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Abstract 

on-Destructive Testing (NDT) is a quality control measure designed to ensure the safety of products 

according to established variability thresholds prescribed by design requirements. With the development 

of advanced technologies, The National Composite Centre, Bristol, has identified that the increasing complexity 

of composite products will lead to severe inspection challenges. Technical limitations and a lack of formalised 

understanding of the state-of-the-art of NDT of composites will only exacerbate the bottleneck in engineering 

operations if not addressed.  

To address this apparent knowledge gap and understand NDT system complexity, this thesis presents a formulaic 

approach to introduce intelligence and improve robustness of NDT operations. This is achieved through the 

systemic development of a high-fidelity Knowledge Base (KB), based upon a modified Lean Six Sigma 

framework: Define-Measure-Analyse-Improve-Verify. For state-of-the-art technology mapping, a capability 

matrix that maps material, component, and defect configuration to capabilities and limitations of selected detection 

methods is established. Population and data validation is demonstrated through experimental testing of controlled 

reference standards and evaluated against an assessment criteria. System complexity is investigated in ultrasonic 

testing operations, focussing on capturing inherent risks in the detection of defects and the designation of 

evidence-based plans for automation platforms.   

The KB presents a formalised framework for the documentation of capabilities and limitations of detection 

methods with respect to component configuration; when coupled with industry requirements, the KB can assist in 

road-mapping the development of techniques through resource prioritisation. Exploiting the KB in inspection 

operations will introduce system intelligence, where captured validated applicability data supports knowledge-

based decisions for optimising inspection plans. Additionally, the KB highlights the need for Design for 

Inspection, providing measurable data that should not be ignored. When employed in industry, the methodology 

will seek to drive improved intelligence in inspection operations, capability and productivity gains, and support 

the transition towards NDT 4.0.  

(300 words) 
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This chapter is an introduction to the thesis, encompassing project motivation and industrial context. The 

overall research question, aims, and objectives are presented. 

Conference and Journal Papers:  

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2019). Developing a High-Fidelity Knowledge Base 

for Non-Destructive Testing and Composite Material Products: A Review. Paper presented at 58th Annual 

British Conference on Non-Destructive Testing. 

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71].  
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nnovation in the modern world is defined by engineering technologies, with advanced composite materials at 

the forefront of new product introduction [1]. Despite the growing complexity of engineering products, 

performance, reliability, and quality remain a necessity to safety. The research presented in this thesis explores 

the development of a high-fidelity knowledge base (KB) pertaining to the non-destructive testing of composite 

material products. A systems approach is taken to establish the process of KB population and highlight some of 

the key barriers to the inspection of increasingly complex components. This chapter introduces the current trends 

in inspection of composite materials and presents the scope of the research project.  

 Motivation 

The use of composite materials has greatly increased due to a range of beneficial properties they exhibit over 

traditional metallic materials. In the context of engineering materials, composite materials can be defined as [2]: 

“A multi-functional material composed of at least two elements working together to produce a structural 

material with mechanical and physical properties that are greatly enhanced compared to the properties of the 

components taken separately.” 

Most composites consist of a bulk material, a polymer matrix, enclosing a continuous fibrous reinforcement. 

While the matrix provides a binding mechanism to fibres, it gives the composite its shape, surface appearance, 

environmental tolerance, and durability. Reinforcements are combined to primarily carry structural loads, 

increasing mechanical strength and stiffness. Both material and product form are produced simultaneously. 

Composites constitute one of the broadest classes of engineering materials in a range of industries that span from 

Renewables to Aerospace with the aim of exploiting the inherent material advantages to deliver a £10bn growth 

in sales by 2030 [3]. These figures have been affected by the COVID-19 global pandemic, with an estimated 

decline in demand over all industries and impact on market forecast [4]. The uptake in composites is attributed to 

desirable combinations of properties, together with the ability to tailor a structure to service conditions. Composite 

materials tend to have a higher strength-to- and modulus-to-weight ratios than traditional engineering materials, 

reducing the weight of a component to meet efficiency and performance targets [5, 6]. The use of high-

performance composites began in the Aerospace and Defence industries however, application has diversified to 

other civil industries, as shown in Table 1.1. 

The versatility of composites is attractive for many industrial purposes however, it also leads to complexity that 

must be well-understood for the materials to be used correctly. Composites are unique materials in the design and 

manufacturing process as manufacturing parameters, such as equipment, tooling, and inspection have an important 

effect on design, and vice versa. Since the material is formulated whilst the part is being constructed, 

multidisciplinary and concurrent engineering design principles along with careful material and fabrication process 

selection must be used to obtain optimum properties [7, 8]. Adherence to proven engineering principles and the 

careful design and material selection in the design, manufacture, and testing of composites is believed to result in 

low rejection rates and high product integrity. Successful composite designs can provide numerous logistical 

advantages, such as design flexibility and ease of fabrication and installation, as well as potential advantages in 

structural integrity, when compared to conventional fabricated metal structures [8].  

I 
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Table 1.1: Use of composite materials in different industries. 

INDUSTRY OPPORTUNITIES 

Aerospace [9–11] Composite materials have become amongst the most important class of materials used in 

aerospace structures. Some primary aircraft structures such as wings, fuselages and tail 

structures are fabricated from carbon fibre and hybrid materials, accounting for a large 

percentage of total aircraft structural weight. The Airbus A350 XWB is an example of 

this, where 53% of the aircraft is fabricated from composite materials.  

Carbon fibre composites are used for strap elements, boom, and solar panels on satellites 

due to the mechanical properties and dimensional stability in fluctuating temperatures. 

Metal matrix and ceramic composites are being investigated for use due to their 

environmental resistance.  

Ground Transport  

[12, 13] 

Sports cars have long used carbon composites with an emphasis on lightness and stiffness 

for competitive advantage. However, the attractiveness of making innovative body shapes 

whilst compensating for the increase in weight from safety features has led to adoption of 

composites in widespread automotive manufacture. The BMW i3 demonstrates the 

benefits of weight savings with respect to installation of heavier electric vehicle systems.  

Rail vehicles employ composite materials for complex profile components which require 

a high stiffness-to-weight ratio. These parts include cab ends, internal fittings, and cabin 

panels.  

Marine  [14–16] The manufacture of boat hulls and decks typically make use of composite sandwich 

structures for larger cargo capacity, lower structure inertia, and increased ship stability 

and buoyancy. Aramid, carbon, and glass-reinforced plastics (GRPs) are used for skin 

materials with polymeric and honeycomb stuctures used as core materials.  

In military applications, GRPs have been used to replaced metallic components on 

submarines that are susceptible to corrosion. GRP is used worldwide for the manufacture 

of civil vessels, such as fishing boats, small boats, hovercrafts, and catamarans.  

Energy  [17, 18] Oil and gas exploration and production requires working in inhospitable environments; 

high temperatures, pressures, and aggressive fluids lead to accelerated degradation. 

Composites provide weight savings and corrosion resistance for pipework and platform 

structures when compared to traditional steelwork and alloys.  

Demand for renewable energy has propelled the development of wind turbines for energy 

generation. There is much research into use of different fibres in blade manufacture, such 

as hybrid glass-carbon and natural fibres. The aim is to light-weight components whilst 

providing resistance to environmental damage and loading effects in-service.  

Civil Construction  

[19, 20] 

Composites can offer structural strengthening to degraded reinforced concrete structures 

through retrofitting of plates, fabrics, and columns. GRP and carbon fibres are 

increasingly being used for the decking (light sandwich structures) and struts of vehicular 

and pedestrian bridges where corrosion and environmental effects are issues.  

However, design and manufacture incur significant cost. Compared to metallic systems, composites have greater 

design complexity determined from complex mechanical characterisation, high raw material cost, and processing 

costs [21]. This cost is amplified by relatively high scrap rates from the appearance of non-designed features in a 

component. To protect against this, process verification measures can be introduced at various stages in a 

manufacturing process to determine unacceptable levels of variability in a part. In-process quality measures have 

the benefit of capturing non-conformance before further value can be added to the part, addressing scrap and 

productivity. The field of Non-Destructive Testing (NDT) provides a cost effective post-cure method to ensure 

production quality control, and is defined as [22]: 
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“The identification and characterisation of damage on the surface and interior of materials without cutting 

apart or otherwise altering the material; the evaluation and inspection process of materials or components for 

characterisation or finding defects and flaws in comparison with some standards without altering the original 

attributes or harming the object being tested.” 

For post-cure inspection methods, there is limited scope for rework if a non-designed feature is detected, so the 

part must either be defined as a concession or be scrapped. Concessions and scrap are at cost to the manufacturer 

and must be avoided where possible through good manufacturing processes. However, inspection methods must 

be reliable and robust. If a detection method calls a non-designed feature where there is not one present, the 

manufacturer will scrap an acceptable product (according to a requirement) at great expense.   

The use of composites has presented unique challenges in the application of NDT. Material composition and 

complex geometries push the limits of what is achievable with respect to the detection of defects. Since process 

verification is used to underpin design, structural integrity, and manufacturing, it is necessary for quality assurance 

during the product development cycle. Verification is also critical for assessing the safety of components, 

particularly those used in the transportation industries.  

It is evident that a lack of knowledge of inspection practices for composites exists across a variety of industries. 

Cross-sector events have reinforced the position of the UK’s NDT industry; the outputs from the British Institute 

of Non-Destructive Testing (BINDT), Composites UK, and the National Physical Laboratory (NPL) are 

highlighted in Figure 1.1. In the Aerospace industry, defect criteria and failure constraints from decades ago are 

still being used in acceptance criteria [23]. This is particularly relevant when the materials in use have evolved 

and may no longer provide the same response to verification techniques. Within the Automotive and Marine 

industries, a lack of experience and guidance have limited the use of verification methods. As a result, NDT 

operations are struggling to keep up with the bottleneck in composites manufacturing.   

Proposed routes to tackle the knowledge deficit in NDT and dissemination difficulties include [24–26]:  

• Linking inspection to structural integrity: Integration of inspection data with defect criticality 

assessment, demonstrating the impact of detected defects on the structural integrity of a part. Mechanical 

modelling of defective structures will provide traceability and characterisation data of the effect of 

defects. This data can be used to define defect allowables and identify degradation locations on structures 

for monitoring through life.  

• Technology mapping: Only with a better understanding of the characteristics of composite materials, 

alongside the capabilities of techniques, will there be more informed decisions on which NDT 

techniques can be used. Research is required to understand the current state-of-the-art in all appropriate 

technologies and determine what can and can’t be found. As no single inspection method will be able to 

provide all required inspection and monitoring capabilities, a toolbox approach is suggested. This would 

initiate discussions on how to move forward with some technologies, optimisation, and their application 

to industry.  
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• Integration of NDT 4.0: Aligning NDT with the industry agenda (Industry 4.0) of connecting intelligent 

manufacturing systems for good process control. With robotics, digital twins, and remote sensing 

technologies, high data-rate communication between sensors and analysis would allow for 

interoperability between NDT and manufacturing processes. Algorithms would be employed for data-

driven decision-making for the optimisation of inspections and predictive maintenance, driving down 

running costs and failures to improve the lifetime of existing assets.  

A common theme from the proposed routes generated by a consortium of industrial and academic parties, indicates 

utilising NDT as a learning tool for improvement of fabrication processes. This can be powerful in increasing 

confidence in the manufacturing process, leading to manufacturing systems that have the potential to be ‘right 

first time’. However, each of these proposed routes to address NDT shortfalls in production require consistent 

funding. A central partnership dedicated to NDT best practice would need to be established with stakeholders in 

NDT and other engineering organisations. An example of this is the BINDT Composites Working group and the 

Round Robin (RR) project that is discussed in more detail in Chapter 9. Role delegation and cooperation will be 

essential in making progress towards the key targets as listed above. Until this is achieved, an NDT for composites 

working group will struggle to evolve NDT techniques, visibility, and integration with the rest of the 

manufacturing process for the benefit of the whole industry.  

  

 

Figure 1.1: Key outputs of cross-sector events regarding the state of the industry of NDT for composites [23–28]. 
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The National Composites Centre (NCC), Bristol, UK is a research and development centre aimed at tackling some 

of the biggest challenges in the composites industry, such as those faced in NDT development. The state-of-the-

art facility provides a focus for composites design and manufacturing enterprises to deliver solutions in the 

application of composites, advancing technologies for use in steady-state manufacturing operations. The mission 

is to encompass the key industries in Table 1.1 so that the NCC can draw on industry-learning from mature 

industries for application into newer industries. To support new and existing research and development programs 

and industry trends, the NCC have invested in manufacturing capability projects. For example, braiding and large-

scale fibre placement manufacturing technologies have been installed and developed, with current projects aimed 

at utilising the capabilities in response to industry challenges, such as rate and environment requirements. In 

response to inspection challenges, the Composites Inspection and Verification Cell (CIVC), shown in Figure 1.2, 

aims to provide fast, reliable, high quality automated inspections of large complex shaped composite components, 

reducing the reliance on manual inspection techniques. The dual industrial robot system seeks to optimise complex 

inspection by combining the scanning effort of ultrasonic and optical inspection, with initial trials using 

thermographic inspection. In deployment, the system would allow for faster implementation and qualification of 

automated inspection using conventional and emerging inspection technologies on customer projects, and to 

improve coverage, sensitivity, and repeatability of NDT. The roadmap of development is described in Figure 1.3.  

 
Figure 1.2: NCC's CIVC in operation, manufactured by Ultrasonic Sciences Ltd. (representative image). 

Whilst there is great potential for CIVC to assist the NCC in responding to rapidly changing industry requirements, 

the learning risks are a prohibiting factor in effective deployment. It is evident from Figure 1.3 that there is a slow 

pace of innovation delaying the deployment of the prescribed system capabilities. The USL (Ultrasonic Sciences 

Limited) bespoke manufactured system has been developed for research and development however, much of USL 

expertise lies in production inspection. The requirements for research and production vary considerably; the 

NCC’s agenda for CIVC development looks at pushing system capability for each hypothesis and experiment 

undertaken. It should be considered whether the build of CIVC responds to this requirement well. Moreover, there 
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is a lack of fundamental understanding of the system capabilities and the critical factors for operation that must 

be robustly integrated into the system. For greatest gain in effective deployment of capabilities, system 

intelligence must be established and implemented. 

 
Figure 1.3: Past activities in CIVC to date and speculated roadmap for future developments. 
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 Research Aims 

The original aim, as advertised by the NCC, involved the development of CIVC capabilities: 

“The overall aim of the project is to develop and expand the process of the cell capability; to come up with a 

structure to facilitate design for manufacture through diagnostics and data generated through the cell.” 

This aim was identified as a risk within a year of project commencement as delays in programme management, 

manufacture, and delivery meant that CIVC would not be installed in the NCC until at least 2 years into the 

project. To mitigate this risk, the project was adapted such that an aspect of the original brief would be addressed, 

whilst other outputs would be of use to the wider NDT for composites industry.  

A new problem statement has evolved from participation in cross-sector NDT events, with the gap in the 

understanding of current state capabilities and limitations of industry-standard NDT processes being the main 

driver. It was evident that the knowledge deficit of inspection processes exists in all stages of the product 

development and manufacturing value stream. Additionally, a lack of appreciation or misconceptions about the 

benefits of NDT, quality assurance, and process verification have led to improper or ill-informed use of 

technologies. Therefore, the updated research question of this project became:  

“How can the NDT knowledge deficit be addressed to future-proof inspection activities?” 

This question will be tackled with the two overarching aims:  

“To introduce knowledge management practices into NDT for the documentation of inspection results and 

technical know-how” 

“To create a framework for the exploitation of NDT knowledge to inform the design for inspection of 

components” 

Both these aims will be discussed by taking a Lean Six Sigma systems approach with the objectives listed in Table 

1.2, which have been developed reactively in response to industry needs and by proactively seeking improvements 

to the NCC’s CIVC.  

Table 1.2: List of project objectives to achieve overarching aim. 

OBJECTIVE DESCRIPTION 

1 Establish the framework for the population of a knowledge base mapping composite material, 

component, and defect configuration to selected NDT methods.   

2 Understand the risks involved in inspection and develop methods to improve application 

robustness. 

3 Demonstrate the applicability of the knowledge base and alignment to CIVC activities.   

4 Establish a road-map for future population of the knowledge base and integration into existing 

manufacturing networks. 
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 Thesis Structure 

The structure of the thesis takes the form of five research phases which include ‘Define’, ‘Measure’, ‘Analyse’, 

‘Improve’, and ‘Verify’; each of which contain research and experimental activities that contribute to the 

objectives. Process outputs and applicability to industrial systems from each phase are validated in a ‘Design for 

X’ chapter. KB development also employs this framework. The process is presented as a waterfall project 

management system within the thesis however, an agile approach was taken for developmental activities owing 

to the novel nature of the research. The thesis is split into 11 chapters with a summary below.   

 Chapter 1: Introduction 

This chapter covers the project motivation, including a brief description of composites and the industries in which 

they are used. The complexity of manufacture is explained with the field of NDT as a quality control method used 

to ensure an as-manufactured part meets requirements. The motivation of this research is split into two parts: an 

industry needs for the development of NDT of composite materials, and the development and deployment of the 

NCC’s novel automated inspection system. Overall aim and objectives of the project are presented, followed by 

thesis structure. 

 Chapter 2: Literature Review  

Chapter 2 contains a literature review covering four key research themes. Firstly, composites manufacturing 

variability is explored with an assessment of the types of variability and defects introduced into composite 

structures. NDT is discussed as a method of material verification with focus on the principle and application of 

ultrasonic and thermographic testing methods, and the inherent system complexity in an inspection procedure. 

The transition of NDT into digital manufacturing is addressed with improvement areas for NCC’s CIVC system 

considered. Last of the themes, the framework of knowledge management (KM) is explored with respect to 

engineering and NDT applications. The chapter closes with a summary of literature with an assessment of research 

gaps identified.     

 Chapter 3: Establishment of the NDT Knowledge Base Management System 

Chapter 3 identifies the project management structure from a selection of process improvement frameworks, 

setting the baseline upon which this project is conducted. Existing Lean Six Sigma (LSS) methodologies are 

assessed, with a Define-Measure-Analyse-Improve-Verify (DMAIV) framework proposed as suitable for this 

work. Selected analytical tools are mapped to each of the phases: process mapping, experimental design, definition 

of assessment criteria, risk assessment, and reliability analysis.   

 Chapter 4: Define 

Chapter 4 commences the project improvement framework with the principal definition of activities in 

establishing a KB for composite material products. System complexity analysis highlights two critical factors. 

The first requires the down-selection of composite component configurations to encompass current industry-

representative configurations and establish a boundary condition for the population of the KB. Secondly, NDT 
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methods and included techniques are selected with key performance variables identified for traceability and the 

foundation of best practice. The chapter closes with analysis, discussion, and general observations of the activities.    

 Chapter 5: Measure  

Chapter 5 builds on the definition of the project to establish experimental design for the population of a KB. The 

design and manufacture of nine reference components encompassing the selected component configurations is 

detailed. Following this, inspection procedures for the testing of components are established, with reporting 

thresholds for detection, characterisation measurements, and performance variables captured. Inspections are 

performed with two inspection methods and key data is recorded, with analysis and discussion of the experimental 

procedures. 

 Chapter 6: Analyse 

Chapter 6 examines the results of Chapter 5 for preparation and entry into the KB. NDT inspection reporting is 

translated into an accessible format using a red-amber-green rating; the evolution of this assessment criteria 

through semi-structured interviews with NDT specialists is described. A simplified assessment is made at general 

or managerial level with a more detailed assessment suitable for NDT personnel or those with more knowledge 

of inspection practices. Sample population of the KB is demonstrated using the criteria and is demonstrated in a 

capability matrix with further discussion of suitability of matrix entries.  

 Chapter 7: Improve A 

Chapter 7 analyses the potential risk to reliability of an inspection procedure using an appropriate risk assessment 

tool. Modes of failure to achieve an optimum KB rating explored in Chapter 6 are captured and assessed against 

two criteria using a Failure Mode, Effects, and Criticality Analysis (FMECA). Failure modes are established in 

four root cause groups, with risk priority numbers determined from specialist interviews and qualitatively assessed 

for relative importance. Further statistical analysis is carried out in null hypothesis testing investigating the 

prioritisation, correlation, and elimination of failure modes and groups.   

 Chapter 8: Improve B 

Chapter 8 studies one area of the risk assessment in further detail: with the elimination of operator-driven failure, 

the impact of geometrical complexity on NDT inspections is investigated. Assessment of the surface normal at a 

point along a scan path along a component is performed in a MATLAB code, with degree of deviation equated to 

NDT scanning complexity. This script is validated with numerical methods, with further investigation into the 

variability in angle complexity with scan line location. Geometrical complexity is linked in terms of impact on 

automated NDT capabilities. 

 Chapter 9: Verify 

Chapter 9 involves further analysis of inspection capabilities measured in Chapter 5 whilst considering risks to 

NDT reliability. Firstly, repeated ultrasonic inspection measurements are conducted on each reference standard 

such that deviations in signal are captured. Reference standards are inspected with X-Ray to correlate material 



Nikita Gandhi 

Chapter 1 

Introduction 

 

11 

 

quality findings. Secondly, verification components from an existing BINDT NDT KM project and project 

execution are analysed, with a discussion on the efficacy of the KM drive. 

 Chapter 10: Design for X and Discussion 

Chapter 10 draws together the research and development performed in the various phases of the project through 

the introduction of a Design for Inspection framework. For industrial context, two aspects of the framework are 

investigated in further detail through the exploitation of experimental rigs, productivity planning for automated 

platforms, and design tools for targeted inspection. Key learning and considerations for complexity in the research 

themes is addressed, followed by an assessment of impact from an academic and industrial perspective.     

 Chapter 11: Conclusions and Further Work 

Chapter 11 summarises the major development activities, impact, and outcomes of the research. Opportunities are 

identified for further work in the context of KM in NDT and evaluated in a technology readiness level assessment.   

 



 

 

 

2 Literature Review 

 
 

2 
Literature Review 

   
A literature review covering four key research themes is introduced in this chapter encompassing composites 

manufacturing variability, verification methods, digitalisation of NDT, and KM in engineering and quality.  

Conference and Journal Papers:  

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2019). Developing a High-Fidelity Knowledge Base 

for Non-Destructive Testing and Composite Material Products: A Review. Paper presented at 58th Annual 

British Conference on Non-Destructive Testing. 

Gandhi, N., Rose, R., Croxford, A., & Ward, C. (2021). Developing a high-fidelity knowledge base for 

improvements in the nondestructive testing of advanced composite material products. In Procedia 

Manufacturing (Vol. 51, pp. 345-352). (Procedia Manufacturing). Elsevier Limited.  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 
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his chapter introduces the key research themes in support of the project aims and objectives: composites 

manufacturing variability, NDT, digital manufacturing, and KM. The latter three areas are present 

throughout the engineering industry however, only applicability to composite manufacturing will be examined. 

Figure 2.1 demonstrates the structure of the literature review around the themes to identify gaps in knowledge that 

align with the industry trends, and to identify potential solutions in combining different disciplines of engineering.   

 
Figure 2.1: Organisation of the literature review to inform project aims and objectives. 

 

 

  

T 
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 Composites Variability 

Polymer Matrix Composites (PMCs) are susceptible to the appearance of defects, defined here as [29]: 

“An irregularity in a material or structure that causes it to depart from its specification as defined during the 

design process.” 

These defects can occur through the design and manufacture of a product, and during the in-service life of the 

component. For example, Potter et al. have identified more than 130 defect types and more than 60 sources of 

variability and unreliability for only autoclave and resin transfer moulding processes that lead to the appearance 

of these defects. Many of these sources of variability have their roots in the reinforcements used and the ways in 

which those reinforcements map to the geometry of components. It is difficult to state at what point exactly a 

feature/consequence of variability becomes a defect [30]. Departures from the specification should be correctable, 

in principle, by adherence to manufacturing procedures, thereby assuming defects introduced in the manufacturing 

process can be eliminated. It is presumed that the responsibility for adherence to the specification rests solely on 

manufacturing and production engineers, as opposed to design or stress engineers. Unwanted features are therefore 

falsely assumed to be correctable only by appropriate manufacturing [29]. It can be considered that the largest 

source of variability may be a lack of understanding of manufacturing, process control, or the design practices 

used to arrive at the component design, leading to unwanted features that may have been overlooked [29, 30].  

Type, description, and criticality of some non-designed features that can be introduced into composite structures 

due to design decisions, manufacturing actions, and in-service operation can be seen in Appendix A, with an 

overview in Figure 2.2. Their occurrence, size, and frequency however depends on the component’s design 

characteristics and its process cycle [31]. Since the properties of composites are strongly influenced by the 

properties of the constituent materials, their distribution, and the interaction among them, defects may lead to 

stress concentrations with the likelihood of reducing mechanical performance. Therefore, it is important to test 

the structural integrity of the composite in order to avoid the possibility of catastrophic failure [7, 32].   

It is known that all defect types adversely affect performance in some way however, the type and size of defect 

that needs to be found is based on the results of mechanical destructive tests and detailed knowledge of how such 

defects grow, if at all, in the expected service environment.  

 Verification of Composite Components 

Variability is inherent within the composites manufacturing processes however, all variations are not necessarily 

defects. There are performance requirements which a part must meet for it to conform to its design specification. 

The acceptance criteria, or acceptable limits, for manufacturing and in-service defects are specific to the 

component application, are therefore defined such that ‘allowable’ defect type/size/location characteristics are 

used as a threshold to account for this inherent variability. The guidelines of the acceptance criteria should be 

unambiguous, complete and testable [31, 33]. Identification of the location of where defects are likely to occur, 

and description of their morphology is essential before attempting to assess whether a defect is critical. This is 

necessary for defining a robust acceptance criterion [34, 35]. 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 2.2: List of some types of defects found in composite material structures (not exhaustive list) [30, 36]. 

Component verification can be described as the process of assessing the conformance of key features and 

characteristics of an as-manufactured component to design requirements. Acceptance criteria and tolerances are 

prescribed by designers to notify of the maximum allowable variability (being geometrical variability or 

otherwise). The level of inspection required for any given feature is dictated by its criticality and risk of non-

conformance. Design risk is driven by performance, safety, and fit whilst process risks are driven by process and 

inspection system capabilities. For example, due to the critical nature of Aerospace components, high risk 

structures are subject to 100% inspection. Whereas features that can be effectively controlled by validating the 

manufacturing process could be subjected to a regime of ~50-75% reduction in inspection load [37]. 

Several NDT techniques can be employed to detect the non-conformities shown in Figure 2.2. Inspection of 

composite materials poses a particular challenge, since materials are often non-homogenous and anisotropic, and 

as a result, many traditional types of NDT that are based on metallic structures are inconclusive. However, for 

those methods that are acceptable, each has its own advantages and limitations. As a result, individual methods 

could be seen to be complementary, with a combination of methods or techniques used in order to gain all relevant 

information with regards to a defect quickly and precisely [38–41]. It is also important to note that no single 

inspection methodology fits all, with every aspect of a component affecting the effectiveness of an inspection 

procedure. For a detection method to be suitable, the response for an area of non-conformity must be highly 

distinguishable from the response in an acceptable region [31].  

NDT methods range from more ‘traditional’ methods, such as ultrasonic and visual inspection, to ‘emerging’ 

optical methods such as thermography and shearography. A short summary of some common methods is given in 

Table 2.1. This literature review will cover ultrasonic and thermography testing methods in more detail in line 

with project activities.
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Table 2.1: Overview of key NDT methods with advantages, disadvantages, and example applications. 

METHOD NDT METHOD FEATURES  ADVANTAGES DISADVANTAGES APPLICATIONS 

Sensory Testing 

Visual Inspection [38] Detection of defects which break 

the surface, detectable by the 

human eye.  

Simple tests with low cost. 

Quick inspection of large areas.  

Few material limitations.  

 

Limited to macroscopic defects on 

the surface of parts.  

Inspectable area must be reachable 

by cameras. 

Quality of inspection dependent 

on human eyesight and 

environmental factors such as light 

and elimination of surface 

contaminants.  

Used as an early stage inspection 

of wind turbine blades for visual 

signs of surface damage and stress 

cracks [42].  

In-service inspection of military 

primary and helicopter structures 

and is considered a primary 

method for the detection of surface 

impact damage/irregularities [43].  

Tap Testing [44, 45] Involves knocking the surface of 

an object with a small hammer, 

coin, or digital device. The 

integrity of the material is judged 

by the sound that emanates from 

the object. A dull sound would 

indicate that impact has been 

dampened, possibly due to a 

defect.  

Used for inspecting adhesive 

bonds and localised delamination 

defects.  

No data or record of response.  

Quality of inspection dependent 

on operator hearing and 

environmental factors such as 

ambient noise.  

Difficult to measure repeatability.   

Assessment of the structural 

integrity of a marine structures 

(lifeboat hulls) in the detection of 

various defects [46]. 

Used on commercial airliner 

composite honeycomb rudder skin 

panels for the detection of flaws 

and evaluation of repaired areas 

[47]. 
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Table 2.1 cont.: Overview of key NDT methods with advantages, disadvantages, and example applications. 

METHOD NDT METHOD FEATURES  ADVANTAGES DISADVANTAGES APPLICATIONS 

Radiography 

X-ray Computed 

Tomography [48, 49] 

Uses x-ray or gamma radiation to 

determine material density and 

thickness differences of a part. 

Attenuation of radiation through 

interaction with the material 

results in a difference in intensity 

of radiation received on a film or 

electronic device.  

Three-Dimensional (3D) 

reconstructions are generated from 

radiographs through Computed 

Tomography (CT).  

Can visualise surface and sub-

surface defects.  

Ability to generate a multi-

dimensional geometry based on 

radial slices.  

Provide information on crystalline 

structure at a microscale. 

Information also includes fibre 

waviness, fibre orientation, 

volume fractions, delamination, 

cracks, foreign inclusions, and 

morphological details regarding 

voids.  

Unable to determine depth of 

defects unless reconstructed using 

CT.  

CT can become computationally 

expensive due to postprocessing 

requirements.  

Using CT, the acquired resolution 

is dependent on sample size, and 

so testing is limited to coupons or 

small panels only.  

Assessment of damage evolution 

in loaded ceramic matrix 

composites for potential use in 

aerospace and power generation 

industries [50].     

Testing of a complete car body 

made of carbon composite and 

honeycomb core materials to 

evaluate damage to structure and 

resulting structural integrity [51].  

Electromagnetic Testing  

Eddy Current [22, 48, 

52, 53] 

Non-contact induction of 

electromagnetic fields within the 

tested material using an excited 

coil. The field induces a change in 

coil impedance, with the presence 

of a flaw increasing resistance to 

eddy current flow.  

Sensitive to volume fraction of 

fibres, broken fibres, and impact 

damage.  

High detection sensitivity for thin-

layer structures.  

Limited detection depth.  

Measured signals are difficult to 

interpret.  

Cannot be used for less conductive 

material systems.  

Inspection of composite pressure 

vessels for the detection of the 

cracks, assumed to be sources of 

leakage [54].  

Used in the assessment of 

delamination in automotive 

welding joints of thermoplastic 

resin composites [55].  
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Table 2.1 cont.: Overview of key NDT methods with advantages, disadvantages, and example applications. 

METHOD NDT METHOD FEATURES  ADVANTAGES DISADVANTAGES APPLICATIONS 

Acoustic-wave Testing 

Ultrasonic Testing [22, 

48, 56] 

Ultrasonic waves propagate 

through materials. Their 

transmission, reflection, and 

scattering are measured by arrays 

of probes which can gather 

information about the interface of 

a base material and 

discontinuities. 

Detection of disbonds, 

delamination, voids, fibre 

misalignment, and some foreign 

objects. 

Provides information on 

discontinuity location, size, and 

orientation.  

Different approaches and 

techniques allow for inspection of 

complex geometries and materials.  

Air-coupled and laser methods are 

non-contacting.  

Requires contact access to areas to 

be inspected.  

For conventional testing, air-solid 

impedance mismatch means a 

coupling medium is required.  

Slow compared to other methods 

due to point-wise measurements.  

Non-homogenous materials cause 

large scattering of waves when 

compared to homogenous 

materials. A low frequency is 

applied to reduce attenuation. This 

results in a lower resolution but 

higher penetration depth.  

Difficult to track interaction of 

various defect types and detect 

hidden defects.  

Quality assurance of wing sealant 

application and crack detection 

around fastener holes during in-

service testing [57].  

Inspection of adhesive bonds 

between composite plates of 

thickness greater than 30mm for 

wind turbine blades. Bond line 

thickness was evaluated [58].  

Structural health monitoring of 

aircraft wingbox detecting barely 

visible impact damage, disbonds 

and delamination [59, 60].  

Acoustic Emission 

[48, 61, 62] 

Acoustic emission is described as 

imperfection analysis. Damage 

within a component releases 

energy in the form of transient 

stress waves, with amplitude 

increasing with energy released. 

Stress waves travel to the surface 

of a component and are measured 

as vibration with a sensor.  

Acoustic emission is generated in 

fatigue damage types during 

external loading of part. Damage 

includes matrix cracking, localised 

delamination, fibre-matrix 

debonding, fibre breakage, and 

fibre pull-out defects.  

Requires contact access to inspect 

with a coupling medium.  

Sophisticated signal processing is 

required to identify distinct 

defective structures from healthy 

structures, and to identify types of 

defects.  

Source/sensor distance and 

material thickness are most 

limiting factors for damage 

identification.  

Used in structural health 

monitoring systems for detecting 

damage in helicopter drivetrain 

components, estimating relative 

damage severity and progressive 

damage [63].  

Failure monitoring of Carbon 

Fibre Reinforced Polymer (CFRP) 

stay cables for bridges [64].  
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Table 2.1 cont.: Overview of key NDT methods with advantages, disadvantages, and example applications. 

METHOD NDT METHOD FEATURES  ADVANTAGES DISADVANTAGES APPLICATIONS 

Optical Testing 

Infrared 

Thermography [22, 48, 

65, 66] 

A thermal gradient can be induced 

within a material when thermal 

energy source is incident on a part. 

A thermal gradient is generated 

when a defect is present due to 

different emissivity coefficients. 

The thermal output is captured 

using an infrared camera, 

obtaining a surface temperature 

map. This is used to determine if 

defects are present.  

Non-contact technique that can 

inspect large areas quickly. 

Effective in detecting impact 

damage, such as matrix cracking, 

fibre breakage, inclusions, and 

delamination.  

Different approaches and 

techniques allow for inspection of 

complex geometries and materials. 

Success is dependent on 

relationship between defect depth 

and size. This restricts 

applicability to near-surface 

detection only.  

Difficulty in obtaining uniform, 

high heat stimulation over a large 

surface.  

Thermal losses due to material 

non-uniformities or complexities 

can induce contrasts, affecting 

result reliability.  

In-service inspection of military 

aircraft wings and helicopter rotor 

blades. Testing involved detection 

of defects within the sandwich 

honeycomb structure [67].  

Assessment of impact damage of 

lightweight automotive parts 

through detection of fibre 

breakage and delamination [68]. 

Laser Shearography 

[22, 69, 70] 

Laser-based method for strain 

measurements. Involves 

processing of interferometry 

images obtained from collinear 

lasers to identify stress 

concentrations. Flaws are revealed 

with external loading as they 

induce stress concentrations, 

shown in the form of anomalies in 

fringe patterns.  

Non-contact technique that can 

inspect large areas quickly.  

Can detect both surface and sub-

surface flaws and stress 

concentrations. 

Capable of detection of 

delamination with confidence. 

Broken fibres, matrix cracking and 

moisture can be detected will less 

confidence.  

Criticality of defects deduced by 

degree of stress concentration 

around defect.  

Successful application requires 

stress-increments for recording of 

state changes. Recommended to 

use a similar loading method to 

what will be experienced in use.   

Characterisation of defects other 

than delamination is very difficult. 

Depends on the flaw response to 

stress, including flaw nature, 

shape, size, and location.  

Detection restricted to defects near 

the surface only. Limited by size.  

Lifeboats are inspected at new 

build and as part of through life 

management and monitoring, 

identifying interlaminar shear 

damage [71].  

Large-area inspection of 

helicopter structural tail unit, 

determining the presence of 

disbonds and delamination [72].   
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 Ultrasonic Testing 

Ultrasonic Testing (UT) is based on the transmission of high frequency ultrasonic waves through a tested object 

and observation of a response wave. This is achieved through piezoelectric transducers; transmittance of an 

ultrasonic pulse from a short electrical discharge, and generation of an electrical signal from the response 

ultrasonic signal. Waves require a coupling medium between transducer element and test surface due to 

attenuation of ultrasonic energy in air. In contact testing, this could include water, oil or glycerin. With immersion 

testing, waves are transmitted through a water path or liquid column. [31, 40, 73].  

The response pulse is dependent on how the ultrasound wave propagates through the composite, and depends on 

the beam incidence angle, wave velocity and material density, and how it interacts with any interfaces, 

discontinuities, or defects [22]. A portion of pulse energy is transmitted and other is reflected with relative amounts 

dependant on the acoustic impedance of the material. Loss of signal is referred to as attenuation; it can be due to 

reflection, scattering at internal interfaces, and absorption in the bulk material, creating difficulties in interpreting 

the obtained responses. This loss is significant in composites, especially at high frequencies, due to intrinsic 

material inhomogeneities (such as fibre-matrix boundaries) that cause reflections at interfaces with natural 

changes in density. This reduces the ability of ultrasonic waves to propagate over long distances. Higher frequency 

transducers are more sensitive to discontinuities and have better resolution due to their shorter wavelength 

however, scatter is more prevalent causing loss of sensitivity in thick materials [74]. Appropriate post-processing 

and analysis of UT scans is necessary for detection and identification of the extent of damage.   

Whilst Single Element Ultrasonic Testing (SEUT) uses a single element unit, Phased Array Ultrasonic Testing 

(PAUT) systems use multiple elements of an array to transmit and receive signals, overcoming some of the single 

element technique limitations by providing capabilities of signal processing and steering at desired angles and 

locations. Independent elements in a PAUT transducer are capable of altering the time when firing elements and 

digitising received signals such that beam deflection and forming can be achieved [75–78]. Full Matrix Capture 

(FMC) and Total Focussing Method (TFM) are used as further advanced acquisition and processing methods with 

the aim of obtaining as much data as possible through all firing and receiving elements. Employing both methods 

has been shown to be superior to standard imaging approaches but comes at the cost of higher computational time 

for analysis [78–80]. In recent years, there has been a rapid increase in the use of arrays over conventional 

monolithic transducers. This can be attributed to their greater flexibility, imaging performance, stability of signal 

parameters, and chance of detection for lower signal strength [81]. Arrays are adaptable to the industry in which 

they are employed, with flexible and high temperature arrays being developed for complex geometries and 

extreme environments [82, 83].  

There are two conventional approaches to the use of UT in composites as shown in Table 2.2. Where access 

allows, transducers can be aligned either side of the material to carry out Through-Transmission Ultrasonic 

Testing (TTU). However, if this is not possible, both or a transducer/receiver are placed on one side to carry out 

Pulse-Echo Ultrasonic Testing (PEUT). The choice of appropriate method depends on specific application with 

particular consideration given to material specification and process/quality control requirements [84].   
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Applications in literature of UT and array technology to composite components provide details on the types of 

discontinuities that can be detected. Whilst acquisition methods have not significantly changed over the past 

decade (at least), the method in which collected data is post-processed through learning algorithms has led to the 

greatest gains in inspection capabilities, with routes to expanding automation capabilities. In some cases, novel 

techniques have been established in academic studies however, have not yet translated to industrial applications, 

particularly for advanced evaluation technologies.  

Impact damage assessment demonstrated the appearance of delamination defects and discrete voids around impact 

sites [90, 92–95]. Aymerich et al. [96] have conducted studies to demonstrate the use of normal and oblique 

incidence to produce volumetric images of complex damage states. However, the influence of multi-layer 

structures on oblique incident wave scatter must be considered, with results dependent on selecting data for 

evaluation at a certain depth. Pulse behaviour is examined by Papa et al. [93] with the aim of demonstrating the 

Table 2.2: Overview of UT techniques.  

PULSE ECHO METHOD  THROUGH-TRANSMISSION METHOD 

  

Technique Description 

• Ultrasonic pulse is introduced into the material by 

a single transducer and received by a reflection 

from a discontinuity within a component [85]. 

• Single side access only needed [86]. 

• Flaw location, depth and size can be determined. 

Depth is determined from time-of-flight between 

initial pulse and flaw echo, or relative transit time 

between back wall and flaw echo [87]. 

• Used for inspection of thick and sandwich 

components. One transducer is used to transmit 

ultrasonic energy through the sample and is 

received on the other side of the part [88].  

• Two-sided access needed for transducers to be 

collinear and perpendicular to the surfaces of the 

sample under test with alignment of transducers 

critical to obtaining good results [89]. 

• Flaw location and size only determined as 

detection dependent on signal attenuation [90].  

Technique Limitations  

• Resolution affected by interfaces and 

superimposition of material features [90]. 

• Relatively less penetration depth for a given 

frequency than through-transmission techniques 

due to wave reflection requirement. 

• Near surface defects within a complex 

interference area can be masked by initial pulse 

signals [75].  

• Superimposed defects can be missed, and depth 

measurements cannot be determined [87].  

• Transducer orientation in relation to their central 

beams of directional pattern results in difficulty 

of accurate assessment of defect location. The 

resulting sensitivity can be up to 20 times lower 

than pulse echo methods [91].  
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change in detectability of similar delamination defects in different materials. This analysis provides an initiation 

point for other studies of the response from different materials. 

Porosity itself does not produce a discrete reflection, but it is a strong scatterer of ultrasound. Scatter of waves in 

many directions leads to transmission loss or attenuation of the signal. The appearance of porosity often indicates 

incorrect fibre or matrix volume [31, 97]. Works have been conducted to correlate porosity with attenuation 

coefficient, velocity, and back scatter however, there is no definitive method to quantify volume to define impact 

on mechanical performance [98–101].  The ultrasonic responses in various materials have been sought; it is 

recognised that material composition (including void content), interfaces between plies, and ply orientation affect 

attenuation. Han et al. [102] recently investigated this to inform design and fabrication characteristics for GFRP 

boat hulls; there is a lack of literature regarding the responses due to void content from other composite materials. 

Foreign object or inclusion defects encompass a variety of materials, as discussed by Biswal et al. [103]. Insertion 

of artificial defects of selected manufacturing materials, such as prepreg backing paper and flash breaker tape 

were detected and characterised. However, other materials, such as bagging film were not detected. This 

occurrence can be explained by the acoustic impedance of the inclusion material; distinction of the reflected signal 

relies on the impedance difference between the host and inclusion material [104]. If the difference between the 

defect and host material is very low, it is highly likely that a defect will be missed. A parametric classification 

approach is presented by Poudel [105], with the aim of discriminating foreign object, impact damage, and porosity 

from discrete signals, whilst Mohammadkhani [81] used foreign object defects in testing of detection algorithms 

with PAUT. It is identified in a study by Blackman et al. [106] that artificial foreign object defects tend to curl up 

at the edges during manufacture, making sizing and cross-section imaging difficult. Sizing refers to dimensional 

fidelity of as-inserted defects however, there was no comment on possible migration of inserts. Specificities of 

materials are not mentioned in these studies. As such, there may be difficulties when using host composite 

materials with many additives that may hinder the detection of foreign objects which are identifiable in basic 

materials.  

Fibre misalignment and waviness pose challenges for detection [107–109]. Although ultrasonic attenuation and 

velocity measurements allow out-of-plane ply waviness to be detected, the deviation of the beam should be taken 

into account to quantify the degree of waviness [110]. It must also be considered at what point out-of-plane 

waviness becomes a wrinkle, and whether ultrasonic measurements can be definitive in separating one response 

from the other. Zhang et al. [111] present the difficulties of detecting delamination defects within a site of 

waviness due to local resin richness, with a proposed methodology of detection and characterisation of defects 

using signal filtering. In a study conducted by Larrañaga-Valsero et al. [112], the use of FMC/TFM was 

demonstrated to be superior in characterising out-of-plane waviness in glass-carbon hybrid wrinkle laminates 

when compared to conventional phased array and single element methods. This method was used on a material 

with a highly reflective interface; for less demanding materials, it should be considered if a less computationally 

expensive technique would be adequate.  
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Guided wave methods are most commonly used for the assessment of bond quality [113–117]. Yilmaz et al. [118] 

assessed the capabilities of ultrasonic methods with respect to evaluation of bonds in existing literature; disbond 

and interface quality are dependent on attenuation of adherend and size of defect, limited detectability of moisture 

and humidity, with limited detectability of weak or kissing bonds. Schaal et al. [119] demonstrate the interaction 

of ultrasonic guided waves with disbond defects between a face sheet and core material. Scattering observed at 

the leading and trailing edges of the disbond produce wave signals that are significantly different than for a pristine 

sample. This technique has been shown to detect features however, characterisation is not discussed in the study. 

Whilst application of techniques has not been discussed, assessment of bond quality may be of more relevance to 

industries such as Automotive over Aerospace.  

 Thermographic Testing 

The thermography imaging technique provides non-contact, wide area inspection and detection of sub-surface 

defects in materials [120]. Infrared Thermographic Testing (IRT) can be classified into either passive or active 

thermography. The passive approach tests materials and structures that are naturally at different temperatures than 

ambient, whereas active methods require an external stimulus to provide the necessary thermal gradients [22]. 

Optically Stimulated Thermography (OST) uses an external optical heat source to generate thermal waves.  

As thermal waves move around inside a sample, the heat diffusion over an irregularity in a material will differ 

from the surrounding area, visualised in a thermal response using an Infrared (IR) camera [121]. If temporal 

evolution of surface temperature through the component is obstructed, a relatively slower diffusion rate of the 

obstruction than the rest of the structure is produced. The resulting areas of different temperature with respect to 

the surroundings are indicative of sub-surface defects [122]. The sequence of IR images captured throughout this 

process could indicate defects at different depths within the sample [123]. 

There are two configurations for inspection setup. Typically, selection of technique is dependent on direct access 

to both sides of the component [65]. Reflection mode requires excitation source and camera placed on same side 

of the inspected specimen. Transmission mode requires excitation source and camera to be placed on either side 

of the specimen. This mode is reported to yield more accurate results than reflection mode however, cannot be 

applied to thermally-insulating materials [124, 125]. 

As an empirical rule, the radius of the smallest detectable defect should be at least one to two times larger than its 

depth under the surface [65]. Depth of defects can be estimated as a function of material dependent thermal 

properties and incoming thermal wave properties, requires advanced post-processing algorithms [126]. Since 

diffusion of heat is influenced by defect size, thickness and thermal properties, there is no intrinsic reference 

feature of heat flow and contrast that can be used to define a reference depth [127].  

Defects usually present as weak or blurry indications in thermograms due to several factors. Lamp filaments and 

tubes in excitation sources can continue to emit radiation for several seconds after the lamp has been switched off. 

IR fog is produced from this remaining radiation bouncing off the test specimen and surrounding surfaces [128]. 

Lamps can introduce non-uniform heating into the specimen, such that positioning of the excitation source is 

critical to inspection success [128]. The tested component will affect the quality of the results obtained: entity 
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emissivity, location variations of emissivity coefficient, and reflective surface condition can compound non-

uniform heating effects with the material [123, 129]. Clearly visualised defects in the component will also depend 

on the difference between thermal characteristics of the basic material and those of the defects [130]. As a result 

of the combined factors, data is often contaminated with high levels of noise which can create complications in 

non-designed feature detection by producing abnormal thermal patterns  [131, 132]. Sizing of these defects with 

a high accuracy is a significant difficulty in OST. However, they can be measured as a function of the spatial 

resolution of the employed optics equipment or through an evaluation of peak thermal contrast [129, 133].  

Applications of IRT to composite components in literature provide details on the types of discontinuities that can 

be detected. The IRT method encompasses three techniques: Pulsed (PT), Lock-in (LT), and Transient (TrT) 

thermography. PT and LT, which use Dirac-pulse and sinusoidal thermal wave stimulation respectively, are the 

most widely used. The TrT techinque uses either step or square pulse stimulation and combines the advantages of 

both techniques [134]. Comparison of techniques is discussed in Table 2.3. Choice of technique is dependent on 

time, expenditure, and computational power requirements [127]. IRT is still considered an emerging method in 

the NDT field, with some techniques limited to academic studies only, meaning the approach has not yet been 

established as the definitive method in industrial applications. In similarity to UT, it is observed that whilst 

acquisition methods have not significantly changed over the past decade (at least), the method in which collected 

data is post-processed has led to the greatest gains in inspection capabilities. 

Impact damage, in the form of natural and artificial delamination defects, is verified using all IRT technique in 

multiple studies [135–138]. In a recent study, Ramos Silva et al. [139] discuss the influence of thermal parameters 

on detection performance whilst undergoing TrT. The aim was to determine the lowest detectability limit, 

quantified by the ratio of defect width to defect depth, with observed detectability surpassing past research. Only 

a single material type and limited number of test cases were used in this study. Additionally, drilled slots were 

used as artificial defects, the method of which could be argued is not appropriate for simulation of delamination 

or foreign object defects. However, it provides an initiation for other materials, defect types and geometries, and 

testing methodologies to commence. Lawrence Sy et al. [140] used IRT in the inspection of impact damage on a 

novel Kevlar/flax-epoxy laminate; this thermal assessment was used to generate a surface temperature map to 

detect internal damage progression. Due to the extent of fibre breakage, this case provides an ideal scenario in 

which to use non-contact inspection methods for examination of damage however, validation needs to occur with 

this new material with correlation to the response in well-characterised material systems.  

Porosity measurement within CFRP panels indicates that thermal diffusivity provides an effective detection 

method, with measured thermal diffusivity values decreasing with increased porosity [141–143]. Toscano et al. 

[144] presented that diffusivity is affected by the volume of porosity and shape of pores, and is linked through 

parameter ψ, defined as a measure of resolution of a method. Further tests are required to validate ψ however, a 

direct correlation cannot be determined since thermal diffusivity is dependent on more factors than porosity 

content alone. Porosity detection using PT has been demonstrated as successful on CFRP industrial components, 

however, characterisation has not yet been addressed [145]. 
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Foreign objects or inclusion defects have been detected in cured and uncured composites [160–162]. Triska et al. 

[163] present a study on the search for a suitable insert to simulate delamination. Whilst artificial delamination is 

the goal, a number of different material inserts were tested for suitability under the PT technique. It is evident that 

both the absolute thermal contrast between foreign object and host material and depth of defect affected 

detectability, with peak thermal contrast occurring at different points. This experiment was conducted at shallow 

depths; maximum depth of 6-7 plies of carbon fabric with a discrepancy in simulation of behaviour at the larger 

depths was reported. Foreign materials were introduced into a thin laminate, within the limits of heat propagation 

in an experiment conducted by Marani et al. [164] with the aim of testing a pre- and post-processing algorithm 

Table 2.3: Overview of IRT techniques. 

PULSED TECHNIQUE LOCK-IN TECHNIQUE TRANSIENT TECHNIQUE 

 

Technique Description 

• Component surface is heated 

with an optical flash, exposing 

the material to a heat impulse, 

the duration of which can vary 

from milliseconds to seconds. 

Defect depth dependent on 

observation time and material 

thermal properties.  

• Post processing algorithms, 

including pulse phased 

thermography, can be used to 

extract information such as 

depth characteristics [133, 

146–148].   

• Application of incident 

modulated radiation which 

propagates as a modulated 

thermal wave. The sinusoidal 

wave pattern is captured as 

amplitude and phase shift. 

Depth range is dependent on 

material parameters, and wave 

frequency [65, 146]. 

• Fourier transform post 

processing algorithm provides 

greater definition and depth 

capabilities than other 

techniques [149, 150]. 

• Heating using a constant low 

intensity heat flux for a 

duration of time. Temperature 

flux can be monitoring either 

after heat has been applied or 

during the whole process of 

heating and cooling. Long 

duration heating beneficial for 

detection of deep defects 

without raising the surface 

temperature extremely [151–

153].  

• Post processing for improving 

contrast [154]. 

Technique Limitations 

• Depth limit for defect 

detection of up to 3mm [155, 

156]. Defect thickness can 

affect detection result [155].  

• Heat injection causes very 

high initial surface 

temperatures; results may be 

skewed by thermal load [157].   

• Data acquisition requires 

substantial investigation time; 

a single frequency 

corresponds to a particular 

depth [158, 159].  

• Upper depth limit on 

detectable defects is ~12mm 

[156]. 

• Less effective in the detection 

of surface defects and those 

materials with high thermal 

conductivity [132]. 

• Thermal diffusivity defines 

the depth detection limitation 

of ~6mm [127, 156].  
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for segmentation of a part with a non-conforming area. Conclusions show that the method undertaken is suitable 

for LT but has not been demonstrated with other IRT techniques.     

Fibre orientation in multi-layer preforms has been identified in a study conducted by Ocana Martins et al. [165]. 

Missing or misaligned fibre yarns were successfully identified with factors affecting detection however, 

capabilities were observed to be highly dependent on the interaction of thermal conductivity associate with fibre 

direction and architecture. Poudel et al. [166] reported the detection of wrinkles, however it is a possibility that 

defects such as delamination or resin rich regions that are associated with wrinkles are being detected as opposed 

to the discrete wrinkle feature. Pulsed Thermal Ellipsometry laser heating technique has been used to assess fibre 

orientation at a single spot on the surface of long discontinuous fibre system composite plates in a paper series by 

Fernandes et al. [167, 168]. However, these techniques are still in developmental phases and require further work 

to ramp up to industrial speeds and requirements, and as such have not yet been applied in industrial settings.   

PT has been used for detection of disbonds within repair patches, with integrity of bond lines between core and 

skin material tested for detectability of defects within the adhesive layer [169–171]. Kidangan et al. [172] have 

demonstrated the use of PT and induction thermography for the detection of disbonds in form of cut-outs in the 

adhesive between a face sheet and aluminium honeycomb core, with a numerical model to estimate settings for 

maximum contrast. It is highlighted that traditional heating methods encounter difficulties in uniform heating 

when faced with components with a heat insulation layer.    

 NDT System Complexity  

NDT is a complex, multiple parameter process, specific to each application, and must be carried out by a skilled 

operator as trained to Aerospace standard EN4179 or others, including NAS 410, ISO9714, and TC-1A. NDT is 

strongly dependent on parameters and variances that are both controllable and non-controllable [173, 174]. This 

is demonstrated in the process flow in Figure 2.3. 

 

Figure 2.3: Multi-parameter NDT system flowchart. 

The success of an NDT procedure is dependent on the ability to produce reliable results. This is necessary for a 

quality control measure that provides assurance of safe operation of a component. Whilst interpreted as discrete 
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variables, the quality infrastructure is made up of a series of interlinked variables: standards, procedures, 

qualification, certification, and accreditation [175]. This infrastructure is shown in Figure 2.4. The boxes on the 

left indicate the key inputs to NDT operations with central boxes describing the measures designed to achieve 

quality. For robustness of the system, all variables need addressing. Standards have the most interaction with NDT 

operators, with preparation of a specific inspection procedure for each application with details on component 

geometry, materials, expected discontinuities, and inspection technique. Therefore, the inspection procedure has 

some uniformity. However, like any diagnostic technique, NDT is imperfect. Limitations of detection methods 

present a risk that NDT may not provide accurate results. In this case, it may be a possibility that critical defects 

are not detected, resulting in negative consequences.   

 

Figure 2.4: Quality infrastructure of NDT (recreated from [175]). 

Components that undergo NDT must typically conform to high levels of safety assurance; failure can lead to 

significant damage and/or death of consumer. As discussed in Chapter 1, the allowable limit of variability in a 

part is referred to within the acceptance criteria. As a rule for Aerospace composite applications, defects of 

66mm size and void content varying from 1-2% require reporting in inspection documentation [176]. However, 

whilst there has been an increased interest in defining the acceptable limits of variability for structures, it is unclear 

whether critical defect characteristics have been updated to reflect novel materials, geometries, and processing 

routes. The development of these criteria should be based on experience from similar projects and requires 

knowledge of the sources of variability and the drivers for manufacturing process quality control. Mechanical or 

destructive testing may be required to define a specific set of requirements for application or criticality of area of 

the component. Moreover, an understanding of the resolution and reliability of inspection methods is paramount 

to detection of variability. The reliability result can be expressed in terms of reproducibility, repeatability, and 

capability. It can also be defined as [177]: 

“The proportion of cracks that will be detected in the total number of existing cracks in a component by an NDT 

technique when applied by qualified operators to a population of components in a defined working 

environment.” 
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There are four possible outcomes from the inspection of a component, as shown in Table 2.4. Based on these 

outcomes, the Probability of Detection (POD) metric has become the accepted formal measure for predicting NDT 

capability [178]. POD is defined as a method to quantify the probability of detecting a specific flaw with an NDT 

method. POD data generation is usually carried out using a hit or miss approach, signal response, or flaw size 

approach as described in MIL-HDBK-1823A [179]. Process to be adopted along with considerations of various 

parameters such as sample shape, size and defect classification are detailed. Estimation of POD for any NDT 

technique can be obtained from experimental and statistical model-assisted methods through plotting of POD 

curves, which map the accumulation of flaws detected against the flaw size of all flaws ‘detected’ [180]. This 

method assumes that a property of a defect, most commonly flaw size, is the most important determinant of 

whether this defect is going to be found. POD of defects can be used to meet requirements for equipment design, 

and can be used to compare the performance capabilities of various NDT methods, procedures, and instructions 

for qualified professionals [181]. Much work conducted on POD assessments concern the inspection of metallic 

structures and based on crack length. Therefore, models are reliant on the assumption that a larger crack will give 

a higher POD value. However, damage to composite materials can be three-dimensional; models cannot currently 

calculate POD as a function of multiple parameters with varying dimensions [182].  

Process capability can be further assessed using the Receiver Operator Characteristic (ROC) which evaluates 

accuracy and sensitivity through a comparison of the true positive detection rate versus the corresponding false 

positive detection rate. This is conducted for a variety of possible critical defect dimensions. Large critical defect 

dimension will result in only large defects being reported with little noise, small values will result in almost all 

defects indicated but with a substantial amount of noise.  This accounts for varying signal-to-noise ratios that will 

affect both the detectability of flaws and the probability of false alarm, or false positives. Optimal signal amplitude 

can be defined as a threshold upon which sensitivity of the system can be varied; sensitivity increases as the 

threshold value of the system is lowered. With sensitivity increased, the ability to detect small discontinuities 

increases, as does the likelihood of a false call [184].  

The reliability of NDT depends on three components: the intrinsic capability of the NDT system, application 

parameters, and human factors [185]. Intrinsic capability refers to the pure physical-technological process of the 

signal detection caused by the waves or the rays from a material defect in the presence of noise, caused by the 

material and devices, and signifies the upper bound of possible reliability. Intrinsic capability encompasses both 

defect and geometry configuration, indicating failures on the part of the system and its applicability to a 

component and feature during testing. This measures the capabilities and limitations of the inspection system, 

Table 2.4: Outcomes in the detection of defects [183]. 

INSPECTION OUTCOME DESCRIPTION 

True positive Item is flawed and is detected by NDT method. 

False positive No flaw exists, but NDT method indicates flaw is present. 

True negative No flaw exists, and NDT method does not indicate a flaw is present. 

False negative Item is flawed, but NDT method does not detect it. 
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evaluating whether the physical NDT principle can detect defects in a given configuration medium. External 

influences, for example accessibility, environmental conditions, and stress fall under application parameters. 

These circumstances can affect the result to a degree where a highly skilled operator can miss a defect. 

An important subset is failure due to operator impact. It is understood from studies conducted by Bertovic et al.  

and Krishnamoorthy [186] that the reliability of a test result depends on the experience, knowledge, and skill of 

the operator. However, operator impact includes the effect of human factors, not just human error. Human errors 

are the result of unreliable human performance and occur due to an inadequate interaction between human and 

the situation [187]. Human factors refer to [188]: 

“Mental and physical make of the individual; the individual’s training and experience; and the conditions under 

which the individual must operate which influence on the ability of the NDT system to achieve its intended 

purpose.”  

NDT is expected to provide completely accurate results, with all critical defects detected and sized. The number 

of false positives or negatives should ideally be kept to a minimum. False positives result in added cost due to 

scrappage or concession work on a condemned component that supposedly does not meet acceptance requirements 

where it is not required. Depending on rate of false positives occurring, an alternative detection method must be 

found. Despite not adding to the cost of the remanufacture of components, false negatives present a different risk 

with an unknown impact on safety. Reliability analyses that focus solely on intrinsic capability may not 

demonstrate the full system capabilities. While the actual performance of the system cannot exceed the as-

designed capability, it can be diminished by the interplay of other factors that are not considered in POD or ROC 

metrics [189]. This concept has been shown to be immature with a lack of academic research; a 2020 proposal 

paper addresses the challenge of reliability for quality assurance by McGrath et al. [190] requesting opinions of 

readers. 
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 Digital Future  

Changes in consumer demand, the nature of products, the economics of production, and the economics of the 

supply chain have led to fundamental changes in the way that companies should conduct their business [191]. 

Adoption of digitalisation enables new smart offerings, required to remain adaptable and competitive whilst 

supporting sustainable and environmental futures. The most important digital trends that will significantly 

differentiate competitors include smart manufacturing technologies, smart units, computing and big data, and 

technology-based interaction models [192].   

 Digital Manufacturing 

Digital Manufacturing (DM) has been adopted to address the changing landscape of manufacturing and promote 

a digitised environment. It can be defined as [193]:  

“A manufacturing process which, with the support of technologies such as virtual reality, computer networks, 

rapid prototyping and database, is based on customer demand so as to analyse, organise and recombine the 

product information, process information and resource information, implement the product design and function 

simulation as well as rapid prototyping, and then to perform rapid production to meet customer demand and 

quality standards”.  

All process-related data involved in digital activities are communicated through digital signals, transmitted 

through digital networks. The concept of DM is the result of the merging of digital technology, network 

information technology, manufacturing technology, and the digitisation of manufacturing and production systems. 

This term sits under the umbrella of Industry 4.0 technologies, where emerging technological advancement is 

driven by real-time data interchange and flexible manufacturing for the customisation of production [194]. 

Composites 4.0 should use this methodology to make products and processes more efficient, intelligent, and 

adaptive. Initial steps for transformation include in-line inspection to reduce waste and cost whilst increasing 

quality and yield. More advanced solutions aim to achieve intelligent autonomous production that is agile and can 

adapt without reprogramming [195]. 

 NDT 4.0 

A number of papers have been published on NDT 4.0, focussing on the transition across the four industrial 

revolutions [196, 197]. NDT 4.0 can be summarised as [198]:  

“A cyber-physical NDT; arising out of a confluence of Industry 4.0 digital technologies, physical inspection 

methods, and business models; to enhance inspection performance, integrity engineering, and decision making 

for safety, sustainability, and quality assurance, as well as provide relevant data to improve design, production, 

and maintenance through useful life.” 

Digital technologies such as Internet of Things (IoT), and digital twins should assist in handling large amounts of 

inspection data, making integration of NDT facilities into industrial networks with automated inspection and 

interpretation of results possible. With increased accuracy and speed, the NDT process system becomes more 
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reliable and dependable. The inspection workflow process can be made more effective and efficient with digital 

control and can integrate modelling for production and inspection process development. This data can be 

combined with other sets through statistical analysis and correlation for possible use in feedback loops in design 

improvements or manufacturing process optimisation [198, 199].  

The BINDT NDT 4.0 working group has developed an evolving roadmap of technologies and challenges that 

need to be addressed to enable transition into Industry 4.0. The key aims that NDT 4.0 is expected to deliver 

include the improved through-life performance of the asset, more efficient production of existing and new 

products, better, faster, and cheaper NDT with reduced cost of asset ownership, efficient quality control for 

customised products, a reduction in need for operators in harm’s way, and efficient quality control for 

decentralised production. Sub-objectives, supporting technologies, and requirement developments for these six 

aims have been identified, with an overview of suggested timeline in Figure 2.5. As this roadmap is in the early 

stages of development, timescales given are vague with expected reprioritisation of some activities. It is highly 

likely that activities will need to be repeated for various NDT methods and material configurations, or perhaps 

targeted to industry-specific applications [200]. Given the volume of tasks, it will be necessary to logistically 

design the delivery of subcomponents in the NDT 4.0 system however, it must be considered whether the NDT 

community has the correct skills and resources to deliver results. Additionally, BINDT has removed the onus of 

the activities and placed it on research institutions around the UK; it is not clear whether they will maintain a 

coordination or strategy-type role to ensure targets are realistically determined and achieved. Two examples of 

these activities are explored below.  

• Shift to Structural Health Monitoring (SHM) 

To contribute to BINDT goals, permanently attaching sensors for SHM during component operation would be 

necessary. Combined with IoT, SHM has the potential to permanently monitor components. Instead of 

determining damage sites during periodic inspections, a measured change in structural integrity would be reported 

and analysed at the first signs of structure degradation. NDT can then be performed to confirm the extent of 

damage. Remote support can mitigate several challenges encountered during on-site inspections: difficult-to-

access locations, high inspection costs, and obtaining additional experience opinions on inspection results [201, 

202]. A desired shift in emphasis from NDT to SHM is evident in some industries and can be seen in the increase 

in literature since 2000. A particular case is the use of SHM and sensors in offshore wind turbines and the remote 

monitoring of turbine blades, where significant cost and downtime would be encountered if a turbine were to fail 

without warning [203]. However, an analysis by Ahmed et al. [204] concluded that further advancements in 

reducing weight and area of sensors, improving detection ranges, and power consumption are required before 

widespread use can be achieved [205]. How this would affect the manufacture of the product is not certain.  

• Shift to automation  

It is identified that high operator cost and time of manual NDT operations contributes greatly to the bottleneck in 

the production process. While this activity involves the manual manipulation of testing equipment over a structure 

with manual interpretation and evaluation of the results by skilled operators, the requirement for greater inspection 



 Development of NDT Knowledge Systems to Improve the  

Robustness of Inspection of Composite Products 
 

32 

 

accuracy, reliability, and efficiency cannot be met with these conditions [206]. With recent trends towards the 

automation of the entire manufacturing process, an identified aim of the roadmap is to match these requirements 

with the deployment of data management systems and automated inspection platforms. The mismatch in 

productivity is evident with the data acquisition process, where data collection can be very slow, require complex 

setups, and in some cases, operator handling becomes critical to inspection repeatability. Semi-automated NDT 

and metrology systems have been developed to overcome some of the difficulties encountered with manual 

inspection, typically employing robotic manipulators to replace less flexible linear or bridge manipulator systems 

[207]. The commercial systems detailed in Table 2.5 employ 6-axis robotic arms for UT methods of high-value 

aerospace components. Integration would lead to a potential reduction in inspection times, increase in 

productivity, and full coverage inspection of complex geometries [208]. Robotic manipulator technologies are 

under investigation in literature, but it is not clear how inspection paths are selected with respect to optimum data 

acquisition. This is only a recent area of interest for other automated manufacturing technologies and may not 

have translated into NDT yet [209, 210].  

Table 2.5: Overview of commercial semi-automated inspection systems. 

COMMERCIAL SYSTEM DESCRIPTION 

Boeing AUSS [211] The Automated Ultrasonic Scanning System, developed by Boeing, is a line of 

gantry systems used across the aerospace industry. The fully automated C-scan 

ultrasonic inspection systems uses two 6-axis robot arms suspended from a 

sliding gantry. The multi-processor configuration allows simultaneous 

operations, including both TTU and PEUT inspections through either 

Computer Aided Design (CAD) generated or taught scan paths.   

TECNATOM RABIT [208, 

212] 

In a collaboration between TECNATOM and KUKA Robotics, RABIT 

systems have been developed to incorporate use of industrial robots in NDT 

inspection systems. This combination makes it possible to plan and configure 

ultrasonic inspections by generating inspection trajectories through laser 

scanning of component geometries and off-line programming. RABIT is a 

highly flexible system that incorporates one or two KUKA robots in 

conjunction with gantries or turntables, whilst allowing for different UT 

configurations.  

IntACom [213–215] The IntACom development project aims to improve the efficiency of 

inspection through integration of advanced UT inspection techniques on an 

automated platform. Laser scanning is used for tracking component geometry 

and robot end effector positional accuracy. The robot cell uses two KUKA 

robots for off-line automated path planning and data acquisition. Data fusion 

of inspection results is overlaid onto a digital twin for intuitive data analysis.  

Fill ACCUBOT [216, 217]  The ACCUBOT system has been integrated into GKN Aerospace inspection 

operations and uses two Stäubli robots with a Siemens controller for high 

precision and fast inspection of complex components. Automated tool change 

makes it possible to perform TTU and PEUT, with the potential to integrate 

other NDT and geometrical location methods onto the system.    

Clean Sky ACCURATe 

[218] 

The ACCURATe system employs an advanced prototype laser ultrasonic 

system to inspect large hybrid and thick composite structures. The KUKA 

robotic system uses a single industrial robot that runs on a rail track to improve 

inspection window. Laser safety has added further complications with path and 

laser activation/deactivation planning.   
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Figure 2.5: BINDT proposed roadmap to achieve NDT 4.0 (recreated from [200]). 
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 Knowledge Management 

KM is an emerging field that has gained traction from companies in the industrial field. It has generated 

considerable interest due its capabilities to deliver strategic results relating to profitability, competitive strength 

and capacity enhancement [219–221]. Knowledge and the management of knowledge is regarded as important to 

organisational survival. Many organisations engage in KM to leverage knowledge within the organisation and 

externally to their shareholders and customers. These organisations that effectively manage and transfer 

knowledge tend to innovate and perform better than those that do not [222–224]. The term ‘knowledge 

management’ has been interpreted in many ways, such as those defined in Table 2.6.  

In the absence of a single universal definition of KM, several key facts are consistent across literature. It involves 

the leveraging of knowledge towards attainment of organisational goals and objectives, encompassing the 

management of knowledge artifacts, human sources of knowledge, and the process of how knowledge is generated 

and applied. However, the mechanism of knowledge transfer should be ingrained in other activities and processes 

conducted within an organisation that align to clear organisational goals and objectives. To achieve this, KM 

frameworks can provide a scaffold upon which KM solutions can be mapped to incorporate four necessary 

components – knowledge, people, processes, and technology [225]. 

Table 2.6: Knowledge management definitions. 

REFERENCE DEFINITION 

Desouza [225] “increasing an organisation’s effectiveness through application of its knowledge 

assets” 

Gurteen [226] “an emerging set of organisational design and operational principles, processes, 

organisational structure, applications and technologies that helps knowledge 

workers dramatically leverage their creativity and ability to deliver business value” 

Beijerse [227] “the management of information within an organisation by steering the strategy, 

structure, culture and systems and the capacity and attitudes of people with regard 

to their knowledge” 

Demarest [228] “systematic underpinning, observatism, measurement and optimisation of the 

company’s knowledge economies” 

Wiig [229] “to understand, focus on, and manage systematic, explicit, and deliberate knowledge 

building, renewal, and application – that is, manage effective knowledge processes” 

Petrash [230] “getting the right information in front of the right people at the right time”  

There is a consensus that data, information, knowledge, and wisdom can be defined in terms of one another, with 

one highly researched interpretation represented as a pyramid structure. This hierarchy is highly debated in 

literature as to whether this structure is too simplistic to accurately reflect the relationship, as well as in attitude, 

meaning, and application to codification [231, 232].  The most common dimensions of knowledge are recognised 

as explicit and tacit forms of knowledge, popularised by Polanyi [233] and Nonaka and Takeuchi [234]. Explicit 

knowledge is formal and systematic and can be articulated or expressed in words or numbers [234, 235]. Whereas 

tacit knowledge embodies knowledge of experience; physical and subjective knowledge that combines 
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information with the experience and skill of people [225, 236]. However once created, tacit knowledge must be 

codified and shared to create value. A knowledge acquisition bottleneck can be encountered where this tacit 

knowledge is difficult to verbalise [237].   

Implementing KM requires a robust Knowledge Management System (KMS), defined as a technological system 

applied to managing or handling explicit and tacit organisational knowledge [225, 238]. Case studies of adoption 

of KMS within the pharmaceutical, energy, and consulting industries conducted by Morrissey [239], and a recent 

study conducted by Ho et al. [240], highlight that organisation buy-in is critical. Additionally, establishing a 

measure of success for the KMS (defined by the elements in Figure 2.6) is required to regularly evaluate 

performance, identify areas for improvement, and create systemic roadmaps for development.   

 
Figure 2.6: Success elements for implementing KM in a KMS. 

 Knowledge Management in Engineering 

Engineering product development has changed over the past decades as a result of increasing product complexity. 

For example, in the Aerospace industry, an avionics component could consist of several complex subsystems. 

Each subsystem could comprise of a hundred components, each requiring extensive design development with 

performance, functional, manufacturing quality, and other key requirements [241]. Integrated product 

development requires multi-functional teams from different companies and locations around the globe. Therefore, 

new product development is considered a knowledge-intensive activity requiring cross-functional linkages and 

collaboration across all stages of design, manufacture, and quality control [242, 243].  

The design and manufacture of composites should be considered as interdependent, but this is often not the case. 

Design choices significantly affect other manufacturing parameters, and along with the material performance and 

geometrical aspects of a design, are typically responsible for non-conforming structures that result in degradation 

of mechanical performance. Manufacturing will also impose restrictions in determining the manufacturability of 

the structure. It is widely accepted that over 70% of final product costs are determined during design, therefore 
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careful consideration of manufacturing must occur early in the design cycle to avoid unnecessarily adding to 

manufacturing costs during design [244]. Traditional attitudes of an ‘over-the-wall’ approach are suggested to be 

replaced with quality assurance methodologies such as concurrent engineering, and Design for Manufacture 

(DFM) [245]. An early publication on DFM by Gandhi et al. [246] proposed simultaneous incorporation of 

material selection, part geometry, and constraint and characteristics of the manufacturing process in the design of 

composite components. This framework was proposed decades ago however, composites DFM remains in its 

infancy in industry with a large gap between system proposals and implementation. This is suggested by Cong et 

al. [32] to be due to the different nature of fields of study.  

Whilst there is an observed interest in DFM for composites, academic studies explore an aspect of concurrent 

engineering and the use of various techniques and selection tools in a single application. Bader [247] performed 

a cost-performance efficiency comparison study for the manufacture of a component from different materials and 

processing routes, linking the material choice to performance characteristics for economic selection. Crowley [36] 

proposes the transformation of a typical waterfall process of composite design and manufacture to a cyclic process. 

The motivation behind this involves the continual capture of process knowledge, improved trust of personnel in 

composites design and manufacture, and inclusion of in-process inspection to reduce the number of defective 

parts.    

From academic study, tools and software have been developed in response to the absence of DFM guidance for 

advanced composite products. Research conducted at the University of Bristol has demonstrated the evolution in 

the understanding of manual and automated lay-up principles for the development of DFM composite guidelines 

[248–251]. Kinematic drape tool, Virtual Fabric Placement (VFP), developed in earlier work is utilised in this 

research to inform the selection of lay-up strategy and in decision-making [252]. LayupRITE is an extension of 

this tool and is composed of a series of software, hardware, quality, and DFM platforms with the aim of developing 

lay-up competencies for improved reliability and quality. The system has been tested at several locations to 

showcase capabilities and benefits however, further developments need to be achieved before widespread 

adoption [253, 254]. Capabilities of the system are explored with application in Chapter 10. 

The PROSEL software tool is another example where expertise has been collated within a comprehensive KB to 

assist in the development of smarter and more efficient composite structures. This should be achieved through 

material, process, and cost recommendations that are tailored to application and requirement specifications. It is 

not clear whether the tool has matured for general use in the current market [255, 256].    

Case studies in the development of DFM principles in industrial environments are limited due to the competitive 

advantage associated with the application of an effective methodology. Andersson et al. [257] present a DFM 

strategy employed by SAAB Aerostructures to address productivity and manufacturability issues in the 

development of airframe composite structures. A process flow for product development, success factors, and 

improvement areas are identified within the strategic, tactical, and operational organisational levels to enable a 

structured approach to the development process.  
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 Knowledge Management in NDT 

From the author’s observations in literature and over the course of the research, KM in NDT is not a heavily 

researched field, with KM integration studied in more detail in other areas of the engineering process. The lack of 

uptake in NDT is clear in the slow pace of innovation with learning decentralised across industries and institutions. 

This is evident from a summary of review papers in Table 2.7 that have attempted to capture and disseminate 

NDT knowledge. While reporting the current state, some of these papers do not have dissimilar content, especially 

those that mainly focus on a description of how the inspection method works. This demonstrates the incremental 

nature of method maturity. State-of-the-art papers of a technology development or literature surveys recording 

technology use are captured through academia however, with limited means to centralise this data and translate it 

into industrial application, the spread of knowledge is delayed. Despite the increasing frequency of reviews 

observed in recent years, questions must be raised as to whether they have enough reach or are accessible to the 

necessary audiences.  

 

Table 2.7: Papers recording the capture and dissemination of NDT knowledge in literature surveys. 

REFERENCE YEAR CITED BY RESEARCH ACTIVITIES & CONCLUSIONS 

Scott et al. 

[258] 

1982 146 Description of established and commonly used NDT methods, 

highlighting limitations to detection. Identified that the 

significance of defects cannot be determined from NDT alone. 

Adams et al. 

[259] 

1988 285 Review of types and nature of defects in composite materials. 

Outline on capability of methods for the detection of defect 

compiled from literature sources.  

Summerscales 

[260] 

1990 N/A A rudimentary capability matrix indicating established 

technologies, and those with limited applicability with potential 

for development. 

Kamsu-

Foguem [261] 

2012 45 Knowledge formalisation to support periodic health monitoring. 

Procedures for preventative and corrective maintenance are 

defined to preserve the operation of components. 

Ibrahim [262] 2014 110 Developing applicability matrix of NDT techniques to major 

classes of thick-section composites. Assessed against four 

capability requirements.  

Baker et al. 

[263] 

2015 63 Top-level assessment of detectability of manufacturing and in-

service damage with advantages and disadvantages of detection 

methods.  

Gholizadeh 

[22] 

2016 344 Overview for general understanding and descriptive review of 

methods with collation of types of inspection requirements in 

literature with possible NDT methods. 

Wang et al. 

[264] 

2020 78 A recent review that builds on the basic understanding of NDT for 

composites. Comparison of benefits, limitations, applications, and 

capabilities of NDT methods captured from literature sources.  

Nsengiyumva 

et al. [265] 

2021 30 Summary comparison of NDT methods, with added capability 

indication for type of defect and detection/characterisation degree 

for thick composites.  
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If there is limited formalisation of academic literature, there is some evidence of it in industrial cooperation. 

Industrial associations for NDT are often a source of NDT innovations, where large corporation membership 

provides funding for collaborative projects. The visibility of these developments is restricted to members only. 

Examples of these projects include the Validated Inspection Techniques for Composites in Energy Applications 

(VITCEA) and Harwell Offshore Inspection Service (HOIS). Both projects have the aim of developing best 

practice for reliable inspection; whilst VITCEA was operational between 2014 and 2017, HOIS has been running 

for over 30 years [266, 267]. However, neither have openly published results, with HOIS forums only accessible 

through membership to the project [268]. Another version of the HOIS project was made accessible to the public 

through NetComposites in 2017 [260]. However, this database is out of date and is no longer available online 

[26]. This has since been transferred to the BINDT website, where a brief prospectus of detection methods with 

respect to composites are detailed [269].  

This potential stagnation of the communication and codification of knowledge is reflected in operator training. 

Industrial requirements for NDT personnel learning are necessary with such a safety-critical operation; proper 

training in the form of Level I, Level II, and Level III certification is conducted in line with industrial standards 

[270]. But while regular supervision and recertification practical exams need to be undertaken, periodic refreshers 

on novel methods, applications and procedures are not commonplace. Particularly within research environments, 

if a method is adapted or used in a novel environment, this knowledge tends to remain within a tacit form, 

transferred only through word-of-mouth or practical demonstration.  

That said, a new interest in inspection strategy has recently begun to gain traction in the field of Design for 

Inspection (DFI) [271–273]. DFI presents a methodology that would provide recommendations on how to design 

a product so that effective inspection can be facilitated. This is presented in a rudimentary form by Meyendorf 

[274], where the complexity of NDT operations is discussed and a role of ‘Machine Doctor’ is proposed. Taking 

influence from medicine, this ‘Doctor’ individual knows about potential NDT methods, material structure and 

properties, design concepts, and service conditions, and are best placed to select the most effective diagnostic 

method. Stolt et al. [275, 276] have proposed an assessment of design using an inspectability index to build on 

previous studies, such as one conducted by Vogel et al. [277], which details the design of infrastructure for visual 

inspection to avoid catastrophic deterioration from occurring. Using a weld as a case study, geometrical features 

are used to define this index with the condition of fixed POD. This condition may not be appropriate, and thus it 

may be beneficial to determine an index which takes the impact of inspectability on POD into account. This tool 

is built upon a modular Design Platform concept and developed through a Design Research Methodology, 

described by Blessing et al. [278, 279].  Verna et al. [280] present statistical techniques, defect prediction models, 

and practical indicators for effectiveness and total cost of an inspection strategy to support the design of in-process 

inspections. Both tools need thorough validation and application to other component geometries and material 

types. From this literature survey, it is observed that none of the instances that reported the development or use of 

DFI are composites related.   
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It is clear that KM is a value-adding activity for NDT operations for composites from both a knowledge 

formalisation and component inspectability perspective. For the optimisation of inspections and integrated KMSs 

in NDT, automated and objective approaches for the demonstration and interpretation of testing are desirable. 

However, a properly formalized and complete model of testing capabilities, phenomena of interest, and 

requirements accessible across multiple industrial sectors must occur first [281]. This presents opportunities for 

the development of knowledge learning and exploitation in improving the robustness of NDT.    

 Summary 

This literature review has studied the key themes in support of the research project area: the quality control of 

composite materials products, and future-proofed solutions in the transition to digital manufacturing and 

knowledge-based engineering. The Venn diagram in Figure 2.7 demonstrates the interdependence of the key 

research topics studied in this chapter with descriptions of the topics in Table 2.8. This literature review has shown 

that there are research gaps in some cross-over areas, such as the development of KM practices for NDT of 

composite material products.  

Numerous academic works have studied the variability in composites manufacture, which manifests as the 

appearance of non-designed features, or defects. All defects have been observed to detrimentally affect the 

structural integrity of a composite part. For this reason, quality assurance is necessary to ensure a component is 

acceptable according to design specifications and performs as required or enable a less conservative design. 

Targeted NDT for component verification is driven by component criticality and risk of non-conformance; 

common methods were outlined with an expansion on UT and IRT theory. From analysis of capabilities and 

limitations of techniques, it is evident that methods should be deployed in parallel in order to gain a comprehensive 

view of the as-inspected part. This statement has not changed in the application of NDT for composites since, at 

least, the 1970s [282]. Assessment of the NDT process system controllable and non-controllable variables 

highlights that no single inspection methodology is suitable for every configuration of every part. This risk is 

amplified by the proposal that inspection reliability should be dependent on more than POD or ROC metrics that 

currently define process capability.  

With the transition to digital manufacturing, more recently there have been attempts to integrate Industry 4.0 

technologies into NDT. The desire to meet requirements for greater inspection accuracy, reliability, and efficiency 

have driven the need for the implementation of advanced automated inspection and automated defect recognition 

systems. If integrated correctly, developing inspection workflow processes with digital control, production 

modelling, and digital twins could be a powerful tool for product and process improvements. However, with 

current unknowns in the deployment of NDT, questions must be raised as to whether NDT 4.0 is achievable, and 

whether this development is a priority.  

To further augment all engineering operations, KM needs to be at the heart of operations with engagement in the 

four key areas: knowledge, people, processes, and technology. Design for X methodologies will be necessary for 

reducing cost and scrappage whilst improving productivity and quality and are heavily researched in design and 

manufacture. However, it is evident that inspection procedures are not considered early in the concept design and 
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requirements generation process. Data, information, and wisdom resulting from the inspection of composite 

products remains at the end of the production cycle, with no feedback loop to inform an improved inspection plan. 

The knowledge deficit is clear in a Scopus search: a reduced rate of research into the development of novel NDT 

methods and the application of novel and existing methods to composite products as compared to research into 

variability in composites manufacture. With a lack of efficient knowledge transfer for NDT technologies from 

low to high Technology Readiness Levels (TRLs), KM in NDT has been neglected with an apparent lack of 

formalisation of knowledge available across the industry. These factors contribute to an inability in inspection 

methodologies to respond robustly to the dynamic trends in composites manufacture and will be researched as 

part of this project.  

  

 
Figure 2.7: Venn diagram with research fields, overlaps, and research project focus areas. 
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Table 2.8: Description of research activities, correlated to Venn diagram (Figure 2.7). 

VENN DIAGRAM REGION SECTION DESCRIPTION 

A Composite materials 2.1 The variability of composite materials is described with the 

manifestation of variability as non-designed features or 

defects.  

B NDT 2.2 An overview of the quality control measures used to detect 

non-conformities in a part against an acceptable tolerance. 

The complexity of the NDT demonstrates the interconnection 

of controllable and non-controllable variables, impacting on 

system reliability.  

C Digital 2.3 Rapid evolution of digital technologies to promote smart 

products and intelligent business processes and systems. 

D KM 2.4 Delivery of an organisation’s strategic results through the 

management of knowledge assets and development of 

sharing processes.  

AB  Composites 

inspection 

2.2 Advantages, disadvantages, and applications of a group of 

NDT methods is studied, with focus on ultrasonic and 

thermographic testing as methods of interest. 

AC  DM 2.3.1 Enhancement of manufacturing processes with advanced 

technologies to improve the intelligence of systems and 

respond to customer needs and quality requirements.  

AD  Design for X 

methodologies 

2.4 Recognition of the interdependency of engineering processes 

to allow for improvements in design and manufacturing 

execution.  

BC NDT 4.0 2.3.2 Improvement of inspection performance through 

combination of traditional NDT and digital technologies such 

as robotics. Aims to augment decision making for safety and 

design or manufacturing decisions.  

BD KM in NDT 2.4.2 Outside corporation joint memberships, the slow pace of 

innovation and decentralised learning has prohibited the 

uptake of KM in NDT.  

CD KMS 2.4 Technological systems to manage organisational knowledge 

to support KM strategy. Establishment requires knowledge 

engineering.  

ABC Project focus N/A N/A 

ABD Project focus N/A N/A 

ACD Composites 4.0 2.3.1 Application of DM technologies and improvement 

methodologies to composites manufacturing to better inform 

the design and manufacture of components with a reduction 

in cost and waste.  

BCD Project focus N/A N/A 

ABCD Project focus N/A N/A 
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Establishment of the 

NDT Knowledge 

Management System 
  This chapter presents the project management structure with analytical tools mapped to project activities. 

Conference and Journal Papers:  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 
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 gap in understanding the current capabilities and limitations of industry-standard NDT has been 

highlighted in Chapter 1 as a risk for the composites industry. The BINDT has identified a lack of 

appreciation for NDT and misconceptions concerning the benefits of NDT throughout the engineering 

development and manufacturing processes. This has led to improper use or elimination of critical quality assurance 

technologies. This is key in the inspection of new and developing products; steady state environments tend to 

have robust inspection measures which do not require innovation due to largely unchanged material systems and 

components. As discussed in Chapter 2, KM and KMSs are critical to realising effective creation, capture, and 

dissemination of knowledge in a complex system. It is also clear from the summary of Chapter 2 that application 

of KM to the field of NDT of composites has been limited, with a lack of formalisation of knowledge across the 

industry. 

Proposed routes to tackle the knowledge deficit are defined in BINDT workshop outputs, discussed in Chapter 1. 

This project addresses one of these routes, technology mapping with the following aims:  

“To introduce knowledge management practices into NDT for the documentation of inspection results and 

technical know-how, and inform the design for inspection of components” 

“To create a framework for the exploitation of NDT knowledge to inform the design for inspection of 

components” 

The author proposes that by developing a KB mapping composite material, component, and defect configuration 

to selected NDT methods, a comprehensive understanding of the state-of-the-art capabilities and limitations of 

detection methods can be realised. The KB can be exploited for the validated deployment of inspection 

technologies as part of the desired toolbox approach. This is of particular interest to NCC’s CIVC programme of 

activities, where a coordinated approach is necessary to ensure increasingly complex components can be rapidly 

inspected to customer requirements.   

To initiate the formalisation of knowledge work, this chapter demonstrates the selection and population of a 

quality framework for the development of the NDT KB and KMS.   

 Quality Management Frameworks 

Effective execution of continuous improvement is important to the survival of an organisation [283]. With 

increased competition, quality management concepts have been adopted; these include Total Quality Management 

(TQM), Business Process Re-engineering (BPR), Lean Manufacturing (LM), Six Sigma (6σ), and Design for 

Excellence, or X (DFX) which are discussed in this section. It is important to review the offerings and risks of 

each method to evaluate which is suitable for the improvement drive. At the same time, this list of quality 

management methods is not exhaustive, with certain techniques tailored to a particular industry.  

TQM has been a dominant management concept for continuous improvement with an emphasis on aligning 

customer expectations with product design, focussing on quality at each development and production stage of the 

process. As a result, TQM looks at improving all processes within an organisation, which is treated as a total 

system with a quality-based culture. The key components of TQM include leadership, management of people, 

A 
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customer focus, use of information and analysis, process improvement, and strategic and quality planning, which 

can be deployed using Deming’s concepts of Plan-Do-Check-Act (PDCA) [284, 285]. In a continual spiral 

process, overall quality is improved through looking for better methods of improvement to enable both temporary 

and permanent corrective action [286]. PDCA steps are described in Figure 3.1.  

Another technique that can be used is Statistical Process Control (SPC). This statistical technique is used to 

monitor, control, analyse, and improve process performance by systematically eliminating extraneous causes of 

variation. Actual process data is compared to a statistical model of the process and is used to either confirm or 

deny a null hypothesis with an assignable variability cause [287]. With the integration of advanced computing, 

data generated from manufacturing can be integrated into SPC methodologies to promote manufacturing 

intelligence and diagnostics in real-time for process improvement [288].  

Quality Function Deployment (QFD) is a structured planning approach to new product design, development, and 

implementation driven by customer needs and values, or the ‘Voice of the Customer’. Needs are captured through 

methods such as interviews, surveys, focus groups, customer specifications, and observations, and summarised in 

a ‘House of Quality’, with templates available through open source platforms (Figure 3.2) [289–291]. This is a 

product planning matrix that is used to map customer needs to product requirements and technical characteristics 

in four stages. The first stage, product planning, involves translation of customer needs to design requirements. 

Stage two involves product design process, where design requirements are translated into part characteristics. 

Critical part characteristics are translated into critical process parameters for manufacture in stage three, then into 

process controls and parameters for test in stage four [291].   

There have been successes in the implementation of TQM methods, such as those discussed in [292–295]. Böhner 

et al. [296] present the use of a modified PDCA to establish a learning platform to identify waste in operations 

within a composite manufacturing process line. A game-based learning method was applied to better improve the 

capacity of operators but have only been reported when covering some complexities of the process. The 

effectiveness of improvement models may change when other complexities are included as the experience-

estimate-measure-transfer model used may not be suitable for the subject. Mayyas et al. [297] demonstrated the 

QFD construction to analyse and select a material for Automotive body-in-white components, comparing the 

results against an Analytical Hierarchy Process (AHP). Whilst a metallic material was favoured over composite, 

the study did not account for cost or ease of manufacturing in the analysis. There are documented failures of TQM 

in literature [298–300]. With an often-vague definition of what TQM is, organisations that have adopted TQM 

have reported a lack of integration, a fuzzy concept, an ambiguous quality goal, failure to break internal barriers, 

and inadequate improvements in performance. Leadership strength and effectiveness are reported to be the make-

or-break factors in the success of TQM, with leader apathy forming the basis for failure [301–303]. Pyzdek [304] 

states, after summarising some criticisms, that TQM professionals constantly need to improve the knowledge of 

quality and the methodologies for attaining it in order to manage the changing concept of TQM. Work conducted 

by Van Der Wiele et al. [305] suggests this improvement methodology will only fit to existing management 

strategies when there is strong internal motivation for and emotional involvement in the implementation of TQM. 
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Whilst other continuous improvement methodologies focus on slow, incremental changes to a system, BPR 

requires a fundamental rethinking and redesign of business processes to achieve abrupt improvements in 

performance metrics such as cost, quality, service, and speed [306]. The key characteristics of BPR include radical 

change and assumption challenging, process and goal orientation, organisational restructuring, and the 

exploitation of enabling technologies, particularly information technology [307]. The implementation process is 

shown in Figure 3.3. The use of BPR methods for incremental changes in engineering and manufacturing 

organisations are less commonly documented than other quality management frameworks, and even less so in the 

composites industry. Harun et al. [308] introduce a review of aerospace quality elements and the re-design of 

business processes to incorporate the new standard and demonstration in a case study of a major composite 

component supplier. Additional validation and cost modelling is required before reliable benefits to the enterprise 

can be quantified. Bevilacqua et al. [309] reports the successful transition of a motorcycle assembly line from 

 
Figure 3.1: Phases and steps of PDCA cycle. 

 

Figure 3.2: QFD 'House of Quality' outline with sections correlated to QFD activities. 
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manual to semi-automated using BPR principles, improving quality control process rigor and efficiency in 

production.  

Despite this, it has been commented in literature that little reliable evidence confirms that BPR delivers on its 

initial promise, with concern expressed over failure rates potentially as high as 70% [310, 311]. Moreover, BPR 

has taken different meanings to different types of organisations and industries, pursued using a variety of methods 

that operate on fundamentally different models of work processes [312]. Egan [313] has argued that from a broader 

perspective of strategic management, BPR offers nothing new, tangible, or demonstrable in terms of sustainable 

process improvement, where incremental adaptation is preferred to reinvention.  

LM emerged from the Japanese Automotive industry and is a method to specify value, align the actions that create 

value in the best sequence, and effectively perform the activities without interruption upon request. It is a 

fundamental framework for enhancing efficiency and reducing variability in a process through continuous 

improvement whilst meeting customer needs [315]. ‘Lean thinking’ principles can be summarised [316, 317]: 

• Identification of value: Customer values and value proposition must be defined and understood to 

produce a product portfolio or plan improvement activities. 

• Elimination of waste: Any activity that does not add value to the customer is ‘waste’, which includes 

both necessary and unnecessary activities. The seven main types of waste are over production, waiting, 

transport, inventory, over processing, motion, and defects.  

• Generation of flow: Establishing linkage of activities in the form of a value stream that delivers value to 

the customer, crossing operational and organisational boundaries.  

Current state assessment, idealisation of future state, and implementation planning can be achieved through value 

stream mapping; a process that defines the critical path of the full supply chain, from customer requirements to 

supplier delivery. The value stream throughput should rely on a customer ‘pull’, where rate is dictated by the 

customers’ driven demands, and is aligned with the bottleneck stage of the process. This concept forms the basis 

of the Toyota Production System (TPS), a system of nested experiments through which operations are constantly 

improved [318].  The ethos of the system, developed in the 1970s by the Japanese manufacturer, is cost reduction 

 

Figure 3.3: Conceptual BPR implementation process (modified from [314]). 
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through the elimination of waste and the full utilisation of worker’s capabilities [319, 320]. While decoding TPS 

has proved challenging for other organisations that have tried to implement a similar system, there are several 

central elements to improvement. A core enabler of TPS is Just-in-Time (JIT) manufacturing, where sub-

assemblies and components in a process only arrive at the production line at the time needed in the necessary 

quantities. If realised effectively, JIT has the potential to reduce surplus inventories and smooth the flow of 

materials through the production process, shortening the lead time between material entry and product completion 

[321, 322]. This is preferred to a ‘push’ system, where production works as much as it can to fill a warehouse. In 

conjunction to setting up a Kaizen initiation activity, a LM toolkit can include Kanban (‘visual’ shop floor 

signifiers of the ‘pull’ flow), and 5S (methodology for maintaining an organised working environment) [323].  

6σ, developed at Motorola in the 1980s, is a highly statistical and data-orientated method that aims to find and 

eliminate causes of mistakes or defects in business processes by focusing on outputs that are of critical importance 

to customers. The output goal looks to reduce the number of defects in a process to as low as 3.4 parts per million. 

The central theme is that product and process quality can be improved by understanding the relationships between 

the inputs to a product/process and the metrics that define the quality level of the product/process. Like LM, the 

voice of the customer is critical to defining the quality of the product/process [324]. The adoption of 6σ by GE 

propelled the methodology to widespread attention, with the leadership of Jack Welch playing a significant role 

in its development. For organisational change, the initiative must be driven at the highest level with rigorous 

training in the tools and techniques of 6σ, such as the Define-Measure-Analyse-Improve-Control (DMAIC) 

methodology as a conceptual improvement method [325]. DMAIC phases are milestones which integrate 

statistical quality tools and techniques. The methodology may appear to be linear and explicitly defined however, 

the best results are achieved when the process is flexible, allowing for removal and iteration of steps. There is no 

required choice of a tool over another as they are interchangeable at any point in a phase [326–328]. This 

methodology is widely accepted as best practice however, the application of its order and tools is limited to 

existing business processes. To create new processes to achieve customer needs or re-designing processes or 

services, the Define-Measure-Analyse-Design-Verify (DMADV) methodology is used, introduced by GE [329]. 

The five phases for both methodologies are described in Figure 3.4. It is possible to scope a project as a DMAIC 

incremental process improvement, only for a DMADV methodology improvement to be required [286, 330]. 

Statistical tools that can be integrated into various stages of the methodologies include process mapping, design 

of experiments, and 5 Whys root cause analysis [324, 331].  

LM is focused on eliminating waste using a set of proven standardisation tools and methodologies whilst 6σ 

focusses on eliminating defects and reducing variation. Both philosophies aim to improve process flow using tools 

from all aspects of quality management. Lean Six Sigma (LSS) is a hybrid method that integrates LM and 6σ to 

address the root cause of poor performance whilst improving processes for customer satisfaction using statistical 

tools [332, 333]. As a relatively new methodology with limited research conducted on LSS before 2003, Lean 

philosophy provides strategic direction and foundation for improvement by informing the current state of 

operations. From this, Lean thinking identifies key areas of improvement and information flow, upon which 6σ 
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tools can be applied with a focused improvement methodology [334]. However, not every element of the LM 

philosophy or 6σ approach is applicable for every system [326].  

There are several success stories associated with LM, 6σ, and LSS, with critical factors evaluated by Lameijer et 

al. [335]. As with any improvement methodology, a conscious attitude of a desire to improve and diligence from 

workers thrives in a dynamic and agile environment. In composites manufacturing, the DMAIC approach has 

been reportedly used to select the most appropriate natural fibre material in an Automotive crash box. The use of 

double decision-making techniques was effective in verifying the results however, performance, weight, and 

environment were the only requirements used to baseline decisions with the Voice of the Customer incorporated 

at later stages of the framework [336]. In the Automotive industry, LSS has been applied to the sources of waste 

involved in manufacturing metallic gears. It is noted that the method cannot be rigidly defined, with designation 

of LSS tools dependent on industry, organisation, and manufacturing process [337]. Panayiotou et al. [338] 

discuss the potential benefits of implementing LSS to help a manufacturing company overcome the negative 

aspects of a financial crisis; a positive intangible benefit of improving the mentality of the business, and reduction 

of time, effort, and cost tangible benefits were realised.  

While the use of composite materials provides opportunities for economic and technological growth, composites 

manufacturing is a wasteful process. In a study conducted by Rybicka et al. [339], manufacturing processes in 

four companies were analysed using the qualitative waste methodology, material flow analysis. When comparing 

the total amount of incoming material to the total amount of material scrap, waste varied from 7% to 46%. Another 

modelling study conducted across the Renewable and Aeronautical sectors estimated that production generates in 

excess of 30% waste [340, 341]. As such, the aim to address production waste is an important, but difficult 

challenge, and has been reflecting in drives to implement recycled and sustainable solutions. However, there is an 

absence of reported literature where Lean or statistical frameworks have been used to support this initiative.  

Sony et al. [342] have studied the key criticisms in 6σ methodologies in literature highlighting that the failure rate 

of 6σ initiatives, like other organisational changes, is high. Along with a cooperative environment and strong 

leadership, a project management approach and framework that indicates which tool and technique to use and 

when is necessary to success for both LM and 6σ [343]. Benefit to cost, effort, and customer satisfaction need to 

be evaluated before, during, and after the implementation period. In response to the merging of the methodologies 

into LSS, there may be a risk of their dilution as effective tools with a lack of theoretical underpinning or 

explanation for the combination of techniques in the frameworks [326].    
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Figure 3.4: DMAIC methodology (left, adapted from [286]), DMADV methodology (right, adapted from [344]). 

In the pursuit of concurrent engineering, DFX is an emerging suite of quality improvement approaches that 

examines the interrelationship between design and factors in the product lifecycle. These techniques, relating to 

design with respect to cost, production, assembly, and quality to name a few, have been developed to capture the 

knowledge of experts, giving designers guidelines for analysis and design. In deployment, a DFX concept must 

include careful and systemic examination of a number of conditions and aspects that need to be taken into 

consideration to deliver the ‘X-endeavour’. This analysis shows the consequence of a decision early during the 

design phase [345, 346]. The key functionalities of DFX tools are outlined by Huang et al. [347]: to gather and 

present information; to measure performance; to evaluate whether or not a product/process design is good enough; 

to compare design alternatives; to highlight strengths and weaknesses; to diagnose why an area is strong or weak; 

to provide redesign advice; predict ‘what-if’ effects; to carry out improvements; and to allow iteration to take 

place. As demonstrated by the first two functionalities, DFX requires handling a lot of information of varying 

levels of complexity. To standardise the development of such tools, a generic framework is proposed by Huang 

et al. [348], where various activities are mapped to stages of development. The major constructs are shown in 

Figure 3.5. It is suggested that this framework should not be followed rigidly, with no restrictions imposed on the 

use of particular databases, modifications made to suit the particular condition, and incorporation of constructs so 

as not to cause contradictions.  

Whilst the DFX toolbox has been expanded over the past 40 years, much literature details the application of tools 

rather than the development for a specific application. Moreover, the application of DFX to product development 

has been met with mixed results. Henriksson et al. [349] present a theoretical approach to applying a well-known 

DFM tool to composite manufacturing cost estimation; though parallels can be drawn to the original metallic 

manufacturing route, tools must be modified to suit the composite moulding application. The general principle of 

DFX is applied in a study by Babu et al. [350], where the parameters of manufacturing, cost, and minimum weight 

were addressed with respect to a composite drive shaft. In this case, well-established data was critical to populate 

DFX decision matrices. Some criticisms have been observed in tool implementation, where practitioners have 
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reported difficulty in selecting an appropriate DFX tool, with increased focus on trivial matters. Moreover, whilst 

the use of multiple DFX may facilitate optimal solutions, it can be impractical due to competing metrics, expensive 

application covering a large number of product development teams, and time consuming analysis [347].  

 

Figure 3.5: Seven steps in developing a DFX tool using the DFX framework (modified from [348]). 

 Population of a DMAIV Framework 

Based on an evaluation of framework and tool applicability, this project has adopted a hybrid Define-Measure-

Analyse-Improve-Verify (DMAIV) framework, combining a proactive and reactive LSS methodology for the 

addition of a new process to a current process. This framework was chosen over other quality management 

approaches due to the flexibility and selection of statistical tools and techniques for the development of a process. 

This selection process has been demonstrated in Table 3.1, where each quality management framework has been 

assessed against five key statements that contribute towards the achievement of project goals; to support the NDT 

KB knowledge deficit and development of the NCC’s CIVC activities. For an ideal process, the management 

framework should be capable of delivering on all the statements to a degree. From this evaluation, both 6σ and 

LSS frameworks prove to be acceptable according to a Red-Amber-Green (RAG) assessment for suitability. 

However, LSS is elevated by incorporating and complementing 6σ principles with LM for the appropriate level 

of abstraction for applicability to the project aims. With the formulation and structure of tools and techniques in 

LSS, proper statistical process knowledge to better understand and improve future results can be obtained, and 

decisions made based upon established facts and empirical analysis [338].  

TQM, BPR, and DFX are unsuitable for this project owing to the high-level, simplistic, and reactive nature of 

some of the tools and inapplicability to the complexity required for project goals. With respect to TQM and BPR, 

the research-based nature of the project requires process definition out of a business or production environment. 

In a similar fashion to the generation of a LSS hybrid framework over the traditional DMAIC method, a DFX is 

better applied where the end target is the innovation of a new product or process. To satisfy the project 

requirements, a tool relevant to the documentation and exploitation of project knowledge would need to be 

developed rather than modified from an existing structure. However, the proposed DFX development structure 

does not have the opportunity for flexible selection of tools. Nor has it seen further refinement nor engagement 

from the academic community with as few as 38 citations in the past ~30 years, which in turn focus on the 

application of existing DFX frameworks. Moreover, the structure is built on the premise that the knowledge behind 

design choices already exists and is captured in a codified format; this project looks at the development of such a 

database which could ultimately be utilised in a DFX framework. 
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 Table 3.1: RAG selection process for project quality management framework. 

 
TQM BPR DFX LM 6σ LSS 

Are there examples of the framework for similar 

applications?  

Y N Y Y Y Y 

Will relevant data be available to support the goal?  N N N N Y Y 

Will the tools in the framework support the goal?  N N Y N Y Y 

Is the level of abstraction appropriate for the goal 

requirements?  

N Y N Y N Y 

Are the correct resources available?  Y N Y Y Y Y 

Overall suitability       

Whilst the DMAIV framework is typically shown as linear or cyclic in a waterfall project management system, 

the adopted process was iterative and concurrent, and is better demonstrated with an agile approach shown in 

Figure 3.6. This shift in organisation is due to the novel nature of the developmental activities with multiple 

iterations required to determine the KB structure. Table 3.2 maps a brief objective of each phase to the key outputs. 

These outputs either contribute to the development and population of a KB for NDT or mapping NDT process 

system complexity. A selection of these outputs is investigated with applicability to current NCC and industry 

systems with a view to estimate potential time and cost savings.  

 

Table 3.2: Mapping DMAIV phases to activities and outputs. 

DMAIV PHASE OBJECTIVE CONTRIBUTION OUTPUT 

Define To determine component 

configuration for testing and establish 

key performance variables for NDT 

techniques.  

KB development Establishment of project 

KB metrics 

Measure To design, manufacture, and test 

reference samples to collect data from 

selected inspection techniques. 

KB development Reference standards 

UT and IRT inspection  

Analyse To set up and populate a capability 

matrix with efficacy of inspection with 

respect to assessment criteria. 

KB development Capability matrix 

Assessment criteria rating 

Improve A To understand the failures in 

inspection and highlight risk 

associated with testing.  

System complexity FMECA 

Null hypothesis analysis 

Improve B To understand and establish the 

relationship between geometrical 

complexity and NDT inspection plans. 

System complexity MATLAB/Excel tool  

Geometry-NDT 

complexity  

Verify To assess results of the capability 

matrix with further detail and compare 

matrix to other NDT KB projects.  

KB development 

System complexity 

Reliability analysis 

KB lessons learnt 
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Figure 3.6: Proposed DMAIV project framework with an agile approach. 
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There is still much disagreement on what a LSS DMAIV/DMADV process looks like and how tools are selected 

and utilised in each phase. However, there is a consensus that this selection process is highly dependent on and 

specific to each application. The right tool will allow for understanding of the problem, analysing the data, and 

finding a viable solution, whilst a poor choice of tool can lead to wasted time and effort through collection of 

irrelevant data. Table 3.3 shows the sequence of appropriate tools which enables an improvement flow through 

the DMAIV framework. The utilised tools fall into three groups: customer-based, visualisation-based, and 

statistical-based. The selection of tools and their structure within the framework was conducted through review 

of industrial case studies, prior experience, and trial-and-error. For example, a Supplier, Inputs, Process, Outputs, 

and Customers (SIPOC) tool is used in preference to a Critical-to-Quality tool in the Define phase to translate 

customer needs as the contents of the tool allow for the Voice of the Customer to be established alongside process 

flow mapping. FMECA and Root Cause Analysis (RCA) tools are typically employed during the Analyse phase 

however, the requirements of the project indicate that they are more suited to the Improve A phase. Improve B 

follows a Poka-Yoke approach in understanding for geometrical complexity over carrying out a Kaizen event.  

Table 3.3: Designation of LSS tools to DMAIV framework; *customer-based; **visualisation-based; ***statistical-based. 

DEFINE MEASURE ANALYSE IMPROVE A IMPROVE B VERIFY 

*Project charter  **Process 

capability 

measurement 

**Process 

capability 

measurement 

**RCA/ 

Ishikawa 

diagram 

***Descriptive 

statistics 

***Multi-

variation 

assessment 

*SIPOC  **Prioritisation 

matrix 

**FMECA **Poka-Yoke ***Gage R&R 

 Summary 

With the aim of implementing an effective system to address the knowledge deficit in NDT for composite material 

products, an appropriate quality management framework must be selected. Improvement frameworks have been 

meticulously studied, developed, and employed by many organisations, albeit not all have implemented them 

successfully. It was clear from literature that poor alignment of the improvement initiative with vision and culture, 

paired with a lack of expertise to guide improvement of the quality improvement methods has led to failure. The 

industry and organisation circumstances must be accounted for when considering certain approaches. For 

example, transformational change works when an enterprise faces crisis, but may not be appropriate at other times.  

This chapter sets out the research project structure. Lessons learnt from existing research literature, documented 

in Chapter 2, has influenced the decision to integrate elements of KM into NDT through an involved systems 

approach. A modified LSS framework has been adopted for the improvement of NDT operations, defined by the 

systematic use of a DMAIV framework. Within the agile approach, objectives, tools, and outputs are mapped to 

each phase to develop robustness of NDT programmes and applicability of CIVC. As there are limited numbers 

of research papers on the application of quality improvement in NDT of composites, this research project provides 

a case study on the implementation of LSS to this field. Looking towards the activities within the DMAIV phases, 

Chapter 4 commences definition and scoping activities, establishing the main factors involved in NDT of 

composites and identifying routes to improvement for use in the following chapters. 



 

 

 

4 Define 

 
 

4 
Define  

  
Activities for establishing the KB for composite material products and selected NDT methods that are 

representative of industrial trends are demonstrated in this chapter. The overall structure of the KB is 

presented.  

Conference and Journal Papers:  

Gandhi, N., Rose, R., Croxford, A., & Ward, C. (2021). Developing a high-fidelity knowledge base for 

improvements in the nondestructive testing of advanced composite material products. In Procedia 

Manufacturing (Vol. 51, pp. 345-352). (Procedia Manufacturing). Elsevier Limited.  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 
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rom industry studies, it has been identified that the knowledge deficit is problematic in new product 

development environments where diversification of composite material properties and geometrical 

requirements may render traditional approaches to NDT unsuitable. Selection of a quality control method is 

challenging in situations where the measure hasn’t been previously used, or in the search for a novel, more 

effective method. With this in mind, this project is geared towards understanding and mapping the state-of-the-

art for NDT of composites and tackled through establishing the framework for a KB. As explored in the previous 

chapter, this chapter begins the DMAIV framework, where the objective of the Define phase is:  

“To determine component configuration for testing and establish key performance variables for NDT 

techniques” 

The KB in the form of an NDT capability matrix is presented, linking down-selected component configurations 

and selected NDT techniques, suited to prove out a developmental framework. This process flow is represented 

in Figure 4.1 and outlines the structure of the chapter.      

 

Figure 4.1: Process flow for the Define phase. 

 Establishing the Knowledge Base  

As discussed in Chapter 2, NDT is a complex, multiple parameter process that is strongly dependent on many 

controllable and non-controllable parameters. The SIPOC tool is used as a methodology to identify factors 

influencing a repetitive process and encompasses the Voice of the Customer. In Figure 4.2, the five elements are 

used to evaluate inputs and deliverables required for effective NDT. The main customers expect actionable data, 

translated from raw NDT data into information that they can use to make decisions about conformance of a 

component and the degree of risk associated with it. This quality assessment can be achieved through accurate 

data acquisition and evaluation processes. The key system enablers within the ‘Inputs’ group are selected as the 

foundation of the KB and form the basis of the capability matrix. These enablers are organised into two groups: 

F 
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component configuration (component characteristics), and NDT process parameters (include NDT process setup, 

inspection variable setup, and equipment setup). 

 

Figure 4.2: SIPOC diagram mapping the key variables in an inspection process. 

 Component Configuration 

Composite material products have evolved to respond to changing requirements of different industries, with the 

largest developmental leaps in novel materials, geometrical profile, and manufacturing technologies. There are 

two main groups of commonly used material matrices with selection based on application requirements; both 

thermosets and thermoplastics include various other matrices. Additives may be included in the matrix 

formulation to alter a given property of a resin for the benefit of toughness, processability, or environmental 

resistance (amongst others). The reinforcement, composed of fibres, particles, or whiskers can be manufactured 

from various materials, such as glass, carbon, and natural fibres. Moreover, they can be arranged into different 

configurations through operations such as weaving. Reinforcement forms can either be left in their dry form or 

preimpregnated with resin as a prepreg. Core materials are added to a part to improve the flexural rigidity and 

include honeycomb and foam structures.   

Development of advanced material compositions is necessary for improvements in mechanical and sustainable 

properties [351, 352]. In-organic matrix composites are examples of innovations, with high-temperature space 

applications in rocket engines, heat shields, and nose cones [10, 11, 353]. Additional complexity is realised in 

hybrid composites, where multiple materials are laminated in the sample component. This is evident in fibre metal 

laminates and lightning strike protection, which have properties that are more desirable to Aerospace requirements 

than the constituent materials [354, 355]. These types of materials, alongside commonly used fibres with additives 

such as tougheners, are less well-characterised than ‘basic’ materials, particularly when considering the response 

from inspection processes. Moreover, the environmental resistance of these materials needs to be taken into 

consideration when subjecting them to external impulses required for non-destructive characterisation.  

DFM methodologies promote a reduced part count with the aim of significant reductions in cost, manufacturing 

time, and weight by eliminating secondary operations. However, this leads to increasing geometrical complexity 

of one-shot components [356, 357]. Components can easily have single or double curvature with tight radii, taper, 
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and uneven features. Manufacturing methods of these complex products are being continuously developed and 

adapted to meet specific manufacturing challenges. In selecting a manufacturing route, the principal factors that 

must be considered are component geometry, size, material feedstock, required mechanical performance, and 

scale of production. These factors are interdependent, with a change in one leading to changes in others [247].  

Non-designed features are a possibility no matter the selection of component characteristics and processing 

method however, the type of defects will be dependent on design and manufacturing choices. A study by Sarfraz 

et al.[358] discusses that the formation of voids in prepreg or liquid composite moulding can be attributed to 

different material and processing inputs and therefore, will not produce the same defect content for each process. 

Similarly, when addressing geometrical issues, Hallander et al. [359] summarised that forming over single and 

double curvature has the potential to induce fibre waviness, with ply lay-up sequence playing a major role in the 

degree of resulting deformation. The braided component in Figure 4.3 provides a clear example of some of the 

defect features observed in the changing landscape of composite components. In comparison to the deposition of 

prepreg sheets over a flat tool, a preform braided over a male mandrel and subsequent resin infusion procedures 

give rise to changes in material characterisation. Visual inspection showed evidence of irregular resin flow: 

pinholes and dry spots visible on some flanges and at internal radii, and resin-rich channels running along the 

outer radii. Ultrasonic PAUT inspection in Figure 4.4 confirms this material variability, with two major part 

features causing issues in data acquisition. Outlined area A shows data missing from a lack of probe coupling 

during scanning over the external radius, whilst indentations on the part cause scattering of the back wall echo in 

outlined area B. Metrology shows variation in cross-section thickness along the length. These non-designed 

features are seen in components manufactured through resin infusion processes and in complex geometries [360].  

The attributes discussed are interdependent on the design and manufacture of a component. For example, the 

capabilities for an Automated Fibre Placement processing route will differ greatly from a Resin Transfer Molding 

(RTM) processing route in terms of scale, geometry, and cost that is achievable. Both will require different 

material feedstock and will most likely include different, but overlapping, non-designed features. However, each 

of these attributes may have different degrees of variability, as defined by its Sigma level. Attributes with a high 

Sigma (reaching or exceeding 6σ) indicates a deliverable with low levels of variability, leading to acceptance from 

the customer. But reaching this standard may be unattainable for many of the attributes within the manufacturing 

process or be prohibitively expensive. Moreover, focussing on minimising variability of a single attribute may not 

lead to resolution of the holistic variability issue. Therefore, composite part manufacturers, or those aiming to 

move to composite solutions, are faced with many decisions in an attempt to minimise design and manufacturing 

challenges. Additionally, the large choice of component architectures, processing routes, and geometries create 

unique challenges for quality interrogation methods. 

In selecting a set of component configurations for initiating the KB, a single reinforcement-matrix combination 

was selected: CFRP with epoxy matrix. Using the knowledge gained from process stream mapping with the critical 

decision factors needed for design and manufacture of a component, seven key variables were selected upon which 

component configurations were based, demonstrated in Figure 4.5. However, with these variables, over 500 

configuration combinations were produced, resulting in a potentially unmanageable data volume. Down-selection 
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is required to further refine the number of component configurations to initially prove out the KB framework of 

matrix generation, testing, and analysis before mass population. Once this achieved, more complex specimens can 

be evaluated for entry to the KB.    

 

   
 

Figure 4.3: Representative image of a braided component (top); resin richness on outer radius (left); pinholes on inner 

flange (right). 

 

 

Figure 4.4: PAUT C-scan result of flange of braided component with key areas of feature constraints outlined in boxes. 

 

A B 
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Figure 4.5: Initial down-selection of component configuration encompassing CFRP only. 

The 34 configurations and associated KB Identifier (ID) in Table 4.1 result from a down-selection through the 

balanced assessment of difficulty of manufacture and testing, and industry requirements, setting customer 

boundary conditions (additional context for application found in Chapter 5). To ensure continuity and 

transferability within the NDT community, some aspects of the reference standards are based on existing practices 

conducted within NDT:  

• Geometrical form: Flat components only are chosen to eliminate any geometrical complexity or 

constraints that may add variability in the inspection results. The selection of step wedge thicknesses is 

aligned with current NDT reference standards.   

• Architecture: Simple monolithic and core architectures are chosen. In the case of core architectures, skin 

thickness remains the same, but core thickness varies. This configuration was chosen over skin thickness 

variation due to ease of manufacturing methods.  

• Processing materials: CFRP prepreg and dry fibre materials are selected, the former to standardise and 

baseline NDT data, and latter to respond to industry trends. A single material, foam, is chosen for the 

core material due to thickness requirements and supplier availability.  

• Defect type: Controlled methods for simulating inclusion and delamination defects are more established 

than other defects. There is scope to accidentally introduce unwanted variations with waviness and 

porosity defects.   
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Table 4.1: Final component configurations and knowledge base ID. 

ID GEOMETRICAL FORM ARCHITECTURE MATERIALS DEFECT  

 GEOMETRY THICKNESS (mm)   CFRP CORE   

F1 Flat 5 Monolithic Prepreg N/A Inclusions 

F2 Flat 5 Monolithic Prepreg N/A Delamination 

F3 Flat 10 Monolithic Prepreg N/A Inclusions 

F4 Flat 10 Monolithic Prepreg N/A Delamination 

F5 Flat 15 Monolithic Prepreg N/A Inclusions 

F6 Flat 15 Monolithic Prepreg N/A Delamination 

F7 Flat 20 Monolithic Prepreg N/A Inclusions 

F8 Flat 20 Monolithic Prepreg N/A Delamination 

F9 Flat 25 Monolithic Prepreg N/A Inclusions 

F10 Flat 25 Monolithic Prepreg N/A Delamination 

F11 Flat 30 Monolithic Prepreg N/A Inclusions 

F12 Flat 30 Monolithic Prepreg N/A Delamination 

F13 Flat 5 Monolithic Dry fibre  N/A Inclusions 

F14 Flat 5 Monolithic Dry fibre N/A Delamination 

F15 Flat 10 Monolithic Dry fibre N/A Inclusions 

F16 Flat 10 Monolithic Dry fibre N/A Delamination 

F17 Flat 15 Monolithic Dry fibre N/A Inclusions 

F18 Flat 15 Monolithic Dry fibre N/A Delamination 

F19 Flat 20 Monolithic Dry fibre N/A Inclusions 

F20 Flat 20 Monolithic Dry fibre N/A Delamination 

F21 Flat 25 Monolithic Dry fibre N/A Inclusions 

F22 Flat 25 Monolithic Dry fibre N/A Delamination 

F23 Flat 30 Monolithic Dry fibre N/A Inclusions 

F24 Flat 30 Monolithic Dry fibre N/A Delamination 

F25 Flat 10 Sandwich Prepreg Foam Core crush 

F26 Flat 10 Sandwich Prepreg Foam Disbond 

F27 Flat 20 Sandwich Prepreg Foam Core crush 

F28 Flat 20 Sandwich Prepreg Foam Disbond 

F29 Flat 40 Sandwich Prepreg Foam Core crush 

F30 Flat 40 Sandwich Prepreg Foam Disbond 

F31 Flat 60 Sandwich Prepreg Foam Core crush 

F32 Flat 60 Sandwich Prepreg Foam Disbond 

F33 Flat 80 Sandwich Prepreg Foam Core crush 

F34 Flat 80 Sandwich Prepreg Foam Disbond 
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 NDT Process Parameters 

The main objective of any NDT system is the ability to detect and characterise damage within a composite. In line 

with NCC requirements for CIVC operation, this project evaluates an established inspection method (UT), and an 

emerging method (IRT). Techniques are classified under these methods; some are based on slightly different 

principles or need an alternative setup. Each technique can be used separately and can yield different results. 

Therefore, techniques must be considered as independent experiments with individual entries to the KB to 

accurately represent use in industry.  

For steady state inspections, operators are given a standard written process document with details of the inspection 

method of use, calibration requirements, scanning instructions, and reporting criteria from which the operators 

should not deviate. Within the scanning instructions are details of the equipment and variable setup, or Key 

Performance Variables (KPVs). These are the independent variables that the operator is required to change each 

time an inspection is performed to optimise the inspection result. At its best, this result would provide details of 

component characterisation, with a view of material quality and any non-designed features. However, if a single 

KPV is entered without being optimised to the component characteristics, it could be detrimental to the quality of 

the inspection, potentially resulting in false negatives or a component deemed ‘uninspectable’. This is a critical 

characteristic of development work or in the definition of a new procedure or process. Capturing the KPVs would 

allow tracking of the relative importance of the settings with respect to the performance of the inspection method, 

providing a foundation for best practice. An inexhaustive list of KPVs for each NDT method with respect to NCC 

equipment and the encompassed techniques are captured and summarised in Figure 4.6.  

 

Figure 4.6: Key NDT process parameters for UT and IRT. 
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Typically, all three groups would be accounted for in the written process document in an explicit format however, 

it can be argued that variable set up requires a degree of tacit knowledge and experience for the optimisation of 

knowledge. This is equivalent to expressing Sigma variability in component attributes; as variables are 

encountered in a complex system, there is difficulty in independently reducing variability due a single parameter. 

As such, operators should prioritise using their own tacit knowledge in the pursuit of optimising the inspection 

result, as opposed to maintaining consistency of the process.  

 Discussion 

Observation and evaluation of composite components has demonstrated the breadth in a variety of materials, 

geometries, processing parameters, and defects that may occur within the same assembly. For a KB to be best 

utilised, it should contain as many of these configurations as possible such that it can be used as an informative 

decision tool across multiple industries. The full matrices are shown in Table 4.2 and Table 4.3. With the definition 

of the 34 component configurations for this project, it can be argued that the KB may be limited in this state and 

may make the matrix too specific. Additionally, the choice of the flat monolithic and sandwich architectures using 

well-characterised material systems may not always be representative of ‘real-life’ structures. However, it presents 

the grounding for a framework and an initiation point from which the matrix entries can grow to include systems 

and geometries that represent industrial components more accurately.  

Down-selection of the component configurations is a necessary step to test robustness, refine experimental 

procedures, and establish the KMS with resources constraints before mass population and widespread deployment. 

Without an established framework for component definition, experimentation of inspection capabilities, and 

method to assess these capabilities, the risk to immediately expand the set of components becomes too great. 

Additionally, baselining with known quantities, such as delamination defects and stepped panels, will reduce the 

risk of obtaining uncharacteristic inspection method responses that may be obtained with added complexities. 

When introducing complexities into component configurations, a single change to material type, geometry, or 

processing route would most likely cause deviations in the types of defects found within a part than those captured 

in the current list. To account for these complexities, it would be advisable to repeat inspection work across various 

operators and institutions to avoid skewed results entering the matrix.  

It can be argued that the job of ensuring product quality lies more with manufacturing operations than quality 

control, with economic achievement of the part best obtained when making it Right-First-Time (RFT) [361, 362]. 

This approach was proposed by Crosby, where the goal of manufacturing and quality improvement is “Zero 

Defects”, achieved through a 14-step plan [363]. However, RFT cannot be applied to composites manufacturing 

with great results as defect likelihood is relatively high, as discussed by Potter [30, 364], and is far from the 

idealised 6σ capabilities. In manufacture, both material and product geometry are created during processing; 

therefore, inherent variability exists within all stages of the manufacturing process, leading to the assumption that 

no two components are completely identical. There are currently several methods employed to homogenise 

process and incoming material to reduce variability through in-line inspection and verification, such as those 

explored in [36, 365, 366]. However, it must be considered whether the specimens manufactured to incorporate 
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the component characteristics of the KB detailed in this chapter will be truly representative of all components 

manufactured with the same configuration.      

Only fundamental inspection techniques of the chosen methods have been selected for matrix entry; FMC, TFM, 

and other advanced acquisition or processing algorithms under the UT umbrella have not been utilised as these 

techniques do not currently have widespread use across the composites industry [112, 367]. Including these 

techniques would allow for a more comprehensive current state map of NDT capabilities, but it may be misleading 

in that matrix users could assume the technologies are mature enough to be implemented on a large scale. The 

KPV set would also need to be expanded to account for the increase in data evaluation parameters. When defining 

KPVs, there is limited literature on what parameters affect UT and TT. As KPVs have been obtained in this project 

through practical demonstration, it is a risk that some may have been missed from the KB. Additionally, KPVs 

may only be applicable in some situations or exist as a function of equipment, such as damping characteristics of 

a UT probe. Whilst the variables exist within a complex system, some KPVs may have more influence on the scan 

results than others. It is not clear whether the definition of these parameters is assumed to be widely communicated 

in training and retained by NDT operators such that further research is not required. Alternatively, the optimisation 

of NDT operations through the definition and tailoring of KPVs may have been neglected in research. The 

definition of an axis of the capability matrix provides an opportunity to document and collate the tacit and explicit 

knowledge of KPVs required within an inspection system.    

For inspection, it is always best to calibrate on a reference standard composed of the same material, with thickness 

and artificial defects similar to those in the tested component to establish the expected response. Currently, in the 

absence of a bespoke, well-controlled reference specimen, standard practice for monolithic components at the 

NCC is to calibrate equipment on a prepreg reference panel with simulated delamination defects before inspecting 

the component [368]. While a transfer value is applied to compensate between differences in the reference panel 

and material under test, this could lead to discrepancies in the results, particularly if the tested component 

composition or architecture varies greatly from the reference. Manufacturing components to fulfil the 

requirements of the KB component configurations will build up the institution’s repository of reference specimens 

whilst contributing to KB development. 
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Table 4.2: Structure of the monolithic component NDT capability matrix: incomplete table for reference only (see Chapter 6 for completed version). 
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Table 4.3: Structure of the sandwich component NDT capability matrix: incomplete table for reference only (see Chapter 6 for completed version). 
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 Summary 

This chapter demonstrates the first known activity in establishing an NDT KB for current state technology 

mapping. In constructing the capability matrix, the aim of this Define phase was to:  

“To determine component configuration for testing and establish key performance variables for NDT 

techniques” 

This has been achieved by defining the critical parameters for both these areas. Advanced materials, novel 

manufacturing route, and complex geometries are expected to become more common in order to adapt to the 

evolving landscape of applications. However, these often-used interdependent decision criteria lead to an 

increased risk of non-designed features and associated challenges for quality assurance. To prove out the KB 

framework, 34 component configurations were selected from key variables associated with component 

architecture. These configurations include monolithic and foam sandwich structures at a range of thicknesses, 

with simulated delamination, inclusion, core crush, and disbond defects. The choice of NDT method and 

underlying techniques is aligned with the needs of the NCC’s large-scale automated inspection programme, CIVC. 

KPVs for UT and IRT techniques that need to be adjusted in physical and equipment setup in a complex system 

are identified for testing.    

At this stage, the relative impact of this phase could be viewed as limited. However, determination of the basis of 

the KB forms an important first step in supporting NDT technique choice according to capability, and the 

designation of a method for a novel inspection process, commencing the framework described in Chapter 3. 

Chapter 5 continues in the formulation of down-selected configurations into components, ready for testing using 

the selected inspection methods. Chapter 6 evaluates the KPVs used in testing with a further explanation of how 

they will be used for best practice and knowledge formalisation.    

 

 

  



 

 

5 Measure 

 
 

5 
Measure  

  
In this chapter, experimental design is established for the design and manufacture of reference components, 

and the inspection procedures for NDT method capability reporting of the selected detection techniques.  
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Manufacturing (Vol. 51, pp. 345-352). (Procedia Manufacturing). Elsevier Limited.  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 



Nikita Gandhi 

Chapter 5 

Measure 

 

67 

 

fter establishing the structure of the capability matrix, as described in Chapter 4, the KB must be populated 

with current state data through design and manufacture of standards that incorporate the component 

configurations in the matrix. These components must then be tested with the selected NDT methods and 

techniques to describe the capabilities and limitations of each method with respect to the component configuration. 

As such, the objective of the Measure phase is:  

“To design, manufacture, and test reference samples to collect data from selected inspection techniques” 

The chapter flow is presented in Figure 5.1; the process of material selection is investigated in the design of the 

reference components and manufacture is described. Following this, experimental design and methodology of the 

inspection procedure are demonstrated with data acquisition from both UT and IRT methods.    

 

Figure 5.1: Process flow for the Measure phase. 

 Design and Manufacture of Reference Components 

The outcome from Chapter 4 was to outline a set of key component configurations that would be tested for entry 

to the capability matrix. However, few established reference standards for examining NDT technology capabilities 

within these constraints exist at NCC. This provided an opportunity to expand the range of materials and 

configurations used for calibration whilst fulfilling the necessities of the matrix component configurations. To 

avoid making separate components for each configuration, components were designed to incorporate as many 

elements of the configuration requirements as possible. Typically, an NDT specialist is required to design a 

reference standard, taking the range of thicknesses, part criticality, geometry, architecture, surface finish, material, 

and manufacturing process into account. Other requirements for reference standard acceptance include [369]:  

• Specimen should have parallel surfaces. 

• The necessary number of plies should be used to obtain the correct thickness, with machining possible 

to ensure a ±1mm part thickness tolerance. 

A 
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• An area free of defects should be available for calibration of equipment. 

• An area free of defects should be available for marking the reference standard. 

• The distance between defect edges within the specimen should be greater that 15mm to avoid interference 

between defects. 

• The distance between defect edge and part edge should be greater than 25mm, except for flaw simulation 

at edges. 

• Artificial defects should be placed between second and third plies, starting from the bottom surface; 

between second and third plies, starting from the top surface; and mid-thickness where possible. 

• Specimen should be free of natural defects, produced during the manufacturing process, that could 

interfere with inspection set up with a maximum of 2dB ultrasonic amplitude variation in the ‘good’ 

regions.  

In this section, material choices and geometrical configuration are considered from an NDT perspective to produce 

components with the aim of eliminating extraneous sources of variability.   

 Monolithic Architectures 

To cover the 24 configurations associated with monolithic architectures, four components were designed with 

identifiers M1, M2, M3, and M4. The design process is discussed below.  

The choice of materials is dependent on the processing route, such as the use of a biaxial dry preform and separate 

resin/hardener system is necessary for an RTM process. However, the choice of material was dependent on other 

factors: material availability, simplistic materials in the absence of hardeners, and dual use of reference standards 

(e.g. industrial project calibration standards). As a result, there are no two components that are made from the 

same constituent materials; therefore, some defect configurations have been applied to more than one component. 

As discussed, the two defect configurations that are included in the first iteration of the KB are delamination and 

inclusion defects. The implantation of artificial defects in composites is researched in literature and can be inserted 

through multiple methods. Delamination defects can principally be made through a controlled impact of a fixed 

force on the sample, inducing local resin and fibre breakages [370]. However, the size, shape, and propagation of 

the delamination is difficult to control within the sample. Cahain et al. [371] conducted a study to investigate the 

insertion of different materials at varying thicknesses and the impact on whether a delamination defect forms for 

the purpose of fracture toughness testing. While it was concluded that thickness had negligible influence, the 

material does affect formation with a Teflon or Polytetrafluoroethylene (PTFE) insert placed between two layers 

of a laminate recommended. Double layers of PTFE have also been suggested, with a ply pillow insert created by 

stacking two films to trap a layer of air within it and sealing the edges [372]. Use of aerogel materials have been 

presented as a substitute to an insert with properties that are closer to air than composite materials, accurately 

representing a delamination defect [373]. Alternatively, Flat Bottom Back-Drilled Holes (FBHs) have been used 

to simulate delamination in UT applications [266, 374]. 
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Inclusion defects have been explored in a study by Biswal et al. [103], where a variety of materials are inserted 

as foreign objects into a Glass Reinforced Polymer (GRP) laminate and the response from UT investigated. It is 

evident that not all materials can be identified, depending on the inspection technique, with certain types of 

bagging and backing film causing issues in detection. An inspection technique cannot be reliably used to detect 

defects smaller than a minimum detectable defect size. As such, existing Aerospace standards state that for UT, 

the value of the minimum detectable size is 36mm2 with the smaller dimension equal to or greater than 6mm 

[375]. Based on this survey of existing methods and literature, a combination of methods to simulate delamination, 

FBHs and PTFE inserts, and backing paper inclusions are used for 66mm artificial defects.  

Manufacture of the reference standards was conducted in laboratory-controlled conditions of between 18°C at 

63% humidity and 24°C at 43% humidity through either quasi-isotropic prepreg hand lay-up or RTM procedures, 

detailed in Figure 5.2 [376]. Machining was conducted with a Computer Numerical Control (CNC) milling 

machine to a ±0.1mm tolerance. 

 
Figure 5.2: Manufacturing process flows for monolithic architecture components; prepreg layup (left); RTM (right). 

The geometrical form, source material, processing route, defect type, and correlation to matrix ID are summarised 

in Figure 5.3. Schematic diagrams of the respective designs and tables of defect placement as measured from the 

flat surface are shown: 

• M1: Figure 5.4 and Table 5.1.  

• M2: Figure 5.5 and Table 5.2. 

• M3: Figure 5.6 and Table 5.3.  

• M4: Figure 5.7 and Table 5.4. 
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Figure 5.3: Monolithic architecture component build and component configurations. 
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Figure 5.4: Design configuration of step-wedge component M1 with FBHs at near, mid, and far surface. 

 

Table 5.1: Defect configuration in component M1. 

DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

 DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

A1 5 4.5  D1 20 19.5 

A2 5 2.5  D2 20 10 

A3 5 0.5  D3 20 0.5 

B1 10 9.5  E1 25 24.5 

B2 10 5  E2 25 12.5 

B3 10 0.5  E3 25 0.5 

C1 15 14.5  F1 30 29.5 

C2 15 7.5  F2 30 15 

C3 15 0.5  F3 30 0.5 
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Figure 5.5: Design configuration of step-wedge component M2 with PTFE/paper inclusions at positions through depth. 

Table 5.2: Defect configuration in component M2. 

DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

 DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

B1 5 1  T1 5 1 

B2 5 2.5  T2 5 2.5 

B3 10 1  T3 10 1 

B4 10 5  T4 10 5 

B5 15 1  T5 15 1 

B6 15 7.5  T6 15 7.5 

B7 20 1  T7 20 1 

B8 20 10  T8 20 10 

B9 25 1  T9 25 1 

B10 25 12.5  T10 25 12.5 

B11 30 1  T11 30 1 

B12 30 15  T12 30 15 

B13 30 17.5  T13 30 17.5 

B14 30 22.5  T14 30 22.5 

B15 30 27.5  T15 30 27.5 
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Figure 5.6: Design configuration of step-wedge component M3 with FBHs at near, mid, and far surface. 

Table 5.3: Defect configuration in component M3. 

DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

 DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

A1 5 1  D1 20 1 

A2 5 2.5  D2 20 10 

A3 5 4  D3 20 19 

B1 10 1  E1 25 1 

B2 10 5  E2 25 12.5 

B3 10 9  E3 25 24 

C1 15 1  F1 30 1 

C2 15 7.5  F2 30 15 

C3 15 14  F3 30 29 

    F4 30 17.5 

    F5 30 22.5 

    F6 30 27.5 
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Figure 5.7: Design configuration of step-wedge component M4 with FBHs and PTFE/paper inclusions at positions 

through depth. 

Table 5.4: Defect configuration in component M4. 

DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

 DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

H1 5 0.5  H10 20 0.5 

H2 5 2.5  H11 20 10 

H3 5 4.5  H12 20 19.5 

H4 10 0.5  H13 25 0.5 

H5 10 5  H14 25 12.5 

H6 10 9.5  H15 25 24.5 

H7 15 0.5  H16 30 0.5 

H8 15 7.5  H17 30 15 

H9 15 14.5  H18 30 29.5 
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Table 5.4 cont.: Defect configuration in component M4. 

DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

 DEFECT 

ID 

STEP THICKNESS 

(mm) 

DEPTH 

(mm) 

T1 5 2.5  B1 5 2.5 

T2 5 1  B2 5 1 

T3 10 7.5  B3 10 7.5 

T4 10 5  B4 10 5 

T5 10 1  B5 10 1 

T6 15 12.5  B6 15 12.5 

T7 15 7.5  B7 15 7.5 

T8 15 1  B8 15 1 

T9 20 17.5  B9 20 17.5 

T10 20 15  B10 20 15 

T11 20 10  B11 20 10 

T12 20 1  B12 20 1 

T13 25 22.5  B13 25 22.5 

T14 25 17.5  B14 25 17.5 

T15 25 12.5  B15 25 12.5 

T16 25 1  B16 25 1 

T17 30 27.5  B17 30 27.5 

T18 30 25  B18 30 25 

T19 30 22.5  B19 30 22.5 

T20 30 20  B20 30 20 

T21 30 17.5  B21 30 17.5 

T22 30 15  B22 30 15 

T23 30 1  B23 30 1 



 Development of NDT Knowledge Systems to Improve the  

Robustness of Inspection of Composite Products 

 

76 

 

 Sandwich Architectures 

A single design was proposed to cover the sandwich architecture component configurations with the five 

components varying in core thickness.  

Prepreg materials were chosen for the skin component of the structure owing to the known uniform response 

obtained from UT; when testing the sandwich part for defect visibility, it is necessary to ensure that there are 

minimal other non-designed features that could interfere with any inspections. The foam selection is more robust 

and is based on the NDT ultrasonic response. Typically sandwich architecture components are inspected with the 

TTU technique, hence for defect detection to be possible, the foam composition must allow for at least a single 

transmission of sound through thickness. Several samples of varying material, thickness, and density were 

obtained from Airex and Rohacell manufacturers and Signal-to-Noise (S-N) ratio tested with a TTU system. Table 

5.5 summarises the characteristics of the foam sample with an assessment of suitability for component 

manufacture through a RAG rating dependent on statistical analysis of all S-N values. It is assumed that the greater 

the transmission of sound with higher S-N ratio, the more appropriate the foam for this application. Therefore, 

any foam with a green rating is deemed suitable. It is assumed that the sample properties are representative of the 

as-supplied manufacturing materials.  

Table 5.5: Overview of foam samples tested and the S-N ratio obtained by TTU. 

FOAM TYPE DESCRIPTION 
THICKNESS 

(mm) 

DENSITY 

(kg/m3) 

S-N 

RATIO 
RAG 

Airex T90.60 Closed cell polyethylene terephthalate 10 65 3.10 
 

Tricast T4 Polyurethane 19 64 4.44 
 

Airex T92.130 Closed cell polyethylene terephthalate 10 135 4.57 
 

Airex T92.60 Closed cell polyethylene terephthalate 10 35 4.86 
 

Tancast T8 Polyurethane 12 128 4.86 
 

Tricast T5 Polyurethane 10 80 5.19 
 

Airex T92.100 Closed cell polyethylene terephthalate 10 100 5.26 
 

Airex T90.150 Closed cell polyethylene terephthalate 10 145 5.26 
 

Tancast T12 Polyurethane 10 192 6.38 
 

Airex T90.100 Closed cell polyethylene terephthalate 10 110 6.41 
 

Airex T92.80 Closed cell polyethylene terephthalate 10 85 6.85 
 

Airex T90.210 Closed cell polyethylene terephthalate 10 210 7.13 
 

Rohacell XT Closed cell polymethacrylimide 7 110 9.54 
 

Rohacell IG-F Closed cell polymethacrylimide 13 110 13.43 
 

Processing route was taken into consideration. Following the manufacturing flow shown in Figure 5.8, skins 

would be precured before adhesively bonded to the core material. As such, the core would have to withstand an 

80°C-120°C cure for approximately 2 hours. In a manufacturing trial, 100mm thick sections of Airex T92.60 and 
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Rohacell IG-F were placed in an oven at 80°C under 200mbar vacuum and 3bar pressure for 2 hours with adhesive, 

release film, and a caul plate. As evident from Figure 5.9, whilst the Rohacell sample maintained its shape and 

dimensions, the Airex sample collapsed by about 25% of its original size under the processing conditions. Coupled 

with the NDT results, it is clear that this type of Airex foam is not suitable for requirements and so Rohacell IG-

F is used for reference specimens. VTFA400 (DF034) toughened epoxy adhesive film, cured at 70°C for 16 hours 

under 200mb vacuum and 3bar pressure, was used to bond the skins and core.   

From capability matrix designation, two defect configurations were placed in the sandwich reference specimens, 

core crush and adhesive bond-line disbond defects. Typically core crush defects are artificially inserted to simulate 

damage encountered during autoclave cure (pressure differential between vacuum and autoclave environment), or 

through Barely Visible Impact Damage (BVID). BVID can be introduced through impact after the manufacture 

of a full sandwich structure by an impactor and drop tower, or hand tool as performed in [377]. For this method, 

repeatability of defect size should be considered. Mills et al. [378] provide another alternative, which was to 

impact the core solely before bonding is achieved, whilst Ley et al. [379] achieved the same outcome by 

machining out small sections of the core. Skin-to-core disbond defects can be manufactured in the same method 

as delamination defects in monolithic specimens; placement of PTFE or release film between core and adhesive 

layer [377, 378].  

 

Figure 5.8: Manufacturing process flow for sandwich architecture components. 
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Aerospace standards detail the acceptance criteria for honeycomb sandwich architectures, which indicate the 

minimum detectable defect size is dependent on cell size. For example, if the cell size if ~3mm, the minimum 

detectable size is ~8mm. However, if the cell size is ~5.5mm, minimum detectable size is ~13mm [380]. Using 

this understanding, a single acceptable minimum detectable defect size for foam material cores is not assumed. 

To account for this in the manufactured specimens, core crush defects machined to a depth of 5mm and PTFE 

disbond defects of 66mm, 1010mm, 1515mm, and 2020mm dimensions are inserted. All manufacture 

was conducted in laboratory-controlled conditions of between 18°C at 63% humidity and 24°C at 43% humidity. 

Foam sections were machined to size using a bandsaw to a ±3mm tolerance, and composite skins machined with 

a CNC milling machine to a ±0.1mm tolerance.  

Core crush and disbond defects in the sandwich specimens were placed between the foam core and adhesive layer 

in the pattern demonstrated in Figure 5.10 with defect dimensions in Table 5.6. Figure 5.11 provides an overview 

of geometrical form, source material, processing route, defect type, and correlation to matrix ID with a schematic 

diagram for defect placement in components C1, C2, C3, C4, and C5.  

 

   

Figure 5.9: Comparison of 100mm foam samples after trial autoclave cure; Rohacell IG-F (left); Airex T92.60 (right). 

Table 5.6: Defect configuration in components C1-C5. 

DEFECT 

ID 

DIMENSIONS 

(mm) 

 DEFECT 

ID 

DIMENSIONS 

(mm) 

H1 2020  T1 2020 

H2 1515  T2 1515 

H3 1010  T3 1010 

H4 66  T4 66 
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Figure 5.10: Design configuration of components C1-C5 with core removal and PTFE inclusions on bond line. 
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Figure 5.11: Sandwich architecture component build and component configurations. 
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 NDT of Reference Components 

The LSS process capability measurement tool was modified to support measurement of current state NDT 

activities. Experimental design was undertaken to establish testing and reporting procedures for NDT of the 

manufactured reference standards. The testing process was based on current NCC procedures and carried out at 

least five times for each technique for reliability purposes (documented in Chapter 9). The number of tests is 

summarised in Table 5.7 where monolithic components were inspected from one side only and sandwich 

components were inspected from both sides. The procedures for UT and IRT methods are summarised in Figure 

5.12 and Figure 5.13 respectively. UT methods were performed by two Level II operators and IRT methods were 

performed by a Level III operator.   

Table 5.7: Number of inspection tests carried out for each component. 

REFERENCE 

COMPONENT ID 
UT IRT 

TOTAL 

TESTS 

 SEUT PAUT TT PT LT TRT  

M1 14 9 5 5 5 5 43 

M2 15 12 5 5 5 5 47 

M3 16 11 5 5 5 5 47 

M4 13 11 5 5 5 5 44 

C1 24 14 5 10 10 10 70 

C2 24 14 5 10 10 10 70 

C3 24 14 5 10 10 10 70 

C4 24 14 5 10 10 10 70 

C5 24 14 5 10 10 10 70 

The main process remained the same across all the techniques however, the variables for setup, calibration factors, 

and KPVs will need to be adjusted for each technique and part. The calibration specimen used is specific to the 

technique with a list of equipment used in each UT trial in Table 5.8, and IRT in Table 5.9.  Of the five 

experimental repeats, one was used for reporting purposes, capturing KPVs, equipment, and results as reported to 

standard operating procedures. This accounts for any artificial defects captured, noting detection and sizing, and 

correlating these to the as-designed measurements, as well as any unexpected features. Issues were identified and 

improvement measures are suggested for the scanning procedure and setup. Data handling and evaluation for 

inspection procedures is covered in detail in Chapter 6. 
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Figure 5.12: Standard testing procedure used for UT method inspections [368]. 

 

 

 
Figure 5.13: Standard testing procedure used for IRT method inspections [381]. 
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Table 5.8: List of equipment used in experiments with UT techniques. 

UT TECHNIQUE FLAW DETECTOR PROBE  

SEUT – Contact probe Omniscan MX2 AREVA Qualicon 5MHz 

(0EL5D6C 065/17) 

SEUT – Squirter probe Omniscan MX2 Olympus V309-SU 5MHz 0.5 

(1279433) 

PAUT Omniscan MX2 Olympus 5MHz 64 Element Array 

(5L64 NW1 SN J3503) 

TTU AREVA ISQUS Scanning 

Machine 

GAMMA Pair 5MHz 0.75 

(01H27K) | (01H27J) 

GAMMA Pair 1MHz 0.75 

(01FXPP) | (01FXPN)  

Table 5.9: List of equipment used in experiments with IRT techniques. 

IRT TECHNIQUE SOFTWARE CAMERA  HEAT SOURCE 

PT IR-NDT Flir SC6670sc 

Flir A6751sc 

4x3kJ flash lamps 

LT IR-NDT GeniCam IRS-640 2x2kJ halogen lamps 

TrT IR-NDT GeniCam IRS-640 2x2kJ halogen lamps 

 Discussion 

To avoid making individual components to satisfy the 34 component configurations in the matrix, reference 

components were designed to combine configurations for ease of manufacture and testing. However, material 

selection presents a challenge; with the monolithic components, no two components were manufactured from the 

same material. This presented a trade-off in terms of accurate representation of industrial requirements, non-

complex materials, and project budget constraints. As such, there is an overlap in the capability matrix IDs that 

the specimens fulfil. For material selection of the sandwich architecture samples, foam core material was selected 

with consideration of ultrasonic S-N ratio and processing requirements. Whilst Airex samples were similar 

thickness, the other material thicknesses varied, which affected sound transmission to a degree; the degradation 

of amplitude with thickness of different materials can be predicted through mathematical relationships. Whilst 

this relationship was not calculated, selecting a foam material with the highest S-N ratio aimed to mitigate the risk 

of poor sound transmission with thickness increase.  

The requirements of reference components are outlined in Aerospace specifications and call for some relatively 

achievable characteristics, such as defect placement as compared to other defects and part edges. However, the 

requirement of part thickness machining tolerance within ±1mm does not seem appropriate; with supposed 

measurement accuracy of some inspection equipment given to ±0.01mm, machining tolerance is unjustifiably 

large. If the part is at the upper or lower limits of this machining tolerance, the condition requiring parallel surfaces 

cannot be met as the tolerance for flatness is not specified. It is also not specified if global flatness is acceptable 
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or whether part surface flatness should be aligned as much as possible to ply angle. The condition of a maximum 

of 2dB variation with a minimisation of natural defects within the specimen may not be possible, nor truly 

representative of the component due to the material, manufacturing processing method, or geometry [369]. In the 

definition of critical defect dimensions, there is limited reference to any acceptable out-of-plane defect 

characteristics, or the conditions for reporting a defect if dimensions are less than 6mm in one axis but extend 

greater than 6mm in the other axis.  

The measurement procedures used to inspect the manufactured reference standards are evaluated for robustness; 

they are based on current Aerospace standards and have been repeated five times to reduce the likelihood of 

anomalies entering into the matrix. However, as discussed in Chapter 2 and Chapter 4, composite material 

products are inherently susceptible to variability and attempting to produce ‘best-case’ scenario products to 

populate the matrix may present a risk to industrial NDT operations. This risk is that reference components are 

not representative of real component defects. In ‘real-life’ components, defects are less likely to be regular in 

shape and potentially of unknown types and locations, with results subject to operator judgement. As such, there 

may be contention over what constitutes a real defect in comparison to a simulated defect, particularly if the 

chosen artificial defect manufacturing methods are not as accurate as thought. Moreover, any environmental 

conditions, such as accessibility or human factors, are not considered in this experimental procedure.    

If component composition is likely to vary, by extension, KPVs are likely to change from a recorded figure to 

produce an optimised scan result. It is possible that with different equipment, these values will also deviate to 

those recorded in this set of experiments however, the degree to which they change will depend on manufacturer 

and model type. Despite these changes in component, equipment, and operator characteristics and individuality, 

it is beneficial to capture KPVs such that they could be used as a benchmark for best practice or standardisation 

of processes, or to identify issues should any anomalous results be obtained. It is still not fully understood what 

‘good’ looks like for NDT of composites, particularly in reference to different types of component architectures; 

evaluation from captured data recorded and KPVs in Chapter 6 begins to establish what this is and how it varies 

between components.    

 Summary 

This chapter details the commencement of activities to populate the capability matrix framework in which they 

following aim was addressed:  

“To design, manufacture, and test reference samples to collect data from selected inspection techniques” 

Following on from the determination of component configurations in Chapter 5, reference components have been 

designed with the aim of capturing multiple geometrical and defect configurations in a single architecture. Four 

monolithic panels, designed in such a way to align with current NDT reference specimens, have been 

manufactured from well-characterised material systems, under controlled conditions. Geometrical variations are 

manifested in a stepped configuration with the insertion of artificial defects based on standard practice in literature 

and industry. Five sandwich architectures have been manufactured from high-density foam core bonded to two 

thin prepreg skins, where foam has been selected based on ease of UT transmission and processing requirements. 
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Core-to-skin bonding and inclusion of artificial defects remain consistent whilst core thickness varies. 

Representative images of manufactured reference components are shown in Figure 5.14. Testing and reporting 

procedures for UT and IRT techniques are established and are based on the LSS process capability measurement 

tool and current NCC processes. Each test has been repeated five times using the equipment outlined.  

   
 

     

Figure 5.14: Representative out-of-test as-manufactured specimens; M1, top left; M2, top right; M3, bottom left; M4, 

bottom middle; C1-C5 bottom right.  

The generation of the KB has begun to gain traction through this phase; the purely theoretical planning discussed 

in Chapter 4 has been manifested in the design and manufacture of nine reference specimens, manufactured under 

controlled conditions with representative defect configurations. Moreover, practical testing of these specimens 

presents KB content; the volume of data that must be sorted, analysed, and assessed such that it can be best used. 

This, experimental reporting, and the population of the capability matrix is explored in Chapter 6. 
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Inspection data evaluation is examined, reported, and translated into an accessible format. Sample population 

of the KB is demonstrated using this format and is demonstrated in a capability matrix. 

Chapter outputs supported by NDT team, NCC.  

Conference and Journal Papers:  

Gandhi, N., Rose, R., Croxford, A., & Ward, C. (2021). Developing a high-fidelity knowledge base for 

improvements in the nondestructive testing of advanced composite material products. In Procedia 

Manufacturing (Vol. 51, pp. 345-352). (Procedia Manufacturing). Elsevier Limited.  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 



Nikita Gandhi 

Chapter 6 

Analyse 

 

87 

 

ecording and disseminating NDT data is often discussed in terms of digital platforms with the aim of 

improving communication during the inspection process and between inspection events. These can include 

software management platforms to enable experts across the globe to be consulted on the evaluation processes, or 

data fusion platforms, which aim to combine data sets in a unified representation for enhanced interpretability 

[382–385]. However, there is a relatively small amount of ongoing conversation regarding the dissemination of 

knowledge beyond the NDT community to the rest of the New Product Introduction (NPI) process. The nature of 

NDT is that it is complex, with extensive training required to fully understand, interpret, and apply the underlying 

concepts to reach a conclusion. This, coupled with limited routes for design and manufacturing engineers to learn 

the practicalities of NDT, makes understanding the capabilities of a technique partially inaccessible to those 

outside the field. To improve the visibility and accessibility of NDT technique outcomes, the Analyse phase draws 

on the outputs of the Define and Measure phases, with the aim:  

“To set up and populate a capability matrix with efficacy of inspection with respect to assessment criteria” 

As summarised in the process flow for this chapter in Figure 6.1, the data acquired from testing the set of reference 

components manufactured (reported in Chapter 5) is evaluated according to standard reporting procedures. 

Capabilities are assessed and formulated into a simplistic Red-Amber-Green (RAG) acceptance criteria, which 

has evolved based on consultation with NDT specialists. Inspection data from the reference components are then 

graded and entered into the capability matrix.  

 

Figure 6.1: Process flow for the Analyse phase. 

 Inspection Reporting 

NDT is a highly tacit knowledge activity; whilst official training routes do exist, more knowledge is acquired 

during the demonstration of detection methods in a practical application. Drawing on the Socialisation, 

Externalisation, Combination, and Internalisation (SECI) model proposed by Nonaka et al. [234, 386], shown in 

Figure 6.2, KB development and operation for NDT can be assimilated into the model:  

• Internalisation: Explicit-to-tacit knowledge transfer during training courses and seminars. 

R 
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• Socialisation: Tacit-to-tacit knowledge transfer obtained during informal sharing of best practice or 

teaching between NDT operators.  

• Externalisation: Tacit-to-explicit knowledge transfer through capture of capabilities and limitations of 

detection methods in capability matrix testing.  

• Combination: Explicit-to-explicit knowledge transfer through reformulation of matrix data into an 

accessible format and incorporation into training information.   

Reporting of the inspection result from testing addresses the externalisation aspect of knowledge conversion. This 

activity is based on current NCC guidelines, where all indications which cannot be attributed to geometry and are 

above a given size must be reported [368]. For the purposes of matrix population with reference specimens, any 

discontinuities, expected or not within the resolution of the equipment, are reported. KPVs for each test are 

captured as a continuation of the previous phase process capability measurement.  

The reporting of monolithic component M2 and sandwich component C1 are demonstrated in this chapter. The 

same procedure was undertaken for all other components; an overview is found in Appendix B.   

 UT of Monolithic Reference Panels  

Based on the procedure detailed in Chapter 5, UT testing of four techniques was completed with five repeats of 

each component. For reporting purposes, one dataset is used to outline capabilities and limitations of the technique 

with respect to the tested component. As explained in Chapter 4, the key inputs, or KPVs related to NDT process 

setup for each technique can be found in Table 6.1. Time-Corrected Gain (TCG) is applied to the component 

where changes in thickness within the same scan can lead to an over- or under-saturation of amplitude, creating 

difficulties in analysis. As implied, for thicker sections, a larger correction is required. The assumptions used for 

PAUT are also valid for SEUT. 

 
Figure 6.2: The SECI model for knowledge-conversion processes (recreated from [234, 386]). 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Table 6.1: Comparison of UT KPVs of component M2. 

 
PAUT SEUT 

(CONTACT) 

SEUT 

(SQUIRTER) 

TTU 

Equipment Setup: 

Flaw detector Omniscan MX2 Omniscan MX2 Omniscan MX2 AREVA ISQUS 

Scanning Machine 

Probe Olympus 5MHz 64 

Element Array 

AREVA Qualicon 

5MHz 

Olympus V309-SU 

5MHz 0.5 

GAMMA Pair 

5MHz 0.75 

Probe frequency 5MHz 5MHz 5MHz 5MHz 

Element size 1mm 6.3mm 12.7mm 19.1mm 

Element 

configuration 

1D Single Single Single 

Probe housing Flat Flat  Squirter Squirter 

Probe structure Rigid, non-focus Rigid, non-focus Rigid, non-focus Rigid, non-focus 

Manipulation 

method 

Automated Automated Automated Automated 

Encoding method Automated gantry, 

string encoder (2-

axis) 

Automated gantry, 

string encoder (2-

axis) 

Automated gantry, 

string encoder (2-

axis) 

Automated gantry 

Coupling method Contact Contact Water column Water column  

Variable Setup: 

Energy 80V 95V 95V 240V 

Gain 9.06dB 37.00dB 36.00dB 38.00dB 

Velocity 2932.6m/s 2936.9m/s 3079.3m/s 3000m/s 

Filter None None None 2.9-5.0 (log)  

Gates I, A, B I, A, B  I, A, B  A 

Pulse width 100ns 100ns 100ns  120ns 

Element aperture 8 elements 1 element 1 element  6mm 

Scan/index pitch 1mm  1mm  1mm  1mm 
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6.1.1.1 PAUT Results 

Using the appropriate setup described in Table 6.1, Figure 6.3 shows an amplitude C-scan plan view of component 

M2 using PAUT, where the 5mm step is on the left of the image. Discrepancies in placement on each probe sweep 

can be attributed to inherent movements in the manipulator and encoding system and the movement of the probe 

in the housing. Taped regions of the surface of the component have caused some coupling issues, particularly on 

the right side of the panel, as the relief feature prevented adequate contact of the probe and transmission of sound. 

A bespoke panel holder was designed, additively manufactured, and sealed around the edges of the panel to 

prevent water on the back-surface interfering with the scan. The TCG applied is shown in Figure 6.4. 

It is possible to see in the amplitude scan that all artificial defects are clearly visible and can be detected when:  

• Significant reduction of Back-Wall Echo (BWE) from 80% Full-Screen-Height (FSH) by 6dB (to 40% 

FSH) for materials less than 5mm thick.  

• Significant reduction of BWE from 80% FSH by 12dB (to 20% FSH) for thicknesses greater than 5mm. 

• An intermediary signal greater than 30% FSH.  

Table 6.2 describes the characterisation, including measured size and depth features, of each of the defects. Sizing 

measurement (SIZEM) is achieved through monitoring of the intermediary signal; the edge of the defect is where 

the signal has reduced to half the maximum amplitude. Depth measurements (DEPTHM) are highly dependent on 

measured velocity through the component, calibrated on two known thicknesses within the material. Despite this, 

it was observed that after repeated calibration, the measured value of velocity was not completely consistent, 

oscillating between ±5m/s. In machining operations, the top surfaces of the components were skimmed whilst 

bottom surfaces were cut into the stepped form; this will have affected the defect depth measurements, but the 

absolute value of how much is unknown. The as-designed step thickness is given at STEMDT. Step thickness, 

measured using a portable Hexagon Coordinate-Measuring Machine (CMM) through laser-line scanning up to 

100µm accuracy, is given as STEPMT. Added complexity in depth measurements is encountered when considering 

Cure Ply Thickness (CPT) and placement of inserted defects within the layup. Various sources provide different 

estimated CPT values for the prepreg material IM7/8552 used in component M2, ranging from ~0.1250.19mm   

[387–389]. The laminate was designed based on a CPT of 0.125mm but, given material manufacturer provides a 

value of 0.131mm, there will be expected discrepancies in intended defect depth compared to reality, increasing 

in deviation as depth placement increases [390]. The expected defect depth calculated using a CPT of 0.131mm 

is given in DEPTHE. The resolution of measurements determined from PEUT techniques, include x-y position 

and depth, is given by the equipment as ±0.01mm however, the data acquisition accuracy is dependent on the scan 

pitch. As described in the KPVs, this value is usually 1mm.  



Nikita Gandhi 

Chapter 6 

Analyse 

 

91 

 

 
Figure 6.3: PAUT amplitude C-scan of component M2 with artificial defects. 

 

 
Figure 6.4: TCG applied to component M2 in PAUT. 
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Table 6.2: As-measured paper and PTFE insert defect characteristics in component M2 using PAUT technique. 

DEFECT 

ID 

STEPDT 

(mm) 

STEPMT 

(mm) 

MEASURED DEFECT 

CHARACTERISTICS 

DEPTHE (mm) 

   SIZEM (mm) DEPTHM (mm)  

B1 5 ~5.33 ~5.996.96 ~1.29 1.05 

B2 5 ~5.33 ~6.066.00 ~2.70 2.62 

B3 10 ~10.38 ~7.216.90 ~1.29 1.05 

B4 10 ~10.38 ~6.185.87 ~5.16 5.24 

B5 15 ~15.42 ~7.276.93 ~1.29 1.05 

B6 15 ~15.42 ~5.816.93 ~7.04 7.86 

B7 20 ~20.47 ~7.137.14 ~1.29 1.05 

B8 20 ~20.48 ~6.256.92 ~9.50 10.48 

B9 25 ~25.53 ~7.137.06 ~1.17 1.05 

B10 25 ~25.53 ~6.175.96 ~11.96 13.10 

B11 30 ~30.43 ~6.047.05 ~1.17 1.05 

B12 30 ~30.43 ~5.976.05 ~14.31 15.72 

B13 30 ~30.43 ~5.905.84 ~16.66 18.34 

B14 30 ~30.43 ~5.975.91 ~21.58 23.58 

B15 30 ~30.43 ~7.897.98 ~26.28 28.82 

T1 5 ~5.33 ~6.316.90 ~1.29 1.05 

T2 5 ~5.33 ~7.017.03 ~2.46 2.62 

T3 10 ~10.38 ~5.947.06 ~1.29 1.05 

T4 10 ~10.38 ~7.216.90 ~5.16 5.24 

T5 15 ~15.42 ~6.027.07 ~1.29 1.05 

T6 15 ~15.42 ~5.886.10 ~7.16 7.86 

T7 20 ~20.47 ~6.106.97 ~1.29 1.05 

T8 20 ~20.48 ~5.255.84 ~9.50 10.48 

T9 25 ~25.53 ~6.797.15 ~1.29 1.05 

T10 25 ~25.53 ~6.126.04 ~11.96 13.10 

T11 30 ~30.43 ~6.976.84 ~1.29 1.05 

T12 30 ~30.43 ~5.976.05 ~14.19 15.72 

T13 30 ~30.43 ~5.766.98 ~16.54 18.34 

T14 30 ~30.43 ~5.837.05 ~21.35 23.58 

T15 30 ~30.43 ~7.116.98 ~26.28 28.82 
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6.1.1.2 SEUT Contact Results 

Using the appropriate setup described in Table 6.1, Figure 6.5 shows an amplitude C-scan plan view of component 

M2 using SEUT contact, where the 5mm step is on the left of the image. The probe is kept at constant pressure 

on the surface of the part by a pair of springs. As the probe is smaller, the taped regions of the surface of the 

component have not caused any major issues in probe contact or sound transmission other than a small region in 

the bottom right corner of the 30mm step. The TCG applied is shown in Figure 6.6. Defect feature details are 

given in Table 6.3. 

 
Figure 6.5: SEUT contact amplitude C-scan of component M2 with artificial defects. 

 

 
Figure 6.6: TCG applied to component M2 in SEUT contact. 
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Table 6.3: As-measured paper and PTFE insert defect characteristics in component M2 using SEUT contact technique. 

DEFECT 

ID 

STEPDT (mm) STEPMT 

(mm) 

MEASURED DEFECT 

CHARACTERISTICS 

DEPTHE 

(mm) 

   SIZEM (mm) DEPTHM (mm)  

B1 5 ~5.33 ~5.077.00 ~1.17 1.05 

B2 5 ~5.33 ~5.887.04 ~2.46 2.62 

B3 10 ~10.38 ~6.666.18 ~1.05 1.05 

B4 10 ~10.38 ~5.895.97 ~4.93 5.24 

B5 15 ~15.42 ~5.826.79 ~1.05 1.05 

B6 15 ~15.42 ~4.865.98 ~6.93 7.86 

B7 20 ~20.47 ~5.757.97 ~1.17 1.05 

B8 20 ~20.48 ~5.045.98 ~9.63 10.48 

B9 25 ~25.53 ~5.977.97 ~1.05 1.05 

B10 25 ~25.53 ~5.916.04 ~11.98 13.10 

B11 30 ~30.43 ~6.986.99 ~1.05 1.05 

B12 30 ~30.43 ~5.785.89 ~14.09 15.72 

B13 30 ~30.43 ~4.795.89 ~16.80 18.34 

B14 30 ~30.43 ~4.896.09 ~21.49 23.58 

B15 30 ~30.43 ~5.897.09 ~26.19 28.82 

T1 5 ~5.33 ~6.016.02 ~1.05 1.05 

T2 5 ~5.33 ~5.885.98 ~2.46 2.62 

T3 10 ~10.38 ~6.806.96 ~1.05 1.05 

T4 10 ~10.38 ~6.385.90 ~4.93 5.24 

T5 15 ~15.42 ~6.046.94 ~1.05 1.05 

T6 15 ~15.42 ~5.095.98 ~6.93 7.86 

T7 20 ~20.47 ~6.045.76 ~1.17 1.05 

T8 20 ~20.48 ~4.906.90 ~9.28 10.48 

T9 25 ~25.53 ~7.076.79 ~1.05 1.05 

T10 25 ~25.53 ~6.045.98 ~11.74 13.10 

T11 30 ~30.43 ~4.695.99 ~1.05 1.05 

T12 30 ~30.43 ~6.085.89 ~14.09 15.72 

T13 30 ~30.43 ~4.895.79 ~16.56 18.34 

T14 30 ~30.43 ~4.595.99 ~21.26 23.58 

T15 30 ~30.43 ~4.995.89 ~26.19 28.82 
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6.1.1.3 SEUT Squirter Results  

Using the appropriate setup described in Table 6.1, Figure 6.7 shows an amplitude C-scan plan view of component 

M2 using SEUT squirter, where the 5mm step is on the left of the image. The initial pulse signal and gate was 

carefully monitored to ensure the stand-off water column length of ~20mm did not change too much, causing 

losses in data capture. Any variation may be due to misalignment of the part to the path of the waterjet. The 

inherent characteristics of using a waterjet as opposed to contact probes are visible in the increased noise in the 

results. The TCG applied is shown in Figure 6.8 and characterisation of defects shown in Table 6.4. 

 
Figure 6.7: SEUT squirter amplitude C-scan of component M2 with artificial defects. 

 

 
Figure 6.8: TCG applied to component M2 in SEUT squirter. 
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Table 6.4: As-measured paper and PTFE insert defect characteristics in component M2 using SEUT squirter technique. 

DEFECT 

ID 

STEPDT (mm) STEPMT (mm) MEASURED DEFECT 

CHARACTERISTICS 

DEPTHE 

(mm) 

   SIZEM (mm) DEPTHM (mm)  

B1 5 ~5.33 ~5.926.01 ~1.52 1.05 

B2 5 ~5.33 ~6.055.97 ~2.77 2.62 

B3 10 ~10.38 ~6.035.92 ~1.38 1.05 

B4 10 ~10.38 ~5.805.92 ~5.40 5.24 

B5 15 ~15.42 ~6.936.00 ~1.24 1.05 

B6 15 ~15.42 ~6.906.09 ~7.48 7.86 

B7 20 ~20.47 ~6.006.10 ~1.39 1.05 

B8 20 ~20.48 ~5.927.10 ~10.12 10.48 

B9 25 ~25.53 ~5.727.05 ~1.52 1.05 

B10 25 ~25.53 ~4.844.85 ~12.6 13.10 

B11 30 ~30.43 ~5.856.01 ~1.11 1.05 

B12 30 ~30.43 ~5.105.03 ~15.11 15.72 

B13 30 ~30.43 ~4.955.94 ~17.60 18.34 

B14 30 ~30.43 ~4.885.03 ~22.73 23.58 

B15 30 ~30.43 ~4.884.96 ~27.71 28.82 

T1 5 ~5.33 ~6.006.01 ~1.24 1.05 

T2 5 ~5.33 ~5.885.93 ~2.77 2.62 

T3 10 ~10.38 ~7.097.97 ~1.24 1.05 

T4 10 ~10.38 ~6.096.04 ~5.40 5.24 

T5 15 ~15.42 ~6.937.29 ~1.24 1.05 

T6 15 ~15.42 ~6.084.97 ~7.49 7.86 

T7 20 ~20.47 ~7.005.93 ~1.39 1.05 

T8 20 ~20.48 ~5.506.01 ~9.98 10.48 

T9 25 ~25.53 ~6.074.85 ~2.36 1.05 

T10 25 ~25.53 ~5.985.02 ~12.61 13.10 

T11 30 ~30.43 ~6.085.94 ~1.39 1.05 

T12 30 ~30.43 ~4.584.81 ~14.97 15.72 

T13 30 ~30.43 ~6.085.71 ~17.6 18.34 

T14 30 ~30.43 ~3.985.94 ~22.45 23.58 

T15 30 ~30.43 ~4.054.96 ~27.85 28.82 

 



Nikita Gandhi 

Chapter 6 

Analyse 

 

97 

 

6.1.1.4 TTU Results 

Using the appropriate setup described in Table 6.1, Figure 6.9 shows an amplitude C-scan plan view of component 

M2 using TTU, where the 5mm step is on the left of the image. As the inspection is conducted on a different 

equipment setup, the results cannot be directly compared to either PAUT or SEUT results. The TTU results clearly 

show the impact of part thickness on scan clarity, where defects within the thinner section are clearly differentiated 

from the ‘good’ material. Whilst it is possible to detect defects in the thicker section, greater contrast could be 

achieved by inspecting with a lower frequency probe. A water column length was kept consistent at ~60mm from 

part for both transducer and receiver probes.  

The nature of TTU means that depth measurements cannot be obtained; a time-based measurement does not exist, 

as only the loss of signal from a feature is captured. However, size of defects is captured using a 6dB allowable 

attenuation limit from ‘good’ part saturation, described in Table 6.5.  

 
Figure 6.9: TTU squirter amplitude C-scan of component M2 with artificial defects. 
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Table 6.5: As-measured paper and PTFE insert defect sizes in component M2 using TTU technique. 

DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

SIZEM 

(mm) 

 DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

SIZEM 

(mm) 

B1 5 1.05 ~6.906.70  T1 5 1.05 ~6.006.80 

B2 5 2.62 ~6.707.30  T2 5 2.62 ~6.005.80 

B3 10 1.05 ~6.607.70  T3 10 1.05 ~6.907.40 

B4 10 5.24 ~6.706.70  T4 10 5.24 ~6.907.50 

B5 15 1.05 ~6.806.00  T5 15 1.05 ~5.307.80 

B6 15 7.86 ~8.006.00  T6 15 7.86 ~6.006.40 

B7 20 1.05 ~7.805.90  T7 20 1.05 ~6.306.40 

B8 20 10.48 ~6.806.90  T8 20 10.48 ~7.505.80 

B9 25 1.05 ~5.106.30  T9 25 1.05 ~5.205.90 

B10 25 13.10 ~7.205.70  T10 25 13.10 ~6.106.00 

B11 30 1.05 ~6.007.20  T11 30 1.05 ~6.806.90 

B12 30 15.72 ~6.807.00  T12 30 15.72 ~6.306.80 

B13 30 18.34 ~6.706.90  T13 30 18.34 ~6.806.70 

B14 30 23.58 ~7.706.60  T14 30 23.58 ~6.706.80 

B15 30 28.82 ~6.006.90  T15 30 28.82 ~7.507.00 

 IRT of Monolithic Reference Panels   

Based on the procedure detailed in Chapter 5, IRT of three techniques was completed. Images were captured as 

part of the dataset, which is used to outline capabilities and limitations of the technique with respect to the tested 

component. This data is then processed using algorithms in either the phase state, 1st derivative (rate of change of 

natural logarithmic of time with respect to natural logarithmic of temperature), or 2nd derivative (rate of change 

of 1st derivative with respect to the natural logarithmic of time). Surface preparation is necessary for ensuring the 

surface is not too reflective or has surface discontinuities that will interfere with the results of the inspection. A 

method detailed in NCC IRT procedures to reduce these effects was to apply a matt or graphite paint coating to 

enhance the component surface emissivity. Lamps were positioned such that uniform heating of the inspected 

surface was achieved. IRT is often deployed as a rapid inspection method however, time must be taken when first 

approached with a new product to find the optimum processing settings. As explained in Chapter 4, the KPVs 

related to NDT process setup for each technique can be found in Table 6.6.  
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Table 6.6: Comparison of IRT KPVs from component M2. 

 
PT LT TrT 

Equipment Setup: 

Software IR-NDT IR-NDT IR-NDT 

Camera Flir SC6670sc GeniCam IRS-640 GeniCam IRS-640 

Heat source Flash lamps Halogen lamps Halogen lamps 

Mode Reflection Reflection Reflection 

Camera distance 400mm 480mm 350mm 

Camera incidence angle 0° 0° 0° 

Camera wave band 1-5µm medium-wave IR 

band 

7-13µm long-wave IR 

band 

7-13µm long-wave IR 

band 

Frame rate 125Hz 50Hz 50Hz 

Noise equivalent 

temperature difference 

18mK 30mK 30mK 

Camera resolution  640x512 640x480 640x480 

Lamp distance 400mm 480mm 350mm 

Lamp incidence angle <20° <20° <20° 

Lamp power 4x3000J 2x2000J 2x2000J 

Variable Setup: 

Excitation duration Flash 40s 20s 

Excitation frequency n/a 3Hz n/a 

Recording duration 20s 120s 60s 

6.1.2.1 PT Results 

Using the appropriate setup described in Table 6.6, Figure 6.10 shows a sample thermogram of the component 

M2 using PT with two near surface defects in boxes. The Pulse-Phase algorithm in phase is used to identify the 

locations of selected artificial defects. Defects present as blurry indications, and as such, it is difficult to accurately 

size the discontinuity. Moreover, depth measurements require a known thermal emissivity value of the material 

under test. Thermal properties, such as density, thermal conductivity, and specific heat capacity, are necessary to 

calculate the emissivity value and can be obtained as general values for CFRP. However, since the understanding 

is that the properties of composite products can vary, depth measurements using these values was not deemed to 

be appropriate, so depth is not evaluated using this equipment setup. It is expected that due to heat transfer 

limitations and the empirical relationship between defect size (of 6mm diameter) and depth, defects deeper than 

2mm have not been detected, as shown in Table 6.7. The use of flash creates some complexities in captured images 

which must be compensated through contrast settings; these complexities and interferences are shown in Figure 

6.10 as black marks.   
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Figure 6.10: PT Pulse-Phase thermogram of component M2 with identified artificial defects; colour scale visibility 

determined by Area of Interest (AOI) shown in white box; camera features visible as black markings. 

Table 6.7: Detected paper and PTFE insert defect in component M2 using PT technique. 

DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

DETECTED?  DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

DETECTED? 

B1 5 1.05 Yes  T1 5 1.05 Yes 

B2 5 2.62 No  T2 5 2.62 No 

B3 10 1.05 Yes  T3 10 1.05 Yes 

B4 10 5.24 No  T4 10 5.24 No 

B5 15 1.05 Yes  T5 15 1.05 Yes 

B6 15 7.86 No  T6 15 7.86 No 

B7 20 1.05 Yes  T7 20 1.05 Yes 

B8 20 10.48 No  T8 20 10.48 No 

B9 25 1.05 Yes  T9 25 1.05 Yes 

B10 25 13.10 No  T10 25 13.10 No 

B11 30 1.05 Yes  T11 30 1.05 Yes 

B12 30 15.72 No  T12 30 15.72 No 

B13 30 18.34 No  T13 30 18.34 No 

B14 30 23.58 No  T14 30 23.58 No 

B15 30 28.82 No  T15 30 28.82 No 

6.1.2.2 LT Results 

Using the appropriate setup described in Table 6.6, Figure 6.11 shows a sample thermogram of the component 

M2 using LT with several near surface defects in boxes. The Single Frequency Discrete Fourier Transform (DFT) 

algorithm in phase is used to post-process the data. LT requires a more random approach to defect detection, with 

lamp on-time and frequency being key factors, with the optimum combination of the two requiring repeated 
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experimentation. In addition to this complexity, continuous and sequenced image frames are not captured 

therefore the correct time period and image frame combination must be found. Despite this, the effects of reflection 

from a lamp flash are minimised using this technique. Similar to PT, defect deeper than 2mm have not be 

identified, as shown in Table 6.8.  

 

Figure 6.11: LT Single Frequency DFT thermogram of component M2 with artificial defects. 

Table 6.8: Detected paper and PTFE insert defect in component M2 using LT technique. 

DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

DETECTED?  DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

DETECTED? 

B1 5 1.05 Yes  T1 5 1.05 Yes 

B2 5 2.62 No  T2 5 2.62 No 

B3 10 1.05 Yes  T3 10 1.05 Yes 

B4 10 5.24 No  T4 10 5.24 No 

B5 15 1.05 Yes  T5 15 1.05 Yes 

B6 15 7.86 No  T6 15 7.86 No 

B7 20 1.05 Yes  T7 20 1.05 Yes 

B8 20 10.48 No  T8 20 10.48 No 

B9 25 1.05 Yes  T9 25 1.05 Yes 

B10 25 13.10 No  T10 25 13.10 No 

B11 30 1.05 Yes  T11 30 1.05 Yes 

B12 30 15.72 No  T12 30 15.72 No 

B13 30 18.34 No  T13 30 18.34 No 

B14 30 23.58 No  T14 30 23.58 No 

B15 30 28.82 No  T15 30 28.82 No 
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6.1.2.3 TrT Results 

Using the appropriate setup described in Table 6.6, Figure 6.12 shows a sample thermogram of the component 

M2 using TrT with several near surface defects in boxes. The Root-Model algorithm was utilised for analysis in 

the 2nd derivative however, contrast settings for visualisation of defects against ‘good’ regions could be improved. 

With TrT, finding adequate contrast relies on increasing the lamp-on and acquisition time; care must be taken to 

avoid over-heating the surface and causing damage to the component. As seen in Table 6.9, only defects less than 

2mm below the surface have been identified.  

 
Figure 6.12: TrT Root-Model thermogram of component M2 with artificial defects. 

Table 6.9: Detected paper and PTFE insert defect in component M2 using TrT technique. 

DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

DETECTED?  DEFECT 

ID 

STEPDT 

(mm) 

DEPTHE 

(mm) 

DETECTED? 

B1 5 1.05 Yes  T1 5 1.05 Yes 

B2 5 2.62 No  T2 5 2.62 No 

B3 10 1.05 Yes  T3 10 1.05 Yes 

B4 10 5.24 No  T4 10 5.24 No 

B5 15 1.05 Yes  T5 15 1.05 Yes 

B6 15 7.86 No  T6 15 7.86 No 

B7 20 1.05 Yes  T7 20 1.05 Yes 

B8 20 10.48 No  T8 20 10.48 No 

B9 25 1.05 Yes  T9 25 1.05 Yes 

B10 25 13.10 No  T10 25 13.10 No 

B11 30 1.05 Yes  T11 30 1.05 Yes 

B12 30 15.72 No  T12 30 15.72 No 

B13 30 18.34 No  T13 30 18.34 No 

B14 30 23.58 No  T14 30 23.58 No 

B15 30 28.82 No  T15 30 28.82 No 
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 UT of Sandwich Reference Panels 

Similar to testing of monolithic components, sandwich architecture reference specimens were tested five times 

with each of the four UT techniques. KPVs related to NDT process setup for each technique can be found in Table 

6.10 for the inspection of component C1. Despite the general symmetrical structure of the reference, including a 

thickness of foam between two identical skins, defects are only inserted on a single-side bond line. As such, the 

specimens are tested on both sides to account for part accessibility. This is particularly necessary when testing 

with PEUT techniques. While the component skin thicknesses remain the same, any changes in scan results can 

be attributed to core thickness or bond quality. The assumptions used for PAUT are also valid for SEUT. 

Table 6.10: Comparison of UT KPVs of component C1. 

 
PAUT SEUT 

(CONTACT) 

SEUT 

(SQUIRTER) 

TTU 

Equipment Setup: 

Flaw detector Omniscan MX2 Omniscan MX2 Omniscan MX2 AREVA ISQUS 

Scanning Machine 

Probe Olympus 5MHz 64 

Element Array 

AREVA Qualicon 

5MHz 

Olympus V309-SU 

5MHz 0.5 

GAMMA Pair 

1MHz 0.75 

Probe frequency 5MHz 5MHz 5MHz 1MHz 

Element size 1mm 6.3mm 12.7mm 19.1mm 

Element 

configuration 

1D Single Single Single 

Probe housing Flat Flat  Squirter Squirter 

Probe structure Rigid, non-focus Rigid, non-focus Rigid, non-focus Rigid, non-focus 

Manipulation 

method 

Automated Automated Automated Automated 

Encoding method Automated gantry, 

string encoder (2-

axis) 

Automated gantry, 

string encoder (2-

axis) 

Automated gantry, 

string encoder (2-

axis) 

Automated gantry 

Coupling method Contact Contact Water column Water column  

Variable Setup: 

Energy 80V 95V 95V 240V 

Gain 10.00dB 38.00dB 46.00V 50.00dB 

Velocity 3003.0m/s 3003.0m/s 3003.0m/s 3000m/s 

Filter None None None 0.5-1.7 (log) 

Gates I, A, B I, A, B  I, A, B  A 

Pulse width 100ns 100ns 100ns  514ns 

Element aperture 8 elements 1 element 1 element  6mm 

Scan/index pitch 1mm  1mm  1mm  1mm 
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6.1.3.1 PAUT Results  

Using the appropriate setup described in Table 6.10, Figure 6.13 shows an amplitude C-scan plan view of 

component C1 from the top skin and bottom skin using PAUT. It is possible to see most artificial defects as they 

are treated as bond line defects. BWE attenuation of the top skin is monitored with the same method as for the 

inspection of monolithic components (for a skin less than 5mm thick); while standard procedure for monolithic 

components requires the BWE signal to be at 80% FSH, the setup for inspecting the skin before bonding is used. 

This results in the BWE stabilising over the ‘good’ regions at ~24% due to the significant attenuation of sound 

when skin is bonded to foam materials. Since the consistency of the bond line is directly related to the consistency 

of the skin BWE, a discontinuity may exist if the top skin BWE signal amplitude rises by 6dB or more. This is 

due to the damping effect of the foam being effectively reduced or eliminated by a disbond. 

Table 6.11 describes the characterisation of artificial defects that can be seen, including measured size and depth. 

The acceptance criteria for monolithic samples states that unacceptable attenuation of the BWE corresponds with 

an increase in amplitude of the bond line signal of 6dB or more, indicative of a discontinuity in the bond line. As 

an acceptance criteria specific to bonded sandwich panels does not exist (where the BWE of the whole part and 

bond line cannot be monitored simultaneously), the 6dB rule is used only in application to the bond line. However, 

sizing measurement (SIZEM) is achieved through monitoring the BWE of the artificial defects as opposed to the 

‘good’ regions. This presents less risk in sizing; as the bond line is shown to be highly variable in these parts, as 

expected from a bond line, an average amplitude would need to be taken to establish a threshold 6dB difference 

in amplitude where defects were present. Therefore, a 6dB drop is used from the 80% amplitude readings in defect 

locations. The difference between the representation of defect types could be attributed to the method by which 

they were artificially inserted into the component; core removal introduces a larger and more defined air gap than 

using PTFE. The resolution of measurements determined from PEUT techniques is given as ±0.01mm.  

    

 

Figure 6.13: PAUT amplitude C-scan of component C1 with artificial defects; defect side (left); non-defect side (right). 
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Table 6.11: As-measured hole and PTFE defect characteristics in component C1 using PAUT technique. 

DEFECT 

ID 

MEASURED DEFECT 

CHARACTERISTICS 

SIZEE 

(mm) 

 DEFECT 

ID 

MEASURED DEFECT 

CHARACTERISTICS 

SIZEE 

(mm) 

 SIZEM (mm) DEPTHM    SIZEM (mm) DEPTHM   

H1 ~20.8420.44 Bond line 2020  T1 ~20.9920.99 Bond line 2020 

H2 ~14.8916.10 Bond line 1515  T2 ~13.8114.58 Bond line 1515 

H3 ~8.299. 97 Bond line 1010  T3 ~8.9710.16 Bond line 1010 

H4 ~6.997.92 Bond line 66  T4 ~5.937.29 Bond line 66 

6.1.3.2 SEUT Contact Results 

Using the appropriate setup detailed in Table 6.10, Figure 6.14 shows an amplitude C-scan plan view of 

component C1 using SEUT contact. Defect feature details are given in Table 6.12. The probe is kept in constant 

pressure on the surface of the part by a pair of springs.  

    

 

Figure 6.14: SEUT contact amplitude C-scan of component C1 with artificial defects; defect side (left); non-defect side 

(right). 
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Table 6.12: As-measured hole and PTFE defect characteristics in component C1 using SEUT contact technique. 

DEFECT 

ID 

MEASURED DEFECT 

CHARACTERISTICS 

SIZEE 

(mm) 

 DEFECT 

ID 

MEASURED DEFECT 

CHARACTERISTICS 

SIZEE 

(mm) 

 SIZEM (mm) DEPTHM     SIZEM (mm) DEPTHM   

H1 ~19.6320.03 Bond line 2020  T1 ~21.8222.04 Bond line 2020 

H2 ~14.9615.80 Bond line 1515  T2 ~15.6216.00 Bond line 1515 

H3 ~9.159.96 Bond line 1010  T3 ~8.9810.08 Bond line 1010 

H4 ~6.665.98 Bond line 66  T4 ~5.935.97 Bond line 66 

6.1.3.3 SEUT Squirter Results  

Using the appropriate setup described in Table 6.10, Figure 6.15 shows an amplitude C-scan plan view of 

component C1 using SEUT squirter. The initial pulse signal and gate were carefully monitored to ensure the stand-

off distance did not change too much, causing losses in data capture. This proved difficult to achieve, especially 

where skin thickness is of ~1.6-2mm and I-gate needs to be small enough to avoid interference with the BWE. 

Since the smallest angular deviation of the panel in two axes caused the initial pulse to move out of the gate, a 

bespoke rig was additively manufactured and mounted upon a camera tripod. Using this rig, small adjustments 

could be made in a single axis without affecting other degrees of freedom. This setup is not currently adopted as 

standard practice for SEUT squirter inspections. Inherent characteristics of using a waterjet of ~20mm length, as 

opposed to contact probes, are visible in the increased noise in the results. Defect details are given in Table 6.13. 

    

 

Figure 6.15: SEUT squirter amplitude C-scan of component C1 with artificial defects; defect side (left); non-defect side 

(right). 
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Table 6.13: As-measured hole and PTFE defect characteristics in component C1 using SEUT squirter technique. 

DEFECT 

ID 

MEASURED DEFECT 

CHARACTERISTICS 

SIZEE 

(mm) 

 DEFECT 

ID 

MEASURED DEFECT 

CHARACTERISTICS 

SIZEE 

(mm) 

 SIZEM (mm) DEPTHM     SIZEM (mm) DEPTHM   

H1 ~19.7219.46 Bond line 2020  T1 ~19.4719.96 Bond line 2020 

H2 ~14.7315.87 Bond line 1515  T2 ~14.2315.98 Bond line 1515 

H3 ~11.239.98 Bond line 1010  T3 ~9.2310.02 Bond line 1010 

H4 ~5.245.92 Bond line 66  T4 ~4.955.99 Bond line 66 

6.1.3.4 TTU Results  

Using the appropriate setup described in Table 6.10, Figure 6.16 shows an amplitude C-scan plan view of 

component C1 using TTU. A water column length was kept consistent at ~60mm from part for both transducer 

and receiver probes. As the inspection is conducted on a different equipment setup, the results cannot be directly 

compared to either PAUT or SEUT results. Attenuation characteristics of each defect type are also clearly seen 

on this scan, presenting a method to differentiate between the types. TTU is the standard technique for inspecting 

bonded sandwich architectures and is conducted with a set of lower frequency probes. As such, the threshold for 

allowable attenuation limit is raised to an 18dB drop from ‘good’ part amplitude saturation, which is used for 

defect sizing. While all defects can be detected, not all can be characterised, as shown in Table 6.14. 

 
Figure 6.16: TTU amplitude C-scan of component C1 with artificial defects. 
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Table 6.14: As-measured hole and PTFE defect characteristics in component C1 using TTU technique. 

DEFECT 

ID 

SIZEM (mm) SIZEE (mm)  DEFECT 

ID 

SIZEM (mm) SIZEE (mm) 

H1 ~18.0019.10 2020  T1 ~14.6015.60 2020 

H2 ~15.0014.80 1515  T2 ~9.409.70 1515 

H3 ~9.209.00 1010  T3 --- 1010 

H4 ~5.805.20 66  T4 --- 66 

 IRT of Sandwich Reference Panels 

IRT of the five sandwich panels was conducted; components were inspected both sides with each of the three 

techniques to account for part accessibility and influence of core thickness on detection. KPVs related to NDT 

process setup for each technique when inspecting component C1 can be found in Table 6.15.  

Table 6.15: Comparison of IRT KPVs from component C1. 

 
PT LT TrT 

Equipment Setup: 

Software IR-NDT IR-NDT IR-NDT 

Camera Flir A6751sc Flir A6751sc Flir A6751sc 

Heat source Flash lamps Halogen lamps Halogen lamps 

Mode Reflection Reflection Reflection 

Camera distance 300mm 325mm 325mm 

Camera incidence angle 0° 0° 0° 

Camera wave band 1-5µm medium-wave IR 

band 

1-5µm medium-wave IR 

band 

1-5µm medium-wave IR 

band 

Frame rate 125Hz 125Hz 125Hz 

Noise equivalent 

temperature difference 

18mK 18mK 18mK 

Camera resolution  640x512 640x512 640x512 

Lamp distance 250mm 250mm 250mm 

Lamp incidence angle <10° <10° <10° 

Lamp power 4x3000J 2x2000J 2x2000J 

Variable Setup: 

Excitation duration Flash 10s 12s 

Excitation frequency n/a 4Hz n/a 

Recording duration 4s 60s 50s 
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6.1.4.1 PT Results 

Using the appropriate setup described in Table 6.15, Figure 6.17 shows a sample thermogram of component C1 

using PT. The Root-Model algorithm in the 2nd derivative is used to identify selected artificial defects with some 

shown in boxes. Analysis of the results presents a limitation in the detection of different types of bond line defects; 

only a single line of defects that were produced from the core cut-out method were detected with exception of the 

smallest 66mm defect, summarised in Table 6.16. Despite having the same intended outcome of a disbond, 

PTFE tabs were not identified in thermograms, potentially due to the minimal differential in thermal effusivity 

and diffusivity coefficient of the defect as compared to the host [373]. This is different to the monolithic standards 

where defect was enclosed by the same material. The sandwich structure is constructed from various materials 

built up on top of each other which creates multiple interfaces and instances for heat flow to be obstructed.  

   

Figure 6.17: PT Root-Model thermogram of component C1 with identified artificial defects. 

Table 6.16: Detected hole and PTFE bond line defects in component C1 using PT technique. 

DEFECT 

ID 

SIZEE 

(mm) 

DEPTHE 

(mm) 

DETECTED?  DEFECT 

ID 

SIZEE 

(mm) 

DEPTHE 

(mm) 

DETECTED? 

H1 2020 Bond line Yes  T1 2020 Bond line No 

H2 1515 Bond line Yes  T2 1515 Bond line No 

H3 1010 Bond line Yes  T3 1010 Bond line No 

H4 66 Bond line No   T4 66 Bond line No 

6.1.4.2 LT Results 

Using the appropriate setup described in Table 6.15, Figure 6.18 shows a sample thermogram of component C1 

using LT. The Single Frequency DFT algorithm in phase is used to identify defects. This test determined that 

whilst very faint indications are visible in the thermogram, the threshold is set such that it is not enough to 

determine the presence of defects. Instead, indications could be considered a feature of the adhesive bond line. 

Therefore, LT technique was not capable of detection of either of the defect types for any size, summarised in 

Table 6.17.   
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Figure 6.18: LT Single Frequency DFT thermogram of component C1 with absence of identified artificial defects. 

Table 6.17: Detected hole and PTFE bond line defects in component C1 using LT technique. 

DEFECT 

ID 

SIZEE 

(mm) 

DEPTHE 

(mm) 

DETECTED?  DEFECT 

ID 

SIZEE 

(mm) 

DEPTHE 

(mm) 

DETECTED? 

H1 2020 Bond line No  T1 2020 Bond line No 

H2 1515 Bond line No  T2 1515 Bond line No 

H3 1010 Bond line No  T3 1010 Bond line No 

H4 66 Bond line No   T4 66 Bond line No 

6.1.4.3 TrT Results 

Using the appropriate setup described in Table 6.15, Figure 6.21 shows a sample thermogram of component C1 

using TrT. The Root-Model algorithm in the 2nd derivative is used to identify selected artificial defects, with some 

shown in boxes. The TrT technique is suggested for the inspection of skin-to-core bonded components, and as 

such, is expected to detect all defects. However, the results are similar to the PT technique where only core cut-

out defects have been detected, with the exception of the smallest 66mm feature, summarised in Table 6.18. 

   

Figure 6.19: TrT Root-Model thermogram of component C1 with identified artificial defects. 
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Table 6.18: Detected hole and PTFE bond line defects in component C1 using TrT technique. 

DEFECT 

ID 

SIZEE 

(mm) 

DEPTHE 

(mm) 

DETECTED?  DEFECT 

ID 

SIZEE 

(mm) 

DEPTHE 

(mm) 

DETECTED? 

H1 2020 Bond line Yes  T1 2020 Bond line No 

H2 1515 Bond line Yes   T2 1515 Bond line No 

H3 1010 Bond line Yes  T3 1010 Bond line No 

H4 66 Bond line No   T4 66 Bond line No 

 Matrix Population 

Testing forms the foundation of the capability matrix so the highly technical testing output must be codified within 

this structure. This should be achieved through a method that transfers the explicit knowledge contained in the 

inspection report to another explicit format that is easily decipherable by non-technical users of NDT. Referring 

to the SECI model in Figure 6.2, this knowledge transfer action falls under the combination mode of conversion. 

This section discusses the process of defining the assessment criteria against which detection technique 

capabilities are evaluated, providing a qualitative assessment of what ‘good’ for NDT of composites looks like. 

A LSS prioritisation matrix tool has been used as the basis for the assessment criteria and population of the 

capability matrix. This matrix will allow problem areas to be identified for increased research priority.  

 Designation of an Assessment Criteria 

A key requirement of the KB is to measure capability of an NDT technique against components typically used in 

industry. According to ASTM E1316-21D [391], a flaw is defined as a discontinuity that may be detectable by 

NDT methods but is not necessarily rejectable. A defect is defined as one or more flaws whose aggregate size, 

shape, orientation, location, or properties do not meet specified acceptance criteria and are therefore rejectable. 

When evaluating detectable discontinuities in the capability matrix, the defect definition is used where an 

indication of a potential defect is relevant and has the potential to causes a part to become non-conforming to a 

given specification. As not all NDT techniques, operators, or companies perform NDT the same way, there needs 

to be a way to standardise the efficacy of a method; defect detection, defect localisation, and defect 

characterisation have all been used in research papers to define a similar process. In this case, the ASTM E1316-

21D definitions of these terms have been modified to two measures of capability, shown in Table 6.19 [265]. 

An initial evaluation of inspection results gave rise to a top-level assessment criteria which provides an overview 

of the capabilities to those with a non-technical background. This RAG rating is shown in Table 6.20. A matrix 

populated using the criteria would be suitable for non-developmental purposes, such as dissemination of 

knowledge through the product development process to engineers and managers in other areas. However, it is not 

necessarily suitable for NDT operators, or those seeking to further NDT technologies. 

For the technical-user, an expanded set of criteria is needed to be of greater value, accurately reflecting both the 

capabilities of the system, and how useful each capability designation is to operations. Semi-structured interviews 
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between six NDT specialists of at least Level II qualification in their discipline and from a variety of backgrounds 

and industries were carried out through electronic communications. Participants were recruited on a voluntary 

basis through the NCC or through in-person cross-sector NDT events in the UK. Ethical considerations were 

accounted for in the interview procedure, where all specialists agreed to participation with informed consent and 

were assured their results would be anonymous. Additional information pertaining to intended publication of the 

results of the research, contacts for issues in the research process, information on data use, sharing, and disposal, 

and security of data storage was verbally communicated. Participants were also informed on their right to 

withdraw from the study at any point during the study without suffering detriment, achieved through written 

correspondence. A subset of participant information, from those who were willing and able to share, is outlined 

in Table 6.21.  

All participants received an introduction to the study and context of the study in the wider project prior to obtaining 

a qualitative input into the designation of the general engineering RAG rating system. Outputs have highlighted 

several important considerations:  

• Red and Green categories are clear cut with both capabilities (not) possible.  

• The Amber category is too vague and needs to be expanded to account for encompassed elements.  

• Detection serves as a go/no-go tool.  

• Characterisation tends to follow detection for further analysis of the detected flaw. It is possible to have 

characterisation-only techniques however, they are deployed where a certain level of detail is required.  

• Limited confidence in the result is indicative of poor reliability however, confidence factor has relevance 

to Probability of Detection (POD) and to measurement or identification uncertainty.  

As with the general user set of assessment criteria, detection only, detection and sizing, detection and depth, 

characterisation only, sizing only, depth only, and limited confidence are all included within the single Amber 

category. It is therefore sensible to break down the inspection into sub-categories. Table 6.22 shows the expanded 

Amber category and evolved definitions, graded to account for practicality of success requirements. For example, 

characterisation is seen as ‘less useful’ as a stand-alone tool than detection capabilities, whilst Green is considered 

the ‘gold’ standard with full detection and characterisation capabilities. 

Table 6.19: Definitions used to evaluate inspection efficacy. 

CAPABILITY TERM DEFINITION 

Detection The action of identifying the presence of a flaw/defect in the structure, with a view 

to conduct further analysis to confirm the discontinuity.  

Characterisation  The process of quantifying the size and depth of a flaw/defect based on the NDT 

response, confirmed against specimen drawings within a tolerance.  
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Table 6.20: RAG rating definition for capability matrix population from a general engineering perspective. 

 RAG DESCRIPTION  

 

 
Technique not capable of detection and characterisation.  

 

 

Technique capable of limited detection or 

characterisation. 

 

 

 
Technique capable of detection and characterisation.  

Table 6.21: Subset of participant information from semi-structured interviews. 

PARTICIPANT ID GENDER TYPE OF EXPERIENCE YEARS OF EXPERIENCE  

1 Male Research  5-10 

2 Male Training, Industry (Aerospace) 30-35 

3 Male Research, Industry (Aerospace) 35-40 

4 Male Research, Training, Industry 

(Aerospace, Energy, Marine)  

30-35 

5 Male Industry (Aerospace) 30-35 

6 Male Research, Industry (Aerospace) 10-15 

Table 6.22: RAG rating definition for capability matrix population from a technical-user perspective. 

 RAG DESCRIPTION  

 

 
Technique not capable of detection and characterisation.  

 

 
Technique capable of characterisation only.  

 

 
Technique capable of detection only, with limitations.  

 

 
Technical capable of detection and a limited aspect of characterisation.  

 

 
Technique capable of detection and characterisation.  

 Matrix Assignment 

The results from inspections are combined and analysed against the determined assessment criteria and used to 

populate the capability matrix. Table 6.23 and Table 6.24 demonstrate the populated matrices for monolithic and 

sandwich structures with the technical-user RAG rating to assess capability against component configuration. This 

result has been obtained using the selected equipment, assumes that a technique must detect and characterise a 

defect, and does not take time or cost factors into account. For other applications and requirements, the RAG 

criteria and associated entry to the capability matrix must be altered. Data evaluation, assessment of capabilities, 

and RAG preparation for entry into the KB for the other seven reference components manufactured is described 

in Appendix B. 

 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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An example of an idealised method of use of the KB using the data from component M2 is shown in Figure 6.20; 

the matrix can be used as a decision-based applicability tool for the selection of a new NDT method or design of 

a new inspection process. Each decision point relates to an element of the component architecture, each of which 

contributes greatly to the applicability of inspection techniques. Properly codified, this selection process 

represents the front end of the KB, where results are based upon the content of the capability matrix. With 

continued testing, the selection fields and possible detection methods is expected to grow.  

 
Figure 6.20: Front-end decision-based applicability tool using the capability matrix. 
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Table 6.23: Monolithic component NDT capability matrix populated with technical-user ratings. 

 

Table 6.24: Sandwich component NDT capability matrix populated with technical-user ratings. 
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 Discussion 

A consensus reached within NDT circles is that one of the most important factors within an inspection process is 

an understanding of the tested component, including the architecture, expected defect content, and knowledge of 

how the component was manufactured. This includes the acceptance criteria, which should be derived based on 

the component applicability and criticality by the designer. In this project, 66mm defects have been selected for 

use in monolithic component configurations, which is an Aerospace standard. This defect size has resulted from 

analysis of certain laminates and load types for application within the Aerospace industry. Therefore, the results 

of the matrix that are based on the defect of selected sizes should be seen as a guideline for other industries to 

define their limits of acceptability within the proposed matrix framework. Critical defect size for acceptance 

criteria could be determined through structural modelling techniques however, some synergy is required to align 

the minimum detectable defect size and maximum critical defect size. In doing so, great financial investment is 

required, the level of which will dictate the promotion or disruption of developments. Whilst the Aerospace 

industry provided one of the first opportunities for implementation of UT and IRT methods, it has been noted that 

the Aerospace industry is generally lacking in investment of novel NDT techniques and processes compared to 

other industries, such as Oil & Gas or Nuclear. This, alongside the rigorous qualification process for acceptance, 

leads to an inability, or slow path, to take advantage of new technologies or innovations [392].     

Any NDT operation, whilst carried out by trained operators, will be susceptible to human variability, something 

that is evident in the experiments carried out in this chapter. In industry, there are rigid inspection procedures that 

must be adhered to in order to limit variability. Despite this and the level of technician training or experience, 

results could be highly dependent on the diligence of the operator and their effort to exhaust analysis capabilities. 

The influence of this diligence is clearer in a research environment where procedures are not cemented for a 

particular product. It is anticipated that if the experimental procedures were to be carried out by a different group 

of operators, a modified set of KPVs and results would be obtained. How this output would affect the matrix 

population rating is not certain. However, the capture of KPVs and values with respect to component 

configurations within this framework establishes a baseline; it presents a first pass at standardisation which should 

be challenged by others. Moreover, in some industries, NDT technicians are only versed in a single method. Multi-

disciplinary skills are not necessarily highly promoted, which leads to a lack of appreciation for other NDT 

techniques and evaluating the application of better, more advanced, or developing techniques. This is true of 

companies that only expect operators to perform NDT inspections of a certain method according to written 

instructions. Whilst only those who have Level III qualification can write procedures in industry, they must have 

a ‘working’ knowledge of the main NDT methods. This understanding and the degree to which techniques are 

developed in an industrial context are not necessarily quantified.  

 Inspection Reporting 

Inspection and reporting are established as robust processes and have been proved out on the nine components 

manufactured. Measuring the capabilities of NDT methods with respect to component configuration is dependent 

on several factors which can be observed during inspection operations.  
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Firstly, it must be considered what constitutes a ‘good’ reference standard. A difference exists between the 

generation of a ‘pristine’ component where defects can be clearly differentiated from the host material, and a 

component with typical characteristics of the material which may present multiple non-designed indications. The 

‘pristine’ component presents the best-case scenario, whereas the latter scenario is desirable to mimic the as-

manufactured component and establish the expected response. Manufacturing parameters must also be considered; 

whether the manufacturing process is repeatable and whether the material characteristics of the reference are truly 

representative of the effects of part design and manufacturing. This is evident in the manufacture of sandwich 

architecture reference standards, where in bonding 10 skin panels to core material, the level of inherent process 

variability is immediately obvious in UT inspections. Regions that present bonding issues could mask defects and 

affect characterisation. This also evident in IRT with the inability to detect some defects on sandwich panels which 

should be bonded in an identical manner to others. For example, all defects, but the 66mm core crush defect, 

are visible on the 10mm core specimen, but none are visible on the 40mm specimen with PT. Similarly, the 

monolithic components manufactured from dry fibre present some variability issues that may prevent the distinct 

detection and characterisation of defects using the prescribed acceptability criteria. As such, the reference standard 

and definition of inspection capability can only be as ‘good’ as the manufacturing process controls. The longevity 

of the reference standard should also be considered as it is possible that the composition of the sample may change 

dependent on the storage conditions over its lifetime and become unsuitable for the required calibration process. 

Whilst some reference standards may have a requirement for periodic recertification, it should be considered if 

this process is frequent enough to avoid negatively affecting inspection results. Despite this, the nine reference 

standards have been manufactured under carefully controlled conditions, following best practice procedures for 

both fabrication and inspection. This breadth of reference standards begins to build up a repository of calibration 

pieces that are representative of the types of components that will be encountered in inspection such that 

anticipated responses can be established.    

Measured capabilities are dependent on numerous variables within the inspection process, including equipment 

and the setup configuration used. While a particular rating is gained with the experimental procedures used, this 

may not be true in other setups. For example, with SEUT contact for dry fibre monolithic components, the probe 

has an integral delay housing component that has led to a signal repeat at a depth of ~20.5mm, as shown in Figure 

6.21, which interferes with data capture beyond this depth. This is also true for SEUT squirter however, this is 

due to the gain limitations that are established by the flaw detection equipment. Despite sitting under the same 

umbrella, it is often not possible to directly compare techniques due to the inherent characteristics of the technique 

itself and the equipment used for test. In the inspection of sandwich architectures, IRT is reported to be a strong 

candidate for fast, reliable detection of bond line defects. Whilst it has been reported in literature that both all 

techniques are capable of detection, LT requires much more investment in determining the right combination of 

parameters for effective detection of defects, and has led to an inability to detect defects within these reference 

standards [393]. Moreover, IRT results are with limitations; it has been reported that more data evaluation should 

be conducted for defect size and depth determination [126]. This is partly a function of operator engagement, 

investment, and time, a lack of which is visible in some IRT activities.  
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Certain artificial defect simulation methods cannot suitably be used to test all NDT techniques and produce 

accurate results. This is evident when testing FBH defects using the TTU techniques. The air gap used to simulate 

delaminations becomes filled with water when both sides are contacted with a water column. In IRT, FBH in 

monolithic samples present as higher contrast regions than PTFE inserts due to the greater thermal differential, 

which is a more idealised response. Despite the two methods used to represent the same defect, comparisons have 

not been made to show which simulation method has the greatest fidelity to real delamination defects. 

Additionally, with sandwich structures, the thickness of the skin is such that it is at the upper end of the depth 

limitations of the IRT method, interfering with detection of PTFE tabs in comparison to air gaps induced from 

core cut-outs.  

As demonstrated, accurate recording is not without some variability. Typically for the monolithic components 

used in experimental work, the detectability of defects is defined as a function of the depth. However, it is observed 

that other factors come into play with the reliable detection and sizing of defects. Interaction of the BWE with far-

surface defects ≤1mm away from the back wall creates issues in resolving UT signals for depth and sizing 

measurements. Defects on the front surface, such as those in M4 that have been revealed through machining 

operations (as shown in Figure 6.22), cannot be clearly seen in any UT technique as any response is masked by 

the initial pulse. Defects that are placed nearer to the front surface create a shadowing effect due to beam spread 

in the UT amplitude scans which can give the illusion of a larger defect until the 6dB drop correction is applied. 

These examples show that there is an inherent level of risk that must be assumed within any measurement 

procedure, especially when defining the tolerance to which defects are characterised. Operator discretion is 

required to make important decisions during data acquisition and evaluation processes. Despite this, Level II and 

Level III operators are conducting these experiments with a wealth of experience on how to perform inspections 

with the aim of defect detection.  

While it is possible to discretely identify defects in one component architecture, the inherent material 

characteristics or quality may hamper detection in a different component. As observed with the difference between 

 
Figure 6.21: Screengrab of ultrasonic A-scan of SEUT contact probe housing repeat at ~20.5mm on component M3, as 

visible on OmniScan equipment.  
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components manufactured through prepreg and dry fibre routes, KPVs must be individually tailored to a 

component, such as change in TCG through step thickness in M2 and M4 in Figure 6.23. Whilst both settings are 

acceptable for maximising useful data and show strong linearity of gain increase with respect to thickness, the use 

of non-optimised settings on a component (e.g. using M4 gain settings on M2) may lead to an unreliable result 

with the possibility of defects going undetected. 

 
Figure 6.22: Representative image of revealed near-surface defects on component M4 due to machining operations (not 

to scale). 

 
Figure 6.23: PAUT TCG variation comparison over stepped components M2 and M4 (trendlines for measurement of R2 

value displayed on chart). 

Data representation and interpretation may also greatly affect the pass/fail quality gate decision. An example of 

the effect of representation is seen when analysing SEUT data for the sandwich reference components; with the 

standard amplitude rainbow colour palette, a deviation of ~20% can be interpreted as smaller than a deviation of 

~10% due to the change in the colour over these measurements. Without further analysis and adequate knowledge 

of evaluation and processing capabilities, this could lead to ill-informed conclusions about the structural integrity 

of a component and the identification of variability. This could be countered using an appropriate colour palette, 

such as grayscale, to evaluate data. 
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Several risks have also become apparent from repeated inspections:  

• There is little guarantee that inserted artificial defects end up as expected in size, depth, and location. 

Migration of some PTFE and paper defects and discrepancies in size when compared to designed 

schematics are observed in component M4, potentially due to characteristics of the resin infusion 

process. Additionally, CPT may not have been reached during manufacture, accounting for 

discrepancies in depth.  

• The trade-off between TTU depth penetration and sensitivity when selecting a probe frequency needs to 

be very carefully considered. For reported complete skin-to-core disbonding of a whole face, a standard 

procedure of 0.5MHz probes in TTU would not be able to detect the face disbond; only after inspecting 

the components with 5MHz PAUT did the disbond become visible. This introduces an uncertainty 

whereby using a lower frequency probe that is often needed for signal transmission in attenuative, thick, 

or multi-material constructions, the half wavelength sensitivity was not sufficient to capture the disbond.  

With a known distribution of defects within a part, there is a potential for overreliance on part schematic drawings 

as opposed to the results of an inspection; the NDT operator is looking for a defect with the knowledge that it 

exists. However, when applied to real components with non-designed features, the operator must discriminate 

between an indication and a reportable defect according to their own judgement and with respect to the instructions 

they are working to. In industry, operators must follow the procedure given in operating standards that have been 

written by responsible Level III specialists. Whilst this is true, often the same type of component is inspected, 

which provides an opportunity to establish priority areas for inspection based on simulation of high-risk regions.  

 RAG Assessment Criteria  

The assignment of capabilities using the RAG criteria aims to remove some of the ambiguity associated with 

‘black box’ NDT operations such that they can be communicated to a wider engineering audience. It can be argued 

that the responses of six NDT specialists do not provide enough input into expanding the general engineering 

RAG criteria to a technical-user RAG. The variation in operator opinion and understanding is dependent on the 

industry in which they are based, and the experience gained, which are important factors to take into consideration 

when evaluating decipherability of the RAG. Rating definitions would benefit from additional input from users 

to refine the meaning, reinforce understanding, and improve applicability. As the matrix will not always be 

deployed in the same environment, the ratings will mean something different in each unique application or 

organisation. Where requirements change to become more or less stringent with respect to part criticality, time, 

and cost, ratings will be need to agile and adapt to communicating what is required from the NDT process.  

Although the ‘Orange’ rating has not been utilised within the body of the matrix, there is potential for it to be used 

in further experiments. For example, if testing was expanded to include the measurement of wrinkle defects in 

specimens, UT techniques could be employed to characterise defects without first detecting them. The whole 

‘Amber’ section represents some uncertainty or limited confidence in the result and has been reflected  in the 

expanded ‘Orange’- ‘Amber’- ‘Yellow’ ratings of the technical-user ratings. This may be indicative of poor 

reliability, lack of experience, or a definitive statement of quality is not possible. Combined with industry trends 
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and requirements, the matrix entries with these ratings can be used as initiation points for road-mapping 

technology development. Unless there are significant advantages, a necessity to adopt a technique, and substantial 

investment, it may be advisable to avoid major technology development initiatives for matrix entries with ‘Red’ 

ratings with respect to the requirement-adapted RAG criteria. ‘Green’ ratings define the optimum against the set 

of constraints posed on the matrix, and therefore should be at a low priority for any developmental activities. 

Arguably, the assessment criteria does not evaluate what ‘good’ is for NDT enough; measurement of capabilities 

should go beyond identifying just defects, but how accurately a detection method can interrogate and convey the 

internal structure of a tested component. To improve the range of use, the criteria could be amended to take 

accuracy and reliability performance metrics into consideration for better applicability justification.  

The KB is positioned as the first occurrence of a state-of-the-art technology map, where the basis for the 

investigative work behind the RAG capability matrix has been founded on a robust manufacture, testing, and 

population framework. Process formalisation will allow for ease of matrix continuation and expansion, enabling 

the state-of-the-art to be captured appropriately and in a timely manner.  

 Summary 

This chapter reports the analysis and evaluation of data from the inspection of a series of reference components 

and assesses capabilities against a novel RAG assessment criteria for entry to the capability matrix, aligned: 

“To set up and populate a capability matrix with efficacy of inspection with respect to assessment criteria” 

The data collected from testing of component configurations with UT and IRT methods, as discussed in Chapter 

5 is reported according to standards NCC procedures, externalising tacit knowledge of process capability 

measurement in an explicit form. Monolithic component, M2, and sandwich component, C1, are evaluated in full 

within this chapter with KPVs tracked and defects characterised, if appropriate, with analysis of the remaining 

seven components in Appendix B. Knowledge gained in the assessment of capabilities of limitations with respect 

to component configuration is achieved through a modified prioritisation matrix, populated with an assessment 

criteria. Two iterations of the assessment criteria are demonstrated, with the second evolving from semi-structured 

interviews with NDT specialists to produce a more-involved, technical set of ratings. The capability matrix 

proposed in Chapter 4 is populated using the RAG ratings. 

The experimental work conducted in this, and the previous two chapters, has directly contributed to the 

achievement of Objective 1 through the demonstration of a method for capturing the state-of-the-art. By 

documenting inspection activities and technical know-how, the knowledge of the capabilities and limitations of 

NDT methods can be expanded to encompass novel materials and complex products. This can be accomplished 

through the framework proposed; experimentation can be repeated with the desired component configurations and 

selected NDT methods for matrix population. Observations from inspection have highlighted that there are some 

key dependencies and risks that are inherent to the inspection process, in terms of part characteristics and 

capabilities of detection methods. This knowledge may be unknown or not clearly communicated to NDT 

operators and designers who define acceptance criteria. Chapter 7 investigates a selection of these risks, each of 

which are grouped and evaluated through a risk assessment.  

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Following the assessment of detection method capabilities, this chapter analyses the risks within an inspection 

procedure. Analysis to understand prioritisation, correlation, and elimination of failure modes is conducted. 

Conference and Journal Papers:  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 
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he success of an NDT procedure is dependent on the ability to produce accurate and reliable results. This 

is necessary for a quality control measure to provide assurance of safe operation of a component. However, 

the limitations of detection methods present a risk that NDT may not provide this. The Define, Measure, and 

Analyse phases of the DMAIV framework focussed on the establishment and population of the NDT capability 

matrix: detection and characterisation of material, component, and defect configuration with selected NDT 

methods. Observations from these activities highlighted the limitations of NDT:  

• While subject to operator error, not all techniques achieved a Green rating. In fact, some techniques could 

not perform better than a Yellow or Amber rating when evaluated against the assessment criteria.  

• Careful consideration of KPVs was required to optimise parameters to obtain as much information as 

possible from inspection activities and evaluate capabilities effectively. Failure to optimise may result in 

critical defects going undetected.  

In an industrial setting, this limitation may lead to products passing quality control measures even when defects 

are present in the structure. Risk and reliability analyses are necessary to identify the degree of risk that exists in 

inspections. Therefore, the aim of the Improve A phase is: 

“To understand the failures in inspection and highlight risk associated with testing”  

In this chapter, several objectives are achieved through the process flow shown in Figure 7.1. Firstly, the 

mechanisms that may cause failure to present a true positive scan or a Green capability matrix rating are identified 

in UT, then analysed using an Failure Mode, Effects and Criticality Analysis (FMECA) with respect to criticality 

and impact. Null hypothesis testing is conducted, with risk priority and mode interaction investigated.  

 
Figure 7.1: Process flow for the Improve A phase. 

 

T 
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 Establishing a Risk Assessment  

Risks are an inherent part of any organisation that can impact upon achieving objectives. Since different 

disciplines define risk in different ways; a singular definition may not be sufficient for all applications. A 

definition by Hopkin [394] is based on the premise that for a risk to materialise, an event must occur, where the 

effect of the risk is a deviation from the expected. Risk management, composed of assessment and treatment 

activities, provides the basis upon which the nature of the risk and consequence to the system is understood. A 

risk treatment or mitigation process details the steps to either modify, reduce, or increase the risk.  

Quality assurance methods are inherently part of the risk management strategy for product manufacture; typically 

employed by NDT and metrology. During service, NDT is applied through Risk-Based Inspection (RBI), where 

evaluation of risk likelihood and consequence enables the optimisation of an inspection program. Factors that 

affect RBI include component condition, inspection effectiveness, repairs, effect of failure on production, threat 

to personnel and equipment, and operation in relation to design limits [395, 396]. However, RBI as a risk 

management strategy does not include NDT risks arising from the application of inspection technologies and 

management of supporting activities. The accuracy of inspection and RBI regimes will only be as effective as 

inspection reliability, usually quantified as Probability of Detection (POD) or Receiver Operator Curve (ROC). 

This is discussed in Chapter 2, with the conclusion that these reliability metrics do not take all inspection variables 

into account.   

The selection of a risk assessment technique is influenced by several factors: applicability of technique to selected 

steps in the risk assessment process; availability of resources; nature and degree of uncertainty associated with 

the risk due to sufficient volume of information available; and the complexity of the problem with interdependent 

risks. Potential risk assessment techniques that could be applied to this project are listed in Table 7.1 with various 

strengths and limitations summarised. However, selection requires consideration of the phase requirements:  

• Identification of potential risks within NDT operations through Root Cause Analysis (RCA) and 

evaluation of quality implications.  

• Not all aspects of the NDT process system are dealt with, only those involved in the generation of the 

capability matrix. The rest of the system is not defined.  

• Participants will have a variety of experiences, ranging different industries and production vs. research 

and development environments.  

• The aim is to achieve qualitative description and understanding of the risks, as opposed to a definitive 

quantitative result.  

Considering the strengths and limitations of various techniques, the FMECA risk assessment tool has been chosen 

for use. Other than fulfilling the requirements of risk assessment and analysis, evaluation using an FMECA would 

provide enough detail without a high degree of documentation and can draw on expertise from numerous sources.  
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Table 7.1: Description and limitations of selected risk assessment techniques. 

TECHNIQUE DESCRIPTION LIMITATIONS 

Analytic 

Hierarchy Process 

[397] 

Identification of failures and prioritisation 

based on pairwise comparison.  

Produces priority rankings according to 

qualitative or quantitative attributes.  

Risk magnitude assessed through risk 

severity and likelihood.  

Requires accurate judgement for quality of 

response.  

For a complex system, the number of 

pairwise comparisons can become very 

large, with decision task becoming lengthy.  

The 9-point scale may be problematic to 

evaluate.  

Fault-Tree 

Analysis [398] 

Top-down binary logic technique.  

Can be used qualitatively or quantitatively.  

Possibility of overlooking impact of 

combination of failure modes.  

Assumes all events are independent.  

Failure Mode and 

Effects Criticality 

Analysis [399] 

Identification of process or design failure, 

causes, effects, and consequences. 

Qualitative and quantitative data can be 

incorporated.  

Identification of critical point of failure or 

weakness.  

Possibility of overlooking impact of 

combination of failure modes.  

Requires a detailed understanding of the 

analysed system.  

Can be lengthy if non-critical consequence 

failure modes incorporated.  

Hazard and 

Operability [400] 

Identification of deviations from normal: 

causes, hazards, and operability problems. 

Systematic and comprehensive considering 

all errors.  

Can be assessed before system operational.  

Success dependent on knowledge of the 

team and understanding of analysed 

process.  

Requires rigorous and lengthy 

documentation with detailed 

design/operational information.  

Structured What-

If Technique 

[401] 

Systems-orientated brainstorming 

technique for analysing systems and sub-

systems.  

Efficiency focusses on areas of potential 

interest from historic data.  

Flexible technique with application to 

operations, processes, or parts of the 

lifecycle.  

Requires adequate preparation and depends 

on knowledge of the team. Analysis 

overlooks aspects if correct understanding 

is not obtained.  

Qualitative results only.   

 Risk Assessment 

The risk assessment explores two areas: FMECA and risk interaction. A given limitation of the FMECA technique 

is that combination of failure modes may be overlooked as only single modes are considered for priority. 

Constructing an interaction matrix will begin to create links between risks with the potential of drawing any 

correlations and connections for routes to resolution. The interaction matrix is conducted after the FMECA. For 

the purposes of this risk assessment, only UT operations have been evaluated. As the most-commonly used NDT 

method for the verification of composite products, there are more specialists with a wealth of knowledge and 

training in this discipline. In comparison to emerging methods, such as IRT, insights into the impact of and 

research into controllable variables and risks is more likely to be robust.  



 Development of NDT Knowledge Systems to Improve the  

Robustness of Inspection of Composite Products 

 

126 

 

Towards the identification of risks, inspection data from the Analyse phase is evaluated. For all inspection 

activities that did not achieve a Green capability matrix rating, RCA was performed through a modified LSS 

Ishikawa Fishbone diagram, shown in Figure 7.2 (a larger image is available in Appendix C). For UT processes, 

this analysis resulted in the identification of 26 risks or failure modes that can be split into four groups: defect 

configuration, component configuration, human factors, and NDT process system. Risks are listed with a 

description of the impact upon data acquisition or evaluation processes in Table 7.2.  

Table 7.2: Risks identified in RCA as failure modes in the achievement of a Green capability matrix rating. 

ID RISK DESCRIPTION 

Defect Configuration 

1 Defect 

orientation 

Defect larger dimension is not planar to incoming signal; worst case scenario being crack 

that runs from surface into part. The echo amplitude will be strongly dependent on the 

size of the reflecting surface, with transverse cracks leading to a partial or total loss of a 

reflected signal from the discontinuity. Therefore, these cracks are unlikely to be seen.   

2 Defect 

stacking 

Multiple defects in the same x-y position through part thickness. Superimposed defects 

can cause confusion or poor resolution from reflections and scatter from shallower 

defects. A shadow effect can be observed from defects close to the surface, affecting 

visibility into the structure.  

3 Position: 

back surface 

Defect is very close to the back surface of the tested part. The influence of this on the 

echo is dependent on the material and system operating parameters. This includes the 

emitted beam properties and resolution of flaw detection system.   

4 Position: 

near surface 

Defect is very close to the front surface of the tested part. The influence of this on the 

echo is dependent on the material and system operating parameters. This includes the 

emitted beam properties and the size of the discontinuity. A small discontinuity may be 

masked by initial pulse. However, if it is larger, there may be a shadow on the back wall. 

This shadow can also affect visibility of defects below. If defects are detected, uncertainty 

in measurements increases with defect size decrease.  

5 Defect depth Defect located towards the back surface of a thick part. The influence of this on the echo 

is dependent on the material and system operating parameters. This includes the effect of 

material attenuation on characterisation. The choice of system parameters will affect 

whether a signal can be obtained however, the amplitude of echoes from a defect 

decreases as the distance from the front surface increases.  

6 Defect shape Defects do not typically have ideal geometry; ultrasonic scattering is strongly dependent 

on the size, shape, and spatial distribution of defects. Measurement errors generated can 

be up to ±25%.  

7 Defect type Discontinuities can be of multiple configurations, some of which are easier to detect than 

others and distinguish type from similar responses. 

8 Interface 

interaction 

Defect coincides with part interface or multiple interfaces. Confusion or poor resolution 

can be caused by interfaces between structure layers and superimposed back wall signals.  

9 Impedance 

mismatch 

The intensity of an echo will depend on the acoustic impedance mismatch between a flaw 

and the surrounding material with a large difference producing a stronger echo. Some 

defects are easier to detect than others (some inclusions are easier to detect than others of 

different materials).  

10 Porosity High porosity can attenuate signals through a part material. Therefore, it is difficult to 

inspect with the possibility of porous material masking the presence of other defects 

through thickness due to reduction in transmitted signal.   

  

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Table 7.2 cont.: Risks identified in RCA as failure modes in the achievement of a Green capability matrix rating. 

ID RISK DESCRIPTION 

Component Configuration 

11 Material 

attenuation 

Ultrasonic wave interaction will depend on material parameters; there are multiple ways 

that sound can be impeded and not return to the probe, or with significantly lower 

amplitude. The structure of composite with material and interface build will affect ability 

to detect due to increased scattering of waves. Therefore, material with a high attenuation 

ratio will not yield useful results.  

12 Single 

curvature 

Ultrasonic wave interaction will depend on material parameters; there are complications 

with single-dimensionally curved or non-parallel surfaces. This is in terms of probe 

coupling to the surface with a reduction in sensitivity and scattering of BWE with a back 

surface that is not perpendicular to incoming signal. This is valid for radii below a 

threshold.  

13 Double 

curvature 

Ultrasonic wave interaction will depend on material parameters; there are complications 

with two-dimensionally curved or non-parallel surfaces. This is in terms of probe coupling 

to the surface with a reduction in sensitivity and scattering of BWE with a back surface 

that is not perpendicular to incoming signal. Valid for radii below a threshold. 

14 Part 

thickness 

The influence of part thickness on the echo is dependent on the material and system 

operating parameters such as attenuation and probe frequency selection. With large 

thickness parts, the amplitude of discontinuity echoes decreases as the distance from the 

front surface increases. There is uncertainty in defining the relationship between thick and 

thin parts.  

15 Entry 

surface 

roughness 

Ultrasonic wave interaction will depend on material parameters; surface roughness and 

undulations will affect coupling, resulting in a reduction in signal amplitude. Fine surface 

dirt can lead to surface tension, preventing coupling and presenting as wave scatter. Ideal 

conditions involve smooth surfaces with minimal irregular surface shapes.  

16 Coupling 

condition 

Coupling is required for ultrasonic wave transmission from probe to material; the medium 

needs to be deformable with invariance elastic properties. Selection of medium is 

important as limitations exist that can jeopardise accuracy of inspection. An example of 

this is the generation of bubbles in a water medium which arises from fast probe 

movement over a part surface.  

Human Factors 

17 Data 

acquisition 

Operator collection of UT data. Whilst strategies and standards may be effective in 

providing a path towards inspection, the success of NDT activities is equally operator 

dependent. It is reliant on skill and experience of personnel involved. Variability in human 

performance could lead to a large scatter in inspection results.  

18 Data 

evaluation  

Operator assessment of ultrasonic inspection data. Whilst strategies and standards may be 

effective in providing a path towards inspection, the success of NDT activities is equally 

operator dependent. Flaw sizing is assessed using a 6dB drop method however, this is 

subject to interpretation. Variability in human performance and process can lead to critical 

decision differences and over/under-sizing of defects.  

19 KPV setup Incorrect optimisation of all KPVs hinder the detection of some defects; variables include 

gain, range, setting of measurement gates, and energy. Flaw assessment must be 

performed by certified UT expert with knowledge of test structure design and potential 

uncertainties. Contributes to acquisition issues.   

20 Probe 

handling 

Effective procedure in handing acquisition equipment, particularly in probe coupling to 

part. Can be a function of component configuration, including surface and geometry. The 

success of NDT activities is dependent on the skill and experience of the personnel with 

identification of inspection issues on-the-fly. Contributes to acquisition issues.   
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Table 7.2 cont.: Risks identified in RCA as failure modes in the achievement of a Green capability matrix rating. 

ID RISK DESCRIPTION 

Process System 

21 Equipment 

performance 

In assessing whether a flaw detector is capable of detecting defects, a representative 

calibration block of similar composition to the component being tested with standard 

identifiers is first evaluated. Particularly in research settings, calibration blocks for each 

inspected component are not standard with a universal block used for equipment 

calibration. However, this is not suitable for components where the ultrasonic response 

varies greatly from this standard.  

22 Equipment 

sensitivity 

The sensitivity of the equipment for detection of a certain size defect must be established 

before use of a particular technique. To check this, a calibration block of similar 

composition to the component being tested with standard identifiers is evaluated before 

component inspections. Particularly in research settings, representative calibration blocks 

for each inspected component are not standard with a universal block used for equipment 

calibration. However, this is not suitable for components where the ultrasonic response 

varies greatly from this standard. 

23 Probe 

configuration 

Selection of a probe is influenced by the material and system operating parameters used 

in inspection. Selection of a probe configuration and frequency is dependent on 

sensitivity required, penetration depth, and required resolution. As frequency increases, 

wavelength decreases, allowing for small flaw detection and thickness location precision. 

The emitted beam will also affect what section of the part will be scanned for defects, 

particularly with a focussed probe. After near-field, the beam diverges, leading to off-

angle reflection on discontinuities. Therefore, the possibility of detection will decrease.   

24 Component 

movement 

Component is typically fixed in position through bespoke tooling or supports; it is 

possible for the part to inadvertently shift during inspection. Therefore, data and defect 

detection is either missed or repeated with misalignment for the rest of the inspection 

process.  

25 Probe 

coupling 

Coupling is required for ultrasonic wave transmission from probe to material; the medium 

needs to be deformable with invariance elastic properties. Fine surface dirt can lead to 

surface tension, preventing coupling and presenting as wave scatter. Selection of medium 

is important as limitations exist that can jeopardise accuracy of inspection. An example 

of this is the generation of bubbles in a water medium which arises from fast probe 

movement over a part surface.  

26 System 

limitations  

A function of the system that prevents detection of the required defect configuration in 

the component configuration being tested. An example of this is the requirement that the 

part shall not be in contact with a liquid couplant for UT.   

 

 

Figure 7.2: Ishikawa fishbone diagram demonstrating risks in a UT process system through RCA. 



Nikita Gandhi 

Chapter 7 

Improve A 

 

129 

 

 FMECA Methodology 

FMECA population was conducted through semi-structured interviews with 12 certified UT composites 

specialists of at least Level II qualification in their discipline around the UK. Specialists with experience in 

research, training and/or industrial NDT were recruited on a voluntary basis through the NCC or through an open 

call in the BINDT South-West working group meetings. A subset of participant information, from those who were 

willing and able to share, is outlined in Table 7.3. The interviews took place either face-to-face, or through video 

calls. Ethical considerations were accounted for in the interview procedure, where all specialists agreed to 

participation with informed consent and were assured their results would be anonymous. Additional information 

pertaining to intended publication of the results of the research, contacts for issues in the research process, 

information on data use, sharing, and disposal, and security of data storage was verbally communicated. 

Participants were also informed on their right to withdraw from the study at any point during the study without 

suffering detriment, achieved through written correspondence. 

Table 7.3: Subset of participant information from semi-structured interviews. 

PARTICIPANT ID GENDER TYPE OF EXPERIENCE YEARS OF EXPERIENCE  

1  Male Research  5-10 

2 Male Training, Industry (Aerospace) 10-15 

3  Male Training 10-15 

4  Male Training, Industry (Aerospace)  10-15 

5  Male Industry (Aerospace) 40-45 

6  Male Research, Industry (Aerospace) 5-10 

7  Female Research 1-5 

8  Male Industry (Aerospace) 20-25 

9  Male Industry (Aerospace) 10-15 

10 Female Research, Training, Industry 

(Aerospace, Energy) 

15-20 

11  Male Training, Industry (Aerospace) 25-30 

12  Male  Training, Industry (Aerospace) 30-35 

Prior to quantitative data collection, each specialist was updated on the project aims and objectives, and progress 

made against the first three phases of the DMAIV framework. Following identification of the risks, as discussed 

in Table 7.2, the FMECA requires the allocation of a numerical assessment, typically against three criteria of 

occurrence, severity, and detection. A critical defect of 66 is assumed to already be present in the structure 

which sets the occurrence rating to a maximum for all risks. Despite the classical FMECA requiring all three 

criteria to be populated, normalisation of the occurrence rating of risks leads to the elimination of the need for this 

criterion.  
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This FMECA has been modified where each risk was assessed against the criteria descriptors, with the chosen 

scheme maintaining some continuity within the two criteria according to the key in Table 7.4:  

• Defect detection (D): Will the failure mode affect the ability to detect and characterise a defect of 

minimum acceptable size within a part.  

• Impact (I): Can the failure mode be recognised, and adjustments be made for during inspection.  

During each interview, a numerical value was assigned to each given failure mode after participants were given 

an inspection scenario based on the assumption for each mode outlined in Table 7.5. Calculation of Risk Priority 

Number (RPN) is given for both PEUT and TTU, with D assigned independently and a common I assigned to 

both through Equation (7.1) and Equation (7.2) respectively.  

 
𝑅𝑃𝑁𝑃𝐸𝑈𝑇 = 𝐷𝑃𝐸𝑈𝑇 × 𝐼 (7.1) 

 
𝑅𝑃𝑁𝑇𝑇𝑈 = 𝐷𝑇𝑇𝑈 × 𝐼 (7.2) 

 

Table 7.4: RPN assessment criteria used for FMECA. 

RATING DESCRIPTION 

Defect Detection 

1 Detection and some characterisation possible. 

2 Detection only possible. 

3 Uncertainty in detection, could result in either false positive or false negatives. 

4 No detection or characterisation possible, results in false negatives. 

Impact  

1 Can be adjusted by an operator and accounted for in inspection.  

2 Is recognised or highlighted as a safety related effect but no adjustments can be made. 

3 Unrecognised, will lead to safety related effects or violations of acceptance criteria.  
 

  



Nikita Gandhi 

Chapter 7 

Improve A 

 

131 

 

Table 7.5: Assumptions used for risk assessment within semi-structured interviews. 

RISK ASSUMPTION 

Defect Configuration 

Defect orientation Defect orientation is such that crack length is perpendicular to probe face.  

Defect stacking Defect is fully stacked under another defect.  

Position: back surface Defect is approximately 1-4 plies away from back surface. 

Position: near surface Defect is approximately 1-2 plies away from front surface.  

Defect depth Defect too far into component to produce an indication. No part BWE. 

Defect shape Irregular size and shape defect causes minimal sound to be transmitted.  

Defect type Defect type that cannot be detected by the NDT system.  

Interface interaction Defect is close to another attenuating surface leading to conflicting signals.  

Impedance mismatch Defect with limited attenuation coefficient difference from host material.  

Porosity Defect masked by presence of porosity with intermittent back wall echo.  

Component Configuration 

Material attenuation Attenuative material that causes noise in inspection.  

Single curvature Component has a defined geometrical feature of signal curvature.  

Double curvature Component has a defined geometrical feature of double curvature.  

Part thickness Component thicker than ultrasonic system will allow for. No part BWE. 

Entry surface roughness Component has high surface roughness, impacting on coupling.  

Coupling condition Component has poor coupling medium with poor surface wettability.  

Human Factors 

Data acquisition Operator not skilled at data acquisition process.  

Data evaluation  Operator not skilled at data evaluation process.   

KPV setup KPVs are not set up correctly such that result limitations occur.   

Probe handling Operator does not provide adequate probe handling during inspection.  

Process System 

Equipment performance Equipment is not working correctly for job.  

Equipment sensitivity Equipment is not sensitive enough for detection of required defects.  

Probe configuration Incorrect probe configuration is selected for inspection.  

Component movement Minor movement of component during inspection, interfering with results.  

Probe coupling Probe not adequately coupled to housing/part/inconsistent water path.  

System limitations  NDT system not suitable for detecting defect configuration.  
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 FMECA Results  

Results are discussed in terms of their RPN; with minimum value of 1 and maximum of 12, individual entries are 

averaged and displayed to two decimal places as a heat map in Table 7.6. It is observed that the results for RPNPEUT 

and RPNTTU are, in some cases, marginally different. This is due to the different capabilities of each method on 

defect detection (D), whilst the impact (I) on safety controls remains constant.  

Table 7.6: RPN values calculated as an output of the FMECA. 
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Defect Configuration    Human Factors   

Defect orientation 8.78 9.22  Data acquisition 7.97 7.78 

Defect stacking 8.29 9.36  Data evaluation 7.78 7.58 

Position: back surface 2.63 2.00  KPV setup 6.53 6.53 

Position: near surface 2.00 1.78  Probe handling 6.63 6.07 

Defect depth 7.22 7.22  Process System   

Defect shape 4.83 4.83  Equipment performance 7.95 7.95 

Defect type 10.20 10.31  Equipment sensitivity 5.99 5.99 

Interface interaction 4.81 3.90  Probe configuration 4.75 4.62 

Impedance mismatch 5.73 5.99  Component movement 3.73 3.60 

Porosity 6.05 6.41  Probe coupling 4.31 4.31 

Component Configuration    System limitations 8.44 8.44 

Material attenuation 5.70 5.36     

Single curvature 2.97 2.97     

Double curvature 3.86 4.01     

Part thickness 5.50 6.00     

Entry surface roughness 4.67 3.25     

Coupling condition 5.18 5.18     
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The distribution of replies from interviewees for RPNPEUT is shown in Figure 7.3; the dispersion of results is 

evident in this representation, with some risks displaying clusters around a single RPN and others with a 

generalised spread. Analysis of individual risk RPN results are conducted with respect to descriptive statistics 

with a summary of the coefficients used to describe each risk data set presented in Table 7.7. These analyses 

provide a quantitative assessment of the result dispersion. It is determined from the data that regression statistics 

nor Gaussian distributions are appropriate for this dataset; the raw FMECA data does not follow either modelling 

patterns.  

Table 7.7: Summary of descriptive statistics of RPNPEUT risks. 
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Defect Configuration 

Defect 

orientation  

9.21 0.98 10.75 12.00 3.42 11.70 0.35 -1.22 2.17 0.34 

Defect stacking 9.08 1.27 12.00 12.00 4.40 19.36 -0.15 -1.20 2.80 0.15 

Back surface 2.75 0.65 2.00 1.00 2.26 5.11 5.42 2.13 1.44 0.64 

Near surface 2.25 0.68 1.00 1.00 2.34 5.48 7.01 2.55 1.49 0.41 

Defect depth 7.33 0.84 8.00 8.00 2.90 8.42 -0.56 0.22 1.84 0.04 

Defect shape 5.50 1.23 4.00 12.00 4.25 18.09 -0.91 0.77 2.70 0.06 

Defect type 10.33 0.76 12.00 12.00 2.64 6.97 0.04 -1.25 1.68 0.26 

Interface 

interaction 

4.88 0.67 5.00 6.00 2.32 5.37 -0.90 0.33 1.47 0.14 

Impedance 

mismatch 

5.92 0.87 6.00 6.00 3.03 9.17 -0.09 0.52 1.92 0.03 

Porosity 6.33 0.88 6.00 6.00 3.06 9.33 0.18 -0.08 1.94 0.01 
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Table 7.7 cont.: Summary of descriptive statistics of RPNPEUT risks. 
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Component Configuration 

Material 

attenuation 

5.58 0.65 6.00 6.00 2.23 4.99 -0.64 -0.01 1.42 0.04 

Single curvature 3.13 0.65 2.50 1.00 2.24 5.01 0.48 1.08 1.42 0.80 

Double curvature 4.17 0.91 3.50 4.00 3.15 9.92 2.56 1.55 2.00 0.32 

Part thickness 5.92 0.92 6.00 6.00 3.18 10.08 0.14 0.07 2.02 0.02 

Entry surface 

roughness  

4.75 0.54 4.50 3.00 1.86 3.48 -1.03 0.23 1.18 0.22 

Coupling condition 5.42 0.87 5.50 3.00 3.00 8.99 0.91 0.83 1.91 0.10 

Human Factors  

Data acquisition 7.92 0.80 8.50 9.00 2.78 7.72 -0.31 -0.26 1.77 0.11 

Data evaluation 7.83 0.94 8.20 12.00 3.24 10.52 -1.31 -0.05 2.06 0.11 

KPV setup 6.00 1.01 5.00 4.00 3.49 12.18 -0.93 0.49 2.22 0.02 

Probe handling 6.42 0.70 6.00 9.00 2.43 5.90 -1.93 0.01 1.54 0.00 

Process System 

Equipment 

performance 

7.29 1.03 7.50 9.00 3.56 12.66 -1.02 -0.17 2.26 0.06 

Equipment 

sensitivity 

7.67 0.90 8.00 8.00 3.11 9.70 0.80 -0.67 1.98 0.09 

Probe 

configuration 

4.83 0.79 4.00 3.00 2.72 7.42 -1.11 0.44 1.73 0.23 

Component 

movement 

4.00 0.90 3.00 2.00 3.13 9.82 3.09 1.62 1.99 0.39 

Probe coupling 4.75 0.80 4.50 6.00 2.77 7.66 1.27 0.74 1.76 0.26 

System limitations 8.42 0.92 8.00 8.00 3.18 10.08 -1.24 -0.25 2.02 0.12 
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Figure 7.3: Distribution of RPNPEUT results from 12 interviewees over 26 risks. 
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Four quantitative approaches found in literature are used to evaluate UT failure mode data, with PEUT data 

analysed in this section. Classically, the Pareto 80:20 modelling method is used to prioritise engineering effort: 

80% of the total RPNs calculated during the FMECA procedure comes from 20% of the potential failure modes 

[402–405]. Using average RPNPEUT, a Pareto chart is plotted in Figure 7.4. It is immediately obvious that this test 

does not follow the Pareto rule, where approximately 80% criticality is derived from 65% of failures. This analysis 

also gives a RPN threshold of ~4.8, which cannot be considered reasonable when 65% of failures can be 

considered critical; the Pareto method cannot be considered robust for this application. 

 
Figure 7.4: Evaluation of RPNPEUT threshold using the Pareto model with 80:20 principle. 

Bluvband et al. [406] suggest the use of a simple graphical tool for analysis based on a Scree Plot. As RPN values 

are plotted from smallest to largest, a gradual increase is expected. Far right outliers are indicative of critical 

modes and are characterised by a sharp increase in RPN values that do not conform to the previous gradual 

increase function. The coefficients used to describe the two straight lines in this method with a considerable 

difference noted between the slopes of the two lines, calculated in Equation (7.3) and Equation (7.4).   

 

𝑓1(𝑥) =  𝑝1 ∙ 𝑥 + 𝑝2 where    {
𝑝1 = 0.25
𝑝2 = 2.38

 (7.3) 

 
𝑓2(𝑥) =  𝑝′

1
∙ 𝑥 + 𝑝′

2
 where    {

𝑝1 = 1.42
𝑝2 = −26.73

 (7.4) 
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This method, shown in Figure 7.5 provides a graphical route to establishing the division between negligible and 

critical, with a threshold value of ~8.7. As a result, only two modes are deemed to be critical. This method can be 

seen to be highly vague and subjective in the selection of threshold evaluation. Given each side of the distribution 

has different slopes, the authors give no information about how to identify the two slopes. Therefore, the 

identification of the threshold is dependent on the judgement of the user and their level of experience.   

 
Figure 7.5: Evaluation of RPNPEUT threshold using the Bluvband method. 

Zhao et al. [407] propose a follow on method to the Scree Plot where a turning point for RPN threshold is 

determined using a 95% confidence interval. The coefficients for straight lines are calculated in Equation (7.5).   

 
𝑓3(𝑥) =  𝑝𝑧

1
∙ 𝑥 + 𝑝𝑧

2
 where    {

𝑝𝑧
1

= 0.26

𝑝𝑧
2

= 2.29
 (7.5) 

With this method, displayed in Figure 7.6, only one critical failure mode is identified with an RPN threshold of 

~10.2. It is suggested by that this technique provides untrustworthy results, where in very few applications, a 

limited number of RPNs exceed the 95% confidence bound [408]. Like the Pareto method, this analysis must be 

reviewed and specifically defined for each kind of application.  
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Figure 7.6: Evaluation of RPNPEUT threshold using the Zhao method. 

Catelani et al. [408] have demonstrated an FMECA conducted on the operation of a wind turbine with the 

presentation of a novel method to calculate RPN threshold for determination of critical modes. This method 

utilises statistical modes of FMECA data to produce a boxplot threshold that is ‘As-Low-As-Reasonably-

Practicable’, or the ALARP model. The coefficients used to describe this method are detailed in Table 7.8. In this 

method, the critical modes are all those that fall above the 75th percentile, and the interval between median value 

and 75th percentile is the ALARP zone. While not critical, consideration of ALARP risks should be conducted 

with a bearing on cost-benefit analysis.   

This method highlights seven critical failures with a threshold of ~7.6, shown in Figure 7.7. The threshold is more 

conservative than the Bluvband method; however it is not prohibitively conservative to raise too many critical 

failures as in the Pareto method. As a result, the ALARP method is employed for selection of critical failure 

modes. This method denotes failures below the 25th percentile as negligible which may or may not be appropriate 

based on the application.  The terms ‘negligible’ promotes the connotation that the risk is unimportant; whilst at 

a lower priority, the mode still has been highlighted as a risk to the system or product.  

Table 7.8: Coefficients used in the definition of the ALARP FMECA analysis model. 

 COEFFICIENT VALUE  

 Minimum RPN 2.0  

 Maximum RPN 10.2  

 25th Percentile 4.7  

 Median 5.7  

 75th Percentile 7.6  
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Figure 7.7: Evaluation of RPNPEUT threshold using the ALARP method. 

 Interaction Matrix  

The FMECA results have highlighted that there are 26 ‘hidden’ risks within UT processes that are not commonly 

identified and accounted for in daily operations. That said, a limitation of the FMECA is that the technique is 

unable to consider combinations of failure modes. It is therefore possible that the effects of a certain mode could 

be amplified or reduced, or knock-on effects exist from interactions with one or multiple modes that have not been 

predicted in this analysis. To determine a preliminary link between the numbered risks, a Two-Dimensional (2D) 

correlation half-matrix was formulated, shown in Figure 7.8. The condition of the matrix was based on the 

hypothesis: if the detection of defects was a priority, does one risk affect the detectability if the other risk remained 

constant, and vice versa? Population was conducted based on an extension of the semi-structured interviews from 

FMECA population and survey of available literature using the criteria:  

• Yes (Y): A relationship between variables, either positive or negative, does exist.  

• No (N): A relationship between variables does not exist.  

• Unknown (U): It cannot be determined for certain whether a relationship does or does not exist. 

It is evident that some variables have limited influence or impact on other aspects of the system however, there 

are some critical risks that represent a degree of interlinkage that is indicative of a complex system. An alternative 

representation of the interaction matrix is shown in Appendix D. Further analysis for evaluating the impact of risk 

interactions is carried out in the next section.  

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 7.8: 2D correlation half-matrix of risks in FMECA. 

 Risk Prioritisation 

The results of the PEUT FMECA and interaction matrix are discrete techniques that contribute towards the 

management of risks in an NDT process. However greater analysis is required for an in-depth understanding of 

the relationships in the data. As such, six hypotheses have been proposed in this section to investigate the 

relationships in the form of null hypothesis testing, addressing the impact the identified risks have on the system, 

the degree of uniformity across the composites industry, and the route to resolution. Firstly, addressing the 

relationship between RPN value and quality of responses, null hypothesis 1 examines the question:  

Is there a correlation between RPN average and confidence value of failure modes?  

Using a 95% confidence interval, this relationship evaluates the possibility that non-uniformity of knowledge 

across the industry leads to an under or overestimated perception of risk. Regression of the data in Figure 7.9 

shows a small but generalised positive correlation with a R2 regression coefficient of 0.17. 
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Figure 7.9: Null hypothesis 1 investigating correlation between failure mode RPN average and confidence value. 

A conclusion drawn from this test is that the correlation indicates the spread of results is higher when the RPN is 

higher. It is possible there is a reluctance to assign high RPN to a risk, or there is a more generalised understanding 

or knowledge of low-risk items. These risks may have been identified before and are well documented in 

inspection practice and are dealt with in daily operations.  

Therefore, to test the theory that low RPN risks are common knowledge in academia and operations, null 

hypothesis 2 examines the question:  

Is there a correlation between failure mode RPN average and the number of research papers? 

Papers that have either directly addressed the risk and have attempted to develop a working solution or those that 

have identified the risk for further development, are selected and a ranking produced, assessing the number of 

papers addressing the risk. This ranking is plotted against average RPN for each risk, as shown in Figure 7.10. 

The size of the circles indicates the normalised number of papers on the subject, relative to other risks. Analysis 

shows little correlation, if at all, between RPN and research papers (R2 regression coefficient of -0.01).    
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Figure 7.10: Null hypothesis 2 investigating number of academic papers on a risk against RPN. 

The lack of a distinct relationship may be traced to various sources:  

• A minimal visibility of inherent NDT system failures: It is reported that when failures are addressed in 

academic papers, it is in descriptive terms as part of the paper introduction or literature review.  

• Common knowledge: Risks are common knowledge and accepted in NDT circles and therefore, they are 

of low priority for developmental activities.  

• Industrial nature of risks: The risks described in this analysis are encountered during practical exercise 

and are not necessarily related to the technical developments or advancements often discussed in 

academic NDT studies. Therefore, some misalignment is observed between academic priority and 

relevance to industrial application of NDT technology.  

As deduced from the previous hypothesis, academic research seems to have not yet started to deal with some of 

the inherent risks in UT. The following set of null hypotheses begins to assess the feasibility of risk resolution or 

mitigation strategy with respect to interaction of risks. Firstly, null hypothesis 3 examines the question:  

Is there a correlation between failure mode RPN average and the number of risk interactions?  

The analysis in Figure 7.11 shows an R2 regression coefficient of ~0.01, demonstrating that if the RPN of a risk 

is critical, it doesn’t necessarily follow that it will interact with and affect various other risks. This is also 

established as an interaction map in Figure 7.12 where each node represents a risk with a darker colour for higher 

interaction density and larger node size for higher RPN value. Each node is linked to others through a series 

defined by the interaction matrix. An interactive version of the network map can be viewed in Appendix E; 

visualisation presents various opportunities to interact with the data.     

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 7.11: Null hypothesis 3 investigating correlation between failure mode RPN average and number of interactions. 

 
Figure 7.12: Interaction matrix of all risks relating RPN (node colour) to node density (node size). 
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Despite null hypothesis 3 showing very little to low correlation between the RPN average and risks with 

interactions, it is beneficial to understand the impact of the resolution of the seven critical risks as identified by 

the ALARP model. As such, null hypothesis 4 examines the question:  

How does correlation of failure mode RPN average and risk interactions change with the removal of highest 

RPN variables? 

This includes the removal of the highest RPN risks: defect type, defect orientation, system limitations, defect 

stacking data acquisition, and equipment performance. A stronger correlation is reported for the relationship 

between RPN and interactions with a R2 regression coefficient of ~0.15, as shown in Figure 7.13.  

With the removal of the seven critical modes, the most critical risks fall under human factors. An even stronger 

correlation is reported in this relationship when only considering the top seven risks with a R2 regression 

coefficient of ~0.33, as shown in Figure 7.14. Considering both the separated regression analyses and full risk set 

analysis, it is less likely that resolution of critical RPN risks would lead to a knock-on effect that would make 

strides in eliminating many other interacting risks. The interaction map for the series of risks without the seven 

critical modes can be found in Appendix F.    

 
Figure 7.13: Null hypothesis 4 investigating correlation change after removal of top RPN failure modes. 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 7.14: Null hypothesis 4 investigating correlation change of top RPN failure modes. 

To assess the ability to resolve or mitigate risks, the ‘cost’ of rectification needs to be addressed. Drawing on the 

assessment criteria from the FMECA, the ‘Impact’ rating can be equated to this rectification cost. In other words, 

for a lower impact rating, it is probable that the risk would be easier to resolve. Null hypothesis 5 examines:  

Is there a correlation between failure mode RPN and cost of risk rectification?  

The analysis is shown in Figure 7.15 and demonstrates a strong R2 regression coefficient of ~0.81; this is expected 

since the RPN is calculated as a function of the impact rating, or cost of rectification. However, there are still 

outliers to the trend. In further analysis, the ALARP model is applied to the impact rating only to produce seven 

critical failure risks. These risks are very similar to the critical RPN risks as expected from the strong correlation 

of variables however, the ranked priorities are different, highlighting that defect-related risks are the ‘most costly’ 

to solve.  Through symmetry, it follows that the seven risks with the lowest impact ratings are the ‘least costly’ to 

rectify. Both grouping of risks are shown in Table 7.9. 

Table 7.9: Overview of highest and lowest priority risks with respect to impact rating. 

HIGHEST PRIORITY  LOWEST PRIORITY 

RISK IMPACT RATING  RISK  IMPACT RATING 

Defect type 2.75  Position: near surface 1.33 

Defect orientation 2.67  Probe coupling 1.46 

Defect stacking 2.58  Defect: back surface 1.50 

Equipment sensitivity 2.42  Component movement 1.54 

Data acquisition 2.33  Probe configuration 1.58 

Data evaluation 2.33  Single curvature 1.58 

System limitations 2.25  Entry surface roughness 1.63 
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Figure 7.15: Null hypothesis 5 investigating correlation between failure mode RPN and cost of rectification. 

Closer inspection at risk groups shows that despite the human factors category having the smallest number of 

risks, this group has the largest overall average RPN. Incorporating the industrial requirement to automate the 

inspection process, operator-driven risk has been removed from this assessment. Therefore, null hypothesis 6 

examines the question:  

How does correlation of failure mode RPN average and risk interactions change with the removal of operator-

driven risks?  

In this test, four risks are removed from assessment; the correlation analysis is shown in Figure 7.16 with a low 

R2 coefficient of ~0.069.  

 
Figure 7.16: Null hypothesis 6 investigating correlation change after removal of operator-driven failure modes. 

In comparison to null hypothesis 3, this correlation value has increased, albeit not by a significant amount. 

Performing RPN analysis using the ALARP model on the 22 failure modes produces six critical risks: defect type; 
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defect orientation; system limitations; defect stacking; equipment performance; and defect too deep. Defect 

configuration and system limitation risks are still present in the prioritisation list whilst risks associated with 

component configuration are lower down the list in terms of priority. However, with a lower impact rating, they 

may be ‘easier’ to rectify. The interaction map of critical nodes, priority and RPN rank is found in Appendix G. 

By integrating the interaction matrix under the assumption that any modes linked to the resolved risk are by 

extension resolved, two risks that both related to defect configuration (defect orientation and defect type) remain.     

 Discussion  

Some limitations exist with the tools employed in this chapter. Results obtained in the generation of failure modes, 

risk assessment factors, and the assignment of RPNs to risks in the FMECA are highly subjective and require an 

understanding of NDT technologies and organisational processes in addition to the wealth of experience. An 

attempt to mitigate this, an overview of the project and descriptions of the risks within an application was 

formalised and presented to all participants. As was previously highlighted, the FMECA does not take the 

interaction of multiple risks into account; the interaction matrix provides a qualitative method to identify some 

interplay between the risks. However, this matrix only addresses 2D risk linkage. Multi-dimensional interaction 

is more likely to be the reality where risks are affected by different degrees. In the early stages of formulation, 

causal relationships need to be defined first before this matrix can be expanded to encompass multiple risks.  

Despite these method shortcomings, some important conclusions can be drawn from the tests. From the FMECA, 

it is evidential that there is a lack of formalised knowledge across the industry for NDT of composite material 

products. Moreover, the participant results highlight the variance in NDT understanding when approached with 

the identical question and application. This variability in unified knowledge is evident in the spread of some of 

risk RPN values, with various distributions shown in Figure 7.17. Various clusters are observed with the system 

limitations risk, most universally interpreted as with defect type risk, and highly variable opinions are seen with 

the porosity risk. The spread demonstrates the discrepancy in NDT knowledge despite rigorous training and 

certification requirements for operators. The current guidance for industry is operator recertification every five 

years however, this process does not necessarily always account for new developments and technologies or 

benchmarking best practices. Hence, opportunities for new learning and maintaining the state-of-the-art are 

missed. However, this is highly dependent on industry pull; consistency is favoured over the integration of the 

state-of-the-art in an industrial context where cost and benefit of technology must be assessed to engage in funding 

of the developments. It is undetermined whether advances in manufacturing are considered within this process, 

and whether NDT is reactive or proactive in responding to the changes. Moreover, stringent measures must be 

taken to certify the technology and modify procedures. These must then be filtered down through various levels 

of management for implementation in inspection operations.  

It is assumed that the variance in NDT knowledge is manifested in the subjective and environmental-based nature 

of operator experience; the greatest contributing factor to discrepancies is expected to be due to the nature of 

experience and the organisation or industry in which it was acquired. In a research-based environment, it is 

assumed that an operator will have greater exposure to different types of components, if only once or twice, with 

the flexibility to try out different detection techniques and ways of inspecting it. However, industry-based NDT 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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requires repeated inspection of the same, or very similar, components to an instruction as written by a responsible 

and qualified specialist. It is typically considered that more years of experience leads to a ‘better’ operator and as 

such must be accounted for in assessments using a weighted rating. However, this is not necessarily true, since 

attitude, application, and environment are also all critical to operator knowledge. Moreover, motivation of NDT 

specialists towards their role and data capture will have a significant effect on the results.  

 
Figure 7.17: Variation in distribution of FMECA RPN participant results. 

The FMECA and interaction matrix have informed the series of null hypothesis tests that were undertaken. 

Although most of the regression tests produce very little to no correlation between variables, several statements 

can be highlighted: 

• Null hypothesis 1: Some negative correlation (R2 of 0.17), suggesting there is more agreement and 

generalised understanding of lower priority risks. 

• Null hypothesis 2: Little positive correlation (R2 of 0.01), suggesting that risks are managed and 

communicated in a tacit manner within industrial contexts within minimal visibility outside of these 

areas.  

• Null hypothesis 3: Little negative correlation (R2 of 0.01), suggesting that there is very little link 

between the criticality of risks and the impact of the individual risk on another risk.  

• Null hypothesis 4: Some negative correlation (R2 of 0.15), suggesting that the resolution of the lower 

priority risk may contribute to the resolution of more risks than if critical risks were solved.  

• Null hypothesis 5: Strong positive correlation (R2 of 0.81), suggesting that the more critical a risk, the 

more ‘expensive’ it is to solve. 

• Null hypothesis 6: Low negative correlation (R2 of 0.069), suggesting with the removal of high-risk 

operator activities, the remaining risks may become ‘easier’ to solve.  

Whilst this dataset could be considered incomplete, with more data and inputs required to ensure the robustness 

of conclusions, this analysis provides the first occasion for explicitly identifying and quantifying the inherent risks 

in the UT system. Whilst NDT processes are by no means operating blindly, there are some significant risks that 

are either being knowingly or unknowingly introduced. Additionally, the spread of results obtained from the 
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FMECA is unexpected for the specialists interviewed through this process; the NCC presents as a world-leading 

Research and Technology Organisation (RTO), whilst the majority of external participants operate in similar 

cutting-edge environments. This variation in results shows a distinct lack of knowledge formalisation and 

standardisation across an industry where learning and capability investigation is a priority, with clear gaps that 

could have safety critical outcomes if left unsolved.  

Moreover, these risks are unequivocally linked to others within a complex system; it is a possibility that whilst 

some risks could mitigate others, they may also have a compounded negative effect. These risks manifest 

themselves in the form of false positive or negative results which will have implications on the cost to 

manufacturer through unneeded concessions, and on the safety of consumers through part failures. Either way, 

risks have not been rigorously documented as an industrial standard for acceptable levels of risk within the 

inspection process. Therefore, this risk prioritisation framework provides an important driver for road-mapping 

both process and capability improvements for NDT of composites. 

 Summary 

To assess and document the NDT process system complexity, risk, and reliability, this chapter evaluates the inputs 

and outputs of UT with respect to the aim:  

“To understand the failures in inspection and highlight risk associated with testing”  

From the inspection process described within Chapter 5, and the analysis process described in Chapter 6, it is 

identified that risk exists within operations which can prevent all necessary information of a structure from being 

interrogated. Through RCA, 26 modes in which the UT inspection can fail to produce only a true positive result 

are determined. These are quantitatively assessed through a FMECA, populated through semi-structured 

interviews with 12 NDT operators, specialising in the UT of composite material products. Using an analysis of 

RPNs to determine critical risks and two-dimensional interaction of risks within each other, six null hypothesis 

tests are conducted to establish a rationale behind a route to risk prioritisation and resolution. Of the seven critical 

RPN risks, most can be grouped within the defect configuration and human factor categories. Trends showed that 

the more critical a risk, the higher the ‘cost of resolution’, while the resolution of high RPN risks does not 

necessarily make a sizable impact on the resolution of other risks due to the weak negative regression line. Despite 

the removal of human factors and their interacting risks, it is evident that all risks cannot necessarily be eliminated 

through automation of the inspection process. 

The results described in this chapter assist in the delivery of Objective 2 through the demonstration of a method 

to capture inherent risks within a process and identify ways to prioritise risks. This risk register presents the first 

documented instance of the limitations of a detection technique at cost to manufacturer concession rates and 

consumer safety. Identifying potential risks in inspection and gaining input from NDT specialists allows the risk 

assessment to remain relevant to the NDT industry, and as such, criticality of risks and the urgency for resolution 

can also be informed through alignment with industry priorities. The removal of operator-driven activities is 

carried forward into Chapter 8; the industry requirement to automate the inspection process is evaluated with 

respect to the interaction of component configuration risks.   
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Elimination of operator-driven failure and the impact of geometrical complexity on automated UT NDT 

inspections is investigated in this chapter using a surface normal boundary condition.   

Chapter outputs produced in collaboration with J. Castiblanques, University of Bristol undergraduate project 

2020-2021.  

Conference and Journal Papers:  

Gandhi, N. H., Ward, C., Croxford, A. J., & Rose, R. (2021). Framework for a high-fidelity knowledge base 

for the application of non-destructive testing of advanced composite products. Paper presented at The 

Composites Advanced Material Expo, Dallas, United States. 

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 
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 common expectation of NDT is full coverage inspection of large and complex geometries. Highly trained 

operators are necessary for UT therefore, inspections are susceptible to human variability leading to a 

potential loss of detection and low efficiency. These observations are highlighted in the Improve A phase with 

failure modes pertaining to loss of reliability grouped within four clusters. If the transition towards process 

automation is proven in NDT, then the operator-driven cluster of risks will be removed. Without these, failure 

modes relating to component configuration show the greatest potential for resolution with low RPN and cost of 

resolution. Whilst much of the work conducted in the previous phases of the framework has a major human-factor 

component, this automation perspective must be considered to maintain relevance to the NCC’s Composites 

Inspection and Verification Cell (CIVC) platform.  

Existing robotic inspection platforms have shown development towards off-line path planning instead of manual 

programming to enable significant time reduction, increased flexibility of inspection planning, and maintenance 

of controlled probe orientation to the surface. Whilst the benefits are clear, a gap in knowledge still exists in the 

intelligent design of inspection operations. In particular, the understanding of how geometrical deviations along 

a scan path will affect inspection quality and if optimisation of an inspection plan is possible. Therefore, the aim 

of the Improve B phase is: 

“To understand the relationship between geometrical complexity and complexity of NDT inspection plans” 

In this chapter, trends in geometrical profile of simple and representative geometries are captured with respect to 

the alignment of an ultrasonic probe normal to a part surface. Angle and change of angle are evaluated along 

selected scan paths using several analytical models with suggestions for the identification of regions of complexity 

for NDT operations. The chapter progression is shown in Figure 8.1. 

 
Figure 8.1: Process flow for the Improve B phase. 

 

A 
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 Inspection of Complex Geometries 

Aerospace components are typically composed of a series of shapes, such as the One-Dimensional (1D) 

conceptual ones described in Figure 8.2. However, across all industries, the manufacture of composites allows for 

the generation of sweeping geometries where profile thicknesses, radii, and angles can vary considerably from 

one end of a defined scan path to the other in various dimensions. All three of these factors are essential to define 

an inspection, if not just to inform probing accessibility. Usually, these parameters are within the limits [208]:  

• Thicknesses: 1-50mm 

• Radii: 3mm- without limit 

• Inner angles: between 80° and 180° 

• Outer angles: between 0° and 180° 

 
Figure 8.2: Representative complex geometries within Aerospace components (recreated from [215]). 

As discussed in Chapter 2, automating the inspection process has been proposed in response to the increasing 

demand on inspection accuracy, reliability, and efficiency. It has been identified by previous researchers that this 

route is necessary for delivery of full coverage inspection of large, complex, and high value components, outlined 

in both industrial and academic projects. Examples of these can be found in [212, 215, 409]. Traditionally, a robot 

scan path is programmed manually using a series of taught commands by positioning the Tool Centre Point (TCP). 

However, this method presents some limitations in flexibility and time taken to programme. Geometrical fidelity 

of the TCP to the part can be difficult to achieve for complex parts, even with intelligent positioning to assist in 

path connection between points. For robotic arm platforms, sections of the surface may be inaccessible due to 

reach, or the occurrence of a kinematic singularity may cause a particular motion to be impossible [410]. These 

events cannot necessarily be determined before costly manual operations have already been performed. 

Automation of NDT scan path generation in the form of Off-Line Programming (OLP) can offer a solution to 

some of these issues and begin to introduce intelligence into the automated inspection process. This Poka-Yoke 

approach to assist in the mistake-proofing of automation activities it is based on a Three-Dimensional (3D) 

representation of a robotic cell, robotic end effector, and part to be inspected [411]. OLP can enable [412]:  

• Creative programming away from production sites, facilitating reduction of machine down-time. 

Moreover, simulation programmes can produce a variety of path scenarios and processes, allowing for 

optimisation for each specific task without affecting the productivity of the robotic cell.  

• Improved robot, programmer, and work piece safety, where neither are placed at risk by accidental 

operation of the wrong controls or collisions. Conventional manual programming requires the 

programmer to be in a vulnerable position within the working envelope. This high-precision task is often 



Nikita Gandhi 

Chapter 8 

Improve B 

 

153 

 

time-consuming, increasing the likelihood of control mistakes and operator fatigue, resulting in errors in 

programme accuracy.  

OLP works best when a Computer-Aided Design (CAD) model of the component can be used for programming 

purposes, which allows the operator to pick the areas to be inspected and for the software to generate the scan 

path for robots. However, this data isn’t always available, or the real part deviates from the respective CAD model. 

It may be possible to introduce reverse engineering processes, as discussed by Morozov et al. [411], where a 

Coordinate Measuring Machine (CMM) with a laser line probe has been used to reconstruct the surface through 

metrology software. A study conducted by Guo et al. [413] has taken inspiration from end milling practices and 

adapted to UT due to similar circular testing tool faces to produce a surface reconstruction algorithm using B-

splines. This method was preferred over reconstruction with lines of constant distance between them however, it 

is not clear how the result would differ with different sized probe faces. In a recent study by Mineo et al.[414], an 

autonomous framework to enable adaptive surface mapping has been established through minimising the number 

of captured part poses and  active IR stereo camera. There are multiple commercial software options that allow 

for robotic simulation and programming issued by both software developers and robot manufacturers. Significant 

investigation has been conducted by researchers involved in the Int-A-Com project, a collaboration between the 

University of Strathclyde and TWI Wales. Alongside establishing the automated UT system for complex 

composite products, research into path planning, accuracy, and integration with other measurement techniques 

has been performed. Some of these developments are outlined in [213, 415–417]. It is noted that academic and 

industrial research has not definitively outlined how the inspection paths are selected for optimising data 

acquisition, nor have they have been combined with an assessment of automation platform capability and 

productivity for complex components. As such, there is a lack of formalised and evidence-based knowledge of 

how to conduct an inspection when the complexity of parts is increased with sudden changes in profile or 

geometrical features.   

The anisotropy of composite materials can introduce further issues in automated inspection. To minimise the 

influences of reflection and refraction at the component interface and ply boundaries, the ultrasonic probe must 

be kept perpendicular to the tested surface [413]. An experimental procedure was conducted at NCC to investigate 

the impact of probe misalignment and acceptable incidence tolerance from surface normal. A 5MHz ultrasonic 

single element probe of 9.53mm diameter was mounted upon the AREVA ISQUS scanning machine and was 

placed against the flat surface of a calibration block (Figure 8.3). The initial ‘surface normal’ reflection signal 

amplitude was maximised at 80% Full-Screen-Height (FSH) at a set location on a calibration block at a depth of 

10mm before rotating the probe around the z axis. Signal amplitude was recorded at each angle increment, as 

shown in Figure 8.4. Given that the Aerospace standard threshold for the designation of a defect requires an 

amplitude drop from 80% FSH to 40% FSH, the alignment tolerance demands approximately ±3° before 

alignment error will significantly affect data evaluation. It is expected that the tolerance will depend on the probe 

type and configuration used in testing. This experiment has also been performed by Riise et al. [418], where this 

information and change in ultrasonic echo signals has been used to adapt the robotic path in-situ to achieve 

minimal variation in the reflected echo. A linear 5MHz phased array probe with 64 elements and 0.6mm pitch 
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was rotated in two axes. As expected, amplitude decrease is greater when the probe is misaligned in more than 

one axis with a 2dB drop with a ±1° deviation from normal. 

A Poka-Yoke approach has been adopted to build on the concept of OLP and better inform the UT inspection 

process through an assessment of geometrical complexity whilst imposing the boundary condition that a probe 

must always remain normal to the surface. Therefore, angle (θ) and rate of change of angle (dθ) along the scan 

path are key characteristics that can be used to define the path complexity. With the added intelligence of 

understanding how a geometrical feature will affect the quality of an inspection procedure, the likelihood of 

selecting scan paths which have limitations due to automation platform and data acquisition issues could be 

minimised, as evaluated through the cost/benefit of such a solution. This is described in Equation (8.1), where 𝐶𝑃𝑌 

represents the cost of mistake proofing measures, 𝑝 is the probability of a defect occurring, 𝐶𝐷 is the cost of the 

defect, and 𝑉 is the output volume [419]. Where the Poka-Yoke approach is less than the defect cost, mistake-

proofing measure implementation should be considered. 𝐶𝐷 in NDT applications must account for both the time 

for iteratively determining a scanning direction through visual means or trial-and-error, and the knock-on effect 

on delays in the production line. Coupled with tacit experiential knowledge, this has the capability to augment the 

process for deployment of an automation programme for inspection operations with explicit, analytical evidence.    

 
𝐶𝑃𝑌 = 𝑝 ∙ 𝐶𝐷 ∙ 𝑉 (8.1) 

               
Figure 8.3: Setup for testing probe alignment with a single element probe. 

 
Figure 8.4: Amplitude variation as a function of probe incidence angle variation about the z-axis with Gaussian line fit. 
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 Development of Geometrical Complexity Tool  

Two analysis methods were developed for evaluation of scan paths along selected geometry. In each case, 

MATLAB and Excel methods extracted coordinates and calculated θ of the surface normal along the segment with 

respect to a predefined coordinate system. dθ with respect to the x coordinate frame is then determined.  

 Development of a Mesh-Based Tool  

The process flow for the mesh-based MATLAB method is shown in Figure 8.5, where a custom code was created 

as part of a supervised undergraduate project; the full code is annotated in Appendix H. CAD geometry is imported 

in StereoLithography (STL) format and meshed. The VertexNormal function obtains the surface normal at 

each of the intersecting nodes that form the mesh. Consequently, θ from normal of an arbitrary flat plane within 

the coordinate frame is calculated (i.e, the deviation from normal at 0°) using geometrical relationships of the 

normal vector components. This is defined in Equation (8.2), where 𝑉𝑥 is the vector x-component, 𝑉𝑦 is vector y-

component, and 𝑉𝑧 is vector z-component. dθ between nodes has been calculated using Equation (8.3).  

 

𝜃𝑐 = tan−1 (
√𝑉𝑥

2 + 𝑉𝑧
2

𝑉𝑦

) (8.2) 

 

𝑑𝜃 =  
𝜃𝑖+1 − 𝜃𝑖

𝑥𝑖+1 − 𝑥𝑖

 (8.3) 

The data is sorted and organised into matrices of points that define a scan path that aligns with the global X, Y, or 

Z-coordinate. A tolerance is used to determine whether two points along a path should be considered the same.    

 Development of a Geometrical-Based Tool  

The process flow for the generation of the geometrical-based Excel method is shown in Figure 8.6. The scan path 

is selected in a CAD file and this line is meshed within a CAD package to produce discrete line elements at 

approximately 1mm intervals. For components designed in CAD, HyperMesh finite element modelling software 

is used to extract the meshed coordinates for import into Excel. Alternatively, for the component models obtained 

through reverse engineering methods, points were extracted through PolyWorks metrology software. Element 

centres and vectors are determined through manipulation of points, with element unit vector (𝑉𝑢) determined from 

x and y vectors (𝑉𝑥 and 𝑉𝑦 respectively) through Equation (8.4). 

 

𝑉𝑢𝑥 =  
𝑉𝑥

√𝑉𝑥
2 + 𝑉𝑦

2

 
(8.4) 

From this, the element normal unit vector is calculated on the premise that the dot product of 𝑉𝑢 and element 

normal unit vector (𝑉𝑛𝑢) is equal to 0, shown in Equation (8.5). 

 
𝑉𝑢 ∙ 𝑉𝑛𝑢 =  ∑ 𝑉𝑢𝑖

𝑉𝑛𝑢𝑖
= 0𝑛

𝑖=1    (8.5) 

The θ from normal of an arbitrary flat plane within the coordinate frame is then calculated; this method defines 

that this normal is given a value of 0°. dθ is then calculated using Equation (8.3).  

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 8.5: Mesh-based method to compute complexity characteristics from a scan line. 

 

 

 

 

 
Figure 8.6: Geometrical-based method to compute complexity characteristics from a scan line. 
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 Demonstration of Geometrical Complexity 

Two routes are taken to generate a series of representative geometries for testing, with the full list of geometries 

analysed shown in Table 8.1; for the purposes of demonstration, only selected geometries are analysed using the 

analysis methods.  

Table 8.1: Full list of geometries used in complexity analysis. 

GEOMETRY DESCRIPTION 

Flat plate Flat surface with no variable features.  

S-shapes Curves with two 90° features of varying internal and external radius of 5mm, 10mm, 

15mm, 20mm, 25mm, and 30mm.  

S-shapes staggered  Curves with two staggered 90° features of varying internal and external radius of 15mm 

and 30mm. Distance between features determined as a function of radius.  

Hemiellipsoid  Hemiellipsoid surface with varying fillet radius from edge to flat plate of 0mm, 5mm, 

10mm, 15mm, 20mm, 25mm, and 30mm.  

Auto 1 Complex automotive geometry with variable features.  

Auto 2 Complex automotive geometry with variable feature 

Simple geometries with variable radii are produced through CAD packages, SolidWorks and Autodesk Inventor.  

These geometries include a flat plate, double L-type profiles (S-shape) with 90° corner radii varying from 0mm 

to 30mm to model single curvature, and hemiellipsoid profiles extruded from a flat plate with various fillet radii 

ranging from 0 to 30mm. This example of double curvature is shown in Figure 8.7 and is used for the basis of the 

MATLAB script as it allows for the comparison of sudden changes of geometry in both internal and external 

curvature and the transition between these regions.  

      
Figure 8.7: Representative isometric CAD models of hemiellipsoid geometries; 0mm fillet radius (left); 20mm fillet radius 

(right). 

Parts of greater complexity are necessary to evaluate applicability to industry-standard components. As such, two 

sections that form the assembly of an Automotive body-in-white side panel have been obtained. In the absence of 

CAD models, a portable Hexagon CMM metrology seven-axis arm with non-contact integrated laser line scanner 

with an accuracy of 100μm, alongside PolyWorks metrology software, have been used to reverse engineer these 

complex parts in polygonal mesh format. Along a single line, these components have a variety of small, continuous 

deviations from flat and large single deviation events, exhibiting extreme variability and types of challenges that 

can be expected from industrial parts. The two parts are shown in Figure 8.8.  
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Figure 8.8: Representative surface mesh models of reverse engineered specimens; Auto 1 (left); Auto 2 (right). 

 Analysis of Simple Geometries  

The MATLAB code was developed first as a proof of concept, with the generation of selected scan paths across a 

demonstration 10mm fillet hemi-ellipsoid shape. In this simulation, three scan paths were selected with each 

indicative of different deviations from a flat surface; first through the middle of the part at the maximum curvature 

crest, second, close to the small radius of the hemiellipsoid where the change in curvature between hemiellipsoid 

and flat plate is less steep, and third, over the flat plate. Using the procedure detailed in Figure 8.5, the three output 

graphs are shown in Figure 8.9 with respect to the position on the x-axis.  

Since this methodology selects a scan path after the imported component has been meshed and vertex normal have 

been calculated at each point, a limitation in the ability to select a particular scan path along an axis direction is 

reached within the boundary of the as-written code. Moreover, the scan path must be aligned to an axis, and as 

such, creates an inflexibility in the designation of inspection paths. Therefore, the geometrical-based method has 

been used to verify the results and identify an alternative approach that would allow for a more intuitive method 

for the selection and comparison of scan path characteristics. Using the methodology described in Figure 8.6, a 

path following the horizontal axis of symmetry is selected on the 10mm hemiellipsoid model, with element centres 

at 1mm intervals in the direction of the line. The graphical outputs are shown in Figure 8.10. 
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Figure 8.9: Mesh-based analysis of 10mm hemiellipsoid geometry; scan path (top); θ (left), dθ (right). 

 
Figure 8.10: Geometrical-based analysis of 10mm hemiellipsoid geometry; scan path (top); θ (left); dθ (right). 
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Whilst there are some discrepancies between the results, discussed later in this chapter, the Excel method is taken 

forward for the analysis of the components listed in Table 8.1 and combinations of scan paths over the 

components. Simple geometries are first analysed to establish some key characteristics from the models; flat plate 

and S-shape lines with radii of 10mm, 20mm, and 30mm and angle deviation are shown in Figure 8.11 and Figure 

8.12. The latter of the two graphs highlights that with a gentle radius, a less steep slope is achieved as θ reaches 

90°. This is reflected in Figure 8.13 which shows dθ with respect to the x-coordinate, where the view has been 

concentrated on the region with greatest deviation. Where the θ diverges from 0° at normal to 90°, dθ is a positive 

value, and in regions where it moves from 90° to 0°, dθ is a negative value. A peak is shown with an increasingly 

wide base for larger radii before dθ converges at a maximum, coinciding with the S-shape geometry web. As this 

model analysis is conducted with respect to the x-coordinate, if scan path movement is limited to the y-axis only, 

dθ values tend to converge towards an unexpectedly high value. With symmetry, internal and external radii report 

similar, if not the same, deviations.  

 
Figure 8.11: Representative scan path over S-shape geometries of varying radii. 

 
Figure 8.12: Representative θ along S-shape scan path. 
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Figure 8.13: Representative dθ along S-shape scan path. 

A 0mm, 10mm, 20mm, 30mm radius hemiellipsoid shape is tested to introduce several features in succession and 

is an equivalent to combining two external radii. Chosen scan paths across the horizontal line of symmetry are 

shown in Figure 8.14, with θ against the x-coordinate in Figure 8.15. Similar to the previous, as the fillet radius 

between hemiellipsoid surface and flat plate becomes larger, the peak of the dθ line (in Figure 8.16) becomes 

smaller and the base is spread out. This indicates that the rate of change is more gradual with a reduction in sudden 

changes in geometry. Analyses for additional hemiellipsoid scan paths can be found in Appendix I:  

• Hemiellipsoids of varying fillet radius with scan path diagonal to x and z-axes. 

• Hemiellipsoid of 20mm fillet radius with incremental scan paths diagonal to the x and z-axes. 

The effect of scan path placement is investigated on a 20mm hemiellipsoid shape, as shown in Figure 8.17, with 

θ in respect to x-coordinate in Figure 8.18.  The scan paths follow less drastic changes in the fillet region as they 

move towards the small end of the hemiellipsoid, reflected in the reduced height of the peaks and increased width 

of peak base, seen in Figure 8.19. Comparing Scan Path 1 to Scan Path 5, the latter follows this pattern when 

moving from flange to half-way up the hemiellipsoid, at which point this pattern is reversed when the 

hemiellipsoid crest presents as a tighter radius than for the former scan path.  

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 8.14: Representative scan path over hemiellipsoid geometries of 0mm, 10mm, 20mm, and 30mm radii. 

 
Figure 8.15: Representative θ over hemiellipsoid geometries of 0mm, 10mm, 20mm, and 30mm radii scan paths. 

 
Figure 8.16: Representative dθ over hemiellipsoid geometry of 0mm, 10mm, 20mm, and 30mm radii scan paths. 
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Figure 8.17: Representative scan paths at various z-coordinate positions over a 20mm hemiellipsoid.  

 
Figure 8.18: Representative θ for scan paths at various z-coordinate positions over a 20mm hemiellipsoid. 

 
Figure 8.19: Representative dθ for scan paths at various z-coordinate positions over a 20mm hemiellipsoid. 
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 Analysis of Complex Geometries 

After the analysis of the change of angle from normal in a single axis using simplistic geometries, more complex 

geometries are studied to assess applicability to ‘real’ products. Owing to the size of the polygonal mesh files 

produced through metrology scans, Autodesk Inventor and SolidWorks CAD packages and available computing 

power were not sufficient to convert this mesh to surface features for analysis. Hence, coordinates on a cross-

section line were extracted through PolyWorks with selection of points to the nearest mm along the scan path axis. 

This is performed for each complex component (Auto 1 and Auto 2) in the global X direction and Z direction 

where shift in scan paths is carried out in the perpendicular axis. Two scan paths from Auto 1 x-direction are 

shown in profile in Figure 8.20,  θ in Figure 8.21, and dθ in Figure 8.22. Perpendicular to this, two scan paths 

from Auto 1 z-direction are shown in profile in Figure 8.23, θ in Figure 8.24, and dθ in Figure 8.25. Similarly, 

two scan paths from Auto 2 x-direction are shown in profile in Figure 8.26,  θ in Figure 8.27, and dθ in Figure 

8.28, and Auto 2 z-direction are shown in profile in Figure 8.29,  θ in Figure 8.30, and dθ in Figure 8.31. View of 

dθ graphs have been concentrated around dθ = 0 on the graphical y-axis to allow better visibility of small changes 

that indicate the small variations of the scan path.  

 
Figure 8.20: Representative scan paths at two z-coordinate positions along the x-axis of component Auto 1. 

 
Figure 8.21: Representative θ for scan paths at two z-coordinate positions along the x-axis of component Auto 1. 
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Figure 8.22: Representative dθ for scan paths at two z-coordinate positions along the x-axis of component Auto 1. 

 
Figure 8.23: Representative scan paths at two x-coordinate positions along the z-axis of component Auto 1. 

 
Figure 8.24: Representative θ for scan paths at two x-coordinate positions along the z-axis of component Auto 1. 
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Figure 8.25: Representative dθ for scan paths at two x-coordinate positions along the z-axis of component Auto 1. 

 
Figure 8.26: Representative scan paths at two z-coordinate positions along the x-axis of component Auto 2. 

 
Figure 8.27: Representative θ for scan paths at two z-coordinate positions along the x-axis of component Auto 2. 
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Figure 8.28: Representative dθ for scan paths at two z-coordinate positions along the x-axis of component Auto 2. 

 
Figure 8.29: Representative scan paths at two x-coordinate positions along the z-axis of component Auto 2. 

 
Figure 8.30: Representative θ for scan paths at two x-coordinate positions along the z-axis of component Auto 2. 
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Figure 8.31: Representative dθ for scan paths at two x-coordinate positions along the z-axis of component Auto 2. 

Following the graphical trends assessed with simple components, it is evident that the size of the of peak indicates 

a tighter geometry with peak base indicative of the distance over which the geometry changes. As with complex 

geometry, analysis of ~50mm shifted scan paths shows highly variable geometry, with some features shifted in 

the x-axis between scan paths. It is a reality that the cross-sectional profile could be drastically different from one 

scan path if further away in the direction perpendicular to the scan path and have very minimal changes with a 

shift of ~10mm. This is also true when perpendicular scan path profiles are compared; assessing Auto 1 x-direction 

and z-direction shows the variation in scan path angle over the same component.  

These results have been validated using CATIA packages; the scanned surface was reduced in size to encompass 

only the region with generated scan lines. The Reverse Engineering workbench was used for surface preparation, 

which included the removal of erroneous data points and tidying of irregular edges and holes. Planes were created 

and scan line coordinates extracted and exported into DELMIA for use in a similar Excel calculation tool. The 

results from this method were evaluated against those obtained using the original Excel method, with Spearman 

Rank correlation calculated. High fidelity was achieved for the X or Z coordinate plot with a correlation factor of 

near 1 however, the effects of smoothing used in CATIA modelling produced diverged discrepancies in the 

correlation of y, θ, and dθ. Despite this, visual correlation after alignment of the coordinate frames alludes to the 

validation of both methods. An example of variation of correlation coefficient for a representative scan path in 

each direction on the two components is seen in Table 8.2.  

Table 8.2: Correlation coefficients for four representative scan paths for Excel and CATIA modelling methods. 

 Y CORRELATION θ CORRELATION dθ CORRELATION 

Auto 1 X-Direction 1.00 0.99 0.83 

Auto 1 Z-Direction 0.99 0.94 0.52 

Auto 2 X-Direction 0.99 0.94 0.63 

Auto 2 Z-Direction 0.99 0.98 0.76 
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 Discussion 

While the reality of the future of advanced composites is the manufacture of large and complex components, with 

one shot cures to minimise the number of parts and incorporate Design for Manufacturing (DFM) learning, these 

features are problematic for inspection. The complex components used in the analyses in this chapter are examples 

of this; they are industrial Automotive components where rapid inspection is necessary to keep up with the 

challenging manufacturing rate. The current state of operations is to adopt automated systems when faced with 

these types of components to maximise data acquisition in a fast, repeatable, and reliable manner. However, 

without a fundamental understanding of the capabilities of automation platforms with respect to inspection, 

optimisation of scan paths for maximised data acquisition and productivity will not be possible. 

The results in this chapter highlight several trends that must be considered when interpreting and drawing 

conclusions. From analysis of simple geometries with the assumption of a single element squirter UT probe, it is 

summarised that:  

• All scan paths that deviate from a flat surface will create complexities in inspection.  

• Analysis is set up such that θ and dθ along a scan path are calculated with respect to the x-coordinate; 

when geometry is such that the y-coordinate increases or decreases with minimal changes to x, dθ 

converges towards a high dθ value.   

• The dθ plot should be consulted when interrogating a geometry for establishing boundaries of 

complexity with respect to UT. The limits of an acceptable dθ for inspection will also be a function of 

the probe and manipulator characteristics.   

• Two characteristics from the dθ plot are indicators of complexity: height of peak and width of peak base.  

A high peak presents a greater dθ value, so the greater the extent of geometrical complexity, and narrow peak base 

demonstrates that geometrical changes occur over a small region. It follows that these characteristics are 

inextricably linked and are dependent on the distance over which the geometry varies from flat to curvature. When 

considering a simplistic path with single curvature of constant radius, the geometry variation is mapped to two 

factors, curvature radius and angle travelled. These factors work in parallel, examples of which are shown in 

Figure 8.32 and Figure 8.33. In the former, a geometry of 15mm radius travels through three different angles. dθ 

peak traces the same path, with width depending on the distance travelled in the x-coordinate. As the geometry 

path becomes steeper in the x-y coordinate frame, the dθ peak becomes very large. Similarly, in Figure 8.33, the 

curve radius varies between 15mm and 30mm, but the angle travelled remains constant at 60°. Studying the scan 

path plot, it is immediately obvious that despite the travelled angle consistency, the x-coordinate distance travelled 

by the 15mm curve is substantially less than the 30mm curve, demonstrating that a tighter radius presents as a 

higher dθ. This is evident in some the dθ analysis plots of Auto 1 and Auto 2 complex components. Two major 

deviations in geometry occur in Auto 1 Scan Path 1 (Figure 8.20) at x-coordinates ~340mm and ~440mm, which 

correspond to peaks and troughs in similar x-coordinate locations in the dθ plot (Figure 8.22). However, dθ peaks 

differ in height and width, which when studying θ plot in Figure 8.21, can be attributed to the difference in 

curvature radius; curvature at ~340mm visibly travels through a less tight radius and smaller angle than curvature 

at ~440mm.   
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Figure 8.32: Effect of angle travelled through 15mm radius on complexity; scan path (left); dθ (right). 

    
Figure 8.33: Effect of radius through 60° on complexity; scan path (left); dθ (right). 

Validation of the methods has been conducted in two parts. Firstly, a brief comparison between the MATLAB 

mesh-based method and Excel geometrical-based method is discussed during research activities, where Excel is 

preferred due to the flexibility in selecting a scan path. However, this is a multi-step process, requiring several 

software packages for selecting the scan lines, meshing them, and then exporting the points into the Excel tool. 

With the HyperMesh route, the path projected from CAD surface geometry and is meshed at every 1mm interval 

along the line with element normal extracted at the centre. Whereas with reverse engineered parts, the nature of 

the laser line CMM method meant that many points and triangles are captured within a polygonal mesh. This 

number was prohibitively large for the mesh to be converted into a surface part in its unrefined state with standard 

computational power available. As such, points along a scan path were extracted using the cross-section of the 

part along a plane and refined using a matching method to use points at the nearest 1mm intervals in the x-

coordinate only. This has resulted in duplicate points being entered into the Excel tool that have produced errors 

in the results; manual manipulation of data is required to remove these duplications from tool entry. In both cases, 

it should be assessed whether extraction and use of points at 1mm intervals is sufficient to characterise a scan 

path, particularly in regions of high geometrical variability and irregular surfaces. Conversely, the MATLAB model 

presents a single process to import geometry, mesh it, select a scan path, and characterise the path within a single 

program. However, mesh size and shape are dependent on the geometry therefore, it is likely that this surface 

mesh will be irregular. As points and grouping of points into the scan path are dependent on this, interference with 

some of the results is expected, leading to some anomalous results that see dθ values converge towards infinity.  

Alongside meshing errors, the discrepancy between MATLAB and Excel method results could be attributed to the 

different ways that the surface normal is calculated and gathered into a scan line. As discussed in methodology 
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presentation, geometrical-based methods use vector mathematics to establish element normal of a 2D scan path. 

In the mesh-based method, the integrated function calculates the normal vector at each point 3D space; this 

introduces a correlation error between the two methods since the magnitude of the resultant normal vector from 

three axes will present differently to a component vector in 2D. Evaluating geometries in 2D is an idealised 

assessment of automation paths, especially with components that exhibit double curvature. Therefore, it would be 

beneficial to adopt the mesh-based method for analysis in 3D for higher-fidelity to automated inspection. With 

additional development, it may be possible to refine the MATLAB code to mesh an STL geometry, select a scan 

path on a user-friendly graphical user interface, perform data tolerancing, and output the useful data, streamlining 

the process to a single software package.  

In the analysis of complex geometries, PolyWorks and CATIA demonstrate different degrees of surface 

smoothing that affect the results. The polygonal mesh obtained in PolyWorks was trimmed into sections and 

underwent CATIA Reverse Workbench operations to remove surplus data points and convert the mesh into a 

surface. This was only possible with a mesh file of reduced size. The impact of this becomes more evident in the 

more sensitive plots, particularly dθ, which is mimicked in correlation coefficients. From the high-fidelity 

geometrical correlation of ~99%, mathematical operations to determine dθ reduces correlation to a range of ~54-

94% correlation. Removal of these erroneous points reduces the amount of low-level noise within the tool to 

demonstrate clearer trends from geometrical features, as shown in the dθ plot of Auto 2 x-direction in Figure 8.34. 

However, this smoothing characteristic may remove some elements that lend themselves to the complexity of the 

scan path hence, discretion must be used in the degree of smoothing applied.   

Whilst this analysis provides the first documented method to equate geometrical complexity to NDT complexity, 

the model will require further validation with different types of incremental geometries linked to geometrical 

feature analysis of complex components. Moreover, the model treats geometrical features as discrete objects and 

does not account for the impact of feature succession, whilst internal and external geometries are considered to 

have the same level of complexity. As such, the model does not allow for an assessment of automated inspection 

efficiency, nor does it take the quality of inspection as a function of geometry into account. The reality of 

inspecting complex geometries will depend on the characteristics and access constraints of the industrial robot. 

Despite DFM learning implemented into the design of components for improved manufacturability, a bottleneck 

to operations that originates in the inspection of these components will still exist as a result of geometrical 

complexities and the challenges it poses to NDT. Without addressing some of the concepts and developing the 

tools demonstrated in this chapter, this risk to manufacturing throughput is unlikely to be alleviated.   
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Figure 8.34: Comparison of Auto 2 x-direction dθ plots with correlation of 63%; PolyWorks (top); CATIA (bottom). 

 Summary 

In this chapter, a Poka-Yoke approach is taken to improve the intelligence of automated UT and provide evidence-

based decision making for inspection strategy for CIVC with the aim:     

“To understand the relationship between geometrical complexity and complexity of NDT inspection plans” 

Assuming that for UT, an ultrasonic non-contact probe must remain at surface normal to a part for optimum 

inspection quality, θ and dθ are calculated along scan paths on selected simple and complex geometries. Two 

models are proposed: a mesh-based method that calculates the element surface normal of a meshed geometry and 

collects the values into a scan path; and a geometry-based method that extracts scan path points and calculates 

element surface normal.  Several trends have been identified with simplistic geometries, such as S-shapes and 

hemiellipsoids, and have been verified in the analysis of complex automotive components. Whilst all scan paths 

that deviate from a flat surface create complexities in inspection, investigation of the dθ plot highlights two 

characteristics that can be used for indicators of complexity: peak height and peak base width.  

The FMECA carried out in Chapter 7 has investigated the effect of operator-driven errors, where the current 

solution to risks is to automate the inspection process, especially for large and complex components. But 

understanding how the geometrical profile of components will affect UT end effector movement is critical in 

adding intelligence to automated inspections through defining acceptable surface normal deviations. As such, this 

contributes to improving the robustness of inspection operations and the delivery of Objectives 2 and 3. Feature 

access and joint manoeuvrability will dictate whether geometries can be scanned successfully; for complex 

geometries of regions where geometry changes significantly over a small area, robotic manipulators have the 

challenging task to ensure the TCP maintains the scan path. This, and the effect of geometry on productivity are 

investigated in Chapter 10. 



 

 

 

9 Verify 
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This chapter considers risks to NDT reliability; investigations into variance in UT measurements and 

correlation to material quality are conducted. The efficacy of KM in NDT is explored with respect to the 

current state-of-the-art.  

Chapter outputs produced in collaboration with the μ-VIS Imaging Centre at the University of Southampton 

for provision of tomographic imaging facilities, supported by EPSRC grant EP-H01506X.  

Conference and Journal Papers:  

Gandhi, N. H., Rose, R., Croxford, A. J., & Ward, C. (2022). Understanding System Complexity in the Non-

Destructive Testing of Advanced Composite Products. Journal of Manufacturing and Materials 

Processing, 6(4), [71]. 
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hen using a quality control system, certain assumptions are made about the characteristics of operation. 

In the case of populating the UT capability matrix, these assumptions encompass the intrinsic capability 

component of NDT system complexity, where the results were obtained on the condition that the equipment was 

working as expected. In order to establish this is true, verification exercises must be performed against a boundary 

condition, where idealised validation would be to only vary a single variable. This could be an assessment of 

repeatability through replacement of operator or equipment. So that the KB can be robustly populated with 

validated applicability data, the Verify phase seeks: 

“To assess results of the capability matrix with further detail and compare matrix to other NDT KB projects” 

As shown in the process flow in Figure 9.1, there are two strands of research that are explored in this chapter. The 

first strand follows on from inspection data collection and analysis in Chapter 6, where the reliability of UT results 

is examined in further detail, with an assessment of measurement variability. This is achieved through multi-

variation assessment and evaluation of statistical data across repeat inspections. The other looks at alternative 

method of validation that follows an industry trend: the Round Robin (RR) exercise. This long-standing method 

of establishing the state-of-the-art NDT capabilities across the industry is explored through a case study.   

 
Figure 9.1: Process flow for the Verify phase. 

 KB Reliability 

The outputs from Chapter 6 aimed to contribute to the development of an image of what ‘good’ looks like for the 

inspection of composite products in terms of the detection and characterisation of defects within a reference 

specimen. Whilst the inherent nature of technologies mean that techniques can achieve various combinations of 

detection and characterisation, there is also a trade-off between the material characteristics of the tested component 

and the capabilities for detection of defects outlined in the acceptance criteria. However, there are multiple factors 

at play that describe an inspection procedure, as detailed by a complex system, with key overarching inputs 

including component configuration, human factors, and inspection equipment. A method to account for 

component configuration and the effect on inspection is dealt with in the formulation of the KB and elimination 

of human factors through automation path planning are investigated in Chapter 8. Inspection equipment 

encompasses the selection of several Key Performance Variables (KPVs), which have been shown to significantly 

affect the result if not optimised for maximum gain. As data that is entered into the KB is only as good as a 

W 
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combination of these inputs, it is necessary to evaluate the equipment used in the KB population and assess for 

reliability and variability between inspections.  

 UT Result Variation 

For reliability measurements, it is necessary to cross-reference the data at regular intervals throughout the data 

set. Only UT data acquired through the OmniScan MX2 equipment allowed for this level of data collection and 

manipulation to be performed hence, Single Element Ultrasonic Testing (SEUT) and Phased Array Ultrasonic 

Testing (PAUT) data sets were evaluated. As discussed in Chapter 5 and Chapter 6, at least five repeats of 

measurements were conducted to validate results for population of the KB; measurement equipment was mounted 

on an automated gantry system, with calibrated string encoders, and bespoke rigs to hold the components in place. 

An automated system was used to avoid human factors in probe manipulation and for positional data to be unified 

across all scans with identical start and finish points. A modified multi-variation analysis has been performed to 

assess the variation of amplitude along a 1mm scan line in various locations, such as over a ‘good’ area and over 

near-surface artificial defects. An example is shown in Figure 9.2 where each point is extracted from a 1mm scan 

line in two linear locations. Whilst there are areas of commonality between the two sets of amplitude that are 

indicative of the step changes between thickness and flat sections (at ~30% amplitude), there are dips in amplitude 

for the near-plane defect line that can be attributed to defect locations arising at ~12-15%. Amplitude variation 

can also be attributed to the proximity of discontinuities such as the artificial defects and geometrical features. 

For an idealised component of homogeneity, ‘good’ region amplitude should remain stable over the steps; any 

deviation from this would be attributed to equipment variability. However, with the anisotropy of composite 

materials, it becomes difficult to determine whether the variation seen is a function of the material, equipment, or 

inspection characteristics.   

 
Figure 9.2: Comparison of PAUT ultrasonic amplitude along two 1mm scan lines of M2. 

A comparison of amplitudes along a line of near-surface defects between inspections of the same component with 

the same equipment and setup was performed, with amplitude variation shown in Figure 9.3. Spearman Rank 

correlation of the arrays show high fidelity of the inspections to each other with very few anomalies in amplitude 

measurements. A correlation coefficient of approximately 0.99 is achieved for this component. This coefficient 
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value was dependent material composition of different parts and the characteristics of the inspection techniques. 

Whilst these coefficients demonstrate that equipment reliability is acceptable in sample measurements of a single 

scan line, more comprehensive analysis is required to assess the whole scan area, achieved through Measurement 

System Analysis (MSA). Sharma et al. [420] state that measurement system variation consists of four distinct 

components: bias; stability of bias fluctuation over time; precision due to inherent measurement instrument errors; 

and reproducibility due to environmental fluctuations. Repeatability measurements gathered from the recurrent 

measurement of a part to map the internal variability within the system is achieved through a modified Gage 

Repeatability & Reproducibility (Gage R&R) process. Following the procedure outlined in Figure 9.4, OmniScan 

amplitude measurements were extracted at 11mm intervals with respect to the C-scan plan view and analysed. 

 
Figure 9.3: Comparison of PAUT ultrasonic amplitude along identical 1mm scan lines of different M2 inspection 

repeats; repeat 1 (top); repeat 2 (bottom). 

 
Figure 9.4: Procedure for establishing reliability and experimental error in ultrasonic measurements. 
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At each 11mm square, average amplitude (𝜇𝐴) and standard deviation (𝜎𝐴) of five repeats are calculated and 

used for assessment of coefficient of variance (𝐶𝑉), defined as a standardised measure of dispersion of 

experimental error. With respect to ultrasonic measurements, this coefficient is calculated according to Equation 

(9.1).  

 
𝐶𝑉(%) =  

𝜎𝐴

𝜇𝐴

∙ 100 (9.1) 

 

According to ASTM standards, 𝐶𝑉 values can be grouped to describe incremental and acceptable experimental 

error, classified in Table 9.1 [421]. Values are arranged into heatmaps for UT techniques where the key is shown 

in % bands of values; PAUT in Figure 9.5; SEUT contact in Figure 9.6; and SEUT squirter in Figure 9.7. Results 

for dry fibre component M3 are found in Appendix J.  

Table 9.1: Definitions for coefficient of variance of UT data. 

𝑪𝑽  DESCRIPTION 

<5% Unusually tight scatter of data, which is highly desirable. With very tight scatter, the calculated 

mean value will be quite reliable.  

5%-15% Tight to generally expected scatter from most sets of data.  

15-30% Expected to an unsatisfactory amount of scatter.  

>30% High scatter indicates an unsatisfactory amount of scatter; calculated mean value is unreliable.  

 

 
Figure 9.5: Heatmap of CV values (%) for repeated PAUT inspection of M2. 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 9.6: Heatmap of CV values (%) for repeated SEUT contact inspection of M2. 

 
Figure 9.7: Heatmap of CV values (%) for repeated SEUT squirter inspection of M2. 

Whilst the results indicate that the reliability of the measurement systems is acceptable, analysis of the 

distributions presents several observations that relate result variability to equipment reliability and component 

composition:  

• 𝐶𝑉 of ultrasonic amplitude increases as component thickness increases. This trend is evident in 

monolithic components only where thickness changes can be directly assessed within the same reference. 

This effect could be attributed to the effect of the Time-Corrected Gain (TCG) used where the signal of 

interest as well as noise signals are amplified.   

• 𝐶𝑉 varies with the types of equipment used. The results obtained from the SEUT contact and SEUT 

squirter techniques vary despite the same fundamental use of a single transmitter/receiver unit. The 

inherent features of the technique are expected to greatly affect this, such as stability of coupling method. 

However, this also includes characteristics of the probes used; probes may have different damping 

characteristics that ultimately affect the level of noise (and 𝐶𝑉) within a measurement.  
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• Scattering may be influenced by material quality, and component or defect geometry. This is seen in 

values coinciding with either non-planar back surface geometry or embedded defects displaying a higher 

variance. It is commonly understood that components that undergo infusion processing routes exhibit 

more material variability than prepreg-autoclave routes. However, whether this influences equipment 

variability is questionable, since test results from M3 showing a near indistinguishable higher average 

global 𝐶𝑉 over similar step thicknesses as compared to M2 (~2% compared to ~1% at 25mm).  

 Evaluating Material Quality  

A hypothesis proposed to explain reduced ultrasonic reliability was an increase in scattering due to material 

quality; without destructive or mechanical testing, it is difficult to ascertain the structure of the part. However, X-

Ray Computed Tomography (XCT) provides an opportunity to investigate the integrity of a part and is often 

considered to be the optimum characterisation tool. This is due to its high spatial resolution and ability to capture 

multiscale (macro-, meso-, micro-, and nano-scale) data in 2D and 3D formats [49]. As such, it has been used 

extensively in the inspection of Aerospace and Automotive composite material products and for advanced material 

characterisation [422–424]. The process for conducting XCT inspection is summarised in Figure 9.8; the object 

under investigation is placed on a rotating stage and a number in the range of 2-5000 radiographs are collected 

over a 360° rotation. The 3D image is computationally reconstructed from these radiographs.      

 
Figure 9.8: Schematic of acquisition process of radiographs and reconstruction into 3D images; recreated from [425]. 

XCT image quality and detail is affected by process parameters such as voltage, current, and spatial resolution 

with the latter defining the ability to show fine structural details. To assess material quality, a spatial resolution of 

~100µm is generally required to identify voids and regions of porosity [426]. However, the achievable resolution 

of inspections is directly coupled to the size of the object where a high resolution requires a small field of view. 

Additionally, the number of pixels and pixel size place limitations on the spatial resolution possible, which is 

normally 2-3 times the pixel size [425].  As a result, the Custom 450/225 kVp Hutch CT system situated at the µ-

VIS X-ray Imaging Centre, University of Southampton has been used for inspection. The system is equipped with 

two X-ray sources and detectors; the 450 kVp micro-focus source and a 20002000 pixel flat panel detector were 

selected for imaging requirements. With a significant imaging volume of 111.5m, the system provided an 

ideal solution to inspecting the large monolithic reference standards (M1-M4) to an adequate resolution.  

Before scanning, calibration was performed whereby a flat field correction was calculated from dark field and flat 

field images and applied to captured projections. Each specimen was mounted to the turn table with the small end 

clamped at the bottom. To capture data from all steps, a 200mm horizontal window was created at several locations 

in the vertical allowing for a voxel size of 0.1mm. As such, for component M2, data was captured at 360° rotation 
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in three scans, as shown in Figure 9.9. The duration of data collection in each rotation was approximately 4 hours, 

which accounted for exposure time, two frames per projection, and 4000 projections taken for each rotation. 

Additionally, shuttling methods were introduced to reduce the likelihood of ring artefacts appearing in the 

captured frames. These settings were applied to other monolithic components but with different numbers of 

projections and scans taken during the rotation. Image post-processing involved concatenation of raw volumes. 

The reconstructed volumes comprise of a simple greyscale representation of the linear attenuation coefficient of 

the object. Several post-processing algorithms have been applied to the reconstruction, including beam hardening 

correction, host material and defect contrast enhancement, and stitching of volumes for a field of view that 

encompassed the whole inspected part. 

 
Figure 9.9: Segmentation of component M2 into three scans. 

XCT results were processed in ImageJ software; analysis of the concatenated images of M2 shows some defects 

are clearly detected, such as the backing paper defects that simulating foreign object defects that are distinctly 

visible. PTFE inserts simulating delamination defects prove more difficult to visibly detect and are shown by 

slight shadows in projections. This is visible on an annotated sliced image from the top of the part in Figure 9.10. 

To evaluate material quality and interrogate the structure for presence of voids, a thresholding method was used 

whereby Gaussian filters were applied to a modified image and compared to the unedited image. This method 

allows for grey values outside of the expected for a uniform material to be isolated, indicating anomalous areas 

(including porous and fibre-heavy regions) to be highlighted. For component M2, neither fibre structure nor void 

content are particularly obvious with little to no features shown as variable. Interestingly, not all artificial 

delamination features could be clearly highlighted as discontinuities. An example of a thresholded image within 

the 15mm step is shown in Figure 9.11, where artificial backing paper defects are boxed and red dots in the 

thresholded image represent regions of discontinuity.  
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Figure 9.10: Representative plan view of XCT results of M2 with some backing paper and PTFE inserts highlighted.  

 

 
Figure 9.11: Representative cross-sectional view of XCT results of M2 15mm step with highlighted artificial defects. 

Contrary to prepreg reference standards, M3 and M4 components (manufactured through resin infusion processes) 

showed more intrinsic variability in the results. Features of the material, including fibre pattern, were more 

obvious; when section images were thresholded using the defined procedure, voidage inherent to the fibre 

structure was evident. This can be seen in Figure 9.12 for a 10mm section in M3 and Figure 9.13 for a 30mm 

section in M3 as the red indications in the part area. It is visible that the actual material quality, related to the 

appearance of voids, has not deteriorated as a function of thickness; as such, it is assumed that the percentage void 

content will not have drastically changed over the thickness steps. This assumption is based on the reference 

component manufacturing method, where machining was used to form the stepped features.  

 
Figure 9.12: Representative cross-sectional view of XCT results of M3 10mm step. 

 
Figure 9.13: Representative cross-sectional view of XCT results of M3 30mm step. 

PTFE inserts 

Backing paper inserts 



 Development of NDT Knowledge Systems to Improve the  

Robustness of Inspection of Composite Products 

 

182 

 

Components M1 to M4 include various methods for artificial defect simulation, including inserting 

Teflon/Polytetrafluoroethylene (PTFE) tabs during manufacture and Flat Bottom Back-Drilled Holes (FBHs) as 

a post-process machining operation. Whilst the validity of the artificial methods is discussed in Chapter 6, M4 

presents an opportunity to evaluate the appearance of a natural defect and non-designed features that occur as a 

consequence of manufacturing operations. Verifying the UT conclusion of a real defect in the mid-plane of the 

20mm step, Figure 9.14 shows the manifestation of the delamination/void region using the XCT method and the 

interaction with the fibre pattern. Moreover, the effects of machining resulting in flaking of an exposed surface is 

shown in Figure 9.15.     

  
Figure 9.14: Representative XCT results of M4 focussed on natural defect; plan view (left); cross-sectional view (right). 

 
Figure 9.15: Representative XCT results of M4 focussed on the impact of machining in the 25mm step. 



Nikita Gandhi 

Chapter 9 

Verify 

 

183 

 

 BINDT Round Robin KB 

The formulation of the KB and sequential procedure to populate and verify the data contained within the capability 

matrix has been robustly tested by initiating several components through the framework. The involved process 

aims to document both explicit and tacit knowledge of NDT and convert it into a decipherable format for wider 

dissemination. This process also draws parallels to RR exercises where activities provide an opportunity for 

inspection companies to compare and benchmark current and newly-developed techniques on a wide-scale, 

spanning multiple organisations, continents, and industries. Typically, RR activities result from a customer need 

for an independent assessment of detection method capabilities with respect to a particular application. Some 

notable example of this in the past include work conducted by the Pacific Northwest National Laboratory who 

have published reports on the reliability characteristics of inspection of metallic in-service nuclear components 

commissioned by the United States Department of Energy [427, 428].  

As with the large joint ventures discussed in Chapter 2, major results from Harwell Offshore Inspection Service 

(HOIS) and Validated Inspection Techniques for Composites in Energy Applications (VITCEA) projects have 

not been publicly presented for the betterment of the collective composites industry. Published documentation 

from VITCEA outlines the process taken to organise and establish the inspection activities with an end of project 

report summarising the actual and potential impact. Whilst the list of potential impacts refers to the increased 

understanding of how to use NDT techniques, interpretation of results, and types of defects detected, the actual 

impact is limited to the incremental improvement and deployment of technologies at selected project partners. 

Moreover, dissemination of data in an accessible format is limited to NDT standards; the route to process and 

capability improvements that looks beyond inspection activities has not been approached [429]. 

Organisation engagement, both in interest and funding, is critical to the success of RR exercises; an example of 

where this has been unsuccessful is a RR conducted by the British Institution of Non-Destructive Testing (BINDT) 

Composites Group. This independent study provides a current state example of capturing the state-of-the-art NDT 

capabilities. Four fibre waviness reference samples were manufactured at the NCC in 2014 with artificial fibre 

fracture and varying degrees of fibre misalignment and disseminated to various academic and industrial 

institutions within the working group:  

• BINDT1: Fibre misalignment and fibre fracture over corner radius specimen. 16 plies construction with 

defects in plies 3, 6, 8, 9, 12, and 14.  

• BINDT2: In-plane waviness over corner radius specimen. 16 plies with defects in plies 3, 6, 11, and 14. 

• BINDT3: Out-of-plane waviness over corner radius specimen. 32 plies with defects at 6 ply depths.  

• BINDT4: Out-of-plane waviness on flat specimen. 32 plies with defects at 6 ply depths.   
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Participants were asked to inspect the components with limited information on the location and type of defects 

and acquire as much detail as possible on the measurement of defects. Over a period from 2014 to 2022, ten 

institutions received and tested the components; only three have provided a report of the inspections when 

approached for datasets, including the NCC. Various levels of details were given for the different methods used 

by the institutions, with findings of detection capabilities for each defect type for the reference specimens in Table 

9.2. Institutions are anonymised in line with the agreement formed with the BINDT apart from the inspections 

conducted as part of this project (denoted as “Verification”).  

Table 9.2: Comparison of results from institutions for RR components. 

INSTITUTION METHOD CAPABILITY COMMENTS 

Component BINDT1 

Institution 1 UT  Cut fibres 

 Misalignment 

No defects could be detected.  

XCT  Cut fibres 

 Misalignment 

Misaligned fibres could be detected. While there was a 

top-level demonstration of the fibre angle change, it was 

not determined how angle was calculated. 

Institution 2 UT ? Cut fibres 

? Misalignment 

Only images were provided, so it is unclear whether 

either defect type could be detected.  

Institution 3 XCT ? Cut fibres 

? Misalignment 

Unclear from the reports and available scan data whether 

either defect type could be detected.  

Verification   UT  Cut fibres 

 Misalignment 

No defects could be detected.  

Component BINDT2 

Institution 1 UT  In-plane 

waviness 

No in-plane waviness defects could be detected. 

However, material quality showed some intermediate 

signals in the scan.  

XCT  In-plane 

waviness 

For greater resolution of defects, the panel was inspected 

in two halves, capturing in-plane waviness perturbations. 

Resin richness and void regions were also observed from 

waviness. No measurements were taken to characterise 

the defect. 

Institution 2 UT ? In-plane 

waviness 

 

Top level information only with limited commentary on 

the data/images captured. No measurements were taken 

to characterise defects. 

Institution 3 XCT ? In-plane 

waviness 

Unclear from the reports and available scan data whether 

either defect type could be detected.  

Verification   UT  In-plane 

waviness 

Data shows no detection of in-plane waviness. Inability 

to reliability collect data from the radius region due to 

operator-driven variables. Additional material 

discontinuities may be a consequence of fibre waviness.  
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Table 9.2 cont.: Comparison of results from institutions for RR components. 

INSTITUTION METHOD CAPABILITY COMMENTS 

Component BINDT3 

Institution 1 UT  Out-of-plane 

waviness 

Assessed the impact of the inserted waviness through an 

increase in local thickness and better consolidation, 

leading to reduced attenuation. While out-of-plane 

defects were detected, they were not characterised. 

Institution 2 UT  Out-of-plane 

waviness 

Top level information only with limited commentary on 

the data/images captured. Images showed detection of 

defects, but no measurements were taken for 

characterisation. 

Institution 3 XCT  Out-of-plane 

waviness 

Out-of-plane defects were detected however, no 

measurements were taken to characterise these defects. It 

is not clear on the location of defects detected. 

Verification   UT  Out-of-plane 

waviness 

Reported local thicknesses where out-of-plane waviness 

exists rather than characteristics of the waviness itself. No 

measurements were taken to characterise the defects.   

Component BINDT4 

Institution 1 UT  Out-of-plane 

waviness 

Assessed the impact of the inserted waviness through an 

increase in local thickness and better consolidation, 

leading to reduced attenuation. While out-of-plane 

defects were detected, they were not characterised. 

XCT  Out-of-plane 

waviness 

Fibre overlap regions were identified at a low resolution. 

Difficult to visibly identify the defect type.  

Institution 2 UT  Out-of-plane 

waviness 

Top level information only with limited commentary on 

the data/images captured. No measurements were taken 

to characterise defects. 

Institution 3 XCT  Out-of-plane 

waviness 

Characterisation of voids within the waviness regions 

given for one example, unclear whether all waviness 

defects could be detected.   

Verification   UT  Out-of-plane 

waviness 

Reported local thicknesses where out-of-plane waviness 

exists rather than characteristics of the waviness itself. No 

measurements were taken to characterise the defects.   

 Discussion 

In previous chapters, it has been discussed if current reliability metrics, such as POD and ROC, are sufficient to 

describe NDT capability. Whilst MSA provides an alternative method to perform statistical analysis of the UT 

system, there has been limited use of Gage R&R in the quality assessment of the inspection procedure [430, 431]. 

As such, it could be considered that steps taken to assess the quality of a process that is itself a quality control 

measure are inadequate. Since detection method intrinsic capability, application parameters, and human factor are 

ingrained within the process, the method described in this chapter provided an opportunity to isolate MSA through 

automating the inspection procedure. This has allowed data collection with common manipulator pattern; area 

features and discontinuities from manipulation have been normalised in analysis.  
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Several key observations that are based on 𝐶𝑉 have been reported. The inherent characteristics of the equipment 

used for inspection is mentioned in these findings, and discussed in Chapter 6, as a possible reason for technique 

limitations, where damping characteristics and perturbations within the water column have the capability to 

severely affect the setup reliability. However, results within the same technique have also been shown to be 

variable. There is an observable change in the variability in results between the thinnest and thickest steps of 

monolithic samples that may be attributed to set up parameters. Typically, NCC procedure outlines calibration of 

equipment on a 10mm step of a reference standard, potentially causing discrepancies in the results for sections of 

a larger or smaller thickness. This is particularly observable in velocity measurements over the steps, made 

complex by the anisotropy of the materials. It may be beneficial to inspect a homogeneous material with a 

repeatable coupling method to investigate this aspect of the introduction of variability.  

Variability may also be a function of material quality, component, and defect geometry; attribution may be 

unquantifiable due to the complex relationship of these factors. Whilst the influence of material quality has been 

studied in the comparison between monolithic components of different processing routes, Figure 9.16 

demonstrates the variation between core components C1 and C3. The measurement variance associated with the 

SEUT squirter technique has likely been exacerbated by bond line variation. Moreover, whilst a bespoke rig was 

constructed to clamp the component in place, the nature of aligning the component at exactly normal to the probe 

manipulator axis proved problematic. Slight angulation or movement of the part during the inspection would 

significantly affect the result given the small allowable margin of error derived from ~1.8mm skin thickness. It is 

interesting to note that the definition of defects remains consistent with a low 𝐶𝑉. 

The 𝐶𝑉 assessment uses a Lean Six Sigma (LSS) method to quantify the variation within a system; this method of 

discretely analysing each 11mm square from five results and normalising against a definitive measure of 

reliability makes the variation in the measurement system visibly apparent. However, it is difficult to separate 

equipment performance from the other factors that are present within the inspection process, demonstrating the 

   
Figure 9.16: Heatmap of CV values (%) for repeated SEUT squirter inspection; C1 (left); C3 (right). 



Nikita Gandhi 

Chapter 9 

Verify 

 

187 

 

degree to which results are dependent on the quality of the component and in the discretion of operator expertise. 

Rather than solely being a discrete measurement of component quality, this assessment shows the complexity of 

the NDT system. Incremental improvements for NDT reliability need to come from the development of techniques 

and equipment, both of which can be achieved through isolated LSS events. However, wider systems thinking is 

required to integrate process control for manufacturing of specimens, a necessary step for accurate NDT. 

Inspecting with XCT methods provides another level of verification of structural characteristics, particularly when 

the integrity of the measurement system is under concern. Whilst it is considered the ‘gold standard’ method for 

quality interrogation, capital outlay, computational requirements, and component size present some clear 

restrictions to widespread applicability. In the inspection of the four reference panel geometries, inherent features 

of the process limit the valuable data extracted. Even with the beam hardening correction applied, artefacts in the 

concatenated images have made thresholding operations for defect identification more challenging. Moreover, the 

volume of data (raw images ~100GB) extracted from over 12 hours of inspection per panel is prohibitively large 

for detailed analysis of every projection.  

To improve the data evaluations process, definition of porosity across all projections would benefit from machine-

learning algorithms, such as Dragonfly predictive analytics platform, that would allow for the automated 

quantification of void content [432]. This would be useful for both cases where small void content is not 

immediately obvious, as in M2, or where void content is numerous and must be combined in all projections, as in 

M3. In this case, XCT has reinforced the results of other UT testing, but also could be considered as excessive, 

given the inspection requirements. Whilst some detection methods may be unable to find selected defects, the 

opposite may also be common to other procedures, where the applied inspection procedures are superfluous at 

higher cost to the project with respect to the acceptance criteria. It needs to be considered if the results obtained 

through employed NDT methods are comparable to XCT according to detection requirements.   

Repeated inspection and verification of KB entries and results are critically important to establishing a robust 

process for state-of-the-art capability reporting with respect to inspection requirements. If used correctly, RRs are 

powerful tools in achieving this. However, whilst contributing greatly to the understanding on the capability of 

the used NDT procedures to those involved, it has been reported by Virkkunen et al. [433] that RRs are difficult 

to arrange, with a potential solution to deliver virtual flaw and testing options to alleviate logistical issues. In 

composites, engagement in RR exercises to define the state-of-the-art is notably less visible, with some examples 

of results in literature [434, 435]. Along with the difficulty in establishing a RR process, activity absence may 

indicate that funding and investment for such activities is not as prevalent.  

As such, RRs are only valuable if they are executed effectively; the BINDT Composites Group is an example of 

where the baseline for a successful cross-sector activity has not been met. This is of concern to the future of RR 

exercises; the BINDT represents the central body for NDT activities in the UK and has a certain degree of 

influence that is necessary to encourage institution interest. Whilst engagement at project commencement was 

assumed to be high, this has since reduced to a point where investment in the activities has been limited. After 

activity kick-off, it is assumed that the drivers for the activity were passed onto the testing institutions. The 
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motivation, interest, and engagement of the operators within these institutions would have significantly affected 

the quality of responses. Without a central driving force, or a working group that has actively monitored progress, 

this RR has become a redundant exercise. Moreover, a timeline to completion has not been established, with 

requests for data sharing ‘after an appropriate stage’. This has been shown to be ineffective for capturing the state-

of-the-art, especially where the responsible data owner has moved on from the institution or the 

technology/approach is no longer appropriate. As a result, it is not surprising that only three institutions out of the 

original ten responded to requests and provided data.    

The quality of data collection and analysis cannot be assumed to be uniform across the industry, and therefore 

must be carefully considered when assessing the capabilities of an NDT method or an institution. This is evident 

in the level of detail obtained from the various participants. The BINDT cover sheet requested interrogation and 

determination as much information as possible of the structure however, very few instances of defect 

characterisation, whether possible or not, were reported. This may have been a function of how individual 

institutions addressed the activity; whether the RR was deemed to be high priority with adequate time, resources, 

and personnel experience allocated. BINDT activities are small-scale and tend to propose and launch interest in a 

project rather than provide the investment for initiation. As such, engagement with a funding body such as 

Innovate UK is necessary to enable the appropriate level of engagement.  

System limitations are inherently ingrained in these choices and are necessary to accurately convey NDT 

capabilities and routes to improvement. The purpose of NDT is to maintain and assure quality for critical safety 

requirements however, the difficulty encountered with simply performing and sharing data across the industry for 

the betterment of NDT of composites does not instil confidence in the inspection industry. As such, the analysis 

in capturing the state-of-the-art within this project assists in informing a better approach to technology mapping 

and deployment.  

 Summary 

This chapter builds on the results of the UT capability matrix to evaluate the characteristics of the inspection with 

respect to improving the robustness of data validation through the aim:  

“To assess results of the capability matrix with further detail and compare matrix to other NDT KB projects” 

Two areas of research have been conducted. Firstly, data outputs from the repeated UT of all reference standards 

conducted in Chapter 5 and analysed in Chapter 6 have been studied in further detail to explore the repeatability 

component of the measurement system. This has been achieved through statistical analysis, investigating the 

correlation of component configuration and measurement system with respect to the variance of results; 

hypotheses are produced to describe interconnectivity of system elements and contribution to measurement 

complexity. XCT methods have been used as an alternative method for the verification of all monolithic reference 

standard material quality and the validation of variance hypotheses. Secondly, the RR process upon which the 

continued population of the matrix should be based has been analysed, with critique of an example conducted by 

the BINDT highlighting that the levels of engagement of institutions is critical to obtaining state-of-the-art results. 
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The activities described in this chapter reinforce the developmental work towards the attainment of Objective 1; 

the verification of the reference specimen characteristics and measurement reliability for validation of the 

capability matrix entries. However, this statistical analysis also demonstrates some risks in terms of data capture 

during the UT process, contributing towards Objective 2. Evaluation of existing RR exercises and the impact from 

the events constrained to local organisations starts to inform the strategy for dissemination of validated NDT 

knowledge across the composites industry. This begins the discussion towards Objective 4 in establishing a road-

map for future population of the KB, further assessed in Chapter 10. 
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This chapter introduces the concept of Design for Inspection into NDT for composites with two activities 

explored to establish the rationale behind intelligent decision-making. Learning outputs from the project are 

discussed with applicability to industry.  

Chapter outputs produced in collaboration with LayupRITE, University of Bristol. 
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he activities undertaken within this project aim to contribute towards making NDT operations more robust 

and are geared towards building a knowledge repository and understanding system complexity. Both are 

necessary in introducing intelligence into the process and informing an effective inspection plan. However, 

implementing an inspection strategy must go further than simply being a function of NDT operations only. The 

developed strategy must be able to responds proactively to the New Product Introduction (NPI) pipeline.  

Using the outputs and learning from the project framework, this chapter focusses on two areas, as shown in Figure 

10.1.  Firstly, outputs in the process of understanding and quantifying NDT system complexities and information 

flow through the design and manufacturing process are combined into a proposed, novel Design for Inspection 

(DFI) methodology. This process aims to introduce inspection systems thinking into concept design, with two 

case studies shown to demonstrate tools that can be used to encourage data-driven decisions with respect to the 

capabilities of quality assurance measures. Secondly, motivations, lessons learned, and areas still to be addressed 

are evaluated with respect to each of the research themes. The anticipated impact on research and industrial NDT 

is discussed, with a statement from the industrial sponsor on the nature of the impact.  

 
Figure 10.1: Process flow for the chapter. 

 DFI Demonstration  

The future of NPI must account for intelligent design and manufacture; recent advances in technologies and 

opportunities for growth need to be accessible and established in a robust framework for process optimisation. A 

closed loop Automated Fibre Placement (AFP) process has been presented by Brasington et al. [436], which relies 

on the interconnection of the previously considered isolated pillars; design, process planning, manufacturing, and 

inspection. Using a digital backbone, data flow acts in such a way that technologies in each pillar are integrated 

into a continuous improvement cycle. However, there are many challenges that still exist with AFP and within the 

composites industry as a whole.  

As discussed in Chapter 3, the generation of smart Design for Excellence, or X, (DFX) workflows requires the 

knowledge behind selection processes to exist in a common and distributable format, such as Ashby charts [437]. 

Some holistic design selection methodologies and strategies developed for composite material products are 

outlined in Table 10.1. Whilst each methodology presents differences in the approach taken through order of 

T 
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activities and linearity of processes, common decision variables encompass architecture, geometry, and processing 

method, with design configurations tested using analysis methods with respect to requirements. However, there 

is a discernible absence of considerations for post-manufacturing operations, such as inspection capabilities. 

Assuming the design selection methodologies discussed are comprehensive in establishing the critical variables 

required in the conceptualisation of a part, the process of optimising components through making design decisions 

becomes challenging for the designer. Complexity is realised through the simultaneous evolution of materials and 

geometry which are constrained by industrial requirements, such as scale of production, cost, and performance 

requirements. However, customer requirements detail certification requirements; too often, inspection measures 

are bolted on as an after-thought with a lack of appreciation of what inspection operations can deliver. It is 

therefore, a distinct possibility that components that cannot be effectively inspected are being routinely designed 

and manufactured.  

Table 10.1: Papers recording design selection methodologies for composite material products. 

REFERENCE YEAR RESEARCH ACTIVITIES & CONCLUSIONS 

Monroy Aceves 

et al. [438] 

2008 Introduces a design methodology flowchart based on a material selection that 

incorporates mechanical responses for laminate performance. From the 

definition of geometrical and performance requirements, the assessment of 

multiple design configurations produces a database from which process 

selection can be performed.  

Hambali et al. 

[439] 

2009 Introduces an approach for the selection of an appropriate manufacturing 

process based on the AHP. Two design activities are employed: product design 

specification and conceptual design stage. Within the AHP, main selection 

factors and sub-factors in the choice of a manufacturing process are scored in 

the pairwise comparison according to a previously defined scale.   

Gascons et al. 

[440] 

2012 A strategy for handling the information generated in decision processes, 

independent of software, is developed. The proposal involves linking the 

different design steps using a single control parameter. This way, concurrent 

selection can be achieved to better optimise the design scenario.   

Kaspar et al. 

[441] 

2017 A detailed flowchart of a holistic composite product development process is 

introduced, presenting a cyclic process for the determination of component 

characteristics within a set of boundary conditions. Procedure can be performed 

iteratively based on the results of material/process specification and analysis.   

Neveu et al. 

[442] 

2019 The Geometry, Architecture, Process methodology is presented with the three 

essential variables, founded on designer creativity. Each variable is expanded 

to include processes and options that could be suitable, and then are graded 

with respect to each other within an iterative decision process. It is concluded 

that geometry selection first allows for greater design flexibility.      

Baracchini et al. 

[443] 

2020 A numerical method for selection of a multi-material structure is presented 

based on an architecture database, a material database, and material 

requirements; after research is conducted on this, shape optimisation is 

conducted.  

As evaluated in Chapter 2, DFI has begun to gain interest in a basic form. It is reported that there is an increased 

interest in industry particularly where consumer safety is critical [444]. In this case, digitalisation is a key enabler 

in encouraging effective concurrent engineering. However, any visibility of progress in the development of DFI 

methodologies or improvement strategies is very limited in the public domain. With a lack of reporting of lessons 



Nikita Gandhi 

Chapter 10 

Design for X & Discussion 

 

193 

 

learnt from proprietary projects, the overall learning taken from improvements in the industry is stunted. Outside 

of an industrial context, the Nuclear Advanced Manufacturing Research Centre has initiated an investigation into 

the integration of metrology with DFI protocols in the form of a report. The rationale for introducing such a 

methodology is presented as a cost-saving measure and should be implemented in conjunction with other DFX 

methodologies [444]. Whilst this guidance provides valuable input into considerations of datum, tolerancing, and 

accessibility, the content is better suited to establishment of standards or as part of additional training for operators. 

It is not accessible to designers, nor does it explicitly document the needs or capabilities of the inspection process. 

As it currently stands, the report does not provide a route to improved operational intelligence. Moreover, any 

headway towards implementing DFI has not been developed in application to composites manufacturing.   

To address this, a process to introduce inspection requirements and considerations into NPI through DFI is 

proposed in Figure 10.2. Drawing on the formulation of a DFX tool framework presented by Huang et al. [348] 

in Chapter 3, this DFI framework incorporates the developed KB as the central repository of knowledge upon 

which process requirements, selection criteria, and key characteristics are defined. Moreover, the building blocks 

of the 1997 framework are mirrored in the proposed DFI framework through incorporation of product, process, 

and operation analysis and the interaction between these elements. As this developmental work is in its infancy, 

the steps suggested are an overview of activities and will require modification of the sub-processes such that they 

can be made specific to each application. This process flow is based on the conditions that effective NDT requires 

knowledge of the component, including the composition and architecture of the part, and the manufacturing 

processing route. The steps are discussed below in more detail along with the type of activity they relate to:  

• Understanding the product and customer requirements: Product-related activity – establishment of 

product materials, design and architecture, types of testing required, estimated life/sustainability, 

operational requirements. 

• Understanding the manufacturing process: Process-related activity – establishment of process 

requirements, capabilities, complexities, opportunities for inspection/process monitoring. 

• Determine critical defects that appear in product: Product-related activity – establishment of defects that 

occur as a function of product features, such as geometrical configuration, material composition. Defects 

could include delamination, geometrical errors, and void content. 

• Determine critical defects that appear in manufacturing process: Process-related activity – establishment 

of defects that occur as a function of process, such as tooling issues and lay-up errors. Defects could 

include dry spots from insufficient resin flow. 

• Defect taxonomy for application: NDT-related activity – definition of defect timeline based on potential 

defects as a function of product and/or process. 

• Define acceptable level of variation for non-designed features: Product/NDT-related activity – establish 

an acceptance criteria describing the maximum allowable defect size (with respect to minimum 

resolvable size). This may be dependent on critical regions with alignment to modelling for effect of 

defects on mechanical performance or structural integrity. 
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• Collation of defect threshold and essential product characteristics: Product/process-related activity – 

capture of all product and process requirements along with acceptance criteria and/or NDT requirements. 

• Selection of inspection method from NDT KB: NDT-related activity – use of product/process 

information to assess against existing NDT procedure. Selection is based on capabilities and limitations 

of current methods/techniques recorded in KB. 

• Development of novel procedure based on NDT KB: NDT-related activity – use of product/process 

information to define a novel NDT procedure. Developmental areas of NDT using research work outside 

of the KB. 

• Development of an inspection strategy: NDT-related activity – establishment of key information needed 

to optimise the route taken to inspect the component. Includes assessment of geometrical configuration 

and detection technique selection against customer requirements for NDT. 

 
Figure 10.2: Proposed DFI process for the integration of inspection in concept design. 

Adopting a process such as this will require full buy-in. Investment from both designers and inspection specialists 

is critical in establishing a formalised framework as it will require a degree of understanding of inspection 

practices from all parties involved. Likewise, NDT specialists must have a fundamental understanding of product 

composition and manufacturing practices to effectively identify potential defect ‘hot-spots’ or types and robustly 

establish a rationale for selection of a particular inspection strategy.  As such, the process needs to be cyclic to 

provide an opportunity for the inspection strategy to actively respond to changing requirements and concept design 
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features as opposed to firefighting as part of a reactive response. This practice needs to be first established in low-

volume environments, such as the NCC, owing to the unique and cyclic nature of composites manufacturing 

research. In the next section, two examples are given of where investigations into the optimisation of the inspection 

process could assist with the feedback loop from inspection to robustly informing concept design. Firstly, this 

involves a continuation of the work conducted in Chapter 8 where complex geometries are assessed with respect 

to automated inspection productivity, and secondly, an evaluation of regions of complexity for NDT with respect 

to likelihood of defect formation.  

 Automated Inspection  

As discussed in Chapter 2 and Chapter 8, automated inspection systems have much potential for improving 

inspection practices however, much development work is required for seamless operation in industrial 

applications. A significant body of work has been conducted by Mineo et al.[215] since 2013 which initially used 

the Int-A-Com system in a collaboration between TWI Technology Centre and the University of Strathclyde, 

which has led to investment by major aerospace companies. Whilst not specific to NDT of composite material 

products, there are two main elements of the research. Firstly, developing the computational power behind path 

programming and data transfer or storage, and the generation of algorithms for completely automating defect 

detection and processing [411, 445–447]. Secondly, implementing metrology and ultrasonic measurement 

systems to improve robotic system capability, flexibility, and applicability [414–416, 418, 448].  

The NCC’s CIVC platform, introduced in Chapter 1, looks to achieve a similar target in the development of an 

automated multi-method, single platform system, but with application to real-life large and complex composite 

components. However, as mentioned, CIVC currently lacks the intelligence founded in an understanding of 

capabilities to be deployed at its full potential. Currently, the process from NDT request to completion of 

inspection is shown in Figure 10.3, with the route taken dependent on the component complexity.  

Typically, the CIVC robotic system calculates the scan path using the TCPs plotted within the system. The normal 

at these points is calculated, with all joint movements planned for the end-effector to move through the points. As 

expected, the end effector slows where excessive joint movement is required for component access. While data 

point density does not change (independent of velocity), productivity will be affected. For relatively simplistic 

geometries like flat panels or large radius curvature, these joint movement and velocity are well characterised. 

However, there is limited knowledge in NCC of how the robotic joints will move as the TCP moves through 

complex geometrical features and transition regions. There is no current utilised method to predict this movement 

to avoid singularities and collisions; the system has no inherent ‘awareness’ of the component or itself in space. 

Additionally computational power and time required for automated generation of a 1mm mesh through Computer-

Aided Manufacturing (CAM) operations, over large components, for definition of the TCP scan paths using CAD 

geometries, is prohibitively high. Manual teaching is preferred for circumstances with relatively simple geometry.  

The threshold for geometrical complexity dictating which decision branch in Figure 10.3 should be taken has not 

been defined. As such, the fidelity of the scan path to the part shape is dependent on the number of plotted points 

and best fit idealised curves. The CIVC system has software tools built in to adjust the end-effectors at set points 
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such that probes are transmitting and receiving the optimum signal at a set distance. However, this optimum is not 

monitored or maintained between the set points, allowing for deviation in complex profiles with twist or taper.  

The development of methods to quantify and qualify the inspection process has been the fundamental focus of 

this project work, but there are still unknowns that materialise as risks that prevent equipment being used to its 

full potential. These risks and potential development routes can be broken down into two parts: robotic system 

knowledge and inspection strategy. Robotic system knowledge would address the limited knowledge of robotic 

movement within the cell and interaction with components and itself, whereas an inspection strategy would need 

to be developed each time a novel component is inspected. This strategy is critical for NPI or in a research 

environment, especially with the increasing need to inspect large and complex components. CIVC aims to 

integrate several inspection techniques on the same platform however, a decision tree to evaluate the optimum 

technique for requirements does not yet exist. The risk is that an ineffective technique will be deployed, ultimately 

leading to inadequate data capture at a higher cost. Moreover, the limited volume of work conducted to investigate 

the NDT approach to complex components is prohibitive to the effective operation of CIVC. Without prior 

understanding of the inspection technique, requirements, and geometrical configuration (including accessibility 

 
Figure 10.3: Current state for NDT CIVC operations for 'complex' and 'non-complex' components. 
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and profile change), it will be difficult to perform an automated inspection operation. This inability to 

quantitatively assess capabilities will inevitably affect quality of inspection, and the trade-off between this, time, 

and cost. A solution to this shortfall needs to be sought.   

It therefore follows that productivity analysis is necessary in the planning of an inspection activity; it addresses 

both robotic system movement and assists in the definition of an inspection strategy. Integrating this with the use 

of path planning algorithms, productivity analysis allows for the evidence-based selection of a robotic path based 

on the impact on inspection data quality fidelity to the geometrical profile, time, and cost. When faced with the 

practicalities of the automated system, the path of an end effector is dependent on the interactions between the 6-

axis joints of the industrial robot. It is predicted that for a scan path with high geometrical complexity, several 

robotic joints will need to move a significant amount, either in isolation or in tandem, to ensure the end effector 

maintains a surface normal to the geometry surface. If the assessment excludes the effects of geometry through a 

scan path on the acquired UT data, and studies geometrical impact solely on automation methods, the surface 

normal analysis conducted in Chapter 8, can be utilised. A key output of this work highlighted that component 

features with a high dθ, which represents a large change over a small region, presented as areas of high complexity. 

As such, the hypothesis proposed for experimental testing to assess productivity asks: 

Is there a correlation between rate of change of geometrical normal angle and velocity of robotic end effector?  

Parallels for the optimisation of robotic path plans can be drawn in alternative systems, where complex multi-

objective optimisation in response to competing design requirements and constraints can create difficulties in 

selection of a single design [449, 450]. This is explored in a study by Llopis-Albert et al. [451], in which an 

algorithm considers the productivity of the robotic system in line with the physical constraints of the process, such 

as processing conditions and robotic system dynamics, along with economic issues of utilising the process. Whilst 

this algorithm has not yet been applied to widespread manufacturing activities, it could be beneficial if deployed 

through an AFP process planning strategy. This constitutes a plan of how the AFP layup will be completed, and 

includes determination of program starting point, reference curves, and coverage across the surface. With this 

manufacturing method, the design of reference curves can greatly affect the outcome of the lay-up and therefore, 

coverage strategies must be used to effectively plan the end effector path over the component. Combined with 

process parameters, such as speed, pressure, and temperature, path optimisation has been investigated to optimise 

the placement of fibre paths onto the tool surface in literature [210, 452, 453]. This is also true of additive 

manufacturing processes where the selection of path plan strategy can impact upon the printed quality, material 

and time cost, and the achievement of mechanical properties [454, 455]. Jiang et al. [456] present an overview of 

path planning strategies in literature that are aligned to the prioritisation of a select objective, such as improvement 

of surface quality or shape accuracy.  

The fundamental theory behind the application of path planning strategies involves the selection of a path and 

analysis of the associated topology for how the robotic manipulator system can react to anticipated changes in 

profile and the impact upon productivity and quality. For this, individual feature characteristics and feature 

succession (or coincidence) are critical measures for complexity. Individual feature characteristics are assessed in 
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the model employed in Chapter 8 however, the surface normal analysis only considers features as discrete artefacts 

such that complexity is measured as a function of the feature itself. The impact of lead-in and lead-out cannot be 

assessed with proximity of scan path features shown in the deviation of dθ in the x-axis, as shown with staggered 

S-shapes:  

• Figure 10.4 highlights the succession of features of constant radii at various distances apart. The dθ shape 

for each line remains the same but is shifted dependent on the appearance on the x-axis. 

• Figure 10.5 demonstrates the succession of features of two different radii lines at a one radius distance 

apart. The dθ shape for each line exhibits both a different shape and position than the other where both 

proximity of features and feature complexity is a function of the radius.      

For automated systems, the lead-in and lead-out presents a challenge to complexity since the movement of robotic 

joints is central to assessing the productivity of a scan path direction. For some features that are not normally 

considered to be complex within the dθ model and would not require many manipulator movements in isolation 

may become highly complex and difficult to execute if it directly follows another feature. Additionally, feature 

orientation could contribute to complexity, for example, internal compared to external radii. In this case, analysis 

of joint movements may be needed in addition to the programmed scan path to avoid singularities from occurring 

in the subsequent operations.  

 
Figure 10.4: Effect of successive features as a function of distance on complexity; scan path (left); dθ (right). 
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Figure 10.5: Effect of successive features of different radii at one radius distance on complexity; scan path (left); dθ 

(right). 

10.1.1.1 Experimental Procedure 

To assess productivity for automated NDT, it was expected that the rate at which the component can be covered 

by a scanning unit is key to operations. Using this assumption, an experimental rig was built to acquire the data 

for the velocity component of the hypothesis. A KUKA robot (KR 510 R3080 F) was programmed with scan 

paths over S-shape reference geometries and complex components Auto 1 and Auto 2, described in Table 8.1 for 

complex geometries. The scan path lines generated using the reconstructed surfaces for surface normal analysis 

were imported from CATIA into DELMIA software [457]. A Numerical Control (NC) program was created for 

each scan line on the surface, along which the TCP followed. Whilst the coordinates for the TCP at each mm were 

known within the robotic cell environment, feedrate velocity was only known for the robotic manipulator. Hence, 

capturing velocity at the tip of the end effector required an alternative measurement method. Typically used for 

strain mapping in coupon testing on a micro scale, vision-based methods have been used to track the path of the 

end effector. The iMetrum video gauge system, used here, is composed of a digital camera mounted to a tripod 

and accompanying computer software. With a resolution of 24642056 pixels and a Field of View (FOV) large 

enough to capture an entire programmed scan path, the system captured x and y positions within a coordinate 

frame at multiple times per second, according to the frame rate [458]. This data was then used to calculate 

instantaneous velocity of the end effector as it travelled a distance through the frame. The procedure for 

experimental setup, calibration, and execution completed for each new scan path is shown in Figure 10.6. 

Accuracy of tracking the target was favoured over speed of capture.   
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Figure 10.6: Procedure for experimental setup, calibration, and execution of KUKA robotic and iMetrum vision systems. 

10.1.1.2 Analysis of Tested Geometries 

Due to the relatively high frame rate, an average 53 frames per second, noise and erroneous data points within the 

system needed to be filtered out, with x-y coordinates and velocity components smoothed using an exponential 

function with damping factor of 0.9. Values were extracted and matched to the nearest mm in the x-direction and 

analysed. Figure 10.7 demonstrates an example output of data collection and processing of flat and 25mm S-shape 

geometry; the velocity profile from a flat section has been recorded to baseline the results against a known 

quantity. Whilst tracking causes some discrepancies in the radius features, a general observation is that in areas 

where the profile deviates from flat, a decrease in x-component of velocity. This is obtained for simple, 1D 

geometries.  

 
Figure 10.7: Profile tracking for flat and 25mm radius S-shape geometry in experimental rig; x-y coordinates (left); x-

component velocity (right). 
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Consequently, Auto geometries were tested and analysed with the same procedure. Velocity measurements over 

Auto 1 x-direction scan path are shown in Figure 10.8. The acquired velocity profile was then aligned to dθ as a 

measure of geometrical complexity obtained using CATIA methods (described in Chapter 8). An initial 

comparison shows that there are regions where dθ velocity deviation from the baseline coincides. However, due 

to the nature of data collection of both datasets, thresholds were put in place to further refine the data and eliminate 

surplus noise. These thresholds were based on statistical analysis of the data with respect to mean velocity of the 

scan path (𝜇𝑆𝑃) or zero dθ. Velocity has used a baseline measurement of the average stabilised velocity over a flat 

part as an upper threshold limit which coincides with scan path standard deviation, 𝜎𝑣 from mean. Owing to 

uncertainty from automation system acceleration at the beginning and end of the scan path, 𝜇𝑆𝑃 was used as the 

lower threshold. These limits are defined in Equation (10.1) and Equation (10.2). Since dθ data was susceptible 

to smaller deviations from zero and anomalies that extend towards infinity, thresholding according to the standard 

deviation of dθ data, 𝜎𝑑𝜃, caused a considerable amount of data to be excluded from consideration. As such, a 

proportion of standard deviation around zero was used to threshold for dθ, as defined in Equation (10.3) and 

Equation (10.4). Given these limits, Figure 10.9 shows the processed data from an Auto 1 x-direction scan path 

along with the geometrical dθ output and Figure 10.10 shows the thresholded plot. Data is eliminated if it does 

not exceed the threshold. Additionally, the x-velocity profile over coordinate frame from an Auto 2 x-direction 

scan path is shown in Figure 10.11, with unthresholded data in Figure 10.12 and thresholded data in Figure 10.13. 

The analysis is conducted for Auto 1 and 2 z-directions in Appendix K. 

 
Upper velocity threshold = 𝜇𝑆𝑃 + 𝜎𝑣 (10.1) 

 
Lower velocity threshold =  𝜇𝑆𝑃 (10.2) 

 
Upper dθ threshold = 

𝜎𝑑𝜃
4⁄  (10.3) 

 
Lower dθ threshold = 

−𝜎𝑑𝜃
4⁄  (10.4) 

 
Figure 10.8: Representative end effector journey through Auto 1 x-direction scan path x-y coordinate frame with 

instantaneous velocity at mm intervals. 

https://data.bris.ac.uk/data/dataset/tw99zqwuesy329jf0cltyfju9
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Figure 10.9: Representative velocity and dθ for a scan path along the x-axis of component Auto 1 with applied 

thresholds. 

 
Figure 10.10: Representative velocity and dθ for a scan path along the x-axis of component Auto 1 after data processing 

using thresholds.  

 
Figure 10.11: Representative end effector journey through Auto 2 x-direction scan path x-y coordinate frame with 

instantaneous velocity at mm intervals. 
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Figure 10.12: Representative velocity and dθ for a scan path along the x-axis of component Auto 2 with applied 

thresholds. 

 
Figure 10.13: Representative velocity and dθ for a scan path along the x-axis of component Auto 2 after data processing 

using thresholds. 

Spearman correlation coefficient is used to evaluate the relationship between the two variables; the coefficients 

given in Table 10.2 describe the fluctuation in velocity with respect to any absolute deviation of dθ from 0 before 

and after thresholds have been applied. By filtering out surplus noise in both velocity and scan path profile, it is 

evident there is a relationship between these measured variables, where deviation in expected velocity over a flat 

section coincides with a region of high complexity. 

Table 10.2: Spearman correlation for velocity and dθ along scan lines. 

 AUTO 1 X-DIRECTION AUTO 2 X-DIRECTION 

Before Threshold -0.080 0.155 

Threshold Applied 0.592 0.468 

Whilst correlation does not necessarily imply causation, the low-medium correlation and the associated trends 

between velocity and dθ warrant further investigation into defining the link between geometry and productivity 

for automated inspection systems. In future tests, an expansion of scope to include the effects of geometrical 
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complexity and productivity on the quality of NDT data acquisition would be beneficial. For instance, this could 

include a problem statement evaluating how the productivity of the system changes with NDT acquisition quality 

over a scan line; a boundary condition for keeping signal amplitude above a certain threshold would be applied.  

To do this, features of the experimental rig should be updated using the learning from this iteration. Whilst 

positional accuracy of the robotic system has been verified through metrology-based calibration, trajectory 

velocity has not. A feedrate is often planned to allow for the smooth motion of the end effector and considers 

different jerk patterns [459]. In the case of the KUKA industrial robot, an adjustment period was necessary to 

allow for the end effector velocity to stabilise over a flat scan path. In analysing the profile over a flat geometry 

in Figure 10.14, the velocity appeared to stabilise after approximately 125mm from start. It is not clear whether 

this is the case for all scan paths, in which case, a degree of uncertainty must be assumed for the first ~125mm of 

each measured scan path. ‘Ramping-up’ time and distance may be needed to ensure this variability does not affect 

captured data.    

 
Figure 10.14: Representative velocity profile with 0.9 damping factor of end effector over a flat scan path. 

 

 

Inherent variability was assumed during trials with some adjustments made to improve the quality of data:  

• Tracking of the end-effector tip itself created some issues in data acquisition. To improve the detection 

of the conical end effector, black ink was applied to the metal surface and a white screen placed behind 

it. Camera exposure was increased to improve the contrast of the end effector against the background 

and against the metal plate to which it was attached.  

• Though TCP was located at the end of a conical section, the displacement tracker had to be placed ~3mm 

above this point within the iMetrum software to allow for a large enough region of distinctive shape to 

be recognised through various angles and distortions. This included the end effector being obscured by 

the attachment plate. In regions where conical end effector distortion was high, the set distance of the 

marker from the tip wasn’t necessarily maintained, leading to anomalies in the results as the marker 

position jumped.  
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• The placement of the camera contributed to maintaining a constant view of the end effector, with the 

conditions of the camera being at the centre of scan path and with the FOV parallel to travel. However, 

no calibration method was used to ensure these conditions.  

• A margin of error of 1% in the x-coordinate measurement during iMetrum calibration was used as an 

acceptable deviation from the nominal programmed x-coordinate [458]. Despite this, a noticeable 

difference in the tracked and programmed scan paths were observed in some scan paths, an example of 

which is shown in Figure 10.15. This deviation is assumed to be manifested from camera effects at edges 

and misalignment of camera aperture to scan path travel direction. This may have had a knock-on effect 

on the correlation of velocity and dθ where instantaneous velocity is shifted in the x-coordinate and as 

such, does not coincide with a feature of complexity.  

 
Figure 10.15: Representative tracked and programmed scan paths over Auto 1 x-direction. 

The inherent characteristic of the analysis tools means that only the x-component of velocity is evaluated, creating 

anomalies in results where ‘vertical’ lines are present (excessive distance in the y-axis only with minimal 

movement in the x-axis). Directional velocity is preferred for considering both x- and y-axes however, this 

presents some challenges in experimental recording and in the analysis of geometrical complexity. Moreover, 

threshold bands used for correlation analysis are based on statistical characteristics of the data; whilst the 

definition of boundaries accounts for the variety of features within the scan path, threshold band width will not be 

uniform across all scan paths. It must also be considered if the definition of boundaries is appropriate, where the 

size of the thresholds may absorb or amplify the inherent measurement and modelling risk.  

Despite the outlined limitations, this experimental rig provides the first known instance for mapping the 

relationship of geometrical complexity and robotic end effector velocity in the context of single element squirter 

Pulse-Echo Ultrasonic Testing (PEUT). This bespoke method provides a road-map to evaluate scan path 

productivity over a given path in the context of NDT inspections for future experimentation.  
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 Targeted Inspection 

A recurring statement throughout this project has been for an NDT operator to do their role effectively, it is critical 

they understand the component characteristics, including the architecture, geometrical form, and processing route. 

As discussed, NDT considerations are often neglected within design choices. A method to tackle this and formalise 

the integration of this knowledge for all NDT operations is included within the first part of the proposed DFI 

process in Figure 10.2. These first steps constitute a fact-finding mission for inspection; to determine the types of 

defects that could arise from a component build, and a defect timeline for the manufacturing process that highlights 

defects inherent to the processing conditions and opportunity at which they may initiate. Analysis to investigate 

the influence of defects on structural performance through modelling methods has been thoroughly researched, 

with a potential view to incorporate real-life data from NDT inspections into process simulation models [99, 460–

462]. Likewise, kinematic drape tools for Design for Manufacture (DFM) within the lay-up process have given 

rise to intelligent systems that can inform material deposition strategies and highlight regions that are challenging 

in lay-up and may be susceptible to defect formation [252]. The outputs from models such as these could provide 

insights into the design of acceptance criteria, with the determination of selected regions for inspection with either 

more or less stringent variability thresholds. This is based on either the presence of defects, the criticality of the 

defect, and its effect on structural integrity. As such, to meet productivity and performance requirements, 

particularly in high volume or large structure production lines, it may be beneficial to introduce targeted inspection 

measures. 

As discussed in Chapter 2, the LayupRITE tool can be incorporated into the process of interrogating a design for 

manufacturability with respect to manual lay-up. However, it could be used beyond this scope. Reduced inspection 

schedules could be informed using the predicted location of defects; the prediction of defects according to the 

LayupRITE tool assumes that a laminator follows the drape instruction exactly and does not account for natural 

variation, such as laminator hand size.  Although, it has been anecdotally suggested that the regions where defects 

are most likely to appear at critical levels are geometrically positioned on the component in such that way that 

they are difficult to inspect, and using this relationship, the hypothesis can be tested:  

Is there a relationship between complexity in manual lay-up and inspection challenges?  

Using the two complex demonstrator components, Auto 1 and Auto 2, a simulated woven ply was draped over 

the structures; nodes in the interactive net were fixed on a chosen section of the surface and shear patterns formed 

as the ply formed to the geometry. The tool presented visual indicators of grouping shear angle with the 

assumption that for regions with a higher shear angle, the higher the likelihood of defect formation. Examples of 

the shear patterns over the components are found in Figure 10.16, with a focus on areas of interest that have 

predicted over-shear of the woven material. These indicators and areas of high shear coincide with geometrical 

complexities that require a significant amount of manipulation of the material for the ply to conform. It is 

determined that these areas exist as a consequence of features of complexity, where ply conformance to the 

geometry leads to either a surplus or lack of material which then needs to be compressed or stretched. This 

culminates in over-shear patterns adjacent to these features. As such, the areas with an increased likelihood of 
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defect formation highlighted by this model include double curvature geometries, tight radii, and internal radii, as 

well as local thickness changes caused by shear patterns.   

  

  
Figure 10.16: Representative LayupRITE model of ply shear patterns over Auto 1 and Auto 2; Auto 1 overall view (top 

left); Auto 1 focus view (top right); Auto 2 overall view (bottom left); Auto 2 focus view (bottom right). 

To evaluate geometry from an NDT perspective based on current standard practice in the inspection of complex 

parts, a Level III UT specialist with experience in composites inspection was consulted. When faced with the 

physical components during a qualitative unstructured interview, rough inspection plans were discussed; this 

related to the manipulation of probes, technique selection, and data collection, rather than probe frequency, 

number of scans, and anticipated scan time. It is assumed that PEUT single element probes are utilised in a squirter 

configuration unless otherwise stated. Figure 10.17 shows regions highlighted on Auto 1 with various options of 

scan path directions. This is repeated for Auto 2 in Figure 10.18. Across the evaluation of both components, 

common themes emerge:  

• Where geometry is mostly flat, or with minimal sweeping undulations, few challenges would be 

encountered. As with scan paths A, C, E, F, G, and I, the line would be modified from a global axis 

direction to one that follows the flat section of the geometry.  

• Scan paths B, D, H, and J inherently involve a large degree of movement for the probe to remain at 

surface normal. This movement requirement may cause difficulties in manipulation. This includes both 

large changes in profile within a small distance (as in B), and where many small, complex undulations 

exist (as in H) which may be taxing for robotic systems to follow exactly.  

• Internal radii present greater challenges than external radii, especially those with an angle of less than 

90° (as in D and H), mainly due to accessibility and clearance issues. This may be alleviated by using 

different nozzle sizes and lengths.  

The selection of a scan path and inspection strategy should take these factors into account, particularly where 

some geometries will affect the reliability and quality of data acquisition. It had been suggested that areas where 
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the robotic manipulator struggles to conform to the geometry, manual methods could be used. As this would 

involve using a hand-held probe, data capture isn’t always possible. Therefore, a trade-off between this and 100% 

inspection exists.  

Whilst no numerical calculations can be made at this stage, a visual correlation between the position of shear 

patterns from the LayupRITE tool and challenges of inspection with respect to geometry can start to be evaluated. 

With internal radii, drape modelling demonstrated that likelihood of bridging is increased, particularly where the 

feature coincided with double curvature; this feature often results in a variable radius which creates difficulties in 

establishing a reliable probe configuration (including using bespoke housing for contact techniques). Edge effects 

are more visible with Auto 1 where high complexity in terms of high deviation over a small region on the edges 

of the part coincided with over-shearing of material. This relationship between the formation of defects and the 

inability to reliably interrogate the structure at certain points, is founded in the geometry of the component. Further 

investigation into methods that can be used to correlate geometrical complexities between lay-up and NDT is 

necessary, as well as the investigation of different geometries, including discrete features and the influence of 

sequences.  

The analysis of industrial components begins to raise the question of what geometry is suitable for NDT. It is clear 

that any deviation from a flat surface will cause limitations in the selection of an NDT techniques or the method 

of deployment however, this is in direct contrast to DFM methodologies that promote one-shot cures and a 

reduction of part count. Incorporation of tools to describe NDT capability with respect to automated productivity 

and geometrical constraints into concept design through DFI provides a feedback loop to account for the physical 

restrictions of NDT techniques. Where this is not possible and a geometry cannot be adapted for ease of quality 

assurance, NDT must deal with an inability to inspect critical components or suffer from a reduction in traceable 

data of a required quality. Future geometrical designs for advanced composite applications are expected to 

maintain or increase in size and complexity, and it is evident that NDT operations are not necessarily equipped to 

deal with these challenges.  
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Figure 10.17: Representative images of scan lines over Auto 1; view 1 (top left); view 2 (top right); view 3 (bottom). 

 

 
Figure 10.18: Representative images of scan lines over Auto 2 component; view 1 (top); view 2 (bottom). 
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 Summary of Research Activities 

Fundamentally, this research project employs a systems-based approach to address the knowledge deficit in NDT 

of composite material products, driven by two key motivators:  

• A lack of knowledge sharing practices for NDT of composites exists across a variety of industries, 

reinforced by outputs from cross-sector events. Similarly, the state-of-the-art is inaccessible to those with 

NDT technical experience and to product engineers, leading to minimal justification for NDT investment 

and effective deployment.  

• Quality assurance is considered a bottleneck in composites manufacturing operations, which needs to be 

addressed such that rate requirements of large and complex components can be achieved.  

The themes that have emerged from this body of research tackle both understanding NDT capability and NDT 

system complexity behind effective deployment in terms of technology mapping, improved accessibility, and 

justification for applicability. A summary of research activities, lessons learned, and areas to be addressed that 

fall under each of these themes is outlined in Table 10.3. Whilst these improvement activities exist outside of the 

production environment, the development of the frameworks within a research institute allow for increased 

flexibility and adaptability. Owing to competitive advantage and intellectual property constraints of many 

engineering projects, any learning acquired through NPI and subsequent improvement motions cannot necessarily 

be shared. Therefore, it is possible that each organisation reinvents common activities that could be standardised 

across the industry. This is particularly true of any strides towards DFI (explored in this chapter), where the 

internally developed processes are ingrained with proprietary company data. As such, creating a generic 

framework improves applicability and provides an opportunity for progressive development of the baseline after 

deployment.  

 Establishing the State-of-the-Art 

This theme of research was centred on the generation of a high-fidelity KB with the intention of mapping the 

state-of-the-art of selected NDT methods with respect to certain component configurations. Whilst presenting a 

matrix of Ultrasonic Testing (UT) and Infrared Thermographic Testing (IRT) capabilities, this research has 

established and demonstrated a robust framework for the continued testing and population of a technology map. 

Primarily, the Define phase (covered in Chapter 4) involved the designation of component configurations, 

definition of performance characterisation, and formulation of the capability matrix structure. The approach 

adopted for the design of components to encompass as many component configurations as possible has resulted 

in the manufacture and test of four monolithic and five sandwich architecture reference standards. This has greatly 

expanded the collection of application-specific reference standards available at the NCC. A critical requirement 

to improve the accessibility of NDT data was addressed in the reporting of results; knowledge conversion of 

highly complex and technical information was achieved through the classification of NDT capabilities in a Red-

Amber-Green (RAG) assessment. Throughout this process of framework establishment, proving out, and 

validation with sample components, engagement with NDT specialists remained at the forefront of priorities, 

maintaining a consideration of NDT wants and needs.  
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A recurring theme arising from the evaluation of inspection processes examines what ‘good’ looks like for NDT. 

From the research activities, it is deduced that what ‘good’ is depends on multiple interlinked factors that go 

beyond just intrinsic capability of the method and must include variables in design and manufacture. The standard 

for UT in Aerospace composites revolves around the acquisition of an 80% Back-Wall Echo (BWE) with minimal 

variation in amplitude across non-defective regions of the component, indicating a consistent material. These 

conditions allow for the distinct identification of regions of non-conformity. This is true of certain types of 

materials, particularly Carbon Fibre Reinforced Polymer (CFRP) prepreg, which presents as a uniform material 

in ‘good’ regions. However, when faced with complex, inherently variable, and multi-material structures, the ideal 

for UT responses needs to be adapted. In Chapter 6 (Analyse phase), what makes a ‘good’ reference specimen 

upon which equipment settings are calibrated is discussed, with the notion that what makes a component ‘pristine’ 

is a function of the variability of the material and process itself. For example, the acceptable level of amplitude 

deviation for a ‘pristine’ CFRP prepreg reference component is 2dB. Whereas the reality of amplitude deviation 

for a ‘pristine’ dry fibre infused CFRP component is likely to be in the range of 6-10dB. As such, the variation 

within the dry fibre component is deemed unacceptable for a reference standard compared to a prepreg standard 

despite the inherent variability from component design. A learning output from this indicates that components 

fabricated from different materials with different processing methods and parameters should not be compared to 

each other. Therefore, NDT specialists need to be aware of differences in the design and manufacture of 

components with a grounded appreciation of the types of variability that are inherent to the process. 

Typically, NDT advances are heavily driven by an industry ‘pull’, once again demonstrating a reactive approach 

to development which inevitably leads to a lag in NDT capabilities with respect to quality requirements.  To 

deploy the most effective NDT method, a fundamental understanding of what the ‘optimum’ result for the 

component looks like, the degree to which this is dependent on design and processing factors, and how quality 

assurance must respond is needed. This is critical to the purpose of quality interrogation methods and must be 

sought out proactively: establishing whether the inspection result shows fidelity to the internal structure of the 

component. This concept was explored in Chapter 9 (Verify phase), along with the consideration that despite 

techniques falling under the same umbrella method, they should in some cases, be considered as separate activities 

for development.   

Whilst the research activities in this project encompass a narrow selection of detection methods and component 

configurations, this down-selection process has shown to be necessary for proving-out the technology mapping 

framework. For continued population of the matrix and mapping of the state-of-the-art, the KB needs to contain 

as many component configurations tested with as many detection methods as possible, ensuring that entries are 

applicable to the wide spectrum of parts within the composites industry. In this way, the robustness of the design, 

manufacturing, testing, population, and validation framework can be constantly evaluated through repeated 

engagement with the process. Moreover, the matrix would benefit from an investigation into the way in which 

inspection requirements could be integrated with detection and characterisation capabilities; ratings may change 

as a function of what is requested by the customer.  
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Table 10.3: Summary of activities, lessons learned, and areas to be addressed. 

RESEARCH ACTIVITY KEY OUTPUTS LESSONS LEARNED TO BE ADDRESSED 

Establishing the State-of-the-Art   

Define: Establishment of the 

basis for a capability matrix. 

Project framework. 

 

For best use across industries, a KB should contain as 

many component configurations as possible.  

Matrix should be expanded to include 

additional component configurations and 

NDT methods. 

KB structure, including 

component configurations and 

NDT process parameters. 

A simple set of configurations and NDT methods is 

necessary to prove out the robustness of a technology 

mapping framework.   

Additional KPVs (if appropriate) could be 

added for consideration. 

Measure: Design, 

manufacture, and testing of 

reference components. 

Manufacture of four monolithic 

and five sandwich reference 

standards. 

Variation as a function of component configuration 

should be taken on a case-by-case basis.  

Alternative materials for manufacturing 

reference specimens should be considered. 

 500+ inspections.  Reference specimens present as ‘ideal’ components, 

which may not be truly representative of the ‘real’ part. 

Consider if testing procedures are 

completely appropriate for this purpose.   

Analyse: Evaluation of testing 

and population of capability 

matrix. 

UT and IRT reports, including 

characterisation variables for 

reference standards.  

Communication of capabilities of NDT with respect to 

component configuration through RAG ratings. 

Assessment of degree to which component 

manufacture affects the reliable inspection.  

 Establishment of assessment 

criteria for NDT capabilities. 

It is not fully established what ‘good’ looks like for 

NDT of composites. 

Further population of the matrix for 

continuation of mapping the state-of-the-art.  

Population of KB/capability 

matrix framework.  

Quality of results is highly dependent on multiple 

factors, including equipment, component, 

environment, and human factors. 

Tailoring of RAG dependent on inspection 

requirements.  

Verify: Assessment of 

experimental procedures and 

population results. 

Validation of capability matrix 

results.  

It can be challenging to directly compare NDT 

techniques due to equipment and inspection 

requirement variations.  

Repeated experiments with alternative NDT 

operators and equipment.  
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Table 10.3 cont.: Summary of activities, lessons learned, and areas to be addressed. 

RESEARCH ACTIVITY KEY OUTPUTS LESSONS LEARNED TO BE ADDRESSED 

Understanding System Complexity  

Improve A: Understanding of 

risks in UT and prioritisation 

for resolution.  

RCA of risks within the UT 

process grouped into four 

categories. 

Lack of formalised knowledge exists across the NDT 

industry.  

Larger sample of participants to inform 

FMECA results.   

 FMECA incorporating NDT 

specialists highlighting risks.  

Inherent risks within the UT process exist (both known 

and unknown risks). 

Results from null hypothesis used to drive 

NDT process and capability improvements. 

Null hypothesis testing for risk 

prioritisation. 

Risks are linked in a complex system.  

Improve B: Evaluation of 

complexity in automated 

operations. 

Validation of threshold for 

angulation deviation of UT probe 

from surface normal.  

A relationship exists between quality of data acquired 

from UT and maintaining the surface normal to a 

geometry. 

Influence of degrees of freedom on 

geometry scan path in 2D and 3D space to 

be incorporated into model.  

 Mesh-based and geometrical-

based tools for evaluating surface 

normal along scan path. 

All scan paths that deviate from a flat surface will cause 

complexities for automated UT. 

Consideration of succession of features on 

complexity required. 

Verify: Assessment of risks in 

data acquisition procedures.  

𝐶𝑉 of UT methods for reference 

components.   

Reliability of measurement systems is acceptable 

according to 𝐶𝑉 assessment. 

Validation of results with additional 

reference specimens.  

 Assessment of monolithic 

components using XCT methods. 

Scatter in results may be influenced by material quality, 

and component or defect geometry.  

 

Incremental improvements in NDT 

reliability include technique development 

and manufacturing process control. 

Summary of key outputs from 

BINDT RR exercise.  

Quality of data collection and analysis cannot be 

assumed to be uniform across the industry. 

 

Design for X: Definition of 

the role of NDT within the 

NPI and design process. 

Proposed DFI framework. Geometrical complexity can be linked to automated 

inspection productivity. 

Scope expansion to investigate productivity 

and quality of NDT data acquisition.  

 Comparison of complexity in 

automation and lay-up to NDT 

complexities. 

Need for NDT to cater for complex geometries linked 

to defects that originate due to the design of the 

component and occur during manufacture.   

Proving out demonstration on ‘real 

components and processes. 
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 Understanding System Complexity 

This strand of research has explored the complexity behind the acquisition of inspection results. Principally, the 

analysis of failures to achieve optimum data collection through UT procedures instigated a risk assessment. With 

null hypothesis testing of Failure Mode, Effects and Criticality Analysis (FMECA) and interaction matrix results, 

opportunities to prioritise risks depending on criticality and path to resolution have been exhibited. From this, a 

Poke-Yoke approach to reducing the impact of human factors and understanding the risks in physical automated 

inspection of complex components has been employed. Two tools have been developed from this process; based 

on UT acquisition requirements, the tools mapped geometrical complexity to element normal along a scan path. 

Further evaluation of inherent equipment variability is captured through UT 𝐶𝑉 analysis and verified through XCT 

methods. Findings converged in the generation of a DFI process, capturing complexities in the design and 

manufacture of components that should be considered when establishing a robust inspection plan. Once again, 

NDT specialists were consulted for insight throughout quantification and qualification of system complexity.  

It is understood that the modular model for NDT reliability involves three components; intrinsic capability, 

application parameters, and human factors (discussed in Chapter 2) [463]. These components have been presented 

as the pillars of the complex inspection system however, they are often investigated independently of each other, 

usually focussing on incremental improvements in signal processing. Within the field of human factors in quality 

assurance, there are few in-depth pieces of work. Most notably, a study conducted by Bertovic [464] investigated 

the risks involved in mechanised inspection if human risk was to be eliminated. It was evident that even with the 

removal of operator-driven error and the use of robotic methods for rate requirements, method deployment may 

still suffer from issues driven by automation and digitalisation constraints. Moreover, these automated 

manipulation and evaluation methods are not mature to be deployed widely enough to avoid accounting for the 

influence of human judgement on outputs. This reliance on human interaction presents a critical risk; the spread 

of FMECA results (in Chapter 7) demonstrated a lack of formalised knowledge across the NDT industry. It has 

been observed that human diligence and skill have a highly influential role on the quality of the inspection result. 

However, the difficulties encountered in sharing and formalising an inherently tacit knowledge-based task are 

clear in the subjective and variable interpretation of the risks associated with UT of composites. If unchecked, this 

may create discrepancies in the recorded capabilities, and potentially in the quality of inspection results, across 

the industry. Whether this issue extends beyond the realm of composites manufacturing is unknown. 

Furthermore, the stated measure of NDT reliability does not seem to have considered the impact of design, 

material, and processing characteristics. As discussed in the establishment of the state-of-the-art capability matrix, 

it needs to be considered whether NDT results are a true representation of the internal structure of the component. 

It is reported in repeatability experiments in Chapter 9 (Verify phase) that UT result scatter may be influenced by 

material quality and as a function of geometrical profile of the component or defect. Additionally, the influence 

of geometry on the quality of data acquisition and how this data needs to be collected must be considered when 

evaluating capabilities of the inspection method. This is critical for understanding how applicable or adaptable 

NDT methods are to the changing design and performance requirements of components, and should be a key area 

of focus, particularly with large and complex structures. In the Improve B phase (Chapter 8), it is learnt that any 
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deviation of geometry from a flat surface will adversely affect the ability of NDT UT methods to capture all data, 

with a knock-on effect on productivity goals. However, this is not conducive to DFM requirements for composites. 

This presents another trade-off for NPI and NDT; design a fully inspectable part with limited complexity in 

geometry and architecture, versus accept a calculated risk in the inability to complete 100% inspection data 

acquisition and evaluation.   

Whilst this research has highlighted some key outputs that demonstrate the challenges faced by the deployment 

of NDT of advanced composites, a significant amount of further learning needs to be done to establish the 

underlying concepts behind the application of detection methods. This includes scope expansion; diversification 

of opportunities to implement tools and processes for capability improvements and investigation of variability 

influences throughout the design, manufacture, and inspection flow. Concurrent to any research work conducted, 

the continued engagement and support from NDT specialists is crucial to ensuring that any development remains 

aligned with industrial targets. Whichever approach is taken, the NDT process improvement components must 

not be thought of as unconnected, or isolated, elements. The reality of quality measurement procedures is that 

results are highly interlinked with multiple factors that exist within a complex system.  

 Impact Assessment 

Beyond the immediate lessons learned from each phase, Knowledge Management (KM) is considered as a 

fundamental component for improving the robustness of the framework for continued knowledge generation and 

transfer, and integration into manufacturing networks. This is evident in the formulation of the Define-Measure-

Analyse-Improve-Verify (DMAIV) framework upon which this project is based. Additionally, exploration and 

consultation with NDT specialists has been conducted to understand the needs of NDT operators for incorporation 

of their voice into knowledge communication. An example of this involves the RR activities demonstrated in 

Chapter 9 (Verify phase); analysis of the activities has shown that industrially conventional routes for knowledge 

sharing practices for the betterment of the collective NDT industry are not necessarily appropriate or effective. 

As such, the development process for establishing a technology map through designation of component 

configuration, manufacture, and testing is not just intended to be a single activity, and could be used to replace 

current industrial KM activities.  

In quality operations, the KB can be exploited on inspection operations by introducing intelligence into the system. 

The organised information contained within the KB is capable of supporting evidence-based plans such that 

deployment of inspection systems can be improved. This includes underpinning of the effectiveness of an NDT 

system, providing rationale for the application of a selected detection technique. Both manual and automated 

inspection processes have been shown to include a significant number of variables and assumed risk which are 

bound within process complexity. Therefore, diligence must be taken in understanding how these factors affect 

the inspection task. Preparation and parameter selection for inspection of a new components using the KB could 

substantially reduce the pre-inspection time and allow for better informed designation of inspection strategies for 

complex components. Moreover, when coupled with industry requirements, the KB effectively provides an 

opportunity to assist in road-mapping and resource prioritisation for the development of techniques, reaching a 
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capability threshold. With continued learning and population within the knowledge framework, elimination of 

weak links or unknowns in inspection operations may become achievable.  

The proposed framework for the implementation of DFI can allow for the intelligent incorporation of inspection 

capabilities and learning into concept design, such that the risk of severe limitations in inspecting a component is 

minimised. For this to occur, full NPI process engagement is critical, with an understanding of inspection practices 

from design, manufacturing, and quality groups. In its rudimentary form, the framework has been applied for 

delivery of NCC projects, which has presented possible opportunities for further growth of the KB. In the context 

of the project requirements, untested component configurations could be inspected with selected detection 

methods for capability matrix expansion and population. Additionally, inspection risks could be evaluated with 

respect to product risks, expanding the knowledge repository of ‘inspectable’ geometries and part configurations. 

Further to this, another aspect of the feedback loop can be incorporated where the validation data from NDT can 

provide assurance for the optimisation of components, with the established knowledge that quality controls will 

be effective with respect to the acceptance criteria. With the increasing urgency for bigger, faster, cheaper 

approaches to composites manufacturing, a risk is that the bottleneck in inspection operations will become a 

greater obstacle to achieving industrial requirements. Implementing a DFI framework in the composites industry 

would contribute towards mitigating this risk through improved learning and traceability; the potential to 

accomplish this goal quicker than without a formalised structure could be realised.      

Arguably, research outputs are not at a stage where they can be readily integrated with the types of projects that 

the NCC’s CIVC is expected to handle. It would be beneficial to increase the focus on productivity gains and 

return on investment that would be generated from development and implementation of such a framework on 

inspection operations. However, as discussed in Chapter 1, it should be questioned whether an acceptable degree 

of productivity, considering inspection quality versus time, will ever be reached if the only consistent method of 

problem solving involves responding reactively. Capital investment is required for obtaining a fundamental 

understanding of system capabilities. Information pertaining to the intrinsic capabilities of the detection method, 

and the capabilities with respect to component configurations is necessary for making measured decisions for 

inspection deployment. Hence, a trade-off that must be considered for capability and equipment development 

exists. This becomes more complex when considering the breadth of component configurations that are currently 

used and the evolution of product designs to fulfil performance requirements.   

The overall impact of the research work on the NCC has been summarised by the industrial supervisor for the 

project. It demonstrates the potential application of research activities, with an anticipation of how they can benefit 

NDT capability across the industry: 

“The National Composites Centre (NCC) has benefitted, and stands to benefit further in the future, 

as a result of the sponsorship of Nikita Gandhi’s Engineering Doctorate (EngD). The work done 

has served to highlight the importance of effective knowledge management to maintain and improve 

reliability, reproducibility, and accuracy within the specialist discipline that is Non-Destructive 

Testing (NDT). 
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The Knowledge Base (KB) effectively captures the factors that affect the effectivity and reliability 

of a sample set of commonly used inspection techniques on a few specific materials and 

configurations. This will be used and built upon within the NCC to help inform and control the 

selection of inspection methods and improve efficiency of this process. This will result in time 

savings in the technique development phase of 30-40%, and increased reliability of output by 

reducing the variability caused by a number of common factors, delivering a better service to 

internal and external customers with reduced effort. 

The research into quantifying geometric complexity due to shape is a huge step towards a more 

scientific assessment of what makes a structural geometry more or less complex; compared with 

the current state which is more of a subjective assessment based on a particular operators 

experience driven opinion. This drives variability out of the equation and allows for a more 

consistent approach to tackling the challenges to delivering a reliable, reproducible, accurate and 

applicable inspection. 

The work undertaken on Design for Inspection (DFI) has already been used successfully to help 

define and plan a large research and development project. To ensure that inspection and 

verification of the more complex geometries and one-shot-cures that are becoming more common, 

it is vital that the design considers capability limitations of inspection processes in conjunction with 

the requirements for inspection, and the generation of DFI tools facilitate this. 

The EngD has provided the foundations for a change in approach which will continue to benefit the 

NDT capability at NCC, but which will also benefit industry as a whole. The early work has been 

presented at British Institute of NDT conferences and events and this route should be used to further 

utilise the wider network so that the work is not siloed at the NCC.” 

Industrial Supervisor, Rob Rose, NCC 

 Summary 

This chapter has been split into two components, firstly, the presentation of a DFI methodology that aims to 

incorporate the learning from all research activities into a knowledge-based method of integrating NDT 

understanding with DFI. Secondly, the key activities, findings, and outstanding developments of the two research 

themes, establishing the state-of-the-art and understanding system complexity, have been summarised.    

Whilst quality assurance is considered an important part of the manufacturing process, a fundamental lack of 

understanding or appreciation of inspection operations during product design activities have led to components 

being ‘uninspectable’ to product requirements. As such, limited industry learning has been combined with the 

outputs from project research activities to present the first proposed DFI process for the inspection of advanced 

composite products. The presented cyclic process allows for the integration of NDT knowledge early in the design 

process to manage inspection expectations and proactively influence design and manufacturing decisions for the 

robust implementation of inspection strategies. Tools to improve the rationale for deployment of inspection 
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strategies and link to concept design considerations are investigated with respect to real Automotive components. 

These tools include productivity analysis with respect to automated inspection methods, and an advanced drape 

simulation for targeting inspection with respect to likely defect location.  

Given the motivations for this research work, the output themes contribute directly to the development vision 

proposed by the BINDT, NCC needs, and industrial requirements for NDT. However, it has been shown that KM 

underpins the efficacy to which these tools and solutions will be successful when deployed on inspection 

operations. This becomes evident when evaluating the variability in the whole NPI process; design, manufacture, 

and inspection processes should not be considered as discrete events that occur sequentially. From investigating 

the capabilities and complexities associated with inspection, there are links to the knock-on effect on the reliability 

and validity of detection methods. The ways in which these characteristics are quantified or qualitatively discussed 

need to be explored in a balance that allows for a deep understanding of complexity, whilst maintaining an 

acceptable degree of accessibility of NDT information.  

This chapter has combined the learning from the phases of the DMAIV framework (Chapter 4 to Chapter 9), and 

in doing so, has contributed towards the attainment of Objective 4. Moreover, the case study deployment of 

intelligence in automated inspection with respect to CIVC addresses Objective 3. The novel generic DFI 

framework and proposed tools for collaboration across the NPI process demonstrate a road-map for future 

population and integration with existing manufacturing networks. With deployment on projects across a range of 

industries, it is anticipated that the process for technology mapping for the state-of-the-art and understanding the 

complexities that exist within inspection operations can become more resilient to changes in industry 

requirements. Finally, Chapter 11 relates these findings to the research question and initial project aims and 

objectives.  
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The major developmental activities, impact, and outcomes of research are summarised in this chapter. 

Opportunities are identified for further work in the context of KM in NDT and evaluated in a technology 

readiness level assessment.   
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ith the reported problematic development and deployment of Non-Destructive Testing (NDT) 

technologies for composites, the focus of this research project has been to improve the current state of 

NDT operations in research and industrial environments. The approach taken in this thesis has sought to address 

the knowledge deficit through the methodical development of a Lean Six Sigma (LSS) framework to introduce 

Knowledge Management (KM) practices into inspection. Whilst considering Non-Destructive Testing (NDT) as 

critical to quality assurance measures in production, the activity should not be treated as a sequential step in New 

Product Introduction (NPI). Instead, inspection operations present as a complex system that are inherently integral 

to design and manufacturing activities. The outcomes of this novel research work have contributed to highlighting 

this in the context of a research institute at the forefront of composites manufacturing.   

This chapter aims to conclude the work carried out through summarising the main outputs with respect to research 

themes and relates the findings to the overall research question outlined in Chapter 1. A discussion of research 

impact with respect to the aims and objectives, limitations, and potential future work is undertaken.   

 Conclusion of Key Research Themes   

In this research, the Define-Measure-Analyse-Improve-Verify (DMAIV) framework has contributed to the 

delivery of two research themes, both of which contribute towards the enhancement of NDT performance.  The 

following section discusses the theme outcomes that have resulted from the employment of the framework and 

the contribution to knowledge.  

 Establishing the State-of-the-Art 

This research aimed to address the knowledge deficit that was highlighted in NDT for composites cross-sector 

events through the generation of a technology map for establishing the state-of-the-art. Within the Define, 

Measure, Analyse, and Verify phases, this concept was explored to a greater extent than simply creating a series 

of testing results. Instead, a framework for a Knowledge Base (KB) was developed, in which a capability matrix, 

procedure for selection of component configurations, manufacture of reference specimens, and testing of 

specimens using detection methods has been established. Moreover, accessibility of KB population has been 

considered with respect to technical and non-technical users; a common method of indicating validated 

capabilities of inspection methods with respect to component configuration was proposed.  As suggested by 

industry, a technology map should provide a route to the selection of an appropriate method for a given product. 

The KB developed in this research contributes precisely to this, where evidenced inspection system deployment 

can be based on the organised information contained within the matrix. Along with the rationale for application 

of a technique, inspection data can assist in substantially reducing the pre-inspection time and establish an 

expected inspection response for a complex product.  

 Understanding System Complexity 

The motivation for this research theme originated from the outputs of the capability matrix testing and 

applicability of inspection operations to NCC research activities. Whilst it has been established that NDT is a 

complex system composed of variables pertaining to the tested component and intrinsic capability of the 

W 



Nikita Gandhi 

Chapter 11 

Conclusions & Further Work 

 

221 

 

measurement system, how they affect the inspection result are unknown. This aspect of the capability matrix 

output has been investigated within the Improve A, Improve B, and Verify phases, with a view to highlighting the 

inherent complexity in inspection processes and relating it to industrial applications. From identification of the 

risks that present as failures to detect and characterise defects within a component configuration, it is concluded 

that human error is still integral to all aspects of data processing. With acquisition, an industry move towards 

automation has aimed to reduce this factor, reflected in the model-based evaluation of geometrical constraints 

with respect to NDT. Moreover, until automated defect recognition technologies become more mature, operators 

will still need to isolate the difference between defective regions and variability as a function of manufacturing 

within data evaluation processes. The need for a reliable and accurate inspection system becomes greater as 

acceptance criteria becomes tighter owing to the overlap between defect and material variability identification. 

The interdependencies between design, manufacturing, and inspection are summarised in a proposed Design for 

Inspection (DFI) framework, promoting the intelligent incorporation of inspection capabilities with two outcomes. 

Firstly, this includes expanding the KB of inspectable configurations, and secondly, providing assurance for 

component optimisation using quality control capability knowledge.  

 Reflection with Respect to the Research Question   

The question at the initiation of the project framed a different direction of research. Gearing outputs to the 

development of a research capability, industrial interest and priority has contributed to the evolution of the 

research question, which has addressed:   

“How can the NDT knowledge deficit be addressed to future-proof inspection activities?” 

Investigation of industrial and academic activities around this question have reinforced the need for research in 

this area, with critical gaps identified in academic literature in the applicability of NDT methods in composites 

manufacture and in the transition towards digitalisation. Additionally, literature from higher Technology 

Readiness Level (TRL) sources, including Research and Technology Organisations (RTOs) and industrial case 

studies, have shown that NDT operations are falling behind trends and targets for composites manufacture. Whilst 

attempts to consider Design for Manufacture (DFM) have been investigated, the KM backbone for efficient 

knowledge accumulation and transfer of effective NDT practices has previously been neglected from research 

activities. As such, two aims arose from the evaluation of the state-of-the-art, both addressing the robustness of 

NDT activities. The relationship between this research question and current state of inspection activities with 

respect to project aims and research direction is summarised in Figure 11.1.  
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Figure 11.1: Mapping the objectives, themes, and activities addressed in this research to the research question and gaps in industrial learning. 
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Firstly, addressing Aim 1 and the two encompassed objectives:  

“To introduce knowledge management practices into NDT for the documentation of inspection results and 

technical know-how” 

Objective 1: Establish the framework for the population of a knowledge base mapping composite material, 

component, and defect configuration to selected NDT methods.  

Objective 2: Understand the risks involved in inspection and develop methods to improve application 

robustness. 

In the context of digitalisation and knowledge work, there is a significant gap in the seamless undertaking of NDT 

activities, evidenced in literature. KM practices are first introduced in project establishment and are grounded in 

LSS thinking; the designation of project activities using a modified DMAIV framework has enabled a systematic 

approach to addressing the knowledge deficit. A clear output to document NDT results and technical know-how 

is in the creation of a knowledge repository and resource prioritisation or delegation tool. This is achieved in the 

formulation of the capability matrix and the route taken to population. Chapters 4-6 demonstrate the rigorous 

method needed to establish the capabilities of a technique with respect to a component configuration. Additionally, 

Chapters 7-9 capture the key learning in the complexity of data acquisition and evaluation. Both facets of research 

raise discussion points on what ‘good’ for NDT looks like, how to ascertain what this is for each component in a 

diverse range of products, and how it is inextricably linked to the design and manufacture of parts. This knowledge 

is critical to understanding the applicability of NDT methods for an optimum result against the key metrics of 

quality, cost, and time. The incorporation of KM is evident in the comparison of project KB creation in comparison 

to existing industrial KBs, where key variables pertaining to the NDT process and component are considered in 

detail. Furthermore, the voice of NDT specialists has been taken into consideration for the communication of 

highly technical information, allowing for accessibility whilst maintaining fidelity to NDT expectations.  

Secondly, addressing Aim 2 and the remaining two objectives:  

“To create a framework for the exploitation of NDT knowledge to inform the design for inspection of 

components” 

Objective 3: Demonstrate the applicability of the knowledge base and alignment to CIVC activities.  

Objective 4: Establish a road-map for future population of the knowledge base and integration into existing 

manufacturing networks.  

This aim has created a condition on the research work; any outputs must be applicable to research institution and 

industrial interest, culminating as the incorporation of intelligence to inspection operations. To achieve this, 

system complexity needs to be understood, along with an appreciation of the critical variables that affect the way 

in which an inspection activity can be completed. Within the variability of inspection, the influence of human 

factors presents a current challenge in the digitalisation of manufacturing operations, where automation is sought 

after as an immediate solution to rate and traceability requirements. The investigation of geometrical complexity 
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with respect to flexible, automated inspection in Chapter 8 evaluates both key learning from a risk assessment of 

NDT failures and demonstrates applicability to National Composites Centre (NCC) requirements. The 

fundamental relationship between the influence of design on the configuration required by an automated 

inspection rig is necessary for efficient operation and for the Composites Inspection and Verification Cell (CIVC) 

to be superior to conventional inspection configurations. Moreover, considering how CIVC aims to fit into the 

landscape of manufacturing and inspection activities, evidence-founded inspection plans will be critical to meeting 

targets.  This concept is explored further with respect to the integration of New Product Introduction (NPI) through 

DFI in Chapter 10. Again, KM and communication of inspection capabilities are central to process improvement. 

However, the intention of DFI is to expand learning and applicability; the adoption of improvement methodologies 

to product development beyond the boundaries of inspection for the benefit of quality, cost, and time can exist in 

an environment where a discernible impact can be realised.    

From the perspective of a research institute, the NCC should be searching for gaps in the current industry-standard 

and leading the development in response to the growing demands of the composites industry. Despite this project 

not being formulated from an initial spark, this has been achieved within the scope of this project. Main outputs 

that can be linked to the impact on NDT and NPI have been presented in the thesis and look at adding intelligence 

and knowledge to NDT activities. Both are essential in safeguarding the development, applicability, and relevance 

of inspection activities against future requirements for composite products. Rooted in KM, the development of 

the KB, including technology mapping and the supporting system understanding, highlights the importance of a 

collaborative, iterative process for collective industry growth. This presents both academic and societal impact in 

the integration of inspection knowledge into design and manufacturing processes, manifesting as economic benefit 

through DFI implementation. Whilst this research project presents the first known opportunity of documentation 

of some of the concepts, it sets up a framework for continued exploration and knowledge transfer. The research 

project outputs have been evaluated against objectives using a Red-Amber-Green (RAG) scale in Table 11.1.  

Table 11.1: RAG assessment of aims and objectives against project outputs1. 

OBJECTIVE RAG 

1 Establish the framework for the population of a knowledge base mapping composite material, 

component, and defect configuration to selected NDT methods.  

2 Understand the risks involved in inspection and develop methods to improve application 

robustness.  

3 Demonstrate the applicability of the knowledge base and alignment to CIVC activities. 
 

4 Establish a road-map for future population of the knowledge base and integration into existing 

manufacturing networks.  

 

 
1 Green represents the objective has been reached within the scope of the research work. Amber represents the 

amber represents the foundation has been established and tested with case studies but would benefit from further 

proving out and demonstration with maturity. 
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 Limitations in the Research 

Although this research work presents the first definitive case of a formulaic approach to document the state-of-

the-art for NDT capabilities and complexities with respect to composite products, limitations exist in development 

and applicability. As highlighted in Chapters 1 and 9, ongoing capital and industry investment are required to 

maintain and improve the KB. Without a champion, or dedicated group for curation, it is an eventuality that any 

developments made in technology mapping will become archaic. Whilst the risk associated with this is common 

across NPI, it is particularly high for KB development since the pace of innovation for advanced materials, 

processing methods, and complex configurations is high within the composites industry. Moreover, since rigorous 

testing needs to be conducted for each product regardless of what is contained within the KB, organisations may 

wish to keep this knowledge internally for competitive advantage. Partnering with other organisations that seek 

to improve DFM for composites, such as those discussed in Chapter 2, may alleviate pressure to remain current. 

This is made more complex by the breadth of component configurations that result from a multitude of design and 

manufacturing decisions. Additionally, whilst Right First Time (RFT) is highly desirable in an environment where 

scrap rates are relatively high, it will still require strides in the development of in-process control. As such, the 

assumption must be made that the composition of each component, despite having the ‘same’ processing 

parameters, will not necessarily be uniform across all products. The idealised response quantified in the KB may 

not be translated directly to NDT operations; component and inspection technique specificity and variability will 

still be inherent to detection activities where an element of operator discretion will be required.  

This research has sought to investigate the moving parts in complexity of NDT activities, but a limitation of the 

work is that it has not attempted to quantify the interaction of the factors. Within the capability matrix, this 

manifested as the relationship between key performance variables and the relative impact on the inspection results. 

This also included the influence of geometry and productivity in tandem with the quality of NDT results, as 

explored in Chapters 8 and 10, and how the capability matrix could be deployed in the same system. Digitalisation 

of systems could be explored account for some element interaction characterisation.  

 Further Work  

The research work summarised within this thesis has initiated a discussion regarding how inspection practices can 

be better understood and accounted for in research and industrial applications, contributing to improving the 

robustness of operations. To be in position where some of the concepts can be applied, progress must still be made 

in terms of maturity. To inform future development, three ideas are proposed; if given adequate consideration, 

development timescales and maturity with respect to TRLs are shown in Figure 11.2. 

Firstly, the benefit of the KB can only be realised with widespread dissemination to the composites industry using 

an open-access platform. Following a presentation of this work in 2019, the Composites UK forum expressed 

interest in hosting the capability matrix on their website. This would provide an opportunity to reach a wider 

audience and accelerate population using industrial-specific components2. However, for the matrix to be of best 

use to the industry, it should be expanded. Testing of reference components should include additional NDT 

 
2 The approach used in the CerTest programme could be translated to these activities [465].   
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techniques including advanced methodologies, with matrix outputs differentiating between data acquisition and 

evaluation methods. To complement this, component configurations need to reflect industry requirements. It is 

anticipated that short-term growth in reference components would come from RTO environments, expanding to 

industrial environments when applicability benefits are recognised. The current state of framework maturity drives 

the developmental route proposed in Figure 11.2. A change in attitude and investment is still needed to accelerate 

development, including establishing a working group or champion for activities, accessibility to various 

institutions to map the state-of-the-art, and industrial investment buy-off.  

Secondly, from knowledge repository to demonstration of system intelligence in inspection operations, the 

application of the framework must be streamlined. This will involve an investigation of system tools to establish 

the critical path in framework generation and expressing system complexity for a reduction in testing whilst 

maintaining statistical significance. As such, the KB can be deployed in inspection projects, but for the generation 

and applicability of tools through identification of inspection. This could be achieved through both RTOs and in 

industrial contexts. As the success of deployment is dependent on KB population and dissemination, anticipated 

growth is shown in Figure 11.2 as initially slow. Investment is necessary to demonstrate framework iterations and 

capabilities of tools before pace of innovation and adoption begins to increase.  

Finally, the complexity of NDT operations has highlighted a need for the concept of DFI. The expected trajectory 

for DFI requires much development in the short-term for the benefits to be realised, including standardisation of 

the method, and iteration and deployment on research projects for continual improvement. Metrics beyond 

inspectability, including lifecycle and cost analysis, should be considered for implementation rationale. For DFI 

to become a fundamental part of the concept design process, the methodology should be integrated with systems 

thinking so that it can be established within the design and manufacturing processes of NPI.  

In the author’s opinion, the KB dissemination strand of further work would take priority going forward. This 

activity provides the greatest visible and deployable return on investment, resulting in a more rapid take-up from 

an industrial perspective. Moreover, it forms the basis upon which the other aspects of further work development 

can accelerate for use in the wider NDT for composites industry.   

 
Figure 11.2: Proposed trajectory for further work concepts with respect to TRLs.  
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