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Abstract 

 

SHM technologies have matured of over a long time to now progress to first 

commercial applications in the aerospace industry, whereas Health and Usage 

Monitoring has been widely adopted. The focus of SHM is by definition on NDI and at 

maintenance improvement. The challenge to ultimately utilize SHM is established by 

the requirements on functionality, durability, reliability, and increasing product 

complexity. The economic challenge involves cost and weight features. The 

characteristics of SHM technologies are given by physical product integration, 

embedded sensing, connectivity and the use of data processing methods and statistical 

models. Furthermore, SHM system design is based on models related to structural 

integrity, e.g. on fatigue and damage tolerance of a structure, as well as other physical 

models, e.g. on wave propagation, involving structural and material parameters. 

Therefore SHM provides fast and continuously data of high quality, bearing information 

relatable to established models or physically interpretable. Highlighting the potential of 

SHM in the advent of the digital industrial revolution, the application along the product 

life cycle phases of an aircraft is exemplified at cases for composite and metallic 

structures and different SHM technologies. Emphasis is given to the impact on product 

life cycle management, utilizing virtual product modelling. 

 

 

1.  Introduction 
 

This work intentionally breaks with the traditional view of SHM as just a different 

technique to perform NDI or calculate the consumption of fatigue life in the framework 

of aircraft maintenance. Instead, in a commercial and technical environmental of rapid 

change provoked and enforced by the digital industrial revolution, beneficial extensions 

and adaptations are searched for. The objective is twofold: On one hand new trends and 

changes to the context in which SHM is applied might offer also new benefit in which 

SHM as a concept provides higher benefits. On the other hand remains the question of 

how SHM technologies can be of dual use in another context, not employed primarily 

with the idea to perform SHM. 

The paper is structured as follows: Chapter 2 introduces the context of the lifecycle of 

(aerospace) products and highlights background concepts for later discussion. Chapter 3 

characterizes SHM with regard to the features of the technologies developed, 

exemplified by some of the technologies under consideration by Airbus. Chapter 4 

provides the reader with a vision of the role of SHM technologies in the scope of virtual 

products, giving two examples. 
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2.  Design, development, manufacturing and operation processes as 

context of Structural Health Monitoring 
 

This chapter introduces several concepts targeting certain tasks along the product life 

cycle, which either determine aerospace industry practises today or have a high 

potential to do so in future.  

 

2.1 Model Based Design 

 

Being a standard practise today, model based design offers the advantage to aid design 

by determining system behaviour rather by a model than by physical tests. Ever 

increasing computational capabilities enabled high-fidelity models, decreasing 

development cost and time as well as enabling to further exploit the potential to 

optimize a design solution. Heavily employed in system engineering, it also aids design 

verification and provides a common framework for development. It also allows reuse of 

models later or for other purpose. 

Employed models can be structural, material, aerodynamic, electrical, they may 

describe very complex systems, or system of systems. There can be empirically derived 

or probabilistic statistical models as well as physical models. As a consequence various 

dedicated software tools are needed, where validity and limitation, e.g. in applicability 

and accuracy, are tested. 

The application of validated models to a specific design problem still deserves testing 

effort for experimental validation, which leads to the next subsection. 

 

2.2 Virtual Testing 

 

Large, complex structures and systems require extensive testing during development, 

even if model based design is applied and also to validate the applied simulation. In the 

resulting test pyramid, examples of very expensive tests at the top would be full scale 

fatigue tests or flight tests, while a larger number of material, coupon, element and 

component tests are the foundation. 

The idea of virtual testing addresses the need of design optimization due to tests 

primarily on the basis of optimization methods and simulation data. Thus, the necessity 

of expensive physical tests can be drastically reduced and better optimization results 

achieved. 

For the remaining necessary physical tests, virtual testing targets reducing the test effort 

and making tests more efficient and faster. For that purpose virtual testing employs 

simulation of the structure as well as the test facility to design the test specimen and test 

facility ideally. This includes instrumentation of the test specimen, e.g. with strain 

gauges, or the use of various other measurement and monitoring techniques, to either 

steer the test or gather data to validate the design. In many cases a NDT inspection 

program assesses the condition of the test specimen throughout the test, providing 

information about damage formation and evolution. 

 

2.3 Non-destructive testing within industry 4.0 

 

The term industry 4.0 describes the supposedly ongoing fourth industrial revolution, 

featuring the idea of a smart factory. It is technically based on the sourcing and 
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availability of vast amounts of data, i.e. process related data in manufacturing. This data 

can be provided by sensor systems and connected machines and tools, while for 

connection, storage and computing concepts such as the internet of things and cloud 

computing are deployed. It further comprises decision making using data analytics to 

process large amounts of raw data. 

Although the focus might be on manufacturing, the scope of industry 4.0 includes the 

optimization of the complete value chain along the product life cycle. This might also 

comprise condition monitoring and predictive maintenance of the machinery and tools 

in the smart factory. 

NDT in the production phase is a high value data source within industry 4.0, as it 

provides pre-processed high quality data. But NDT has its cost and requires time. The 

trend is therefore to use in-line NDT and increase the benefit of the existing data for 

improved process control and faster maturation of manufacturing processes. This gives 

rise to technologies suitable for a digital, industry 4.0 environment, such as digital 

radiography and computer tomography. 

Within the in-service (operation) phase, data from NDT (or SHM) can be used in 

concepts like predictive or condition based maintenance. 

It shall be mentioned that the core features of industry 4.0, regular monitoring and 

distributed, connected sensor systems as well as advanced data processing techniques, 

show a strong similarity in SHM. 

 

2.4 Product life cycle management 

 

Product life cycle management (PLM) shall be briefly introduced here. The aim of PLM 

is to have a consistent process at hand which addresses the complete life cycle of a 

product. The following main phases and sub-tasks constitute the standard product life 

cycle: 

• Conceive (imagine, specify, plan, innovate) 

• Design (define, develop, test, analyse, validate) 

• Realize (procure, manufacture, sell, deliver) 

• Service (operate, support, retire) 

 

The nature of the cycle needs to be emphasized: Almost all products are under constant 

innovation or modification, either for commercial reasons (increase of profitability 

and/or competitiveness) or change of regulations (e.g. environmental or safety 

regulations). This creates the necessity to manage the lifecycle of a product portfolio 

from an economic and marketing point of view. Here the life cycle is commonly 

differentiated in the phases of development, introduction, growth, maturation, decline 

and withdrawal. The product life cycle can be influenced by marketing measures and of 

course by technical innovation. A particularity of high-value industrial goods, like 

aircraft, compared to consumer products, is the long lifetime of a product. One aircraft 

might be 3 decades in operation, but the aircraft program as whole stays until the last 

aircraft retires. The A320 program was launched 1984, the B737 is 2 decades older. 

 

2.5 Virtual product 

 

The concept of virtual product can be seen as the continuation of virtual testing in the 

framework of product life cycle management. By complete virtualization of a product 
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(e.g. an aircraft component) in terms of modelling and design processes, different 

design options can be virtually tested and informed decision can be taken. The key 

elements are a performant and holistic simulation environment, which allows analysing 

various design concepts and solutions incl. manufacturing and maintenance aspects, to 

propose the optimal solution. Further, multiphysics, multiscale and multifidelity 

simulation methods are needed. 

The framework of a virtual product provides a data basis and tool to address the need to 

manage investment in innovation along the product life cycle. It might help answering 

to a specific market need to design or modify an aircraft type, e.g. a range increase. Or it 

allows selecting the best opportunities to reduce weight or manufacturing costs. 

 

3.  SHM Technologies in light of design, development and 

manufacturing processes 
 

3.1 General features of SHM technologies 

 

Let us summarize some of the features of technologies developed for SHM purpose 

which are interesting in the scope of this work. 

Integration: SHM system components are on the aircraft and have a physical integration 

and a system (functional) integration. This involves not only the technological 

feasibility to attach a sensor, but also for design, test and maintenance. SHM sensors are 

required to be light weight. 

Monitoring: Information is continuously or regularly available, enabling a monitoring of 

structural features. 

Statistical models: Most techniques use some sort of statistical modelling to connect 

features of the measurement data via models to quantitative features of interest of the 

structure under monitoring. The used models can be physics based and/or empirically 

derived models. 

Examples of technologies under research at Airbus are Comparative Vacuum 

Monitoring (CVM) [1], Guided Ultrasonic Waves (GUW) [2] and Fibre Optic Sensors 

(FOS) [3]. 

 

3.2 Challenges for implementation of SHM systems 

 

SHM has not found yet its way to broad application in commercial aerospace. It is 

worth to reflect some of the reasons, which shall be here divided in purely technical 

challenges and business or organizationally driven aspects.  

Technical challenges are clear the high requirements in terms of durability of hardware 

and overall system reliability, where shortcomings might restrict the use to critical 

applications, but also might impound an economic burden on the aircraft operator. 

Furthermore, functional reliability, i.e. damage assessment performance, is usually 

compared to the most appropriate NDT method and the detectable damage size, setting 

a high threshold. In the second instance, manufacturing and system integration require 

solutions to introduce installation and testing in the serial manufacturing process. This 

includes testing and repair. 

One general business challenges consist in the fact existing maintenance plans are 

already optimized with regard to existing NDT methods. The structure design is based 
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on maintenance plan, inspection feasibility and detection capability of established NDT 

methods. 

SHM systems impose also recurring costs, especially in terms of the additional weigh 

and costs of on-board hardware and SHM system maintenance. The non-recurring costs 

for system development are scaling with the complexity of the on-board of system part. 

An SHM system is usually a new technology, effort for development and certification 

are higher. 

 

3.1 Airbus SHM technology development approach 

 

Airbus follows a business case oriented development approach. The aim is to align 

research and technology to the areas of highest benefit and enable a fast and accurate 

response in case a business case proposal requires technical evaluation. For that purpose 

a toolbox of technologies with established set of prototype solutions and limitations was 

developed, in order to facilitate fast and more accurate technical business case 

evaluation, decrease development time and de-risk technology selection [4]. This 

toolbox comprises a number of technologies and generic application cases, for which a 

set of prototype solutions or demonstrators, concepts for manufacturing and system 

integration are readily available, as well as limitations and damage detection capability 

are assessed. 

 

3.  Enhanced Virtual Product design and life cycle management by 

SHM technologies 
 

Opportunities of SHM and SHM technologies application in the aforementioned 

frameworks shall be highlighted in the following. 

 

3.1 Concept foundation 

 

The following points describe the guiding principles how to enhance virtual products by 

SHM technologies: 

• Multifunctional sensing: A given sensing system, which might be a hybrid 

system of several sensors, realizes a multitude of functions. This allows a share 

of the associated costs between the functions. 

Examples: Impact detection and strain sensing by Fibre Optical sensors; Impact 

damage assessment and ice detection by guided ultrasonic waves. 

• Holistic approach across complete product life cycle: Considering all 

opportunities to use sensor increases the change to justify the high complexity 

and cost by increasing the basis for benefits. 

Example: strain monitoring during test (design phase), cure monitoring 

(manufacturing phase) and impact detection (operation phase) 

• Direct connection to models: Models used within SHM technologies can be 

directly linked to other models employed in the overall design framework. This 

facilitates the validation of models by experimental data as well as design of 

SHM and sensor systems 

Example: strain and temperature measurement by optical fibres for a structure 

test in thermal environment. 



 6 

• Enrich models with data from aircraft operation phase: Variability in the actual 

operational conditions and utilization of aircraft, as well as among the fleet of 

produced aircraft can be assessed in a tailored way, enabling to increase 

accuracy of design assumptions. 

Examples: Temperature and humidity uptake data of thick composite parts of 

aircraft entire fleet. Usage monitoring and fatigue damage monitoring for 

predictive maintenance. 

 

Two exemplary application cases are provided in the following section, considering two 

SHM technologies of high attention: Guided ultrasonic waves (GUW), which uses a 

variety of different transducers and techniques, and fibre optical sensors (FOS), again 

with several specific techniques, fibres, interferometers etc. 

 

3.2 Exemplary Application cases 

 

The following functions could be realized by a hybrid multifunctional sensing system 

utilizing FOS and GUW, realizing different functions in the different life cycle phases. 

 

3.2.1 Composite Structures 

Development (Design & Test) 

• Assessment of actual robustness on basis of impact monitoring and impact 

damage assessment of fleet in operation, enabling optimized design for 

robustness. 

• Assessment of actual environmental conditions of humidity and temperature 

distribution of fleet allows design improvement for heat critical areas and for 

knock down factor due to humidity uptake at thick composite parts. 

• Monitoring of damages, increased detectability, assessment at areas with 

difficult access can allow optimized design or different design solution with 

according weight and/or production cost benefits. 

• Sensing data may serve as input for morphing structures and condition 

monitoring of actuation systems. 

• Integrated sensing capability for strain measurement and damage monitoring 

speeds up large structural tests. 

Manufacturing phase 

• Cure monitoring 

• Assessment of material properties 

• Hybrid NDT methods, partially using integrated sensors 

• Integrated health monitoring of parts along supply chain and in a smart factory 

reduces non-conformity related costs. This could include impact detection 

during production and transport until delivery. 

• Monitoring of assembly processes of large components by strain sensing. 

Operation phase 

• Strain sensing for usage monitoring 

• Impact damage detection, assessment and monitoring (blunt impact damage on 

ground; bird, stone, tire, lightning strike), like delamination and debonding 

• Load factor and load case estimation 

 



 7 

3.2.2 Metallic and fibre metal composite structures 

Development phase (Design & Test) 

• Providing input to the control system of autonomous air vehicles, e.g. by 

measuring surface air pressure 

• Strain monitoring during full scale fatigue test and flight test 

• Monitoring of damage evolution during fatigue tests 

Manufacturing phase 

• Process control of fibre metal laminate part production 

• Assessment of bond quality 

Operation phase 

• Corrosion environment monitoring and corrosion damage assessment; fluid and 

leakage detection 

• Predictive maintenance based on load monitoring and damage monitoring on 

component level 

• Monitoring of highly integrated parts produced by additive manufacturing 

• Remaining useful life and value assessment, especially for interchangeable parts 

and leased or rented goods 

Note: Some of the points mentioned for a composite structure are as well applicable for 

metallic structures. 

For many of the named applications, the principle idea, feasibility studies and also 

applications already exist. 

 

3.  Conclusions 
 

This paper states a vision how SHM can be applied in the currently fast changing 

environment of aerospace industry due to digitalization. Emphasise is given on a 

holistic approach along the product life cycle with a strong connection to virtualization 

approaches. Further, multifunctional sensing system is shown as way to justify the 

effort of implementing integrated sensing capability by increasing systematically the 

basis of benefits. Integrating an SHM system is more than physical integration of 

sensors into a structure or the on-board system integration: Integration starts with the 

product itself and the processes employed throughout the life cycle. The trend towards a 

holistic virtualization approach offers in particular opportunities for SHM technologies. 
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