives with a greater stiffness and 

material density amplify signals at the AE sensors more than when using softer 

adhesives. This data was considered in Chapter 5 when mounting FOAES to 

composite materials for damage detection. 

Table 3   AE couplants with corresponding AE signal comparisons.  

Adhesive 1: cyno-acrylic glue; Adhesive 2: vinylic glue; Grease: silicone grease (source: [82]). 

Couplant Amplitude (𝐝𝐁𝐀𝐄) Counts Signal Strength (µV s) 

Mean Max Min Mean Max Min Mean Max Min 

-  55 64 46 747 751 743 3015 3926 2135 

Adhesive 1 80 80 80 3735 3741 3729 6794 6995 6500 

Wax ≈ 1 mm 73 73 73 2164 2170 2157 8465 9153 7098 

Grease ≈ 2 mm 75 75 75 1881 1886 1875 4353 4604 4116 

Tape 46.8 46 47 1811 1821 1804 856 859 854 

Adhesive 2 69 92 46 6268 6276 6251 29080 60740 14720 
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2.3     Damage Detection and Classification by AE 

2.3.1 Introduction 

 

It is possible to inspect and identify damage modes in substrates using AE techniques. 

AE signals require suitable interrogation techniques as they are often observed 

alongside structural damage. By evaluating amplitude and FFT data, the apparent and 

projected damage can be reviewed. Whilst AE sensors traditionally rely on piezo-

electric transducers, the sensitivity depends on the surface characteristics of the 

material and the pressure between it, and the sensor. The coupling medium also 

contributes to the performance of the transducers. A suitable couplant such as 

ultrasonic gel, is often chosen [83, 84, 88]. The amplitude, rise time, FFT frequency and 

duration of an AE signal can describe its nature and the type of damage detected [62, 

89-92]. Typical frequencies corresponding to various damage modes in fibre 

reinforced composites are summarised in Figures 3 - 6. AE signals with low 

frequencies (~100 kHz) are usually associated with matrix cracking whilst high 

frequency signals (> 300 kHz) are often linked to fibre breakages. The data presented 

in the figures has been used in later chapters to correlate AE signal characteristics to 

damage modes in composites. These signals can also be dependent on an array of 

parameters, including: (i) sensor choice (i.e., frequency range); (ii) coupling/bonding 

method between sensor and substrate; (iii) sensor quantity; (iv) specimen size; (v) 

sensor arrangement; and (vi) structure of the material. Tensile and fatigue tests are 

commonly utilised to compare sensors and determine their efficiency in detecting 

relevant signals. ASTM D3039/D3039M standards are obeyed when tensile-load 

testing polymer matrix composites [93]. Aluminium end-tabs are often attached to the 

composite with strong adhesive to minimise grip noise and avoid slipping.  
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Figure 3   An overview of frequency failure relationships as found in the literature  

and summarised by De Groot (source: [94]). 

 

 
Figure 4   A model of the overview from Ramirez-Jimenez’s paper on common  

AE events in composite structures (source: [95]). 

 

 
Figure 5   A summary of the classification using frequency content 

from Gutkin’s models (source: [96]). 

 

 

 
 

Figure 6   A graphical comparison of numerical results across 

 the AE amplitude range found in literature (source: [94]). 
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2.3.2 Detection and Evaluation of Damage Modes in Composites 

 

Damage detection and classification using AE has been conducted and reviewed 

extensively. Świt et al [97], analysed the AE events from piezo-electric transducers 

generated by glass-fibre reinforced polymer composites during tensile testing. The 

tested samples had cross-sections of approximately 12 x 3 mm as tests were conducted 

at a maximum speed of 0.2 mm/min. With this slow load rate, Świt was able to 

determine the tensile strength of the test material, the percentage elongation at fibre 

rupture and the modulus of elasticity. The acoustic couplant for the PZTs was epoxy 

resin, which was thinly applied between the broadband sensors and the composite. 

The maximum amplitude recorded by the sensors was 98 dBAE.  

 

Nearly a decade earlier, Surgeon and Wevers [98], used modal analysis to calculate 

AE signals from carbon-fibre reinforced polymers. Their samples had approximate 

dimensions of 150 x 25 x 1 mm. They began by producing samples from a 

unidirectional carbon/epoxy prepreg with four different lay-ups: 

[08] , [0, 903]S , [02 , 902]S , [03 , 90]S. ‘0’ corresponded to the loading direction and ‘90’ 

corresponded to the direction perpendicular to loading. The numerical subscripts 

indicated the number of layers stacked in each direction. The subscript ‘s’ indicated 

that the lay-ups were symmetric about the mid-plane of the laminate. All tests were 

monitored with a digital wave fracture wave detector and two digital wave 

broadband sensors. Matrix cracking was predominantly detected and was used to 

determine the relationship between the frequency and attenuation or damping rate. 

Higher frequencies attenuated more rapidly resulting in lower frequencies being more 

dominant at longer propagation distances. This means that a larger quantity of 

damage modes is often detected at higher frequencies across shorter time periods. 

Generally, due to the nature of high-frequency AE signals such as with fibre cracking, 

the signals naturally exhibit a high attenuation. However, some damage modes that 

generate a high-frequency and long duration/low attenuation such as with 
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delamination, were not considered. Three-point bending tests encouraged fibre 

fracture where the fracture principally occurred in the zone of maximum tensile stress. 

This was at the opposite end of the loading point. 

 

Kister et al. [99], detailed the methodology of attaching optical fibres successfully to 

composite materials. SM800 with an operating wavelength of 830 nm and outer 

diameter of 125 µm, was used in place of conventional electrical strain gauges. A 

bridge was made from glass and carbon-fibre reinforced composites. The key 

requirements for successful manufacturing included: (i) impermeable to water and 

moisture ingress to prevent the degradation of adhesives; (ii) resistance to chemicals 

in harsh environments; (iii) isolation of the sensors from lateral stresses that can 

induce pressure and shock, causing fibre breakages; and (iv) flexibility and robustness 

to withstand the rugged manufacturing processes. Cyanoacrylate C2 glue also 

referred to as Permabond, bound the fibres to the composites. The sensors were 

secured with epoxy resin applied to the topside of glass-fibre composites whilst 

silicone sealant was used to protect against moisture ingress. Composite covers were 

attached to isolate the sensors from external stresses. Excess fibre was secured into 900 

µm length PTFE tubing of internal diameter 250 µm. A 90-day water ingress test 

verified its resistance by measuring the change in mass of the composites. The bond 

strength between the composites and fibres was evaluated by pull-out tests with fibres 

of various glue lines. Several composite coupons were oven and humidity treated over 

a 30-day period as they were adapted to low and high moisture content. The sensors 

were bound to the composite with a combination of the two resins. To coincide with 

the cure time of the epoxy resin, the samples were left to dry at room temperature for 

8 days prior to testing. The optical fibres were clamped between pneumatic grips at 

1.2 bars of pressure. A tensile force was applied, and they were extended at a rate of 1 

mm/min up to failure. The pull-out tests were conducted with both unstripped and 

stripped optical fibres. The composite fibre fracture occurred between 2 and 5 % strain, 

with sensors mounted to dry samples. On wet coupons, this was reduced to between 
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1 and 4 % strain. The durability of the system was monitored by immersing protected 

Bragg grating sensors in water. As such, a temperature sensor was multiplexed to the 

strain sensor to measure temperature variations in water. Made by inserting into a 

glass capillary of inner diameter 300 µm, the temperature sensor ends were blocked 

by silicone sealant. Strain and temperature sensors were continuously immersed in 

water to monitor any consequences the water had on the composite. Afterwards, 

several samples were dried and subjected to three-point bending tests. Four loading 

cycles up to 500 N were performed on each sample, which was the optimum force to 

remain in the elastic region of the material. The pull-out tests demonstrated that 

unstripped fibres failed from: (i) debonding between the cladding and buffer; (ii) 

fracture of the buffer; and (iii) sliding of the cladding from the buffer. 

 

The authors discovered that the failure load for the epoxy-glued fibres were lower 

than for cyanoacrylate-glued fibres regardless of the environmental conditions. Epoxy 

adhesive reduced the fibre resistance to tensile loading such that the failure loads for 

both stripped and unstripped fibres decreased in wet conditions. As such, moisture 

ingress was responsible for interfering with the chemical bonding of the adhesive. 

Cyanoacrylate C2 glue bound the sensors to the composite. Additionally, the bonding 

strength for the stripped fibres was lower than the tensile strength over shorter glue 

lengths. The sensor survival rate during manufacturing was 100 %. Pull-out and three-

point bending assessed the bonding strength of the adhesives. A swelling was 

observed when immersing the composites in water. Water absorption was monitored 

by FBG sensors. Cyanoacrylate-glued fibres could withstand a higher failure load 

compared to epoxy resin glued fibres. This was chosen as the primary adhesive to 

bond FBGs to the surface. With silicone sealant used to protect against moisture, 

composite covers were used to encase the system in an overall protective layer. Water 

ingress results indicated a negligible effect on the system. Furthermore, stripped fibres 

predominantly failed from cladding fracture near the glued edge. Non-stripped fibres 

failed from cladding/composite debonding.  
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It has been reported that the sensitivity of a device to the symmetric and anti-

symmetric modes depends on the propagation of the actuator and whether it is in or 

out of phase. A unidirectional eight layered carbon-fibre reinforced polymer 

composite was used to study damage propagation [100]. Two piezo-electric disks 

were mounted to the substrate which were recording data from a 200 kHz signal 

actuator used to generate Lamb waves. Due to the piezo-electric sensor being more 

sensitive to the x-displacement of the S0 mode compared to the A0 at 200 kHz, the 

amplitude of the symmetrical mode was higher. The authors were able to select which 

Lamb wave mode was prominent by using two PZT actuators either side of the 

composite. When excited in phase the symmetric mode was prominent and the anti-

symmetric mode supressed. The opposite was true for out-of-phase excitation. 

 

Composite damage may occur anywhere in the structure. Commonly observed 

damage mechanisms include: (i) fretting; (ii) matrix cracking; (iii) delamination; (iv) 

fibre breaking and fracturing; and (v) fibre and matrix de-cohesion/separation. Some 

of these are highlighted in Figure 7. 

 

 
Figure 7   A cross-sectional image of a damaged carbon-fibre woven composite  

with embedded optical fibre (source: [89]). 

 

Berthelot et al [101], correlated carbon-fibre epoxy composites to acoustic activity of 

fracture processes. The authors concluded that for laminates characterised by major 

fracture propagation, AE data was generated by friction induced from the substrate 

fractures. AE hits with abnormally long durations and high amplitudes were 
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observed. The AE hits are categorised into primary and secondary events. Primary AE 

hits include fibre breakages, matrix cracking and other crack growth in the substrate. 

 

Nimdum and Renard [102], experimented with using AE signal parameters to identify 

various damage mechanisms in composites and composite-antenna-structures during 

tensile and buckling tests. High amplitude, high absolute energy and long duration 

signals were attributed to matrix cracking and macro delamination, which is 

delamination extending beyond the root cause. Splitting occurred during buckling 

loading and the amplitude of all these events were in excess of 80 dBAE. Tensile tests 

generated specific damage modes: fibre breakage (0o), matrix cracking (0o, ±90o), 

interfacial delamination (0o, ±20o), and fibre/matrix debonding(0o, ±90o). 

 

Masmoudi et al [103], described the typical signal response observed by a piezo-

electric transducer, demonstrating that delamination and fibre breakages emit high 

amplitude AE waveforms. The duration of delamination-based events may be eight 

times longer than that of fibre breakages. Laminated composites of various materials 

were examined, some with small embedded PZTs. Class A damage (matrix cracking) 

is more likely to occur at low displacements emitting a range of amplitudes. Class B 

damage (fibre-matrix debonding) will often have a very large amplitude variation, 

ranging from 40 dBAE to 99 dBAE. Both the hit rise time and duration may be four times 

longer than class A damage. For laminate composites, the quantity of these events 

increases considerably at larger displacements and are rarely seen at low 

displacements. Class C event damage such as fibre breaking, emits the highest 

amplitude, fastest rise time and shortest duration. The duration of fibre breaking hits 

can be less than half of many other damage modes and only tend to occur towards the 

end of the test before complete composite failure. Like class C damage, class D damage 

such as delamination, occurs at large displacements and emits high amplitude waves. 

Their duration and attenuation can be four times greater than class A and C damage. 

For sandwich materials the damage modes are slightly different. The classes are split 
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into core damage (A class), resin cracking (B class), fibre breakages (C class) and 

interfacial debonding (D class). 

 

Flexural tests recorded AE signals from thin PZTs embedded into composites. A 

unidirectional [024] laminate manufactured by the hand lay-up method from E-glass 

fibres and epoxy resin (SR1500/SD2505), was tested. Once room temperature cured, 

an INSTRON 8801 tensile test device initiated three-point bending tests up to 

maximum capacity of 100kN. AEWin by Physical Acoustics Corporation collected the 

AE events. A disc-form geometry wideband (100 kHz - 1 MHz) piezo-electric sensor 

was adopted. Amplitude (dBAE) was measured in real time, whilst other parameters 

were studied after test completion. The study in [62], demonstrated the influences of 

introducing piezo-electric sensors on top of the host material and were characterised 

with a set of experiments featuring non-embedded and embedded piezo-electric 

ceramics of small and large sizes. Hsu-Nielsen PLB tests were conducted, which were 

used to examine the propagation velocities of the AE wave oscillating between 100 

kHz and 1 MHz as the composites underwent bending and compression loading. The 

embedded units created a minor degradation to the mechanical properties of the 

structure creating the rigidity of the samples. Continuous AE location monitoring by 

the transducers enabled the authors to confirm that AE events occurred far beyond 

the position of the integrated sensors, demonstrating that the sensors themselves did 

not significantly disturb the integrity of the composites. Furthermore, the potential for 

embedded AE sensors were explored in this investigation and confirmed viable when 

they showed much higher sensitivity than surface mounted counterparts. 

Interlaminar stresses are greatest at the centre of the composite meaning that 

embedded sensors could more easily detect AE signals. Furthermore, embedded 

sensors provided a more secure contact between sensor and substrate, further 

improving sensitivity. Acoustic signatures of different damage modes dominant in 

both laminate and sandwich composites were identified in the article. Using the 

AEWin Physical Acoustics system, the authors recorded AE events from two 
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composites: (i) a cross-ply laminate plate [06/906]s with thickness 7 mm; and (ii) a 

composite sandwich plate of two cross-ply laminated [02/902]s and Polyvinyl 

chloride core, with thickness 25 mm. Three testing orientations were utilised in the 

investigation: (i) a large sensor embedded into the specimen; (ii) a small sensor 

embedded into the specimen; and (iii) a specimen without embedded sensors. Three-

point bending tests on an INSTRON 8801 created the AE events. Prior to this, PLBs 

ensured the sensors were capturing as expected. An advanced data analysis software, 

namely NOESIS, analysed the data. Specimens with and without embedded sensors 

were tested. The authors displayed the AE events (amplitude against time) for both 

sensor orientations and characterised the hits into their respective classes with class A 

for matrix cracking, class B for fibre-matrix debonding, class C for fibres failure and 

class D for delamination. According to the results of the studies, both sandwich and 

laminated samples affected the failure load, failure displacement and stiffness of the 

parent composite. These factors do not normally exist following real-time SHM from 

FOS devices. Furthermore, piezo-electric ceramics are temperature critical and have a 

limited temperature range. The authors should therefore consider temperature 

calibration tests in addition to strain tests, as well as establishing the acceptable 

environments where the sensors can operate, in the near future.   

 

Eaton et al [104], evaluated the frequency content of AE signals to discriminate 

between damage mechanisms in carbon-fibre composites using unidirectional 

prepregs manufactured from a carbon-fibre epoxy plate. Simulated AE events were 

initiated with a broadband conical transducer. Matrix cracking and delamination 

produced low-frequency signals (<150 kHz), fibre failures such as fibre breakages 

resulted in higher-frequency signals (>300 kHz). An additional receiving transducer 

was clamped adjacent to the initial sensor at 200 mm from the source. These were 

Physical Acoustics Corporation (PAC) S9208 broadband sensors. Two PAC WD 

wideband sensors were used to repeat the test. Ultrasound gel was used as the 

couplant whilst the sensors were clamped in place with magnetic clips. Hsu-Nielson 
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tests verified the coupling effectiveness as a PAC PCI-2 system recorded signals at a 

sample rate of 10 MSPS. Aluminium end-tabs reduced grip noise and minimised 

sample slippage. This reduced the unsupported gauge length to a standardised length 

of 150 mm. The driving transducer emitted signals of varying frequencies: 100; 500; 

and 900 kHz.  

 

Split into two modes, the AE signals were categorised into symmetric (𝑠0) and anti-

symmetric (𝑎0). For symmetric, the source displacement was parallel to the plate face. 

For anti-symmetric, the displacement was perpendicular to the direction of 

propagation. The 200 mm sensor-to-source mounted transducer detected both 

symmetric and anti-symmetric wave-modes. However, the lower frequency (<100 

kHz) wave propagations originated from the anti-symmetric mode. The amplitudes 

detected from the 500 kHz and 900 kHz frequency sources were comparable.  

 

Geometry had a large impact on the signal frequency content. When using two WD 

sensors on the secondary test, a driving pulse of 500 kHz exhibited varied frequencies 

demonstrating how the response of two sensors of the same model might vary due to 

the quality of coupling. The WD sensors showed a lower attenuation rate than the 

S9208 sensors due to the broadband response resulting in a lower sensitivity. An 

increasing drive frequency corresponded to an anti-symmetric mode amplitude 

reduction. The fast Fourier transform showed an amplitude reduction of the low 

frequency peaks. A small variation in the source easily changes the frequency output. 

For (0,90) lay-ups there were large matrix damages – matrix cracking and fibre/matrix 

debonding. For (0) lay-up composites, fibre failure was prominent. This included high 

amplitude failures such as fibre breaks. The WD sensor was more sensitive to high 

frequencies meaning a variation of data between the different PZTs was visible. The 

geometry and sensor response showed a dramatic effect on the results. The signal 

response depended on some major parameters and included: (i) sensor choice; (ii) 

method of coupling and bonding; (iii) number of sensors; (iv) size of the specimen; (v) 
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arrangement of the sensors; (vi) structure of the parent material under test; and (vii) 

the geometry and sensor response displayed the dramatic effect on the results. 

 

Munoz et al [6], also considered tensile test behaviour and damage identification for 

acoustic emission applications. Fernando et al [105], described the most common 

stacking sequences for composite layup methods, proposing that the classification of 

quasi-isotropic composites is defined by the fibre reinforcement of three orientations 

(0 ⁰, +/- 45 ⁰, and 90 ⁰), cross-ply is defined by two orientations (0 ⁰ and 90 ⁰) and 

unidirectional is defined by one orientation (0 ⁰).  It has been previously reported that 

the transverse strength of both carbon and glass-fibre reinforcement is reduced by 97 

% on average, compared to the axial strength [106]. As such, in cross-ply laminates, it 

is likely that transverse plies will fail first under tension. However, this failure does 

not greatly increase the stress of the material meaning the axial plies usually remain 

undamaged. 

 

Chelliah et al [107], characterised the failure mechanisms of multiple-layered glass, 

carbon and glass/carbon composite laminates in epoxy resin with AE sensing. A pure-

resin sample was used to identify matrix cracking, whilst a single-layered sample 

highlighted debonding through AE testing. Delamination was identified from two-

layered specimens. The authors examined both a single-layered composite aligned at 

0⁰, and two unidirectional two-layered composites aligned at 0⁰ and 90⁰ during tensile 

tests. Fibre failure dominated the failure modes in the 0⁰ unidirectional samples. Both 

fibre failure and delamination were the dominant in the cross-ply and 45⁰ ply samples. 

Amongst other parameters, the peak failure frequencies depended on the fibre 

orientation. The carbon/epoxy samples showed heightened acoustic activity 

compared with glass/epoxy laminates.  

 

Guo et al [108], studied the impact of various fibre reinforced composite defects on the 

acoustic signal amplitude and attenuation of waveforms. Cross-ply laminates were 
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evaluated, and several dual waveform events were captured. It was concluded that 

the lower amplitude signals directly after the main event were likely the result of 

delamination (Figure 8). Secondary AE hits often include fretting at surfaces of 

existing cracks [109], knocks, leaks and rust [110]. Increased duration at high 

amplitudes may be associated with secondary AE events, most likely attributed to 

fretting (surface friction). 

 

 
Figure 8   Measured time responses using a point receiver in the cross-ply  

laminates: (a) without defects; and (b) with a 20 mm delamination (source: [108]). 

 

It has been widely used for distinguishing between damage mechanisms in 

composites such as matrix cracking, fretting, delamination, fibre breaking/cracking 

and fibre-matrix decohesion. In 2017, Chandarana et al [89], proposed a method for 

early damage detection in composites during the manufacturing and mechanical 

testing processes of materials. FOS were embedded into composite laminates of three 

various thicknesses, which created three sensing regions. Piezo-electric and strain 

gauges were simultaneously surface-mounted prior to mechanical testing. The data 

captured by the FOS showed a promising early distinction and quantification of 

damage mechanisms from composites. However, piezo-electric sensors more easily 

calculated the damage source via the time-of-arrival technique. Additional research is 

required to reinforce the reliability of fibre-optic sensors during source location. The 

time-of-arrival technique is commonly used to determine AE event location from 

several identical sensors.  

 



69 | P a g e  
 

As has been discussed, AE stress waves emanate at a variety of amplitudes and 

frequencies during an event. As composite fibres are primarily load-bearing, the 

amplitude from fibre fractures is among the highest intensity of any damage found in 

composites [9]. There has also been effective distinction between damage modes in 

composites, which have been effectively described in relation to the rise time of the 

event in [89] and are presented in Table 4: 

 

Table 4   Damage is identified according to the AE signal response (source: [89]). 

Signal Status Damage Identified 

Rise time slowly increases Matrix cracking 

Rise time sharply increases and abruptly decreases Fibre/matrix debonding 

Rise time sharply increases for a short duration Fibre breakage 

Rise time slowly increases with a long duration and high amplitude Delamination 

 

Acoustic activity has been correlated in composite materials to identify and study 

various damage modes [101, 102]. Literature has indicated that the result of sharply 

increasing amplitude and extending for a short duration, are the result of fibre 

fracture. Such damage in composites often generates a signal between 400 and 500 

kHz [94, 95, 111-113]. Macro-damage such as splitting and delamination along the 

fibre direction tend to result in events with a high amplitude and long duration.  

 

Dzenis [114], tensile tested unidirectional carbon-fibre reinforced composites and 

characterised the damage type from them by utilising the FFT spectra obtained from 

the AE signals. A-type waveforms had low amplitudes, medium to long rise times and 

a peak frequency range of 100 - 220 kHz. B-type waveforms had medium to high 

amplitudes, shorter rise times and a peak frequency range of 300 - 700 kHz. C-type 

waveforms had a very wide frequency spectrum and long durations. With eight 

layered unidirectional composites, 20 % of the captured events were A-type 

waveforms and 22 % B-type. The “macro-damage” from C-type waveforms answered 
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for 48 % of the total. The final failure of the samples was associated with fibre breaks 

and longitudinal splitting. The results are graphically displayed in Figure 9. 

 

 
Figure 9   Classified AE histories for unidirectional composite: [𝟎]𝟖 (source: [114]). 

 

The influence that piezo-electric transducers had on the mechanical properties of 

composites during AE sensing was evaluated in [62, 115]. A real-time study of 

composites manufactured from laminated and sandwich composites was assessed in 

[62], as the materials were subjected to various loading methods. Events with long rise 

times, durations and high amplitudes were considered to derive from delamination. 

Examples of AE waveforms from damage mechanisms across laminated and 

sandwich composite materials are presented in Figure 10 - 12. 
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Figure 10   Examples of AE waveforms from various damage mechanisms  

in a laminated material (source: [115]). 

 

 

 
Figure 11   Typical waveforms of AE signals obtained from damage  

mechanisms in a laminated material (source: [62]). 

 

 

  
Figure 12   Examples of AE waveforms from various damage 

 mechanisms in a sandwich material (source: [62]). 
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The distribution of amplitude versus time for sandwich plates was also provided in 

[62]. The mechanisms were characterised into four classes: (A) Core damage; (B) Resin 

cracking; (C) Fibre breakage; and (D) Interfacial debonding. The damage signatures 

for core damage are signals with a short longevity, short rise time, low amplitude, and 

low energy. For resin cracking, the rise time is slow though the energy and amplitude 

higher than from core damage. For interfacial debonding, the signals had a long 

duration, slow rise time, high amplitude, and high energy. Fibre breakages were 

analysed and shown to have a short duration, quick rise time and a significantly 

higher amplitude and energy compared with other damage mechanisms. Surface 

mounted sensors captured amplitude data ranging between 40 dBAE and 60 dBAE.  

 

The failure mechanisms associated with multiple-layered glass, carbon and glass-

carbon composite laminates have been characterised in [6, 104, 107]. Table 5 displays 

peak frequencies associated with failure modes from glass-epoxy and carbon-epoxy 

laminates [107]. 

 

Table 5   Various peak frequency ranges of failure modes in glass/epoxy  

and carbon/epoxy composite laminates (source: [107]). 

Orientation Failure Modes 
Frequency Range: 

Glass/Epoxy 

Frequency Range: 

Carbon/Epoxy 

[0°] Single Layer Fibre Failure Above 230 kHz Above 320 kHz 

[0°/0°] Two Layers 

Matrix Cracking 90 - 160 kHz  90 - 160 kHz 

Debonding 200 - 230 kHz  200 - 230 kHz 

Fibre Failure Above 280 kHz  Above 320 kHz 

[0°/90°] Two Layers 

Matrix Cracking 90 - 160 kHz  90 - 160 kHz  

Debonding 230 - 260 kHz  230 - 270 kHz  

Fibre Failure Above 270 kHz  Above 320 kHz 

[+45°/-45°] Two Layers 

Matrix Cracking 90 - 160 kHz  90 - 160 kHz  

Debonding 230 - 260 kHz  230 - 270 kHz  

Fibre Failure Above 260 kHz Above 280 kHz 

[90°/90°] Two Layers Matrix Cracking 90 - 160 kHz  90 - 160 kHz  
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2.4     Fibre-Optic Sensors 

2.4.1 Introduction 

 

An optical fibre consists of a core with a high refractive index, an outer cladding 

region, a buffer layer that acts as a protective polymer coating and an outer jacket layer 

also acting as a protective polymer coating. Glass fibres are stable for use in many 

engineering applications as they do not defect due to regularly fluctuating 

environmental changes. It is because of this, that glass fibres have become common 

for aerospace components. One area of research that has become viable in recent years, 

is the introduction of multi-measurand sensors. Owing to their minute size and vast 

sensing capabilities, many engineering sectors are becoming aware of multi-

measurand sensors (MMS) for multi-functional purposes, as discussed in [1]. This 

article presents an MMS capable of monitoring the strain, temperature, chemical 

properties (i.e., through process monitoring) and refractive index of a material. The 

addition of a FOAES to an already successful MMS, provides unique damage 

detection capabilities. However intrinsically small fibres still contribute to the 

degrading of the host material during manufacturing and when in service. Like PZT 

devices, fibre-optic sensors require an acoustic couplant when mounting onto 

materials to ensure an efficient transfer of elastic waves between defect and device. 

Unlike PZTs however, the embedding process of FOS permits a greater protection 

from environmental stresses [116, 117], and better effectiveness at recording AE 

events. Care must be taken to avoid infringement to the mechanical properties of the 

host material by the simple insertion of such a sensor. Furthermore, the immunity of 

FOS to electromagnetic interference offers substantial preference over conventional 

methods. As such, fibre-optics offer an alternative sensing arrangement and such 

sensors as Fabry-Perot interferometers [21, 118-124], Mach-Zehnder interferometers 

[125-128], Michaelson interferometers [129-133], and fibre-Bragg gratings [134-137]. 
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2.4.2 Fibre-Optic AE Sensors 

 

The piezo-electric crystal in most applications is a PZT ceramic. They are set apart 

from most conventional passive sensors, due to their ability to be used as both 

actuators and sensors. The development of this real-time, in-service technique has 

received much attention [59-62].  

 

Taghvaei et al [64], examined and presented a technique for leak detection and location 

in pipeline networks using low-profile piezo-ceramic transducers. A comparison to a 

conventional pressure transducer was presented. The PZT was summarised as a 

suitable device for acquiring data from this type of application, promoting its easy-to-

use nature. Limitations of PZT sensors include their susceptibility to electromagnetic 

interference [138]. There is also concern with PZTs at increasing distances from the 

damage source, where the effectiveness of the sensor depends on the attenuation 

losses of the waves as they propagate. Optical fibres can offer numerous advantages 

over conventional piezo-electric sensors and are thus becoming more prevalent.  

 

An example of overcoming shortcomings in piezo-electric sensor testing with the 

application of FOS, was the proposition of a novel fibre-optic ring AE sensor 

(FORAES) [139]. The design included a sensing skeleton and a sensing fibre 

introduced to overcome problems with multi-directional sensitivity. The system was 

based on a heterodyne interferometric demodulating method, first developed in the 

1980s [140], meaning the system was insensitive to optical power and polarisation 

fluctuations. FOS have also been useful in civil engineering applications, such as with 

West Mill Bridge [99], which was the first of its kind to be manufactured from 

composites. The sensing system incorporated optical fibre Bragg grating (FBG) 

sensors for temperature and strain monitoring. 
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Despite numerous advantages, the main drawback of fibre-optic sensors is the 

phenomenon that allows light to drift between the core and cladding, described in 

[141]. Cladding modes permit light to oscillate from the core into the cladding with 

bleeding light usually strongly attenuated into the fibre cladding in single-mode 

fibres. Solutions to overcome cladding modes include coating the fibre length in an 

index matching fluid. Due to different propagation constants, core modes and 

cladding modes do not noticeably couple with each other, except during a variation 

in the core-cladding structure and are therefore associated with the sensor 

manufacturing.  

 

Ivanov et al [142], discussed cladding modes and their ability to support optical modes 

just like the fibre core, which provides a total internal reflection of propagating light. 

Cladding modes were shown to be easily scattered even at low strain. The propagation 

of cladding modes is defined by the boundary between the cladding and outer 

polymer coating, meaning the modes were reflected to the cladding at the boundary.  

 

Haggans et al [143], investigated cladding and radiation losses within fibre Bragg 

gratings, which were written in fibres with narrow depressed inner claddings. That 

is, an additional cladding between the photosensitive core and the existing cladding 

to reduce the coupling strength between guided mode and cladding modes. This 

cladding will often have a refractive index less than any other cladding [144]. Berendt 

et al [145], also confirmed that the addition of a depressed cladding mode reduces the 

effective index and coupling strength to low order cladding modes. Birks et al [146], 

described the impact of cladding modes occurring from a tapered optical fibre. 

Initially light was guided through the fundamental mode in the fibre core, however 

the heating and tapering of the optical fibre to very small diameters influence the 

definition of the fundamental mode. The fundamental mode becomes guided as a 

cladding mode, meaning where the whole fibre is the ‘core’, with the surrounding air 

acting as the ‘cladding’. With a smooth enough tapering, the transition of light 
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between core and cladding follows that light begins in the fundamental mode of the 

untapered fibre, slowly spreading into the cladding as the core shrinks. The cladding 

becomes the fundamental propagation mode at the tapered region. As the fibre 

continues to be tapered, the process reverses in the un-tapered region and the core, 

once again, becomes the light-propagating mode. As such, bleeding light via cladding 

modes can also be caused by uncontrolled coupling.  

 

2.4.3 Non-Interferometric Intensity-Based Sensors: Fused Tapered Couplers 

 

Introduction 

As has already been discussed, fibre-optic couplers have been used as passive devices 

for splitting, multiplexing, and filtering optical systems [16, 17]. The power transfer 

between two fibres is evaluated by assessing their core-to-core distance. For an 

effective coupling, the core-to-core distance should allow an efficient transfer of light 

between fibres. Common methods of reducing this distance include: etching [21], 

polishing [22], and fibre fusion. The latter has emerged as a cost-effective solution. 

Acoustic emission (AE) event monitoring can make use of FOC [18-20], manufactured 

via fibre fusion [23, 24]. This is practiced by utilising a unique manufacturing 

technique – the fibre bi-conical tapered (FBT) technique [18]. The FBT method subjects 

two parallel fibres to a high temperature flame to fuse them. This procedure modifies 

the fibre-core refractive indices and permits light transfer across the tapered region. 

An ideal directional coupler equates to 𝑃3 = 0 and 𝑃0 = 𝑃1 + 𝑃2 with no optical losses 

and is represented by Figure 13.   
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Figure 13   A schematic of a bi-directional 2x2 fused tapered coupler. 𝑷𝟎 represents the light input. 

𝑷𝟏 and 𝑷𝟐 represent the throughput and coupled power outputs. 𝑷𝟑 represents the bi-directional 

(backward/cross-talk) light propagation. 

 

When an acoustic wave oscillates across the tapered region, it excites the coupled 

region, and a coupling ratio modification is initiated. The coupled region acts as a 

strain concentrator, magnifying the stress wave in the region. This causes a variation 

to the refractive index (RI) and effective length change due to elastic-optic and 

mechanical effects, respectively. The RI change results in a perturbation of the strain 

field and the tapering results in an increase in the evanescent field thereby enhancing 

the interaction of the light with the surrounding medium. Acoustic energy, optical 

input power, the coupling region structure and acoustic wave properties all contribute 

to the optical power output of couplers.  

 

Tensile loading on a 50:50 coupler has been previously performed when examining a 

low-cost optical fibre strain sensor [147]. The optical fibre sensor was mounted to a 

micrometer stage in a taut orientation to maximise signal attenuation during loading. 

The choice of mounting media had a significant impact on the behaviour of light 

transmission characteristics through the tapered region. The sensor was mounted in a 

tensioned alignment to maximise the signal attenuation. Up to three tapers were 

manufactured along a single fibre. There was no micro-buckling of the sensors and all 

but one specimen increased light transmission through the taper with increasing 

strain. At higher strains, some specimens demonstrated non-linear behaviour, likely 

caused by the creeping of the adhesive used to bond the sensor and substrate. 

Cyanoacrylate adhesive was found to be a satisfactory method of bonding. A triple-
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profile sensor (consisting of a fibre with three manufactured tapers) was tensile 

loaded/unloaded thrice. The first loading, which bonded the sensor/substrate with 

‘soft-bonded’ adhesive displayed a non-linear strain/transmission relationship. The 

fibres were not stripped of their acrylate coating when tapered. Several factors 

contributed to the variations in profile dimensions during manufacturing including 

that of the influence of the polyimide coating on the heat transfer characteristics 

during sensor embedment that caused variations to the sensor profile. The adhesive 

was removed with dichloromethane and replaced with new after each loading. On the 

second attempt, the linearity was improved during loading, resulting in a higher 

sensor transmission against strain. The creep of the adhesive contributed more where 

the failure strain of the fibre was higher. Overall, an increase of tensile strain yielded 

decreased sensitivity for all sensors. 

 

Manufacturing and Control Parameters 

The flame-fusion technique that utilises the FBT methodology is commonly employed 

when manufacturing 2x2 couplers. The polymer coating is removed from each fibre, 

usually by mechanical stripping, exposing the cladding and core. Mechanical 

stripping is employed as it is one of the easiest and cheapest methods of stripping. The 

fibres are then cleaned to remove surface impurities that can contribute to unwanted 

scattering losses if left unchecked. The two fibres are twisted and placed into an 

intimate parallel contact prior to tapering. The initial waveguide is then spliced and 

thus optically linked to a light source whilst the fibres are tapered under a heat source 

(usually a hydrogen-oxygen flame) through lateral loading [148]. For a pair of single-

mode fibres, the performance of the coupler is typically governed by the: (i) the lateral 

pulling velocity; (ii) flame temperature; and (iii) flame brush width. The pulling 

signature applied to the sensor has a significant impact on the manufacturing 

reproducibility and device sensitivity [16, 149]. The spectral splitting ratio that 

influences the coupling coefficient is wavelength dependent and varies along the 

sensing region. The coupling coefficient is at its maximum value at the waist region 
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and decreases whilst extending from the central point. Although difficult to replicate 

in real-world scenarios, zero power loss is achieved when taper transitions are 

adiabatic, which is a process that occurs without the transfer of heat between system 

and surrounding area. The shape of the taper is influenced by the temperature profile 

of the heat source, length of the heated zone and lateral tension applied to the fibres. 

The flame area, which is also known as the flame brush width is controlled through a 

gas-flow rate control and is also used to determine the coupling efficiency. Flame 

torches that move over the entire tapered region are preferred to provide a uniform 

temperature profile. The lateral tension velocity that dictates the speed at which the 

fibres are stretched is normally controlled with a drive to on-board motors. For a given 

fusion rate, any required coupler dimensions can be achieved by adjusting the pull 

length. A narrow-waist coupler results in a steep taper profile and causes a high loss. 

Li et al [150], described the typical relationship between the tapered length and waist 

diameter for a single-mode 2x2 coupler, and is represented by Figure 14. 

 

Figure 14   The radius of the taper waist as a function of stretching length (source: [150]). 

 

Other key parameters that influence the performance of fused tapered couplers 

include the excess loss, which is a crucial performance indicator when manufacturing 

couplers. It reflects the power loss observed during the manufacturing process and is 

expressed by [151]: 
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Excess Loss, Li (dBAE) = 10 log [ 

Pi

Pt  + Pc
 ] (1) 

𝑃𝑖𝑛 , 𝑃𝑡 and 𝑃𝑐 represent the power input, the throughput power and coupled power, 

respectively. Throughput and coupled power are also represented in Figure 13. 

Directivity considers the ratio of the back-coupled power to input power and is a 

measure of the sensor efficiency. It is expressed as P3 in Figure 13 and is defined as: 

 
Directivity, D(dBAE) = 10 log [ 

Pr

Pi
 ]  (2) 

𝑃𝑟 and 𝑃𝑖  refer to the back-coupled optical power and the input power, respectively. 

However, the coupling ratio (CR) and excess loss are considered as the two most 

fundamental components required for successful manufacture of fibre-optic couplers. 

The coupling ratio is defined as a measure of the distribution of power at the coupler 

output ports for a given wavelength range. The coupling ratio at the coupled port can 

be expressed as: 

 CR (%) = [
PC

PC + PT
] ∗ 100 % (3) 

At the throughput port, CR can be expressed as: 

 CR (%) = [
PT

PT + PC
] ∗ 100 % (4) 

This ratio describes how the input source is split between the two output ports. The 

coupling ratio can vary between 0 % and 100 % in an optical system of two identical 

fibres. The ratio originates from the wavelength dependence of the coupling 

coefficient, ᴋ and as such, varies with wavelength. 

 

Power Exchange between Fibres 

In 1985, Payne et al [152], identified that fused tapered couplers can be either strongly 

or weakly fused. For strongly fused couplers, the waist region was identified by a 
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rectangular cladding-air waveguide whilst weakly fused couplers were approximated 

by two touching cylinders as in Figures 15 and 16. 

Figure 15   Photographs of a cleaved cross-section of: (i) strongly fused coupler; and 

 (ii) weakly fused coupler (source: [152]). 

 

As unpolarised light enters the first waveguide, the power at an output port is [152]: 

 
P =

1

2
[1 + cos(Cx + Cy) . L cos(Cx − Cy). L] (5) 

Where 𝐶𝑥,𝑦 are the coupling strengths of the x and y polarisations. 𝐿 is the length of 

the fused interaction length. The coupling strengths for a strongly fused and weakly 

fused coupler were defined [152]: 

Strongly Fused: Cx + Cy =
3πλ
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2

[
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Weakly Fused: Cx + Cy =
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Where, 𝑈∞ = 2.405 and 𝑉 = [(2𝜋𝑎)/𝜆 ] (𝑛2
2 − 𝑛3

2)
1

2 .  

(i)  (ii) 
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𝑎 relates to the dimensions of the fused fibres. 𝑛 relates to the refractive index of the 

medium under consideration. The authors in [152], simplified the fused tapered 

region of the device by using ‘2a’ as the length and ‘a’ as the height of the fibre 

cladding. The fibre core was ignored in this model.  

 
 

Figure 16   A model is sketched to analyse the coupling between fibres  

for a: (i) strongly fused; and (ii) weakly fused system (source: [152]). 

 

A simplified model was demonstrated for predicting various parameters of a 2x2 

coupler, including the power coupled ratio (P), coupling coefficient (c) and critical 

angle (𝛼𝑐) when the 𝐿𝑃01 input mode is detached from the core during tapering. 

Appropriate equations were manufactured to calculate these parameters [152]: 

 P = P0 · sin2(cL) (10) 

 
c =

3πλ

32 ·  n2  ·   a2 ·
1

(1 + 1/V)2 
(11) 

 
V =

2π

λ
 ·  a ·  NA =

2π

λ
 ·  a · √ncore

2 − ncladding
2  

(12) 

 
αc =

β2 − n2
2  ·  k2

2n2  · (n1
2 − n2

2)1/2  · c · k2 
 

(13) 

Where 𝜆 is the wavelength in µm, L is the tapered length in m, a is the radius of the 

core in m, 𝛽 is the propagation constant in m−1, k is the wave vector in m−1, V is the 

dimensionless V-number and 𝑛1 and 𝑛2 represent the dimensionless reflection indexes 

of the core and cladding, respectively. Additionally, the waveguide power transfer 

was given as a product of the coupling ratio (𝜅) and interaction length (𝐿) [152]: 

(i)  (ii)  
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  ϕ = κ ∗ L (14) 

For a fused bi-conical tapered system, the interaction length of the sensor is altered by 

stretching the fibres. The coupling coefficient varies with phase difference giving 𝜅(𝑧), 

whose dependence is determined by the longitudinal shape of the tapered region and 

by the dimension and refractive index profile of the coupler cross-section. The 

interaction length and coupling coefficient influence the power distribution in the 

system. During manufacturing, light is launched through the first waveguide at z=0. 

The power exchange between the throughput (P1 = 𝑃𝑇) and coupled (P2 = 𝑃𝐶) 

waveguides at any phase difference (z), is given by the following [151]: 

 PT(z) = 1 −
κ2

γ2 sin2 γz (15) 

 PC(z) =
κ2

γ2 sin2 γz (16) 

Which both derive from the following [151]: 

 γ2 =  κ2 +
(Δβ)2

4
 (17) 

 Δβ = β1 − β2 (18) 

Δβ represents the phase mismatch, which fluctuates from constructive to 

deconstructive interference resulting in a low efficiency [153]. It depends on the fibre 

parameters, separation between the fibre cores and operation wavelength. Both 𝛽1 and 

𝛽2 are the propagation constants of the waveguides. 𝜅 is the coupling coefficient and 

is a measure of the interaction strength between the two fibre cores. It can also be 

described as the amount of power transfer that takes place per unit length of the 

coupler and is proportional to the difference between propagation constants, 𝛽1 and 

𝛽2. The coupling coefficient is governed by the geometry and refractive index profile 

of the waveguides. It is represented in the following equations [151]:  

 κ = √
1

1 + A2
 [
βs − βa

2
] (19) 
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Where: 

 A =
Δβ

2κ
 (20) 

βs and βa represent the propagation constants of the symmetric and antisymmetric 

modes, respectively. These traverse through each waveguide during coupling of the 

fibres. They are further defined as [151]: 

 βs =
β1 + β2

2
+ √

Δβ2

4
+ κ2 (21) 

 βs =
β1 + β2

2
− √

Δβ2

4
+ κ2 (22) 

Equations 15 - 22 are used for multiple waveguides. For identical waveguides, the 

propagation constants are identical (𝛥𝛽 = 0) and are thus simplified to form an 

equation for the coupling coefficient for identical fibres [151]: 

 κ = [
βs − βa

2
] (23) 

The throughput (PT) and coupled (PC) power distributions for a symmetric 2x2 coupler 

are given [151]: 

 PT(z) = cos2 κz (24) 

 PC(z) = sin2 κz (25) 

For the interaction length or coupled region (z), the input power will remain in the 

first waveguide if the following phase difference is satisfied [151]: 

 z = 0 , 
π

κ
 , 

2π

κ
… =

mπ

κ
 (26) 

Where 𝑚 = 0, 1, 2,… , 𝑛     

The power will remain in the input waveguide if the following phase difference is 

satisfied [151]: 



85 | P a g e  
 

 z = (m +
1

2
)
π

κ
 (27) 

Where 𝑚 = 0, 1, 2,… , 𝑛     

As such, the interaction length for a 100 % total coupling of the waveguides, where all 

power is transferred from the input waveguide-1 to the secondary waveguide-2, is 

given by an equation for the phase difference from the coupling coefficient [151]: 

 z =
π

2κ
 (28) 

The interaction length for 50 % distribution of power and so named a 50:50 coupler, is 

given by [151]: 

 z =
π

4κ
 (29) 

A power variation estimate is introduced from the equations and is displayed in 

Figure 17. The estimate is represented by displaying the normalized power against 

the interaction length for identical fibres with equal propagation constants. An 

overlap of the two power lines constitutes 50:50 coupling. The relationship assumes 

no optical losses in the system.   

 

Figure 17   The relationship between the normalised power and the interaction/coupling length 

 between the two fibres (throughput and coupled) (source: [151]). 

 

When manufacturing 2x2 optical couplers of identical fibres, the waveguides are 

placed into an intimate parallel contact with each other to permit optical interaction. 

As the fibre core diameter decreases at the tapered region, the guided modal field 
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spreads into the fibre cladding. Eventually, the modal field will take a different shape. 

The original cladding now acts as the core and the surrounding air will act as the new 

cladding. This phenomenon is characterised by a large refractive index change 

between the waveguides and is referred to as the cladding mode coupling. The power 

distribution at the two output ports is determined by the coupling beating between 

the modes. 

 

Tapered-Region affecting Sensitivity 

The sensitivity of the FOAES is highly influenced by the tapered length of the sensing 

region with longer regions being more sensitive to shorter wavelengths and higher 

frequencies. During sensor manufacturing and when heating the fibres, a change in 

sensor length can be expressed as a linear dependence on the taper extension: 

 Lw(x) = L0 + α . x (30) 

Where Lw and L0 are the lengths of the waist region and heated regions, respectively. 

α represents a constant that determines the rate of the hot zone change and the taper 

elongation whilst x is defined as the elongation length.  

 

The diameter of the tapered region influences the sensor sensitivity. Li et al [19], 

determined that a narrower diameter will result in an increased SNR. The research 

demonstrated that the effective refractive index of the fibre core is proportional to the 

taper diameter. Due to the diameter-sensitivity relationship, fibre tapers exhibited a 

SNR of up to 20 dBAE higher than standard single-mode fibre sensors. The coupled 

region was manufactured at around 8 mm in length. It was proposed that a longer, 

thinner tapered region would exhibit a larger phase change to acoustic vibrations. 

  

The response of a fused taper coupler to ultrasonic waves was investigated in [150]. 

Li et al, determined that sensors with a longer taper region exhibit a broader range in 
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sensitivity. Moreover, the optical power in a system will become more sensitive as the 

taper length increases [154]. Burns et al [111], however, experienced no trend between 

the SNR and taper length. In contradiction, Burns first discovered that a longer taper 

length reduced the sensitivity. 

 

More recently, the effect of the tapered length from a temperature sensor was 

investigated in [155]. Conclusions indicated that the taper length, width, and taper 

angle all influenced the sensitivity of the temperature sensor. Manufactured by using 

an FBT system, the sensitivity increased by around 2 % when the waist length was 

decreased from 12 mm to 4 mm. Opposing standard practice, this technique utilised a 

computer-controlled glass-processing machine. Using a filament as the heat source, 

the tapered region uniformity was enhanced.  

 

Shuai et al [156], adapted the conventional manufacturing technique of the fused-

tapered coupler system by fusing two optical fibres without stretching. The couplers 

were manufactured with a tapered region diameter of approximately 30 µm, which 

was 14 µm thicker than most fused bi-conical taper couplers. SMF-28 fibre with a 

refractive index core of 1.460 and refractive index envelope of 1.456 was used. Five 

sensors of both standard diameter and reduced diameters were manufactured using 

a C3H6O2 flame. A tuneable Agilent 86142B laser and spectrum analyser tested the 

device, concluding that the excess loss ranged from -0.01 to -0.08 dBAE.  

 

Modelling Fused Tapered Couplers: 2x2 Waveguide Propagation 

The 2x2 fused tapered coupling process considers the coupling of the evanescent tail 

of a guided mode. The guided mode transfers between the two fibres (waveguides) in 

the system as energy is transferred between them. The separation between the two 

waveguides becomes small enough for this crossover as the evanescent fields overlap. 

Figure 13 shows the power transfer due to the coupling of the evanescent field leading 

to a coupled power and corresponding crosstalk. Two modes are supported during 
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this coupling – the symmetric (even) and antisymmetric (odd). Both have independent 

propagation constants. A laser source powers the system, which propagates through 

one waveguide core exciting both symmetric and antisymmetric modes. This relays 

constructive and deconstructive interference on the opposing waveguide. The two 

modes exhibit unequal propagation constants and develop a phase difference between 

them [151]. This is displayed in Figure 18 and 19. Waves propagating at the surface of 

a material are known as plate waves, which are formed from an AE event within the 

structure. Both symmetric and antisymmetric modes formulate plate waves also 

referred to as Lamb waves. The symmetric mode follows a displacement parallel to 

the wave propagation. The antisymmetric mode follows a displacement 

perpendicular to the wave propagation [104]. 

 

 

Figure 18   A directional coupler formed by two identical single-mode waveguides.  

The symmetric and antisymmetric mode fields are displayed (source: [151]). 

 

 

Figure 19   At z=0 power is launched into waveguide-1 exciting the symmetric and antisymmetric 

modes. At Z=π, deconstructive interference is present in waveguide-1 and constructive interference 

in waveguide-2 (source: [151]). 

 

The phase difference and propagation distance are related to the power transfer 

between the waveguides. An energy transfer from the initial waveguide-1 to the 

secondary waveguide-2 is accomplished at a phase difference, π and at coupling 

length, 𝐿𝐶. A complete transfer of energy from waveguide-1 into waveguide-2 and 

back to the first waveguide is observed at a phase difference of 2π and corresponding 



89 | P a g e  
 

coupling length of 2𝐿𝐶, which is the result of a total reverse power transfer. The power 

transfer is in constant flux for waveguides with equal propagation constants. A 

complete energy transfer is initiated for identical fibres only. No complete power 

transfer can be introduced for non-identical waveguides. 

 

The earliest development of fibre-optic couplers occurred in the 1980s. Minimal 

research was dedicated to the development of theoretical models for fused bi-conical 

couplers. Yet many considered the models essential for optimising both the 

manufacturing parameters and capability of the sensors [157]. One of the modelling 

challenges was the complexity of the optical components and their substantially larger 

size compared with the operating wavelengths. 

 

When placed into intimate parallel contact uniform evanescent coupling varies with 

propagation distance. The non-uniformity will give rise to additional coupling due to 

the nature of the z-variation (tapered length). Coupled mode theory (CMT) states that 

the coupling ratio of a fibre coupler changes periodically with the centre distance of 

two optical fibres [156]. CMT analysis is used to model fused bi-conical tapered 

systems. It assumes that the two waveguides are parallel and weakly interacting 

through evanescent coupling. For more of an intimate contact this theory breaks 

down. One of the first applications of CMT for optical couplers was in the 1950s. 

Louisell et al [158], generalised the concept of coupled mode theory for tapered 

waveguide structures. Conclusions indicated that the coupling coefficients were 

dependent on the propagation distance and therefore the tapered region. As such, 

CMT can be applied to analyse the coupling process along the coupler length. By 

predicting fundamental characteristics from simple methods, the structure through 

which optical waveguides propagate are treated as a collection of smaller waveguides 

[159], where each individual waveguide is treated as a mode. Each mode is perturbed 

by the presence of other waveguides or another form of non-uniformity. The 

perturbations of the waveguides lead to a coupling power exchange. CMT can also 
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predict the coupling coefficient between the two fibres. Burns et al [160], assumed two 

touching fibres with a known radius, fibre index (n=1.46) and cladding index (n=1). 

The coupling coefficient used in the work was initially theorised by the coupled mode 

theory of optical fibres and is given by [161]: 

 

 C =
√δ U2 K0(2W)

a V3 K1
2(W)

 (31) 

Where: 

 δ = 1 − (
n2

n1
)
2

 (32) 

 V = ak(n1
2 − n2

2)1/2 (33) 

 
U = ak [n1

2 − (
β

k
)

2

]

1/2

 (34) 

 
W = ak [(

β

k
)

2

− n2
2]

1/2

 (35) 

𝐾0 and 𝐾1 are modified Bessel functions of the second kind. They are also known as 

Weber functions, whereby the modification of the equations lets  𝑥 = 𝑖𝑥 (where; 𝑖 =

√−1). The solutions are further expanded upon in other sources [162, 163]. 𝑘 is the 

free-space wavenumber (2𝜋/𝜆), whilst (𝛽/𝑘) is the mode effective index for 

uncoupled fibres.  

 

After considering the Bessel functions, Burns et al [160], concluded that the coupling 

coefficient equated to the first order in V (where V ≃ W). For a 800 nm wavelength, it 

was concluded that the coupling coefficient was dependent on the radius of the fibre 

where radius = a in the following: 

 C ≃
0.013

a7/2  
  µm5/2  (36) 

Though the model follows experimental data well, it cannot accommodate for fibre 

deformation due to the presence of the fusion process.  
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In electromagnetic simulations, the wavelength is resolved with a mesh to find 

accurate solutions of the Maxwell equations. As such, it is difficult to simulate 

structures larger than the propagating wavelength. In a fibre-optic coupler, the host 

fibre is considerably larger than the propagating wavelength. Common methods for 

handling optics problems with large structures include Fraunhofer, Fresnel-Kirchhoff 

and Rayleigh-Sommerfield. These use approximations of the Helmholtz equations to 

mesh a 2D plane for the structure. Only COMSOL’s Beam Envelope method solves 

the Maxwell equations from an exact solution.   

 

Due to the complexities associated with modelling a fibre-optic coupler system, a cross 

section of the optical waveguide is often modelled instead of the whole length. The 

beam envelope method is popular with COMSOL modellers as it allows the user to 

specify the number of directions in the model. It also allows the structure to be 

modelled intricately on one face, and less so on another, which saves unnecessary 

computing time. Precise modelling is appropriate along the waveguide in wave optics 

simulations [164]. A healthy balance between the optical resolution and processing 

power is impractical. To resolve this issue, the Beam Envelope Method is again 

preferred. It uses the basis of the Helmholtz equation to specify one of the two 

directions in a model: unidirectional or bidirectional.  

 

Super-mode beating analysis is another modelling technique popular in optical 

coupler models. First introduced in 1994 by Lacroix et al [165], the super-mode beating 

analysis was thought to overcome design flaws and explain the characteristics of FBT 

couplers during manufacturing. The authors as aforementioned analysed a symmetric 

2x2 fused fibre coupler to compare strongly and weakly interacting fibres. In 2003, Pal 

[23], used super-mode beating analysis to treat the fused region of an FBT coupler as 

a rectangular waveguide, simplifying the model and accelerating the calculations. A 

model was constructed to interpret the experimental results and calculate a pulling 

signature of an FBT manufactured coupler. 
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2.5 Chapter Summary 

 

The review focuses on AE analysis in fibre reinforced composites and metals whilst 

also heavily discussing the state of the art of optical fibre sensing. There is significant 

research associated and dedicated to FBG AE sensing over interferometric methods 

due to their simplicity and multiplexing abilities.  

 

There is insufficient research dedicated to AE multi-functional sensors by comparison. 

It is believed that this research focus would provide a sound progression for the 

development of fibre-optic AE sensing. Utilising AE analysis for the inspection of 

CFRPs has been increasingly popular over recent years. The difficulties associated 

with non-destructive inspection of composites for SHM is significant and means the 

development of specific NDT techniques is also important. AE has been shown as a 

promising method for damage detection in a variety of structures owing to its: (i) 

online usage to reduce down-time; (ii) fast deployment; (iii) ability to cover broadband 

areas; and (iv) ability to detect, locate and characterise various structural defects.  

 

Piezo-electric sensors have dominated the market for damage inspection analysis over 

many decades. They are unique compared with many other passive devices as they 

can be used as both sensors and actuators but have certain limitations that fibre-optic 

sensors can overcome. The main categorises that have been studied for FOS sensing 

for AE detection included FBGs, interferometers and non-interferometers. Though the 

first two groups have been extensively investigated and the results reported in the 

available literature, non-interferometers, such that includes fibre-optic couplers, have 

only become prominent methods of AE detection in the last few decades. The current 

study focuses on further analysis of fibre-optic couplers and improvements to their 

sensitivity. The sensitivity of the fibre-optic sensor was outlined during early sensor 

development in [18], which found the FOAES sensitivity to be 0.56 V mbar⁻¹ compared 

with a reference piezo-electric sensor of 0.74 V mbar⁻¹ during early sensor 
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development. Both more recent manufacturing and packaging developments are 

improving the sensitivity of the FOAES meaning that the sensors are more directly 

comparable to PZT devices. In this study, particular attention has been paid to the 

development of these manufacturing and packaging parameters associated with the 

FOAES and to detecting damage in fibre reinforced composites.  
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3     Materials and Methods 

 

3.1 Introduction to the Chapter 

 

This chapter discusses the materials, tools, software, hardware, and the 

methodologies developed to conduct analysis of the FOAES during this study. The 

structure of this chapter is split into six parts: (i) optical fibre and support equipment; 

(ii) FOAES manufacturing; (iii) FOAES packaging; (iv) characterisation of the FOAES; 

(v) a step-by-step manufacturing and packaging process; and (vi) FRPC damage 

evaluation with FOAES and benchmark sensors. 

3.2     Optical Fibre and Supporting Equipment 

3.2.1 Introduction 

 

The fibre type used during FOAES manufacturing was investigated. Burns [111], 

selected SM04-1 and SM600 optical fibre explaining that this decision was due to the 

nature of their step-index function. Nieves [30], compared SM600 fibre with SM630HP 

(pictured in Figure 20) optical fibre by studying the mechanical and optical properties. 

The reproducibility of the sensors manufactured from different fibre was also 

analysed. The author demonstrated that the signal excess loss against coupling ratio 

and the standard deviation of the SM630HP optical fibre, were superior. Additional 

reasons for selecting SM630HP were provided: 

- Readily available off-the-shelf fibre; 

- A steep index reflection, meaning light lost is minimal; 

- A single-mode fibre with an operating wavelength closely matching the 

wavelength used by the fused-tapered coupler manufacturing rig; 

- The acrylate coating is quickly and easily stripped by various techniques; 

- Fibre attenuation was less (≤12 dB/km) than that of SM600 (≤15 dB/km).  
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Figure 20   SM630HP single-mode optical fibre with an operating  

wavelength of 600 - 770 nm, procured from Thorlabs Ltd.  

(source: https://www.thorlabs.com/thorproduct.cfm?partnumber=630HP). 

 

3.2.2 Supporting Equipment 

 

Previous research has indicated that mechanical stripping optical fibres is often the 

quickest and cheapest method of exposing the cladding and light-propagating high 

refractive index core. A schematic of a stripped optical fibre is displayed in Figure 21. 

 

Figure 21   A schematic illustration of an optical fibre used for condition monitoring in this study. 

Mechanical stripping and cleaning of the fibres with alcohol-based solutions has 

increased the likelihood of surface cracking, however [166, 167]. Nagata [166], 

evaluated the effect of mechanically stripping optical fibres with an average of 15 % 

of all fibres tested, broken by bending tests where snapping was observed at the 

stripped region. Further, subsequent fibre cleaning introduced additional surface 

flaws with another 40 % of the tested fibres breaking after applying lens cleaning 

paper. Mechanical and/or thermal shocks were blamed for exposure. It was necessary 

to expose the cladding and core when splicing together optical fibres. As a result of 

this information, care was taken to minimise surface damage in this study by 

evaluating a variety of mechanical stripping tools. Excess acrylate debris can 
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contribute to light scattering and decreased signal strength when stripping fibres. 

Virgin fibres were stripped of their acrylate coating with three tools. Specimens were 

cleaned with three passes of isopropanol-soaked lint-free tissue. The stripping quality 

was assessed with a Jeol 60-60 scanning electron microscope (SEM) micrographs. A 

Thorlabs T12S21 model 008, Thorlabs FTS4 and Miller FO 103-D-250 mechanical 

stripping tools were compared in this manner. The Thorlabs T12S21 device provided 

the finest quality coating removal and was thus utilised therein. Micrographs of the 

optimum tool performance are provided in Figure 22. 

 

    

Figure 22   Micrographs of an optical fibre of arbitrary length stripped with a Thorlabs T12S21-008. 

(source: https://www.thorlabs.com/thorProduct.cfm?partNumber=T12S21). 

 

FC-PC connectors coupled the fibres between a laser input and a coupler rig for sensor 

manufacturing. Custom-manufactured FC-PC protected connectors were procured 

from Thorlabs Ltd with the fibre type specified as SM630HP. An FC-PC connector at 

one end permitted multiple connections to optical equipment. The fibres attached to 

the connectors were protected by a yellow plastic jacket, reinforced by an internal 

Kevlar tow (Figure 23). 

 

       

Figure 23   A female and male FC-PC connector to the left and right of the schematic, respectively, 

used to efficiently transfer light between sensor and optical equipment for analysis. 

(source: https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=1380). 

 

https://www.thorlabs.com/thorProduct.cfm?partNumber=T12S21
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Plastic and metal end caps were fitted to the connectors, coupling rig and laser to 

protect against dust and debris. A Fujikura Cletop Type S fibre-cleaning cassette was 

used to clean the FC-PC ends, maximising light transmission between fibre and 

interrogation unit. A structured sequence of stripping, cleaving and fusion splicing 

was adopted to connect the sensing fibre and hardware during manufacturing. The 

acrylate coating of the fibre ends was stripped and then cleaved with a Fujikura CT-

30 optical fibre cleaver (Figure 24, left) at a 90 ± 0.5º angle. The fibres were then placed 

into a Fujikura FSM-45 PM fusion splicer (Figure 24, right), fusing the two ends 

together with an electrical arc. The splicer calculated light-loss after fusion with 

acceptable losses limited to 0.02 dB for this study. A Thorlabs Ltd S1FC635 laser source 

with a continuous wave operation of 635 nm excited the sensor during the 

manufacturing process. This process was executed with a JW2101 Fused Bi-conic 

Taper System, which was also used to interrogate the devices.   

           
 

Figure 24   A Fujikura CT-30 optical fibre cleaver and Fujikura FSM-45 PM fusion splicer utilised 

to manufacture FOAES, to the left and right of the figure, respectively.  

(source: https://www.fibertools.store/cleavers/fujikura-ct-30-high-precision-fiber-cleaver and 

https://shop.fiberoptic.com/ProductInfo.aspx?code=S014339&type=0&eq=&desc=Fujikura-FSM-45-

PM-Splicer-Kit). 
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3.3     FOAES Manufacturing 
 

3.3.1 Methodology 

 

FOAES were manufactured from two known lengths of 630HP single-mode optical 

fibre. The core diameter was ~3.5 µm, cladding diameter 125 ± 1 µm and acrylate 

coating diameter 245 ± 15 µm. At the central point, a 40 mm coating section was 

removed to reveal the cladding. The fusion splicer securely connected three of the 

fibre ends (P0 , P1 and P2, from Figure 13) to FC-PC optical connectors that were 

coupled to an S1FC635 Benchtop Laser Source (port P0) operating at 635 nm and 

JoinWit coupler rig (ports P1 and P2). Ports P1 and P2 were linked to a data acquisition 

system that monitored the sensor coupling ratio during the manufacturing process. 

The fibres were twisted around each other to maintain an intimate parallel contact 

before being mounted across two vacuum grips under lateral tension. Whilst under 

tension, a hydrogen-oxygen flame was used to fuse and taper the fibres. Fixed 

manufacturing parameters included the: (i) fibre type; (ii) stripped fibre length; (iii) 

quantity fibre twists; (iv) height of the mount supporting the fibres at the vacuum 

grips; (v) pulling speed; (vi) initial separation distance of the vacuum grips; (vii) mass 

flow rate of the flame; (viii) torch height above the fibres; (ix) separation between fibre 

clamps at the far ends of the rig; and (x) longitudinal velocity (torch movement speed).  

 

A 50:50 coupling ratio between fibres was adopted in this study for AE analysis 

investigation, which was varied by tapering the fibres. Prior to fusing, the fibres were 

twisted at least once to maximise contact and induce a power transfer between them. 

As the fibres were tensioned, the evanescent field from the input fibre that oscillated 

through to the throughput power (P1), was transferred to the parallel secondary fibre 

(P2) to initiate coupling. The system required a manual input to determine the length 

that the fibres were stretched to achieve a coupling ratio of 50 ± 10 %. A typical power 

transfer between fibres is displayed in Figure 25. The screenshot shows an initial input 
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of 0.938 mW from the laser source highlighted at T = A. Coupling between waveguides 

occurs at T = B indicated by an initial energy transfer as T = C indicates where 

increasing lateral tension is halted due to successful coupling. The fibre outputs are 

displayed in Figure 25 as 0.492 mW and 0.376 mW for the throughput and coupled 

power after manufacturing, respectively. The excess loss was –0.33 dB and relates to 

the loss of power from the input to output during the manufacturing process. Excess 

loss was prominent due to mechanical damage in the fibre cladding that was indicated 

with the presence of cladding modes. After manufacturing, the vacuum grips were 

disabled, releasing the fibres. A borosilicate glass capillary was manoeuvred over the 

tapered region.  

 

Figure 25   A screenshot of a typical power transfer trace from the coupler-rig interrogation  

software showing the coupling between fibres. 

 

3.3.2 Manufacturing Variables 

 

Controlled Variables 

The JoinWit coupler rig was studied in-depth to help improve the sensitivity and 

reproducibility of the FOAES manufacturing process. The procedure included several 

stages and changeable parameters, each resulting in an alteration to the 

manufacturing. In the current study, the following manufacturing controls were 

T = A 

T = B 

T = C 
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implemented and are given context by highlighting them in Figure 26. The controlled 

parameters associated with the fibres and the coupler rig are quantified:  

(i) fibre type – SM630HP;  

(ii) stripped fibre length – 40 mm; 

(iii) quantity of fibre twists – one, two or three twists; 

(iv) height of the mount supporting the fibres at the vacuum grips – 2 mm; 

(v) pulling speed – 4 mm/min; 

(vi) initial separation distance of the vacuum grips – 50 mm;  

(vii) mass flow rate of the flame – 200 kg/s;  

(viii) torch height above the fibres – 4.5 mm;  

(ix) separation between fibre clamps situated at the far ends of the rig – 300 mm;  

(x) longitudinal velocity (torch movement speed) – 120 mm/min. 

 

 

Figure 26   A photograph of the FBT system used for fibre-optic coupler manufacturing.  

Controlled parameters are highlighted with numerals in the photograph. 

 

(x) 

(iv) 

(ix) (vi) 

(vii) 

(viii) 

(v) 
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A study of the vacuum grips was initiated to investigate any contributing errors to the 

uniform draw length of the fibres during manufacture. Variations in the lateral 

velocity and extension rate were studied, whilst multi-axis adjustable clamps held the 

vacuum grip height in place. Three main considerations were noted in these tests: 

- Transverse velocity of each vacuum grip; 

- Correlation between the grip displacement and rig displayed separation data; 

- The position of the vacuum grips when returned to the original position. 

The coefficient of determination (R2) was plotted together with a correlation between 

the displayed separation distance on the rig and the actual separation distance 

measured by a rule. The grip separation distance was measured at set intervals as the 

control panel on the rig was read. Figure 27 displays the torch settings selected for 

sensor manufacturing during this study. 

 

 
Figure 27   A screenshot of the controlled FBT system to input the torch, clamp, and time delay 

settings, which are kept consistent throughout manufacturing. 

 

Number of Fibre Twists 

The FOAES manufacturing process was investigated because of its low 

reproducibility. Burns [111], examined the location of two twists in a fibre-optic 

coupler system. A standard deviation of more than 10 % was observed for each fibre 
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length between the twist and unstripped region, denoted by (M1), (M2), (M4) and 

(M5) in Figure 28.  

 

Figure 28   A schematic illustration of the fibre-optic coupler with appropriate  

dimensions highlighted (source: [111]). 

In the first instance, three twists were implemented between the fibres to successfully 

manufacture FOAES. The locations of these could not be controlled though the central 

twist was subjected to a flame, manufacturing a fibre taper. The parameters in Figure 

29 represented by (D1), (D2) and (D3), were not reproducible nor was the tensile force 

initially applied to the fibres during production, represented by (T1) and (T2). To 

improve the consistency of the manufacture, the dimensions of Figure 30 were 

explored.  

Figure 29   A schematic illustration of the FOAES  

after fabrication with appropriate dimensions highlighted. 

 

 
Figure 30   A schematic illustration of the FOAES prior to fusion of three fibre twists, with relevant 

measured dimensions highlighted. 
 

T1 

D1 

T2 

D2 D3 

B 

A 

C D E 
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The location of the fibre twists was studied to investigate the impact of the twist region 

for successful and unsuccessful coupling. Two fibre twists have been previously 

reported, but three twists initially provided increased contact between parallel fibres 

in the early stages of manufacture.  

 

To begin, twelve sensors were manufactured from SM630HP optical fibre to 

understand the influence on the reproducibility of controlling the twist location. The 

power transfer between fibres was investigated by analysing six sensors of controlled 

twist location and six uncontrolled. The effect of the twist location on the power 

transfer and the coupling efficiency, were studied. A set of Draper Vernier callipers 

(precision ±0.01 mm) were used to measure the dimensions of A-E in Figure 30. The 

FBT system real-time monitored the coupling ratio at the two output photodiodes, 

with a power transfer being plotted on the display software from both fibres. The area 

displayed by the coupling software was 500 seconds. The fibre draw length for 

successful coupling lengthened throughout production due to fibres slipping in the 

vacuum grips meaning the draw length was inaccurately displayed. The vacuum 

grips were therefore reviewed, and their grip improved by cleaning and tightening, 

to enhance the power transfer efficiency. The number of fibre twists was considered 

to improve manufacturing sensitivity and reproducibility. Whilst utilising the 

improved vacuum grips, double and triple twist sensors were compared and analysed 

according to Figures 30 and 31, respectively. The letter annotations denote the 

dimensions measured.   

 
 

Figure 31   A schematic illustration of the FOAES prior to fusion of two fibre twists, with 

appropriate measured dimensions highlighted. 

B C D 

A 
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Uncontrolled Variables 

There were multiple parameters throughout manufacturing that could not be 

controlled and thus contributed to manufacturing instability. Some of these 

limitations are outlined in this subsection.  

 

Air Turbulence: Although unquantified, air turbulence resonating across the coupler 

and influencing the movement of the fibres may contribute to a fluctuating coupling 

ratio prior to being secured in a capillary. This turbulence was minimised by keeping 

all external windows shut in proximity and minimising entry to and exit from, the 

laboratory. Covering the taper region was not feasible due to the high temperatures 

associated with manufacturing.   

 

Atmospheric Temperature: Room temperature fluctuated daily, meaning the 

production of sensors required in the same batch of tests should be manufactured on 

the same day for improved reproducibility. However, the high temperature of the 

flame (approx. 1800 ºC) in comparison to room temperature meant this impact was 

considered negligible.   

 

Tapered Region Bending: The fibres and the tapered region remained unsupported 

during manufacturing meaning the fibres could sink under their own weight whilst 

mounted. The tapered region was only supported by a central mount once the 

packaging was applied and could only be rectified by using a high temperature 

material capable of withstanding extreme temperatures during production. Future 

developments to the system could include implementing a supporting plate 

throughout manufacturing that does not influence the tapered region and lead to 

distortion at the fibre twists.  

 

Fibre Bending Radius: Variations to the fibre bending potentially leads to optical 

losses and emerging cladding modes. The bending radius of the FC-PC connected 
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fibre was kept consistent during manufacturing by securing tape. The bending radius 

of the sensing fibre was not controlled, but low-tac tape could be used to regulate the 

fibre shape and minimise surface damage.   

 

Influence of Cladding Modes at the FC-PC Casing Post-Manufacturing: Despite being 

largely uncontrolled, this effect was quantified by examining the excess loss at the FBT 

rig. To monitor the quality and efficient light propagation, the fibres were inserted 

into a power meter before and after sensor tapering. For future analysis, if the 

dimensions discussed in Figures 30 and 31 were standardised, the influence of 

cladding modes would likely be reduced. Multiple experiments were conducted to 

reduce the influence of cladding modes along the length of the fibre and increase SNR. 

The SNR in this study was calculated by the following equation: 

 
SNR =

APLB (dBAE)

ANOISE (dBAE)
 (37) 

Where APLB represents the amplitude of the simulated AE signal detected by pencil 

lead breaks (PLBs). ANOISE represents the amplitude of the noise present in the system 

that is detected when using a low signal threshold. 

 

Influence of Cladding Modes at the Tapered Region Post-Manufacturing: Reducing 

the influence of cladding modes was executed throughout the study at the FC-PC 

connectors. However, reducing the impact of cladding modes at the sensor was 

considerably more difficult. As they were prominent after manufacturing, an 

investigation into the poor internal reflection efficiency of the optical fibres spliced to 

FC-PC connectors, was conducted. The power emanating from the laser was also lost 

to the surroundings around the tapered region of the fibres meaning the critical angle 

had not been met. Cladding modes were observed both between and surrounding the 

vacuum grips across length A in Figure 31, also presented in Figure 32. As the 

cladding from an optical fibre increases the critical angle between the fibre core and 

outer casing, the cladding was likely damaged during the manufacturing process. A 



107 | P a g e  
 

tapered region diameter typically less than 10 - 15 µm exhibited cladding modes at 

the region of length B and D in Figure 31, likely due to a large taper angle. SM630-HP 

fibre was imaged with an optical microscope to investigate the surface quality when 

searching for the origins of cladding modes. Two lengths of fibre were initially tested: 

(i) a sample of virgin fibre; and (ii) a fibre length operating with influencing cladding 

modes. To be confident that mechanical stripping had no influence on the cladding 

modes, the fibres were also stripped of their polymer coating by a Thorlabs T12S21 

model 008 and a Thorlabs FTS4 stripping tool. The samples were imaged, analysed, 

and reported. FC-PC connectors were also studied with the optical microscope, prior 

and post cleaning, to determine if the connections influenced cladding modes. 

 

 
 

Figure 32   A photograph displaying the influence of visible cladding modes 

 at the trailing end of the FOAES. 

 

Damage upon release of Vacuum Grips: The fibres were slowly released from the 

vacuum grips after tapering. The damage incurred here was sporadic throughout this 

process as the vacuum was manually released causing a coupling ratio and excess loss 

variation. The problem could be solved by fully curing the sensor-capillary bonding 

adhesive before releasing the vacuum. Unfortunately, to allow the transition of the 

capillary to sit over the tapered region, this method was impractical. In the current 

Propagation 

of light 

A 

B 
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study, a translation stage held the fibre in place to allow a smooth transition of the 

capillary across the fibres. This stage could be manoeuvred into position, as required. 

 

Optical Losses between FC-PC and Tapered Fibre: Variable cleave angles when 

preparing optical fibres for splicing were sometimes evident due to human error. The 

consequences contributed to fluctuating losses during the splicing process that were 

detected by and quantified on a fusion splicer. Expressed in dBAE, the maximum 

acceptable loss during manufacturing was ≤ 0.02 dBAE. Optical losses at the FC-PC 

connectors of the sensors were not highlighted in this study due to the normalisation 

of each sensor against its unique noise to create a unique SNR.  

 

Fibre Cleanliness at FC-PC Connectors: A Fujikura Cletop Type S fibre-cleaning 

cassette was used to clean the connection fibres before manufacturing and sensor 

testing. As the result of a manual process, the quality of cleaning could not be 

quantified, which can influence the CR across waveguides. Similarly, to optical losses 

during splicing however, there was little emphasis on this concern during sensor 

testing due to the normalisation of each sensor against its respective noise.  

 

Fibre and Capillary Mismatch: Early sensor production yielded a mismatch between 

the fibre and the capillary (Figure 33). Fibre exposed beyond the borosilicate glass 

capillary was attributed to fibres slipping in the vacuum grips. This exposed region 

had the potential to decrease the tensile strength during loading of surface and 

embedded sensors, which varied depending on the draw length initiated to 

manufacture a 50:50 coupler. Securing the fibres in the vacuum grips to reduce fibre 

slipping, removed this issue.  
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Figure 33   A photograph highlighting a draw length greater than the capillary length, which 

occurred during early executions of the manufacturing. 

 

3.3.3 Influence of the Coupler-Rig Vacuum Grips 

 

Three fibre-optic couplers were manufactured with varied twists between fibres to 

determine the durability of the sensors whilst mounted on the coupler rig. The device 

noise was monitored through various manufacturing processes and procedures whilst 

the influence of the adhesive when bonding the sensors, was monitored.  

 

The vacuum grips were switched on and off to examine the background noise. The 

sensor was removed, and the coupling ratio monitored until stabilised. The sensor 

that reacted the least to the external stresses was preferred as it was less influenced by 

manufacturing damage. This would ultimately lead to a sensor with an extended 

lifetime and higher SNR.  

 

A three-twist FOAES was manufactured on the JoinWit Coupler rig using the FBT 

technique with two identical single-mode fibres. A two-twist and a single-twist sensor 

were manufactured under the same conditions. The dimensions of the sensors were 

recorded, as was the power transfer traces across fibres. A glass coverslip was 

manoeuvred under each sensor after production. AEWin software by Mistras was 

then utilised to interpret the signals detected by the AE sensor. The initial noise 

captured by this software was first recorded. Araldite Rapid ® epoxy resin bonded 

the sensor to the glass coverslip across the un-stripped fibre region, beyond the 
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tapered section. The adhesive was cured for 20 minutes whilst maintaining the 

vacuum at the fibre-holding grips. After curing, the noise was again recorded via 

AEWin. The coupling ratio was also monitored to determine any fluctuations after 

curing.  

 

The vacuum grips were examined to study the relationship between the tension 

applied to the sensor from the vacuum chucks against the corresponding sensor noise. 

As such, the fibres were re-attached to the interrogation unit with the following test 

sequence, initiated: 

- Noise on sensor recorded; 

- 30 seconds elapsed whilst the vacuum grips are switched on, then the LHS grip 

is switched off and AE amplitude is examined; 

- The previous step is repeated with the RHS chuck; 

- The vacuum is released on both mounts and AE data continually recorded; 

- The vacuum pump is switched off to minimise vibrational noise and the 

amplitude is tested; 

- Input laser is switched off to further minimise vibrations and the end of the 

fibre is tapped to simulate an AE signal whilst the amplitude is monitored; 

- The vacuum pump is switched back on and the noise re-examined;  

- The output fibres are inserted back into the coupler rig to determine any CR 

change; 

- The fibre clamps are moved to the closed position (Figure 34a) and CR tested, 

after prior tests adopted open clamps (Figure 34b); 

- PLBs performed on the vacuum grips (Figure 35) to simulate wideband 

frequency AE signals with and without vacuum enabled. Three breaks 

conducted at each location (A-D) and interrogated with AEWin; 

- Sensor is removed from the vacuum mounts and its coupling ratio re-tested. 
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Figure 34   Photographs displaying the fibre clamp in its open and closed position for figures a and 

b, respectively. 

 

 

 

 

 

Figure 35   A photograph displaying the PLB locations executed on the coupler rig. 

 

3.3.4 Relationship between Tapered Region Diameter and Draw Length 

 

Three FOAES were manufactured with three-twists and with an average draw length 

of these devices was 14.77 mm. Once the coupling ratio had stabilised, the sensors 

were laid on top of a borosillicate glass coverslip with dimensions 50 x 20 x 0.17 mm. 

The fibres were secured in place by two drops of NOA81 and NOA65 at each end of 

the tapered region across the non-stripped fibre. The resin was cured via an on-board 

UV light source. An optical microscope was then used to image the optical fibres. 

Axiovision software interpreted and labelled the images. As reference, an un-tapered 

section of the optical fibre was imaged, which was known to be 245 ± 15 µm, procured 

from Thorlabs Inc. The diameter of both the fibre cladding and the tapered fibre were 

calculated using the manual dimension tool on the Axiovision software. An example 

of a micrograph is displayed in Chapter 4 of this study.   

a b 

A 

B 

 

C 

 
D 
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3.3.5 Increasing Device Sensitivity with a Single-Fibre Taper 

 

A single-fibre taper was manufactured using the JoinWit Coupler rig. Despite only 

one fibre required as a sensor, two fibres were placed into intimate parallel contact on 

the vacuum grips (Figure 36) to maintain tension during tapering. One fibre was 

stripped of its acrylate coating at the coupling region. However, fibre slipping was 

apparent and meant the draw length and fibre diameter relationship could not be 

determined.  

 

Figure 36   A schematic illustration of two fibres aligned in the vacuum grips of the FBT rig,  

with one fibre stripped of its acrylate coating. 

 

Another method to produce a single-fibre taper implemented two stripped fibres and 

clamped into the vacuum grips as displayed in Figure 37.  

 

Figure 37   A schematic illustration of two fibres aligned in the vacuum grips of the FBT rig,  

with both fibres stripped of their acrylate coating. 

 

Upon the second attempt, fibre slipping was not noticed. The draw length was 

controlled with the FBT control system and extended to 10.57 mm, which was the 

average draw length measured from previously manufactured fibres. After 

production, the un-used optical fibre was removed and disposed of as a glass 

coverslip was placed underneath the single tapered fibre and bound with Araldite 

Rapid ® epoxy across the unstripped fibre. The same custom modified interrogation 

unit is discussed in section 3.5.1 after being used to interrogate the single-fibre taper. 

The device required analysis of the coupling ratio between two optical fibres and thus 

a commercial 50:50 coupler was employed to obtain a CR between the single-fibre 

taper and commercial off-the-shelf fibre. The sensor noise was monitored using the 

interrogation software AEWin, whilst the resin cured to detect for the presence of any 
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residual stresses. A piezo-electric signal generator was laid on a flat surface and the 

sensor, supported by the glass coverslip, was removed from the manufacturing rig, 

and placed on top of the piezo-electric sensor. Soft white paraffin petroleum jelly 

coupled the sensor and signal generator as the single-fibre taper amplitude response, 

was recorded. A schematic illustration of this setup is displayed in Figure 38. 

 

 

Figure 38   A schematic illustration of the interrogation setup used to analyse a single-fibre taper. 

 

Tests on the single-fibre taper suggested that the SNR could be improved by 

restricting the bi-conical nature of the sensor, thereby minimising background noise. 

This could be achieved by reducing the backwards reflected output at port-P3, Figure 

13, as this fibre end emits radiation emanating from port-P0. An alternative single-

mode optical fibre (1550 nm) with an operating range beyond the scope of the single-

fibre sensor (600 - 770 nm) was trialled. The two fibre types were spliced together at 

the fibre end, port-P3. The system noise was then recorded using AEWin with and 

without the alternate fibre attached.  

 

The refractive index of the SM630HP used during the manufacturing stage of this 

study was 1.458 and 1.461 at 600 nm for the cladding and core, respectively. Another 
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option was to suspend the fibre end at port-P3 in an index matching oil to minimise 

the backscatter from the input source. An oil with an index of 1.460 was used as the 

system noise was recorded with AEWin. The oil was held in a sealed test tube fitted 

with a black outer coating that was employed to minimise reflections from the 

container.  

 

3.3.6 Summary Considerations for Successful Manufacturing 

 

Table 6 demonstrates the number of controlled and uncontrolled parameters, which 

required consideration to ensure a successful production of the FOAES with 

maximum sensitivity and reproducibility. The factors are taken from an 

environmental and geometric point of view. 

Table 6   A summary of the environmental and geometric factors influencing the quality and 

reproducibility of the FOAES manufacturing process. 

Controlled parameters  

Uncontrolled parameters 

Environmental Parameters Geometric Parameters 

Temperature of the H2-O2 flame Number of twists 

Air turbulence through the system Location of the twists 

Atmospheric temperature Length of the tapered region (prior to fusion) 

Humidity of the room Tension applied to fibres 

 Length of the tapered region (post fusion) 

 Length of each twist 

 Flame height 

 Vacuum chuck grip 

 Fibre mount height 

 Bending radius of the protected fibre 

 Bending radius of the unprotected fibre 

 Torch used and flame size 

 Pre-draw length 

 Pre-heating time 

 Torch speed 

 Puller-to-puller distance 

 Stripped length of fibre 
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Prior to optimising the parameters outlined in Table 6, a large CR range was observed 

for couplers with similar excess loss values. Similarly, the draw lengths were not 

consistent, which was likely due to any number of the uncontrolled parameters. For 

future development, the directionality of these devices should be considered. The 

principle of permitting light to propagate from the input at port-P0 to the reflected 

power output at port-P3 displayed in Figure 13, can be referred to as crosstalk and can 

be utilised during the production of a multi-functional sensor based on a fused-

tapered coupler and a multi-measurand sensor [1]. The key factors influencing the 

sensitivity and reproducibility of the FOAES are demonstrated in Table 7.  

 

Table 7   A summary of the main factors contributing to successful sensor manufacture. 

Factors contributing  

to successful manufacture 

Description 

Hydrogen flame height The temperature must be sufficient to couple the fibres without causing 

excessive damage to the glass. The mass flow rate was fixed throughout. 

Set too low and the fibres would melt prior to fusion. Too high and the 

tapering would not occur at all. 

Vacuum mount grip A poor grip results in fibre slipping and poor or no coupling at all. The 

location of the fibres in the grips were examined in this study. 

Fibre mount height A low height will cause strain on the fibres against the vacuum grips. A 

high height will lift the fibres from their vacuum hold during tests. A 

brief test was conducted to obtain the optimum height for successful 

sensor production. 

Vacuum release To ensure a capillary could slide over the tapered region and into place, 

the fibres must be released from the vacuum grips. Though largely 

uncontrolled, releasing them too quickly will incur fibre breakages. 

Capillary mounting Although also uncontrolled, sufficient care should be taken when sliding 

a capillary around the sensitive tapered fibres. Snagging of the fibres on 

the capillary could result in sensor failure. 

Quantity of resin applied Applying surplus resin to fibre-capillary bond line can result in excessive 

strain placed upon the fibres. The resin was controlled to two-drops of 

UV curable optical adhesive. 
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3.4 FOAES Packaging 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8   Technical characteristics of the NOA81 and NOA65 optical adhesives (source: [168, 169]). 

Parameters NOA81 NOA65 

Solids 100 % 100 % 

Viscosity at 25 °C 300 cps 1200 cps 

Refractive Index of Cured Polymer 1.560 1.524 

Elongation at Failure 25 % 80 % 

Modulus of Elasticity (psi) 200,000 20,000 

Tensile Strength (psi) 4,000 1,500 

Hardness – Shore D 90 50 

 

3.4.1 Capillary Preparation 

 

Borosilicate capillaries were provided by CM Scientific in lengths of 100 ± 4 mm and 

600 ± 20 mm with diameter tolerances of 0.87 mm ± 10 %. The capillaries were 

inscribed and cut into 50 mm lengths with an S90R – Ruby Dual Scribe fibre-optic 

scribe, procured from Thorlabs Ltd. The capillaries were cleaned in a bath of acetone 

solvent and subjected to ultrasonic cleaning before being oven-dried at 80 °C. Several 

The FOAES was packaged in a borosilicate capillary. Prior to connecting the optical 

fibres to the FBT fibre ports, the capillary was manoeuvred over the acrylate coated, 

untapered optical fibre. After manufacturing, the capillary was then slid across the 

tapered region of the sensor whilst maintaining the position of the device on the 

vacuum grips. UV curable optical adhesive was applied to both capillary ends to 

secure the sensor and capillary in place. Two small droplets of NOA81 and NOA65 

adhesive (procured from Norland Products Inc.) equivalent to a volume of less than 

10 µl, were applied at opposing ends and cured via an on-board UV lamp built into 

the coupling device. Necessary precautions were taken to apply the adhesive directly 

to the stripped region of the fibres only and never on the thermoplastic coating. A 

summary of the technical characteristics of the NOA81 and NOA65 adhesives is given 

in Table 8. 
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capillaries were imaged using SEM to ensure they had been cut correctly. An example 

of this is represented in Figure 39. All samples underwent an ultrasonic cleaning 

process prior to imaging. Flat end-faces of the capillaries were preferred, which 

minimised the damage to the optical fibres during sensor manufacturing. 

 

 

 

 

 

 

 

 

Figure 39   A FOAES capillary end imaged by a Jeol 60-60 Scanning Electron  

Microscope across three samples.  

 

3.4.2 Increasing SNR with Packaging Dimensions 

 

During the early stages of the manufacturing investigation, borosilicate capillaries of 

the following dimensions were utilised: 

Parameters Dimensions 

Inner diameter 0.70 mm 

Outer diameter 0.87 mm 

Length  50 mm 

 

The dimensions of the capillaries were investigated whilst attempting to increase the 

SNR of the FOAES. Three capillary types with various dimensions, were trialled – two 

narrower round capillaries of different lengths and a square capillary. All capillaries 

were borosilicate and procured from CM Scientific. The dimensions of each were as 

follows: 

0.05 cm 
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Narrowed Round Capillary, Short 

Parameters Dimensions 

Inner diameter 0.60 mm 

Outer diameter 0.84 mm 

Length 50 mm 

 

Narrowed Round Capillary, Long 

Parameters Dimensions 

Inner diameter 0.60 mm 

Outer diameter 0.84 mm 

Length 60 mm 

 

Square Capillary 

Parameters Dimensions 

Inner diameter 0.50 mm 

Outer diameter 0.70 mm 

Length 50 mm 

 

All samples were prepared according to the preparation guide for capillaries in section 

3.4.1. U-shaped capillaries were not considered in this study as they were limited to 

surface mounted sensing only and thus could not be used in further studies. Three 

fibre-optic couplers were manufactured for each capillary category. Once 

manufactured, the sensors were tested on an aluminium plate of thickness 6 mm and 

Pencil Lead Breaks (PLBs) conducted at 45º intervals around the centre of the plate. 

The amplitude response was compared across sensors to determine the highest SNR. 
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3.4.3 Studying Sensor SNR by Capillary Abrasion 

 

Abrading the borosilicate capillary at a single face was studied due to the influence of 

the capillary on the sensor SNR. A parallel contact between capillary and substrate 

was attempted to increase the contact area between the two materials, as 

demonstrated in Figure 40.  

 

Figure 40   A schematic illustration of an as-received and modified capillary by abrasion, to the left 

and right of the figure, respectively. 

With a greater contact between sensor and substrate, the couplant was able to provide 

a more efficient transfer of elastic waves and hence, could be more effectively utilised 

with abraded capillaries. This was due to an improved acoustic impedance (AI) 

correlation between couplant and capillary, thereby improving SNR. Three 

borosilicate capillaries were abraded across one area with a GP-2B Grinder Polisher 

(Figure 41). A 200 mm plain backed P2500 silicon carbide abrasive paper disc 

procured from MetPrep Metallographic Materials, was used to abrade the capillaries. 

The polishing rotation speed was 300 revolutions per minute for a total of 300 seconds. 

After abrading, the capillaries were acetone cleaned in an ultrasonic bath before being 

oven dried at 80 ⁰C. A Leica Wild M3C Kombistereo binocular optical microscope was 

used to examine the quality and effectiveness of the abrasion.  

 
Figure 41   A photograph of the GP-2B Grinder Polisher used to abrade borosilicate capillaries. 
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3.5 Characterisation of the FOAES 
 

3.5.1 Methods for Testing and Characterising FOAES 

 

PLBs were employed to effectively analyse the FOAES. After manufacturing, the FC-

PC connected optical fibres were attached to a custom-made trans-impedance 

differential amplifier (Figure 42). The device was manufactured by Theoptics and was 

a stand-alone system capable of capturing, amplifying, and recording AE data that 

converted optical to electrical signals. This pin-photodiode module provided the 

FOAES with a continuous wave 635 nm laser (output ∽1.0mW). It was powered by a 

28-volt phantom power supply through a coaxial BNC cable, which was secured to a 

PCI-2 data acquisition system installed on a Microsoft® Windows computer. The 

length of the cable between the preamplifier and the PCI-2 card was selected to meet 

the needs of the environment. However, there is negligible signal loss via BNC cables 

over distances of less than 610 metres. AEWin 𝑇𝑀 software (MISTRAS, previously 

PAC - Physical Acoustics Corporation, USA) captured the AE signals whilst an advanced 

signal processing software (Noesis 𝑇𝑀; Envirocoustics, Greece) post-processed the data. 

A schematic of the setup used for interrogation is displayed in Figure 43. 

 

 

 

 Figure 42   A photograph of the interrogation photodiode, referred to in this study as Box A. 

 

Optical detectors 

Laser 

BNC power supply and AE 
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Figure 43   A schematic illustration of the experimental setup used to interrogate the FOAES. 

 

The sensors were coupled to a 6 mm thick aluminium plate, which was chosen for its 

efficient propagation of transverse and longitudinal Rayleigh surface waves, and 

perpendicular Lamb waves. PLBs were conducted at 45 ° intervals, 100 mm from the 

plate’s centre (Figure 44). 

 

Figure 44   Sensors were mounted to a 6 mm thick aluminium plate whilst PLBs were executed.  

 

The typical variables associated with the AEWin interrogation software are displayed 

in Figure 45. As the individual FOAES were tested each time, only Channel 1 was 

active. The threshold was set according to the noise experienced in the system in dBAE. 

In practice, the threshold was lowered to allow noise to be recorded (Figure 45, i). The 

noise was eliminated by increasing the threshold above the highest noise point. Figure 

45, ii shows an example of the threshold set at 60 dBAE to remove background noise 
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unique to each individual sensor. As AE signals originated from simulated events, the 

signal maximum duration was set to 300 ms to effectively capture the entire event. 

The timing parameters in Figure 45, iii, were chosen appropriately according to the 

material being used. Prosser and Gorman [170], proposed that a 1 MHz sampling rate 

would be sufficient to avoid inaccuracies with the frequency response of a signal with 

peak frequencies of around 200 kHz, and thus was chosen in this study.  

 

 

Figure 45   An example of the AEWin Physical Acoustics for PCI-2 version E4.00 used for data 

acquisition during FOAES comparison: (i) AE Channel Setup before removing noise; (ii) AE 

Channel Setup after removing noise due to an increased threshold; and (ii) AE Timing Parameters. 

 

A key focus of the study was comparing FOAES and piezo-electric sensors. Two 

piezo-electric sensors were used for this: (i) a Wideband Differential, 100 - 900 kHz; 

and (ii) an R50 General purpose, 500 kHz. The calibration charts in Figure 46 display 

the frequency sensitivity for the devices and are provided by the manufacturers, 

Mistras (previously PAC). The R50 sensor was most sensitive to peak frequencies at 

around 100, 300 and 500 kHz (lower frequencies by comparison) compared with the 

WD sensor, which was most responsive between 100 kHz and 1 MHz. A combination 

of these two permitted the capture of a wide frequency range of data.  

 

(iii) 

(i) 

(ii) 
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Figure 46   Calibration charts for the: (i) R50 piezo-electric sensor;  

and (ii) Wideband differential piezo-electric sensor. (source: [33, 171]). 

 

Prior to sensor evaluation however, two methods of AE simulation were trialled: (i) 

signal pulse generator; and (ii) pencil lead breaks. The pulse generator (C101-HV 

portable pulser) displayed a high voltage and exhibited higher amplitudes compared 

with pencil breaks. The repeatability of the signal pulse generator was tested by 

analysing its pulse repetition rate (PRR). A Wideband Mistras piezo-electric 

transducer made the signal receiver. This was connected to a preamplifier (2/4/6 single 

and differential) and analysed using AEWin data acquisition software by means of a 

BNC cable. Four lead zirconate titanate (PZT) transducers procured from Mistras, 

were used as the signal source to gather an average reading: 

- Wideband PZT transducer: S/N F086 (peak frequency ≈ 457 kHz) 

- Wideband PZT transducer: S/N FT51 (peak frequency ≈ 450 kHz) 

- Micro transducer (RED): 80S AA50 (peak frequency ≈ 474 kHz) 

- Micro transducer (RED): 80S AA58 (peak frequency ≈ 29 kHz) 

The sensors were placed 100 mm apart, coupled with a thin layer of soft white paraffin 

petroleum jelly and tested on a 6 mm thick aluminium plate according to Figure 47. 

Three periodic settings were compared to determine the optimum signal pulse rate 

and the emission energy. The highest energy and lowest pulse rate settings were 

preferred for minimal amplitude variation and maximum energy output. 

(i) (ii) 
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Figure 47   Photographs of a signal pulse emitter and receiver used when testing 

reproducibility of the AE signal pulse generator. 

 

Fast Fourier transform (FFT) data was also analysed at this time, which often yielded 

a narrow-band frequency output. The PLB method was executed according to Figure 

48 and demonstrated a wide frequency range. Similarly, a Wideband PZT device was 

used as the signal receiver whilst PLBs were conducted at 100 mm distances from the 

centrally positioned PZT, according to Figure 49.  

 

 

 

 

 

 

Figure 48   A schematic illustration of a Hsu-Nielson pencil break test  

used to test the FOAES according to ASTM E976 regulations. 

 

 

Figure 49   A photograph of the setup utilised for PZT PLB tests, 

which was similarly replicated for FOAES in later tests. 
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Despite both techniques exhibiting a variable frequency response, the range was 

greater for the PLBs whilst the PZTs displayed a narrower frequency band. To conduct 

sensor comparisons however, a wideband frequency emitter was preferred, which 

would allow the wideband frequency response of the FOAES to be measured during 

analysis. Data from the PLB and pulsar tests are provided in Table 9. Both the emitting 

pulsar and PLBs were positioned 100 mm from the receiving WD piezo-electric AE 

sensor. The signal strength of the pulsar was lower compared with the PLBs, but also 

demonstrated a higher consistency. The SNR was also lower for the pulsar owing to 

the receiving sensor’s noise level across multiple tests to range between 22 - 23 dB. 

Directionality tests of the sensors were possible with PLBs, unlike with the pulser that 

required a stable couplant at each location. Furthermore, the PLBs produced a higher 

signal amplitude meaning a greater quantity of AE signals could be detected at the 

receiving sensor in future tests, resulting in a more in-depth signal analysis. As such, 

the PLB AE simulation method was preferred and the standard procedure of testing 

was extracted from ASTM E-976-10 [172]. 

Table 9   Comparative data between PLB and Pulsar tests to demonstrate the sensitivity and 

reproducibility of the different excitation methods. 

 

PLB PZT Pulsar 

Test 

Amp 

Range 

(dB) 

Amp 

Mean 

(dB) 

Peak 

Freq. 

Range 

(kHz) 

Peak 

Freq. 

Mean 

(kHz) 

Pulsar 

Transducer 

Amp 

Range 

(dB) 

Amp 

Mean 

(dB) 

Peak 

Freq. 

Range 

(kHz) 

Peak 

Freq. 

Mean 

(kHz) 

1 89 - 93 91.9 21 - 90 28.6 1 70 - 72 71.3 482 - 482 481.9 

2 89 - 93 92.3 23 - 449 31.1 2 50 - 50 50.0 27 - 29 28.6 

3 89 - 93 92.7 21 - 439 31.3 3 68 - 69 68.4 444 - 458 445.2 

4 90 - 93 92.1 21 - 99 28.4 4 45 - 62 54.4 446 - 475 461.4 
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3.5.2 A Directionality Comparison between FOAES and Benchmark AE Sensors 

 

The directionality of an AE sensor is an important factor when determining its 

effectiveness of detecting AE signals. A high directionality aids the detection and 

analysis of events at various locations. As such, the directionality of the fibre-optic AE 

sensor was compared with conventional piezo-electric sensors. Six FOAES were 

manufactured with the previously discussed manufacturing process using a 

borosilicate capillary that was secured in place with UV-curable optical adhesive. The 

sensors were individually coupled to the aluminium test plate and PLBs performed. 

This test was repeated six times on a wideband piezo-electric AE sensor. Between tests 

the device was removed from the substrate’s surface, cleaned, and re-coupled. The 

amplitude was recorded by AEWin software as PLBs were broken around the sensor. 

The average signal level was recorded for both sensor types as was the SNR. Table 10 

displays the average amplitude for each pencil lead break point around the FOAES 

and piezo-electric AE sensor, independently. The data is presented to demonstrate the 

sensitivity at various positions around the sensors. The table shows that the FOAES 

demonstrates the greatest sensitivity to AE signals at the 0 ° and 180 ° positions, whilst 

the piezo-electric sensors are omnidirectional.  

Table 10   A comparison of the average amplitude of the FOAES and piezo-electric AE sensor 

against the position around the sensor on an aluminium plate. 

 

PLB Position (°) 

Average Amplitude (dB) 

FOAES PZT 

0 73.4 85.4 

45 72.6 85.7 

90 71.2 86.5 

135 71.2 85.7 

180 72.5 86.3 

225 71.3 84.0 

270 71.0 85.9 

315 70.9 85.7 
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3.5.3 A Comparison of the Substrate Couplant Influencing SNR 

 

The sensor-substrate coupling is crucial for optimising the SNR and its analysis was 

conducted to evaluate the efficient transfer of energy between material boundaries. A 

comparison between the use of no couplant, WD-40 solvent, Dow Corning Vacuum 

Grease and Araldite Rapid ® adhesive was performed. Elastomers including vacuum 

grease and silicone rubber are common practice in industrial applications [82, 83, 85], 

due to their repeatability, easy application and removal, and long-lasting nature. 

However, the nature of elastomers mean they can sometimes restrict the response of 

high frequency waves as the substance dampens an AE signal, constraining shear 

wave transmission between boundaries. The hardness of the couplant directly relates 

to the amplitude and energy output meaning the likes of superglue and epoxy resin 

offer higher sensitivity than any silicone alternative. The addition of a couplant 

generally increases the sensor response to low amplitude data across all frequencies. 

Removing the gap at the sensor/substrate boundary is crucial for increasing this 

response. How effectively waves travel through a medium is defined as the acoustic 

impedance (AI), which for an air gap can be up to five orders of magnitude lower than 

the fibres and capillaries of the FOAES [173]. A higher density and often harder 

material will allow the propagation of high frequency waveforms to move more 

efficiently. The AI (Z) of a material is directly related to its density (𝜌) and sound speed 

(V) through that material, with:  

 Z = ρV (38) 

In this section, three FOAES were first tested with no couplant and then used to 

compare the couplants: (i) WD-40; (ii) Dow Corning Vacuum grease; and (iii) Araldite 

adhesive ® Rapid. PLBs were performed on a 6 mm thick aluminium plate at 45 ° 

increments, 100 mm from the centre of the sensor. The FOAES were tested three times 

and cleaned between each test. Sensors with no couplant were first evaluated, then 

WD-40 solvent, Dow Corning Vacuum Grease and finally Araldite Adhesive ® Rapid. 
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The three sensors were tested three times from no-couplant to vacuum grease. Only 

two sensors were tested once for the Araldite adhesive due to the onset of sensor 

damage and impossibility of removal at the Araldite stage testing. All sensors adopted 

a borosilicate capillary housing with dimensions 0.60 mm and 0.84 mm for the inner 

and outer diameter, respectively. 

3.5.4 Investigating SNR with a Water-Filled Capillary 

 

Replacing the air inside the capillary of the FOAES with water was trialled as a way 

of improving the FOAES SNR. Water was chosen as the substitute due to its improved 

AI and its availability. The AI of air is 420 Pa.s.m ̄ ¹ and water is 1.48 MPa.s.m ̄ ¹, 

meaning the propagation of stress waves through water is over 3,500 times more 

efficient. For this investigation, the larger of the capillaries were used with an inner 

diameter of 0.70 mm and outer diameter of 0.87 mm. Six sensors were manufactured 

according to the process described in Section 3.6. UV-curable optical adhesive secured 

the fibre to the capillary housing at one end face and cured with the on-board UV light 

source. Before securing the opposing end face, a micropipette injected water across 

the length of the capillary. This end was then sealed with adhesive and cured. The 

sensors were tested on the aluminium plate and stimulated with simulated AE from 

PLBs. The sensors were compared with devices manufactured with air-filled 

capillaries by analysing the pre-existing noise and the signal amplitude. 

 

3.5.5 Reviewing the Fibre-Capillary Bond 

 

The selection criteria for a couplant between the fibre and capillary is usually based 

on the following: 

- Viscosity 

- Hardness (Stiffness) 

- Adhesion to glass quality 

- Cure environment, temperature, and time 

- Temperature limit 

- Tensile (Shear) strength 
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It has been previously reported that the efficient transfer of waves through a material 

improves with couplants of increasing hardness as the AI increases. In early sensors, 

the optical adhesive applied at the fibre/capillary bond line flowed along the length of 

the capillary (Figure 50). 

 

Figure 50   A micrograph captured by a binocular optical microscope  

highlighting unwanted resin flow through the packaging. 

 

Three adhesives with significantly higher hardness/stiffness values replaced the 

optical adhesive at the bond lines, namely: (i) Araldite Rapid ® adhesive; (ii) Loctite 

superglue gel; and (iii) JB Weld epoxy resin. Two drops of each were applied to the 

sensors at both capillary ends. A single sensor was designated to each of the adhesives 

whilst the coupling ratio was monitored. Once fully cured, the bond lines were 

imaged with a binocular microscope. The sensors were then compared by performing 

PLBs on an aluminium plate. The SNR data were calculated. 

 

3.5.6 Examining the Influence of External Stresses 

 

The impact of embedding the fibre-optic AE sensor into composites was first 

investigated by applying a load to the devices with a 500 g and 1000 g mass and 

monitoring their sensitivity. The sensitivity of the sensors was evaluated by applying 

these weights to them to simulate pressure stresses associated during the production 

of fibre-reinforced composites. Three sensors were manufactured and spliced to the 

photodiode interrogation hardware before being coupled on to the aluminium plate. 

PLBs were performed at 45 ° intervals under the following conditions: (i) no couplant; 

(ii) a couplant layer; (iii) a couplant layer with a 500 g mass on top; and (iv) a couplant 

layer with a 1000 g mass on top. Tests (iii) and (iv) were conducted with a 
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Polytetrafluoroethylene (PTFE) slip cushioning the impact of the weight and 

distributing it evenly across the sensor. The slip was placed at two orientations as the 

signal amplitude was averaged between them during analysis (Figure 51). The SNR 

was compared to determine the impact of the pressure tests. 

 

Figure 51   A schematic illustration of the sensors mounted onto a 6 mm thick aluminium plate 

with a small PTFE sheet placed between the mass and sensor across two orientations. 

 

Four-ply unidirectional glass-fibre composites were manufactured via the hand layup 

method to further examine effects on the sensor and capillary when embedding 

FOAES. A glass plate was cleaned with acetone and polished before release agent was 

applied to its surface. Any bubbles were removed with a heat gun and a mirrored 

surface finish was created. A single layer of unidirectional glass-fibre cut at around 30 

cm in length was laid flat between two strips of PTFE. It was stretched and laid flat 

with the aid of a brush to align the fibres in the unidirectional orientation, which was 

repeated for an additional three layers to a total of four. The centre of the specimen 

exhibits the highest interlaminar stresses, where an AE sensor would be most 

effectively utilised. At the centre, between layers two and three, a FOAES was placed 

along the length of the specimen. The layers were each clamped down using heat 

resistant tape before autoclave film was layered on top and a vacuum pump used to 

remove the surrounding air (Figure 52). The resin infusion/transfer technique was 

400 mm 

500 mm 



131 | P a g e  
 

used to transfer a de-gassed LY3505/XB3403 resin system between the fibres and 

impregnate the fibre reinforcement. The transfer was conducted at a vacuum pressure 

overnight before post curing at 80 ºC the following day. The composites were removed 

from the plate and the effects of the embedding process on the FOAES were assessed 

by visual inspection by capturing micrographs using a Leica Wild M3C, Kombistereo 

binocular microscope and a CCD (Charged Coupled Device) camera setup. 

 

Figure 52   A photograph of two FOAES embedded into a 4-ply unidirectional glass-fibre 

composite. 

 

3.6     A Step-by-Step Manufacturing and Packaging Process 

 

The process was started by preparing and cleaning optical fibres as previously 

discussed. Two fibres were stripped of their acrylate coating and appropriately 

cleaned at a central 40 mm section. One fibre was inserted through the capillary and 

spliced to patch cables with FC-PC connectors attached. The fibres were mounted in 

the vacuum grips as the capillary was traversed until it rested on a sliding fixture to 

the far side of the right vacuum grip, known as the detector side. The connectors on 
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the detection side were attached to the FBT coupler machine’s optical detectors and 

the other end of the connector was attached to the laser.  

 

A second optical fibre was spliced to another patch cable and connected to the second 

optical detector port on the FBT machine. Its unprotected, unconnected opposing end 

was traversed through the capillary so that both fibres were parallel. The two fibres 

were twisted together and then centred between the vacuum grips, which were 

switched on, securing the fibres in place. A schematic illustration of the setup is 

displayed in Figure 53. 

 

 

Figure 53   A schematic illustration of the FBT system  

used to manufacture fused tapered AE sensors. 

 

The detectors were calibrated following the guided steps for the machine. A hydrogen 

source was ignited, a plastic cover was employed, and the fibres were tapered 

according to the appropriate configuration. The fibres were clamped into v-grooves 

installed in the translation stages at the extreme ends of the vacuum grips (Figure 54, 

(ii) and (viii)). The translation stages were adjusted to employ sufficient tension to the 

sensor and ensuring the fibres were taut. The manufacturing rig consisted of key 

components highlighted in Figure 54, which were: (i) angular profile and left three-

axis translation stage; (ii) left clamp to accommodate two fibres; (iii) two-axis 

translation stage; (iv) dovetail slider position/release the packaging clamp under the 

manufactured sensor; (v) central clamp for the glass capillary; (vi) sliding fixture, with 
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the capillary accommodated onto the V-groove; (vii) angular profile for attaching the 

right modified clamp to the right three-axis translation stage; and (viii) right clamp to 

accommodate two fibres.   

 

Figure 54   A schematic illustration of the platform used for sensor manufacturing (source: [30]).  

 

Once the manufacturing process was complete, the hydrogen flame was extinguished. 

The vacuum was slowly alleviated as the grips released the sensor. At this time, the 

sensor was bound to the rig by the left and right clamps only (Figure 55). 

 

Figure 55   A schematic illustration of the sensor held by fibre clamps on the translation stages 

across the vacuum chuck pullers. (source: [30]). 



134 | P a g e  
 

The clamps were aligned with the vacuum grips to ensure the capillary could be 

traversed across the sensing region and secured in place. The capillary was slid along 

the V-grooves so it could avoid fibre contact. The two-axis translation stage (Figure 

54, (iii)) was manoeuvred under the capillary to support the sensor. UV optical 

adhesive was applied to the capillary ends and cured with a built-in UV lamp. Once 

cured, the sensor was complete and robust enough to be moved and manipulated. The 

translation stages were returned to their starting positions. Where the sensor was 

secured to a glass coverslip, a much simpler process was adopted. After 

manufacturing, the central two-axis translation stage (Figure 54, (iii)) was moved into 

position under the tapered region of the sensor. The coverslip was secured and raised 

into position with the translation stage. The UV adhesive was applied and cured in 

the same manner. The tapered region was not protected with this packaging method, 

so special care was taken during testing and storage to avoid damage.    

 

3.7     FRPC Damage Evaluation with FOAES and Benchmark Sensors 
 

3.7.1 Sample Preparation and Sensor Configuration 

 

Tensile tests are commonly utilised to produce AE signals and compare those signals 

across appropriate sensors. Suman et al [74], used a signal generator to produce AE 

events and compare this reference to signals detected from material deformations 

under tensile tests. Swit et al [97], analysed the AE events generated by glass-fibre 

reinforced polymer composites during tensile tests with piezo-electric transducers. 

Masmoudi et al [62], used an Instron 8801 tensile test device to initiate three-point 

bending tests and examine the signal response of a unidirectional laminate with a 

piezo-electric transducer. The composite was reinforced with E-glass fibres with an 

epoxy resin matrix (SR1500/SD2505).  
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In this study, piezo-electric and fibre-optic sensors were compared by employing a 

Vinyl Ester resin matrix composite material reinforced with four layers of 

unidirectional carbon-fibre. Figure 56 shows a specimen with samples waterjet 

sectioned from the host material. Four samples were sectioned according to ASTM 

standards: 250 mm (length) x 15 mm (width) x 1.2 mm (thickness). Aluminium end-

tabs (25 mm x 50 mm x 1.6 mm thick) were secured to the ends of the composites with 

3M Scotch-weld Structural Adhesive to minimise grip noise and slippage during axial 

loading. Abrasive sandblasting strengthened the end-tabs. Prior to tensile loading, the 

composite was imaged with an optical microscope to examine any pre-existing 

defects. Four sections were cut from the host material and labelled 1 - 4 with arrows 

indicating the direction from which micrographs were taken (Figure 56). The pieces 

were set in a sample holder that was filled with epoxy resin (LY3505/XB3403 

resin/hardener). Samples 1 and 3 were orientated perpendicular to the fibre direction 

as samples 2 and 4 were placed in a parallel orientation (Figure 57). After the resin 

was cured, the samples could be polished for imaging. Although the images were not 

analysed in detail in this investigation, they were briefly studied to determine if any 

of the composites were subject to pre-existing defects that could influence signal 

parameters – this was not the case here. In a similar fashion to the carbon-fibre 

composites, a glass-fibre cross-ply composite was studied during tensile loading to 

compare piezo-electric and fibre-optic sensors. As the sample was a cross-ply 

orientation, it was waterjet sectioned with a greater width according to ASTM 

standards: 250 mm (length) x 25 mm (width) x 2.5 mm (thickness). Sandblasted 

aluminium end-tabs were attached to its far ends with structural adhesive.  
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Figure 56   A photograph of a section of Vinyl Ester resin matrix composite used in this study. 

 

 

           

Figure 57   Photographs of a mould used to contain composite samples for imaging, before and 

after securing them in epoxy resin, to the left and right of the figure, respectively. 

 

Figure 58 displays the channel setup and timing parameters utilised for both materials 

during axial loading. The PDT, HDT and maximum duration are shorter than the 

values used during sensor comparisons. This was so the sensors could accurately 

record signals in quick succession without impinging on the quantity of data or 

prematurely stopping data collection. Channel 1 was assigned to the R50 PZT sensor, 

channel 3 was assigned to the WD PZT sensor and channel 4 was assigned to the 

FOAES. Channels 1 and 2 were mounted onto a single data acquisition card (DAC). 

Channels 3 and 4 were attached to another. A limitation to the software meant that the 

piezo-electric sensors could not occupy the same data acquisition card and thus 

channel 1 and channel 3 adopted the piezo-electric sensors. 

Fibre orientation 

1 

2 
3 

4 
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Figure 58   An example of the AEWin Physical Acoustics for PCI-2 version E4.00 used for data 

acquisition during tensile loading: (i) AE Channel Setup before removing noise; (ii) AE Channel 

Setup after removing noise due to an increased threshold; and (ii) AE Timing Parameters. 

 

FOAES were manufactured according to the method discussed in section 3.6. A 

wideband piezo-electric transducer and 500 kHz resonant frequency piezo-electric 

transducer were procured from Mistras. The wideband sensor operated within a 

frequency range of 100 - 900 kHz and the 500 kHz resonant frequency device (R50α) 

was sensitive between 150 - 700 kHz. The two piezo-electric and a fibre-optic sensor 

were secured to the composite specimens with approximately 0.5 g of Araldite Rapid 

® adhesive. As recommended by the manufacturers, the adhesive was cured for 2 

hours prior to testing. Once bound, the sensors were not removed until the test end. 

The high stiffness of the cured resin permitted a minimised AI mismatch between 

sensor and substrate compared with other conventional coupling methods such as 

vacuum grease and tape. Theobald et al [83], suggested that reducing the impedance 

mismatch would increase the signal amplitude due to an improved shear/longitudinal 

wave transmission. Burns [111], examined the effect of ultrasonic gel and 

cyanoacrylate adhesive on the arrival of symmetric (SO) and anti-symmetrical (A0) 

modes to the detectors. The high stiffness and low viscosity of the cyanoacrylate 

(iii) 

(i) 

(ii) 
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resulted in a good ‘wet out’ on the bonding surface. Its higher surface energy 

compared with the other couplant increased the adhesive contact area meaning the 

adhesive could be more uniformly applied, minimising the presence of air bubbles 

and reduced sensitivity. 

 

It has also been reported that a more defined waveform profile with a higher recorded 

voltage is observed when bonding sensors with stiff couplants [84]. Signal damping 

is also reduced at higher frequencies [30]. Ono [85], concluded that the thickness of 

the couplant was important for the efficient transfer of waves through solid media. 

The couplant thickness and peak amplitude exhibited an inversely proportional 

relationship. In this study, the thickness of the couplant was governed by controlling 

the applied mass (0.5g ± 0.01g) and the confined area. For a greater efficient transfer 

of elastic waves, the couplant was kept as thin as possible. 

 

Four sensors were manufactured and named accordingly: 

Tensile Test 1, sensor 1 = 190204-01 

Tensile Test 2, sensor 2 = 190204-02 

Tensile Test 3, sensor 3 = 190205-03 

Tensile Test 4, sensor 4 = 190205-04 

 

 

3.7.2 Sensor Comparison through Simulated AE Emission and Tensile Loading 

 

Figure 59 shows the orientation of the sensors secured to the carbon-fibre composite 

strip whilst similarly, Figure 60 displays the orientation of the sensors secured to the 

glass-fibre composite strip. 
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Figure 59   A schematic illustration of a carbon-fibre composite used during tensile loading 

comparisons between piezo-electric AE sensors and FOAES. 

 

 

 

Figure 60   A schematic illustration of a glass-fibre composite used during tensile loading 

comparisons between piezo-electric AE sensors and FOAES. 

 

An extension rate of 0.5 mm/min was adopted from time (t) = 0 s to sensor fail, which 

equated to approximately 0.6 % strain. This was also reported in [30]. Houqun et al 

[174], studied the impact of dynamic static damage failure in concrete. A study of the 

relationship between loading rate and the number of captured AE signals throughout 

bending tests, was provided. Increasing the loading rate by 10-fold, increased the AE 

signal rate by 2-fold. Reported literature from [62, 175, 176], has studied the correlation 

between AE signals and the type of damage in the substrate. In the investigations, 

piezo-electric and fibre-optic devices were compared by analysing the AE events and 

correlating the damage modes from the signal waveforms and FFT data. It has been 

recognised in [177], that although amplitude is heavily dependent on the propagation 
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distance between damage source and signal, a signal’s frequency is not typically 

influenced by source-to-receiver distance. This distance was not therefore studied in 

this investigation. 

 

In this study, 10 PLBs were each broken at Locations 1, 2 and 3. The sensitivity of the 

devices to AE signals were examined in this way prior to tensile loading. A 2H-grade 

graphite pencil with a 3 mm exposed end was used as the excitation source. The break 

locations are highlighted in the schematic illustrations (Figures 61 and 62). Perez [178], 

determined that optical fibre AE sensors exhibited their highest directionality from an 

AE source emanating along the length of the sensor, rather than across. The strain 

sensitivity is also greatest along the length of the device as the AE wave elongates and 

compresses the optical fibre.  

 

Figure 61   A schematic illustration displaying the location of PLBs on the carbon-fibre composite.  

 

Figure 62   A schematic illustration displaying the location of PLBs on the glass-fibre composite.  
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The verification of the wave velocity through the TOA technique was used to calculate 

the average wave velocity across the composite and was considered as an additional 

consideration in this study. PLBs at locations 1 and 2 detected by the PZTs calculated 

the wave velocity. The data constituted a sum of the direct transverse wave velocity 

propagating between break location and sensor. The relationship between amplitude 

and duration was also highlighted in this study. Particular attention focused on the 

backing material and its influence on the AE sensor and the effect on AI.  

 

During tensile loading, a variation to the sensor SNR was investigated alongside a 

study of the failure strain and how to increase sensor longevity. Noesis by 

Envirocoustics, a non-destructive evaluation analysis software, provided the tools for 

sensor analysis. The analysis included an investigation into the cumulative hits from 

each of the sensors throughout the loading and a survey of the damage modes. Fast 

Fourier transform (FFT) data analysis was performed on the FOAES and PZTs to 

effectively distinguish between damage modes. The events were split into various 

classes of amplitude ranging from 40 to 99 dBAE. The waveform’s amplitude, counts, 

duration, absolute energy and FFT data were compared across sensors. The arrival 

times of the symmetric and antisymmetric signal modes were also compared across 

devices. A phase diagram of the group velocity for a single layered unidirectional 

carbon-fibre laminate is displayed in Figure 264, Appendix, highlighting the typical 

arrival times of the signal modes. Similarly, the piezo-electric and fibre-optic AE 

sensors were mounted to a two-layered cross-ply glass-fibre composite. A direct 

comparison was initiated between the devices by comparing the signal amplitude, 

counts, duration, absolute energy, and FFT. Furthermore, the cumulative hits, their 

zonal location, amplitude-frequency distribution and centroid frequency plots were 

also analysed. The key comparisons made between the data detected from the carbon-

fibre and glass-fibre composites discussed the quantity and the cumulative AE signals 

across the different composite types as well as amplitude results during loading. 
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3.8     Chapter Summary 

 

This chapter has discussed the main experiments included in this study. The general 

scope of the project has been separated into three components to assess the sensor 

manufacturing, packaging and comparisons alongside conventional piezo-electric AE 

sensors. Previous studies have optimised the optical fibre and supporting equipment 

including the cleaver and fusion splicer tools. To maximise the reproducibility of the 

FOAES, controllable and uncontrollable manufacturing variables were presented. The 

controlled variables were quantified and maintained throughout manufacturing. A 

unique method was adopted to analyse the effect of various external influences on the 

manufacturing control rig and the reproducibility of the sensors. Additional methods 

to improve the FOAES sensitivity by assessing the fibre ends were also employed.  

 

The sensor packaging was evaluated to maximise the sensitivity and reproducibility 

of the devices. This included detailed methodologies for comparing packaging of 

varying dimensions and assessing the SNR by increasing the contact surface area 

between sensor and substrate. Details on the interrogation technique and the 

software/hardware employed to conduct the analysis were discussed. This included 

comparing the sensor directionality between FOAES and conventional sensors. 

Additional techniques to improve the FOAES sensitivity via various processes 

considered improvements to the coupling efficiency between sensor and substrate, 

with results indicating that the FOAES should only be considered for single use to 

avoid excess sensor damage. Furthermore, assessing the substance between sensor 

and packaging was evaluated with water-filled capillary tests. Despite overcoming 

acoustic impedance issues in theory, in practice the delicate nature of the optical fibres 

restricted this manufacturing technique. A methodology for assessing the bonding 

adhesive between sensor and packaging was devised along with applying external 

pressure via defined weights of 500 g and 1000 g. After considering these various 
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methodologies, a step-by-step manufacturing and packaging process was presented 

that included sensor optimisation from the previous test results. 

 

The final section of the investigation assessed the optimised FOAES alongside 

conventional piezo-electric AE sensors. This part of the chapter described the sample 

preparation including water-jet sectioning and securing end-tabs to the composites. 

Suitable AE channel setup and timing parameters were also described, which were 

chosen to maximise the quantity and quality of the AE signals detected by both 

FOAES and piezo-electric AE devices. Although the locations of the sensors were 

controlled across composite specimens, these locations were recognised to not 

influence the signal frequency thereby meaning a clear comparison between sensor 

types could be administered.    
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4   Sensor Manufacturing and Characterisation
 

4.1 Introduction to the Chapter 

 

There has been significant research dedicated to the manufacturing and packaging of 

the fibre-optic AE sensor [30, 111, 179]. This chapter outlines the improvements made 

to the manufacturing process that led to increased sensor reproducibility. The 

packaging is also studied to help increase the sensor SNR. Both FOS considerations 

are evaluated alongside the equivalent piezo-electric sensors. The structure of Chapter 

4 is split into two sections primarily focusing on the optimisation of the sensor 

manufacturing and variables, followed by the sensor packaging. The latter section 

discusses in detail the evaluation of the: (i) capillary dimensions; (ii) capillary 

abrasion; (iii) sensor/substrate couplant; (iv) applied external stresses; (v) water-filled 

capillary; (vi) fibre-capillary bond; and (vii) sensor directionality. 

 

4.2 Optimisation of the Sensor Manufacturing and Variables 

4.2.1 Stability during Manufacturing by Evaluating Fibre Twists 

 

The durability of the sensors mounted to the FBT JoinWit coupler rig was evaluated 

via the various manufacturing processes, which are explained herein. The stability of 

the coupler during manufacture was examined alongside the optimum number of 

fibre twists required for successful coupling constituting the highest possible SNR. 

Three variations to the fibre twists were implemented with a three, two and single 

fibre twisted sensor. The influence of the applied adhesive when bonding the sensors 

was also considered in this section. The coupling ratio was studied until it had 

stabilised during manufacturing. The sensor that reacted least to manipulation and 

other external stresses was preferred as it was influenced less by manufacturing 

damage and deemed more robust for AE analysis, providing an extended lifetime and 

overall, a more stable SNR.  
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Three-Twist Sensor 

Two parallel optical fibres were twisted three times, and three local measurements 

were recorded at each of the locations described in Figure 63. The manual process of 

this sensor manufacturing technique meant that the exact location of each twist could 

not be repeated across couplers. The length of the dimensions highlighted in Figure 

63 are defined in Table 11.  

 

 

Figure 63   A schematic illustration of the three-twisted fibre-optic AE sensor prior to fusion 

 with relevant dimensions highlighted. 

 

 

Table 11   A numerical representation of the dimensions taken from measurements A - E according 

to Figure 63. Data was measured with a set of Draper Vernier callipers (± 0.01 mm). 

Location of 

measurement 

Dimension (mm) 

 1 2 3 Mean 

A 41.03 41.06 41.20 41.10 

B 6.47 6.49 6.51 6.49 

C 12.68 12.35 12.58 12.54 

D 12.48 12.39 12.28 12.38 

E 8.75 9.13 8.93 8.94 

 

As Table 11 shows, lengths B-E do not equate to length A as expected. This was due 

to both the presence of a reading error on the Vernier callipers (±0.05 mm) and the 

difficulty associated with obtaining an accurate measurement for each location as 

close contact was forbidden over concerns of initiating sensor damage. These errors 

were further present during the two-twist and single-twist sensor manufacturing 

(Tables 12 and 13). During manufacturing, a taper was created at the midpoint 

Leading End 

Trailing End 

Direction of propagating light 

B 

A 

C D E 
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between two vacuum grips using the FBT method, which permitted the successful 

manufacture of a three-twist FOAES. The power transfer between waveguides was 

monitored at the optical outputs using the coupler rig interrogation software, namely 

the Coupling Radio Control System. A screenshot of this power transfer is displayed 

in Figure 64. 

 

During the manufacturing process, the H2 flame was positioned directly over the 

central region of the fibre twists between Location C and D in Figure 63. The sharp 

and sudden power decrease in the output of channel 2 in Figure 64 was attributed to 

a reduction in the lateral tension over the central fibre twist.  

 

 
 

Figure 64   A screenshot of the coupling control software displaying the power transfer  

and evanescent field exchange of a three-twist sensor during manufacturing. 

 

After sensor production, a borosilicate glass capillary or glass coverslip could be 

manoeuvred under the tapered region to permit free oscillation of the encased fibre 

and to protect the sensor from environmental stresses. In this section, a glass coverslip 

was utilised. AEWin software by Mistras was then used to detect and interpret AE 

events from the sensor. Typical amplitude data for the background noise was 

approximately 65 dBAE as the sensor was placed on a glass coverslip directly after 

manufacturing. Attempts at reducing the noise were initiated during the packaging 
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stage. Araldite Rapid ® epoxy adhesive was used to bond the sensor to the coverslip 

by applying it to the optical fibre polymer coating. The noise was reduced to an 

average 43 dBAE after this. After applying the adhesive, the coupling ratio of the sensor 

was monitored until it had stabilised for more than 500 seconds whilst the vacuum 

mounts held the fibres in place. In the example displayed in Figure 65, the ratio 

stabilised at 54.9 %.  

 

Figure 65   A screenshot of the coupling monitoring system after the  

araldite bonding resin was applied to the sensor. 

 

The vacuum grips were manipulated to examine the influence of the tension applied 

to the fibres on the sensitivity to background noise, which was interrogated with the 

pin photodiode signal analyser. The sensor was subjected to various inspection tests 

to understand manufacturing influences and included a step-by-step process of the: 

(i) vacuum chucks both switched on; (ii) only the right-hand side (RHS) grip switched 

on; (iii) only the left-hand side (LHS) grip switched on; (iv) both vacuum grips 

released; (v) manipulation of one of the fibre ends whilst under tension; (vi) 

manipulation of the fibre clamps used to secure fibres during manufacturing; and (vii) 

sensitivity during manufacturing using PLBs.  

 

An initial amplitude surge was observed as the vacuum grips were activated. This 

was followed by a 1 dBAE amplitude decrease upon release. The background noise 
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stabilised after release and as such, the vacuum grips could be immediately released 

after manufacturing to alleviate stresses to the device during adhesive curing. 

 

Next, one of the fibre ends was tapped to simulate an AE event. There was a negligible 

variation to the noise as is highlighted in Figure 66, which demonstrates that the 

sensor was primarily sensitive to stress waves at the tapered region and not across its 

entire length. The negligible noise variation was further highlighted by simulating AE 

emission with PLBs as the sensor was mounted to the coupler rig. Whilst the vacuum 

grips were both active and inactive, PLBs were performed on top of the mounts but 

were indistinguishable from sensor noise. It was concluded that this was due to a poor 

contact point for ultrasonic transmission between break location and sensor.  

 

 

 

Figure 66   Data to show the influence of simulating an AE signal at the fibre-end of a sensor by 

highlighting the: (i) amplitude of the background noise level; and (ii) amplitude detected by a 

three-twist FOAES via simulated signal. 
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After evaluating the influence of the vacuum grips, the sensor was re-connected to the 

coupler rig laser and coupling ratio monitoring software. The CR had decreased from 

54.9 % to 54.5 % demonstrating the high susceptibility to manufacturing variations. 

The CR was then re-examined with the fibre-end clamps in the closed-position instead 

of the previously executed open-position. This increased the CR by 1.9 %, highlighting 

the significance of keeping the fibre-clamps released at the extreme ends of the fibre 

to minimise fluctuating CR. The CR drifted by between 0.1 % and 0.2 % with each 

passing 500 seconds when it was removed from the coupler rig, until stabilising at 51.3 

% after approximately 2 hours. The sensor CR therefore required a lengthy period to 

stabilise before testing, which was a key issue for rapid sensor production.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



151 | P a g e  
 

Two-Twist Sensor 

Two parallel optical fibres were twisted twice, and three local measurements were 

recorded at each of the locations described in Figure 67. The exact location of each 

twist could not be repeated across couplers due to the manual manufacturing process. 

The repeatability of the measurements is demonstrated in Table 12, which gives 

attention to the issues associated with a manual process. 

 

Figure 67   A schematic illustration of the two-twisted fibre-optic AE sensor prior to fusion 

 with relevant dimensions highlighted. 

 

Table 12   A numerical representation of the dimensions taken from measurements A - D according 

to Figure 67. Data was measured with a set of Draper Vernier callipers (± 0.01 mm). 

Location of 

measurement 

Dimension (mm) 

 1 2 3 Mean 

 A 40.58 40.59 40.54 40.57 

B 10.63 10.52 10.66 10.60 

C 17.90 17.44 17.82 17.72 

D 11.95 11.97 12.04 11.99 

 

The power transfer was again recorded across waveguides during the tapering 

process. Unlike the three-twist sensor however, the two-twist device recorded a clean 

power transfer across waveguides that was credited to minimal lateral tension loss by 

direct comparison. The two-twist sensor executed the lowest excess loss throughout 

manufacturing according to Figure 68. 

 

Direction of propagating light 
B C D 

A 

Leading End 

Trailing End 



152 | P a g e  
 

 

Figure 68   A screenshot of the coupling control software displaying the power transfer  

and evanescent field exchange of a two-twist sensor during manufacturing. 

 

The amplitude data appeared to be unaffected when activating and deactivating the 

LHS and RHS vacuum chucks, sequentially. Deactivating the grips completely 

however, marginally reduced low-energy background noise showing evidence of a 

high SNR. With the grips deactivated, the end of the fibre was tapped to simulate an 

AE event. An increase to the amplitude was observed, which was greater than that of 

the three-twist sensor, indicating a higher sensitivity at greater distances from the 

central tapered region.  Furthermore, two-twist sensors are less prone to fibre damage 

at the central region owing to fewer twists that, when heated, contribute to lateral 

tension loss. As such, the two-twist sensor was less prone to increased noise due to 

damage.  

 

After evaluating the influence of the vacuum grips, the sensor was re-connected to the 

coupler rig laser and coupling ratio monitoring software. The CR had decreased from 

56.7 % to 56.3 % demonstrating a susceptibility to manufacturing inconsistencies but 

achieved the same result as the three-twist sensor. Manipulating the fibre clamps 

executed a negligible effect to the excess loss, resulting in a decrease of 0.01 dBAE. The 

amplitude of PLBs broken on top of the vacuum grips during manufacturing could 
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not be distinguished from low-energy background noise. Upon removing the sensor 

from the rig, the CR decreased to 53.7 % taking over an hour to stabilise at 49.8 %. 

 

Single-Twist Sensor 

Two parallel optical fibres were twisted once, and three local measurements were 

recorded at each of the locations described in Figure 69. The exact location of the twist 

could not be repeated across couplers due to the manual manufacturing process. The 

repeatability of the measurements is demonstrated in Table 13, which gives attention 

to the issues associated with a manual process. 

 

 

Figure 69   A schematic illustration of the single-twisted fibre-optic AE sensor prior to fusion 

 with relevant dimensions highlighted. 

 

Table 13   A numerical representation of the dimensions taken from measurements A - C according 

to Figure 69. Data was measured with a set of Draper Vernier callipers (± 0.01 mm). 

Location of 

measurement 

Dimension (mm) 

 
1 2 3 Mean 

 A 40.52 40.87 40.78 40.72 

B 19.50 19.85 19.80 19.72 

C 21.02 21.02 20.75 20.93 

   

The power transfer was recorded across waveguides during the tapering process. The 

single-twist sensor recorded a clean power transfer across waveguides despite 

exhibiting a higher excess loss, which was attributed to the influence of lateral tension 

at the midpoint of the sensor. The transfer is displayed in Figure 70.  

Direction of propagating light 

Trailing End 

B C 

A 

Leading End 
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Figure 70   A screenshot of the coupling control software displaying the power transfer  

and evanescent field exchange of a single-twist sensor during manufacturing. 

 

In the study, the manipulation of the vacuum grips in sequential order did not 

adversely affect the unwanted background noise but saw a marginal increase in noise 

when deactivating the vacuum grip altogether. This was the likely result of high-

frequency machine vibration. Simulating an AE signal by tapping the fibre yielded a 

CR decrease of 0.8 % and a decrease to the excess loss of 0.67 dBAE. 

 

The signals from PLBs broken on top of the vacuum grips were indistinguishable from 

low-energy noise due to the low sensitivity of the untapered fibre. Although facing a 

negligible excess loss, the CR oscillated by 0.3 % when opening and closing the fibre 

clamps highlighting this factor as one capable of altering the sensor manufacturing 

quality. Furthermore, when removing the sensor from the rig the CR decreased by 3.6 

% and needed over an hour to stabilise at a 7.2 % lower value. Single-twist sensors 

were considered to offer no significant advantage over two and three twists 

contenders.  

 

From the three sensor types studied, the single-twist sensor demonstrated the highest 

background noise and greatest instability when applying the packaging. Lateral 

tension loss at the central twist of the three-twist sensor was the cause of the greatest 
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power fluctuation during fibre coupling, however. This was because it was positioned 

directly under the H2 flame, which also gave rise to variations in the fibre diameter 

across the sensors with various twists.  Three-twist sensors exhibited sharper taper 

angles between the stripped optical fibre and as-received fibre, which also contributed 

to lateral tension loss. Despite the three-twist sensors demonstrating a high sensitivity, 

the two-twist sensor was preferred overall due to its greater stability after 

manufacturing and reproducibility during manufacture.  

 

4.2.2 Consistency of Tapering and the Influence from the Vacuum Grips 

 

This section considers the tapering consistency and highlights the linear relationship 

of the vacuum grips. The manufacturing success rate was difficult to control in the 

study due to the high-level dexterity required for successful manufacture – the result 

of a manual process. During the early stages of production, the success rate was as 

low as 20 % before rising to above 80 % at its peak. To understand whether the success 

rate was down to hardware or personnel issues, a vacuum mount separation test was 

used to highlight any irregularities in the draw length during manufacturing. A 

comparative lateral velocity test between the two mounts was addressed by 

measuring specific parameters under the following considerations: 

- Transverse velocity of each vacuum grip; 

- Correlation between grip displacement and system-displayed data; 

- Position of the grips when returning to their original position. 

A linear relationship across the vacuum grips was observed as the coefficient of 

determination (R2) was calculated as 1. An offset of < 0.15 % was observed between 

the vacuum grip separation throughout the manufacturing process, meaning the grips 

applied a similar tension to both ends of the fibres. This relationship is demonstrated 

in Figure 71 and 72, which display the machine recorded grip separation and the 

actual measured separation. The trend of the FBT control software data closely 
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resembled the measured grip separation trendline according to Figure 72, with an (R2) 

value of 1. The maximum draw length applied to the fibres was approximately 16 mm, 

which was small enough for the skewed data, which increased at larger separations, 

to be negligible in this study.   

 

 

 

Figure 71   The separation between the LHS and RHS grips on the FBT coupler rig. 

 

 

 

Figure 72   The measured grip separation against the rig control panel displayed separation. 
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The influence of the tapering process was evaluated also. Prior to tapering, the optical 

fibres were applied with a tension at T1 and T2 (Figure 73). Although not used in this 

study, improvements to the reproducibility of this preparation may be later 

implemented with the addition of a force gauge at the extremes of each fibre. Another 

potential addition to improve manufacturing reproducibility was for the fibres to be 

twisted prior to mounting on the rig and aligning them with a pre-determined gauge. 

Unfortunately, this could not be executed due to the impossibility of controlling the 

parameter D2 in Figure 73, which was limited by a combination of the fibre draw 

length, flame temperature and initial T1 and T2 tension. The height of the vacuum 

grips was kept consistent with two multi-axis adjustable clamps, which are 

highlighted in Figure 74.  

 

 
Figure 73   A schematic illustration of the fibre-optic AE sensor after fusion 

 with relevant dimensions highlighted. 

 

 

 
Figure 74   A photograph of the FBT system used for fibre-optic  

coupler manufacture. The fibre clamps are highlighted. 

 

1 2 
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4.2.3 Consequences of Fibre Slipping 

 

Problems associated with fibres slipping were examined by conducting a comparative 

investigation between draw length and coupling ratio across several fibre-optic 

sensors. Two-twist and three-twist sensors were tested when studying the quality of 

the vacuum grips and reducing fibre slipping during tapering. The relationship 

between the draw length and coupling ratio prior to improving the vacuum grips is 

displayed in Figure 75. Figure 76 compares the draw length and excess loss. A linear 

relationship between draw length and excess loss was expected due to the directly 

proportional relationship between draw length and tapered region diameter. As this 

was not observed, it provides further evidence of unwanted fibre slipping during 

tapering. Furthermore, the relationship between the excess loss and coupling ratio of 

sensors with uncontrolled vacuum grips is displayed in Figure 77. By direct 

comparison, couplers manufactured with controlled vacuum grips, minimised the 

influence of fibre slipping and have provided a more linear relationship despite fewer 

data points recorded in Figure 78. The data represents the influence of fibre slipping 

and shows how improving the grip reduces the variability in excess loss. 

 

 
Figure 75   The relationship between draw length and coupling ratio for 2x2 fibre-optic  

couplers manufactured on a JoinWit Coupler Rig. 
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Figure 76   The relationship between draw length and excess loss for 2x2 fibre-optic couplers 

manufactured on a JoinWit Coupler Rig. 

 

 

 
Figure 77   The relationship between excess loss and coupling ratio for 2x2 fibre-optic couplers 

manufactured on a JoinWit Coupler Rig. 
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Figure 78   The relationship between excess loss and coupling ratio for 2x2 fibre-optic couplers 

manufactured on a JoinWit Coupler Rig with improved vacuum grip. 

 

4.2.4 Sensitivity between Fibre Twist Locations using Three-twist Sensors 

 

Though two-twist sensors have been reported in [30], three-twist sensors initially 

provided a greater contact between parallel fibres and were thus utilised during early 

experiments. The effect of the twisted region on coupling quality was analysed in this 

section. The following sub-sections show the location of the fibre twists and the effect 

on manufacturing quality through sensor reproducibility and sensitivity. Twelve 

sensors were manufactured with six adopting a controlled twist location and the other 

six uncontrolled. The power transfer between fibres is plotted for each of these 

sensors. A set of Draper Vernier callipers were again employed to measure parameters 

as demonstrated in Figures 79 and 80.  
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Uncontrolled Twist Location 

 

Figure 79   Power transfer traces of the uncontrolled location three-twist FOAES. 

 

For this test, three twists were initiated across the fibre stripped region. Although the 

locations for these were randomised to study the effect on the coupling, the twist 

locations were restricted to within the 40 mm stripped central fibre length. The six 

sensors were manufactured via the Joinwit coupler rig whilst the coupling traces were 

analysed. According to Figure 79, an uncontrolled twist location gave evidence of 

poor coupling for most traces, whose output was recorded by the FBT software control 

system in real-time. As discussed previously in this chapter, the root cause of 

increased loss was central lateral tension. As Figure 80 goes on to show, excess loss 

due to lateral tension was still evident with a controlled twist location but 

reproducibility was improved. The Y-axis represents the power output (mW) from the 

Channel 1 (red trace) and Channel 2 (blue trace) waveguides. The x-axis is defined as 

the sampling time setting measured in seconds and displayed a 500 secs period in this 

study. The rapid power decrease associated with sensor 190822-82 demonstrated an 

incorrect experiment setup that allowed for fibre bending and slipping during 

tapering. It also represents the difficulty associated with the requirement of a precise 

190820-78 190822-79 190822-80 

190822-81 

190822-82 

190823-83 
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setup. The sensors displayed a variable excess loss ranging from –0.49 to –1.13 dB, 

demonstrating that the power transfer trace does not accurately provide a visual aid 

in determining sensor quality and sensitivity. Moreover, the sensor draw length did 

not correlate well with the excess loss, whose relationship was expected to be linear. 

This was the result of fibre slipping and sensor damage. By minimising inconsistency 

of the twist locations, the manufacturing success rate and variation to the excess loss 

could be improved. 

 

Controlled Twist Location 

 

 

Figure 80   Power transfer traces of the controlled location three-twist FOAES. 

 

Six three-twist sensors were examined with a controlled twist location to establish 

whether the manufacturing reproducibility could be improved (Figure 80). A cleaner 

power transfer was observed with coupling also being initiated at shorter draw 

lengths. Despite being more controlled, the twist location could not be implemented 

identically between sensors due to the manual operation of the rig. This meant there 

was little evidence of an improved reproducibility. The average excess loss from the 

190828-85 190829-86 190829-87 

190829-89 190830-90 190830-91 
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controlled twist sensors was generally minimised compared to the uncontrolled 

devices, however. Table 14 shows a comparison of the excess loss between controlled 

and uncontrolled twist locations. An outlier of –8.17 was observed for controlled 

twists with this data range attributed to the presence of sensor damage, initiated 

during twist alignment. This presents a problem when controlling the twist location 

during manufacture.  

 

Table 14   An excess loss comparison between uncontrolled and controlled twist locations. 

Excess Loss: Uncontrolled Twist (dB) Excess Loss: Controlled Twist (dB) 

-0.49 -1.85 

-1.82 -8.17 

-1.13 -0.96 

-2.79 -0.64 

-3.92 -0.61 

-0.95 -0.48 

 

An automated manufacturing process can prevent sensor damage. With the current 

FBT system however, damage can be minimised during manufacturing by addressing 

various parameters. These include defining the length and location of the fibre twists 

prior to manufacture, the tension applied to the fibres, length of the tapered region 

after manufacture by fixing the pulling length and bending radius of the fibres. These 

parameters aim to minimise sensor damage by reducing physical contact with the 

sensor. 

 

 

4.2.5 Evaluating the Power Traces for Sensors of different Fibre Twists 

 

To improve the fibre grip during manufacturing and avoid fibre slipping, the vacuum 

mounts were removed from the rig, cleaned, and re-attached to study whether this 

influenced the successful manufacturing of stable FOAES. Two-twist and three-twist 

sensors were compared with this improved fibre grip, demonstrating an improved 
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manufacturing consistency and reduced variations. The two sensor types were 

compared to evaluate which method produced the most reproducible devices with 

the lowest excess loss. Six two-twist sensors were manufactured, and their power 

traces displayed in Figure 81. A directly proportional relationship was exhibited 

between the draw length and excess loss for most sensors as is displayed in Table 15. 

 

 
Figure 81   Power transfer traces of the controlled location two-twist FOAES  

with improved vacuum grip. 

 

Table 15   A relationship between draw length and excess loss for two-twist sensors with a 

controlled vacuum grip constituting reduced fibre slipping. 

Sensor (no.) Draw Length (mm) Excess Loss (dB) 

190906-96 11.54 -0.75 

190906-97 10.47 -0.38 

190909-98 11.22 -2.00 

190910-100 11.01 -0.59 

190910-101 11.65 -1.43 

190910-102 10.70 -1.21 

 

By comparison, six three-twist sensors were manufactured, and their power traces 

displayed in Figure 82. The influence of fibre slipping on the efficient power transfer 

190906-96 190906-97 190909-98 

190910-100 190910-101 190910-102 
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between fibres has been highlighted. Improvements to the vacuum grip resulted in a 

higher manufacturing reproducibility despite an imperfect linear relationship 

between excess loss and draw length according to Table 16. 

 

 

Figure 82   Power transfer traces of the controlled location three-twist FOAES  

with improved vacuum grip. 

 

Table 16   A relationship between draw length and excess loss for three-twist sensors with a 

controlled vacuum grip constituting reduced fibre slipping. 

Sensor (no.) Draw length (mm) Excess loss (dB) 

190912-105 11.11 -0.45 

190912-106 10.74 -0.13 

190913-107 10.52 -2.49 

190916-108 10.29 -1.59 

190916-109 11.04 -1.92 

190917-110 10.64 -0.56 

 

 

The relationship between the coupling ratio and excess loss was out of proportion for 

most of the results, which was the result of an incorrect setup incorporating reduced 

fibre tension from fibre slipping. Further analysis of the vacuum grips would be 

beneficial, which would be used to adopt the optimum clamp position for maximising 

190912-105 190912-106 190913-107 

190917-110 190916-108 190916-109 
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grip but minimising sensor damage. The irregular excess loss displayed in Figures 81 

with Table 15 and Figure 82 with Table 16 was due to fibre damage beyond the 

recognised scope of tapered optical fibres. The results have demonstrated the 

difficulty in obtaining reproducible sensors via a manual manufacturing process. 

Furthermore, the experience of the operator influenced the consistency of the 

manufacturing. Greater manufacturing experience instigated a greater reproducibility 

of excess loss, coupling ratio and draw length. However, utilising an automated 

system was still expected to produce the highest reproducibility. With the improved 

sensor reproducibility, two-twist sensors produced a higher SNR compared with the 

three-twist sensors. This raises the question of why the fibres are twisted in the first 

instance. With no fibre twist, the contact between waveguides would not exist and 

thus coupling could not take place. It has been discovered that for sensors to be 

reproducible, a contact that is not directly under the fusion flame, should be initiated. 

The two-twist devices were preferred during manufacturing as the flame used to taper 

the fibres was not fixed directly over a fibre twist.  It has been reported in [30], that 

the manufacturing success rate was preferred for two-twist sensors. The lateral force 

on the tapered region at the centre of three-twist sensors discussed in this chapter, led 

to fibre bending and tension loss. These were not as prominent with two-twist sensors. 

Though three-twist sensors were successfully manufactured for axial loading tests, 

further experiments highlighted in this chapter showed their lower reproducibility 

and susceptibility to fibre breakages. The accepted coupling ratio range in this study 

was between 40 % and 60 % inclusive. The reproducibility of the coupling ratio for 

two-twist sensors was preferred and was demonstrated by the range of the coupling 

ratio for two-twist and three-twist sensors as 4.4 % and 11.0 %, respectively.  

 

Overall, the two-twist sensors exhibited the best reproducibility and lowest unwanted 

background noise. A larger tapered region diameter was also observed for the three-

twist sensors, which is demonstrated in micrographs presented in this chapter and 

was also emphasized by a lower sensitivity to AE events. Furthermore, a power 
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transfer with a larger fluctuation range was observed by the three-twist sensors 

despite the manufacturing success rate being comparable between both two-twist and 

three-twist devices. Despite comparable manufacturing success rates, the two-twist 

sensor was preferred owing to its more stable reproducibility and lower background 

noise influencing the SNR.  

 

4.2.6 The Influence of Draw Length on the Tapered Region Diameter 

 

The relationship between tapered region diameter and draw length was investigated 

by manufacturing three FOAES via the FBT system. Three-twists were applied in this 

instance with corresponding draw lengths and tapered region diameters displayed. 

The effectiveness of controlling the location of the vacuum grips during 

manufacturing was examined by analysing the sensors’ tapered region diameter. 

 

After manufacturing, the devices were secured to a borosillicate glass coverslip with 

NOA81 and NOA65 UV optical adhesive at the extreme ends of the sensor and cured 

with the on-board UV light source. The fibres were subjected to a compressive lateral 

force that was associated with resin shrinkage during curing time. An optical 

microscope was used alongisde Axiovision software to compare the fibre cladding 

and tapered fibre diameter. The results indicated that the sensor diameter was 

variable due to fibre slipping during manufacturing (Table 17).  
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Table 17   A relationship between tapered region diameter and draw length for three-twist sensors 

with an uncontrolled vacuum grip constituting reduced fibre slipping. 

Sensor (no.) Draw length (mm) Tapered region diameter (µm) 

200819-76 13.85 14.55 

200819-77 14.92 17.48 

200819-78 15.54 15.07 

 

The draw length and fibre diameter did not correlate initially, but the relationship was 

rectified after the vacuum grips were cleaned and tightened. These results are 

highlighted in Table 18 and 19. 

Table 18   A relationship between tapered region diameter and draw length for two-twist sensors 

with a controlled vacuum grip relieving fibre slipping. 

Sensor (no.) Draw length (mm) Tapered region diameter (µm) 

060919-96 11.54 10.66 

090919-97 10.47 13.15 

100919-102 10.70 11.13 

 

Table 19   A relationship between tapered region diameter and draw length for three-twist sensors 

with a controlled vacuum grip relieving fibre slipping. 

Sensor (no.) Draw length (mm) Tapered region diameter (µm) 

120919-105 11.11 6.3 

120919-106 10.74 17.04 

130919-107 10.52 13.74 

 

The two-twist sensors exhibited a narrower diameter variation compared with the 

broader variation observed from the three-twist sensors. Table 19 demonstrates that 

despite controlling the draw length of the three-twist sensors, the corresponding 

tapered region diameter did not adhere to a predictable trend. This is the reason for 

the unexpected data in these tables. The data was associated with lateral tension loss 

at its central twist during manufacturing. Moreover, the excess loss and coupling ratio 

fluctuations were greater. An example of a micrograph taken from the uncontrolled 

and controlled fibre-optic sensor tests is shown in Figure 83. The narrowest section 

across the sensor was at the centre of the tapered region and is represented with (B) in 
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the figure. The as-received fibre acted as a reference fibre and is represented by (A) in 

the figure. The diameter of this un-stripped fibre was 245 ± 15 µm. The narrowest 

diameter across the tapered region was recorded and displayed.  

 

 Example Fibre Micrograph  

 

Figure 83   Two optical micrographs displaying a section of virgin unstripped fibre used as a 

reference compared with the tapered region diameter of a FOAES with controlled vacuum grips. 

 

4.2.7 Proposals for FOAES SNR Improvements via a Single-Fibre Taper 

 

A single-fibre taper was evaluated to investigate ways of improving the SNR at the 

sensing region of a 2x2 fused tapered coupler. This means that the bi-conical reflected 

power at port-P3 according to Figure 13, should be minimised. This port emits light 

propagating from the laser source at port-P0. Restricting the signal output can yield a 

decreased unwanted background noise and therefore increased SNR.   

 

Firstly, an optical fibre beyond the operating wavelength range of the FOAES was 

spliced to the sensor at port-P3. An FC-PC connector successfully joined the FOAES 

to a fibre with an average operating wavelength of 1550 nm meaning the 635 nm laser 

source could not penetrate the fibre. The background noise was monitored both before 

and after attaching the additional fibre. With the fibre at port-P3 held in free space; 

(A) 

(B) 
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the background noise amplitude oscillated between 53 and 56 dBAE. The addition of 

the 1550 nm optical fibre reduced this to between 49 and 52 dBAE. 

 

Secondly, the 1550 nm fibre was removed and the FOAES port-P3 was submerged into 

an index-matching oil. The refractive index of the oil was specified as 1.460, whilst the 

refractive index of the FOAES fibre core and cladding was 1.461 and 1.458 at 600 nm, 

respectively. The oil provided a noise reduction at the end of the FOAES as the sensor 

was submerged in the oil and stored in a glass container covered with black card to 

minimise backscatter interference from the power output at P3 (Figure 84). The 

amplitude range for the background noise was originally 47 - 51 dBAE but reduced to 

45 - 47 dBAE after submerging in the oil.  

 

 

Figure 84   A photograph of the container used to house the index matching oil. 

 

Splicing a fibre with an operating wavelength beyond the range of the FOAES was 

proven to be better at reducing the influence of unwanted background noise. 

Furthermore, this technique was likely preferred during the evaluation of material 

properties during destructive tests, such as tensile loading. This is because it is more 

practical to splice fibres in both laboratory and real-world environments. The method 

can be implemented for future tests to further minimise FOAES noise and maximise 

SNR. 
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4.2.8 Investigation into Cladding Modes 

 

Influence at the FC-PC Casing 

During FOAES manufacture, an FC-PC connector was employed to protect the spliced 

region. However, a high power-loss at this connection was observed highlighted in 

Figure 85.  

 

 

Figure 85   An FC-PC connector demonstrating the effect of power loss  

at the splice region between fibres. 

 

A power metre examined the output from three separate FT030-Y FC-PC connectors 

spliced to the sensing optical fibre of the FOAES. Both sets of fibres had the same 

dimensions and operating wavelength range. The power output was re-measured 

after a splice protector was fused over the splice connection. Two of the three 

connectors exhibited a power loss of 1.5 % and 2.3 % with a splice protector in place. 

It was therefore determined that splice protectors would not be used at splice 

connections, thereafter. 

 

Despite removing the splice protector, power loss and visible bleeding was observed. 

A power metre was connected to the far end of the sensor between tests to record 

power loss. Bleeding via cladding modes was visible and is highlighted in Figure 86. 
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The damage was attributed to the stripping tool used to remove the acrylate coating 

from the optical fibres.  

 

 

Figure 86   Two FT030-Y protected FC-PC connections spliced to the sensing fibre displaying 

power loss after removal of the splice protector.  

 

Two stripping tools were therefore compared to investigate their influence of 

initiating cladding modes by stripping two sections of fibre with them. The tools 

produced negligible power loss but was still influenced by visible cladding modes at 

the outputs as the 250 µm acrylate coating was removed from the 125 µm fibre 

cladding. These cladding modes were visible in dimly lit surroundings with their 

presence confirmed with a power metre. The stripping tools are represented by the 

stripped regions in Figure 87 by the letters: (A) Thorlabs FT54, three-hole fibre 

stripping tool; and (B) Thorlabs T12S21, model 008 stripping tool in the figure.  
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Figure 87   Two tools are used to strip the optical fibre with negligible power loss observed. 

 

The fibres were connected to a S1FC635 Benchtop Laser Source and the consequences 

of the stripping tool were emphasized with surface agitation and fibre damage in 

Figure 88. As such, a brass capillary was manoeuvred between the casing and fibre. 

The presence of cladding modes was significantly reduced when removing the yellow 

patch cables using the fibre stripping process. The damage was observed via visual 

inspection and power variation examined using a power metre.  

 

Figure 88   A photograph highlighting fibre damage and surface agitation caused  

by the removal of the patch cable protective casing. 

 

Figure 89 demonstrates that protecting the fibre with a tough capillary, such as one 

manufactured from brass, reduces the damage from the stripping process. In this 

study, a 90 mm capillary was positioned over the fibre during the stripping process.     

A 

B 
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Figure 89   A photograph showing that the presence of cladding modes is minimised 

when stripping fibre with a brass capillary.  

 

Influence at the Fibre 

The FC-PC connector was attached to the S1FC635 Benchtop Laser Source with a 635 

nm continuous wavelength throughout manufacturing. Visible power loss evident 

from cladding modes was present around the spliced regions along the optical fibres. 

Moreover, cladding modes were also observed at the stripped central region of the 

fibre at the stripped 40 mm section used during fibre twisting and tapering (Figure 

90). Cladding modes were also observed after sensor manufacturing, which were 

almost entirely visible at the trailing end of both the splice and tapered section. 

Despite the visible issues, a fusion splicer was employed to measure the loss. In 

agreement with the negligible power loss also observed in Figure 88, the fusion splicer 

measured a 0 dB loss at the spliced regions.  
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Figure 90   A photograph showing that cladding modes were observed 

 surrounding the central stripped region prior to tapering. 

 

To establish the origin of the cladding modes, fibres were imaged under four 

conditions using an optical microscope: (i) as-received unstripped optical fibre (Figure 

91); (ii) optical fibre with evidence of pre-existing cladding modes (Figure 92); (iii) as-

received optical fibre stripped with a T12S21-008 tool (Figure 93); and (iv) as-received 

optical fibre stripped with a FTS4 three-hole tool (Figure 94). The same optical fibre 

creel was used throughout. 

 

Micrographs taken at 10x magnification showed that the fibre should be continuously 

stripped with the T12S21-008 tool to avoid surface indentations or chips (Figure 93) 

compared with the FTS4 tool (Figure 94). The key difference between Figures 91 - 92 

was their handling via the vacuum chucks. Therefore, fibre damage was induced as 

shown in Figure 92 primarily from the vacuum grips holding the fibre in place during 

sensor manufacture. The manufacturing process induced damage in the form of 

cladding clusters at the surface of the fibres. This was not observed with new fibre. 

Furthermore, surface grooves were also visible after sensor manufacturing. The 

damage can be alleviated by reducing the tight fitting of the vacuum grips, yet this 

negatively influences fibre slipping and coupling efficiency. It was therefore up to user 

discretion to decide on a balance between the impact of coupling efficiency and 

cladding modes. The FC-PC connectors were also examined under an optical 
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microscope with micrographs recorded before and after cleaning the fibre with lint-

free isopropanol-soaked tissue. There was no surface damage or visible scratches 

observed at either stage of the process.  

 

 

Figure 91   Micrographs of virgin unstripped fibre of an arbitrary length. 

 

     

Figure 92   Micrographs of fibre of an arbitrary length used during sensor manufacture 

that exhibited cladding modes. 

 

 

Figure 93   A micrograph of fibre of an arbitrary length stripped of its acrylate coating 

 with a T12S21, 008 tool. 

 

 

Figure 94   A micrograph of fibre of an arbitrary length stripped of its acrylate coating  

with a FTS4, three-hole tool. 
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The FC-PC connectors were also examined under an optical microscope to inspect 

whether cladding modes originated from this part of the sensor. Micrographs were 

taken both before and after cleaning the protruding FC-PC connecting end. There 

were no visible scratches or indents on the probes at any stage of the cleaning process, 

as is highlighted in Figure 95.  

 

 

Figure 95   Micrographs of a single FC-PC connector imaged before  

and after cleaning with isopropanol-soaked lint-free tissue. 

 

Additional micrographs were taken for two other FC-PC connectors used throughout 

sensor manufacturing. As Figure 96 shows, two of the three fibre ends were bent, 

which was considered a contributing factor of the cladding modes. The FOAES 

vacuum grips utilised during manufacturing were also inspected for damage under 

the same microscope. They displayed no issues contributing to cladding modes or 

fibre damage. The FC-PC connectors were thus replaced for later tests. Cladding 

modes reduced from left to right in the figure, which shows the effect on end-bleeding.  

 

 

Figure 96   Micrographs of three separate FC-PC connectors imaged after cleaning 

with isopropanol-soaked lint-free tissue. From left to right of the figure, 

the cladding modes reduced in intensity. 
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4.3 SNR Improvements through Studying the Packaging 

4.3.1 Analysis of the Packaging Dimensions 

 

Firstly, the packaging was evaluated by studying the dimensions of the capillary used 

during the manufacturing process. Twelve FOAES were initially manufactured via 

the FBT methodology and were categorised into four groups of three sensors where 

the packaging was altered throughout. The four groups were: (i) round borosilicate 

capillaries with a 0.70 mm inner diameter, 0.87 mm outer diameter and 50 mm length; 

(ii) square borosilicate capillaries with a 0.50 mm inner diameter, 0.70 mm outer 

diameter and 50 mm length; (iii) round borosilicate capillaries with a 0.60 mm inner 

diameter, 0.84 mm outer diameter and 50 mm length; and (iv) round borosilicate 

capillaries with a 0.60 mm inner diameter, 0.84 mm outer diameter and 60 mm length. 

After completing the manufacturing process, the devices were mounted to an 

aluminium plate and PLBs conducted at equidistant intervals around the plate centre. 

The sensors were mounted only once to ensure they were not damaged during their 

removal. WD-40 solvent was used as the coupling agent as it was simple to apply, 

readily available and allowed for successful transmission of elastic waves between 

media. It was chosen as it is not a degrading solvent, nor does it evaporate as quickly 

as water. 

 

Square capillaries exhibited a lower SNR compared with the cylindrical devices. Both 

the average energy and maximum signal amplitude generated from the sensors using 

round capillaries, were higher. A single sensor with a 60 mm long capillary 

demonstrated the highest absolute energy despite the higher consistency of the 50 mm 

long capillary. The shorter capillary was also preferred due to its simplicity when 

embedding into composite materials. The sensor SNR were categorised according to 

their packaging and are detailed in Table 20. An increase to the capillary length did 

not, on average, increase the SNR. Statistical analysis demonstrated a varying noise 

and as such, varying resulting P-values. This is attributed to the different sensors used 
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throughout the test and highlights the manufacturing inconsistency. Furthermore, the 

coupling between the sensor and test substrate could not be controlled, as with all 

couplants, it was difficult to quantify.  

 

Table 20   A table displaying sensor SNR of the various sized borosilicate capillaries under test. 

Capillary Capillary Dimensions Test No. SNR 

Standard Round Capillary 
ID: 0.70 mm, OD: 0.87 mm, L: 

50 mm 

1 1.19 

2 1.07 

3 1.26 

Avg. 1.17 

Square Capillary 
ID: 0.50 mm, OD: 0.70 mm, L: 

50 mm 

1 1.37 

2 1.37 

3 1.31 

Avg. 1.35 

Narrowed Round Capillary 

(shorter) 

ID: 0.60 mm, OD: 0.84 mm, L: 

50 mm 

1 1.53 

2 1.65 

3 1.65 

Avg. 1.61 

Narrowed Round Capillary 

(longer) 

ID: 0.60 mm, OD: 0.84 mm, L: 

60 mm 

1 1.59 

2 1.52 

3 1.65 

Avg. 1.59 

 

The SNR was calculated from the ratio between the maximum amplitude recorded by 

the sensors from pencil breaks and the average noise signal level on each sensor. Table 

20 has shown that the narrowed capillary demonstrates an improved response to AE 

signals compared with the other capillaries by an average of 37 %. This was the direct 

result of AE waves exhibiting a greater efficiency whilst travelling through a larger 

proportion of higher AI glass over lower AI air. Furthermore, their small diameter 

over other packaging reduced the difficulty associated with the embedding process. 

Manipulating the length of the capillaries resulted in a negligible impact to the SNR. 

Despite adopting the smallest internal diameter, the square capillary did not offer a 

greater SNR improvement compared with the narrowed rounded capillaries. This was 

due to a poor efficiency during the interaction of elastic waves on the internal walls of 
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the square capillaries. It was concluded that the response of the standard round 

capillary was also poor by comparison due to its thinner wall diameter.   

 

The use of a capillary with FOAES generally permits the following as it: (i) allows for 

high frequency fibre oscillation; and (ii) protects from any environmental stresses. The 

cavity gap between the fibre and the inner diameter of the capillary allows for the free 

oscillation of the fibre sensor. The fibre oscillating at a high frequency does so due to 

the impact of a resonating elastic stress wave. Hence, restricting the fibre will result in 

an inefficient transfer of energy between AE source and sensor. As a result, an inner 

diameter of 0.60 mm in this study was the realistic minimum diameter that could be 

attained by the capillary, which still resulted in an effectively operating FOAES.  

 

4.3.2 Studying Sensor SNR by Packaging Abrasion 

 

The tests herein utilised the narrowed capillaries with inner diameter 0.60 mm, outer 

diameter 0.84 mm and length 50 mm. In this section, the capillaries were subjected to 

abrasive polishing before sensor manufacture to increase the surface contact between 

packaging and substrate, thus increasing the SNR. In practice however, there was 

great difficulty in producing a capillary with symmetric polishing (Figure 97) 

meaning an improved method at producing reproducible abrasion should be 

implemented in future experiments.   
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Figure 97   Optical micrographs of 50 mm length abraded capillaries 

with ID: 0.60 mm and OD: 0.84 mm. 

 

After abrading the packaging, the sensors were mounted to a 6 mm thick aluminium 

plate whilst PLBs were broken at equidistant intervals around its axis. A thin layer of 

WD-40 solvent bound the sensor and substrate throughout this simulated acoustic 

emission. Due to the uncertainty regarding the polishing uniformity, the sensors were 

tested three times. Despite the removal and re-application of optical fibre devices 

being a significant influence on sensor damage, this problem was minimised due to 

the viscosity of the couplant. Three sensors namely SP001, SP002 and SP003 (Figure 

97), were examined and compared with as-received (non-abraded) packaged sensors. 

The SNR was calculated as a ratio of the average amplitude of PLBs to the background 

noise. Sensors were manufactured under the same environmental conditions to 

minimise manufacturing variations. Though the contact area of the sensors was 

increased with abrasion, the SNR decreased by around 4 % as per Table 21.  

SP001 – Side A SP002 – Side A SP003 – Side A 

SP001 – Side B SP002 – Side B SP003 – Side B 
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Table 21   A table displaying the SNR comparison between as-received and abraded packaging. 

 

Capillary 

Type 
Sensor 

Noise Amplitude 

(𝐝𝐁𝐀𝐄) 
Range 

(𝐝𝐁𝐀𝐄) 

Average 

Amplitude (𝐝𝐁𝐀𝐄) 
Range 

(𝐝𝐁𝐀𝐄) 

SNR Range 

(𝐝𝐁𝐀𝐄) 

1 2 3 1 2 3 1 2 3 

Abraded 

Capillary 

1 48.0 55.0 47.4 7.6 77.6 76.3 74.3 3.3 1.62 1.39 1.57 0.23 

2 55.0 55.8 56.8 

8 

2.1 67.4 68.5 74.4 7.0 1.16 1.23 1.31 0.15 

3 44.5 49.8 51.4 6.9 68.8 65.9 67.5 2.9 1.55 1.32 1.31 0.22 

As-received 

Capillary 

1 49.5 48.4 48.6 1.1 69.0 67.0 68.5 2.0 1.39 1.39 1.41 0.01 

2 46.8 46.9 48.6 1.8 64.0 62.7 63.3 1.3 1.37 1.34 1.30 0.03 

3 44.7 42.5 45.0 2.4 68.0 70.3 70.0 2.3 1.52 1.65 1.56 0.13 

 

The as-received capillaries exhibited a narrowed range over the larger range of 

abraded capillaries and thus meant an improved reproducibility. A review of the 

reproducibility of the sensor manufacturing was conducted due to the large range of 

the presented data in Table 21, x. Despite the possibility of sensor damage occurring 

during the tests, there was a negligible increase to average background noise (Table 

21, y). Between each test, the sensors were carefully cleaned with isopropanol-soaked 

lint-free tissue and re-applied with fresh couplant. The noise variation was smaller for 

as-received capillaries – a consequence of their uniform dimension over abraded ones. 

The amplitude response from the sensors with abraded packaging was not enhanced. 

Similarly, to the as-received capillaries, the manufacturing success rate of abraded 

capillaries was approximately 80 %. Sensors SP001 and SP002 were manufactured 

with an uncontrolled twist location as sensor SP003 was constructed with uniformly 

separated twists (z). The influence of the twist location had a negligible impact on the 

reproducibility of the sensors in this section. Furthermore, the data concluded that the 

manufacturing of the abraded capillaries was not viable.  

 

 

y 

x 

z 
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4.3.3 A Comparison of the Substrate Coupling Effect on SNR 

 

In this section various coupling agents were compared and the effect on the SNR was 

determined. The test also focused on determining the effect of repeatedly removing 

the sensor between tests. Three sensors were evaluated for each couplant, namely: (i) 

WD-40 solvent; (ii) Dow Corning Vacuum Grease; and (iii) Araldite adhesive ® rapid. 

 

The devices were first examined with no couplant ( - ), followed by WD-40 solvent, 

Vacuum Grease and finally Araldite adhesive. The sensors were removed, cleaned 

and re-mounted to the substrate after each test. The average noise, amplitude and SNR 

were recorded and are plotted in Table 22. The FOAES data is marked in red text and 

the comparative piezo-electric data is marked in blue text. The difficulty associated 

with removing/re-coupling the FOAES to the substrate are demonstrated here. Only 

two of the three FOS survived all tests through sections 1 - 4. Three devices survived 

up to the grease and two up to Araldite adhesive. Due to the stiffness of the Araldite 

once it had cured, the final two sensors could only undergo a single test on Araldite.   

 

Table 22   A table displaying the average noise amplitude, average signal amplitude  

and SNR calculated from the coupling agents tested in this study. 

Test No. Couplant 
Average Noise 

Amplitude (𝐝𝐁𝐀𝐄) 

Average Signal 

Amplitude (𝐝𝐁𝐀𝐄) 
SNR 

1 -  50.84 / 25.64 56.29 / 68.65 1.11 / 2.68 

2 WD-40 Solvent 49.78 / 25.73 70.12 / 91.04 1.41 / 3.54 

3 Dow Corning Vacuum Crease 53.49 / 25.96 65.64 / 93.19 1.23 / 3.59 

4 Araldite Rapid ® 56.26 / 25.31 66.89 / 92.73 1.20 / 3.67 

 

For greater clarity, the measured noise and signal amplitude for each test are 

displayed against the captured time in Figures 98 - 101 indicating the varying 

amplitude of the sensors as a result of the couplants for the FOAES and piezo-electric 

AE sensors.  
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Figure 98   Graphical representations of the: (a) background noise; and (b) pencil lead break data 

captured by the FOAES and piezo-electric AE sensors mounted with no-couplant. 

 

 

 

 

Figure 99   Graphical representations of the: (a) background noise; and (b) pencil lead break data 

captured by the FOAES and piezo-electric AE sensors mounted with WD40 couplant. 

 

 

 

 

 

(a) (b) 

(a) (b) 
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Figure 100   Graphical representations of the: (a) background noise; and (b) pencil lead break data 

captured by the FOAES and piezo-electric AE sensors mounted with vacuum grease couplant. 

 

 

 

Figure 101   Graphical representations of the: (a) background noise; and (b) pencil lead break data 

captured by the FOAES and piezo-electric AE sensors mounted with araldite couplant. 

 

 

Figure 102 represents the direct visual comparison of the average SNR for the FOAES 

and piezo-electric sensors. There is clear evidence of further work required for the 

FOAES to obtain a comparable SNR to the PZT sensors and expected increase with 

couplants of increasing hardness.  

(a) (b) 

(a) (b) 
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Figure 102   The signal-to-noise ratio comparison between FOAES and piezo-electric AE sensors 

across various couplants. 

 

Removing couplant at the end of each test presented sensor damage as the average 

noise increased linearly, yielding poor wave transmission across material boundaries. 

Despite the grease suppressing the signal and increasing its attenuation, this couplant 

is often preferred in literature due to its longevity and its ability for an easy removal 

from substrates [83]. In axial loading tests analysed in Chapter 5, Araldite adhesive 

was chosen based on its high stiffness once cured and excellent response to AE signal 

interference. 

 

A material of higher density is expected to adopt a higher SNR from waves with a 

consistent wave velocity due to equations relating AI and material density. In this 

case, an impedance mismatch across material boundaries is reduced and AE wave 

transmission is increased. The hardness and density of the couplant are proportionally 

related meaning an adhesive of greater hardness will adopt a closer matching 

impedance to both capillary and fibre. Sensor damage in this investigation prevented 

Araldite from attaining a higher SNR. 

 

A comparison between fibre-optic and piezo-electric sensors was conducted due to 

the increased FOS noise. As this device was more robust, there was negligible damage 
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inflicted between tests, which is demonstrated by minimal noise variation. The 

expectation of an increased SNR for Araldite compared to the Vacuum Grease and 

WD-40 solvent was observed for this sensor type. The average noise level remained 

stable for the piezo-electric sensor. Thus, the SNR linearly increased across tests.  

 

4.3.4 Examining the Influence of External Stress 

 

Three FOAES were coupled with WD-40 solvent to the aluminium plate. Their SNR 

was tested by applying different weights on top to investigate the sensitivity influence 

of increasing pressure on the sensor. Table 23 displays the average noise detected by 

each sensor, the average signal from PLBs and their corresponding SNR.  

 

Table 23   A table displaying the effect of applied weight to FOAES during SNR tests.  

Sensor 
Average Noise 

Amplitude (𝐝𝐁𝐀𝐄) 

Average Signal 

Amplitude (𝐝𝐁𝐀𝐄) 
SNR 

- 48.48 54.77 1.13 

Couplant - 0 g weight 47.99 73.51 1.53 

Couplant - 500 g weight 45.49 72.12 1.59 

Couplant - 1000 g weight 46.55 70.14 1.51 

 

The first two rows of Table 23 highlight the significance of using a couplant to increase 

the SNR. The following data is evidence that increasing the load applied to the top of 

the sensor will increase the SNR to the point of sensor damage, after which the SNR 

decreases. This data has been provided to simulate part of the embedding process, 

such as during variable pressures through composite manufacturing. The results 

show that the embedding process tends to improve sensor SNR, assuming no fibre 

damage is implemented during the process. The weight increase simulates pressure 

increase and enhances SNR by 3.9 % and – 1.3 % for a weight increase of 500 g and 

1000 g from 0 g, respectively. In this section, the weight was applied to the capillary 

across two orientations with a thin protecting strip of PTFE material between sensor 
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and substrate, as the results were averaged. Sensor damage was evident beyond 500 

g due to the reduced SNR. 

  

Further work can investigate the maximum load applied before a reduction in the 

sensitivity is noticed. For increased stability in the future work, a clamp may be 

employed by applying consistent compressive load. If moulded to the shape of the 

protective housing, the clamp can apply equal pressure and further increase 

reproducibility. Embedding sensors into unidirectional glass-fibre composites yielded 

several air bubbles within the composite once dried, and thus posed a significant 

influence on decreasing sensor SNR. A concentration of air pockets was observed at 

the capillary end faces. Additional research can study the development of the 

embedding techniques to minimise these air pockets during manufacture.   

 

4.3.5 Investigating SNR with a Water-Filled Capillary 

 

As acoustic impedance (AI) significantly impacts the FOAES sensitivity, removing the 

low-impedance air inside the capillary was expected to increase the SNR response. As 

such, water was injected into the packaging of six sensors with a disposable pipette. 

Water was chosen due to its higher AI than air and because it was readily available. 

Water has already been used as a coupling agent between test substrates in earlier 

research during the investigation of cracks in stainless steel [180]. Only one sensor was 

successfully tested from the six FOAES manufactured due to the significant fibre 

damage. This was caused from the water resulting in substantial excess loss, 

highlighted via cladding modes. Without any damage, the water’s viscosity would 

also negatively impact sensor sensitivity by restricting the oscillation of the fibre and 

decreasing the quantity of high-frequency signals that would be detected. A 5 % SNR 

decrease was observed for the single sensor that survived the manufacturing process, 

which demonstrated the impracticality of this method. Furthermore, the maximum 

amplitude captured by the sensor was only 67 dBAE with a corresponding background 
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noise of 62 dBAE. This was a poor response compared with a standard air-filled 

packaging manufactured at the same time, which recorded an average amplitude of 

72 dBAE, maximum amplitude of 85 dBAE and corresponding background noise of 54 

dBAE. Thus water-filled capillaries were not explored further in this study.    

 

4.3.6 Reviewing the Fibre-Capillary Bond 

 

The bond line adhesive that secured the fibre and capillary together was altered to 

study the effect on the sensor SNR. Three adhesives were trialled and compared with 

the existing UV optical adhesive. A summary of the average noise amplitude, average 

signal amplitude and resulting SNR for the adhesives is displayed in Table 24. 

 

Table 24   A table displaying the SNR of the adhesives used to bond the fibre and packaging.  

Sensor 
Average Noise 

Amplitude (𝐝𝐁𝐀𝐄) 

Average Signal 

Amplitude (𝐝𝐁𝐀𝐄) 
SNR 

UV Optical Adhesive 47.35 76.24 1.59 

Araldite Rapid ® 54.90 72.70 1.33 

Loctite Superglue Gel 49.11 70.63 1.44 

JB Weld Epoxy Resin 47.33 64.89 1.38 

 

Resin flow was a consequence of an imprecise resin arrangement at the bond between 

fibres and packaging. Fibre slipping contributed to SNR irregularities and sensor 

reproducibility as well as problems associated with resin flowing down the capillary 

and restricting the oscillation of the fibres. Adhesives with higher viscosity were 

therefore trialled to reduce this resin flow and increase SNR. Despite the hardness of 

an adhesive usually positively influencing the SNR, all three additional resins 

exhibited a lower SNR than previously utilised UV-curable optical adhesive. This was 

likely due to sensor damage inflicted during the manufacturing process, highlighting 

the difficulties associated with manual production. Moreover, the cure time of the 

adhesives were over ten times longer than that of the UV-curable adhesive, which was 

continued to be used for all sensors herein.    
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4.3.7 A Directionality Comparison between FOAES and Benchmark Sensors 

 

The directional sensitivity of a typical FOAES and piezo-electric AE sensor was 

commissioned, which was considered useful when determining the location of AE 

events on a plate-like structure. Figure 103 displays radar plots of the signal amplitude 

from a six-times tested piezo-electric AE sensor and six FOAES to the left and right of 

the figure, respectively. Signal strength is marked with the piezo-electric sensor 

demonstrating omnidirectional sensitivity. Despite displaying a lower amplitude by 

comparison, the six FOAES showed a marginally increased sensitivity at the parallel 

ends of the packaging and joint between fibre and capillary. The FOAES were used 

only once to obtain the data, owing to the knowledge of inflicted sensor damage 

according to section 4.3.3. The data was considered useful in practice as it could allow 

the user to understand the appropriate mounting position of the FOAES and the 

impact on maximising the SNR if the AE source location is pre-determined. 

 

 

Figure 103   Radar plots showing the directionality of PLBs conducted on six FOAES and a 

comparative piezo-electric AE sensor, to the left and right of the figure, respectively. 

The results demonstrated that the piezo-electric sensors could detect AE signals 

effectively and with equal efficiency across all angles, which corresponded well with 

[80]. The FOAES provided a better response from the 0 ° and 180 ° orientation 

according to Figure 103.  
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4.4 Chapter Summary 

 

This chapter has discussed the manufacturing success of both two-twist and three-

twist sensors with both sensor types successfully detecting AE signals during testing. 

However, two-twist sensors remained the most reproducible throughout the manual 

sensor production process, in part due to lateral tension loss associated with the 

central twist of the three-twist sensors.  

 

Twist location and initial lateral tension are two key parameters that require further 

defining to address sensor reproducibility. Accurately measuring and adjusting the 

location of the twists may contribute to increased reproducibility in addition to a 

tension metre being used to control initial tension applied to the fibres prior to 

loading. Other improvements to the manufacturing process that require further 

improvements include additional analysis of coupling agents, packaging materials 

and the fibre type. The manufacturing reproducibility is most difficult to address 

owing to the manual operation of the process, detailed in [181]. There has been little 

research dedicated to manufacturing improvements via automated methods. 

 

The greatest contribution to sensor development during packaging assessment was 

that sensors with a narrower internal diameter displayed a greater sensitivity to AE 

signals. The influence of the substrate couplants were analysed with the results 

concluding that, due to sensor damage, the FOAES should be used only for a single 

test to prevent increased sensor damage and thus reduced signal amplitude. Upon 

examining the influence of external stress, a maximum load of 500 g produced the 

most promising FOAES SNR with 1000 g decreasing the quantity. Additional research 

is therefore required to obtain the precise value before SNR reduction. Further 

packaging assessments yielded no improvement to the SNR. Lastly, PZT sensors 

exhibited omni-directionality whilst FOAES displayed optimum sensitivity at the 

extreme ends of the capillary.     
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5   Damage Evaluation of FRPCs by FOAES and 

Benchmark AE Sensors
 

5.1 Introduction to the Chapter 

 

The final stages of the project compared FOAES and benchmark commercial piezo-

electric AE sensors during axial loading. Damage modes propagating from acoustic 

stress waves were directly compared with a single FOAES and two piezo-electric AE 

sensors. Several AE signal parameters were considered, including: (i) signal 

amplitude; (ii) duration; (iii) counts; (iv) absolute energy; and (v) peak frequency. The 

data was compared with literature across sensors. 

 

A carbon-fibre reinforced polymer composite laminate was acquired during sensor 

assessment. Longitudinal strips with a width of 15 mm were marked on the four-ply 

unidirectional laminate as they were cut using water-jet sectioning. This process 

minimised the presence of stray fibres and helped reduce the initial impact of damage 

modes and crack growth. A handful of strips did not survive the sectioning process 

due to the onset of delamination during sectioning, which has been reported on in 

[182]. 

 

The laminate specimens were appropriately sanded with P400 sandpaper at 50 mm 

lengths at the extreme ends of the specimens and then cleaned with Acetone. This 

permitted aluminium end-tabs to be securely bound to the composites using fast-

curing epoxy resin, as detailed in Chapter 3. The adhesive was chosen owing to its 

hardness and ability to minimise AI mismatch, as a result. The FOAES, wideband 

piezo-electric and 500 kHz resonant frequency piezo-electric sensors were secured in 

place with a thin layer of the couplant. Due to the proximity of the sensors to each 

other along the composite, a strain gauge could not be applied. Instead, a virgin 

specimen was subjected to axial loading under identical conditions, allowing a stress-
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strain curve to be acquired. This was used to establish the failure point of the FOAES. 

Photographs displaying the specimens and sensors attached during loading are 

shown in Figure 104. 

 

     

Figure 104   Photographs displaying three unidirectional carbon-fibre reinforced polymer 

composites used to compare AE signals across two conventional piezo-electric AE sensors and a 

FOAES during tensile loading, all secured with Araldite adhesive. 

 

A single two-layered cross-ply glass-fibre reinforced polymer composite was also 

tensile loaded after aluminium end-tabs were applied. The material was cleaned 

according to the same method as the carbon-fibre composites. The three sensors were 

again mounted with Araldite adhesive and various AE signal parameters were 

compared. This glass-fibre cross-ply sample was used to analyse the signals across 

sensor types and did not include analysis of sensor failure. Photographs displaying 

the specimen with piezo-electric sensors attached are shown in Figure 105. 
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Figure 105   Photographs displaying a single cross-ply glass-fibre reinforced polymer composites 

used to compare AE signals between two conventional piezo-electric AE sensors and a FOAES 

during tensile loading, all secured with Araldite adhesive. 
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5.2 FOAES and Benchmark Sensor Comparisons with PLBs 

5.2.1 Examining SNR with Carbon-Fibre Composites 

 

The FOAES manufacturing reproducibility was analysed by performing PLBs on the 

surface of a unidirectional carbon-fibre composite. The FOAES SNR was recorded 

across three locations at specified distances from the sensor. The average SNR at the 

respective sensing locations is graphically represented in Figure 106. Three locations 

were plotted against the SNR to demonstrate the variability recorded by the FOAES. 

The variability of the SNR between locations 1 and 2 can be attributed to the coupling 

medium used at the capillary end-faces. Location 1 showed a lower SNR than location 

2. The two optical adhesives used to bond fibre and capillary were procured from 

Norland Products Inc. Two drops of NOA81 and NOA65 were applied at the capillary 

ends with NOA81 applied at the end-face closest to Location 1 and NOA65 applied at 

the end-face closest to Location 2. Despite NOA81 being the harder of the two with a 

higher SNR expected, the higher SNR occurred around NOA65. This was likely due 

to the uncontrolled quantity of resin applied and the variable corresponding SNR data 

as a result.  

 

Figure 106   A graphical representation of the average SNR against PLB location for four FOAES. 
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In Figure 107, a time vs amplitude plot is displayed for the PLBs at the three break 

locations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 107   Amplitude vs time graph for PLBs performed at  

location 1, location 2 and location 3 for all sensors. 

 

The piezo-electric AE sensors exhibited the higher amplitude response across all break 

locations. However, there was a large difference between the FOAES amplitude at 

locations 1 and 2, which is explained in the following sections. The highest response 

at location 3 was due to a higher sensor response directly next to the FOAES at this 

location. The figures conclude that AE signal detection using the FOAES will be more 

limited with increased distance from the sensor than when using either PZT sensor. 

This is due to the large amplitude variation for the FOAES.   
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The average SNR of the FOAES calculated from PLBs at the three locations are 

displayed in Table 25. The variation between the data captured at location 1 and 2 

demonstrate the difficulty associated with the reproducibility of the FOAES. The 

result suggests that there is a varying sensitivity between the two ends of the sensor, 

which may be associated with the sensor manufacturing, packaging or both aspects. 

The next few paragraphs provide acknowledgement and answers for this sensor 

variation as PLBs were performed at the underside of each of the devices.  

 

Table 25   A summary of the average FOAES SNR calculated with PLBs prior to tensile loading. 

PLB Location SNR Signal Variation (%) 

1 1.73 19.2 

2 1.93 11.8 

3 2.12 3.79 

 

Similarly, PLBs performed on the glass-fibre composite resulted in an average FOAES 

SNR of 2.1. The PLBs were again separated into three locations and were performed 

whilst the composite was held in place on the Instron device. 

 

The carbon-fibre composites were examined with a Zeiss Axioskop 2 optical 

microscope to highlight any pre-existing resin pockets or asymmetric fibre alignment 

causing SNR variation that did not conform to literature. These micrographs were 

used to determine surface irregularities. Figures 108 and 109 show that the surface 

symmetry at locations 1 and 2 were comparable at either end of the composite.  

      

Figure 108   The rough edge of an example specimen at locations 1 and 2 to the left and right of the 

figure, respectively. 
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Figure 109   The smooth edge of an example specimen at locations 1 and 2 on the left and right of 

the figure, respectively. 

 

The micrographs showed that neither resin pockets nor asymmetric reinforced fibres 

were impinging on the composite structure and were therefore causing no impact to 

the FOAES SNR.  

 

A Leica Wild M3C, Kombistereo binocular microscope imaged the FOAES attached to 

the composites and discovered that excess adhesive was causing SNR variability. 

Superfluous Araldite Rapid ® adhesive was visible at the trailing end of each sensor, 

which was the end-face nearest to break location 2. Sensor 190204-02 provided a 

symmetrical deposition of resin across both end-faces (Figure 110) and thus the SNR 

variation across locations was negligible. The largest SNR variation was from Sensor 

190205-04, which also provided the greatest variation in UV-curable optical adhesive 

(Figure 111). As such, the variable SNR associated with PLB locations 1 and 2 were 

attributed to excess adhesive at the capillaries, demonstrating the importance of using 

a controlled method of adhesive application.   
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Sensor: 190204-02 

 

Figure 110   Micrographs displaying the end-faces of the Sensor 190204-02 capillary at the trailing 

and leading fibre-end of the sensor, at the left and right of the figure, respectively. 

 

Sensor: 190205-04 

 

Figure 111   Micrographs displaying the end-faces of the Sensor 190205-04 capillary at the trailing 

and leading fibre-end of the sensor, at the left and right of the figure, respectively. 

 

5.2.2 Demonstrating Time-of-Arrival Technique and Wave Velocity Calculations 

 

The PLB data show a large amplitude variation of up to 35 dBAE between FOAES and 

benchmark piezo-electric AE sensors. The piezo-electric AE sensor operating at a 

resonant frequency of 500 kHz (R50α) exhibited the highest amplitude at Location 1. 

The wide-band (WD) piezo-electric AE sensor amplitude was greatest at Location 2, 

and the FOAES demonstrated the highest sensitivity at Location 3. The sensitivity of 

the devices corresponded directly to the proximity of the PLBs at each location.  
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The consistency of the piezo-electric data around location 3 show a good indicator that 

the PLBs were performed at equidistant intervals and that the coupling across the two 

piezo-electric sensors were comparable. This is because inconsistent coupling results 

in variations to the signal amplitude, attenuation rate and absolute energy due to the 

AI of the coupling material being dependent on the sample thickness. It was therefore 

crucial for sensors to be mounted with a couplant of consistent thickness.  

 

Time-of-Arrival 

PLBs were used to examine the amplitude and TOA of the AE signals prior to tensile 

loading (Tables 26 - 28). The quality of the coupling between sensor and substrate for 

the FOAES and PZTs were compared by inspecting the PLB amplitude from the 

central break location 3. An identical coupling procedure and negligible difference 

between coupling quality would be represented in this study if the two piezo-electric 

sensors adopted zero TOA difference between the arrival of the signal from each 

device. Furthermore, a comparison between the FOAES and piezo-electric AE sensors 

was made across PLB locations to compare the sensitivity between them. Comparative 

data included the: (i) mean amplitude from all sensors; (ii) standard deviation of the 

amplitude; and (iii) average TOA between piezo-electric sensors only. Point (iii) 

signifies the speed at which the devices captured AE signals gathered from 10 PLBs 

from the piezo-electric sensors only, which were mounted equidistant from the ends 

of the composite.  

 

Table 26   Location 1: Mean amplitude and corresponding standard deviation from all sensors, 

with TOA from the piezo-electric AE sensors.  

Composite 

ID 

FOAES R50 WD TOA 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Piezo-electrics 

only (µs) 

190204-01 78.9 2.2 99.0 0.0 98.2 1.5 12.0 

190204-02 84.3 2.7 91.1 3.6 99.0 0.0 11.9 

190205-03 69.0 3.7 99.0 0.0 88.9 2.3 12.3 

190205-04 70.5 2.2 99.0 0.0 91.1 1.0 12.1 

Mean 75.7 2.7 97.0 0.9 94.3 1.2 12.1 
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Table 27   Location 2: Mean amplitude and corresponding standard deviation from all sensors, 

with TOA from the piezo-electric AE sensors.  

Composite 

ID 

FOAES R50 WD TOA 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Piezo-electrics 

only (µs) 

190204-01 82.4 1.9 84.5 2.7 99.0 0.0 13.3 

190204-02 86.6 2.6 99.0 0.0 82.5 2.9 13.3 

190205-03 80.0 4.2 91.0 1.7 99.0 0.0 12.3 

190205-04 91.1 1.1 94.2 1.9 99.0 0.0 9.7 

Mean 85.0 2.5 92.2 1.6 94.9 0.7 12.2 

 

Table 28   Location 3: Mean amplitude and corresponding standard deviation from all sensors, 

with TOA from the piezo-electric AE sensors.  

Composite 

ID 

FOAES R50 WD TOA 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Piezo-electrics 

only (µs) 

190204-01 93.5 0.5 99.0 0.0 99.0 0.0 1.4 

190204-02 93.2 0.4 99.0 0.0 98.1 1.2 2.9 

190205-03 93.1 0.3 99.0 0.0 99.0 0.0 2.5 

190205-04 92.7 0.8 99.0 0.0 99.0 0.0 1.3 

Mean 93.1 0.5 99.0 0.0 98.8 0.3 2.0 

 

The average TOA between the two piezoelectric sensors was 2.0 µs at location 3. This 

low result demonstrated that the PLBs were equidistant between the piezo-electric AE 

sensors. Furthermore, the standard deviation showed that the quality of the sensor 

coupling demonstrated a minor signal fluctuation. Tables 26 - 28 suggest that, 

irrelevant of location, the FOAES requires further assessment to improve the 

amplitude response to AE data. Moreover, the reproducibility of the two sensor types 

is evident from the standard deviation of the data in that the FOAES reproducibility 

requires further assessment before being comparable with PZT sensor reproducibility. 

The key factor influencing the PZT standard deviation was the consistency of applied 

couplant, though this factor may also be applied to the FOAES further contributing 

towards its reproducibility questions.  

 

The TOA variation between devices and PLBs broken at location 1 and 3 was similar, 

indicating that both locations were symmetrical and the coupling from each device 
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was similar. The standard deviation of the data was the lowest during the analysis of 

the sensors according to their nearest PLB location. The FOAES SNR was examined 

from the mean amplitude across the three break locations. The SNR decreased rapidly 

extending from break location 3. The higher SNR observed at location 2 compared 

with location 1 was an issue relating to the application of the UV-curable optical 

adhesive at the bond line between fibre and capillary. The effect of the adhesive on 

the SNR has been previously discussed in Section 5.2.1.  

 

The glass-fibre reinforced composite was also subjected to PLB analysis to identify the 

signal TOA from the piezo-electric sensors and to compare their maximum amplitude 

with the FOAES. PLBs were conducted at each location directly adjacent to each 

sensor. The data is presented in Table 29. 

 

Table 29   Amplitude and corresponding standard deviation from all sensors,  

with TOA from the piezo-electric AE sensors. 

 

Composite 

ID 

FOAES R50 WD TOA 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Ampl. 

(𝐝𝐁𝐀𝐄) 

Std Dev. 

(𝐝𝐁𝐀𝐄) 

Piezo-electrics 

only (µs) 

190109-01 87.0 3.9 93.0 0.0 91.0 2.5 21.4 

 

 

5.2.3 Amplitude, Duration and Influencing Backing Material 

 

Amplitude and Duration Relationship 

It has previously been reported that AE signals produced from PLBs have a lower 

amplitude and thus longer durations if mounted with elastomers, such as a silicone 

rubber compound, compared with stiffer solutions [82, 183]. 

 

Elastomers restrict the detection of quick-burst AE events and shear wave 

transmission. Furthermore, long duration events are more prone to a superposition 

mismatch. This increases the need of a couplant with a high stiffness/hardness. Long 

duration AE events created by the superposition of two unique events in the time-
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domain can display inaccurate amplitudes and energy readings. The signal 

attenuation is thus critical to accurate signal evaluation, with signals of reduced 

attenuation capturing more accurate data. The relationship between the amplitude 

and duration of signals has been reported as [183]: 

 

 AU = A exp  (−βD) (39) 

Where 𝐴𝑈 is the threshold used in the system, A is the amplitude, 𝛽 is the decay 

constant and D is the duration.  

 

The duration of an event is defined as the time between when the signal crosses the 

threshold and returns below it. Equation 39 is only applied to AE signals with no 

superposition of signals. This includes PLBs. Events detected in-situ are more difficult 

to interpret due to their unpredictable nature. The PLBs detected by the piezo-electric 

AE sensors at Location 1 and 2 conformed to this relationship. A proportionally 

logarithmic relationship between the amplitude and corresponding duration was 

demonstrated in Figures 112 and 113. This relationship was not transferred to the 

FOAES however, with likely reasons attributed to the absence of a backing material. 
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Figure 112   PLBs broken at locations 1, 2 and 3 on the CFRPs to demonstrate the relationship 

between amplitude and duration across sensor types. 

 

The PLBs from the GFRP composite compared the FOAES and piezo-electric AE 

sensors in Figure 113. The PZT sensors demonstrated a higher SNR response from 

PLBs compared with the FOAES despite the FOAES demonstrating a comparable 

amplitude/duration relationship to the reference PZT data. Despite all FOAES being 

manufactured under the same conditions, the FOAES was able to record data more 

accurately on quasi-isotropic specimens compared with uni-directional ones. On the 

GFRP, the FOAES exhibited data with a longer duration corresponding to a lower 

amplitude showing the difficulty for the FOAES to differentiate between damage 

modes of various AE parameters compared with the PZT sensors. Although data has 
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not been directly comparable between sensor types, the FOAES sensitivity has been 

improved over previous studies with the input of chapter 4 in this study. 

 

 

Figure 113   PLBs broken on the GFRPs to demonstrate the relationship between amplitude and 

duration across sensor types. 

 

Influence of a Backing Material 

Generally, the signal duration detected by the PZTs were shorter than those detected 

by the FOAES in both Figures 112 and 113. This is because the piezo-electric sensors 

are manufactured from multiple elements including a backing material. This highly 

attenuating, high density material is used to control the piezo-electric vibration 

frequency and absorbs energy from the back face of the active element [184]. As such, 

the backing material provides the sensor with an AI value more closely matching to 

the substrate meaning a greater efficiency for AE signal transfer. 

 

Improvements to the sound wave transmission through the composites were 

commissioned via analysis of the AI. A smaller impedance mismatch between sensor 

and substrate resulted in less reflected waves and an increased signal resolution. As 

the hardness and attenuation of the couplants are related proportionally, low-

hardness structural adhesives generally provide a larger impedance mismatch, 

resulting in waveforms with longer signal durations. Due to the AI equation, a 



207 | P a g e  
 

material of high density (such as a hard resin) permits an increased transmission 

efficiency of longitudinal and transverse waves through the substrate over softer 

resins. Applying this to the current study is the likely reason for signal saturation of 

the R50 and WD piezo-electric sensors at their relative closest PLB locations. The 

FOAES captured signals with a lower amplitude and increased duration, which was 

a result of the absence of a backing material. Optimisation of the FOAES 

manufacturing and packaging parameters will assist with matching piezo-electric AE 

sensor data to FOAES data.  

5.2.4 Assessment of the Various AE Parameters 

 

PLBs conducted on the CFRP and GFRP were used to compare the sensor types. The 

parameters under consideration were: (i) amplitude; (ii) counts; (iii) duration; (iv) 

absolute energy; and (v) peak FFT. The data sets used an average value across the four 

carbon-fibre specimens to obtain three data columns representing the sensors at each 

PLB location in Figure 114. Similarly, the AE parameters from the glass-fibre 

composite are compared in Figure 115. As the amplitude data suggests, the PZT 

sensors evoked a higher sensitivity to AE signals compared with the FOAES. 

Generally, the FOAES exhibited a longer duration due to the influence of the PZT 

backing material. The absolute energy from the CFRP was comparable between piezo-

electric sensors at location 3. The higher FOAES absolute energy at location 2 

compared with location 1 was a consequence of the adhesive bond between sensor 

and substrate outlined in Section 5.2.1. The data in Figure 114 has proposed that the 

distance of an AE event from the FOAES greatly influences its ability to detect the 

event compared with the piezo-electric sensors. This is due to a large quantity of 

detected counts and absolute energy data collected at location 3 compared with other 

locations. The higher peak frequency at location 3 indicates that most events detected 

by the FOAES here were associated with fast rise time breaks of high amplitude and 

consequently, rapid attenuations. This evidence suggests that the FOAES can more 

easily detect high frequency signals at close proximity.  
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The average value of the appropriate AE parameter was plotted on the graphs for the 

R50, WD and FOAES. The average result was calculated from four specimens across 

three pencil break locations for the carbon-fibre material (Figure 114) and from an 

additional specimen across the same break locations for the glass-fibre material 

(Figure 115). Error bars were plotted on top of this data to represent the standard 

deviation of data for each sensor for the examined parameters. The large deviation 

values plotted on the graphs were due to the data being captured from pencil breaks 

influenced by natural human inconsistency meaning there were several factors 

affecting the data variation. These factors could not be completely controlled and are 

defined as the: (i) force applied to break the pencil lead; (ii) angle of the pencil during 

the break; and (ii) length of pencil lead at breakage. The consistency of the data 

captured remained imperfect throughout the tests due to the influence of human 

involvement over an automated system. The average value of the parameters was 

therefore plotted to provide a general understanding of the results, which could then 

be interpreted and analysed alongside AEWin and NOESIS advanced data analysis 

pattern recognition software, where appropriate.      
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Figure 114   A summary of the amplitude, duration, counts, absolute energy, and peak frequency 

detected by the R50, WD and FOAES devices across three PLB locations from four CFRPs. 
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PLBs were also conducted across three break locations along the gauge length of the 

glass-fibre specimen. These were combined to demonstrate the sensitivity of the FOS 

compared with the piezo-electric devices. 

 

Sensor 190109-01 was secured to the GFRP and recorded data with around twice the 

duration of the PZT sensors. Due to the proximity of the PLBs and their high 

amplitude, the absolute energy recorded between sensor types was comparable. This 

was not replicated during tensile loading, however. The high counts and 

corresponding duration in the FOAES, highlighted the problems associated with 

manufacturing the sensor. High duration and therefore counts, were a consequence 

of limited damping on the FOAES, which would otherwise be assisted with the 

presence of a backing material. The FOAES required more time to return to its relaxed 

state after detecting a signal compared with the piezo-electric sensors. This damping 

was undesired and could be reduced by placing a soft media at the extreme ends of 

the capillary [30].    
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Figure 115   A summary of the amplitude, duration, counts, absolute energy, and peak frequency 

detected by the R50, WD and FOAES devices from a GFRP during PLB analysis. 
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5.2.5 Location Analysis 

Linear Location of Damage Modes using Benchmark AE Sensors 

Linear location analysis of the AE signals captured by the piezo-electric sensors was 

conducted by evaluating 2D histogram plots via AEWin by MISTRAS. The data 

reacted according to the event location along the composite. A plot of the location vs 

the number of events was calculated to determine the signal location along the plate-

like structure with a gauge length of 150 mm and sample width of 15 mm. The gauge 

length was adopted due to location analysis conducted between 0 and 150 mm. Both 

the R50 and WD piezo-electric AE sensors were positioned 10 mm from the end of the 

specimen. The following location parameters used for CFRPs are displayed in Figure 

116. The TOA technique calculated the wave velocity from PLBs and plotted it in 

mm/sec.  

 

 

 
   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 116   The general location setup and the sensor position, at the top and bottom of the figure, 

respectively, used during linear location analysis of the CFRPs. 

 

The same test methodology was used for the glass-fibre composite. AE signals were 

again recorded along the length of a plate-like structure with a gauge length of 150 

mm and width of 25 mm. Sensors were placed at the same x-position as on the CFRPs 
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and at the midpoint of the 25 mm width (Figure 117) owing to the ASTM specified 

width of cross-ply specimens tested under axial loading. The wave velocity was 

calculated from PLBs and changed accordingly for the general sensor setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 117   The general location setup and the sensor position, at the top and bottom of the figure, 

respectively, used during linear location analysis of the GFRP. 

 

 

 

The linear locations of the PLBs were determined using the PZT sensors prior to axial 

loading. These tests were conducted to better understand the influence of consistent 

coupling on the ability to capture AE signals effectively. Moreover, the tests gave an 

indication of the signals expected to be recorded by the FOAES from initial PLBs at 

defined locations. The signal detection was plotted alongside the corresponding break 

location and presented in Figure 118. The tests evaluated the device sensitivity to the 

waveforms, which aided in determining the quality of the coupling between sensor 

and substrate seeing as the fluctuation of AE sensitivity between devices was 

negligible. 

 

 



214 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 118   A sum of the AE signals captured during linear location analysis of the CFRPs from 

PLBs with a R50 and WD piezo-electric sensor at locations: (a) 1; (b) 2; and (c) 3.  

(a) 

(b) 

(c) 
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During analysis of the GFRP, PLBs were used to demonstrate the sensitivity across 

sensor types and to highlight the quality of manual coupling. The signals were 

assigned to either the R50 or WD piezo-electric sensor depending on the proximity of 

the event to each sensor. Figure 119 shows that the WD sensor was coupled more 

securely, which constituted in a higher sensitivity to AE signals. This was a 

consequence of a closer matching AI between material boundaries. Furthermore, the 

WD sensor has a greater sensitivity to wideband frequency events meaning it can 

generally detect more AE events.  

 

Figure 119   A sum of the AE signals captured during linear location analysis of the GFRP from 

PLBs with a R50 and WD piezo-electric sensor across three locations.  

 

Zonal Location of Damage Modes using FOAES and Benchmark AE Sensors 

PLBs were also utilised for zonal location analysis across both CFRPs and the GFRP 

to compare sensor types. A 2D histogram plot displayed the quantity of AE events for 

the FOAES and PZT devices, whose location was inputted manually for each 

specimen with specific coordinates. The location data was plotted according to Figure 

120 for the CFRPs and according to Figure 121 for the GFRP.  
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Figure 120   The sensor position used during zonal location analysis of the CFRPs.  

 

 

 

 

 

 

 

 

 

 

Figure 121   The sensor position used during zonal location analysis of the GFRP.  

 

 

Figure 122 displays the total number of AE signals captured from PLBs by all sensors 

across locations 1 - 3. The signals were categorised by sensor type depending on the 

proximity of the signal to the sensor. Location 3 showed a larger quantity of data 

captured at the FOAES, which was likely attributed to unwanted low-amplitude 

background noise being more easily detectable across short distances. The piezo-

electric sensors produced expected trends across break locations with a higher 

quantity of signals being recorded according to the respective closest break location. 

This was due to their higher sensitivity to low-energy events and advantages of a 
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backing material to assist with signal attenuation. The increased quantity of signals 

recorded by the PZTs at location 3 was attributed to a higher peak sensitivity of the 

resonant frequency sensor (62 dBAE) compared with the wideband device (56 dBAE). 

Furthermore, the weight of the R50 (32 grams) compared to the WD (20 grams) also 

likely influenced the device sensitivity due to the proportional relationship between 

pressure and sensitivity. Generally, the figure provides evidence again that the 

detection of AE signals with the FOAES is more limited on distance from the sensor 

compared with the piezo-electric AE sensors. Despite the two piezo-electric sensors 

exhibiting a similar trend, they were not as greatly affected as the FOAES.    

 

Figure 123 summarises all PLBs from the GFRP to demonstrate the sensitivity of the 

devices and their ability to effectively acquire signals across all break locations. The 

figure re-emphasizes the difficultly for the FOAES to record a large a quantity of AE 

signals compared with the piezo-electric sensors due to continued discrepancies in the 

sensor sensitivity, which have been discussed in chapter 4. Unlike the number of 

counts, the events category considers the number of unique signals that can be 

analysed. There is further work required to consider optimising the sensitivity of the 

FOAES as the piezo-electric sensors prevail in here. 
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Figure 122   A sum of the AE signals captured during zonal location analysis of the CFRPs from 

PLBs with a R50, WD and FOAES at locations: (a) 1; (b) 2; and (c) 3. 

 

 

 

 

 

 

 

 

 

 

Figure 123   A sum of the AE signals captured during zonal location analysis of the GFRP from 

PLBs with a R50 and WD piezo-electric sensor across all locations. 

(c) 

(b) (a) 
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138 
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5.3 FOAES and Benchmark AE Sensor Comparisons during Axial 

Loading 

5.3.1 Signal Arrival Time and Initial Data Capture 

 

Signal Arrival Time  

This section examines the typical waveforms captured by the piezo-electric and fibre-

optic sensors during tensile testing and evaluates the signal modes captured by them. 

It has been reported in [111], that distortion of the arrival signal may occur due to 

constructive and/or deconstructive interference arising from multiple waveforms. A 

recognisable distortion of the FOAES signal was observed by FOS 190204-01 (Figure 

124), 190205-04 and 190109-01 (Figure 125). Due to the early onset of damage in Sensor 

190204-02, it was not possible to accurately record signal disturbances from the 

interference of two wave modes at amplitudes beyond background noise. 

 
Figure 124   The first AE signal captured above background noise on CFRP Composite 190204-01. 

  

Figure 125   The first AE signal captured above background noise on GFRP Composite 190109-01. 
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The FOAES and R50 sensor both displayed a similar distortion up to a signal duration 

of 100 µs for the first signal beyond noise according to Figure 124. A signal distortion 

between the arrival of the symmetric (S0) and anti-symmetric (A0) modes is more 

prominent in the glass-fibre composite according to Figure 125. A signal distortion 

was observed at approximately 30 µs for Composite 190204-01 and 40 µs for 

Composite 190109-01. This distortion was attributed to the origin of interference 

between neighbouring AE events and to the arrival times of the symmetrical and anti-

symmetrical modes. These two modes naturally oscillate with unequal propagation 

constants and develop a phase difference between them, as a result [151]. 

 

Lamb waves are formed from an AE event and made up of both (S0) and (A0) modes, 

which acknowledge a displacement parallel and perpendicular to the wave 

propagation, accordingly [104]. As such, the symmetric mode generally arrives at the 

sensor first. Despite the lower group velocity, the wavelength of the A0 mode is small 

compared to the S0 mode at low frequencies and thus exhibits a higher sensitivity to 

smaller substrate defects.  

 

It has been reported that the sensitivity of an AE sensor to the S0 and A0 modes 

depends on the propagation of the actuator and whether it is in or out of phase (Figure 

126) [100]. 

 

 
Figure 126   In phase voltage excitation and out of phase voltage excitation in the left and right of 

the figure, respectively. (source: [100]). 
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Distortion to the signal recorded by the WD piezo-electric sensor from the initial AE 

signal is displayed in Figure 127, as a consequence of signal saturation.  

Figure 127   An AE event captured on Composite 190204-01 with comparisons between AE sensors. 

A signal duration of 80 µs and 160 µs were recorded for the FOAES and PZTs, respectively. 

 

The R50 piezo-electric sensor captured the event first according to the AEWin 

software. This was followed by the FOAES and then WD piezo-electric. The FOAES 

amplitude response was concentrated towards the higher frequencies studied in this 

investigation (250 - 500 kHz). The R50 piezo-electric sensor was responsive across the 

entire 500 kHz range, whilst the WD piezo-electric was most sensitive around the 

centre of the studied range and peaked at 239 kHz. The FOAES and WD piezo-electric 

sensors showed a signal distortion at around 20 µs and 70 µs, respectively. The FOS 

could once again identify the arrival of the (S0) and (A0) modes independently, which 

is evident from the distortion of the signal at the time intervals. The waveforms 

displayed in Figure 128 were captured from a single event via Sensor 190205-04. The 

event was captured first by the R50 PZT, then the FOAES and finally WD PZT.  
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Figure 128   An AE event captured on Composite 190205-04 with comparisons between AE sensors 

to demonstrate signal distortion.  

 

The increased magnification of the waveforms in the bottom row of Figure 128 

compared with the top row, highlighted the difference between the rate at which the 

sensors captured the data. The sample rate for both piezo-electric and fibre-optic 

sensors was identical despite the waveforms concluding that the FOAES displayed a 

lower capture rate. Further work is required to match the capture rate of the sensors. 

For the single event displayed in Figure 128, a signal distortion between 20 µs and 30 

µs was particularly noticeable on the FOAES where a rapid decrease in amplitude 

(highlighted in the figure) indicated the interference of the symmetric (S0) and anti-

symmetric (A0) modes. This was also visible in the PZT data with a sudden change to 

the signal amplitude and frequency (highlighted in the figure). The FFT data of the 

event were recorded and are displayed in Figure 129. The data was extracted from 

that captured on Composite 190205-04 at a test time of 183 seconds. The R50 sensor 

peaked at 164.9 kHz compared to the 265.7 kHz peak of the FOAES and 411.5 kHz 

peak of the WD sensor.  
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Figure 129   The fast Fourier transform of a single event captured by Sensor 190205-04, displaying 

the influence of the (𝐒𝟎) and (𝐀𝟎) modes on the distortion of the signal waveform. 

 

The relevant FOAES data corresponded to an event with an amplitude of 86 dBAE. At 

a test time of 41 % of the failure time (~450 seconds) for the FOAES, such signal 

parameters are evidence of delamination in addition to fibre breakages. As such, a 

wide frequency spectrum was expected. The WD sensor was able to record various 

damage modes in this single event and, despite not peaking at the same frequency as 

the WD sensor, the FOAES also recorded data successfully across a wide frequency 

range. There was evidence of a correlation between some of the signal spikes of the 

FOAES and the WD sensor, such as around 250 kHz. The R50 device was more limited 

in its signal detection because of its narrow band resonant frequency. The low 
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amplitude of the first signal detected in Figure 128 for the R50 device, corresponds 

with the low sensitivity of high frequency data compared to the other sensors. This 

also provides evidence that this AE signal emanates from high amplitude/frequency 

delamination and fibre breakages. 

 

Initial Data Capture  

The time when the sensors first recorded AE data was compared across devices to 

determine the FOS and PZT sensitivity. A threshold of 55 dBAE was employed to 

minimise low-amplitude background noise, which increased during tensile loading. 

The time of the first hit detected by the FOAES prior to a threshold cap was attributed 

to the noise. The noise was also recorded at higher amplitudes for Sensor 190204-02 

and is displayed as a skewed FOAES frequency trace in the following section. The first 

event relating to an AE signal beyond noise is thus displayed for this sensor irrelevant 

of the threshold. This threshold increased as the taper length of the sensor also 

increased due to the tensile loading. Although the noise varied between tests, the 55 

dBAE threshold made the evaluation of the signal arrival times easier to the operator. 

The sensitivity of the FOS was low compared to the PZTs, which was attributed to 

signal attenuation and low-energy signals released during damage evolution [111]. As 

the quantity of recorded damage modes became more common when closer to the 

FOAES, AE signals became more attenuated and therefore more easily detectable. By 

implementing a 55 dBAE threshold, a low frequency AE event was recorded from both 

sensor types with a range of 65 - 167 kHz. The signal parameters were analysed, with 

conclusions indicating that matrix cracking was the prominent damage mode for the 

PZTs. The fibre-optic Sensor 190205-04 recorded its signal before the piezo-electric, 

which was attributed to noise from a low frequency, low amplitude and long duration 

signal. Axial loading was a significant contribution to this signal as the PZTs did not 

suffer a SNR fluctuation early in the loading process. The data has highlighted a 

disadvantage with using brittle components during SHM.  



225 | P a g e  
 

Composite 190204-01 

 

R50 

Time (s) 47.04 

Abs. Energy 13968 

Amplitude (dBAE) 65 

Counts (counts) 74 

Duration (µs) 789 

Peak Frequency (kHz) 174 

Risetime (µs) 97 

 

 

 

WD 

Time (s) 38.99 

Abs. Energy 548 

Amplitude (dBAE) 58 

Counts (counts) 13 

Duration (µs) 76 

Peak Frequency (kHz) 111 

Risetime (µs) 5 

 

 

 

 

FOAES 

Time (s) 83.39 

Abs. Energy 447582 

Amplitude (dBAE) 82 

Counts (counts) 266 

Duration (µs) 3947 

Peak Frequency (kHz) 77 

Risetime (µs) 31 
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Composite 190204-02 

 

R50 

Time (s) 102.55 

Abs. Energy 1264101 

Amplitude (dBAE) 89 

Counts (counts) 122 

Duration (µs) 1642 

Peak Frequency (kHz) 228 

Risetime (µs) 45 

 

 

 

WD 

Time (s) 102.55 

Abs. Energy 789 

Amplitude (dBAE) 60 

Counts (counts) 13 

Duration (µs) 102 

Peak Frequency (kHz) 169 

Risetime (µs) 1 

 

 

 

 

FOAES 

Time (s) 162.71 

Abs. Energy 323865 

Amplitude (dBAE) 90 

Counts (counts) 7 

Duration (µs) 518 

Peak Frequency (kHz) 23 

Risetime (µs) 390 
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Composite 190205-04 

 

R50 

Time (s) 138.64 

Abs. Energy 1771 

Amplitude (dBAE) 57 

Counts (counts) 33 

Duration (µs) 382 

Peak Frequency (kHz) 167 

Risetime (µs) 76 

 

 

 

WD 

Time (s) 101.35 

Abs. Energy 1177 

Amplitude (dBAE) 57 

Counts (counts) 17 

Duration (µs) 312 

Peak Frequency (kHz) 94 

Risetime (µs) 56 

 

 

 

 

FOAES 

Time (s) 79.73 

Abs. Energy 5085 

Amplitude (dBAE) 59 

Counts (counts) 75 

Duration (µs) 2521 

Peak Frequency (kHz) 65 

Risetime (µs) 18 
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Composite 190109-01 

 

R50 

Time (s) 77.10 

Abs. Energy 2578 

Amplitude (dBAE) 56 

Counts (counts) 20 

Duration (µs) 130 

Peak Frequency (kHz) 161 

Risetime (µs) 41 

 

 

 

WD 

Time (s) 72.72 

Abs. Energy 255 

Amplitude (dBAE) 60 

Counts (counts) 9 

Duration (µs) 32 

Peak Frequency (kHz) 429 

Risetime (µs) 6 

 

 

 

 

FOAES 

Time (s) 156.55 

Abs. Energy 67252 

Amplitude (dBAE) 76 

Counts (counts) 232 

Duration (µs) 1711 

Peak Frequency (kHz) 292 

Risetime (µs) 81 
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The piezo-electric sensors recorded clearly defined AE signals before the FOAES, 

which were easily credited to various damage modes including matrix cracking, 

delamination, and fibre breaks. Moreover, the initial events detected by the high-

sensitivity PZTs occurred where the force/time curve straightened according to Figure 

130, location 1 and 2. It was here that the composite had reached its elastic limit. Stress 

beyond this limit causes a material to yield. The first AE events were recorded after 

the sample was fully flexed and thus subjected to a uniform elongation across its 

surface. Similarly, the PZT devices attached to Composite 190204-02 and Composite 

190205-04 recorded data after the elastic limit had been reached. FOAES data captured 

before this was concluded to originate from axial loading in the sensor itself, which 

contributed to a fluctuation in SNR and increased background noise.   

 

 

Figure 130   The initial 200 seconds of the force/time graph for Composite 190204-01.  

Highlighted locations 1, 2 and 3 represent where the first AE event was 

recorded for the R50, WD and FOAES, respectively. 
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5.3.2 Noise Variation and Quantity of Hits 

 

FOS noise was captured at an increasing rate throughout the loading cycle due to a 

fluctuating SNR. An appropriate threshold to minimise excess background noise 

could not be established as a result. The elongation of the FOAES resulted in a 

variation of the sensor optical properties. The acousto-optic effect is a specific detail 

of the photo-elastic effect and is defined by how a mechanical deformation alters the 

optical properties of a material. As such, the optical properties of the fibres change 

when subjected to an acoustic wave [185]. The sensor tapered region increased during 

elongation as the diameter of the sensor decreased, varying the SNR accordingly. This 

meant that AE signals were captured from the fibres themselves rather than from 

damage initiated in the composite. Determining the source of noise-related low-

amplitude AE signals was therefore difficult. The signals with a corresponding colour 

map are displayed in the following figures. 

 

Figure 131 provides an overview of the total number of AE signals recorded by the 

FOAES during tensile loading. The FOAES mounted to Composite 190204-01 (Figure 

131, a) recorded the most AE signals of all CFRPs. The FOS mounted to Composite 

190109-01 (Figure 131, d) demonstrated that a higher volume of signals could be 

recorded on materials with a lower tensile strength if manufactured from glass fibres. 

Sensor 190204-02 (Figure 131, b) captured the fewest data, which mostly corresponded 

to background noise.  
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Figure 131   AE signals recorded by the FOAES during tensile loading from device: (a) 190204-01; 

(b) 190204-02; (c) 190205-04; and (d) 190109-01. Sensor threshold was 49 𝒅𝑩𝑨𝑬, 45 𝒅𝑩𝑨𝑬, 48 𝒅𝑩𝑨𝑬 and 

45 𝒅𝑩𝑨𝑬 for the sensors in a – d, respectively. 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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5.3.3 Location Analysis 

 

Linear Location of Damage Modes Using Benchmark Sensors 

For most axially loaded specimens, the R50 device exhibited a higher sensitivity to AE 

signals according to Figures 132 - 135. The sensitivity variation between PZT devices 

was negligible. As a result, Composite 190204-02 was an outlier to this hypothesis due 

to inconsistent coupling from the manual application of the coupling media. It has 

been reported that a thinner couplant increases the efficiency of wave transfer through 

the media [85]. Despite this, the sensors were able to successfully record AE signals 

with comparable frequency traces across all data sets. The FOAES attached to 

Composite 190205-03 failed to record any data during tensile loading, however, due 

to the presence of high amplitude noise that was initiated during the early stages of 

the loading process. Therefore, from the four FOAES and carbon-fibre composites 

consolidated, only three could be effectively analysed without the overwhelming 

noise signals. Additionally, one glass-fibre composite was tested. A 45 dBAE threshold 

was sufficient to remove low-amplitude background noise from the sensors during 

the investigations.  

Composite 190204-01 

  

 

 

 

 

 

 

 

 

 

Figure 132   Linear location analysis during tensile loading of CFRP Composite 190204-01 

displaying the: (a) comparison of signals recorded by R50 and WD PZTs; and (b) signal location 

recorded by R50 and WD PZTs. 

(b) (a) 
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Composite 190204-02  

   

 

 

 

 

 

 

 

 

 

Figure 133   Linear location analysis during tensile loading of CFRP Composite 190204-02 

displaying the: (a) comparison of signals recorded by R50 and WD PZTs; and (b) signal location 

recorded by R50 and WD PZTs. 

 

 

Composite 190205-04  

 

 

 

 

 

 

 

 

 

 

Figure 134   Linear location analysis during tensile loading of CFRP Composite 190205-04 

displaying the: (a) comparison of signals recorded by R50 and WD PZTs; and (b) signal location 

recorded by R50 and WD PZTs. 

 

 

(b) (a) 

(b) (a) 
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Composite 190109-01 

  

 

 

 

 

 

 

 

 

 

Figure 135   Linear location analysis during tensile loading of CFRP Composite 190109-01 

displaying the: (a) comparison of signals recorded by R50 and WD PZTs; and (b) signal location 

recorded by R50 and WD PZTs. 

 

Zonal Location of Damage Modes using Benchmark AE Sensors and FOAES 

Four unidirectional CFRPs and a single GFRP were strained under axial loading up to 

FOAES failure. That is, the load point at which no additional AE data could be 

recorded. Prior to loading, a 55 dBAE threshold was applied to the data to evaluate the 

consequence of low-energy noise between 45 and 55 dBAE. Figures 136 - 139 display 

the total number of AE signals detected by the sensors during axial loading with a 45 

dBAE threshold and 55 dBAE noise-reducing threshold applied. The data is displayed 

up to FOAES failure with most detected events being a consequence of low-energy 

noise. Sensor 190205-03 was unable to record any events due to early on-set fibre 

damage meaning analysis on this device was discounted thereafter. With the lower 

threshold applied, FOAES 190204-01 and 190109-01 recorded the most data 

constituting actual AE analysis. FOAES 190204-01 recorded nearly 5-times as many 

AE signals as the WD PZT and over 10-times as many as the R50 PZT. The addition of 

the 55 dBAE threshold demonstrated comparative results between sensors. This 

phenomenon was amplified for FOAES 190204-02 and 190205-04, where most signals 

(b) (a) 
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were recorded below the 55 dBAE threshold. The GFRP produced more AE signals at 

lower strains compared with the CFRPs. Composite 190109-01 (Figure 139) 

demonstrated that the FOAES struggled to record an acceptable quantity of signals in 

a short time. It is believed that this was a consequence of the FOAES returning to its 

relaxed state after being excited by an AE signal, as has been discussed in Section 5.2.4. 

 

Composite 190204-01 

 

 

 

 

 

 

 

 

Figure 136   A sum of the AE signals recorded up to sensor fail during axial loading CFRP 

Composite 190204-01 with a threshold of: (a) 45 𝒅𝑩𝑨𝑬; and (b) noise-minimising 55 𝒅𝑩𝑨𝑬. 

 

Composite 190204-02 

 

 

 

 

 

 

 

 

Figure 137   A sum of the AE signals recorded up to FOS fail during axial loading CFRP Composite 

190204-02 with a threshold of: (a) 45 𝒅𝑩𝑨𝑬; and (b) noise-minimising 55 𝒅𝑩𝑨𝑬. 
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Composite 190205-04 

 

 

 

 

 

 

 

 

 

Figure 138   A sum of the AE signals recorded up to sensor fail during axial loading CFRP 

Composite 190205-04 with a threshold of: (a) 45 𝒅𝑩𝑨𝑬; and (b) noise-minimising 55 𝒅𝑩𝑨𝑬. 

 

 

Composite 190109-01 

 

 

 

 

 

 

 

 

 

Figure 139   A sum of the AE signals recorded up to sensor fail during axial loading GFRP 

Composite 190109-01 with a threshold of: (a) 45 𝒅𝑩𝑨𝑬; and (b) noise-minimising 55 𝒅𝑩𝑨𝑬. 
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Activity plots for the R50, WD and FOAES are displayed in Figure 140 to highlight 

the signal amplitude against time recorded during axial loading of Composite 190204-

01. Highlighted in both the activity plot and relevant bar-charts, the piezo-electric 

sensors were less susceptible to variations caused by external parameters, including 

that of background noise. Whereas the FOAES recorded significantly more low-

amplitude noise. The coupling adhesive increased the SNR of the FOAES due to its AI 

but also restricted the expansion of the sensor at high strains. An increasing strain 

applied to the FOAES during loading led to an extension of the taper length at its 

sensing region. The excess strain preceded to decrease the sensor SNR with a 

corresponding increase to the AEWin amplitude highlighted on the activity plots 

(Figure 140, c). This is explored further in the following sections of this study.  
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Figure 140   A screenshot of the AEWin software from Composite 190204-01, highlighting the 

signal amplitude versus time recorded during axial loading of the: (a) R50 PZT; (b) WD PZT; and 

(c) FOAES. 
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5.3.4 Amplitude and Frequency Distribution during Axial Loading 

 

Amplitude-Distribution Plots 

Log-sum amplitude-distribution plots are displayed in Figure 141 below and 

represent the amplitude activity against recorded signals.  

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 141   Log-sum amplitude-distribution plots recorded during tensile loading of composites: 

(a) 190204-01; (b) 190204-02; (c) 190205-04; and (d) 190109-01. The WD, R50 and FOAES are 

displayed up to FOS failure.   

 

The activity slope directly obtained from the amplitude-distribution plots represents 

the “b-value”, which is the evaluation of different failure processes occurring during 

tensile tests. The x-axis on Figure 141 represents the range of each sensor’s amplitude 

(a) (b) 

(c) (d) 
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set by the threshold, which in this case was 45 - 99 dBAE. The FOAES trace from 

Composite 190204-01 adhered to a similar trend to the PZTs, whereas the FOAES 

mounted on Composites 190204-02 and 190205-04 were skewed due to early onset 

damage initiated by capillary cracking and fibre damage. According to Figure 141b 

and 141c, most of the FOAES data were recorded below 55 dBAE, which indicated 

damage initiation. The slope results in a failure process with a high b-value. The 

change in slope gradient indicates that different physical processes had occurred prior 

to failure load. Figure 141a and 141b indicate a different failure process with a lower 

b-value above 85 dBAE. Beyond 60 dBAE, the AE signals were predominantly caused 

by fibre fracture, delamination, and matrix cracking. Although the higher amplitude 

signals within this range were a consequence of fibre bundles fracturing. Moreover, 

the number of detected AE signals was greatest along the fibre axis at 0 degrees, which 

was also observed during tensile loading of three-ply unidirectional CFRPs in [186]. 

 

Figure 141d shows the amplitude distribution of the sensor mounted to the cross-ply 

GFRP. Compared with carbon-fibre Composite 190204-02 and 190205-04, Composite 

190109-01 recorded a lower quantity of signals from the FOS attributing to 

background noise. Thin layered cross-ply specimens are more susceptible to low-

amplitude cracking and splitting over unidirectional composites. As such, the FOS 

attached to the GFRP exhibited a lower amplitude response to AE signals during 

loading. The extreme response to low-amplitude signals from the CFRPs was a 

consequence of sensor noise. By comparison, the PZTs were less susceptible to the 

noise on the CFRPs due to the presence of the backing material meaning that they 

could more quickly return to their relaxed state after recording a signal. The most 

promising FOS data was recorded in Figure 141, a and 141, d, which showed the 

lowest noise response.  

 

A summary of the amplitude distribution plots across the CFRPs is presented in Table 

30. The data shows that most of the signals detected by all sensors were in the low 
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amplitude range. For the piezo-electric sensors, this resembled matrix cracking. For 

the FOAES, it was attributed to background noise. This was because despite removing 

pre-load noise using a software threshold, as the FOAES was subjected to lateral 

tension, the background noise increased due to stretching and fibre damage. Reducing 

the influence of background noise on the recorded data may be achieved in future 

work by replacing the hard araldite couplant with a material of lower elasticity such 

as vacuum grease. The fewest quantity of hits was in the highest range of 90 - 99 dBAE, 

which corresponded to fibre breakages. The high-frequency nature of these signals 

meant they were difficult to capture compared with lower frequency signals. 

 

Table 30   A table summarising the amplitude distribution of AE signals recorded by the FOAES 

and PZTs. R50 and WD correspond to the piezo-electric reference sensors of the same name. 

Amplitude 

Range (𝐝𝐁𝐀𝐄) 

Composite 190204-01 Composite 190205-04 Composite 190205-04 Composite 190109-01 

FOAES R50 WD FOAES R50 WD FOAES R50 WD FOAES R50 WD 

40 - 49 942 28 114 7210 419 311 22106 608 390 319 5252 5233 

50 - 59 27 29 78 1455 297 233 1357 140 95 263 3506 4130 

60 - 69 10 18 30 3 88 67 3 24 19 119 893 969 

70 - 79 10 14 22 2 20 26 1 12 12 23 309 346 

80 - 89 7 5 4 2 5 5 5 8 2 1 200 199 

90 - 99 9 6 12 0 6 9 3 9 6 0 185 160 

Total 1005 100 260 8672 835 651 23475 801 524 725 10345 11037 

 

Centroid Frequency Plots 

Centroid frequency examines the centre of mass of the power spectrum graph across 

multiple tests. The parameter is a real-time frequency derived feature and is calculated 

from performing a real-time FFT and carrying out the following calculation on each 

FFT element: 

 SUM(magnitude ∗ frequency) / SUM (magnitude) (40) 

 

These plots displayed the amplitude vs time vs frequency of all FOAES signals 

recorded up to sensor failure. There are numerous frequency bands evident from the 
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plots as low-frequency signals make up a significant portion of the data. Most centroid 

frequency signals were recorded between 400 and 500 kHz as the least were captured 

under 25 kHz. FOAES 190204-02 and 190205-04 were not analysed for their centroid 

frequency due to the presence of unwanted noise. Instead, FOAES 190204-01 (Figure 

142) and FOAES 190109-01 (Figure 143) were analysed in this section. 

 

Figure 142   A screenshot from Noesis software displaying centroid frequency as a function of  

signal amplitude and test time for FOAES 190204-01. 

 

Noesis analysis software evaluated the centroid frequency of all FOAES signals 

recorded up to sensor fail on Composite 190204-01. The frequency data was grouped 

by 256 colours into four distinct frequency bands. Much of this data was in the highest 

frequency band (>325 kHz) with a low amplitude (55 - 75 dBAE). Background noise 

was a prominent unwanted feature recorded by FOAES 190204-01 according to Figure 

142 [A], which was the cause of this low-frequency data being low-amplitude (instead 

of an expected corresponding high-amplitude). These signals demonstrated a low-

frequency content due to the difficulty associated with their successful detection by 

the sensors. Other events however, (Figure 142 [D]), showed a low-amplitude and 

high-frequency content that was proposed to originate both from fibre debris within 
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the composite and from capillary cracking whilst the specimen was stressed under 

axial loading. It has also been suggested in [113], that the breaking of single bridged 

fibres offered a negligible contribution to the final amplitude data. 

 

FOAES 190109-01 demonstrated a low signal noise by comparison, which 

demonstrated an expected inversely proportional relationship between centroid 

frequency and amplitude (Figure 143), that corresponded to data from literature [111]. 

 

 

Figure 143   A screenshot from Noesis software displaying centroid frequency as a function of  

signal amplitude and test time for FOS 190109-01. 

 

 

High amplitude signals (above 85 dBAE) as those associated with region [B] of Figure 

142 and region [A] of Figure 143 were mostly dominated by the lower frequencies (140 

- 280 kHz). It has been proposed that signals with dominant frequencies of 180 - 250 

kHz were associated with fibre pull-out [94] and signals with a frequency content of 

150 - 350 kHz were the consequence of debonding in the fibre/matrix [187]. Burns et al 

[111], reported that mid-range frequency signals were attributed to fibre bundle pull-
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out and the generation of load bearing bridges across an open crack within the 

composite.  

 

Time-frequency representations (TFR) of a discrete continuous wavelet segment 

recorded by the FOAES are plotted in the following figures. As the CWT (continuous 

wavelet transform) function utilises a logarithmic axis, the dominant frequency is 

plotted on a logarithmic axis. The data describes the frequency centroid of FOAES 

data from Sensor 190204-01 and Sensor 190109-01. That is, data with a high amplitude 

exhibit a low frequency centroid whilst data with lower amplitudes (except for 

background noise) will generally exhibit a higher frequency centroid. This 

relationship has also been discussed in [111].    

 

A low-amplitude and high-frequency event recorded by FOAES 190204-01 

representing that of region [B] from Figure 142 is provided in Figure 144. The 

dominant frequency of the signal was approximately 450 kHz. By comparison, a 

continuous wavelet segment of a high-amplitude and low-frequency trace of an AE 

signal from Sensor 190109-01 was plotted in Figure 145. The signal resembled one of 

region [A] from Figure 143. The figures show that low amplitude signals with a high 

frequency content were prominent in the early stages of the tests and represented 

single bridged fibres breaking. High amplitude signals with a low frequency content 

were representative of delamination in the composites, which was a common damage 

mode observed at higher loads and later times in the test. 
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Figure 144   A typical discrete waveform and continuous wavelet transform for a low-amplitude, 

high-frequency signal recorded under axial loading by FOAES 190204-01. 

 

 

 

 

 

 

 

 

 

 

 

Figure 145   A typical discrete waveform and continuous wavelet transform for a high-amplitude, 

low-frequency signal recorded under axial loading by FOAES 190109-01. 

 

 

 

 

 

 

 

 

 

 

 



246 | P a g e  
 

5.3.5 Assessment of Device Sensitivity with Various AE Parameters 

 

The data represented by Figures 146 - 150 show the key AE parameters recorded by 

the signals during tensile loading, which evaluate damage progression through the 

composites whilst comparing sensor types. The parameters analysed were: (i) 

amplitude; (ii) device counts; (iii) duration; (iv) absolute energy; and (v) peak 

frequency.  

 

The amplitude was studied as it provided the maximum AE signal propagation 

during an AE hit and can be used to categorise various damage modes. This is also 

true of the absolute energy and peak frequency. The absolute energy was used in this 

study to describe the true energy of an AE hit and give an indication to both the type 

of damage mode detected and the distance of the source from the sensors. The peak 

frequency of AE signals has been studied relentlessly [94-96] and alongside the 

amplitude and absolute energy. It is used to determine the type and location of a 

damage mechanism in a composite material. The duration parameter defines the time 

of the AE signal from when the threshold amplitude is exceeded to when the signal 

returns to below the threshold. It is a useful parameter in this study as signals with 

longer durations and thus longer attenuations are associated with specific damage 

modes such as interfacial debonding, matrix cracking and delamination. The shortest 

durations recorded during axial loading tests are associated with reinforcement fibres 

breaking. The device counts are recorded for two purposes. They allow a comparison 

to be made between sensor types to determine whether the FOAES or PZT sensors are 

more successful at recording signals of defined amplitude. The device counts are also 

studied to determine whether FOAES and PZT devices follow expected trends set out 

by literature. That is, as higher amplitude signals are more prominent with increased 

loading, the sensors are expected to show an increase to their counts with time. These 

parameters are assessed in the next figures and discussed in detail to compare FOAES 

with piezo-electric AE sensors.          
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Data was plotted up to FOAES fail, which was at a time of 364 seconds, 719 seconds, 

450 seconds, and 348 seconds for Sensors 190204-01, 190204-02, 190205-04 and 190109-

01, respectively. The failure strain was approximately 0.6 % for Sensor 190204-01 and 

190205-04. An initial threshold of 45 dBAE was adopted across all tests but later 

increased to 55 dBAE to evaluate the influence of low-amplitude background noise. A 

trend line was plotted on top of the data to highlight the impact of axial strain on each 

parameter.  

Amplitude 

 

  

Figure 146   Amplitude vs time graphs for four composites under tensile loading comparing  

the data of FOAES and piezo-electric AE sensors.   
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Counts 

  

 

 

Figure 147   Counts vs time graphs for four composites under tensile loading comparing  

the data of FOAES and piezo-electric AE sensors.  
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Duration 

 

 

 

Figure 148   Duration vs time graphs for four composites under tensile loading comparing  

the data of FOAES and piezo-electric AE sensors.  
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Absolute Energy 

 

 
Figure 149   Absolute Energy vs time graphs for four composites under tensile loading comparing  

the data of FOAES and piezo-electric AE sensors.  
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Peak Frequency 

 

 
 Figure 150   Peak Frequency vs time graphs for four composites under tensile loading comparing  

the data of FOAES and piezo-electric AE sensors.  
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It has been reported in [18], that the sensitivity of a FOAES manufactured from a fused 

tapered coupler was 0.56 Vmbarˉ¹, whilst the sensitivity of an R15 piezo-electric sensor 

was calculated as 0.74 Vmbarˉ¹. These statistics have thus given rise to an increased 

sensitivity for the piezo-electric sensors. 

 

The amplitude data of Composite 190204-01 was comparable across all sensors as a 

proportional relationship was demonstrated against axial load. Although the FOAES 

captured data with a lower absolute energy, the devices were able to distinguish 

between damage modes successfully. As axial strain is increased, the damage modes 

become more suggestive of fibre breakages, adopting signals of a lower duration, 

higher amplitude, and higher frequency. The duration data was comparable to a 

previous study [30], which suggested that the FOAES duration decreased and the 

piezo-electric duration increased towards higher loads when tested using PLBs. In the 

report, the amplitude of a surface mounted FOAES decreased with increasing strain, 

which demonstrated excessive sensor damage. However, the opposite was true in this 

study since increasing amplitude represented true damage modes from delamination 

and fibre-cracking rather than simulated emission.  

 

Another report focused on comparing the FOAES and piezo-electric sensors [111], 

with the PZTs recording three-times as many AE signals than the FOAES during 

tensile loading. The counts collected in the report demonstrated a similar trend to this 

study, whilst the absolute energy was around x10² lower for the FOAES compared 

with the PZTs. By comparison, the absolute energy was around x10³ lower for the 

FOAES here, showing a strong correlation to data presented in [30] and [111].  

 

There were significantly more counts recorded by the PZTs over the FOAES on 

Composite 190204-01, which was attributed to the FOAES potentially recording fewer 

counts at higher strains as it overcomes initial background noise related to sensor 

stretching. The duration of Composite 190204-01 progressively decreased suggesting 



253 | P a g e  
 

minimal noise was recorded from the FOAES at higher loads. Increasing peak 

frequency equated to damage modes associated with higher frequencies occurring at 

higher strains, which is evidence of fibre breaking. Lower piezo-electric sensor 

frequencies in comparison were thought to originate from fibres breaking closer to the 

FOAES at the midpoint along the gauge length. The higher sensitivity of the WD 

compared to the R50 at higher frequencies (>400 kHz) had little effect on the 

corresponding frequency. Both piezo-electric sensors displayed an average frequency 

of around 200 kHz throughout testing on this composite. Although the absolute 

energy of the FOAES was low compared to the piezo-electric sensors, the result was 

once again representative of [30].  

 

Data corresponding to the peak frequency in FOAES 190109-01 appeared to be more 

prolific in this GFRP than from the carbon-fibre samples owing to the nature of the 

material, despite the range of data being limited. It has been previously reported that 

the frequency range of carbon-fibre epoxy composites is greater than glass-fibre epoxy 

composites [188].  

 

The influence of the noise from Sensor 190204-02 demonstrates a low amplitude 

towards the start of the tensile load with a corresponding high frequency (Figures 146 

and 150). Sensors 190204-01 and 190109-01 follow the expected trend line with the 

average signal frequency increasing with time as higher strain damage modes emitted 

higher frequencies. The difficulty associated with monitoring FOAES signals surface 

mounted to Composite 190204-02 was thought to originate from the sensor being slack 

until it became taut with increased tensile load. The device was thus unable to 

efficiently record data during early loads. It was previously reported in [30], that for 

embedded tests, the duration and counts remain stable for the PZTs but decrease for 

the FOAES. This was prominent with Composite 190204-01 but not with Composite 

190205-04 due to the influence of background noise. Numerous low-amplitude signals 

towards the beginning of the Sensor 190204-02 loading cycle were attributed to sensor 
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breaking and therefore increased noise. The FOAES showed a reduced response 

across all parameters on this composite compared with other specimens. However, 

the device was able to distinguish between damage modes until sensor failure at 

around 1.3 % strain. This was double the failure strain of other FOAES sensors, which 

was likely due to the initial fibre tension during manufacture. According to [30], 

counts are expected to increase with tensile load. This was only valid for Sensor 

190205-04, which was likely due to the coupling efficiency influencing the PZT data. 

This was also credited to an inverted trend from Sensor 190205-04 in Figure 147 and 

increased noise towards the end of the test, which was attributed to FOAES breaking 

under loading. Sensor 190205-04 displayed various signals with a long duration and 

high amplitude, which was evidence of delamination occurring near the FOAES. 

During the early stages of the loading, the data corresponded to low-amplitude noise. 

The inverted piezo-electric sensor peak frequency trace from the same test was from 

more signals captured at higher strains. Damage modes associated with higher strains 

such as fibre breakages often exhibit traces with higher frequencies. The coupling 

efficiency also influenced the FOAES trend line. The increasing FOAES duration was 

evidence of increased sensor damage as the higher strains are often affiliated with low 

duration. Furthermore, the counts likely increased (Figure 147) due to an increased 

sensitivity by an increased absolute energy (Figure 149) as the device was stretched to 

its optimum sensing length before failure.  

 

Four FOAES have therefore been demonstrated with various characteristics across 

two material types. Sensor 190204-01 is optimised to follow the trend of the piezo-

electric AE sensors, whilst Sensor 190204-02 exhibited significant sensor damage prior 

to high tensile loads, meaning a reduced sensitivity. Sensor 190205-04 showed low 

sensitivity towards the beginning of the test but reached its optimal sensing potential 

at higher strains as the amplitude, counts and absolute energy all increased in line 

with the typical damage modes recorded at these strains. Sensor 190109-01 has 

demonstrated a stable amplitude and absolute energy response to AE signals 
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throughout loading. The counts and signal duration from Sensor 190109-01 decreased 

during loading – a consequence of shorter duration signals including sharply rising 

and attenuating fibre breaks at higher tensile strains. The glass-fibre specimen was 

able to record more AE signals for all sensors due to a cross-ply stacking sequence 

being prone to greater low-amplitude damage modes. Cross-ply glass specimens will 

also tend to fail at lower strains.  

 

5.3.6 Cumulative AE Events 

 

The cumulative events on the CFRPs were recorded across the different sensor types 

(Figures 151 - 158). The FOAES recorded fewer AE signals than the piezo-electric 

sensors. The quantity of events captured by the FOAES could be increased by 

optimising the sensitivity of the device. Options for this are later discussed in this 

study. For Sensor 190204-02 and Sensor 190205-04, the excess data from the FOAES 

was an indication of an increasing sensitivity to low-amplitude background noise due 

to a variable SNR. Sensor 190204-01 showed that very few additional signals occurred 

beyond the peak of the cumulative counts (300 - 400 secs). This was approximately 145 

secs and 400 secs for Sensor 190204-02 and Sensor 190205-04, respectively. Each of the 

cumulative data set used 200 bins, which demonstrates the significantly larger 

quantity of events captured during tensile loading of the glass-fibre specimen (Figure 

157 - 158).  

 

Figures 151 - 158 have displayed the cumulative counts and absolute energy up to 

FOAES fail. The cumulative data was also reported in [30], which showed comparable 

results to those recorded in this study for surface mounted FOAES and PZTs. It was 

discovered that the maximum absolute energy was around 10 times less for the 

FOAES compared with the piezo-electric AE sensors. The cumulative number of 

events were also comparable between sensors.  
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Burns related the absolute energy and counts of two piezo-electric AE sensors to a 

FOAES [111]. Several “knee” points in the curves indicated a change in the failure 

process and the subsequent onset of specimen failure. This is represented in this study 

with markings along the curves in Figure 130. The FOAES from Composite 190204-02 

exhibited an extensive contribution of AE signals from background noise compared 

with the other sensors. The noise combined unwarranted signal counts to a rapid and 

unrealistic absolute energy increase. The data representing the absolute energy were 

collected and calculated for digitised signals described by the following equation [30]: 

 

 E = (
Δt

R
) . ƩiVi

2 (t) (41) 

 

Where Δt is the sample width in seconds, R is the resistance in Ohms, 𝑉𝑖(𝑡) is the 

sample amplitude in Volts, and the summation is carried out over the length of the 

signal in seconds. This process was automatically performed on the Mistras AE 

system.  

 

The FOAES successfully replicated and recorded acoustic activity by comparison to 

the benchmark sensors. However, the clear differences between the number of 

detected signals across sensor types is demonstrated with a secondary axis, offering a 

clear comparison. 

 

As discussed in [30] and [111], the causes of a reduced number of recorded FOAES 

events were likely derived from the laser and the lower SNR from the FOS 

interrogation unit. The trans-impedance differential amplifier was a stand-alone 

system with relatively low power output (~1mW) meaning the FOAES struggled to 

record significantly high amplitude signals. 
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Composite 190204-01 

Counts 

  

Figure 151   The cumulative events of the counts recorded by the FOAES, R50 and WD AE sensor 

from Composite 190204-01. 

 

 

 

Absolute Energy 

 

Figure 152   The cumulative events of the absolute energy recorded by the FOAES, R50 and WD AE 

sensor from Composite 190204-01. 
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Composite 190204-02 

Counts 

 

Figure 153   The cumulative events of the counts recorded by the FOAES, R50 and WD AE sensor 

from Composite 190204-02. 

 

 

Absolute Energy 

 

Figure 154   The cumulative events of the absolute energy recorded by the FOAES, R50 and WD AE 

sensor from Composite 190204-02. 

 

 

 



259 | P a g e  
 

Composite 190205-04 

Counts 

 

Figure 155   The cumulative events of the counts recorded by the FOAES, R50 and WD AE sensor 

from Composite 190205-04. 

 

 

Absolute Energy 

 

Figure 156   The cumulative events of the absolute energy recorded by the FOAES, R50 and WD AE 

sensor from Composite 190205-04.  
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Composite 190109-01 

Counts 

 

Figure 157   The cumulative events of the counts recorded by the FOAES, R50 and WD AE sensor 

from Composite 190109-01. 

 

Absolute Energy 

 

 

Figure 158   The cumulative events of the absolute energy recorded by the FOAES, R50 and WD AE 

sensor from Composite 190109-01. 
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Figures 151 - 158 display the relationship between the cumulative counts for each 

piezo-electric AE sensor and the FOAES. The data acquired from FOAES 190204-01 

(Figures 151 and 152) was comparative to the PZT data as all devices recorded a 

smooth increase to the cumulative hits with time. The absolute energy data responded 

in the same manner with a slow rise time throughout the test until sensor failure. 

However, due to the difficulty associated with increasing the FOAES sensitivity to a 

comparable level alongside the piezo-electric sensors, the FOAES absolute energy was 

over 30-times less.  

 

Figures 153 and 154 presented data from Composite 190204-02 and demonstrated the 

influence of unwanted background noise. Most of the signals recorded by this sensor 

were directly related to noise. As such, the corresponding cumulative hits increase is 

directly related to the noise. There is proof of this in the absolute energy data, which 

shows the energy of the FOAES over ten-times lower than the PZT data – a result of 

data corresponding to low-energy background noise.  

 

Figures 155 and 156 presented data from Composite 190205-04. Despite sharing a 

comparable line gradient with FOAES 190204-01, the recorded counts for FOAES 

190205-04 were around 10-times higher than the piezo-electric sensors. This was the 

result of an increase to the unwanted background noise. The maximum absolute 

energy of this data was nearly 40-times lower for the FOAES compared with the PZT 

devices, also indicating the influence of noise.  

 

The results from Composite 190109-01 captured significantly more data points as 

more AE signals were captured on the cross-ply glass-fibre composite. This was due 

to the composition of the material rather than sensitivity of the FOAES, as the PZTs 

presented the same approach. The increased data points resulted in a smoother curve 

in both Figures 157 and 158 despite the numerical intervals between data points, or 

“bins” being identical across all figures in this section.  
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5.3.7 Evaluating AE Signals with Various Damage Modes 

 

The FOAES amplitude, signal duration, attenuation and FFT trace vary significantly 

during tensile loading. High amplitude, long duration signals were likely associated 

with delamination. Long duration, low amplitude signals were from matrix cracking 

whilst short duration, high amplitude events were attributed to fibre breakages. As 

these breakages exhibit the highest amplitude of all damage modes observed in the 

CFRPs, they make up most of the total events captured by the FOAES. The recorded 

FOAES data during loading are displayed in this chapter and compared with piezo-

electric AE sensors throughout failure mode analysis. The data was categorised by 

their respective amplitudes: (a) 40 - 49 dBAE; (b) 50 - 59 dBAE; (c) 60 - 69 dBAE; (d) 70 - 

79 dBAE; (e) 80 - 89 dBAE; and (f) 90 - 99 dBAE.  

 

40 - 49 𝐝𝐁𝐀𝐄 

The majority of signals in this range exhibited a short duration. Alongside the low 

amplitude, the signals were mostly attributed to unwanted background noise. As the 

length of coupled fibre at the tapered region was increased during axial loading, long-

duration and low amplitude signals were some of the earliest data to be recorded, 

with an example of the signals represented in Figure 159a. Other signals at low 

amplitudes could not be completely recorded by the AEWin software due to their long 

duration. Although a threshold was applied to the data to reduce background noise, 

initial sample loading has been shown to increase the noise beyond the threshold. 

Timing limits on AEWin therefore prevented unwanted superimposition of AE 

signals. Due to the timing limits imposed on the software to ensure multiple AE events 

did not superimpose together, events with an unexpected lengthy duration were cut 

short. Figure 159b shows an example of an AE trace with unwanted effects to the event 

duration as an incomplete signal. The figure demonstrates the effect of having a short 

duration on the acquired signal, which was a consequence of increased background 

noise from the sensor. 
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Figure 159   Waveforms recorded from AEWin of: (a) a typical signal that first crossed the FOAES 

threshold at 48 𝒅𝑩𝑨𝑬 for Sensor 190204-01; and (b) an AE signal with a significantly reduced 

duration. 

 

50 - 59 𝐝𝐁𝐀𝐄 

A large variety of composite damage modes were recorded in this amplitude range, 

with the majority exhibiting a short duration, fast rise time and high attenuation rate. 

Typical AE signals during flexural testing of unidirectional carbon-fibre epoxy 

composites have been previously noted [101]. Such events demonstrated a low 

amplitude and short duration that was typical of matrix cracking. An example of a 

signal corresponding to matrix cracking with a low amplitude of 54 dBAE is displayed 

in Figure 160. 

 

 

Figure 160   A typical waveform recorded by AEWin typical of matrix cracking. 

 

Other signals propagating from the FOS at low amplitudes have demonstrated two 

individual waveform peaks (Figure 161). The effect of various CFRP defects on the 

acoustic signal amplitude and attenuation have been analysed in [108]. Cross-ply 
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laminates were evaluated with lower amplitude signals directly after the main event, 

with the authors attributing the phenomenon to composite delamination. A 

screenshot of the signal from the article is displayed in Figure 162 with a waveform 

trace comparison between a cross-ply composite with and without the delamination 

defect. Many of the AE events recorded by Sensors 190204-01 and 190109-01 in this 

study were in the 50 - 59 dBAE range. Sensors 190204-02 and 190205-04 mostly recorded 

higher amplitude background noise due to the implication of a decreased sensor SNR. 

The secondary peak of the example displays fibre pull-out or friction, which was 

reinforced with the existence of secondary AE events as described in [189]. 

 

 

Figure 161   A dual-peak signal recorded by the FOAES during tensile loading of Sensor 190109-01, 

with the primary peak attributed to delamination and the secondary peak associated with 

secondary AE events.  

 

Figure 162   Measured time responses using a point receiver in the cross-ply laminates,  

without defects and with a 20 mm delamination, at the top and bottom of the  

figure, respectively. (source: [108]). 
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The AE signal in Figure 163 highlights both primary and secondary AE data from 

Sensor 190204-01, a consequence of composite delamination. Both piezo-electric and 

FOAES recorded a similar response, with key parameters of the signals displayed in 

Table 31.  

 

Figure 163   An AE signal recorded by all sensor types corresponding to a  

dual-peak composite delamination event. 

 

Table 31   A comparison of AE parameters from a signal captured by all sensor types 

corresponding to a dual-peak composite delamination event. 

Sensor FOAES WD R50 

Time Captured (s) 220.3771885 220.3771725 220.377173 

Abs Energy (J) 13466 1655412 2893524 

Amplitude (dBAE) 60 82 86 

Counts (counts) 119 218 268 

Duration (µs) 1508 2967 3035 

Peak Frequency (kHz) 312 112 167 

Rise Time (µs) 670 691 688 

 

The data from this AE event demonstrates the responsiveness of the sensors to a dual-

peak signal, associated with a primary and secondary AE event. Figure 163 shows that 

the PZT sensors adopted a shorter attenuation that introduced a finely distinguished 

peak between the first and second signal peaks. Despite the attenuation from the 

FOAES not being as sharp, its signal attenuation was able to provide a distinguishable 

peak separation between the primary and secondary peaks. As previously discussed, 

the presence of a backing material assists with the attenuation characteristics of the 
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PZT devices. This can be applied to the FOAES in the form of a damping couplant 

between the sensor and substrate, which should maximise sensitivity and sensor 

attenuation to be comparable to the PZT sensors. The preferred captured signals were 

from the PZT sensors as they recorded a more accurate result. However, the FOAES 

can provide equally constructive data with the introduction of a signal damping 

method. Moreover, the fundamental advantages of the FOAES coupled with an 

improved attenuation curve would accelerate the popularity of this fibre-optic sensor. 

 

The time difference between the signals shows the traces are from a single event. The 

TOA technique was employed to highlight the signal had originated between the 

FOAES and R50 sensor. Despite this, the WD sensor recorded the highest amplitude. 

FFT analysis conducted with pattern recognition software Noesis, demonstrated that 

the R50 sensor peaked at a frequency of 457.2 kHz as shown in Figure 164. There was 

low sensitivity exhibited below 250 kHz. The WD PZT and FOAES detected a lower 

amplitude spike in this region with a shallower peak from the WD sensor 

corresponding to the peak frequency of the FOAES at 439.2 and 449.3 kHz for the two 

sensors, respectively. The signal was not detected below 74 kHz for the WD sensor, 

though it peaked at a frequency of 111.7 kHz. There was low sensitivity from the 

FOAES at this frequency despite the close resemblance of the frequency peaks 

between FOAES and R50 devices. However, a small peak of the FOAES at 169.1 kHz 

directly corresponded with two large frequency peaks from the WD sensor at 168.9 

and 171.3 kHz. Furthermore, the FOAES exhibited a promising response at 25.8, 36.4 

and 44.6 kHz, demonstrating its ability to successfully detect low frequency data.  

 

The low frequency response of the two piezo-electric sensors in Figure 164 in addition 

to the high amplitude response in Figure 163 demonstrates that this signal is likely the 

result of delamination. This type of damage is usually associated with long signal 

durations. Due to the attenuation of the FOAES, the sensor has struggled to interpret 
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delamination with a secondary AE signal in such close proximity. This is 

demonstrated by the low sensitivity to lower frequencies. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 164   The FFT spectra for the AE signal captured by the R50, WD and FOAES devices on 

Composite 190204-01.   

It has been reported that signals with a frequency content of 150 - 350 kHz are 

associated with fibre-matrix debonding [187]. In the article, unidirectional composites 

were loaded under double cantilever beam (DCB) tests with damage relating to matrix 

cracking and fibre pull-out were associated with frequencies of 50 - 180 kHz and 180 

- 250 kHz, respectively. It was also reported that these damage modes become 

intertwined with fibre-matrix debonding when monitoring the FFT trace [94]. This 

means that the data here corresponded with fibre-matrix debonding and matrix 

cracking. 
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60 - 69 𝐝𝐁𝐀𝐄 

Approximately 1 % of the total events recorded by the FOAES on Composite 190204-

01 were categorised by this amplitude range. Over 15 % of the total events recorded 

by Sensor 190901-01 on the cross-ply GFRP were also categorized into this amplitude 

range. The influence of increasing background noise from loading meant there were 

significantly less data for Sensors 190204-01 and 190205-04. Most signals revealed a 

fast rise time and short duration, an example of which is provided in Figure 165, which 

is recorded from Sensor 190204-01. 

Figure 165   An AE signal recorded by all sensor types  

corresponding to a single event in the range of 60 - 69 𝒅𝑩𝑨𝑬. 
 

The data demonstrates that the PZT devices perform better due to their sensitivity and 

their ability to detect lower frequency signals as demonstrated by the peak frequency 

of the burst according to Table 32. The absolute energy and amplitude differences 

between the sensor types highlighted the requirement for further sensitivity 

optimisation to make the FOAES a viable competitor with the piezo-electric sensors. 

Moreover, the PZTs indicated a faster response time according to Table 32, irrelevant 

of damage location, which demonstrates a greater sensitivity capture rate. Despite 

this, the FOAES attenuation was comparable with the PZTs for this event. Further 

improvements to the manufacturing and packaging parameters associated with the 

FOAES can overcome sensitivity discrepancies. The FFT signal was also provided to 

demonstrate the response between sensor types and that the FOAES was more 

responsive to higher frequency data (Figure 166). 
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Table 32   A comparison of AE parameters from a signal recorded by all sensor types 

corresponding to a single event in the range of 60 - 69 𝒅𝑩𝑨𝑬. 

Sensor FOAES WD R50 

Time Captured (s) 279.6106635 279.6106625 279.6106578 

Abs Energy (J) 7522 30290 17639 

Amplitude (dBAE) 69 73 71 

Counts (counts) 77 60 65 

Duration (µs) 338 449 524 

Peak Frequency (kHz) 402 238 172 

Rise Time (µs) 10 42 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 166   The FFT spectra for the AE event recorded  

by the R50, WD and FOAES devices on Composite 190204-01. 
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A further example of an AE signal categorised by this amplitude range demonstrated 

multiple amplitude peaks across a single event and is displayed in Figure 167. The 

signal is also described in Table 33. The signal was recorded in one waveform by the 

piezo-electric sensors but was distributed across a primary and secondary waveform 

for the FOAES. This means that the event was made up two distinctive waveforms 

that were associated with different damage characteristics. The primary event 

presented a fast rise time and high amplitude whilst the secondary event showed a 

longer rise time and lower amplitude.  

 

Despite the piezo-electric signal being clipped to a maximum amplitude of 10,000 

volts, the data provides a suitable comparison to the FOAES which displayed a 

significantly higher peak amplitude. For Figure 167, the amplitude of the piezo-

electric sensors was not studied and therefore irrelevant in the analysis of this event.     

 

   

 

 

 

 

 
 

Figure 167   An AE signal recorded through a single waveform on the piezo-electric sensors and 

spread across two waveforms for the FOAES in the range of 60 - 69 𝒅𝑩𝑨𝑬. 
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Table 33   A comparison of the data recorded by the sensor types of a single waveform recorded by 

each PZT and two waveforms from the FOAES. 

Sensor FOAES (Primary) 
FOAES 

(Secondary) 
WD R50 

Time Captured (s) 364.7337005 364.7355933 364.7337067 364.7337100 

Abs Energy (J) 91773 1326 145013808 47830936 

Amplitude (dBAE) 84 62 99 99 

Counts (counts) 4 14 1119 808 

Duration (µs) 110 1180 10433 6459 

Peak Frequency (kHz) 33 42 108 153 

Rise Time (µs) 1 585 271 61 

 

The signal described in Figure 167 and Table 33 was the final event to be recognised 

by fibre-optic Sensor 190204-01 before device failure. Events after this were attributed 

to system noise and fibre damage. The FOAES primary event was recorded at an 

earlier time than with the piezo-electric sensors despite noticeable fibre damage. This 

suggested that the event occurred in close proximity to the FOS. The extensive rise 

time, long duration and high amplitude were all characteristics associated with 

embedded fibre delamination in the composite. It was shown that delamination and 

fibre breakages emit AE waveforms with one of the highest amplitudes observed 

during composite damage and that the duration of delamination-based events may be 

eight times longer than those from fibre breakages [62]. A limitation associated with 

the FOAES was highlighted during the analysis of the cross-ply GFRP. As displayed 

in Figure 168 and corresponding Table 34, the response time of the FOAES was 

limited compared with the piezo-electric sensors. Despite the comparable energy 

response of the FOAES, the PZT sensors were able to distinguish multiple peaks with 

a fast response. This was likely aided by the presence of a backing material and thus 

its greater attenuation rate. Despite the issues associated with the waveforms across 

sensor types, the fibre-optic device demonstrated a wide frequency trace with low 

frequency magnitudes corresponding to both R50 and WD sensors (Figure 169).  
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Figure 168   An AE signal recorded by all sensor types  

corresponding to an event from Sensor 190109-01 in the range of 60 - 69 𝒅𝑩𝑨𝑬. 

 

 

 Table 34   A comparison of AE parameters from a signal recorded by all sensor types 

corresponding to an event from Sensor 190109-01 in the range of 60 - 69 𝒅𝑩𝑨𝑬. 

Sensor FOAES WD R50 

Time Captured (s) 212.393406 212.393402 212.393414 

Abs Energy (J) 9659 487453 513905 

Amplitude (dBAE) 60 82 76 

Counts (counts) 84 81 101 

Duration (µs) 602 770 697 

Peak Frequency (kHz) 353 171 163 

Rise Time (µs) 16 13 92 
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Figure 169   The FFT spectra from a signal recorded by all sensor types 

corresponding to an event from Sensor 190109-01 in the range of 60 - 69 𝒅𝑩𝑨𝑬. 

 

70 - 79 𝒅𝑩𝑨𝑬 

There was a noticeable trend between duration and event test time recorded by Sensor 

190204-01. The exponential decay of this relationship (Figure 170) has demonstrated 

that the damage inflicted to the CFRPs fluctuated throughout tensile loading. As such, 

the sensitivity of the FOAES also varied. The coefficient of determination for an 

exponentially decreasing duration over time, was 0.906. This suggested the damage 

modes confined to higher loads were associated with events with shorter duration 

such as fibre breaks. The origin of high amplitude events with a long duration are 
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explained in this section, although the signals with a high amplitude and short 

duration were caused by fibre breakages.  

 

 

 Figure 170   A trend line displaying the duration of the events recorded 

between 70 𝒅𝑩𝑨𝑬 and 79 𝒅𝑩𝑨𝑬 for Sensor 190204-01 against loading time.  

 

High amplitude and long duration AE signals were prominent at the beginning of the 

tensile loading tests. The fracture processes associated with CFRPs have been 

previously investigated [101]. For laminates characterised by major fracture 

propagation, AE data with an excessively lengthy duration and with a high amplitude 

were generated by friction-induced fractures. Similar trends were observed in this 

study, for example, according to Figure 170 where AE signals with a high amplitude 

and high duration were observed during the early stages of the test.  

 

AE events can be categorised into primary and secondary events. Primary AE signals 

include fibre breakages, matrix cracking and other crack growth in the substrate. 

Secondary AE signals often include fretting at surfaces along existing cracks, knocks, 

leaks and rust. As such, events with a long duration, particularly in the presence of 

double peaks, are often associated with secondary AE events that can be attributed to 

fretting or surface friction [109, 110].  
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Another study [102], experimented with using AE signal parameters to identify 

various damage mechanisms in composites and composite-antenna-structures during 

tensile and buckling tests. Data with a high amplitude, absolute energy and long 

duration were attributed to matrix cracking and macro delamination, that is 

delamination extending beyond the root cause of the damage in the composite. 

Composite splitting occurred during buckling loading where the amplitude of all 

these events was >80 dBAE. The axial loading generated specific damage modes in the 

various composite layers, which included fibre breakages at 0o to the orientation of 

the reinforcing fibres and matrix cracking at 0o and ±90o to the fibre direction.  

 

In this study, the FOAES exhibited similar patterns in amplitude and duration data 

compared with the piezo-electric sensors. A large variation between duration and 

amplitude at the beginning of the test shown in Figure 171 was likely caused by 

surface friction of secondary AE events, demonstrated by double-peak signals as 

exemplified in Figure 161. Therefore, results that did not truly reflect the duration of 

a primary AE event have been recorded in Figure 172 with corresponding parameters 

displayed in Table 35. Data from Sensors 190204-02 and 190205-04 did not exhibit a 

similar trend however, although as already mentioned, the low quantity of recorded 

events by comparison were likely the result of sensor damage inflicted during loading. 

The information that can be inferred from these results is that the sensor 

manufacturing and packaging is not yet optimised. Background noise can be reduced 

with the introduction of a less elastic couplant between sensor and substrate during 

loading cycles that can be allowed to stretch under material stress. However, with 

variations in the sensitivity associated with a manual manufacturing process, the 

consistency of the sensor production requires further work, as has already been 

discussed. 
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Figure 171   A display showing a fixed time during 190204-01 against the: (a) duration; and (b) 

amplitude, for ten identical events recorded across the sensor types. 

 

 

Figure 172   A single AE event recorded by the sensor types during tensile loading in the 70 - 79 

𝒅𝑩𝑨𝑬 amplitude category to demonstrate a variable amplitude and duration.  

 

 

Table 35   A comparison of AE parameters from a signal recorded across all sensor types 

corresponding to an event from Sensor 190204-01 in the range of 70 - 79 𝒅𝑩𝑨𝑬. 

Sensor FOAES WD R50 

Time Captured (s) 87.59567225 87.59567375 87.59567775 

Abs Energy (J) 177205 3482 1792 

Amplitude (dBAE) 78 61 57 

Counts (counts) 253 57 46 

Duration (µs) 3139 539 762 

Peak Frequency (kHz) 135 112 29 

Rise Time (µs) 7 47 60 
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Figure 173 displays the corresponding frequency traces extracted from the first AE 

signal recorded by the FOAES in the 70 - 79 dBAE range. The corresponding piezo-

electric frequency traces are also shown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 173   The FFT of the first event recorded in the 70 - 79 𝒅𝑩𝑨𝑬  

amplitude range of 190204-01 FOAES. 

 

The waveform and corresponding frequency traces were compared for the first AE 

signal recorded across sensors mounted to Composite 190204-01. All three devices 

demonstrated a high response below 250 kHz. Moreover, the FOAES demonstrated a 

high sensitivity compared with the peak frequency of the PZT sensors, augmenting 

the ability of the FOAES to successfully detect damage modes corresponding to those 

from the piezo-electric devices. The greater contact area of the FOAES to the composite 
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increased its ability to monitor surface friction towards the beginning of the test. This 

is highlighted by the double peak in Figure 173. Although the frequency traces look 

distinctly different here, the FOAES has demonstrated that it is sensitive to the low 

frequency and the higher frequency signals associated with the R50 and WD piezo-

electric sensor, respectively. The FOAES measurement was verified for its correctness 

by studying the signal parameters. Upon inspection of the absolute energy and signal 

arrival times, the data showed that the AE signal interacted with the FOAES before 

the two piezo-electric sensors, indicating that the event occurred closest to the FOAES. 

The lengthy duration and early test time suggested that the signal was attributed to 

matrix cracking. This was also confirmed by the low amplitude detected from the PZT 

sensors. Moreover, their shorter duration was likely associated with the presence of 

the backing material, enhancing the damping effect. Likely due to the proximity of the 

matrix cracking to the FOAES, the fibre sensor also detected cracking at higher 

frequencies. It is likely that these higher-frequency cracks were situated close to the 

FOAES due to the lower response to higher frequencies from the R50 PZT. As the WD 

PZT was more responsive at higher frequencies, the data has suggested that the 

FOAES demonstrates a high sensitivity to a wider frequency trace than the R50 PZT 

device. 
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Figure 174 displays the frequency traces from the three sensors of the last recorded 

AE signal in the 70 - 79 dBAE range by the FOAES. The corresponding piezo-electric 

traces are also plotted.  

 

Figure 174   The FFT of the last event recorded in the 70 - 79 𝒅𝑩𝑨𝑬 amplitude range of the 190204-01 

FOAES. 

 

Despite the signal duration and amplitude being comparable across sensor types, in 

Figure 174 the FOAES generally demonstrated a higher frequency response. There 

was minimal activity above 300 kHz for the piezo-electric sensors. Although not 

correlating with the FFT peak of the PZT sensors directly, the FOAES peaked at 123.9 

kHz with the closest corresponding peaks from the R50 and WD piezo-electric sensors 

at 127.3 and 129.2 kHz, respectively. The latter was difficult to record due to its 
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interference with another peak at 130.8 kHz. The highest response detected by the 

FOAES was in a frequency range not recognised by the piezo-electric sensors, as the 

FOS peaked at 448.9 kHz. As neither piezo-electric sensor detected this high-frequency 

data, the signals were attributed to optical fibre damage and cracking of the 

borosilicate packaging. This theory was verified as, upon sensor failure, cracking was 

visible along the length of the packaging. Moreover, as fibre cracking emits a high 

frequency, it was expected that capillary cracking follows a similar pattern. Thus, the 

higher frequency from the FOAES was concluded to be a consequence of capillary 

cracking owing to the lower peak frequency of the piezo-electric sensors captured at 

the same time. As the tensile strength of fused silica fibres is greater than borosilicate 

capillaries [190], borosilicate will crack at lower stress levels, resulting in this high-

frequency data being derived from the packaging.  

 

 

80 - 89 𝒅𝑩𝑨𝑬 

A significant quantity of signals recorded in this amplitude range adopted a large 

variation to their duration between 727 µs and 8001 µs. Despite this, all events 

exhibited a fast rise time. An early signal emanating from Sensor 190204-01 in this 

amplitude range is displayed in Figure 175 and Table 36.    

 

       

 

Figure 175   A single AE event recorded by all sensor types during tensile loading in the 80 - 89 

𝒅𝑩𝑨𝑬 amplitude category to demonstrate a variable duration. 
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Table 36   A comparison of AE parameters from a signal recorded across all sensor types 

corresponding to a single event from Sensor 190204-01 in the range of 80 - 89 𝒅𝑩𝑨𝑬. 

Sensor FOAES WD R50 

Time Captured (s) 83.3862993 83.3863023 83.3863040 

Abs Energy (J) 447582 72637 53922 

Amplitude (dBAE) 82 76 75 

Counts (counts) 266 95 68 

Duration (µs) 3947 1074 1143 

Peak Frequency (kHz) 77 109 156 

Rise Time (µs) 31 61 25 

 

The data has shown that due to the arrival time of the signal and the corresponding 

signal amplitude, this event occurred near to the FOAES. The shorter duration from 

the piezo-electric sensors is the result of the backing material. The data shows that the 

FOAES could successfully record signals with comparable parameters to the piezo-

electric sensors with improved manufacturing optimisation and coupling. For this 

event, the FOAES was able to generate the preferred signal due to its higher amplitude 

and larger counts value. The short rise time, low peak frequency and high amplitude 

suggested that the signal was derived from delamination.  

 

As with many other AE events analysed in this study, the frequency traces correlated 

well between FOAES and PZT devices. As Figure 176 demonstrates, the peak 

frequency of the WD and R50 sensors at 156.2 and 109.2 kHz, respectively, agreed with 

the FOAES peak frequency. Moreover, the FOAES could detect lower frequency 

signals simultaneously recorded by the R50 sensor but was not possible when using 

the WD sensor.  
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Figure 176   The FFT of a single event recorded in  

the 80 - 89 𝒅𝑩𝑨𝑬 amplitude range of Sensor 190204-01. 

 

Figure 177 and Table 37 display another event recorded by FOAES 190204-01 and the 

piezo-electric sensors. Immediately after this event, the piezo-electric devices 

recorded an additional secondary signal. The slight reduction in amplitude of the 

secondary event could not be detected by the FOAES, despite being successfully 

recorded by the piezo-electric sensors. Shortcomings with the FOAES were identified, 

including its slower response to an AE event and following recovery time. This was 

further highlighted with the piezo-electric signals and their higher attenuation rate 

due to the presence of a backing material.  
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Figure 177   A single AE event recorded by all sensor types during tensile loading in the 80 - 89 

𝒅𝑩𝑨𝑬 amplitude category to highlight the responsiveness variation between sensor types. 

 

Table 37   A comparison of AE parameters from a signal recorded across all sensor types 

corresponding to a single event from Sensor 190204-01 in the range of 80 - 89 𝒅𝑩𝑨𝑬.  

Sensor FOAES WD R50 

Time Captured (s) 354.5246527 354.5246567 354.5246545 

Abs Energy (J) 625599 341165 5578580 

Amplitude (dBAE) 89 82 94 

Counts (counts) 177 135 464 

Duration (µs) 2098 2020 5614 

Peak Frequency (kHz) 71 29 107 

Rise Time (µs) 18 47 61 

 

The data from an event recorded during the loading of Sensor 190204-01 highlighted 

the difficulty associated with manufacturing consistent fibre-optic sensors. The 

damage inflicted to the sensor was evident due to the distortion of the waveform 

(Figure 178) and signal parameters (Table 38) compared with the piezo-electric 

sensors. Moreover, the AE signal caused a delayed FOAES response and the FFT 

waveform was heavily skewed (Figure 179). Once again, the piezo-electric signals 

were clipped to a maximum amplitude of 10,000 volts due to the maximum value able 

to be recorded by the software. Despite this, the data provides a suitable comparison 

to the FOAES with compared amplitudes of 84 dBAE and 99 dBAE for the FOAES and 

PZTs, respectively. The amplitude of the piezo-electric sensors was not studied and 

therefore not relevant in the analysis of this event. 
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Figure 178   A single AE event recorded by all sensor types during tensile loading in the 80 - 89 

𝒅𝑩𝑨𝑬 amplitude category recorded by Sensor 190204-02 to demonstrate the difficulty in consistent 

manufacturing. 

 

Table 38   A comparison of AE parameters from a signal recorded across all sensor types 

corresponding to a single event from Sensor 190204-02 in the range of 80 - 89 𝒅𝑩𝑨𝑬. 

Sensor FOAES WD R50 

Time Captured (s) 229.7754587 229.7746677 229.7746705 

Abs Energy (J) 120486 92899208 138314960 

Amplitude (dBAE) 84 99 99 

Counts (counts) 9 1158 474 

Duration (µs) 281 9092 6467 

Peak Frequency (kHz) 35 160 29 

Rise Time (µs) 203 137 265 

 

 

 

 

 

 

 

 

 

Figure 179   The FFT of a single event recorded in the 80 - 89 𝒅𝑩𝑨𝑬 amplitude range of Sensor 

190204-01 to demonstrate significant sensor damage and a transform that does not correspond to 

PZT transforms. 
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Most AE signals detected by Sensors 190204-02 and 190205-4 adopted a high 

amplitude between 80 - 89 dBAE despite only 3 % of the total recorded events for 

Sensor 190109-01 categorised into this section.  

 

An example of a signal recorded by Sensor 190205-04 is displayed in Figure 180, which 

was captured in the early stages of the loading cycle where damage was minimal. The 

attenuation rate of the FOAES and PZT devices were comparable. The absolute energy 

and amplitude suggested that the AE signal emanated near the FOAES. However, the 

TOA technique indicated that the event must have originated between the FOAES and 

R50 sensors and, as such, has highlighted a faster response time from the piezo-electric 

sensors. The coupling quality between sensor and substrate is an additional factor that 

influences the signal TOA. A couplant of varying thickness affected the wave velocity 

through the material. The couplant was manually applied during this investigation 

resulting in an uncontrolled thickness and one which was not repeatable. Despite this, 

the frequency trace from the FOAES was comparable to that of the wide-band piezo-

electric sensor (Figure 181), once again demonstrating the capability of the FOAES to 

record data across a wide frequency range. The data corresponding to Figure 180 was 

recorded at over half of the full load before sensor failure. The signal parameters 

corresponding to the signal amplitude trace are provided in Table 39.  

 

 
Figure 180   A single AE event recorded by all sensor types during tensile loading in the 80 - 89 

𝒅𝑩𝑨𝑬 amplitude category recorded by Sensor 190205-04 to demonstrate comparable data between 

FOS and PZT sensors. 
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Table 39   A comparison of AE parameters from a signal recorded across all sensors corresponding 

to a single event from Sensor 190205-04 in the range of 80 - 89 𝒅𝑩𝑨𝑬 highlighting the comparable 

data between FOAES and PZTs. 

Sensor FOAES WD R50 

Time Captured (s) 183.7376555 183.7376590 183.7376530 

Abs Energy (J) 301386 13822 124289 

Amplitude (dBAE) 86 71 79 

Counts (counts) 191 62 85 

Duration (µs) 319 1392 507 

Peak Frequency (kHz) 266 412 165 

Rise Time (µs) 12 14 36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 181   The FFT of an event recorded in the 80 - 89 𝒅𝑩𝑨𝑬 amplitude range of Sensor 190205-04 

to demonstrate a comparable frequency trace between sensor types. 
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An additional AE event in this amplitude range was recorded later in the loading cycle 

at approximately 100 seconds before Sensor 190205-04 fail. As Figure 182 and Table 

40 show, AEWin software was saturated by the two piezo-electric sensors as the 

FOAES exhibited a lower amplitude, absolute energy, and duration. The rise time, 

however, was comparable with the PZT data whilst the FFT trace across sensor types 

showed closely resembling frequency peaks. The R50 and WD piezo-electric sensors 

peaked at 25.7 and 104.5 kHz, respectively. The FOAES displayed a wide range 

frequency response, peaking four times at 29.8, 265.4, 322.5 and 401.2 kHz. The FOS 

response was thus comparable with the peak frequency of the R50 piezo-electric 

sensor but was not recognised by the WD piezo-electric device. Nevertheless, the 

FOAES was responsive at a higher frequency compared with the piezo-electric 

devices. Previous research has indicated that fibre fracture usually generates a signal 

between 400 and 500 kHz [94, 95, 111-113]. Fibre breakages occurring directly beneath 

the fibre-optic sensor were likely the cause for the piezo-electric sensors’ difficulty in 

detecting the high frequency data in this case. This is demonstrated in Figure 183, 

which was captured in the amplitude range of 80 - 89 dBAE according to the FOAES 

with corresponding PZT data. However, high amplitude signals from the piezo-

electric sensors with the FOAES simultaneously recording low amplitude signals, 

indicated the presence of optical fibre damage. This is further highlighted by the 

irregular attenuation of the FOAES signal. The time at which this event was recorded 

was close to sensor failure and thus the irregular attenuation rate was likely the result 

of capillary and fibre fracture. Due to the limits on the software, the piezo-electric 

signal was once again clipped to a maximum amplitude of 10,000 volts and 

corresponding 99 dBAE. However, the piezo-electric parameter of interest in this 

section was the duration. As the piezo-electric sensor duration corresponded with the 

duration of the FOAES, the signal was confirmed to originate from capillary and fibre 

fracture. Only the amplitude of the FOAES was used to assess the origins of the 

damage. The PZT data was saturated due to the high intensity of the signal, as was 

expected from fibre fracture and therefore was not considered in this section.  
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Figure 182   A single AE event recorded by the sensor types during tensile loading in the 80 - 89 

𝒅𝑩𝑨𝑬 amplitude category recorded by Sensor 190205-04 to highlight events close to sensor failure. 

 

 

Table 40   A comparison of AE parameters from a signal recorded across all sensor types 

corresponding to a single event from Sensor 190205-04 in the range of 80 - 89 𝒅𝑩𝑨𝑬 highlighting 

events close to sensor failure. 

Sensor FOAES WD R50 

Time Captured (s) 329.9143847 329.9143663 329.9143775 

Abs Energy (J) 910191 378310000 335230000 

Amplitude (dBAE) 84 99 99 

Counts (counts) 823 1309 715 

Duration (µs) 4711 14931 14845 

Peak Frequency (kHz) 265 104 26 

Rise Time (µs) 819 1417 729 

 

 

 

 

 

 

 

 

 

WD Piezo-electric R50 Piezo-electric FOAES 

A
m

p
li

tu
d
e 

(v
o
lt

s)
 

Time (µs) 
A

m
p
li

tu
d
e 

(v
o
lt

s)
 

Time (µs) 

A
m

p
li

tu
d
e 

(v
o
lt

s)
 

Time (µs) 



289 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 183   The FFT of an event captured in the 80 - 89 𝒅𝑩𝑨𝑬 amplitude range of Sensor 190205-04 

to demonstrate signals corresponding to fibre fracture and capillary snapping. 
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90 - 99 𝐝𝐁𝐀𝐄 

Few signals were recorded in this range with only 0.3 % of all the captured data from 

Sensor 190109-01 being recorded at the high amplitude. An example of an early event 

recorded from Sensor 190204-01 is provided in Figure 184 with corresponding 

parameter data provided in Table 41. The piezo-electric sensors were again subjected 

to clipped signals due to the saturation of the data. This was expected due to the high 

amplitude detected by the FOAES despite being less sensitive than the piezo-electric 

devices. Despite the signals being saturated and therefore clipped, the data gave a 

satisfactory indicator of a typical signal detected by the sensors that resembled a fibre 

break.   

 

Figure 184   A single AE event recorded by all sensor types during tensile loading in the 90 - 99 

𝒅𝑩𝑨𝑬 amplitude category recorded by Sensor 190204-01 to highlight high amplitude events.  

 

Table 41   A comparison of AE parameters from one signal recorded across all sensor types 

corresponding to a single event from Sensor 190204-01 in the range of 90 - 99 𝒅𝑩𝑨𝑬 highlighting 

high amplitude events. 

Sensor FOAES WD R50 

Time Captured (s) 220.8920363 220.8920417 220.8920393 

Abs Energy (J) 5291630 137028000 158711000 

Amplitude (dBAE) 91 99 99 

Counts (counts) 586 1218 819 

Duration (µs) 7855 10258 8759 

Peak Frequency (kHz) 41 102 26 

Rise Time (µs) 64 252 310 
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The shorter rise time and earlier time recorded by the FOAES suggests that the signal 

was nearer to this sensor. Despite this, the amplitude and absolute energy have 

highlighted the improved resolution of the piezo-electric sensors by comparison. The 

characteristics of the parameters from all sensors suggest that the event may be 

explained by “macro-damage” in the form of splitting and delamination along the 

fibre direction. These type of signals and their characterisation have been previously 

reported in abundance in unidirectional eight layered laminates [114]. The 

corresponding frequency traces for this event are displayed in Figure 185. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 185   The FFT of an event recorded in the 90 - 99 𝒅𝑩𝑨𝑬 amplitude range of Sensor 190204-01 

to demonstrate high amplitude events. 
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In this case, the FFT data displayed in Figure 185 provides evidence that the FOAES 

frequency trace is more comparable to the R50 piezo-electric sensor owing to the high 

frequency peaks below 50 kHz. However, at higher frequencies, the FOAES was more 

comparable with the WD sensor, suggesting that the FOAES was able to record 

multiple damage modes with a satisfactory sensitivity at a range of frequencies. The 

FOAES displayed two noticeable amplitude peaks at 26.0 and 40.7 kHz. Similarly, the 

R50 sensor peaked at 25.7 kHz with three smaller spikes at 36.1, 47.9 and 174.4 kHz. 

The WD sensor showed no response to low amplitude data, however.  

 

Another high amplitude, long duration signal recorded by Sensor 190205-04 is 

displayed in Figure 186. The R50 piezo-electric sensor and FOAES captured two 

amplitude peaks over a narrow time difference. By comparison, the WD piezo-electric 

sensor was unable to record the second spike of the events. This was partly due to the 

location of the event occurring between the FOAES and R50 device, which is known 

by analysis of the signal time-of-arrival. Moreover, the broadband response of the WD 

sensor often results in a lower attenuation rate meaning the sensitivity is reduced. This 

has been evaluated in [104]. The low amplitude/intensity of the WD sensor influenced 

the recording of the secondary hit, which could not be captured under these 

circumstances. This low-amplitude secondary hit was therefore likely attributed to 

secondary AE events such as fretting at surfaces of existing cracks at high loads [109]. 

The data has shown that the AE signal interacted with the FOAES first. A short time 

of 5 ms (0.005 s) then elapsed before the event was detected by the R50 PZT sensor 

and then followed the WD PZT sensor. 

 

The time interval between the two peaks obtained by the FOAES is different to the 

R50 sensor due to the superior response time of the piezo-electric sensor. Thanks to 

the backing material, the PZT device was able to return to its relaxed state after 

recording earlier AE signals quicker than the FOAES could. As such, the FOAES took 

longer to capture the signal as its previously detected hit was only 7 ms (0.007 s) 
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earlier. The duration parameter is taken from the 0 µs time, but as the FOAES was 

unable to record data until after 5 µs, the duration value could not be accurately 

calculated for this particular analysis. The waveforms are compared and the 

parameters of each of the signals captured in Figure 186. The data points are calculated 

via Noesis advanced data analysis pattern recognition software and displayed in 

Table 42.   

Figure 186   A single AE event recorded by all sensors during tensile loading in the 90 - 99 𝒅𝑩𝑨𝑬 

amplitude category recorded by Sensor 190205-04 demonstrating the presence of secondary AE 

events. 

 

Table 42   A comparison of AE parameters from one signal recorded across all sensor types 

corresponding to a single event from Sensor 190205-04 in the range of 90 - 99 𝒅𝑩𝑨𝑬 indicating the 

capture of secondary AE events. 

Sensor FOAES WD R50 

Time Captured (s) 277.8557430 277.8608540 277.8608500 

Abs Energy (J) 479 199896 22076000 

Amplitude (dBAE) 91 82 94 

Counts (counts) 1075 100 468 

Duration (µs) 99816 623 5414 

Peak Frequency (kHz) 321 155 158 

Rise Time (µs) 6548 26 1509 

 

The TOA technique showed that the event was closest to the central FOAES due to 

closely matching arrival times from the piezo-electric AE devices. However, the 

FOAES rise time and duration were misleading due to the large time between the start 

of the recording and the actual event. The FOAES and R50 piezo-electric waveforms 
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resemble each other well, although the secondary AE signal was not captured by the 

WD piezo-electric sensor and was the reason for its lower absolute energy. It is likely 

that this was because of a coupling consistency issue. The R50 piezo-electric peaked 

at 157.5 kHz, which was comparable with two narrowband peaks from the WD piezo-

electric at 154.9 and 157.5 kHz (Figure 187). In contrast, two peaks in the FFT data 

were observed at around 144.6 and 320.6 kHz for the FOAES. The higher frequency 

was largely undetectable by the piezo-electric sensors whilst the WD piezo-electric 

detected a high amplitude spike between 142.7 and 145.2 kHz. The high frequency 

trace (~ 400 kHz) from the WD piezo-electric sensor and FOAES was attributed to 

fibre breakages demonstrating a wideband frequency detection ability of the FOAES. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 187   The FFT of an event recorded in the 90 - 99 𝒅𝑩𝑨𝑬 amplitude range of Sensor 190205-04 

to demonstrate the ability to capture secondary AE events.  



295 | P a g e  
 

5.4 Survivability of the FOAES on Carbon-Fibre Composites 

5.4.1 Sensor Failure Strain 

 

Sensors attached to the carbon-fibre composites were measured for their maximum 

strain until sensor failure. An extensometer was not connected to the samples during 

axial loading as it impeded on the surface mounted FOAES. The FOS failure strain 

was calculated from the extension of the substrate recorded by the tensile testing 

Zwick Instron device. The sensor failure was correlated with its last recorded event 

during loading.  

 

There were several FOS detected events at the end of the test beyond sensor failure. 

AE signals recorded at around 40 kN were not regarded as true AE events due to their 

low amplitude, low energy, and short duration. They were, instead, considered a 

consequence of background noise from sensor breaking. Table 43 displays the test 

time (s) at sensor failure, the applied force (kN) at which the corresponding sensor 

failed, and the extension (mm) extracted from the Zwick Instron tensile testing 

machine. An approximate strain value (%) was calculated using the original gauge 

length and the extension of the machine during testing. The gauge length was 150 mm 

for all specimens tested. 

Table 43   The relationship between the test time, applied force, maximum extension and  

maximum strain calculated for the CFRPs at FOAES failure. 

Test Specimen No. 
Test Time @ 

Sensor Fail (kN) 

Applied Force @ 

Sensor Fail (kN) 

Max. Extension @ 

Sensor Fail (mm) 
Max Strain (%) 

190204-01 364 13.9 3.03 2.02 

190204-02 719 28.8 5.99 3.99 

190205-04 450 14.3 3.74 2.49 

 

The strain data collected from the extension of the composite was incorrectly 

calculated here due to the influence of engineering strain. True strain is calculated 

with the extension of the gauge length, whereas engineering strain is a product of the 

extension across the gauge length and machine components (Figure 188). As each 
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component of the tensile test machine is governed by its own individual material 

properties, the engineering strain and true strain are different. It has been reported 

that engineering strain can be 1.5 % higher than true strain at the same applied load 

[191]. This phenomenon was therefore factored into consideration during the 

calculation of failure strain in this study. 

 

Figure 188   A schematic illustration of an electro-mechanical tensile testing machine  

(source: [192]). 

 

The calculation of true strain was not possible due to the absence of an extensometer, 

because of the difficulty associated with attaching the device around the sensors. As 

such, a Digital Image Correlation (DIC) technique was employed to compare the 

engineering and true strain data. A StrainMaster Portable system by LaVision used 

DaVis_10 Data Acquisition (DAC) software to capture multiple images of a virgin 

composite strip during tensile loading. The specimen was loaded up to 15 kN to 

determine an accurate relationship between true strain and load. Figure 189 displays 

the engineering strain data (%) and applied force (kN) for Specimens 190204-01, 

190204-02 and 190205-04. The true strain (%) is also plotted after being calculated via 

Engineering 

Extension 

True 

Extension 
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DIC measurement. True strain was calculated by post processing 94 images captured 

at 5 second intervals over a period of 466 seconds.  

 

Figure 189   Engineering strain (%) vs force (kN) during tensile loading, compared with the true 

strain up to 15 kN by DIC measurements. The data was simulated between 15 kN and 40 kN. 

 

The DIC data was simulated between 15 kN and 40 kN by monitoring the linear trend 

of the strain vs force trace. The coefficient of determination (r²) up to 15 kN was 0.9997. 

The point at which the FOAES failed was plotted on the DIC simulated curve at the 

corresponding tensile load (Figure 190). As such, the true failure strain was calculated 

and plotted in Table 44. Sensors 190204-01 and 190205-04 failed at similar strains, 

which corresponded with typical failure strains between 0.3 % and 0.75 % previously 

noted in [30]. Generally, there was a correlation between initial draw length during 

manufacture and the failure strain. Sensors with longer draw lengths tend to have 

smaller taper diameters and will therefore snap at lower strains. However, devices 

with smaller taper diameters will tend to have a higher sensitivity. The taper diameter 

was not controlled in this investigation due to the absence of automated fabrication, 

though might be considered in future experiments during further sensor optimisation. 
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Figure 190   Strain (%) vs. applied force (kN) for a virgin Vinyl Ester unidirectional CFRP. 

The coloured points depict the failure strain of the FOS for the other tensile loads. 

 

Table 44   The relationship between the test time, applied force and true strain calculated for the 

CFRPs at FOAES failure. The true strain was calculated from CFRP DIC measurements. 

Test Specimen No. 
Applied Load @ 

Sensor Fail (kN) 
True Strain (%) 

190204-01 13.9 0.61 

190204-02 28.8 1.27 

190205-04 14.3 0.63 

 

5.4.2 Increasing Sensor Longevity 

 

The Leica Wild M3C, Kombistereo binocular microscope examined the packaging 

damage after tensile loading. Examples of these micrographs are displayed in Figure 

191. The tensile strength of fused silica glass is around 160 MPa [193], compared with 

the tensile strength of borosilicate glass at 7 MPa [194]. It was likely that the capillary 

snapped prematurely before the fibres, inflicting fibre damage. The strain where 

cracks began to form (according to Figure 191) was not recorded in this study meaning 

cross correlating them with AE data was not possible. Further work should investigate 

the relationship of capillary failure and corresponding AE data.  
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Figure 191   Binocular micrographs showing cracks along the capillary length 

 formed throughout loading. 

 

The fibres were left intact after tensile loading despite sensor failure predominantly 

occurring around a time of 300 seconds. A few FOAES events taken from the end of 

the tests at around 1000 seconds suggested the sensor was still able to couple and 

transmit light at high tensile loads. For Sensor 190204-01, a period of around 500 

seconds was observed between the end of FOAES recording and the end of the 

loading. The data recorded at the end of the test demonstrated a short duration, low 

amplitude, and low absolute energy. Sensor 190204-02 highlighted a more sporadic 

gap between AE events at sensor failure whilst additional signals were recorded 

towards the end of the test, compared with the other devices. The events at the end of 

the test similarly adopted a short duration and low absolute energy. Approximately 

500 seconds elapsed between sensor failure and the end of the test for Sensor 190205-

04. The signals assumed a long duration and low absolute energy, which was deemed 

to originate from the optical fibres rather than from the composite. Composite stress-

relaxation likely contributed to false data being recorded due to the saturation of the 

piezo-electric AE signal and its rapid attenuation. The PZTs detected numerous events 

with a high duration and simultaneous high absolute energy.    

 

Figure 192 shows the PZT sensors corresponding to the FOAES also exhibited high 

amplitude data. The amplitude and absolute energy were both high but also sharply 

25x magnification 6.4x magnification 
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attenuating (Figure 193). This may have indicated stress relaxation within the 

composite. The single FOS event was likely attributed to fibre coupling at the end of 

the test as the sample relaxes.  

 

 

Figure 192   A snapshot from AEWin at the end of axial loading Composite 190204-01. Sensors R50, 

WD and FOAES are displayed in (a), (b) and (c), respectively. 

 

  

 

 

 

 

  

Figure 193   An example of a waveform from the R50 and WD sensor, to the left and right of the 

figure, respectively, at the end of axial loading Composite 190204-01 that corresponded directly to 

the final events recorded by the FOAES. 
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Sensor 190204-02 recorded multiple AE events at the end of the test. The data in 

Figures 194 and 195 show that the final FOAES data corresponded to the PZT data 

and adopted a high amplitude, long duration, and high absolute energy. These 

waveforms fluctuated with several peak amplitudes, which was likely due to sporadic 

capillary cracking or fibre snapping from the sensors themselves. 

 

The waveform presented in Figure 194 corresponding to the WD sensor was once 

again clipped as the maximum possible amplitude detected by the software had been 

reached. The clipped signals have restricted the capture of AE data beyond 99 dBAE. 

As it was not possible to exceed 99 dBAE during analysis, sensor gain could be reduced 

to record more data points. This would, however, restrict the FOAES capture rate. In 

this study, a negligible quantity of signals was missed due to signal saturation, which 

is known due to the low quantity of high-amplitude signals detected by the PZT 

sensors beyond 90 dBAE.  

 

 

 

 

 

 

 

 

Figure 194   An example of a waveform from the R50 and WD sensor, to the left and right of the 

figure, respectively, at the end of axial loading Composite 190204-02 that corresponded directly to 

the final events recorded by the FOAES. 
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Figure 195   A snapshot from AEWin at the end of axial loading Composite 190204-02. Sensors R50, 

WD and FOAES are displayed in (a), (b) and (c), respectively. 

   

 

Figure 196 displays high amplitude waveforms from the piezo-electric sensors that 

correspond to a single event recorded by Sensor 190205-04 at the end of the tensile 

loading test, highlighted in Figure 197. Waveforms with numerous peaks (as in Figure 

194) and events corresponding to growing cracks in the capillary were not observed 

for this sensor. Instead, short duration, high amplitude, and high absolute energy 

events at the end of the test were attributed to composite damage. 
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Figure 196   An example of a waveform from the R50 and WD sensor, to the left and right of the 

figure, respectively, at the end of axial loading Composite 190204-04 that corresponded directly to 

the final events recorded by the FOAES. 

 

 

 

Figure 197   A snapshot from AEWin at the end of axial loading Composite 190204-04. Sensors R50, 

WD and FOAES are displayed at the top, centre, and bottom of the figure, respectively.  

 

Increasing FOS longevity was paramount to increasing the collection of more damage 

data and crack growth in composites that could be directly compared with PZT 
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devices. One option to increase longevity was to enhance sensor packaging. Replacing 

the borosilicate capillary with a quartz glass capillary would likely increase the 

longevity. This was the result of its higher tensile strength (~48 MPa) compared with 

borosilicate. Furthermore, closely matching AI values between borosilicate (13 

MRayls) and quartz (14.5 MRayls) would mean minimal SNR variation when used 

alongside fused silica glass fibres with an AI of around 13.1 MRayls [195]. Increasing 

sensor longevity was highly dependent on the bond couplant between sensor and 

substrate, as has been discussed in previous chapters. A hard or stiff couplant 

minimises AI mismatch between fibre, capillary, and substrate, but negatively 

influences sensor longevity due to the elastic nature of the couplant. Despite 

increasing the amplitude response, sensors often fail at lower tensile strains when 

mounted with a hard couplant. Using elastomers as couplants restricts shear wave 

transmission in the composite but allows the sensor to be subjected to higher strains 

due to its elastic nature. It is therefore down to user discretion to decide on the 

coupling material.    

 

A significant issue with FOAES is the presence of cladding modes, which are a 

consequence of sensor durability during handling. Although cladding modes are 

often observed during the manufacturing process, the modes displayed in Figure 198 

permit light to oscillate into the cladding from the fibre core. This is particularly 

emphasised in single-mode fibres where the light is strongly attenuated into the 

cladding [141]. A variation of the core/cladding structure, which occurs during the 

sensor manufacturing process was the key cause of these cladding modes. 

Additionally, they were visible after further variation to the fibre structure during 

axial loading due to using the stiff adhesive, Araldite epoxy. Throughout 

manufacturing, cladding modes can be reduced by coating the fibre lengths with an 

index matching fluid [146]. Throughout tensile loading, a couplant with an elastic 

nature will reduce sensor sensitivity but prolong sensor longevity and further reduce 

variation to the sensor structure. 
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Figure 198   A unidirectional CFRP mounted on the Instron machine to demonstrate the presence 

of cladding modes and a reduction in sensitivity. 
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5.5     Chapter Summary 

 

To the author’s knowledge, this work represents the first in-situ evaluation of crack 

propagation within carbon-fibre and glass-fibre reinforced polymer composites at a 

fixed tensile strain using a fibre-optic AE sensor and comparative piezo-electric AE 

sensors. The FOS were able to record numerous AE waveforms whilst being subjected 

to an axial strain. There has been little research dedicated to comparing FOAES with 

piezo-electric AE sensors during in-situ axial strain monitoring of composite 

structures. The FOAES absolute energy was at least 30-times lower than the data 

recorded from PZT devices. Therefore, fibre-optic sensitivity requires additional 

improvement. Despite this, the FOAES has shown promising data that has been 

comparable with the piezo-electric AE sensors during tensile loading whilst attached 

to the composites. Although the quantity of events recorded by the fibre-optic sensors 

were low in comparison, the FFT data has shown that the FOS is sensitive to a wide 

frequency range. The device was shown to be sensitive to a combination of breakage, 

matrix cracking and delamination of the layers.   

 

The FOAES that did not surrender to major sensor damage towards the beginning of 

the tensile loading test showed a similar trend to cumulative hits and cumulative 

absolute energy to the piezo-electric AE sensors despite recording fewer events in 

total. This was not only attributed to increasing unwanted background noise but was 

also speculated to derive from the lower SNR of the optical interrogation equipment, 

as was also discussed in [30].  

 

A study of the sensor longevity determined that replacing the coupling media with a 

substance of higher elasticity compared with Araldite adhesive will increase the 

maximum strain directly applied to the FOAES before device failure. Furthermore, 

using a packaging of higher tensile strength such as Quartz glass (48 MPa) over 

borosilicate glass (7 MPa), further increases sensor longevity.  
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6   Conclusions and Future Work
 

6.1 Conclusions 

 

In this thesis, chapter 1 has introduced the scope of the project and given details 

surrounding the aims of the work. Chapter 2 provided an in-depth assessment of the 

background literature alongside evidence of the importance of the work. The aims of 

the work presented in this study were categorised into three groups, namely: (i) to 

optimise and stabilise the signal-to-noise ratio of the fibre-optic acoustic emission 

sensor by assessing the manufacturing parameters; (ii) to evaluate the signal response 

between the fibre-optic acoustic emission sensor and piezo-electric sensors during 

sensor packaging optimisation; and (iii) to conduct a direct comparison of the damage 

propagation and failure analysis between surface-mounted fibre-optic acoustic 

emission sensors and conventional piezo-electric acoustic emission sensors whilst 

performing structural health monitoring. According to these aims, chapter 3 discussed 

the methods and materials employed to address them. Chapter 4 has considered the 

stabilisation of the sensor SNR in addition to an assessment of the signal response 

during packaging optimisation between sensor types. Chapter 5 conducted a direct 

comparison between FOAES and PZT sensors as the signal response was assessed 

between them during axial loading. The following sub-sections describe the 

contributions this thesis has provided to the field of research and potential additional 

project development with future work. 

 

6.1.1 Sensor Manufacturing 

 

The FOAES manufacturing process was studied in detail to improve the 

reproducibility and sensor SNR. In the first instance, a coupling ratio of 40 - 60 % was 

adopted for all sensors to maximise sensitivity yielding a manufacturing success rate 

of around 80 % due to difficulties associated with the manually operated production. 
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Three fibre twists were initially implemented during sensor production to maximise 

contact between the waveguides. The number of twists were later evaluated with 

results concluding that the sensor stability and reproducibility were improved with 

two-twists.  

 

The vacuum grips were equally separated on the manufacturing rig during sensor 

production, which contributed to sensor reproducibility. The grips were also 

manipulated and tightened to improve grip on the fibres and address concerns 

regarding fibre slipping.  

 

Sensor reproducibility was enhanced with attempts to control the location of the fibre 

twists. A pair of vernier callipers were utilised to maintain the distance between each 

twist. This technique reduced excess loss by around 68 % across an average of multiple 

uncontrolled twisted sensors and controlled twisted sensors. Further, various 

parameters that required assessment of their consistency were addressed to minimise 

overall sensor damage and improve device reproducibility. These included defining 

the applied initial fibre tension, length of the tapered region after manufacturing by 

specifying the pulling length and fixing the bending radius of the fibres. 

 

A single fibre taper was manufactured to study improvements to device sensitivity. 

Unwanted background noise was reduced by around 7.5 % when introducing a fibre 

with an alternate operational wavelength at the end face of point P3, according to 

Figure 13. Submerging the same end face in an index-matching oil instead, yielded a 

noise reduction of around 6.3 %. As such, splicing a fibre with an operating 

wavelength beyond the range of the FOAES was proven to be superior at minimising 

noise and improving sensitivity.  
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6.1.2 Sensor Packaging 

 

A methodology was adopted for inserting FOAES into borosilicate capillaries. An 

extensive investigation was conducted to evaluate variations in the capillary 

packaging and the effects of improving SNR and reproducibility across devices. The 

packaging was prepared by cutting, cleaning and carefully drying before attaching 

the sensor. Multiple tests were composed to examine and evaluate the influence of the 

capillary on the SNR, which are detailed herein.  

 

The dimensions of the packaging were assessed to: (i) reduce the overall size of the 

sensor; (ii) improve the reproducibility and consistency during manufacture; and (iii) 

enhance sensitivity. Reducing the inner and outer diameter of the capillaries by 15.4 

% and 3.5 %, respectively, and consequently increasing the wall thickness by 0.07 mm, 

yielded an average SNR increase of over 37 %. This result arguably contributed the 

most significantly to enhancing sensor development.  

 

Abrasion of the capillaries were conducted to increase the surface contact between 

sensor and substrate and improve sensitivity. However, abraded capillaries accounted 

for an average SNR decrease of 1.8 % with an increase to the amplitude range of the 

recorded signals by 111 %. The deviation increased from 0.06 dBAE to 0.2 dBAE and, as 

such, the data presented a strong case against using abraded capillaries for sensor 

reproducibility and SNR enhancement. 

 

The influence of the couplant on device SNR was assessed. According to PZT data, a 

SNR improvement of 27.6 % was observed between using no-couplant and applying 

WD-40 solvent, a 29.0 % SNR increase when applying vacuum grease and a 31.2 % 

increase when applying araldite rapid adhesive. The same test revealed that the 

FOAES must be employed as a single-use device due to the onset of fibre damage 
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between the application and removal of the sensor from the substrate during the 

experiment.  

 

An assessment of the stress applied to the FOAES was conducted by applying external 

pressure to the devices and simulating embedded sensors. Applying 500 g to the 

devices increased the SNR by 3.9 % whilst adding 1000 g decreased the SNR by 1.3 %, 

from the original data. Improvements to sensor SNR could be accomplished by 

embedding the sensor and exposing it to an equivalent pressure of 98 kPa/0.98 bar/14.3 

psi to coincide with the 500 g tested weight.  

 

The bond between fibre and capillary was altered to study the impact on SNR values. 

In place of UV curable optical adhesive, other adhesives were trialled, namely, araldite 

adhesive, Loctite superglue gel and JB Weld epoxy resin. However, these adhesives 

reduced the SNR by 17.8 %, 9.9 % and 14.1 %, respectively. Due to the difficulty 

associated with applying these adhesives mid-manufacturing due to their inherent 

stiffness, UV curable optical adhesive was reinstated to avoid sensor damage. The 

requirement for improved sensor SNR was to use a couplant with a viscosity that 

allowed for free movement without sensor damage but one that also could not 

impregnate the packaging. Although the superglue was the least viscous, which was 

reflected by its corresponding SNR result, the value was still decreased due to sensor 

damage. Further work should be conducted to maximise sensor SNR with other 

couplants.        

 

The final assessment surrounding the sensor packaging evaluated the directionality 

of the FOAES and compared it to that of the piezo-electric AE sensors. For six FOAES, 

an average SNR value at their end-faces was 2.5 % greater than the average SNR at the 

other surrounding positions around the sensors. The PZT devices exhibited omni-

directional sensitivity.   
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6.1.3 FOAES and Benchmark AE Sensor Comparisons during Axial Loading 

 

In the first instance, the SNR demonstrated by the FOAES showed promising 

sensitivity to pencil breaks performed at three locations along the length of the 

composites. Location 3 was expected to present the highest SNR value due to its 

closest proximity to the FOAES. Despite being equidistant from the FOAES, Location 

2 adopted a higher SNR value over Location 1 due to the influence of the resin quantity 

across the sensors, as detailed in Figures 110 and 111. Between these locations, the 

average SNR ranged from 1.73 and 1.93 for Location 1 and 2, respectively. In these 

tests, the FOAES recorded more counts and a higher duration due to the influence of 

damping and the absence of a backing material. The plotted error bars were large due 

to the influence from human error, most noticeable with absolute energy and peak 

frequency data.    

 

Signal arrival time tests revealed that the first signals detected by the PZT sensors 

were generated at an earlier response time compared with the FOAES. This indicated 

a faster response time by the piezo-electric sensors as was graphically visualised by 

Figure 130.  

 

Zonal location and amplitude distribution tests concluded that with the introduction 

of a 55 dBAE threshold, the FOAES, R50 and WD sensors recorded fewer signals by 

198.9 %, 166.8 % and 158.4 %, respectively. The results demonstrated that most signals 

were attributed to low amplitude noise with nearly 400-times more signals detected 

below 55 dBAE, compared with above. This compared with 11-times more data at a 

lower threshold for the R50 sensor and 9-times more for the WD sensor. The sensor 

sensitivity was assessed by categorising the signals by amplitude bands. Across the 

carbon-fibre composites in the maximum amplitude band (90 – 99 dBAE), 0.07 % of all 

signals recorded were in this range for the FOAES, 1.21 % for the R50 sensor and 1.88 

% for the WD sensor. The results demonstrated further requirement for a reduction of 
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low-amplitude background noise with improved and shortened FOAES signal 

attenuation, increased sensitivity and a reduction of low-amplitude damage.    

 

Cumulative hits were studied to show that, on the carbon-fibre composite 190204-01, 

the cumulative counts from the FOAES were 12.3 % less than from the R50 sensor and 

56.5 % less than from the WD sensor up to FOAES failure at 364 seconds. Similarly, 

for the glass-fibre composite 190109-01, the cumulative counts from the FOAES were 

152.9 % less than from the R50 sensor and 147.3 % less than from the WD sensor up to 

FOAES failure at 345 seconds. The cumulative absolute energy hits were also 

captured. The carbon-fibre composite 190204-01 showed that the FOAES cumulative 

absolute energy was 185.5 % lower than the R50 sensor and 188.1 % lower than the 

WD sensor up to sensor fail. Similarly, the glass-fibre composite 190109-01 

demonstrated that the FOAES cumulative absolute energy was 198.7 % lower than the 

R50 sensor and 197.8 % lower than the WD sensor up to sensor fail. The results 

highlighted the requirement for further improvement of the FOAES SNR to record 

similar trends to piezo-electric data. Furthermore, the data presented evidence that 

the sensitivity gap between FOAES and PZT sensors is more prominent on the glass-

fibre cross-ply specimen, likely due to a greater amplitude range of data on this 

specimen.  

 

The data from an evaluation of the AE signals across various damage modes 

concluded that the low amplitude signals recorded by the FOAES and piezo-electric 

AE sensors, were mostly related to matrix cracking whilst higher amplitude signals 

were most often the result of fibre breaking. 

 

To reduce the amplitude and minimise clipped signals, the gain applied to the data 

could be reduced. However, this then must be also applied to the FOAES, which 

would increase difficulties in its analysis. The clipped signals from the piezo-electric 



314 | P a g e  
 

sensors in this study contributed negligibly to the analysis and comparisons with the 

FOAES were thus deemed irrelevant. 

 

Sensor longevity during axial loading was examined and a study conducted on 

increasing the lifetime of the fibre-optic devices. The typical failure strain of the 

FOAES from literature was calculated at approximately 0.6 %. Similar results were 

represented in this investigation when evaluating Composites 190204-01, 190205-04 

and after 190204-02, which was influenced by fibre damage. The results showed that 

device longevity and sensitivity were inversely proportional to each other, and that 

increasing longevity requires a sacrifice to the sensitivity.    

 

6.2 Future Work 

 

The work presented in this study has demonstrated and evaluated the difficulties 

associated with consistent and reproducible production of the FOAES with a 

conventional FBT process. Geometric instability during manufacture has been 

identified as a foremost obstacle associated with the reproducibility. The removal of 

this variable via the introduction of an automated fabrication system could improve 

the consistency and thus reliability of these fibre-optic sensors. Unfortunately, 

extensive research dedicated to the use of fully automated systems does not exist. 

However, such a system may be implemented in future sensor developments with the 

introduction of a modified fusion splicer. This method utilises an electrical discharge 

from two probes that locally melt two parallel optical fibres whilst high-precision 

translation stages apply adequate tension to produce a taper. 

 

Investigation into the arrival times of the symmetric and anti-symmetric modes also 

requires further attention. This may include the calculation of additional dispersion 

curves to better represent the frequency and attenuation of the traversing waves in 

aluminium, CFRPs and GFRPs used in this study. An improved method for 
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calculating and correlating the arrival times of the various modes between the FOAES 

and PZT devices should therefore be conceived. 

 

The interrogation system also requires attention with improvements to be 

implemented to investigate the influence of the polarising laser output. Its low-power 

output requires attention to enhance the ability of the FOAES to detect low-power 

signals comparable to those detected by the piezo-electric sensors. Recommendations 

for improvement in another study [30], has included using an off-the-shelf balanced 

photodiode, which can be used to amplify AE signals to directly correspond to piezo-

electric devices.  

 

The composite embedding process has been successfully performed with sensors of 

diameters 0.87 mm in other studies [30, 111]. This study has successfully increased the 

SNR of the sensors beyond that of many previously reported devices by reducing the 

outer diameter and increasing the wall thickness of the packaging. Increasing the 

capillary wall thickness should remain the focus in future endeavours by only 

reducing the inner diameter so as not to negatively impact on the future success of 

sensor embedment. The compression strength of the packaging must not be affected 

by this. During the manufacturing process, the sensing fibre was threaded through 

the capillary opening with ease. Additional diameter reduction will require the aid of 

precise translation stages to assist with this threading process due to dexterity 

difficulties associated with the manually operated process. Alternatively, the 

manipulation of two U-shaped capillaries can be employed to sandwich the fibres. 

Aided by fast-acting adhesive, these U-shaped capillaries may clamp the two halves 

of a cylindrical capillary together. This method would also require the use of 

translation stages with high precision.   

 

In addition to improving sensor SNR by focusing on reducing diameter but increasing 

the packaging wall thickness, embedding the novel sensor with reduced capillary 
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dimensions should also be investigated as it was not possible to evaluate the effect on 

the compressive strength of the capillaries in this study. It is proposed that an integrity 

comparison should be performed between the two packaging types with outer 

diameters of 0.84 mm and 0.87 mm to test for maximising longevity during 

manufacturing. The embedded sensors may be then directly compared with surface 

mounted piezo-electric AE sensors. 

 

Finally, the manufacture of a multi-measurand fibre optic sensor has been reported in 

literature [1]. The device was able to record and analyse the strain, temperature and 

refractive index and conduct chemical process monitoring of a substance to which the 

device was mounted. The combined manufacture of a multi-functional sensor and an 

AE sensor is proposed for future investigation as the process could not be performed 

in the current study. In an area of promising future study, it may be possible to splice 

the free fibre-end of the bi-conical AE sensor at position P3 (Figure 13) to either 

extruding fibre on the multi-measurand sensor at its strain or temperature monitoring 

end. This would require manipulation of the published multi-functional sensor by 

way of converting either the strain or temperature monitoring fibre to a 633 nm 

operating fibre to be accepted by the FOAES. Thereby the influence of crosstalk 

between multiple sensors would be irradicated and the influence of propagating noise 

would be reduced. Nevertheless, it is a promising direction for the development of 

fibre optic AE sensors for structural health monitoring.     
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Appendices 

Appendix-A: Additional Experimental Work 

 

AE Data and Composite Damage Correlation using PLBs 

Introduction 

The following Appendix-A refers to additional experimental work carried out to 

study damage modes in glass-fibre composites and conduct a comparison between 

the damage recorded through optical micrographs and AE signals resonating from 

the AE sensors. Due to time constraints, it was not possible to complete this section of 

work in the designated time frame. As such, only damage correlation conducted with 

piezo-electric AE sensors could be obtained. As the FOAES was not assessed in this 

section, this part of the experiments is categorised into the Appendix in the following 

subsections.  

 

Examination of SNR with Glass-Fibre Composites 

PLBs were performed on GFRPs with two piezo-electric AE sensors. They were 

mounted on opposing faces and bound with a thin layer of vacuum grease and tape. 

The sensor SNR was determined prior to specimen loading. Figure 199 displays the 

relationship between SNR and PLB location with the highest SNR for the R50 and WD 

devices being at locations 1 and 5, respectively. Both sensors demonstrated a high SNR 

across all break locations. The R50 sensor showed an SNR decrease at increasing 

distances from the sensor. The WD device showed no relation between the distance 

from the sensor and showed a high sensitivity to all breaks across the specimens. 
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Figure 199  The relationship between the SNR across lead-break locations 

compared between R50 and WD sensors.  

 

Demonstrating the TOA Technique and Wave Velocity Calculations 

Time-Of-Arrival (TOA) 

The amplitude and TOA from the PLB source to the piezo-electric sensors were first 

analysed to characterise the devices. The amplitude of PLBs recorded from Location 

3, which was the central break location, were used to inspect the coupling quality 

between sensors. The PLBs were expected to arrive at similar times due to the 

equidistant gap between devices. The capture time for each PLB was recorded as was 

the TOA difference between them. Factors influencing the signal TOA were: (i) non-

identical coupling between sensors; and (ii) the precision of the PLB location. The 

average amplitude and standard deviation captured from the sensors are provided 

for break Location 1, 3 and 5 in Table 45, 46 and 47, respectively. These locations 

represented both ends of the gauge length and across its centre. The standard 

deviation highlighted the variation in signal amplitude as it arrived at the transducers. 

The average TOA demonstrated the variation of signal arrival time between R50 and 

WD piezo-electric sensor. 
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 Table 45   Data of the average amplitude recorded across ten PLBs at location 1, located closest to 

the R50 sensor, with the standard deviation for each modelled. The variation between the TOA of 

the signals is also displayed. 

Specimen 
R50 Amp. 

(𝐝𝐁𝐀𝐄) 

R50 Std. Dev. 

(𝐝𝐁𝐀𝐄) 

WD Amp. 

(𝐝𝐁𝐀𝐄) 

WD Std. Dev. 

(𝐝𝐁𝐀𝐄) 

Average TOA 

Variation (µs) 

200227-22 98.7 0.64 98.8 0.40 30.6 

200227-24 99.0 0.00 99.0 0.00 30.3 

200227-26 99.0 0.00 99.0 0.00 29.5 

200227-42 99.0 0.00 97.6 1.36 33.6 

200227-44 99.0 0.00 98.6 0.66 29.3 

200227-46 99.0 0.60 98.2 0.87 28.6 

Mean 98.9 0.18 98.5 0.55 30.3 

 

Table 46   Data of the average amplitude recorded across ten PLBs at location 3, located at the 

midpoint between sensors, with the standard deviation for each modelled. The variation between 

the TOA of the signals is also displayed.  

Specimen 
R50 Amp. 

(𝐝𝐁𝐀𝐄) 

R50 Std. Dev. 

(𝐝𝐁𝐀𝐄) 

WD Amp. 

(𝐝𝐁𝐀𝐄) 

WD Std. Dev. 

(𝐝𝐁𝐀𝐄) 

Average TOA 

Variation (µs) 

200227-22 98.1 0.54 98.3 0.90 2.98 

200227-24 94.4 1.20 98.7 0.46 0.69 

200227-26 98.1 1.04 96.7 1.42 1.04 

200227-42 97.1 2.26 99.0 0.00 0.79 

200227-44 99.0 0.00 98.1 1.81 2.43 

200227-46 97.5 1.20 98.1 1.22 1.40 

Mean 97.4 0.89 98.2 0.97 1.56 

 

Table 47   Data of the average amplitude recorded across ten PLBs at location 5, located closest to 

the WD sensor, with the standard deviation for each modelled. The variation between the TOA of 

the signals is also displayed. 

Specimen 
R50 Amp. 

(𝐝𝐁𝐀𝐄) 

R50 Std. Dev. 

(𝐝𝐁𝐀𝐄) 

WD Amp. 

(𝐝𝐁𝐀𝐄) 

WD Std. Dev. 

(𝐝𝐁𝐀𝐄) 

Average TOA 

Variation (µs) 

200227-22 94.4 2.33 98.4 0.66 29.7 

200227-24 93.8 0.98 97.7 0.64 29.8 

200227-26 97.8 0.87 99.0 0.00 24.2 

200227-42 93.1 3.05 99.0 0.00 43.4 

200227-44 97.9 1.14 99.0 0.00 28.2 

200227-46 93.1 1.04 99.0 0.00 29.2 

Mean 95.0 1.35 98.9 0.22 30.8 
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The average variation in arrival time between sensors was 1.56 µs at the central 

Location 3. It was the smallest variation between TOA and thus showed that: (a) the 

PLB was suitably equidistant between sensors; and (b) the coupling uniformity was 

sufficient. Similar standard deviation data at Location 3 highlighted the consistency 

of the PLBs. Furthermore, the TOA between sensors at Location 1 and Location 5 

indicated that the sensors were placed symmetrically along the gauge length. This 

enabled a calculation of the wave velocity to be made. The standard deviation of data 

was smaller for breaks detected closest to the respective sensor. This is demonstrated 

in the previous tables that show the WD and R50 piezo-electric sensors positioned 

near to the Location 1 and Location 5 PLBs, respectively. This is also highlighted by 

the amplitude data. At Location 1, the R50 piezo-electric sensor displayed the highest 

amplitude and smallest standard deviation. The WD piezo-electric AE sensor 

demonstrated the same trend at Location 5.    

 

Wave Velocity 

The TOA technique calculated the wave velocity within the GFRPs from the PLBs as 

approximately 3400 m/s (3.4 km/s). To attain this, piezo-electric AE sensors were 

mounted to the 90º ply side of the quasi-isotropic composite, and a strain gauge 

attached to the opposite 0º ply face. There was little variation across samples which 

tested group A: Composites 200227-22, 200227-24 and 200227-26. On average, the 

wave velocity calculated from these specimens was 141 m/s (0.14 km/s) slower than 

for group B, which were classed as: Composites 200227-42, 200227-44 and 200227-46. 

Due to the asymmetry of the ply quality for these specimens, the piezo-electric sensors 

for group A were mounted to a more uneven surface. The wave velocity calculations 

have therefore suggested that coupling to a smooth surface influences the wave 

transmission quality. This has also been discussed in chapter 5 with Figure 108 and 

109. It has been previously reported in [196], that the wave velocity of sound 

propagates through composites at various rates dependent on the fibre content. 

Moreover, the longitudinal and transverse wave velocities were calculated for a quasi-
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isotropic carbon-fibre composites with a ply orientation of (0, 45, 45, 90)s. The average 

longitudinal and transverse wave velocity was calculated at 2411 m/s and 1326 m/s, 

respectively [197]. In thin fibre reinforced materials, propagating waves consist of two 

modes: symmetric and anti-symmetric. The dispersive curves displayed as the phase 

and group velocities, were obtained for a single lamina [198]. The waves propagated 

along the material principal direction (0º). The fundamental symmetric mode, shear 

vertical mode and shear horizontal modes were highlighted. The fastest wave 

transmission was 9215 m/s along the fibre direction of the symmetric mode, which is 

an expected wave speed in unidirectional composites according to [199]. The phase 

velocity was constant when the frequency was less than 500 kHz. This was the 

restricted maximum frequency recorded by the piezo-electric sensors used 

throughout this study. The shear horizontal mode was highlighted as being consistent 

across all frequencies, whilst the shear vertical mode was strongly dispersive towards 

lower frequencies. 

 

Assessment of the AE Parameters 

PLBs were performed on the substrate prior to tensile loading. The amplitude, signal 

counts, duration, absolute energy, and peak frequency from the FFT trace were all 

determined. The PLBs gave an indication of the piezo-electric sensitivity as 

represented in Figure 200. The data indicated that the absolute energy was higher for 

the WD piezo-electric sensor compared with the R50 device. Moreover, the PLBs 

indicated a higher peak frequency for the R50 sensor compared with the WD device. 

The sensor weight had no impact on the sensitivity as the R50 was heavier yet failed 

to cause a noticeable variation during sensor coupling. The product data sheets 

indicate a higher peak sensitivity for the R50 sensor (62 dBAE) compared with the WD 

sensor (56 dBAE), which likely contributed to the increased peak frequency of the 

former device. The wider operational frequency of the WD increased its SNR and 

enhanced the absolute energy of the sensor to wide frequency data.   
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Figure 200   A summary from six specimens of the amplitude, duration, counts, absolute energy, 

and peak frequency detected by the R50 and WD sensors across five PLBs. 
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Location Analysis 

Location of Damage Modes using Benchmark AE Sensors during PLB Capture 

The linear location of AE events could be recorded by the two sensors from 

constructing a 2D Histogram plot through AEWin by MISTRAS. Location analysis 

was computed with PLBs from break locations 1, 3 and 5 according to the sensor setup 

in Figure 201.  

 

A sum of the AE event location between piezo-electric AE sensors at three specified 

intervals is displayed in Figure 202a-c. With PLBs in a closer proximity to Location 1 

for the R50 piezo-electric AE sensor, a higher sensitivity was recorded than from 

Location 5. This was also the case for the WD piezo-electric AE sensor being more 

sensitive to breaks at Location 5. The detection of the signals for linear location 

analysis corresponded well with the actual location of the events according to PLBs. 

The location vs number of events were plotted to determine the event location along 

the 150 mm plate-like structure. PLBs at location 1 were dominated by signals closer 

to the 0 mm location. In the analysis, 0 mm corresponded to the location of the R50 

piezo-electric sensor and 150 mm to the WD sensor. Ten PLBs were tested in this 

format to determine the location of the events with the following location setup 

parameters also adopted. 
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Figure 201   The general location setup and the sensor position setup at the top and 

 lower of the figure, respectively, utilised for AE event location analysis 

 for quasi-isotropic GFRPs. 

 

The events vs channel graphs in Figure 202 display a typical representation of the 

capture location for PLB locations against the corresponding break along the x-axis. 

Channel 1 captured more data around Location 1, whilst channel 3 acquired more data 

around Location 5. Location 3 demonstrated more comparable capture rates between 

sensors. 

 

Whilst the following figures have demonstrated the linear location analysis of damage 

modes and crack propagation in the specimens from PLBs, the same technique was 

adopted during tensile loading of six quasi-isotropic specimens in Figures 209 - 214. 

The data in Figure 202, however, showed an overview of the number of AE signals 

captured by the piezo-electric sensors during axial loading with the distance 0 - 150 

mm corresponding to the gauge length of each specimen.  
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Figure 202   A sum of the AE events captured from channel 1 (R50) and channel 3 (WD) sensors 

from PLBs at: (a) location 1; (b) location 3; and (c) location 5 across the specimens. 

(a) 

(b) 

(c) 
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Location of Damage Modes using Benchmark AE Sensors during Loading 

To begin, a sample rate of 2 MSPS was chosen during tensile loading to maximise the 

resolution of the signal. However, this created an immeasurable sized data set. 

Thereafter, 1 MSPS was deemed suitable for data capture. Sample 200227-42 used a 2 

MSPS data acquisition and as such, had twice the sampling rate of any other specimen. 

Graph A from Figures 203 - 208 corresponded to the zonal location displaying the 

locality of captured signals across the two transducers. Both sensors captured a similar 

quantity of hits during tensile loading. The maximum, minimum and standard 

deviation of the data are displayed in Table 48 and represent the total number of 

events from each sensor across all six specimens under axial loading. 

 

Table 48   The minimum, maximum and standard deviation values of the recorded events from  

the two transducers during tensile loading of the six samples. 

PZT AE Sensor Min. Collected Max. Collected Std. Dev. 

R50 9436 17984 3539 

WD 9221 20425 4121 

 

Graphs B and C from Figures 203 - 208 display the events against the location along 

the 150 mm gauge length. Graph B displays the full context of the data and graph C 

focuses on the event location across the gauge length whilst hiding the data from 

under each sensor. According to Table 49, the most events were monitored at the far 

ends of the gauge length – 0 mm and 150 mm. This represented the location of the 

sensors themselves and demonstrated that most signals were recorded near the 

devices. The maximum, minimum and standard deviation of the events are presented 

in the following table alongside the corresponding linear location.  
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Table 49   The minimum, maximum and standard deviation values of the recorded  

events across the sample gauge length for all samples (excluding Composite 200227-42)  

between the PZT sensors. 

Location 

(mm) 

R50 WD 

Min. 

Collected 

Max. 

Collected 
Std. Dev 

Min. 

Collected 

Max. 

Collected 
Std. Dev 

0 1579 3729 799.7 0 0 0 

25 34 98 24.2 0 0 0 

50 70 298 102.8 0 0 0 

75 29 73 17.9 24 96 27.8 

100 0 0 0 85 265 67.3 

125 0 0 0 41 204 56.0 

150 0 0 0 2433 4115 568.2 

 

The number of events at each location for all samples were noted and plotted. The 

standard deviation demonstrated that the maximum data variation was directly 

under each transducer suggesting that the quality of the coupling vastly influenced 

the quality and quantity of data. The sensors were able to detect low energy events, 

which contributed to more signals being detected in close proximity to the devices, 

where low energy data could be captured. 

 

 

 

 

 

 

 

 

 



341 | P a g e  
 

Composite 200227-22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 203   Linear location analysis of Composite 200227-22 for the GFRPs showing: (a) the 

comparison on the events recorded by the R50 and WD sensors during the tensile loading; (b) 

events recorded by the R50 and WD sensors against the sample location during tensile loading; 

and (c) focussed PZT data of the event location across the length of the sample, excluding directly 

at the devices. 

 

 

 

 

(a) (b) 

(c) 
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Composite 200227-24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 204   Linear location analysis of Composite 200227-24 for the GFRPs showing: (a) the 

comparison on the events recorded by the R50 and WD sensors during the tensile loading; (b) 

events recorded by the R50 and WD sensors against the sample location during tensile loading; 

and (c) focussed PZT data of the event location across the length of the sample, excluding directly 

at the devices. 
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(c) 
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Composite 200227-26 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 205   Linear location analysis of Composite 200227-26 for the GFRPs showing: (a) the 

comparison on the events recorded by the R50 and WD sensors during the tensile loading; (b) 

events recorded by the R50 and WD sensors against the sample location during tensile loading; 

and (c) focussed PZT data of the event location across the length of the sample, excluding directly 

at the devices. 
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Composite 200227-42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 206   Linear location analysis of Composite 200227-42 for the GFRPs showing: (a) the 

comparison on the events recorded by the R50 and WD sensors during the tensile loading; (b) 

events recorded by the R50 and WD sensors against the sample location during tensile loading; 

and (c) focussed PZT data of the event location across the length of the sample, excluding directly 

at the devices. 
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Composite 200227-44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 207   Linear location analysis of Composite 200227-44 for the GFRPs showing: (a) the 

comparison on the events recorded by the R50 and WD sensors during the tensile loading; (b) 

events recorded by the R50 and WD sensors against the sample location during tensile loading; 

and (c) focussed PZT data of the event location across the length of the sample, excluding directly 

at the devices. 
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(c) 
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Composite 200227-46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 208   Linear location analysis of Composite 200227-46 for the GFRPs showing: (a) the 

comparison on the events recorded by the R50 and WD sensors during the tensile loading; (b) 

events recorded by the R50 and WD sensors against the sample location during tensile loading; 

and (c) focussed PZT data of the event location across the length of the sample, excluding directly 

at the devices. 

 

 

 

 

(a) (b) 

(c) 
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Assessment of Device Sensitivity via AE Parameters 

Damage Characterisation of Composites during Tensile Loading 

This section discusses and analyses the AE parameters recorded during ‘long-term’ 

tensile loading. That is, the data was collected by the piezo-electric sensors under a 

loading rate that enabled micrographs to capture composite crack growth and damage 

propagation. The test was halted at 10 % load intervals until 100 % specimen failure. 

The load intervals were halted for 15 minutes to allow data to be recorded. Six 

specimens with each using the same two piezo-electric sensors are presented in 

Figures 209 - 214. 

 

An amplitude threshold of 45 dBAE was implemented during loading. The amplitude 

range detected by the piezo-electric sensors increased as the tensile load increased. 

The rate of detecting high frequency events also improved with increasing load.   
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Composite 200227-22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 209   Key AE parameters recorded for a full 

tensile loading test on Composite 200227-22 with the 

extension halted at 10 % Load intervals for 15 minutes. 
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Composite 200227-24 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 210   Key AE parameters recorded for a full 

tensile loading test on Composite 200227-24 with the 

extension halted at 10 % Load intervals for 15 minutes. 
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Composite 200227-26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 211   Key AE parameters recorded for a full 

tensile loading test on Composite 200227-26 with the 

extension halted at 10 % Load intervals for 15 minutes. 
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Composite 200227-42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 212   Key AE parameters recorded for a full 

tensile loading test on Composite 200227-42 with the 

extension halted at 10 % Load intervals for 15 minutes. 
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Composite 200227-44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 213   Key AE parameters recorded for a full 

tensile loading test on Composite 200227-44 with the 

extension halted at 10 % Load intervals for 15 minutes. 
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Composite 200227-46 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 214   Key AE parameters recorded for a full 

tensile loading test on Composite 200227-46 with the 

extension halted at 10 % Load intervals for 15 minutes. 
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Stress-Strain Curve and Specimen Failure 

Macroscopic Damage Evaluation 

Damage characterisation of the specimens were conducted to couple the AE data with 

the actual analysis. Corresponding stress-strain curves for the samples are described 

in Figures 215 and 216. Four virgin quasi-isotropic composites were tensile loaded to 

examine the damage modes and crack propagation with strain. The ply orientation of 

Composites 200218-03 and 200218-10 were (0, 45, 45, 90)s with Composites 200218-17 

and 200218-18 having an opposing orientation of (90, 45, 45, 0)s. 

 

 

 

 

 

 

 

Figure 215   Stress-strain curves of Composite 200218-03 and 200218-10, with ply orientations 

(90,45,45,0)s. The graphs show the extent of the curves to their respective tensile strengths. 

 

 

 

 

 

 

 

  

 

 

 

 
Figure 216   Stress-strain curves of Composite 200218-17 and 200218-18, with ply orientations 

(0,45,45,90)s. The graphs show the extent of the curves to their respective tensile strengths. 

Knee Point 
Knee Point 

Knee Point 
Knee Point 
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The specimens were tensile loaded at a rate of 0.5 mm/min whilst the stress-strain 

curve was linear for most of the cycle. This was expected for a brittle material. The 

non-linearity of the curve on all specimens up to a strain of around 0.5 % was 

attributed to matrix-only failure load [200]. The knee point of each specimen is plotted 

on the stress-strain curves. This is the intersection of the two curves that represents 

the failure point of the plies perpendicular to the loading direction [201, 202]. The 

influence of the fibre stacking sequence has a clear effect on the failure characteristics 

of the laminates. The curves show a nonlinear elastic feature until the point of failure 

and are therefore considered as bilinear [203]. Figure 217 displays a typical stress-

strain curve for quasi-isotropic GFRPs, also taken from the same article [203]: 

 

Figure 217   Stress-strain curve of quasi-isotropic laminate (source: [203]). 

 

The diversity of the curves between the two-ply orientations in Figure 215 and 216, 

highlight the variability of the two outer plies (0º and 90º). As the strength of the 0º 

ply is governed by its fibre content, the reduced tensile strength of Composites 200218-

17 and 200228-18 were accredited to fibre depleted regions in this ply. Alternatively, 

resin-rich regions in the 90º ply likely contributed to additional matrix cracking at 

lower strain values in this layer. The steeper linear gradient of the stress-strain curves 

in Figure 216 at the lower strain values, may also be owed to the lower tensile strength 



356 | P a g e  
 

of the matrix. The magnitude of the damage is illustrated in the photographs in Figure 

218.  

 

     

Figure 218   The specimens initially tensile loaded to failure to examine macroscopic damage 

modes, are imaged (side A – left, side B – right). 

 

Side A is displayed to the left of the figure and shows the 0º ply side of Composites 

200218-03 and 200218-10, and the 90º ply side of Composites 200218-17 and 200227-18. 

Side B shows the 90º ply side of Composites 200218-03 and 200218-10, and the 0º ply 

side of Composite 200218-17 and 200227-18. The photographs corresponded with 

specimen damage analysed with micrographs that has been summarised in Section 

5.6.4. The data concluded that the specimens all failed with complete fibre pull-out, 

large ply splitting along the 0º ply and delamination within the adjacent 45º ply. There 

were additional fibre breakages and fibre pull-out at a 90º orientation to the 0º ply in 

Composites 200218-17 and 200218-18. This was the result of the ply quality.  

 

Tables 50 - 53 describe the full extent of the damage captured during the tensile 

loading of four glass-fibre quasi-isotropic composites during macroscopic image 

analysis. The strain data was invalid upon failure of the strain gauge. The tables 

display the progression of damage modes throughout each composite. 
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Table 50   The full extent of the damage initiated by tensile loading 

 during macroscopic damage analysis (Composite 200218-03). 

Prominent Damage Modes Test Time (s) Load (kN) Strain (%) 

Matrix cracking between the 90º and the 45º plies. 
182 5.3 0.31 

Delamination between 90º and 45º plies. 

Fibre cracks forming in the 0º ply. 467 13.5 0.99 

Matrix cracking between the adjacent 45º plies. 493 14.2 1.06 

Matrix cracks forming between the 45º ply and adjacent 

0º ply. 
542 15.6 1.18 

Fibre cracking propagating along the length of the 

specimen, concentrated in the 0º ply, likely due to 

splitting. 

594 17.0 1.31 

Matrix cracking between the 45º plies, as a visible merger 

between layers. 
629 17.9 1.40 

Fibre buckling in the 90º ply, the origin of a transverse 

ply split across the ply. 
748 21.0 1.70 

Matrix cracking around the 45º plies. 755 21.1 1.72 

Fibre cracking and ply splitting in the 0º ply as the 

material elongates. 
815 22.6 1.87 

Further fibre cracking along the 0º ply. 1024 27.2 2.43 

Propagation of splitting through the 90º ply results in the 

sample twisting around this layer, in addition to fibre 

cracking and splitting in the 0º ply. 

1048 27.4 2.48 

Large matrix cracking perpendicular to the fibres in the 

90º ply causes delamination between the 90º and adjacent 

45º ply. 

1082 27.9 2.56 

Matrix cracking between all layers with simultaneous 

fibre splitting and pull-out in the 0º ply. 
1083 18.7 - 

Extensive fibre pull-out in the 0º ply. 1089 15.9 - 

Fibre pull-out throughout the entire 0º ply. 1117 16.4 - 

Large fibre pull-out splitting the 0º layer from the main 

body of the composite along with extensive 0º ply 

splitting, parallel to fibre orientation. 

1130 12.4 - 

Extensive fibre pull-out, ply splitting and matrix cracking 

in the 0º ply leading to a final sample rupture. 
1141 0.0 - 
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Table 51   The full extent of the damage initiated by tensile loading  

during macroscopic damage analysis (Composite 200218-10). 

Prominent Damage Modes Test Time (s) Load (kN) Strain (%) 

Initial propagation of fibre cracking and elongation of 

fibres in the 0º ply. 
685 18.8 1.46 

Propagation of fibre cracking along the 0º ply. 708 19.4 1.52 

Initiation of matrix cracking between 45º plies 799 21.8 1.75 

Commencement of fibre cracking in the 0º ply. 844 22.9 1.87 

Matrix cracking in the 45º plies. 846 23.0 1.87 

Matrix cracking in the 90º ply. 925 24.8 2.08 

Extensive delamination between 0º and adjacent 45º ply, 

with additional fibre cracking. 
1049 26.6 2.32 

Fibre fracture growth in the 0º ply. 1050 20.0 - 

Further fibre cracking and fibre pull-out along the 0º ply. 1063 19.4 - 

Fibre cracking, fracture and pull-out in the 0º ply, with all 

other plies unaffected. 
1074 19.6 - 

Extension of fibre cracking along the 0º ply. 1085 18.1 - 

Fibre cracking and delamination between the adjacent 0º 

and 45º plies. 
1091 18.0 - 

Large ply splitting along the 0º ply, leading to 0º fibres 

beginning to separate between 0º ply and adjacent plies. 
1097 13.5 - 

Additional ply splitting in the 0º ply. 1102 13.5 - 

Complete 0º ply separation away from the specimen. 
1113 9.8 - 

Delamination between 0º and adjacent 45º ply. 

Further 0º ply splitting from specimen. 1123 9.3 - 

Complete failure of 0º ply including delamination 

between 45º plies. 
1129 0.0 - 
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Table 52   The full extent of the damage initiated by tensile loading 

 during macroscopic damage analysis (Composite 200218-17). 

Prominent Damage Modes Test Time (s) Load (kN) Strain (%) 

Initial matrix cracking in the 45º plies. 231 6.0 0.40 

Growth of matrix cracking the 45º plies. 241 6.2 0.43 

Further matrix cracking in the 45º plies. 304 8.0 0.61 

Matrix cracking in the 90º ply. 356 9.5 0.76 

Commencement of delamination the 90º ply and adjacent 

45º ply. 367 9.8 0.79 

Matrix cracking in the 45º plies. 

Further matrix cracking in the 45º plies. 398 10.7 0.88 

Delamination between adjacent 45º plies. 
640 17.4 1.54 

Fibre cracking along the 0º ply, from fibre breakages. 

Growth of delamination between 90º and adjacent 45º 

ply. 
703 19.1 1.71 

Fibre cracking along the 0º ply, from fibre breakages. 714 19.4 1.74 

Matrix cracking at the 45º plies. 

819 22.1 2.04 Delamination between 45º plies and between 45º and 90º 

ply. 

Ply split along the 0º direction in the 0º ply, likely from 

fibre pull out. 
841 22.7 2.11 

Matrix cracking in the 45º plies. 860 23.1 2.24 

Additional fibre snaps, separating the 0º ply from the 

main specimen 
881 23.1 2.35 

Fibre pull-out of multiple fibres in the 0º ply. 913 24.0 2.51 

Propagation of fibre cracking along the 0º ply. 968 25.2 2.68 

Delamination between 45º and adjacent 0º ply. 
993 25.5 2.74 

Fibre cracks along the 0º ply. 

Fibre cracking and pull-out in the 0º ply. 1004 22.9 2.75 

Further delamination between 45º and adjacent 0º ply. 1006 13.4 - 

Large ply split parallel to the specimen length, in the 0º 

ply. 
1015 11.1 - 

Complete fibre pull-out and separation between 0º and 

adjacent 45º ply. 
1016 9.5 - 
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Table 53   The full extent of the damage initiated by tensile loading 

during macroscopic damage analysis (Composite 200218-18). 

Prominent Damage Modes Test Time (s) Load (kN) Strain (%) 

Matrix cracking between 45º plies 165 5.2 0.33 

Matrix cracking between 45º and 90º ply. 185 5.7 0.37 

Matrix cracking and small ply splitting in the 45º plies. 227 6.8 0.47 

Delamination between 45º and adjacent 90º ply. 330 9.6 0.66 

Further matrix cracking between 45º plies and between 

45º and 90º ply. 
351 10.2 0.71 

Growth of matrix cracking the 45º plies. 381 11.1 0.82 

Matrix cracking surrounding the 45º plies contributing to 

ply splitting. 
402 11.6 0.87 

Propagation of fibre cracking along the 0º ply. 526 15.1 1.19 

Ply splitting between the 45º and 90º ply. 544 15.6 1.23 

Matrix cracking around the 90º ply. 609 17.3 1.39 

Additional ply splitting between the 45º and 90º plies. 619 17.5 1.42 

Fibre cracking in the 0º ply, parallel to specimen length. 743 20.8 1.75 

Ply splitting in the 45º plies. 758 21.2 1.80 

Further ply splitting between the 45º and 90º ply. 764 21.3 1.81 

Delamination between 0º and adjacent 45º ply. 766 21.2 1.81 

Ply splitting in the 45º plies, perpendicular to the 

specimen length. 
931 25.0 2.23 

Fibre cracking along the 0º ply, delaminating fibres and 

matrix in this ply. 
995 26.1 2.61 

Heavy delamination between the 0º ply and adjacent 45º 

ply. 
1002 26.0 2.64 

Fibre splitting in the 0º parallel to the specimen length 

resulting in material fail. 
1010 13.0 - 

 

Microscopic Damage Evaluation 

Microscopic damage modes and crack evaluation was conducted during tensile 

loading Composites 200227-22, 200227-24, 200227-26, 200227-42, 200227-44 and 

200227-46 over an average time of 150 minutes. A load-time curve plotted in Figure 

219 displays the relationship between the parameters. The damage modes associated 

with the composite together with the crack growth were analysed during 15-minute 

dwell intervals between loading cycles. The applied average strain was calculated 

against the applied tensile load whilst the percentage proportion of tensile strength 

compared to the load at specimen failure were recorded. Furthermore, the cumulative 

events detected by the two PZT sensors are plotted in Figure 220 and Table 54. The 
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results demonstrated a rapid increase to the recorded signals towards the end of the 

cycle, where fibre cracking and delamination were prominent.   

 

 

Figure 219   A force / time curve relationship for 10 % load integers during tensile loading. 

 

Table 54   A table showing the applied tensile load (kN) against the strain  

range (%) for all specimens. 

Proportion of Tensile Strength (%) Applied Tensile Load (kN) Applied Tensile Load (kN) 

10 2.69 0.13 - 0.15 

20 5.37 0.28 - 0.36 

30 8.06 0.48 - 0.59 

40 10.74 0.72 - 0.85 

50 13.43 0.96 - 1.12 

60 16.11 1.21 - 1.40 

70 18.79 1.47 - 1.69 

80 21.48 1.78 - 2.06 

90 24.17 2.09 - 2.45 

100 26.85 2.54 - 2.99 
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Figure 220   The typical trace of cumulative events vs time for the two PZT sensors. 

 

Damage Correlation to AE Signals with Macroscopic Evaluation 

With an extension rate of 0.5 mm/min, the first composite specimens were loaded for 

around 13 minutes until specimen failure. The failure load and ply orientation of the 

specimens are displayed in Table 55. The quasi-isotropic glass-fibre composites 

underwent a visual inspection of their surface throughout tensile loading. The 

respective tensile load and strain is specified for the specimens. The Tensile Strength 

Percentage represents the proportion of load applied to the specimen before complete 

failure, where 100 % is total failure. A similar approach was adopted in [204]. The 

strain gauge data is also directly provided in Table 55. In the table, singular damage 

modes are displayed as single events.  
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Table 55   Typical propagation of damage modes and corresponding tensile load/strain 

 data recorded from quasi-isotropic GFRPs.  

Prominent Damage Modes 
Test Time 

Range (s) 

Tensile Strength 

Percentage (%) 

Actual Strain 

from Gauge (%) 

Matrix cracking between the 90º and 45º plies 182 - 351 19 - 39 0.31 - 0.71  

Matrix cracking between the 45º plies 165 - 860 20 - 90 0.33 - 2.24 

Matrix cracking between 45º and 0º plies  542 56 1.18 

Matrix cracking around 90º ply 356 - 925 37 - 91 0.76 - 2.08  

Delamination between 45º plies 640 68 1.54 

Delamination between 90º and 45º plies 330 - 1082 37 - 100 0.66 - 2.56 

Ply splitting across the 45º and 90º plies 544 - 764 59 - 81  1.23 - 1.81 

Fibre buckling in the 90º ply 748 75 1.70 

Fibre cracking and elongation along the 0º ply 467 - 1085  48 - 99  0.99 - 2.74* 

Ply splitting across the 45º plies 758 - 931  81 - 95 1.80 - 2.30 

Delamination between 45º and 0º plies 766 - 1113  80 - 99  1.81 - 2.74* 

Fibre pull-out and ply splitting in the 0º ply 841 - 1123  88 - 98  2.11 - 2.51* 

Extensive fibre pull-out, large ply splitting along the 0º 

ply with delamination at the ply 0º/45º boundary 
881 - 1141  90 - 100 2.35* 

 

*This notes additional events not recorded here due to strain gauge failure. At high tensile loads, 

damage modes were observed but no strain data was therefore determined.  

 

Table 56 summaries the damage modes visible from tensile loading and demonstrates 

the extent of the damage on the specimens with damage modes visibly contributing 

to crack growth and therefore specimen failure. The failure load/tensile strength is the 

maximum force applied to the specimen before failure. The corresponding failure load 

and failure strain are also presented. Matrix cracking was one of the earliest damage 

modes recorded. It occurred between 90º and 45º plies, a time between 182 and 351 

seconds, a tensile load of 19 - 39 % of the total failure load, and a strain of 0.31 - 0.71 

%. There was additional damage at loads beyond the specimen tensile strength as the 

material underwent stress relaxation. These were: (i) fibre cracking and elongation 

along the 0º ply; (ii) fibre pull-out and ply splitting in the 0º ply; (iii) delamination 

between 45º and 0º plies; and (iv) complete 0º ply separation.  
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Table 56   The failure load and corresponding failure strain of the specimens 

 examined for macroscopic damage during tensile loading. 

Material and Ply Orientation 
Failure Load 

(kN) 

Failure Strain 

(%) 
Sample Failure Modes 

Composite 200218-03 

(90,45,45,0)s 
28.05 2.56 

Extensive delamination between 

adjacent 0° and 45° plies. 

Composite 200218-10 

(90,45,45,0)s 
27.28 2.34 

Large matrix cracks  

between plies. 

Composite 200218-17 

(0,45,45,90)s 
25.75 2.74 

Fibre cracking and  

pull-out in the 0° ply. 

Composite 200218-18 

(0,45,45,90)s 
26.33 2.61 

Simultaneous ply splitting, 

causing 0° ply separation. 

 

Damage Correlation to AE Signals with Microscopic Evaluation 

This section describes various damage modes with corresponding AE waveforms. The 

FFT data are provided alongside the corresponding tensile strain and micrographs of 

the damage. The position and extent of the damage modes were determined by 

evaluating real-time micrographs with a CCD camera.  

 

Matrix Cracking 

The earliest damage propagating through composites were mainly associated with 

matrix cracking. It has been previously reported that matrix cracking propagates at 

one of the lowest frequencies of the typically recorded damage modes within 

composites [94-96], usually below 100 kHz. A slow rise time, long duration, and low 

absolute energy are typical signal characteristics of this damage. Despite their low 

energy, the amplitude often varies dramatically [62, 205]. The most prominent area 

was between the adjacent 45º plies for matrix cracking, though these were also visible 

around the 90º ply around the 90º/45º and 0º/45º boundary. This type of damage was 

generally observed at an average strain of 1 % but was noticeable below this also. It 

was previously reported in [204], that damage progression and crack growth in quasi-

isotropic laminates occurred with matrix cracking in the 90º plies in the load range of 

20 - 70 %. Matrix cracking in the 45º plies adjacent to the 90º ply, occurred at 30 - 70 %. 
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The areas not directly adjacent to the 90º ply occurred at 60 - 80 % of the material 

tensile strength. A time-frequency representation (TFR) of a discrete waveform typical 

of matrix cracking acquired from low-amplitude signals, was extracted from the 

tensile loading tests and is displayed in Figure 221. The dotted line on the CWT trace 

represents part of the Cone of Influence. The scalogram data is plotted with a linear x-

axis and logarithmic y-axis. Within the dotted line on the scalogram, the information 

provided is an accurate time-frequency representation of data. Outside the line in the 

shaded region, the information should be treated as suspect due to the potential for 

edge effects. The entire cone is not displayed as the CWT scalogram is focused to 

concentrate on the time-frequency element of the data. 

 

 

  

 

 

 

 

 

 

 

Figure 221   A discrete waveform and continuous wavelet transform (CWT) for a matrix crack.  
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Composite 200227-22: Matrix Crack 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 222   A graphical representation of a typical AE event from a matrix crack recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-22.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

30 % Load 

Figure 223   A micrograph illustration of the sample loaded at 30 % tensile strength, in conjunction 

with the signal displayed above. Evidence of matrix cracking is highlighted. 

Transducer, R50 

Abs Energy (J) = 3.44 e+6 

Amplitude (dBAE) = 87 

Counts (counts)    = 620 

Duration (µs) = 6619 

FFT Peak (kHz) = 44.5 

Rise Time (µs) = 15 

Transducer, WD 

Abs Energy (J) = 2.15 e+7 

Amplitude (dBAE) = 87 

Counts (counts) = 312 

Duration (µs) = 6227 

FFT Peak (kHz) = 32.0 

Rise Time (µs) = 13 
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Composite 200227-24: Matrix Crack 

  

 

 

 

 

 

 

 

 

 

 

Figure 224   A graphical representation of a typical AE event from a matrix crack recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-24.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

30 % Load 

 

 

Figure 225   A micrograph illustration of the sample loaded at 30 % tensile strength, in conjunction 

with the signal displayed above. Evidence of matrix cracking is highlighted. 

Transducer, R50 

Abs Energy (J) = 5.94 e+4  

Amplitude (dBAE) = 72 

Counts (counts) = 147 

Duration (µs) = 2028 

FFT Peak (kHz) = 171.8 

Rise Time (µs) = 638 

Transducer, WD 

Abs Energy (J) = 9.31 e+4 

Amplitude (dBAE) = 68 

Counts (counts) = 96 

Duration (µs) = 2983 

FFT Peak (kHz) = 31.6 

Rise Time (µs) = 931 
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Composite 200227-26: Matrix Crack 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 226   A graphical representation of a typical AE event from a matrix crack recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-26.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

30 % Load 

 

Figure 227   A micrograph illustration of the sample loaded at 30 % tensile strength, in conjunction 

with the signal displayed above. Evidence of matrix cracking is highlighted. 

Transducer, R50 

Abs Energy (J) = 3.95 e+5 

Amplitude (dBAE) = 84 

Counts (counts) = 62 

Duration (µs) = 950 

FFT Peak (kHz) = 43.3 

Rise Time (µs) = 42 

Transducer, WD 

Abs Energy (J) = 3.53 e+5  

Amplitude (dBAE) = 84 

Counts (counts) = 55 

Duration (µs) = 1155 

FFT Peak (kHz) = 34.2 

Rise Time (µs) = 50 
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Composite 200227-42: Matrix Crack 

   

 

 

 

 

 

 

 

 

 

Figure 228   A graphical representation of a typical AE event from a matrix crack recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-42.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

30 % Load 

 

 

Figure 229   A micrograph illustration of the sample loaded at 30 % tensile strength, in conjunction 

with the signal displayed above. Evidence of matrix cracking is highlighted. 

Transducer, R50 

Abs Energy (J) = 3.19 e+3 

Amplitude (dBAE) = 62 

Counts (counts) = 71 

Duration (µs) = 1138 

FFT Peak (kHz) = 164.6 

Rise Time (µs) = 62 

Transducer, WD 

Abs Energy (J) = 5.87 e+3 

Amplitude (dBAE) = 66 

Counts (counts) = 49 

Duration (µs) = 614 

FFT Peak (kHz) = 87.8 

Rise Time (µs) = 31 



370 | P a g e  
 

Composite 200227-44: Matrix Crack 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 230   A graphical representation of a typical AE event from a matrix crack recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-44.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

30 % Load 

 

Figure 231   A micrograph illustration of the sample loaded at 30 % tensile strength, in conjunction 

with the signal displayed above. Evidence of matrix cracking is highlighted. 

Transducer, R50 

Abs Energy (J) = 2.66 e+3 

Amplitude (dBAE) = 62 

Counts (counts) = 23 

Duration (µs) = 168 

FFT Peak (kHz) = 164.2 

Rise Time (µs) = 41 

Transducer, WD 

Abs Energy (J) = 9.99 e+3 

Amplitude (dBAE) = 58 

Counts (counts) = 15 

Duration (µs) = 192 

FFT Peak (kHz) = 91.5 

Rise Time (µs) = 34 
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Composite 200227-46: Matrix Crack 

  

  

 

 

 

 

 

 

 

 

 

Figure 232   A graphical representation of a typical AE event from a matrix crack recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-46.  

The FFT and corresponding waveform is also portrayed. 

  

 

 

 

 

20 % Load 

 

 

Figure 233   A micrograph illustration of the sample loaded at 20 % tensile strength, in conjunction 

with the signal displayed above. Evidence of matrix cracking is highlighted. 

Transducer, R50 

Abs Energy (J) = 5.56 e+4 

Amplitude (dBAE) = 69 

Counts (counts) = 342 

Duration (µs) = 2948 

FFT Peak (kHz) = 171.4 

Rise Time (µs) = 219 

Transducer, WD 

Abs Energy (J) = 4.43 e+3  

Amplitude (dBAE) = 58 

Counts (counts) = 27 

Duration (µs) = 1316 

FFT Peak (kHz) = 30.7 

Rise Time (µs) = 125 
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Delamination 

Damage modes at higher strain rates included ply splitting and delamination 

concentrated between adjacent plies. The most prominent area for delamination was 

between the 90º and adjacent 45º plies. This type of delamination occurred at variable 

strain values at an average strain of 1.6 %. Delamination between the 0º and adjacent 

45º ply, however, was notorious at higher strains close to specimen failure. Typical 

strain data for these damage modes was between 1.8 % and 2.7 %. Corresponding 

damage modes from the quasi-isotropic composites in relation to delamination were 

evaluated. It has been reported in [206-209], that 90º/45º damage typically occurs at 

loads between 50 - 70 %, whilst 0º/45º damage are expected above 70 %. Usual 

waveform characteristics of delamination in FRPCs include long rise times, long 

durations similar to matrix cracking, and high amplitudes [115]. Furthermore, it has 

been suggested that events associated with delamination can have a duration and 

attenuation of up to four times longer than matrix cracking and fibre-matrix 

debonding. The typical frequency observed from delamination in FRPCs is often less 

than 150 kHz [210]. Despite this, delamination has been noticeable between 200 - 260 

kHz for glass-epoxy specimens with various ply orientations for single and double 

layered specimens [107]: 0º/90º; +45º/-45º; and 90º/90º. The number of plies therefore 

influences the FFT signal. 

 

AE data has also been recorded for single-layer specimens to identify matrix cracking 

and fibre failure. Two-layer specimens with a pre-induced defect were also used to 

examine the propagation of delamination through tensile loading in [211]. In the 

report, it was suggested that delamination exhibited a varied FFT response but often 

below 200 kHz. Delamination generated AE events covering a wide amplitude range 

with generally a long duration. A time-frequency representation (TFR) of a discrete 

waveform typical of delamination acquired from low-amplitude signals, was 

extracted from the tensile loading tests and is displayed in Figure 234. The magnitude 

is noticeably higher than that from matrix cracking (Figure 221). The dotted line on 
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the CWT trace represents part of the Cone of Influence. The scalogram data is plotted 

with a linear x-axis and logarithmic y-axis. Within the dotted line on the scalogram, 

the information provided is an accurate time-frequency representation of data. 

Outside the line in the shaded region, the information should be treated as suspect 

due to the potential for edge effects. The entire cone is not displayed as the CWT 

scalogram is focused to concentrate on the time-frequency element of the data. 

 

 

 

 

 

 

 

Figure 234   A discrete waveform and continuous wavelet transform (CWT) for delamination.  
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Composite 200227-22: Delamination 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 235   A graphical representation of a typical AE event from delamination recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-22.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

80 % Load 

 

Figure 236   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of delamination is highlighted. 

Transducer, R50 

Abs Energy (J) = 2.35 e+7 

Amplitude (dBAE) = 99 

Counts (counts) = 691 

Duration (µs) = 4992 

FFT Peak (kHz) = 175.7 

Rise Time (µs) = 59 

Transducer, WD 

Abs Energy (J) = 1.07 e+6 

Amplitude (dBAE) = 85 

Counts (counts) = 90 

Duration (µs) = 2418 

FFT Peak (kHz) = 26.7 

Rise Time (µs) = 92 
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Composite 200227-24: Delamination 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 237   A graphical representation of a typical AE event from delamination recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-24.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

80 % Load 

 

 

 

Figure 238   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of delamination is highlighted. 

Transducer, R50 

Abs Energy (J) = 4.75 e+6 

Amplitude (dBAE) = 94 

Counts (counts) = 337 

Duration (µs) = 4275 

FFT Peak (kHz) = 106.9 

Rise Time (µs) = 123 

Transducer, WD 

Abs Energy (J) = 5.51 e+7 

Amplitude (dBAE) = 99 

Counts (counts) = 1018 

Duration (µs) = 10609 

FFT Peak (kHz) = 99.4 

Rise Time (µs) = 2063 
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Composite 200227-26: Delamination 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 239   A graphical representation of a typical AE event from delamination recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-26.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

          80 % Load 

 

 

Figure 240   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of delamination is highlighted. 

Transducer, R50 

Abs Energy (J) = 3.53 e+7  

Amplitude (dBAE) = 99 

Counts (counts) = 413 

Duration (µs) = 4624 

FFT Peak (kHz) = 175.8 

Rise Time (µs) = 74 

Transducer, WD 

Abs Energy (J) = 3.69 e+7   

Amplitude (dBAE) = 99 

Counts (counts) = 137 

Duration (µs) = 4247 

FFT Peak (kHz) = 34.1 

Rise Time (µs) = 85 
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Composite 200227-42: Delamination 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 241   A graphical representation of a typical AE event from delamination recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-42.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

80 % Load 

 

 

 

Figure 242   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of delamination is highlighted. 

Transducer, R50 

Abs Energy (J) = 7.42 e-1  

Amplitude (dBAE) = 99 

Counts (counts) = 1140 

Duration (µs) = 8867 

FFT Peak (kHz) = 177.7 

Rise Time (µs) = 1406 

Transducer, WD 

Abs Energy (J) = 2.99 e+7  

Amplitude (dBAE) = 99 

Counts (counts) = 499 

Duration (µs) = 9143 

FFT Peak (kHz) = 30.5 

Rise Time (µs) = 1517 
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Composite 200227-44: Delamination 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 243   A graphical representation of a typical AE event from delamination recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-44.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

80 % Load 

 

Figure 244   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of delamination is highlighted. 
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Rise Time (µs) = 99 



379 | P a g e  
 

Composite 200227-46: Delamination 

 

 

 

 

 

 

 

 

 

 

 

Figure 245   A graphical representation of a typical AE event from delamination recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-46.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

70 % Load 

 

 

Figure 246   A micrograph illustration of the sample loaded at 70 % tensile strength, in conjunction 

with the signal displayed above. Evidence of delamination is highlighted. 
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Fibre Fracture 

Fibre breakages were more prominent up to composite failure. In this study, fibre 

breakages were observed throughout the loading cycle from a minimum tensile load 

of 50 - 60 % up to failure. Across the six specimens, this load constituted to an average 

strain of 1.13 % up to 2.75 % at specimen failure. Fibre breaks and longitudinal 

splitting have been recognised as two of the last damage modes prominent when 

tensile testing reinforced unidirectional fibre composites [114].  This information can 

also be utilised during cross-ply and quasi-isotropic composite layup sequences. 

 

Furthermore, fibre breakages and fractures are among the highest intensity damage 

of any found in composites and therefore contribute to one of the highest amplitudes 

[9], with considerable data exhibiting over 80 dBAE [102, 212]. Fibre breakages and 

fractures display sharply increasing rise times and short durations [89]. This damage 

type is often referred to as C-class damage, where matrix cracking and fibre-matrix 

debonding has been defined as A-class and B-class damage, respectively [115]. Such a 

fibre fracture event often produces signals with frequencies greater than 300 kHz [94-

96, 210], which have been demonstrated in this study. Unidirectional carbon-fibre 

epoxy composites were tensile loaded under different conditions to determine the 

frequency content of various damage modes from AE analysis in [94]. Real-time 

analysis of the specimens was able to separate the signals of matrix cracking, 

debonding, delamination and fibre cracking. The signals ranged from 50 to 600 kHz 

with fibre failure frequencies above 300 kHz. Additional high frequency events have 

been caused by fibre failure and fibre pull-out, which was due to relaxation of the 

fibres after specimen failure. It is likely that some events detected after specimen 

failure were attributed to this type of damage. A time-frequency representation (TFR) 

of a discrete waveform typical of fibre breakages was extracted from the tensile 

loading tests and is displayed in Figure 247. A sharper rise time, shorter duration and 

higher magnitude compared with the typical delamination transforms (Figure 234), 

are observed. The dotted line on the CWT trace represents part of the Cone of 
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Influence. The scalogram data is plotted with a linear x-axis and logarithmic y-axis. 

Within the dotted line on the scalogram, the information provided is an accurate time-

frequency representation of data. Outside the line in the shaded region, the 

information should be treated as suspect due to the potential for edge effects. The 

entire cone is not displayed as the CWT scalogram is focused to concentrate on the 

time-frequency element of the data. 

 

 

 

 

 

 

 

 

 

Figure 247   A discrete waveform and continuous wavelet transform (CWT) for a fibre break/crack.  
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Composite 200227-22: Fibre Break 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 248   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-22.  

The FFT and corresponding waveform is also portrayed. 
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80 % Load 

 

Figure 249   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of fibre cracking/breaking is highlighted. 
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Composite 200227-24: Fibre Break 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 250   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-24.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

80 % Load 

 
Figure 251   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of fibre cracking/breaking is highlighted. 
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Composite 200227-26: Fibre Break 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 252   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-26.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

 

80 % Load 

 

Figure 253   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of fibre cracking/breaking is highlighted. 
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Composite 200227-42: Fibre Break 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 254   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-42.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

80 % Load 

 

 

 

Figure 255   A micrograph illustration of the sample loaded at 80 % tensile strength, in conjunction 

with the signal displayed above. Evidence of fibre cracking/breaking is highlighted. 
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Composite 200227-44: Fibre Break 

 

 

 

 

 

 

 

 

 

 

 

Figure 256   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-44.  

The FFT and corresponding waveform is also portrayed. 
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Figure 257   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-44. The data displayed is 

recorded directly after that displayed in Figure 269. The FFT and corresponding waveform is also 

portrayed. 

 

 

 

 

 

70 % Load 

 

 

 

Figure 258   A micrograph illustration of the sample loaded at 70 % tensile strength, in conjunction 

with the signal displayed above. Evidence of fibre cracking/breaking is highlighted. 
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Composite 200227-46: Fibre Break 

 

 

 

 

 

 

 

 

 

 

 

Figure 259   A graphical representation of a typical AE event from a fibre break recorded by the 

R50 and WD sensors during the tensile loading of Composite 200227-46.  

The FFT and corresponding waveform is also portrayed. 

 

 

 

 

 

           90 % Load 

 

Figure 260   A micrograph illustration of the sample loaded at 90 % tensile strength, in conjunction 

with the signal displayed above. Evidence of fibre cracking/breaking is highlighted. 
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Conclusions 

A combination of the micrographs and AE signals concluded that matrix cracking was 

prominent in the early stages of axial loading. A single event corresponding to this 

type of damage was analysed from each specimen. The AE waveforms from the two 

piezo-electric devices were extracted from AEWin and examined using the NOESIS 

data analysis pattern recognition software. More than 50 % of the waveforms 

indicated a fast risetime and high amplitude. However, low-frequency and long 

duration peaks concluded that matrix cracking was the main source of damage. A 

single event corresponding to matrix cracking was chosen from one piezo-electric AE 

sensor. Most of the signals were chosen from the R50 sensor in this section, as a clear 

single-frequency peak was easily distinguishable from unwanted background noise, 

below 175 kHz. The maximum amplitude varied between specimens, which adhered 

to similar trends for damage analysis of FRPCs previously reported on [62, 205].  

 

A micrograph was provided for each specimen to display the corresponding damage 

identified with the AE signals. These micrographs provided by the CCD cameras, 

demonstrated that the load and strain corresponded to the earliest conceivable matrix 

cracking prominent in the specimens. The load and axial strain associated with early 

matrix cracking was between 20 - 30 % and 0.28 - 0.59 %, respectively. The strain gauge 

varied considerably when specimens were tensioned to the same load according to 

the Instron device. At a 30 % load the gauge varied between 0.48 - 0.59 %. As the strain 

gauge was mounted to the 0º ply throughout loading, the variation of strain was a 

consequence of the following: (i) lateral and longitudinal orientation repeatability 

when mounting the strain gauge; (ii) consistency of applied resin when mounting the 

gauge; and (iii) a variation of the percentage load applied to the specimen. Point (iii) 

was evident since the percentage load was an average of specimens of the same 

material and ply orientation, previously tested. 
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In some cases, waveforms from one of the sensors displayed delamination 

characteristics, whereas matrix cracking was observed from the other sensor. The low-

frequency double-peak of delamination was evident at low strain values alongside 

matrix cracking damage modes. The double peaks associated with delamination were 

prominent below 150 kHz, as has been previously reported in [210]. The twin peaks 

associated with delamination possessed a high amplitude, long duration, and varied 

rise-time. The micrographs corresponding to the point when the signals were 

captured displayed a large delamination, the majority of which was located between 

the 0º and adjacent 45º ply. The load and strain data corresponding to this 

delamination was 70 - 80 % and 1.56 - 2.06 %, respectively. One specimen showed 

delamination at 70 % whilst others demonstrated it at 80 % load. The strain varied 

from 1.78 - 2.06 %, which was a variation of the result of previously described 

parameters. The piezo-electric AE sensors successfully captured events corresponding 

to low frequency delamination modes, where matrix cracking was also present 

according to waveforms from the other transducer. The sensors captured waveforms 

of fibre breaks at high tensile strains and high frequencies.  

 

Composite 200227-22 successfully demonstrated a high amplitude, short duration, 

fast rise-time event with a corresponding frequency trace associated with fibre 

breaking and cracking. An event with a peak frequency above 300 kHz is generally 

related to fibre breaks. The R50 sensor captured this event whilst the corresponding 

WD sensor demonstrated a signal resembling matrix cracking. Furthermore, the 

following R50 signal displayed delamination properties but with a lower amplitude. 

The AE signal likely propagated from a fibre crack and led to low frequency vibrations 

that caused matrix cracking and delamination. This was detected in a similar way to 

the other specimens that simultaneously recorded fibre breaking and matrix cracking 

with delamination. Fibre breakages began to occur at high strains of 1.56 - 2.32 % that 

corresponded to a wide range load of 70 - 90 %.  
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Several small fibre cracks occurred during loading as detected by earlier micrographs, 

with emphasis on matrix cracking detection. Waveforms of Composite 200227-44 

highlighted the resemblance of fibre breakages with delamination and matrix 

cracking. The four waveforms represented four adjacent events captured by the two 

transducers. The data showed fibre breaks were abundant on both devices with 

adjacent waveforms showing delamination. The 0º ply split away from the adjacent 

45º ply and opened the composite to create fibre breakages. This led to a rapid growth 

of delamination between other adjacent plies. This was a common trend towards the 

end of the composite lifetime under axial loading. 

 

Appendix-B: Additional Relevant Literature 

 

Acoustic Emission 

 

AE Hardware 

Piezo-electric sensors have become one of the most popular sensing instruments for 

AE monitoring because of their attractive characteristics, which include: (i) non-

intrusiveness; (ii) light-weight; (iii) low-cost; (iv) high repeatability; and (v) rapid 

response time [58]. They are unique compared to other passive sensors due to their 

ability to be used as both a sensor and actuator and have received much attention as 

a result [59-62].  

 

Franke et al [63], developed a piezo-electric AE measurement system for AE sensing 

of orthopaedic diagnostics of the knee joint. Bone Diagnostic System (BONDIAS) was 

developed to automatically detect, assess and evaluate AE events from the human 

femur and knee joint for orthopaedic diagnosis. The main advantage AE sensing had 

over ultrasound inspection was the ability to operate in real-time and with little 

expense or expertise.  
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Signal Processing 

Post processing often permits damage analysis of the structure or components via two 

dominated signal-processing techniques. Time and frequency domain signal 

processing evaluates AE signals as they appear in the time and frequency range, 

respectively. Time domain techniques focus on the signal development over a set time, 

whilst the frequency domain considers the frequency of a signal received within a set 

frequency. The frequency domain can be used for non-overlapping counts with a pass 

filter ensuring the frequency domain method is accepted.  

 

Alternatively, the injection of acoustic waves into the test sample have been preferred 

in some applications. Acoustic waves have been used in this way during tensile 

deformation tests in stainless steel in an attempt to boost AE signals [73]. Suman et al. 

[74], took a similar approach with aluminium by using a signal generator to inject 

acoustic waves into the samples through an acoustic wave transducer. The detectors 

were able to simultaneously receive AE signals due to deformation under tensile tests. 

The injected acoustic signals underwent constructive interference with the acoustic 

energy from the event and the frequency range, which resulted in an increased SNR. 

There have been some arguments regarding the quality of signal enhancement 

depending on the excitation source used for signal generation. Comparisons were 

made which presented a method to monitor wave speed in an aluminium bar [82]. 

Both a signal generator and PLBs exhibited a decay time of ≈1 ms with similar 

amplitudes. The difficultly of signal reproducibility from PLBs created a noticeable 

difference between sources. The impulse generator was more consistent but produced 

a lower signal intensity. 

 

Source Location 

Substantial improvements have been made in recent years to enhance the accuracy of 

AE source location using the Lamb wave theory. A variety of ways to define AE source 

location by considering Lamb wave propagation have been reported.  



394 | P a g e  
 

Gangadharan et al. [29], proposed a method of source location by virtually 

propagating the Lamb waves in reverse from the sensor along the shortest path. The 

authors work allowed the first intersection point of the waves to calculate the AE event 

source.  

 

Alternatively, Chen et al. [213], developed an AE linear location method using a 2x2 

fused-tapered coupler. Simulated AE signals were generated across an aluminium 

plate from PLBs. The time-of-arrival technique established a time delay between the 

arrival times of the signal at the two sensors, which corresponded to an acoustic 

velocity of 3000 m/s. The system was able to locate an AE event to within a 5mm 

diameter extending from the tapered region of the fibre pair. The authors had 

previously reported the advantages of a low cost 2x2 fused tapered coupler [18], and 

that a key advantage of the system was its ease to connect directly to commercial 

transducers for piezo-electric and FOAES comparisons. Another advantage was the 

use of a low-cost narrowband single light source operating at 633 nm. 

 

The fibre orientation influences the wave velocity with the elastic modulus in 0/90º 

orientated composites, which is greater along the fibre direction. The velocity in the 

axial direction will be higher in the fibre direction as outlined in Equations 42 and 43 

[214], due to the proportional relationship between elastic modulus and Lamé 

constants (µ and λ) [215].  

 𝑐1 =
√𝜇

𝜌
 (42) 

 

 𝑐2 =
√𝜆 + 2𝜇

𝜌
 (43) 
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Acoustic Couplants 

Effective coupling is a key factor when increasing the effectiveness of an AE device 

for damage detection and evaluation. For AE sensing, the devices require microscopic 

coupling to allow efficient wave transfer to the sensing component [81]. The 

distribution of strain in a material causes the abrupt emission of acoustic waves, 

through burst type or continuous waves. Further defined into pressure (longitudinal) 

and shear (transverse) waves, they propagate parallel and perpendicular to the 

acoustic waveform, respectively. The removal of the air gap between a sensor and 

substrate is crucial for efficient wave transfer and is achieved with an acoustic 

couplant. The AI is defined as how waves effectively travel through a medium and 

can be nearly five orders of magnitude lower in air than between solid media [86]. 

Multiple couplants can provide different transmission properties and alter the 

frequency response of the AE sensor. Liquid couplants have a lower AI than their solid 

counterparts and can include propylene glycol and medical ultrasound gel [78]. For 

solid couplants, Cyanoacrylate adhesive glue is most common but difficult to handle 

and remove from a sensor. Silicone rubber is an improvement on the disadvantage of 

removing cyanoacrylate and other superglues. It is easily applied, repeatable and long 

lasting. It is difficult to collect high amplitude results using silicone rubber due to its 

elastomer nature. The result is a poor transmission of shear waves from a dampened 

signal. When the acoustic wavelength is of the same order as the bond thickness, there 

will be a large reflection coefficient that leads to a ‘noisy’ bond between sensor and 

substrate. High frequency bonds require extremely thin couplants to remove this 

noisy connection [87].  

 

In addition to the couplant, the position of each AE sensor is crucial when maximising 

sensitivity. Fasana and Garibaldi [82], considered the importance of correctly 

positioning a transducer on the surface of a material. They also examined the impact 

of the couplant when optimising wave transmission. Tests were conducted on 

multiple couplants whilst the result of the efficient transfer of elastic waves from a 
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square aluminium plate to four sensing transducers, was measured. A sensor holder 

glued with cyanoacrylate adhesive fixed four wide-differential piezo-electric 

transducers to the test plate. The comparisons between couplants highlighted the 

requirement of a controlled solution when applying couplants as Vinylic glue 

produced a spread of data too sporadic for AE analysis. Wax, silicone grease and cyno-

acrylic glue produced results of higher SNR but were limited by the uniformity of 

their application. The reliability of a couplant was not determined from a single event 

but from an average result across multiple tests. The authors identified that future 

work should focus on the effects of each parameter to temperature. 

 

The effectiveness of the couplant can depend on the AI, acoustic absorption, 

application thickness and viscosity. An adhesive of low viscosity may enhance the 

coupling on an ultrasonic scale. Important factors for long-term sensor stability are: (i) 

measurement length; (ii) removal and reapplication of the sensor; (iii) mounting 

surface conditions; and (iv) vibration source. An ineffective couplant can not only 

impair the SNR but also change the shape of the AE-event waveform completely. 

Theobald, Zeqiri and Janine [83], tested a variety of ultrasonic couplants and 

compared the sensor response for each couplant with longitudinal and shear wave 

responses. Also referred to as ‘P-waves’, longitudinal waves oscillate parallel to the 

direction of travel. Whereas ‘S-waves’ are secondary waves such as transverse waves 

that propagate perpendicular to the wave propagation. In this scenario, S-waves 

traversed parallel to the aluminium plate. Couplants tested were glycerin, propylene 

glycol, ultrasound gel and silicone grease. Silicone grease was long lasting and stable 

over time. The transfer of shear forces between atoms likely dominates and thus, a 

rigid contact was most effective for efficient coupling. As the test plate was first 

polished and dried, the shear wave amplitude was improved when conducting non-

couplant tests. The silicone grease performed poorly compared to other couplants but 

had the advantage of improved longevity. The grease was most repeatable with a 

variability of less than 8 % during re-coupling yet its elastic nature resulted in poor 
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shear wave transmission. At frequencies above 400 kHz, the properties of the couplant 

became more important and the sensitivity became significantly dependent on 

microscopic couplant features. Shear wave measurements have shown that for wave 

modes with a parallel motion to the surface, there is no real benefit when using 

conventionally considered ‘high-performance’ ultrasonic couplants. A balanced 

choice between optimising the longitudinal and transverse wave motion was 

concluded to be considered in real world AE applications.  

 

Colombo et al [84], experimented with eight different types of couplant. The amplitude 

response in the time and frequency domains were compared and considered for 

optimised coupling. An analysis of whether there was sufficient acoustic coupling 

between sensor and substrate in terms of the frequency and amplitude response, was 

conducted. Cyanoacrylate adhesive, wax, grease, plasticine, general purpose 

adhesive, sealant, adhesive pads and hot glue-gun glue were all examined. It was 

recommended that for maximum wave transmission, the couplant should be smooth, 

clean, and thin enough to fill air gaps between media. As such, its viscosity value 

should be suitably low. Some 2 mm thick couplants were tested and the parameters 

evaluated were: (i) quality of the received signal, frequency, and amplitude response; 

(ii) adaptability to mould to the substrate surface; (iii) repeatability; (iv) durability; (v) 

installation ease; (vi) ease of removal, without damage; (vii) location limitations set 

out by the power supply potentially limiting its ease of use; and (viii) couplant curing 

time.  

 

The different types of couplant were afterwards assigned a value from 1 to 5 (poor to 

excellent) marking their performance characteristics (Table 57). The plasticine 

appeared to be the best choice despite superglue producing the highest-quality 

signals, which was only ranked lower due to its removal difficulty. In environments 

requiring a permanent fixture, superglue was preferred. In temporary environments 

that require the removability of the sensor, plasticine was preferred.   
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Table 57   Transducers mounting substances: final assessment table (source: [84]). 

 

In 2017, Ono et al [85], examined the behaviour of couplants during AE analysis for 

through-transmission of acoustic signals. Water, motor oil, honey, Vaseline, two types 

of silicone grease, two resin types, ultrasonic gel and a plastic film were studied and 

compared for their transmission qualities. All liquid and gel couplants could achieve 

a minimum transmission loss, as long as their coupling thickness was no greater than 

5 - 6 µm. Under the optimum conditions for signal loss, the loss for the couplants was 

within 0.8 dB of the best couplants monitored (motor oil, Nonaq and water). Honey 

was an excellent couplant because of its high AI. Silicone grease required special 

attention to reduce its thickness due to the signal loss at high frequencies being 

substantially higher than other couplants. Higher frequency transmission loss 

increased with couplant thickness. This was predicted via through-gap transmission 

of an approximate linear dependency against frequency. The coupling behaviour was 

unaffected by epoxy curing and its transmission from a liquid to solid resin. However, 

the solid bond was preferred for coupling stability.   

 

Acoustic Impedance 

Acoustic Impedance (AI) is an important concept for fibre optic couplers. Sound 

travels through materials with the influence of pressure waves. The atoms of the solid 

are elastically bound together meaning excess pressure results in a propagating wave 

through the solid media [216]. For an efficient transfer of elastic waves, the AI of the 

materials should be closely matched when determining the acoustic transmission and 

reflection at the boundary of two substrates. An impedance mismatch results in a 
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greater energy percentage being reflected back at the interface [217]. Several 

parameters depend on the efficient transfer of elastic waves through multiple media 

such as the hardness and AI. AI (Z) is the ratio of an acoustic pressure wave (ρ) to an 

acoustic volume velocity (U). It dictates the generated sound pressure from a given air 

vibration at a particular frequency [173] and is mathematically represented as: 

 

 Z =
ρ

U
 (44) 

 

The AI is equal to the specific AI per unit area. When contemplating waves in confined 

media such as tubes or horns, it is the product of the equilibrium density of the 

medium (𝜌) and the wave speed (𝑆) [218]: 

 

 Z = ρS (45) 

 

The unit of AI is Pascal second per cubic meter (also referred to as acoustic ohm), 

whilst the unit of specific AI is Pascal second per metre (also referred to as the Rayl). 

For an efficient transfer of waves between media, the media with different AI have an 

impedance mismatch. As a result, when a sound wave hits the boundary between 

media some of the transmitted wave is reflected backwards. The efficiency of the wave 

transfer is enhanced by reducing the impedance mismatch [218]. Analysis of 2x2 fused 

tapered couplers manufactured in this study, yields the AI of:  

- AI of fused silica = 12.55 𝑀𝑅𝑎𝑦𝑙𝑠 [219] 

- AI of borosilicate glass = 1.3 𝑥107 𝑘𝑔/𝑚2/𝑠 = 13 𝑀𝑅𝑎𝑦𝑙𝑠 [220]  

The AI of fused silica glass and borosilicate glass are similar. Quartz glass has an AI 

of 12.1 MRayls, although this was discounted in the current study due to its expense 

when compared with borosilicate.  
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The impedance of a resin will change with different mixing ratios. Araldite 502/956 

adhesive when mixed at the manufacturers recommended ratio, will exhibit an 

impedance closely resembling that of fused silica [219, 221]. A mix of 20 phe, 50 phe 

and 90 phe yield impedance values of 3.52 MRayls, 4.14 MRayls and 12.81 MRayls, 

respectively. Phe refers to the parts per hundred by weight of mixed epoxy [219]. 1 

MRayls is defined as 1 kg/m²/s [222]. As such, this resin is deemed suitable for bonding 

fused silica optical fibres to substrates. 

 

Wave Propagation in Solid Media 

Introduction 

An acoustic wave travelling in a gas, liquid or through a solid behaves as a sound 

wave and propagates as a form of pressure wave. This means that an acoustic wave 

that oscillates in a loudspeaker will lead to an air pressure change as the loudspeaker 

membrane oscillates back and forth. In this case, it is governed by an electrical coil as 

the membrane is displaced. The displacement of the membrane changes the pressure 

of the surrounding air whilst the speaker acts as an electro-acoustic transducer 

converting acoustic to electrical signals. This is the same principle applied to piezo-

electric transducers for AE analysis. Both pressure and acoustic waves propagate 

differently depending on the medium through which they travel. In gases and liquids, 

the particles oscillate parallel to the direction of travel meaning that only longitudinal 

waves exist. In solids however, the particles are tightly packed in and can therefore 

exhibit both longitudinal and transverse waveforms. Ultrasonic waves in solid media 

have become critical for evaluating and determining damage for NDE. Rather than 

inspecting an insulated pipe from a single probe whilst removing the piping, a guided 

wave probe can be used at a single location to monitor the entire sample length. As a 

result of the tightly packed particles in the solid, an oscillating wave propagates 

parallel and perpendicular to the direction of travel as longitudinal and shear waves, 

respectively [223]. If the propagation direction of a transverse wave is in the x-

direction, then the displacement vector can be in the y-direction and z-direction. 
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Rayleigh, Stoneley and Lamb waves are a combination of these vectors. A propagating 

stress wave emanating from an AE source is influenced by a variety factors [65]: (i) 

propagation velocity that is largely dependent on the material composition and 

properties; (ii) attenuation rate; and (iii) reflection value and refraction of the material. 

 

Rayleigh, Lamb and Stoneley Waves 

Molecules can support various modes of sound wave propagation in solid media. A 

summary of this is displayed in Table 58. 

Table 58   A display of a selection of wave modes propagating in solid media (source: [224]). 

Wave Types in Solids Particle Vibrations 

Longitudinal Parallel to wave direction 

Transverse (Shear) Perpendicular to wave direction 

Surface – Rayleigh Elliptical orbit – symmetrical mode 

Plate Wave – Lamb Component perpendicular to surface (extensional wave) 

Plate Wave – Love Parallel to plane layer, perpendicular to wave direction 

Stoneley (Leaky Rayleigh Waves) Wave guided along interface 

Sezawa Antisymmetric mode 

 

Surface waves or Rayleigh waves (RWs) consist of a single longitudinal and single 

transverse wave both travelling at common velocities along a boundary set between a 

medium of two densities, such as the interface between an aluminium plate and air. 

The surface wave is sometimes referred to as a circular wave since the particles 

oscillate in a circular motion at the surface boundary, though this motion tends to 

decrease with increasing penetrating depth. At this boundary, traction forces also 

disappear. Figure 261 shows a numerical simulation of depth propagation for RWs 

with arrows indicating the displacement vector and warmer colours indicating a 

larger displacement. The black lines indicate the original surface position. 
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Figure 261   Numerical simulation of a Rayleigh wave with an exaggerated displacement 

 (source: [179]). 

 

Increased propagation distance, sensitivity to stresses and a non-dispersive nature are 

some advantages surface waves have over conventional bulk-wave and strain gauge 

inspection methods. Furthermore, inaccessible areas of inspection are difficult with 

conventional ultrasonic evaluation techniques. The non-dispersive nature of these 

waves makes them attractive for stress-wave analysis in mechanically loaded 

structures.  

 

Hughes et al [225], comparatively evaluated conventional bulk waves and RWs. A 

cross correlation signal processing technique increased the accuracy of the RWs, 

despite being limited by the measurement resolution for the elastic waves time-of-

arrival. Overall, however, the data highly correlated the RW velocity and the applied 

stress. Conclusions thus indicated that acousto-elasticity with RWs could be used for 

online monitoring of stress waves. Although the RW penetration depth is confined to 

within a wavelength or two of the surfaces, it also depends on the propagating 

material. 

 

Soczkiewicz [226], investigated the penetration depth into a medium of polarized RWs 

through a planar stress-free surface of an isotropic material. Data of the penetration 

depth was plotted as a function of the ratio plot of 𝐶𝑟/𝐶𝐿 and 𝐶𝑟/𝐶𝑇. That is, a function 

of the RW velocity against the longitudinal and transverse wave velocities, 

respectively. The data yielded an exponential increase to penetration depth from wave 

velocity. Ten different materials were examined with Quartz glass displaying the 

lowest transverse velocity and the highest longitudinal velocity. Gold exhibited the 

opposite configuration.  



403 | P a g e  
 

 

Hamstad et al [227], studied RWs with piezo-electric transducers from AE events 

initiated by PLBs in 25 mm thick nominal sized steel plates. RWs were not recorded 

deeper than 23 % of the plate thickness for these deep samples.  

 

Farnell [228], studied the effect of increasing the depth on the propagation of RWs. A 

relationship between depth and relative magnitude of the Poynting vector was 

analysed. That is, the energy transfer per unit area per unit time. The magnitude of 

the acoustic surface wave decreased by four orders of magnitude with 1.8𝜆𝑅. This 

definition of the Rayleigh wavelength also defines the wavelength of the circular 

propagating longitudinal and shear waves. The RW velocity is approximated from the 

Poisson’s ratio and the velocity of the transverse wave in the host substrate. The data 

showed that the wave velocity was between 0.87 and 0.95 of the shear wave velocity. 

The relative magnitude of the wave as a function of depth is visualised in Figure 262.  

 
Figure 262   Relative magnitude of the Rayleigh wave Poynting vector as a function of depth for  

propagation along the z-axis on the YZ plane of quartz (source: [228]). 

 

The most common propagation modes of waves in solids are longitudinal waves and 

transverse (shear) waves. As already discussed, Rayleigh waves are critical for the 

interrogation of medium to heavy walled structures, enabling the location and 

evaluation of near-surface defects, whilst Lamb (plate) waves are useful for evaluating 
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thinner structures. A method to determine the receiving sensitivity of RWs was 

standardised in the 1980s, but is today summarised with ASTM standards [229].  

 

AE sensors and ultrasonic transducers were characterised for the detection of Rayleigh 

waves by using the fracture of a glass capillary as the signal source [230]. Normal 

incident and guided waves were compared against the detection of RWs using the 

fracture of glass capillaries. The force vs time results were obtained from two 

ultrasonic transducers. Theoretical displacement calculation of glass capillary 

fractures and signals detected from reference sensors were used to characterise the 

two transducers for their RW sensitivity. The sensitivity of the normal incident wave 

corresponded well to the RW with conclusions indicating that a selection of standard-

sized sensors exhibited overall good sensitivity. Smaller devices were suited to RW 

and guided wave detection, whilst broadband transducers were successfully utilised 

for the detection of normal incident waves. The ultrasonic transducers were deemed 

unsuitable for RW and guided wave detection, particularly above 0.5 MHz. 

 

Also consisting of symmetric and antisymmetric fundamental modes, Lamb wave 

inspection permits the monitoring of large structures as they are generated through 

the propagation of elastic waveforms. They can be successfully applied to detect 

damage in composites using transmission analysis of various NDT methods and have 

increased in popularity in recent years as a result [108, 231, 232]. Lamb waves are 

concentrated at the surface of thin homogeneous plates and as such, are one of the 

most prominent detection methods for damage analysis in plate-like structures. 

Improvements to damage detection methods have been prominent from the 

advantages Lamb wave detection presents [29, 233]: (i) propagating over long ranges; 

(ii) high sensitivity to small damage modes; and (iii) cost effectiveness. The long range 

has increased attractiveness for large structure evaluation. Two sources suggested that 

the successful application of Lamb wave detection was extracted from the excitation 
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of a single mode in a non-dispersive region. That is, no deformation of the waves [234, 

235]. 

 

Guo et al [108], studied the propagation of these waves in composites with and 

without defects, and their relationship to acousto-ultrasonic measurements. The 

waves were used to detect delaminations in composites, although the results were 

prone to variability due to the lack of control over the generation of the damage 

modes. Problems with complicated dispersive signals were apparent with conclusions 

indicating that material analysis was only possible with a transducer placed directly 

over the area of interest. The conclusions arising from the acousto-ultrasonic 

technique in conjunction with Lamb waves indicated that it was likely better suited to 

the detection of distributed defects such as matrix cracking and fibre fraction, which 

affect the entire specimen rather than a confined area. In the article, a single 

symmetrical layup sequence was studied due to the dispersion curves, which govern 

the Lamb wave propagation, were described as a function of the layup sequence as 

well as wave propagation direction.  

 

In more recent years, the detection of Lamb waves with acousto-ultrasonic or AE 

techniques have become more prevalent because of the [233]: (i) improved detection 

reliability; (ii) greater repeatability; (iii) sensitivity to under-sized damage; and (iv) 

improved cost effectiveness. 

 

Wang et al [231], characterised delamination of carbon-fibre epoxy composites 

through the interpretation of guided waves, which were activated, captured and 

analysed by piezo-electric actuators. A double cantilever beam and end-notch flexure 

specimens were used to evaluate Mode I and Mode II interlaminar fractures. The event 

propagation velocity, attenuation and waveform were calculated for individual 

loading conditions during interlaminar fracture testing. Onset and growth of 
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delamination was correlated with changes in wave parameters using the Lamb wave 

detection method.  

 

Sohn et al [232], developed a damage detection algorithm to identify the location of 

delamination defects on quasi-isotropic plates from signal processing wavelet analysis 

on multiple PZT actuators. Although the system was not verified with other damage 

types such as fibre breaking or ply splitting, the proposed algorithm was able to 

accurately detect simulated delamination on a composite plate with varying 

temperature and boundary conditions. PZT patches acted as sensors and actuators, 

defining a local ‘active’ area. The spacing between the PZT patches dictated the 

minimum size of the detectable delamination. The Lamb wave phase velocities in an 

aluminium plate are displayed in Figure 263 [129]: 

 

 

Figure 263   Phase velocities for Lamb waves in aluminium (source: [129]). 

Distortion to arriving waveforms is possible due to an interference between 

neighbouring AE events and the corresponding arrival times of the symmetrical (𝑆0) 

and anti-symmetrical (𝐴0) signals. Analysis into the effect of the distortion between 

these modes has been studied [100, 104, 151]. Figure 264 highlights and demonstrates 

the arrival of the symmetric, anti-symmetric and shear-horizontal wave modes as 

dispersion curves up to 500 kHz for a single-layered unidirectional carbon-fibre 
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laminate [199]. The group velocity of symmetric modes is typically greater than anti-

symmetric modes. 

 

Figure 264    A phase diagram showing the group velocity against frequency dispersion curve for a 

single layered T300/914 unidirectional fibre laminate with fibre along the wave propagation 

direction, 𝛉 = 𝟎𝐨. The symmetric (S), anti-symmetric (A) and shear-horizontal (SH) wave modes are 

plotted with the area of interest highlighted (source: [199]). 

 

Stoneley waves are less common than Rayleigh and Lamb waves. These are interface 

waves most commonly existing at boundaries between a liquid and solid. For a solid-

solid boundary between two elastic media, the waves exist at specified density and 

sound-velocity ranges. In liquids however, the waves can exist in all cases meaning 

they are usually localised in the liquid with the wave velocity generally slower than 

the liquid sound velocity. Stoneley waves are the slowest propagating waves found 

in solid media. They are also non-dispersive meaning that frequency influences the 

wave velocity [236]. At a solid-liquid interface, leaky RWs occur. Acoustic energy 

radiates into the liquid at a defined Rayleigh angle. Simultaneously, an incoming 

wave from the liquid propagates into the solid. Leaky RWs attenuate due to the 

transmission of the perpendicular component to the surface into the liquid. This 

phenomenon creates a Rayleigh dip, which is the reduction in the reflection coefficient 

for a solid-liquid interface. It generally occurs at the Rayleigh angle due to the 

attenuation of the RW at the solid surface. The longitudinal and shear wave motion 

associated with RWs are intimately coupled so that they travel at a common velocity.  
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Since RWs have a high attenuation rate with increasing depth into a material, the 

amplitude decay rate is expressed as: 

 
Decay rate =

1

√kRR
 (46) 

 

Where 𝑅 represents the distance from the source of the signal.  

 

Fibre Reinforced Composite Materials 

Properties of Composites and Corresponding Reinforcements 

The strength of the composite originates from the: (i) properties and orientation of the 

individual components in the material; (ii) number of different phases present; and 

(iii) size, shape, and distribution of the dispersed phase. Generally, the matrix and 

reinforcement classify the composite. The matrix-fibre bonding interface is crucial for 

maintaining strength and the orientation of the embedded fibres is critical for tensile 

strength calculation. Applying a tensile load parallel to the fibres yields the highest 

tensile strength ratio. Although a quasi-isotropic laminate whose matrix behaves as 

an isotropic material is desirable in applications where multi-directional strength is 

required [237]. 

 

The stress applied to the material under load is highest at the fibre centres meaning 

longer reinforcing fibres are more desirable for maximising resistance. Miwa and 

Horiba [238], considered how the fibre length influences the tensile strength of 

carbon/glass-fibre hybrid composites. A relationship between the fibre direction and 

overall strength of the material was developed. The relationship between fibre length 

and tensile strength, schematic of a typical composite sample and a graph displaying 

the effect of fibre orientation on the tensile strength of composites, are displayed in 

Figures 265, 266 and 267, respectively. 
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Figure 265   The relationship between fibre length and tensile strength:  

(a) carbon-fibre epoxy resin composite; and (b) glass-fibre epoxy resin composite (source: [238]). 

 

 

Figure 266   Schematics of a composite with aligned fibres and omnidirectional aligned 

fibres to the left and right, respectively (source: [239]). 

 

 

 

Figure 267   The effect of fibre orientation on the tensile strength of an  

FRPC with highest strength observed parallel to the fibres (source: [190]). 

 

Over its lifetime, a composite can be exposed to a variety of factors that influence the 

structural integrity, including: (i) thermal aging; (ii) weathering from the absorption 

of UV radiation; (iii) chemical degradation; (iv) environmental stress cracking; and (v) 
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ionizing radiation (x-rays and gamma-rays). Moisture and water ingress pose 

significant damage threats as the material reacts with the matrix causing irreversible 

chemical changes. Water absorption can induce several damage mechanisms 

throughout the lifetime of the composite including swelling, a reduction of resin glass 

transition temperature and significant alteration of the mechanical properties 

(strength, stiffness). Due to the softening of the composite from moisture ingress, the 

glass transition temperature for a typical polyester resin will decrease by 15 - 20 ºC 

[240]. 

 

The fibre orientation influences the wave velocity in 0/90º orientated composites with 

a greater elastic modulus along the fibre direction. Hence, the velocity will be greater 

in the fibre direction due to the proportional relationship between elastic modulus 

and Lamé constants (µ and λ) in Equations 47 and 48 [214, 215]:  

 

 𝑐1 =
√𝜇

𝜌
 (47) 

 

 𝑐2 =
√𝜆 + 2𝜇

𝜌
 (48) 

 

External stresses act as a catalyst to produce micro-crack formation in composites 

when moisture ingress opens internal cavities. The local humidity decreases the load-

bearing capacity of the reinforcement fibres. E-glass fibres are susceptible to 

environmental fluctuations in temperature and humidity.  

 

Although prepregs are favoured for grand-scale production, the hand-layup method 

is often preferred for small scale manufacturing. Used for both glass and carbon-fibre 

reinforcement, hand-layup is one of the simplest forms of composite processing. 

Kumar et al [241], described the process alongside typical a method used for tensile 
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loading tests. The American Society for Testing and Materials (ASTM) standards 

govern each composite specimen [93]. In addition to the specimen dimensions, other 

parameters including the strain rate during testing are defined [242, 243]. Aluminium 

end-tabs are secured to the composite with a high-strength resin that minimises 

slippage and maximises grip during strain tests. 

 

Embedding Optical Fibres into Composites 

There have been numerous attempts at embedding fibre-optic sensors for AE analysis 

[133, 244-249]. In addition to describing the layup and other manufacturing methods, 

Fernando et al [105], detailed the process of embedding optical fibres into composite 

materials. PTFE tubing was employed to protect the leading/trailing fibres in and out 

of the composite. Common fibre coatings were also discussed and included UV-cured 

epoxy, acrylate, silicone, and polyimide resins to enhance the survivability of the 

fibres during processing. Acrylate coatings were likely to be affected by solvents in 

the resin system. Silicone coatings could not provide a strong enough bond between 

fibre and matrix. Furthermore, the disadvantage of the embedded FOS ability to detect 

fractures from the cured brittle resin, which cause unwanted AE signals, was also 

discussed. 

 

Badcock et al [250], developed a novel intensity-based optical fibre sensor to monitor 

tension/tension and compression/compression fatigue loading conditions in fibre-

reinforced composites. The FOS were embedded into a 16-ply 0/90 carbon/epoxy 

laminate at the manufacturing stage to demonstrate the feasibility of using an 

embedded sensor for damage detection. As the FOS were inserted between prepreg 

layers, a small length of PTFE tubing was inserted into the mould, encasing the fibres. 

As tension was applied to the prepreg laminate to ensure alignment of the sensors 

during processing, a tubing length of 10 - 15 mm was preferred.  
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Raju [251], examined the challenges of manufacturing vacuum assisted resin transfer 

moulding composites and the complications with embedding fibre-optic sensors. It is 

stated that the embedded fibre-optic sensors should be mounted at the mid-thickness 

of the laminate. This is where the inter-laminar stresses are the greatest compared to 

near zero at the surface, during structural loading. The article states the preference for 

embedded fibre-optic sensors over surface-mounted devices for capturing strain 

variations due to interlaminar damage.  

 

Fu et al [20], manufactured a FOAES from a fused-tapered coupler. The sensor was 

embedded into carbon-fibre reinforced laminates and excited with simulated emission 

from PLBs. Three-point bending tests were used to compare a surface mounted piezo-

electric transducer and the FOS. The FOAES manufacture comprised of two identical 

optical fibres placed into intimate parallel contact, twisted, and stretched under a high 

temperature hydrogen flame. After a specified tapering period, a coupled area acting 

as the sensing region was established (Figure 268).  

 

Figure 268   Schematic illustration of the FOAES (source: [90]). 

The geometry of the fused region was a function of the relationship between the 

stretching rate of the fibres, the tension of the fibres and the temperature of the flame. 

A silica capillary was bound to the fibres with unknown resin – a crucial parameter 

required when maximising the SNR and sensor efficiency. Furthermore, the fibre type 

and dimensions were not discussed in the article to improve SNR. After sensor 

manufacture, the device was embedded at the mid-layer of a carbon-fibre epoxy 

prepreg, manufactured into a 14-ply (0°14) unidirectional composite. AE signals were 

simulated with PLBs to capture data on the FOAES and commercial R15 PZT: (i) 
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energy; (ii) amplitude; and (iii) peak frequency. The FOAES detected three events 

from the PLBs with the highest energy level of 300, whereas the R15 PZT detected 

seven events with the highest energy level of 8000. The amplitude and peak frequency 

of both data sets were comparable, however. The energy variation was likely caused 

by the nature of the tests. The article explained that the elastic waves associated with 

a PLB test mostly propagated on the material surface. However, the damage most 

influencing the material structure are internal elastic waves. Those of which, could 

only be effectively recorded with an embedded FOAES. Three-point bending tests 

were also initiated. The samples were loaded at a velocity of 2 mm/min for a span of 

64 mm until material failure, enabling a comparison to be made between the sensor 

types. Both sensor types were able to detect specimen failure, with the authors 

concluding that the FOAES compared well to the PZT. The sensor manufacturing 

details were not considered in this investigation, however. 

 

Damage Detection and Classification by AE 

Propagation of Damage Modes during Tensile Loading 

Damage propagation in composite materials can be characterised into two groups – 

intralaminar and interlaminar damage. Intralaminar modes are formed in the plane 

of the plies and often associated with fibre breakages, pull-out, matrix cracking and 

fibre-matrix splitting. Interlaminar stress is caused by the separation of two adjacent 

layers in the form of debonding and delamination [252]. Stress along the fibre 

direction is predominantly transmitted through the fibres due to their high stiffness 

and strength compared to the matrix. Since fibres become taut under tensile loading, 

they regularly contribute towards matrix damage unlike during compressive loading. 

If fibre damage is not observed the fibre tension often contributes to matrix damage. 

Transverse stress such as associated with tensile loading of cross-ply specimens, are 

transmitted through both the matrix and fibres. The damage predominantly occurs in 

the matrix or at the fibre-matrix boundary in the form of delamination [253]. When 
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subjected to axial loading, a composite will experience several damage modes across 

all layers. In a cross-ply composite, the load on the 0º ply propagates through the fibres 

whereas the strength of the matrix is much less than the fibres in 90º plies and thus 

matrix cracking occurs in the early stages of loading [55]. As tensile load increases, 

cracks promote delamination between plies eventually leading to 0º ply splitting at 

higher loads, followed by fibre fracture [56]. 

 

Matzenmiller et al [253], suggested that damage growth during reloading composites 

is noticeably smaller compared to the first loading cycle whilst tensile loading and 

unloading specimens to specified loads. The reloading cycle assumes that the previous 

load strain has not been exceeded.  

 

Smith et al [254], investigated fracture surface characteristics in graphite/epoxy 

composite materials by tension and shear loading specimens. A variety of ply 

orientations were chosen (unidirectional, cross-ply and quasi-isotropic). The 

specimens were subjected to a double cantilever beam with crack growth generally 

occurring in small increments. The direction of crack propagation during tensile 

loading could be determined by examining pre-existing river flow markings of resin 

during manufacture.  

 

The tensile strength of all composite materials is dependent on the strength of the fibre 

and matrix bond meaning the majority of unidirectional carbon-fibre composites have 

been known to fail at strains of 1.4 % to 1.8 % [255], when uniaxial loaded. The main 

damage in unidirectional reinforced materials incorporate fibre fractures, interfacial 

debonding and matrix cracking [256]. Cross-ply laminates contain fibre plies parallel 

and perpendicular to the loading direction. Delamination, matrix cracking (from 

longitudinal splitting), and transverse ply cracking contribute to specimen failure of 

cross-ply laminates [256]. Failure modes in quasi-isotropic materials [206-209], were 

also summarised in [204].  
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There are multiple failure processes for thermosetting quasi-isotropic laminates. The 

major failure processes being: (i) matrix cracking in 90⁰ plies in the load range 20 – 70 

% of the sample tensile strength; (ii) matrix cracking in ±45⁰ plies directly adjacent to 

the 90⁰ plies in a load range of 30 – 70 % and not adjacent to the 90⁰ plies in a 60 – 80 

% range; (iii) delamination between 90⁰ plies and between 90⁰ and adjacent ±45⁰ plies 

in a load range of 50 – 70 %; (iv) delamination between 0⁰ and directly adjacent ±45⁰ 

plies above a 70 % load range; and (v) 0⁰ plies failing towards the end of the test. The 

tensile strength of a quasi-isotropic specimen is dependent on the fibres in the 0º plies. 

However, during tensile loading the early indication of damage is often from the 

development of ply splitting in the 90º plies. Delamination between the 90º and 

adjacent plies followed, which developed splitting in the 45º plies [257]. Following 

failure of the 0º plies, the 45º plies often fail with ply splitting or fibre fracture.  

 

The failure behaviour of quasi-isotropic carbon-fibre reinforced polyamide 

composites was investigated under tensile loading [204]. Laminates of two lay-ups 

were evaluated: [45⁰/0⁰/-45⁰/90⁰]s and [45⁰/0⁰/-45⁰/90⁰]2s. The samples were 

manufactured by two independent manufacturers and were thus code-named 

‘TenCate laminate’ and ‘Maruhachi laminate’, respectively. The initiation and 

progression of cracks throughout the materials during tensile loading were conducted 

by polishing a free edge of the specimens and observing the sample under several 

loads via optical microscopy. Furthermore, crack configurations at different sections 

through the composite width after tensile tests, allowed an inspection of crack growth 

behaviour. The laminates were manufactured by hot pressing to a thickness of 1.1 mm 

and 2.8 mm for the TenCate and Maruhachi laminates, respectively. Tensile specimens 

were prepared according to ASTM D3039 standards. Prior to testing, the strain gauges 

were mounted to monitor tensile strain. A single edge of each specimen was polished 

(using P4000 ultra fine grade paper) to evaluate the progression of cracks prior to 

loading using optical microscopy. The mechanical properties of the two laminates 

were displayed, showing that the tensile strength and modulus differed by between 
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0.8 % and 3 %. Five areas were marked on the material to indicate the location of 

optical micrographs taken at various loading rates. The crosshead speed was 0.5 

mm/min.  

 

Tsuda et al [132], used a Michelson interferometer to monitor the strain rate of a 12-

ply unidirectional carbon-fibre and epoxy composite whilst simultaneously recording 

the AE through tensile loading. A threshold of 40 dBAE was instigated for the NANO30 

PAC transducer. Towards the beginning of the test with strain values of 0 - 1.18 %, the 

sensor recorded amplitudes under 70 dBAE with the stress-strain curve displaying an 

almost linear relationship. The low impact events were attributed to matrix cracking. 

At greater strain values (1.18 - 1.40 %) an increased amplitude of 70 - 80 dBAE was 

recorded. Most tests across this strain rate demonstrated a linear stress-strain curve. 

Minor irregularities in the linearity were credited to the breakage of some reinforcing 

fibres. At strain rates of 1.40 - 1.64 % towards the end of the tests, the stress-strain 

curve showed non-linear behaviour as repeats of large strain increases occurred. An 

amplitude of over 80 dBAE was continuously recorded including high AE count rates. 

During these later stages, the failure modes were wholly attributed to fibre breakages 

until specimen failure. An assessment of a composite’s strength, ductility, brittleness, 

and elastic behaviour under tensile loading was conducted. Kumar et al [241], 

concluded that an increased fibre content displays an improvement to tensile 

properties. An e-glass woven fabric composite with a 70 % fibre content displayed an 

increased tensile strength of 19 MPa and an increased modulus of 2515 MPa compared 

with a 60 % fibre content. 

 

Koerber et al [258], discovered that a faster strain rate increased the applied stress on 

a carbon-fibre epoxy-resin composite. The tensile strength increased by nearly 22 % 

when the strain rate increased from 40 to 160 s−1. The authors also compared the 

stress-strain responses of glass-fibre reinforced polymers over a range of 

temperatures. There was negligible change to tensile strength with temperatures 
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between –25 and 50 °C. Due to softening of the resin the tensile strength rapidly 

decreased between 50 and 100 °C. At this temperature range, the glass transition 

temperature of the epoxy resin is reached, meaning the glass structure is beginning to 

alter. Furthermore, the high temperatures weaken the interaction between fibres and 

resin matrix meaning the stiffness is decreased. The toughness of the glass-fibre 

reinforced polymer composite fluctuates by 7.6 % at low temperatures but reduces by 

nearly 30 % at higher temperatures.  

 

Robert et al [259], recorded similar results from glass-fibre reinforced polymer 

composites between 300 and 450 °C. At these extreme temperatures, there was a 

strength limitation and substantial thermal degradation to the polymer. The molecular 

chains of the polymer broke down forming micro-cracks in the matrix and at the 

fibre/matrix interface. At temperatures below –100 °C there was little influence on the 

tensile, shear and flexural strength. The same trend throughout was noted, which 

meant a decreased strength for increased temperature and vice-versa. In 2003, 

Venkatesh and Rijuvan manufactured natural fibre-reinforced composite plates for 

tensile testing using Palmyra fibre as the reinforcement [260]. ASTM D638 standards 

whilst the stress, strain and displacement observed during the testing were plotted. 

The data displayed in Figure 269 represents natural fibre dog-bone shaped composites 

with an epoxy resin matrix. There is significant stress/strain at the edges of the tapered 

region on the sample, shown in the figure. There is little stress/strain at the end-tab 

regions. The displacement radiates from the central point of the sample. 

 

Figure 269   The distribution of: (i) stress; (ii) strain; and (iii) displacement on the composite plate 

(source: [97]). 

(i) (ii) (iii) 
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Appendix-C: MATLAB Code for CWT Waveforms 

An example piece of code represents that which was written and executed to develop 

continuous wavelet transforms (CWT) and corresponding discrete waveforms. The 

graphs produced from this code, represent the typical frequency range of damage 

captured for matrix cracking, delamination and fibre breakages. The code produced 

data that shows CWT scalograms. 

%%clear any previous clc 

%%import readable file 

D=readtable("H:\PhD backup\13) MatLab\tensile test data analysis\Frequency 

Trace for All 

Hits\PZT\CWT_Sample42_Time_2026.4220852500_MATRIXCRACKING_Waveform.txt"); 

%%plot figure 

figure 

plot(D.Time,D.Amp) 

grid on 

%%label the x axis, y axis and label title 

xlabel('Time ({\mu}s)') 

ylabel('Signal Amplitude (V)') 

title('Waveform - Continuous Wavelet Segment') 

%%limit the visible x axis to correpsond to 5119us, period recorded by AEWin 

xlim([0 5119]) 

 

%%sampling frequency of 1MHz to have time interval up to 1 second 

fs=1e6 

%%create a CWT filter bank and plot 

fb = 

cwtfilterbank('SignalLength',numel(D.Amp),'SamplingFrequency',fs,'FrequencyLimi

ts',[1e3 5e5]); 

figure 

freqz(fb) 

 

%%use cwt to plot the scalogram of the signal 

%%the y axis scaling is naturally logarithmic for CWT functions 

figure 

[wt,f,coi]=cwt(D.Amp,1) 

cwt(D.Amp,'FilterBank',fb) 

title('CWT Scalogram') 

xlim([0 4]) 

 

%%import the FFT signal imported to show what the scalogram should be following 

figure 

D=readtable("H:\PhD backup\13) MatLab\tensile test data analysis\Frequency 

Trace for All 

Hits\PZT\CWT_Sample42_Time_2026.4220852500_MATRIXCRACKING_FFT.txt"); 

%%plot figure 

plot(D.Freq,D.FFTMagn) 

grid on 

%%label the x axis, yaxis and label title 

xlabel('Frequency (KHz)') 

ylabel('Signal Intensity (a.u.)') 

title('FFT Trace - Matrix Cracking') 

%%limit the visible x axis to correspond to 500 kHz  

xlim([0 500]) 


