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”Nothing in life is to be feared, it is only to be understood. Now is the time to understand more, so that we

may fear less.”

- Marie Curie
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Abstract

Life cycle monitoring could considerably improve the economy and sustainability of composite aircraft com-

ponents. Knowledge about the quality of a component and its structural health allows thorough exploitation

of it’s useful life and offers opportunity for optimization.

Current life cycle monitoring efforts can be split in two main fields 1) process monitoring and 2) structural

health monitoring with little overlap between them. This work aims to propose an integral monitoring ap-

proach, enabling entire life monitoring with the same sensor. First, the state of the art of both composite

manufacturing as well as structural health monitoring technologies is presented. Piezoelectric sensors have

been ruled out for further investigation due their brittleness.

Fiber optical sensors and electrical property-based methods are further investigated. Distributed fiber optic

sensors have been successfully used in composite manufacturing trials. Two processes were demonstrated:

vacuum assisted resin transfer molding and resin infusion under flexible tooling. Due to their flexibility,

optical fibers can survive the loads occurring during manufacturing and deliver valuable insights. It is shown

for the first time numerically and experimentally, that fiber bed compaction levels and volume fractions can

be calculated from the optical frequency shift measured by the optical fiber sensors. The same sensor was

used for subsequent structural health monitoring. This proves that the gap between process monitoring and

structural health monitoring can be closed with mutual benefits in both areas.

The final chapter presents a novel electrical property-based sensing technique. The sensors are highly flexible

and manufactured with a robot-based 3D-printing method. They are shown to reliably work as strain sensors

and crack detectors.

This work presents a thorough investigation of available and novel sensing technologies for process moni-

toring and structural health monitoring settings. The results obtained could pave the way to more efficient

aircraft structures.
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Chapter 1

Introduction

1.1 Motivation

Air transport has in recent decades become a necessity for many people, and yet only about 20% of the

world’s population has ever taken a flight in their life. In addition, with the promise of so-called flying cars

the aviation industry finds itself in a gold rush moment. All of the above occurs in a time of a climate

emergency. Globally the emissions of harmful greenhouse gases like carbon dioxide need to be reduced at

unprecedented levels.

Air travel has seen a lot of scrutiny for its large environmental footprint. It is therefore paramount to ensure

that the projected growth potential of this important sector is accompanied by the introduction of technology

and materials that deliver a revolutionary new way of flying. This revolution can in part come from replacing

heavy, metallic structures and components with ones made from much lighter composite materials consisting

of fibers and polymers. Such replacement efforts have begun a few decades ago already and have peaked

with the most recent generation of long haul aircraft like the Boeing 787 and Airbus A350. Those aircraft

models each have a share of more than 50% of their structural weight being made up of composites [1].

Such a transition, as is usual in aerospace applications, was one of careful iteration to ensure safety standards

are met or exceeded with this relatively new material class. Initially only few non-critical metallic compo-

nents were replaced. Over the years a steadily increasing composite part count fueled by higher confidence

was observed. This trend has led to the use of composites for safety and visually critical structures. For such

applications, a rigorous inspection regime is required in order to ensure the longevity of said components.

Non destructive testing (NDT) techniques, initially developed for medical purposes or metals have proven

to work well for composites. Some examples are ultrasonic inspection, X-Ray and computer tomography [2].

A major downside of such technologies is the need for removal of the component from the aircraft leading

to longer service intervals and losses for the aircraft operators [2].
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1.1. Motivation

The process of inspection, if necessary repair and re-certification to a safety standard is required, usually

falls within the scope of a maintenance repair and overhaul (MRO) facility. A MRO-provider is certified and

allowed to perform checks and mending work on aircraft components that have been indicated for inspection

by the relevant maintenance manual [3]. These facilities are either located at airports to perform work on

the aircraft itself or have dedicated sites to deal with the disassembled components. An indication for MRO

attention can be either the fact that a certain amount of flight-hours have been completed or through visual

inspection by the airport ground-crew or the pilot. The latter requires any potential damage to be found

only through visual means [3].

It is widely accepted that certain defects, caused by an impact cannot be found through visual inspection by

human eyesight alone [2]. Such a damage is known as a barely visible impact damage (BVID) and accounted

for during the aircraft design stage to cause no safety concern [3].

Guidance by the Federal Aviation Administration. The document AC 20-107B [3] authored

by the Federal Aviation Administration (FAA) outlines general composite structure design guide-

lines. It takes into consideration the unique benefits and challenges that are inherent to composites

as a building material.

It highlights the different levels of assurance that are applicable at the different levels in a com-

posite manufacturing and supply chain. The basic principle is that certified material from certified

sources, will lead to an airworthy product when manufactured in a certified facility following a

process that is tightly controlled. From thereon a procedure for inspection and maintenance is in

place to cover any deviations or damages that may occur in the life of a component.

Five distinct damage categories are introduced with corresponding recommended course of ac-

tion. Category 1 describes allowable damages that stem from either manufacturing or in service.

Damage that falls under this category is undetectable using prescribed inspection methods and has

been taken into consideration during design and testing for ultimate load capability. This category

includes BVID.

Category 2 damages are readily detectable within the regular intervals or through directed in-

spection. An aircraft retains its limit load capability despite having suffered a damage within this

category. Any Category 2 damage may not grow significantly.

Category 3 damages can be detected reliably without the need for special skills or training. This

includes ground personnel, ramp operatives or cabin personnel. Such damage requires immediate

intervention, however, flight performance may not be impaired significantly.

Category 4 and 5 damages represent severe scenarios requiring immediate action and full flight

performance is not available. Any design needs to have reasonably high resistance to such an
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occurrence.

Such a regime has worked well for metallic aircraft over many decades owing to the metal’s ductile nature

and tendency for damages not to grow quickly. This means that when a certain damage is smaller than the

BVID threshold and therefore impossible to find, this particular damage will not grow beyond the threshold

limits until the next visual check is due [3]. For metallic components this works well as the actual damage

size is the same as is visually detectable. For composites such a methodology has proven difficult in practice.

This is due to the fact that damages in composite structures are visually much smaller than they are further

beneath the surface [2]. A composite damage of only a few millimeters on the surface could easily be several

10 mm across at a deeper ply level. This invalidates the need to know the exact damage size and to assure

slow damage growth. Therefore in practice, a composite structure needs to be checked in a specialised MRO

facility with NDT more often than a metallic one.

To address this problem structural health monitoring (SHM) techniques have been developed. SHM utilizes

NDT methods to ensure the state of structural integrity is known throughout the life of a component. It

can be used to aid in scheduled aircraft service work, or be used as a basis for condition based maintenance

(CBM) [4]. MROs can use SHM data to ascertain damage presence, location or severity. CBM, however,

is widely viewed as the future of aircraft maintenance. The notion of CBM suggests to perform checks and

repairs only when a specific predictive condition has been met. This condition can be a damage index of any

suitable description as long as it accurately and conservatively serves as an early warning.

Having a good understanding of the current state and being able to predict future failure is arguably a

valuable asset in itself. However, when considering the additional potential for weight savings due to the

reduction of uncertainties at the design stage the benefits of SHM are self evident.

Composites are also inherently more expensive than legacy materials. The major cost drivers are expen-

sive raw materials, the need for tight processing parameter control, complicated and long supply-chains,

costly cold storage requirements, large single purpose machinery needs (e.g. autoclaves) and a high level

of employee training among others [3]. Given all of that, it becomes obvious as to why low scrap rates are

important for manufacturers. To ensure this, a solid process control mechanism is required. Being that

many composite manufacturing steps are very sensitive to slight changes in the environment, it is common

practice in a modern production facility to monitor and control environmental conditions like temperature,

pressure and humidity with fine temporal granularity. In additional to that, oftentimes specific processing

calls for additional controls. Some non-exhaustive examples are heat-treatment, curing or press-molding.

Process monitoring (PM) tools mean the sensor based augmentation of production processes to ensure that

selected parameters are within limits and if coupled with a predictive software and/or decision making logic
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can inform the outcome of that process. For composites the most simplistic form of such a tool can be

thermocouples measuring the part temperature and comparing it to the cure cycle prescribed by the original

equipment manufacturer (OEM). A cycle within limits promises a component complying to specification

and good mechanical performance. However, only the temperature readings alone cannot paint the whole

picture. They give no indication on important factors like consolidation, fiber volume fraction or true degree

of cure. For such performance indicators typically a second set of sensors is required or they can only be

verified after the component is irreversibly cured. It would be desirable to get a clear picture of the state of

the component as soon as possible in order for the manufacturer to enact changes and salvage the part. This

sentiment is similar to the one used in SHM and CBM. In this work we therefore strive to find a monitoring

solution that is capable of capturing as many aspects as possible.

Should any detrimental processing condition remain undetected during manufacturing, implications on the

life of a composite component can be expected. As with below-threshold BVID such potential occurrences

are considered in the design stages [3]. This again leads to inefficiencies and over-engineered structures. It

is evident that a good understanding of the state of expensive and critical composite structures is important

and can offer benefits along the entire value chain.

Lastly, the question arises whether it is possible to enable an entire life monitoring solution that works both

for SHM and PM. We therefore formulate the following:

Hypothesis: There exists a technology that can monitor both the manufacturing stages as

well as the useful life of aerospace composite structures.

1.2 Aims and objectives

In order to prove or disprove the hypothesis laid out, a set of aims and corresponding objectives is presented

below. In this thesis that list is methodically worked through. The results will build a convincing case and

contribute substantially to the understanding of how SHM technologies can be used to aid part manufactur-

ing.

• Aim 1: Identify what SHM technologies have potential for PM

– Objective 1: Identify important processing parameters for composite manufacturing that need to

be monitored.
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– Objective 2: Perform an extensive literature search for established SHM technologies being used

in a PM setting.

– Objective 3: Present case studies of successful, integral PM and SHM implementations.

• Aim 2: Demonstrate PM capabilities of pre-selected technologies theoretically and in a realistic man-

ufacturing environment.

– Objective 1: Experimentally verify pre-selected technologies in a realistic manufacturing environ-

ment.

– Objective 2: Consider sensor integration and protection strategies.

– Objective 3: Perform a down-selection to a single technology.

• Aim 3: Develop an appropriate PM-SHM technique for a novel use case.

– Objective 1: Show numerically the sensor’s working principle.

– Objective 2: Develop in-house sensor manufacturing route for chosen technology.

– Objective 3: Develop a PM-SHM solution for two prototypes, representative of complex aeronau-

tical structures.

• Aim 4: Proposal of a novel monitoring technique that considers the learnings made and extends PM

capabilities.

– Objective 1: Develop a sensor profile with desired mechanical and monitoring properties.

– Objective 2: Develop in-house sensor manufacturing route for the chosen technology.

– Objective 3: Demonstrate the novel technology in PM and SHM settings.

1.3 Overview

1.3.1 Outline of the thesis

This thesis is structured into seven chapters which encompasses the entirety of the work undertaken in this

research and structures the information.

• Chapter 2: Theoretical background
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• Chapter 3: Technology demonstrator - SHERLOC panel

• Chapter 4: Development of process monitoring techniques: technology down-selection

• Chapter 5: Deployment of an integrated PM and SHM system for a GFRP plate

• Chapter 6: Integrated PM and SHM applied to representative aerospace components

• Chapter 7: Development of novel sensing elements for integrated PM and SHM

• Chapter 8: Conclusion and future research

1.3.2 Contributions

The work presented herein builds upon the below publications:

• Valentin Buchinger & Zahra Sharif Khodaei (2021) ”Vacuum assisted resin transfer molding process

monitoring by means of distributed fibre-optic sensors: a numerical and experimental study”, Advanced

Composite Materials, DOI: 10.1080/09243046.2021.2001910

• Valentin Buchinger & Zahra Sharif Khodaei (2022) ”OFDR-based integral Process Monitoring and

SHM system for Composites manufactured by Resin Infusion under Flexible Tooling”, 10th European

Workshop on Structural Health Monitoring, EWSHM 2022, 1, pp 360–368

• Valentin Buchinger & Zahra Sharif Khodaei, ”Use of OBR for PM and SHM of complex structures”,

(in preparation)

• Valentin Buchinger & Zahra Sharif Khodaei & M.H. Aliabadi, ”Development of 3D-printed Flexible

Devices for Strain Sensing and Damage Detection”, 20th International conference on Fracture and

Damage Mechanics FDM 2022 (awaiting publication)
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Chapter 2

Theoretical background

This chapter reviews in a structured way the available literature covering aspects around composite manufac-

turing processes, SHM and PM technologies. It will give a general, non-exhaustive overview of the available

solutions. However, the technologies pre-selected for further study are discussed in great detail in chapter 4.

SHM for composite components has been studied heavily over the last decades. This has led to researchers

proposing a wide variety of different sensors and interrogation techniques. Innovative materials and pro-

duction processes have been coupled with computer-based evaluation algorithms and produced encouraging

results. Typically, SHM sensors are secondarily bonded to the component they monitor [5, 6]. This means

most manufacturing steps have been completed. However, an earlier integration can be desirable in certain

cases. This work tries to explore the feasibility of established SHM sensor systems being used for PM (Figure

2.1). The knowledge about the process parameters under which a specific component was made is not only

valuable for the manufacturer, but also for the operator. The process steps in scope are: layup, compaction,

fiber wet-out and curing. Those are deemed as the most critical and cost intensive steps. Once the challenge

of integrating the sensors into the structure has been solved, they can be operated as originally envisioned.

Any further manufacturing related damages during e.g. drilling, routing or assembly may then be detected

as if the part was already in service. PM may enable more efficient manufacturing processes due to reduced

material wastage and improved component quality. This is important when considering the incurred weight

penalty of a SHM implementation.
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Figure 2.1: Combination of process- and structural health monitoring

Any SHM system needs to be tailored and designed specifically for an engineering structure. The system

must be suitable for the structure’s material and geometrical features and complexities. Different compos-

ite manufacturing processes can cause different types of defects in the structure, which in time can lead

to damage initiation and progression. Therefore, it is essential for the engineer to first consider what are

the expected types and characteristics of damages that can occur due to the manufacturing and in service

application of the structure under investigation. The SHM technologies and methodologies will then be

developed, tailored and validated for the specific structure and demonstrated in service conditions. There-

fore it is important to present different manufacturing technologies and investigate their part manufacturing

quality and assessment techniques, in order to select the most appropriate SHM technology for PM as well

as for in-service diagnosis.

One limitation of SHM technologies that is not within the scope of this work is to develop a technology

that competes against or replaces established NDT methods. The spatial resolution of such techniques can

only be matched by a very dense sensing network, thereby nullifying the benefits of SHM with regards to

achieving weight savings.

Dong and Kim [7] analysed the cost effectiveness of SHM for a metallic fuselage aircraft and found that it

had the potential to reduce the maintenance cost by $5 M per aircraft over its lifetime. The costs caused

through the additional weight was $50 M for same time frame. This clearly shows a need for further research
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in the field of SHM before it will be applied on a large scale. They mentioned, however, that for an aircraft

using composite materials design with SHM in mind, a monetary benefit might be realised easier [7]. A

sensor system that can be integrated and operate during manufacturing should therefore be able to incur

profits even faster.

Motivated by the vision of an aircraft that is cheaper to operate and offers improved safety, the available

literature dealing with integrated PM and SHM was studied and is presented in this section.

2.1 Polymer matrix composite manufacturing

Polymer matrix composites (PMC) as referred to within this work is the mixture of an advanced polymer

with continuous fiber reinforcement. Significant R&D activity has led to the creation of a multitude of

available materials. The author has selected systems that have demonstrated potential of being applied to

near future aircraft programs due to their increasing maturity.

2.1.1 Thermosets - materials and processes

Thermoset polymers have been used for polymer matrix composites for many decades already and have a

significant market share. They typically are processed using manual lay-up of individual layers. The pressure

to manufacture components at high rates and low cost has led to the development of new manufacturing

methods and increased levels of automation [2]. This work focuses mainly on those relatively new processes

due to the increasing demand of the aerospace industry to apply them for future programs or even replace

current designs [8].

2.1.1.1 Resin infusion

Loos [9] has published a summary and comparison of the most widely used resin infusion processes. They

are characterised by the fact that the reinforcement textile (dry preform) and polymer resin are combined

in the mold. This is in contrary to the prepreg process, where the fibers are already wetted with resin when

they are laid into the mold.

Resin infusion processes can be further classified into resin transfer molding (RTM), vacuum assisted resin

transfer molding (VaRTM) and resin film infusion. In Figure 2.2 the processes are shown schematically.

There also exists an array of other patented, slightly modified resin infusion processes. The underpinning

principles, however, are similar. Due to that fact, the high degree of repeatability and its potential for
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automation, the RTM process is described in more detail in the following section.

Figure 2.2: Schematic depiction of different resin infusion processes: a) RTM, b) VaRTM and c) RFI.
Reprinted, with permission, from www.tandfonline.com [9], p. 100-102

2.1.1.2 Resin transfer molding

RTM has received considerable attention by several high-performance industries like: aircraft manufacturing,

automotive, marine, sports and leisure. It has proven to be capable of producing good laminate qualities

and lends itself to a high degree of automation [10].

The process consists of three main phases: 1) mold preparation, preform placement and closure (dependent

on the pressures this may require a hydraulic press), 2) injection of a mixed and heated thermoset resin into

the mold, thereby wetting the reinforcement and 3) component cure and part removal.

For RTM typically, matched metallic molds are used. This provides for a good surface finish and a high

degree of thickness control. The merits of the RTM process have been summarised by Loos ( [9], p. 101) to
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be:

• near net-shape molded parts possible

• short cycle time

• close dimensional tolerances achievable

• void-free, structural quality parts possible

• low pressure and temperature process

• closed mold process reduced volatile emissions

• smooth surface finish on both sides of the part (class A surface possible)

• cores, ribs, and inserts can be encapsulated into the part

Given the many advantages this process has to offer over classical hand layup, it is predicted that this tech-

nique is going to find more and more applications and it is therefore considered in this work.

2.1.1.3 Filament winding

Filament winding is especially suited for axially symmetric components, like pressure vessels (Figure 2.3).

The process involves a rotating mold that is wrapped with pre-impregnated reinforcement tapes or fiber

tows at different defined angles. This allows for a high degree of automation.

Whilst the focus on axially symmetric geometries seems to greatly restrict its application, filament-wound

pressure vessels are a big market for composites materials [11]. Given the sensitive applications those

components are operated in, SHM has become an important field to consider and there is considerable amount

of published research available [12–15]. One such example is the SMART layer [13] which allows for SHM

sensors to be embedded into composites (Acellent Technologies Inc.) whilst they are being manufactured

(red tapes in Figure 2.3).
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Figure 2.3: SMART layers and embedding in composite: Courtesy Acellent Technologies Inc.,
www.acellent.com [13], p. 225

2.1.1.4 Automated fiber placement

Automated fiber placement (AFP) is a highly automated prepreg based layup process using robot- or gantry-

based (Figure 2.4) machines equipped with a heating, consolidation and cutting unit (placement head). A

variation of this process exists for dry fibers (automated dry fiber placement [16]). Such machines can re-

place hand layup for flat and mildly curved components. When considering the implementation of a SHM

system into the manufacturing process the ability of the sensor and cabling to survive the handling is a major

concern. Important factors to consider are the radius of the consolidation roller (typically in the order of 70

mm [17]), applied consolidation pressures and temperatures (dependent on matrix polymers). The sensor’s

conformability to the component curvature is also important not to cause extensive reinforcement waviness.

Generally speaking, an suitable sensor for these manufacturing processes allows for a relatively high degree

of bending and is not susceptible to lateral compression.
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Figure 2.4: A robot-based automated fiber placement machine by Carbon Axis at Imperial College London.

2.1.1.5 Automated tape laying

Automated tape laying (ATL) [18] can be compared with AFP in terms of required machinery, but at a

larger scale. This process, however, only works for mostly flat sections as it lays down much wider prepreg

tapes. It requires a secondary process step for curved components to shape the uncured composite layers.

Comparable with AFP are the challenges to overcome when considering SHM-integration. The requirement

for the sensor to survive secondary heat forming, adds further complexity.

2.1.2 Thermoplastics - materials and processes

PMCs based on thermoplastic resins have found wide applications in various fields. It was only until re-

cently that they have also found application for aircraft control surfaces (e.g. Gulfstream 650 rudder [19])

and thereby demonstrating their maturity. Due to their favourable mechanical properties [20] and their good

recyclability [20,21], thermoplastic composites are being considered for an array of possible applications [20].

In addition to AFP and ATL, which are also viable processing routes for thermoplastic “prepregs” (Fig-

ure 2.5), some other manufacturing process are to be considered when assessing their suitability for SHM

integration. Those processing routes are: ’press consolidation’ and ’heat forming/stamp forming’ and are

described in some detail below.
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Figure 2.5: Automated tape laying of thermoplastic prepregs indicating the involved main components.
Reprinted from Composites: Part A, 78, C. M. Stokes-Griffin, P. Compston, The effect of processing tem-
perature and placement rate on the short beam strength of carbon fiber-PEEK manufactured using a laser
tape placement process, 274-283, ©2015 with permission from Elsevier.

2.1.2.1 Press consolidation

Since thermoplastic polymers are comprised of long macromolecular chains, their viscosity is some orders or

magnitude greater than that of unreacted thermosets. One possible way of forcing the polymer to migrate

into the intra-tow fiber spaces is to bring it into powder form [22]. Once dispersion is achieved, a consolida-

tion cycle above melting temperature is performed to drive out gases and impregnate the fiber bed properly

(Figure 2.6). The result of this is a pre-impregnated single ply that can be stacked at different angles like

with thermoset prepregs. For fusion between layers, an additional consolidation cycle is required. Due to the

high viscosity, high temperatures and pressures are again required to make the polymer resin flow. Typically,

this is carried out in a heated platen press [23]. Those relatively harsh conditions need to be considered

when selecting a SHM system that shall also be used for PM.
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Figure 2.6: Thermoforming process stages for thermoplastic prepreg laminates: (a) pre-heating stage, (b)
holding pressure stage, (c) cooling stage. [22] p. 8. Reprinted with permission from John Wiley and Sons.
© 2019 Society of Plastics Engineers.

2.1.2.2 Heat forming/stamp forming

As described above, thermoplastic composites tend to be processed in the form of sheets or blanks. To bring

them into the shape of an enginering part, a subsequent process step is required. This process again involves

the application of heat and considerably high pressures. The process steps involved are depicted in Figure

2.7.

Naturally, the bending and shaping of a blank made up of multiple layers, leads to relative movement of

those blanks and inter-layer shear. A sensor system being embedded into such a blank would have to be able

to withstand the forces exerted on it during the forming process.

Figure 2.7: Process steps involved in press forming of thermoplastic prepregs.

2.1.3 Manufacturing defects typically encountered

Despite the great differences in chemical composition, physical properties and manufacturing processes em-

ployed between thermoset and thermoplastic PMCs, the main concern for a component manufacturer is the

avoidance of defects. The main defects that occur do not vary greatly between the systems and can be
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summarised to be:

• Fiber volume fraction variabilities affecting the general mechanical properties

• Reinforcement wet-out [24]

• Presence of voids/porosities [22, 25]

• Consolidation (bond/fusion between layers) [26, 27]

• Correct thermal processing [26]

• Residual stresses [25]

• Mechanical damages may be detected via the SHM route and are not in scope for the production PM

schemes highlighted

2.1.4 Benefits of integrated PM

Defects cannot be tackled or avoided only by monitoring the manufacturing process. It is important to

first understand the root cause of a specific defect and then finding the relationship this measured physical

parameter has with the defect. Based on the sensor reading an optimisation scheme can be performed to

improve the process and the product [28]. It is therefore imperative to understand what process factors need

to be captured by a successful manufacturing monitoring system:

• Temperature (tool and material [10, 12, 23,26,29–32])

• Pressure (in-mold, consolidation [15,17,22,23,26,28,33,34])

• Resin viscosity [29, 35,36]

• Resin flow and flow front uniformity [10,24,28,35,37–41]

The following review of sensing techniques has been collated with those parameters in mind. It shall also be

mentioned that it only covers sensors and monitoring techniques that currently also find broad application in

SHM. This was done to ensure that a component needs only be equipped with one system that can capture

the entire product life.
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2.2 SHM: background, state of the art and technologies used

This section provides a brief overview of SHM concepts and the technologies used. It will also shed light on

current trends and the state of the art.

SHM finds application across several disciplines, including: civil, mechanical, aerospace, oil & gas and ma-

rine engineering. The common goal is the understanding of the state of structural degradation of critical

or valuable infrastructure. Given the wide range of applications a large amount of technologies has been

developed to meet the specific requirements of each use-case. Despite this plethora of SHM solutions, some

general features are found in all of them. These are:

• One or more sensors form the physical interface between the monitored item and the rest of the SHM

system. Many different sensor types have been shown to provide useful insights and the development

of new sensing technologies is a very active research field within the SHM community. The most im-

portant ones are highlighted in section 2.3.

• Data acquisition unit (DAQ): The DAQ enables and receives the sensor’s measurements. Most

sensors require some form of energy supply (electric, optical, etc.) for them to function. Since the DAQ

is usually the only device physically interacting with the sensor, the energy supply function is served

by the DAQ. The input energy is then transformed by the sensor’s interaction with the monitored item

and sent back in altered form to the DAQ. This can be in the form of voltage changes or a change in

the optical spectrum to name two examples. These changes are registered and digitized by the DAQ

unit to allow the digital data to be processed further.

• Data processing unit: Data processing can be performed ’online’ or ’offline’. Online data processing

refers to real time data manipulation and interpretation to allow some form of decision making. For

offline data processing, the data created by the SHM system needs to be stored in order to be accessed

at a later time. In both cases, data processing is usually done computationally in order to produce

insights that are human-readable. This can for example be a damage index, remaining useful life indi-

cators or an alarm trigger.

Whilst the DAQ and data processing units are usually fairly standard devices, the sensors’ working principles

are less trivial and require further introduction. For that purpose two commonly used methods are described
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further: 1) strain-based methods and 2) ultrasonic guided waves-based methods.

2.2.1 Strain-based methods using FOS

Strains in a structure are the result of loading. These loads can be mechanical or caused by the environment

(temperature, humidity, atmospheric conditions, etc.). The stiffness of a structure is the material param-

eter that defines how much a structure strains as a function of the applied load. In pristine conditions, a

structure will deform the same way, every time a non-damaging load is applied. However, once a damage is

introduced that has an effect on the structure’s stiffness, the deformation and strains will deviate from the

known, pristine state (Figure 2.8). Such a deviation indicates the presence of damage and forms the basis

of a strain-based SHM system.

Figure 2.8: Strain-based SHM concept, a) pristine structure and b) damaged structure with a qualitative
illustration of changes to the strain field.

For this method, strain sensors are required in the critical areas in order to capture these potentially oc-

curring differences. The most common type of strain sensors are foil strain gauges. They possess great

sensitivity and, given their small footprint, can be installed precisely wherever they might be required. Foil

strain gauges are produced at large scale and are used in both academic and industrial applications. The

labour-intensive application process and required electrical wiring make them undesirable for a SHM system

that captures many data points on a large structure, like an aircraft.

Fiber optical sensors (FOS) also find application for strain sensing applications. Since their application

is still very much in early stages and mostly limited to academic research, the following section gives an

insight into the working principle of two selected technologies: 1) fiber Bragg gratings (FBG) and 2) optical

backscattering reflectometry (OBR).
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FOS for strain measurements are a relatively new development with FBGs emerging in the late 1970s [42]

and OBR first described by Froggatt and Moore [43] in 1998. In both cases, standard telecommunication-

grade optical fibers form the backbone of the technology. In this section, the working principles of those

measurement techniques are described.

2.2.1.1 Fiber Bragg gratings - background

FBGs are artificially created, periodic changes to the optical fiber core’s refractive index. They are manufac-

tured by lateral exposure of the fiber with a laser (Figure 2.9). The wavelength of the writing laser needs to

be chosen such that it interferes with a certain dopant within the fiber’s core [42]. This interference causes

the core to heat-up and change its morphology. The change in the core’s morphology causes its reflective

index to be slightly different to the surrounding material, which leads to reflections. These reflective regions

in turn act as filters, reflecting back a narrow and specific wavelength (Figure 2.10).

Figure 2.9: Writing of FOS-FBG sensors into an optical fiber.
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Figure 2.10: Working principle of FOS-FBG sensors.

When considering the reflected power spectrum in Figure 2.10 one can notice the peak at wavelength λ0.

The wavelength at which this peak occurs is called the Bragg-wavelength and is specific to the current

periodicity Λ of the grating (see Equation 2.1). The grating length defines the sensitive area of the FBG

and its reflectivity bandwidth [44]. It typically ranges in the order of 10 mm. When the fiber is strained

mechanically or through environmental influence, Λ0 takes on a new value Λn and so does the reflected part

of the optical spectrum. The physical change in periodicity therefore causes λ0 to become λn.

λB = 2neffΛ (2.1)

Tracking these changes allows the measurement of strain, temperature (Equation 2.2 [44]) and other physical

parameters over the length of the FBG’s grating. Additionally, since the Bragg-wavelength can be controlled

during FBG manufacture several FBGs with each one having a unique Bragg-wavelength, can be written

into the same fiber allowing multi-point measurements.

It is important to note that any physical parameter measured with an FBG (be that strain, temperature,

etc.) requires that parameter to be computed from the shift of the Bragg-wavelength via pre-determined
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calibration factors (Equation 2.3 and 2.4 [44]).

Where ∆λB is the shift in Bragg-wavelength, neff is the effective refractive index, Λ is the periodicity of

the grating, P11 and P12 are strain-optic coefficients, ε is the applied strain, α is the coefficient of thermal

expansion and T the temperature, it follows that:

∆λB = 2neffΛ

({
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which, by inserting the relevant material parameters, can be simplified to

1

λB

δλB

δε
= 0.78× 10−6 µε−1 (2.3)

for pure strain dependence and

1

λB

δλB

δT
= 6.67× 10−6 ◦C−1 (2.4)

for pure temperature dependence.

To enable strain and/or temperature measurements with FOS-FBG, an interrogation system is required (see

Figure 2.11). Such a system typically consists of a laser light source (broadband or tunable) and a photo

detector at the minimum. Depending on whether the reflected or transmitted spectrum shall be analyzed,

the position of the photo detector in relation to the FOS-FBG has to be adjusted. Whilst it can be posi-

tioned in-line for transmission measurements, the detector needs to be connected through a circulator to the

FOS-FBG arm. The circulator allows a split between the incoming laser light and the reflected one ensuring

that only the portion of interest reaches the photo detector.

Such a system is capable of acquiring data with several 10 MHz bandwidth. It is possible to multiplex several

FOS-FBG onto a single optical fiber. This yields a spatial resolution as low as a few hundred microns [45–47],

limited by the minimum physical length of a single grating. The maximum number of gratings on a single

fiber are determined by the need for sufficient wavelength separation of individual gratings and can reach up
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to a few thousand FBGs on a single fiber [45, 46].

In addition to the above, FOS-FBGs may also be interrogated using an OBR setup. This is particularly

common for ultra short FBG lengths [45, 46]. Refer to section 2.2.1.2 for further details about that interro-

gation method.

Figure 2.11: Principle of FOS-FBG interrogation with a) the reflected spectrum and b) the transmitted
spectrum being analyzed.

2.2.1.2 Optical backscattering reflectometry - background

OBR in a way similarly to FBG-technology, also is based on stationary reflective regions within an optical

fiber (Figure 2.12). For OBR, however, these regions are not created artificially, but rather they are present

naturally within the fiber core. Also, their periodicity is not fixed but randomly distributed. As such, they

are not wavelength-specific and a swept laser input is used for interrogation.

For a strain-/temperature- or pressure-measurement to be enabled, the current position of reflections is

compared to a stored reference state. This is done through the calculation of correlation strengths for

individual peaks and determining how far they have shifted. This wavelength shift (expressed as optical

frequency shift and reported in GHz ) is the native unit of measurement, which can be translated into strains

or temperatures through known calibration values.

These calibration factors can be derived through carefully designed experimental setups in which a state

of pure uni-axial strain is required. For this factor to be used to compute the strain within a component,

the strain transfer conditions need to be known and considered as well. Throughout this work, in most

cases the native unit of the OBR measurement system was plotted and reported. This has three main

reasons: Firstly, uni-axial strain could in most experiments not be guaranteed or a multi-axial response was

deliberately initiated. Secondly, when embedding the FOS-OBR inside a composite panel the strain transfer

is difficult to establish and/or a separate calibration would be required to consider any existing pre-load.
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Thirdly, as in all cases presented within this work the change in the absolute value of the obtained frequency

shift is related to an external load (temperature, pressure, etc.) there is no added value in translating the

native unit first to another calibrated unit. For these reasons, the author decided to report in most cases

the native OBR unit of measurement.

Figure 2.12: Working principle of FOS-OBR sensors.

Since the reflective regions within a FOS-OBR are distributed in the whole fiber, the entire length of the

FOS is sensitive to external influences. The FOS can be thought of as a chain with individual gauge regions

stringed together. For each gauge region a single shift value is calculated (Figure 2.13). An individual gauge

region can be as short as 0.65 mm [48].
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Figure 2.13: Gauge regions of a FOS-OBR on a optical fiber.

Depending on the overall length of the fiber, several thousand individual gauge regions are possible. This

enables the data collection of spatially very dense sensor networks. However, one downside with this tech-

nology is the large amount of data that needs to be processed (peak matching for every gauge region) which

significantly impacts the acquisition rate that is achievable. Currently, the maximum measurement rate

possible is 250 Hz [48].

To enable strain and/or temperature measurements with FOS-OBR, an interrogation system is required (see

Figure 2.14). Such a system consists of a tunable laser light source, the sensor (also called device under test-

ing) and a photo detector. Since OBR is an interferometer based technique, there is the need for a reference

fiber. Having this reference interfere with the sensor signal allows the determination of shift patterns. From

these patterns the optical frequency shift is computed.

Figure 2.14: Principle of FOS-OBR interrogation.

The following two paragraphs are based on a publication by Buchinger and Sharif-Khodaei [49].

The optical frequency shift fraction δu
u

is analogous to the wavelength shift fraction δλ
λ

of a FOS-FBG, which

can be calculated when considering the three dimensional strain sensitivity of a SM fiber. It can be derived

by exploring the strain-optic properties of SM optical fibers [50]. A detailed study reporting the strain-optic

coefficients p11 and p12 has been performed by Bertholds and Daendliker [51]. These coefficients establish

a relationship between the strains present in the fiber and its optical properties. Voet [52] has proven the

applicability of the reported values for Germanium-doped fibers, which is the fiber type used in the present

work.

The effect of multi axial strains on the differences in the refractive index that are picked up by the FOS-OBR
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is calculated by Equation 2.5.

δu

u
=

δλ

λ
= δε11 −

1

2
n2 [p11δε22 + p12(δε11 + δε33)] (2.5)

where ∆εn are the 3D-strain components, p11 = 0.113, p12 = 0.252 are the strain-optic coefficients follow-

ing [51] and n = 1.4459 is the Refractive Index [52].

Given the commonality of the mathematical relationships for FOS-OBR and FOS-FBG the simplified for-

mulations introduced earlier (Equation 2.3 and 2.4) also apply here and can be used to describe single-source

physical changes experienced by the fiber.

2.2.2 Lamb wave - based methods

Lamb waves are a type of ultrasonic guided waves (UGW) that occur in thin plates with frequencies above

20 kHz [53]. They have been named after and described by Horace Lamb [54]. Two fundamental wave

modes exist: 1) symmetrical and 2) anti-symmetrical modes. They can be best visualized when considering

a plate with thickness 2f in a x, y plane with the y direction being perpendicular to the plate’s medial x

plane (Figure 2.15).

Figure 2.15: Elastic waves in plates a) description of generalized plate b) antisymmetric wave modes with
transversal particle motion c) symmetric wave modes with longitudinal particle motion.
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As these waves propagate through the plate, they cause transient strain fields which can be picked up by

strain-sensitive sensors. The propagation velocity of symmetric and antisymmetric waves are different and

can be calculated by Equations (2.6) and (2.7) where µ, ν and ρ are the shear modulus, Poisson’s ratio

and density respectively [53]. Velocities in the order of 2-10 kilometers per second for CFRP plates inter-

rogated between 20 to 500 kHz are to be expected [55]. The displacements a Lamb wave typically causes

within a CFRP plate are in the order of nanometers [56]. This means that sensors need to be capable of ac-

quisition bandwidths in the MHz-range and sensitivies in sub-nanometer scale in order to detect Lamb waves.

csym =

√

2µ(1− ν)

ρ(1− 2ν)
(2.6)

canti =

√

µ

ρ
(2.7)

Lamb waves can be selectively coupled into plates through targeted actuation, for example by employing

piezoelectric transducers. Once actuated, Lamb waves travel relatively far without suffering from severe

dampening or other losses.

2.2.3 Piezoelectric transducers

Transducers in this work refer to devices made from piezoelectric materials. Such devices are used to impart

mechanical strains into a structure or inversely, pick up these strains. The piezoelectric material exhibits

a means of translating mechanical strains into electric signals or vice versa (the piezoelectric effect and its

opposite, the inverse piezoelectric effect) [57]. For this reason they are ideally suited as transducers.

2.2.3.1 Working principle of piezoelectric transducers

In this section their working principles are briefly described. First, by inspecting their constitutive equations

(Equation 2.8 and 2.9 [58]).

Sij = sEijklTkl + dkijEk + δijα
E
i θ (2.8)

Di = diklTkl + εTikEk + D̃iθ (2.9)

With:

• Sij = strain

• Tkl = stress
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• Di = electric displacement

• Ek = electric field

• θ = temperature

• sEijkl = compliance measured at zero electric field

• dkij = electric/mechanical coupling factors

• D̃i = electric displacement temperature coefficient

• εTik = electric permittivity measured at zero stress

• αi = coefficient of thermal expansion

• δij is the Kronecker delta (δij is 1 if i = j, otherwise its zero)

• Superscripts E, T,D signify that the accompanied parameter was measured at zero E, T or D respec-

tively.

These equations provide the mutual relationship between mechanical and electrical parameters. They are

also known as the Actuation Equations and describe the strain produced at the transducer as a function of

the applied stress, electrical field and temperature (Equation 2.8) [57]. Equation 2.9 predicts the required

charge per unit area to drive the transducer to the state given by the acting loads (stress, electric field and

temperature).

When using the transducers in a sensing function (reading the electrical field produced) the constitutive

equations take the form of the Sensing Equations (Equation 2.10 and 2.11) [57].

Sij = sDijklTkl + gkijDk + δijα
D
i θ (2.10)

Ei = −giklTkl + βT
ikDk + Ẽiθ (2.11)

With:

• giklTkl = piezoelectric voltage coefficient (electric field as a function of applied stress)

• βT
ik = impermittivity coefficient

• Ẽi = pyroelectric coefficient (electric field as a function of applied temperature)

Equation 2.10 and 2.11 allow the selection of a suitable transducer to obtain a certain voltage as a function

of the parameters to be monitored [57].
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The exploitation of both the actuating and sensing properties of piezoelectric elements (PE) is the back-bone

of many SHM techniques and the basic principle is summarized in Figure 2.16. The PE, here shown in the

typical wafer form, experiences strains from vibrations or UGWs within the structure and electric signals

are measured for analysis (piezoelectric effect) or the inverse piezoelectric effect is used to impart vibrations

or UGWs into the structure.

Figure 2.16: The piezoelectric effect and inverse piezoelectric effect.

2.2.3.2 Piezoelectric materials used for SHM

Several materials exhibit piezoelectric behavior, however, only two are introduced in this section as they

are most relevant for SHM systems. The most widely used material for making PEs is lead zirconate ti-

tanate (PZT). PZT is a perovskite ceramic material and characterized by relatively high electric/mechanical

coupling factors, meaning they are able to induce larger strains or deliver higher amplitude signals [57].

However, since they are ceramic in nature they are very brittle and rather difficult to handle.

In opposition to that are piezoelectric polymers, like polyvinylidene flouride (PVDF). PVDF shows signifi-

cantly higher degrees of flexibility and conformability. This flexibility, however, comes at the cost of lower

piezoelectric properties.

Both of these materials do not exhibit strong piezoelectric properties in their natural form. During manu-

facturing, the orientation of internal domains is random and in equilibrium (Figure 2.17). A secondary step

is required to achieve a re-orientation of the piezoelectric domains. This process step is called poling and is

achieved by applying strong electric fields and/or temperature [59].

When poling is performed as shown in Figure 2.17 along the thickness direction, the electric/mechanical

coupling factors (dkij) along the poling direction become more pronounced. Poling through thickness is

most common for wafer-like PEs and leads to high values of d33, d13 and d23. This is necessary in order to
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receive high amplitude measurement signals and to be able to induce UGWs effectively.

Figure 2.17: Piezoelectric material’s poling process and associated piezoelectric coefficients.

2.3 SHM technologies for advanced composites

Intensive research over the last decades has brought to existence a wealth of available SHM techniques and

sensors. Among the most utilised are FOS and PE. Those are also the techniques considered to have achieved

the highest levels of maturity [60, 61]. Sensors, able to detect changes to electrical properties (e.g. resis-

tance [62–64] and impedance [65–68]) and especially designs employing interdigital electrodes offer a wide

range of possible usages [67]. They give room for optimised layouts and highly specialised applications. To-

gether with the relative ease at which they can be manufactured [67] interdigital electrodes are attractive to

research and industrial applications alike. This work covers all three of the above-mentioned technologies. It

reviews and compares them based on their potential to serve as SHM and manufacturing monitoring sensing

systems. In the following section operating mechanisms, merits and limitations shall be briefly summarised.

2.3.1 Piezoelectric transducer-based sensing

PE transducers find extensive use in SHM systems for both, active and passive sensing. Their merits are

low weight, small footprint and broad frequency spectra they can operate in. Most commonly they are used

to induce UGW (active) [53] or for acoustic emission (AE, passive) sensing [69].

PE elements, most commonly made of PZT, are typically bonded [5] to the structure they monitor. They

may, however, also be embedded as is the case with the SMART layers developed by Acellent Technologies
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Inc. (see Figure 2.3). UGWs, notably Lamb waves, are guided by the surfaces of plate-like structures [53]

and are able to travel great distances without much attenuation [55]. The waves interact with defects and

the resulting reflections or changes to the wave mode and losses can be picked up by either the transducer,

that generated them, in sensing mode or by a separate sensor. By comparing the readings to a baseline, it

is possible to determine whether there is damage present or not. Algorithms may then be used to determine

the damage location [53]. When a PZT is sensing passively, the acoustic wave is generated by an external

perturbation (e.g. impact) and its existence and propagation is monitored [69]. One notable development

in terms of sensor geometries are piezoelectric fibers (Figure 2.18) [70]. The production of such fibers in

reasonable sizes (15 cm) is becoming viable and they are reportedly able to conform to tight radii without

the risk of being damaged [71]. An integration into composite parts and manufacturing processes would

therefore be relatively easy.

There exists a vast amount of studied applications, modelling approaches and evaluation algorithms making

PEs interesting candidates for near future composite aircraft designs [60].

Figure 2.18: A piezoelectric fiber used as a bending sensor [71] p. 7.
Reprinted under the Creative Commons CC BY license applied to the original work.

2.3.2 Fiber optics based sensing

FOS can be used for SHM in two ways: 1) strain measurement, e.g. in [72–74] and 2) damage detec-

tion [75, 76]. Those techniques have different levels of technical readiness levels (TRL), namely TRL8 and

TRL5 respectively [77].

A FOS can be either bonded to the structure or embedded into the laminate (Figure 2.19). In either way,

the load is introduced into the sensor by shear [24]. Damage detection is done indirectly by measuring

the impact a certain detrimental condition has on the strain field in the vicinity of the fiber as a FOS can

typically only measure strains. The way a structure deforms upon an external stimulate with a damage

present, is compared with the way it was acting in a pristine way [77]. Since a damage is expected to have
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an influence on stiffness, a defect can be detected by noticing a difference between pristine and damaged

states. A delamination present under the FOS leads to local strains being formed. These can be measured

evaluating the strain in the FOS. This method, however, requires the optical fibers being distributed very

densely [77].

Figure 2.19: A FOS embedded inside a composite laminate.

2.3.3 Electrical properties-based

Strain gauges are the most widely known devices that relate changes in electrical properties to a state of

material loading. The sensors described herein, however, are more recent developments that aim at giving

more insights into the extent of damage and position – a functionality that could only be achieved by a very

dense strain gauge network. This type of sensor also possesses great potential for PM.

Electrical conductivity is of great importance to enable measurements. This can be done either by e.g.

introducing metallic conductors [62, 64–67], by modifying the polymer matrix [63, 78, 79] or by applying a

PZT sensor [68]. Changes to the material’s internal structure (mechanical damage, chemical reactions or

material orientation) affect the way an electric current is transported (affecting resistance or impedance).

Such differences are picked up by the sensor (Figure 2.20) and translated into a signal output.
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Figure 2.20: Inkjet-printed interdigital electrode sensor [67] p. 559.
Reprinted from: Composite Structures, 211, D. G. Bekas, Z. Sharif-Khodaei, D. Baltzis, M. H. Ferri Aliabadi
and A. S. Paipetis, Quality assessment and damage detection in nanomodified adhesively-bonded composite
joints using inkjet-printed interdigital sensors, pages: 557-563 ©2019, with permission from Elsevier.

2.4 SHM sensors in process monitoring

This section is structured in the order of the process steps involved in the formation of a fiber reinforced

polymer. PM techniques are suggested for all those stages. The order is: fiber wetting, consolidation, change

of polymeric properties (gelation and vitrification for thermosets during curing; melting and crystallisation

for thermoplastics during heating [26]) and finally cool down to room or service temperature.

2.4.1 Fiber wetting and flow front detection

Bringing the reinforcing fibers in intimate contact with the polymeric matrix is considered as the first step

in the process. This is typically done by bringing the resin into a state of low viscosity. This can be achieved

by either using unreacted monomer mixtures or by melting. The low viscosity resin travels through the

reinforcement and wets it out. For the monitoring of a resin infusion process it is imperative to know the

location of the resin front and whether the entire part is soaked as this is important for part quality. It also

marks the end of the infusion and the curing process can begin.

Yildiz et al. noticed the arrival of the resin front during an RTM experiment by a sudden drop in the Bragg
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wavelength on their FOS. To verify their results, they utilised a Fresnel reflection refractometer in which a

clear step change could be identified when the FBG was dipped into resin. By using multiple FBGs they

were able to detect how the flow front moves through the fiber bed [38]. Such a trend has also been observed

by other researchers [25]. Besides the location of a flow front, its flow direction can also be monitored using

FOS. Wong et al. [41] used chirped long period grating (LPG) FOS (see Figure 2.21) successfully to study

the direction resin is covering the FOS during the flow of resin down a plastic pipe.

To be able to use FOS for PM, a strategy for a stable connection between the sensor and an acquisition

unit needs to be defined. One possible method to achieve a safe fiber ingress and egress is to use a thin

hypodermic tube for the protection of the fiber [79].

Figure 2.21: Resin flow direction measurement using LPG sensors [41], p. 6608.
©2017 IEEE.

Piezoelectric sensors may as well be used for the detection of a resin front. Using a transfer function, one

can relate the input voltage with the electrical potential decrease over the wafer as resin moves across it.

The flow front can then be predicted by using the percentage of coverage of the surface with resin [80] as

input. The resin injection and curing act as a perturbation on the resonant response. It basically changes

the boundary conditions in which the piezoelectric element operates i.e. clamped vs. free condition of the

sensor. This problem can also be treated analytically – the corresponding formulae have been presented by

Wang et al. [80].

Liebers et al. used PEs directly bonded to the manufacturing mold in both pulse-echo and transmission

mode. They were successful in detecting the arrival of the resin flow front. This has been successfully

demonstrated for autoclave infusion [28], which is remarkable given the harsh process conditions.

Electrical properties-based sensors have also been successful in monitoring the flow front and degree of sat-

uration [35, 40]. Gueroult et al. [35] have used two strip-electrodes and were able to relate the changes in

resistance to the arriving flow front and void formation. Analytical solutions obtained from the liquid’s flow

properties have shown satisfactory agreement in terms of percentage of voidage. This technique, however,
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requires the infusion resin to be conductive.

One possible approach to equip the composite with electrical conductivity even in the through thickness

direction, is to coat the reinforcing fibers (Figure 2.22) with graphene [40]. In addition to flow monitoring

such a property has also been shown to be useful in estimating vacuum pressure. After the manufacturing

is completed, the conductive properties of the composite part may be utilised for SHM [40].

Figure 2.22: Graphene flakes used as a PM tool with additional SHM capability [40] p. 109.
Reprinted from: Composites Science and Technology, 148, M. A. Ali, R. Umer, K. A. Khan, Y. A. Samad, K.
Liao, W. Cantwell, Graphene coated piezo-resistive fabrics for liquid composite molding process monitoring,
pages: 106-114, ©2017, with permission from Elsevier.

2.4.2 Consolidation

Consolidation was described in more detail for thermoplastic composites (section 2.1.2.1). It also plays a

vital role for thermoset composites aiming at the same targets, namely: force resin flow, drive out air and

make intimate contact between layers. FBGs have been studied for consolidation monitoring for filament

winding as part of an entire-life monitoring approach [12]. It was noticed that every layer laid up could be

clearly identified by a step in the strain readings with the step becoming less prominent as the thickness

grew. Such an approach may be utilised to monitor the consolidation pressure applied to the composite

stack, which is an important parameter during this process phase.

Pressure sensing using a FBG sensor has already been proposed for composite manufacturing almost 20 years

ago by Hao et al. [81]. They proposed using a standard FBG oriented at 90 degrees to the adjacent fibers.

The pressure imposed by the reinforcing fibers on the FBG leads to the grating length to vary. This variation

would then be correlated to the pressure acting on the composite. Advances in femtosecond laser technology

has in the meantime, however, enabled the development of birefringent fibers with intricate nano-structures

(Figure 2.23), like the butterfly structure used by Huang and colleagues at VUB Brussels [82,83]. They have

successfully demonstrated a sensor that is capable of measuring pressures up to 1400 bar at temperatures up

to 290 degrees Celsius [82]. Multiplexing such a pressure sensor with an etched fiber sensor (EFS) for cure

and flow monitoring and multiple FBGs for strain measurements could lead to the creation of a single optical
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fiber able to capture a vast array of process parameters with a single sensor. Whilst such high pressures are

not relevant for composite processes it indicates the advances made in optical fiber manufacture.

Other fiber-optical pressure sensing techniques include diaphragm capped fibers [84] and encapsulated cavi-

ties [85], both based on Fabry-Perot configurations. Their pressure sensitivities are reported to lie between

0 to 0.6 bar [84] and 0 to 690 bar [85] respectively, with high degrees of linearity.

Figure 2.23: FBG written into a birefringent optical fiber [82] p. 17941.
©2017 Optica Publishing Group. Users may use, reuse, and build upon the article, or use the article for
text or data mining, so long as such uses are for non-commercial purposes and appropriate attribution is
maintained. All other rights are reserved. https://doi.org/10.1364/OE.25.017936

The effect of hydrostatic pressure on a piezoelectric wafer was studied and a linear relationship was found.

The pressure can be modelled as an additional capacitance in the representative Butterworth-van-Dyke cir-

cuit [86]. A direct approach to measure consolidation was presented by Liebers et al. [28]. The development

of thickness as the fiber bed wets out and swells can be measured using ultrasonic sensors. The effect pres-

surisation had on the thickness could also be effectively demonstrated. Given a defined number of plies,

the knowledge of the laminate thickness after infusion, essentially becomes a measure for the fiber volume

fraction.

A tool-mounted manufacturing monitoring system utilising piezoceramic elements in bulk-wave propagation

mode is described by Liebers et al. [87]. They have tested different piezoceramic thicknesses and developed

an optimised bonding and acoustic coupling method to ensure good signal transfer into the mold. A com-

parison with established ultrasonic transducers has shown that the piezoceramic elements bonded with this

new process offer an increased sensitivity at lower cost. Their system is capable of operating for processes

that offer both single-sided access (pulse-echo), as well as double-sided (transmission) with no significant loss

in sensitivity to cure progress. To overcome the issue of calibration a novel method is suggested by which
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the piezoelement is mounted to a rheometer. The rheometer captures the evolution of viscosity during resin

cure. This information can finally be coupled with the information gathered by the ultrasonic sensor and

calibration can be performed [87].

2.4.3 Change of polymeric properties

2.4.3.1 FOS-based monitoring

The application of heat to a polymer leads to changes to their mechanical properties, chemical structure and

ultimately, the polymer’s state of matter. This is true for both thermosets and thermoplastics. Uncured

thermoset materials undergo a curing reaction, which in addition to changes in mechanical properties, leads

to differences in the refractive index [38]. Yildiz et al. characterised this behaviour using a Fresnel reflection

refractometer and were able to relate the degree of cure (DoC) with the changing refractive properties of

curing resin [38]. Other optical fiber based sensors that have been shown to be sensitive to resin cure include

long period grating sensors and tilted FBG [25]. The results obtained by these methods were also compared

with impedance spectroscopy and DSC cure monitoring and good agreement between the methods has been

found [25]. A technique to adjust the sensitivity of an EFS by looping the fiber to increase the amount

of light being “lost” in the exposed area has been described in literature [24, 79]. This is said to increase

the impact of changes to the refractive index [79] and the sensitivity can be adjusted by altering the bend

radius [24]. Such a highly specialised device can also easily be integrated into a fiber, already carrying other

FOS [24].

2.4.3.2 PE-based monitoring

Whilst FOS focus on the change in optical properties of a polymer, piezoelectric sensors aim at the transition

mechanical properties undergo during a curing or heating cycle – namely from liquid to solid for thermosets,

or from solid to liquid for thermoplastics. Due to its importance as an indicator for this transition, viscosity

development has been modelled frequently. Kanazawa and Gordon [88] developed a model (Equation 2.12)

based on first principles for the impact of the viscosity of a liquid on the fundamental frequency of a piezo-

electric element (Figure 2.24). The dampened liquid is considered rigidly bound to one face of the transducer

and is driven by the same. The nature of this transfer can be related to the properties of the liquid. Inflicted

shear velocities die off at a certain distance away from the transducer. If the liquid’s viscosity rises, this

distance increases and leads to more weight being driven by the transducer. This, in turn, is reflected by a

shift in the fundamental frequency (Equation 2.12 [88]).
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where f0 is the oscillation frequency of the free (dry) crystal, ηL and ρl are the absolute viscosity and density

of the liquid, respectively and µQ and ρQ are the elastic modulus and density of the quartz.

Figure 2.24: Effect of different liquid concentrations and viscosities on the resonance frequency of oscillators
[88] p. 104.
Reprinted from: Analytica Chimica Acta, 175, K.K. Kanazawa, J. G. II Gordon, The Oscillation Frequency
of a Quartz Resonator in Contact with a Liquid, 99-105, ©1985, with permission from Elsevier.

Wang et al. also concluded that viscosity monitoring is possible with piezoelectric wafers. Their analytical

solutions show that the electrical properties will change based on changes to the liquid [89]. Their developed

model is based on energy transfer from the transducer to the liquid (mass-damper-spring representation)

and shows good sensitivity to viscosity up until gelation where it tends to infinity. Experiments confirmed

the applicability of the model and justified the decision to eliminate all factors but viscosity in the analytical

description. It was also noticed that the resonance frequency changed as the cure progresses, which can be

understood taking into consideration the previously described dependence after Kanazawa and Gordon [88].

Actuating at the resonance frequency is important in order to achieve maximum excitation.

Viscosity can also be inferred using a piezoelectric transducer and evaluating its impact on electric impedance.

It was found that the sensors are sensitive to both viscosity and temperature. The mixed response, however,

could be mathematically decoupled into a real part and an imaginary part and effectively isolate the two

influencing factors [80]. In addition to this observation, Wang et al. attributed changes in the resin to a shift
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in the maxima and minima of the transfer function (affecting the resonance and anti-resonance frequency of

the wafer) through which they relate input and output voltage [80].

Besides the described changes in viscosity, mechanical properties of a thermoset can be related to the DoC as

well. Since acoustic properties of a material in turn are strongly related to mechanical properties an indirect

relationship between the DoC and acoustic properties could be drawn. Ghodhbani et al. [36] attempted to

show this relationship through their analytical and experimental works. First, they used a Cole-Cole model

applied to study wave propagation in cured resin. This model was based on a power law using ultrasonic

velocities at different temperatures they obtained from experimental measurements. In addition to that,

it is based on the knowledge that at temperatures below the glass transition temperature (Tg) no chain

movements occur (only vibrations and rotations of bonds) whereas above the Tg material is rubbery and

less elastic. The ultrasonic velocity is reduced. Their model allows for analytical treatment of the problem.

An elastic constant is used for representation of the change in mechanical properties in the model. This con-

stant was correlated to the DoC from a polymer concentration model and leads to a link being established

between the phenomenological properties of the experiments and the elastic properties which in turn affect

the ultrasonic properties [36].

The change in ultrasonic velocities as a measure for the progressing resin cure state (Figure 2.25) has also

been captured by piezoelectric elements [28,90]. Following the depicted trends for sound velocity and atten-

uation with time, three distinct areas can be identified: 1) an initial plateau in sound velocity is attributed

to a the time before any curing reaction occurs 2) a steep rise at around 25 minutes whilst gelation occurs

(viscosity rises drastically) and 3) vitrification, i.e. the saturation stage where the curing reaction slows

down due to a lack of available cross-linking points and highly limited chain mobility [90].

Chapter 2. Theoretical background 57



2.4. SHM sensors in process monitoring

Figure 2.25: Degree of cure monitoring using piezo elements [90], p. 3790.
Reproduced under the open access Creative Common CC BY license applied to the referenced original article.

Once the material has attained a certain rigidity (e.g. sufficiently progressed gelation of a curing thermoset)

the PZT can be used for wave propagation analysis. A combination of a PZT for guided wave actuation

and a FBG for detection was successfully used for real time cure monitoring after gelation including vitrifi-

cation [91]. This allows to track the DoC even for very high viscosities.

Whilst most thermoset curing temperatures are in the range of 120 to 180 °C, thermoplastic composites

need to be processed at temperatures reaching up to 600 °C [26]. It is therefore important to consider the

resistance to high temperatures of a sensor. Piezoelectric systems are limited by their Curie temperature

as polarisation is lost above that. The maximum useable temperature for PZTs typically lies between 250

°C and 300 °C [92]. This renders PZTs not useable for thermoplastics. However, several high-temperature

capable piezoelectric materials, some proven to work as SHM transducers, are described in literature [93–95].

A creative way of dealing with this issue, is to perform polarisation during molding making use of the tem-

perature applied, or once the part has been cooled down to room temperature [96]. When utilising PZTs at

higher temperatures it is also important to consider, that some properties are affected by thermal dependence

(Figure 2.26). As an example the permittivity increases by 75% for PIC255 ceramic and roughly 180% for

PIC155 ceramic over a temperature window -40 to 150 °C [97].
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Figure 2.26: Temperature dependence of piezoelectric properties of PIC155 and PIC255 [97], p. 186
©2013 IEEE. Reprinted, with permission, from S. J. Rupitsch, J. Ilg and R. Lerch, Inverse scheme to
identify the temperature dependence of electromechanical coupling factors for piezoceramics, 2013 Joint IEEE
International Symposium on Applications of Ferroelectric and Workshop on Piezoresponse Force Microscopy
(ISAF/PFM), February 2014

2.4.3.3 FOS-based monitoring

FOS have been used to either directly measure or infer changes within the polymeric matrix in several dif-

ferent ways. An important feature of every thermoset curing cycle is a reliable estimate for the DoC at a

given time. Fresnel reflection refractometers at the fiber end were often used [16, 98–100] and shown to be

on par with DSC [98] results. Such capability is derived from the interaction of the curing resin with the

fiber end. This interaction causes Fresnel reflections traveling back the fiber towards the detector and the

power of that light propagating backwards, is proportional to the refractive index of the resin. Since that

index changes throughout the cure, so does the reflected power. TFBG [41] and LPG sensors [101,102] also

have been shown to be sensitive to the refractive index of the resin and therefore are able to work well as

DoC sensors.

Chehura et al. [103] used FBGs written into birefringent optical fiber to successfully track the transverse

strain development during progressing cure. They compared those results with DSC measurements and were

able to use them as a DoC indicator.

Finally, simpler temperature measurements can also be exploited to infer the degree of cure of a thermoset

resin. This is state of the art in the composite manufacturing industry and is done by thermocouples. Given

the high sensitivity to temperature, FOS make for ideal temperature monitoring tools. Chehura et al. [104]
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evaluated different fibers and FBG architectures for their temperature sensitivity. However, FOS are also

sensitive to mechanical strains in addition to temperature and it therefore is important to differentiate the

source of the changes observed.

A few solutions exist to achieve a good discrimination of factors. One of them is exploiting different temper-

ature sensitivities of the core and cladding modes (Figure 2.27) of TFBGs has been proposed as a promising

solution [105, 106]. Other researchers have shown that by only exposing a part of the sensitive region of

FBGs to loading and leaving the rest unloaded allows the discrimination of external loads and tempera-

tures [107,108] as well.

Figure 2.27: Tilted fiber Bragg grating (TFBG) working principle showing the core modes and cladding
modes. Cladding modes are coupled through the gratings in the core oriented at a given blaze angle.

2.4.4 Post cure and service life monitoring

As highlighted earlier there may be several reasons to subject a component to elevated temperatures during a

manufacturing process. After curing at elevated temperatures is completed the components are cooled down

to room temperature/service temperature. Hernandez-Moreno et al. [12] have found a significant difference

in the strain readings of an FBG fitted to a pressure vessel upon heating (i.e. starting the curing reaction)

and subsequent cooling. This difference indicates that in fact curing has occurred. Whilst this is a rather

basic method, it gives a clear indicator for a change in materials’ properties [12].

Building upon this observation, the cause for this phenomenon becomes obvious considering the large dif-

ferences in the coefficient of thermal expansion (CTE) between reinforcement and matrix, with residual

strains as the result [109]. In L- or U-shaped parts (Figure 2.28) residual stresses may even cause angular

mismatch [110]. Such detrimental behaviour is termed spring-in or spring-out depending on the direction.

Considerable attempts to capture these straining effects have been made using SHM technologies for both

thermoplastic and thermoset composites by FOS [12,24,79,99,102,103,109–115].

FOS are being strained by the structure via shear [24] in a similar way as the reinforcement fibers are strained.

In order to understand the effectiveness of such an integral strain measurement, tensile test specimen may

be produced and the results compared with those of conventional strain gauges [24,72,79]. Good agreement

has been found between the two methods [24,72,100] even for a multiplexed fiber [79].
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Figure 2.28: Capturing different sources for residual strains in a thermoset L-section using a FOS. a) shows
the strains captured by the FOS and b) the component strains derived from the FOS strains. [110], p. 242
Reprinted from Composites: Part A, 103, K. Takagaki, S. Minakuchi, N. Takeda, Process-induced strain
and distortion in curved composites. Part I: Development of fiber-optic strain monitoring technique and
analytical methods, pages: 236-251, ©2017, with permission from Elsevier.

2.4.5 Integral PM and SHM solutions - case studies

Motivated by the idea of using only one sensor system for both PM and SHM, some research, although

limited, is already available trying to close this gap. Two examples are given in the following section, one

for thermoset- and one for thermoplastic based composites.

2.4.5.1 Pressure, temperature and DoC measurements for RTM

Scheerer et al. [30] have developed and validated an integral sensor that combines a PE element with a

PT100 temperature sensor. The PE is applied during the RTM process (Figure 2.29) and functions as

a process and cure monitoring system [10]. Once the part is completed, the PE may be interrogated for

active damage detection or used as passive AE receptors. They were successful in detecting the resin flow

front and captured changes to the curing resin by measuring the admittance. An increase of the resonance

frequency of 6-8 kHz has also been noted [10]. Whilst validating the ability of this sensor to detect impact

damages, the importance of temperature compensation was highlighted. Since at every PE location there is

a co-located PT100 temperature sensor, the baseline could be corrected successfully and a reasonably good

damage detection and localisation ability was established for both AE and active sensing [10].
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Figure 2.29: Integral PM system with SHM [10] p. 7.
Reprinted under the Creative Commons CC BY NC license applied to the original work.

2.4.5.2 Automated layup of thermoplastic sheets with PE integration

Hufenbach et al. [96] published the description of an innovative high volume lay-up and hot pressing pro-

duction process for active thermoplastic composites (Figure 2.30). Whilst active composites are not to be

confused with composites fitted with sensors, the developed strategy may easily be adapted for an automated

senor application. It also offers solutions to inherent concerns in terms of processing conditions, sensor wiring

and piezoelectric polarisation.

The piezoceramic module is able to sustain temperatures up to 430 °C and pressures of 4 bar ( [96], p. 5)

and the entire process is automated. Since the high temperatures exerted during hot pressing are detri-

mental to the chosen piezoelectric properties (above the PE’s Curie temperature, upon which depolarization

would occur), a polarisation cycle is performed after the completion of manufacture. After this step a fully

functional SHM system is in place, fully embedded within the composite.
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Figure 2.30: Automated unit developed for the application of piezoelectric active modules [96] p. 4.
Reprinted from Smart Materials and Structures, 23, W. A. Hufenbach, N. Modler, A. Winkler, J. Ilg, S. J.
Rupitsch, Fiber-reinforced composite structures based on thermoplastic matrices with embedded piezoceramic
modules, 1-10, ©2014, DOI: 10.1088/0964-1726/23/2/025011 © IOP Publishing. Reproduced with permis-
sion. All rights reserved .

2.5 Suitability matrices

To summarize the findings of the above sections, two suitability matrices are presented (Table 2.1 and 2.2).

They give an overview of what composites processing parameters certain technologies are able to monitor.

In addition they give an insight into how likely they are to survive the loads that act on them during these

processes.

Table 2.1: Suitability of different monitoring technologies for parameter monitoring

SHM
potential

Temp. Press. Visco. Resin Vf
Resid.
stress

Voids
Com-
paction

PZT ++ o + ++ ++ + - o +
PVDF + o + + ++ + - o +
FOS + ++ ++ - ++ - ++ – o
EFS - o – ++ ++ - - o +
Electrical o + + ++ ++ + - o ++

++ very suitable, + suitable, o possible, - rather not suitable, - - unsuitable
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Table 2.2: Suitability of different monitoring technologies for composite processes

RTM VaRTM RFI

Fila-
ment
Wind-
ing

AFP ATL Press
Stamp
forming

Welding

PZT ++ ++ ++ - – – + – +
PVDF ++ ++ ++ + + + + + +
FOS ++ ++ ++ ++ + + - - +
EFS ++ ++ ++ ++ + + - - +
Electrical ++ ++ ++ o o o + + +

++ very suitable, + suitable, o possible, - rather not suitable, - - unsuitable

2.6 Conclusions

SHM has the potential to considerably improve the economical utilisation of composite components. Signifi-

cant amount of research in recent decades has led to the development of many different sensing technologies.

In about the same time the way manufacturers produce composite parts has changed as well. Highly auto-

mated processes have the potential to widely replace manual layup.

For a successful implementation of SHM, it will therefore be necessary to consider constraints related to

part manufacturing. A clever design could offer the unique opportunity to use the highly capable sensors to

improve the part quality and process. Ways of exploiting this symbiosis are highlighted in this work. Since

it will not be possible to solve all current issues with one single sensor type and architecture it is imperative

to know what merits and downsides the different technologies possess. The information provided herein

was selected with the vision to equip the reader with a thorough overview and the ability to find the right

technologies for the desired application.

FOS have already been used for both manufacturing monitoring and SHM for many years now. Fibers

can be surface-treated or nano-structured in order to make them selectively more sensitive. In addition to

that, the fact that fibers with different functionalities can be spliced together offers the possibility to add

several different sensor types on a single fiber. Besides convenience this allows the reduction of ingress and

egress locations to a minimum. Those carry a significant risk of fiber breakage for all processes where an

entirely closed mold is used. Whilst their relative ease of integration and signal processing makes them very

appealing candidates, their ability to detect and locate damage is limited. However, they do allow to assess

the overall condition of a structure.

A more detailed information about the location and severity of a damage may be retrieved from piezoelectric

transducers, with the largest share attributed to PZTs. The most widely utilised modes of operation are
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AE and Lamb-wave propagation analysis. Acoustic properties of a part are strongly related to the local me-

chanical properties. They strongly affect the way acoustic waves move through a part, get absorbed or are

reflected. Should a damage occur, the mechanical properties are altered. Such changes can be detected by

a piezoelectric sensor. The main difference between AE and Lamb-wave propagation is the way the acoustic

wave is generated. Whilst for AE an external perturbation is necessary Lamb-waves are deliberately gener-

ated by a piezoelectric transducer. This can be done by the sensor itself or a pair of sensors – one acting

as the actuator and the other as the sensor. For both AE and Lamb-waves the detection of the incoming

acoustic waves is achieved by exploiting the piezoelectric effect.

The displacement imparted on the sensor is turned into an electronic signal which is then evaluated. For

manufacturing and PM the ultrasonic waves may be used to measure the viscosity of a resin, shear modulus

and after gelation the wave propagation. As already mentioned there is a great interdependence between

acoustic and mechanical properties of a material. During the formation of a composite, the modulus in-

creases by at least one order of magnitude (fiber reinforcement of a polymer). This offers a wide scope for

the exploitation of acoustic wave propagation for PM.

The third branch of sensor technology evaluated herein are electrical properties-based sensors. They offer a

wide variety of measuring principles and sensor designs. As such they are highly suitable for PM but their

ability to detect and locate damage is limited.

To sum up, there is a great wealth of technologies and areas of research that are involved in solving the chal-

lenge of implementing SHM sensors into the manufacturing- and service environment of advanced composite

components. There remain, however, some challenges still to be resolved. The knowledge of advantages

a specific technique offers and how the disadvantages can be overcome by skillful combination of different

sensor types is essential.

The following chapter 3 will aid greatly in better understanding the merit of certain discussed SHM methods

in a representative application.
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Chapter 3

Technology demonstrator -

SHERLOC panel

The objective of this chapter is to demonstrate the ability of some of the most popular sensor technologies,

for SHM application, before assessing their capabilities in PM. To this aim, some pre-selected techniques

were tested on a representative aeronautical structure. A range of experiments were carried out on a real-

istic composite aircraft fuselage demonstrator with PE, FOS-FBG and FOS-OBR. The composite fuselage

demonstrator is part of a CleanSky2 research project, SHERLOC, where different SHM techniques are being

tested at an industrial level. The work presented in this chapter was complimentary to the project objectives.

The main goal is to build an understanding for the main SHM concepts these sensors are able to support,

on a complex structure (large scale, curved, anisotropic) which is representative of a real aeronautical sub-

component. Building on this knowledge in the following chapters will allow for an informed decision-making

when deciding the most suitable sensor type for integrated PM and SHM.

3.1 Description of the panel

The panel was manufactured as part of the ongoing research project, SHERLOC, and has a size of roughly

2.5 x 6 m (made by one of the project partners, FIDAMC in Spain). It has been manufactured and inspected

to aerospace standards and consists of a CFRP skin with varying thickness ranging between 2 to 6 mm. The

skin is stiffened with omega stiffeners that were co-bonded. The frames are made from aluminium and have

been installed on the panel using fasteners. See Figure 3.1 for an image showing the configuration in more

detail.
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Figure 3.1: Technology demonstrator fuselage panel

3.2 Sensor application

Since the panel has been already manufactured, all sensing elements had to be applied to the structure

through secondary bonding operations. For that purpose a thermoplastic hot-melt adhesive (Collano 36.004,

Collano AG Switzerland) was used. This is a special type of adhesive which uses the melting of the thermo-

plastic matrix to initiate a bond between elements. In previous works this thermoplastic adhesive has been

shown to work well [5, 116].

In a first step the adhesive which is in the form of a film and has no adhesion at room temperature needs

to be put in place. On top of that film, the sensing elements are placed and fixed using a pressure sensitive

tape. In a final step a vacuum bagging enclosing a heating blanket (GMI Aero, Anita EZ - 2 Zone Hot

Bonder) is constructed. This ensures that bonding pressure can be applied and the heating blanket melts

the adhesive film. A short bonding cycle made up of a quick ramp up from room temperature to 135°C, a

holding phase of 15 minutes followed by free cool down back to room temperature ensures a solid mechanical

connection of the sensor to the structure (Figure 3.2).

In total three different types of devices were installed on the panel. They were: 5 meters of distributed FOS

(Fibercore Ltd. SM1500(9/125)P, terminated with a LC/APC connector on one end and 150 mm of spliced

on core-less termination fiber (Thorlabs, Inc.) on the other), three optical fibers with five FOS-FBG each

on them (FemtoFiberTec GmbH, Fibercore Ltd. SM1250BI(9.8/125)P, Polyimide coated, Femtosecond laser

written, terminated at both ends with a FC/APC connector) and two PZTs (PI Ceramic GmbH, DuraAct

Patch Transducer). See Figure 3.2 for installation details. Both types of FOS were co-located within 10 mm
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of each other to objectively assess their individual strengths and weaknesses under comparable conditions.

The FOS-FBG each had five gratings written at 1540, 1545, 1550, 1555 and 1560 nm with a physical distance

of 50 mm between the centre of each grating. The gratings had a width of 8 mm. One entire unit cell of

the fuselage demonstrator was sensurized meaning that one bay and the adjacent feet of the omega stiffener

was monitored between two frame elements. This is a reasonable scenario both in terms of expected spatial

resolution of the sensors and practicality for a potential OEM use case.

The above described setup was then step subjected to a range of different scenarios designed to produce

insights into the aptitude of each technology. They were:

• Temperature monitoring of the structure using both types of FOS

• Passive impact detection using both types of FOS

• Active sensing using a PZT-FBG pitch-catch hybrid approach

Figure 3.2: PZT, FBG and distributed FOS sensors bonded on the SHERLOC panel

3.3 Sensor interrogation

Having three different types of sensors installed, requires bespoke interrogation systems capable of acquiring

signals from these sensors. All FOS-FBG and piezoelectric based systems were connected to a custom built

optic and piezoelectric hybrid system developed by Lambinet [117]. It consits of a tunable laser source,

optical circulator, optical switch, photodetector and a filter for FOS-FBG interrogation combined through

LabVIEW interfaces with an arbitrary wave generator, switch and a digitizer for the handling of piezoelectric

actuation and sensing. This highly integrated system allows for up to 60 MS/s bandwith FOS-FBG and
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piezoelectric hybrid measurements. By only using the individual components through customized LabVIEW

implementations the systems can also be used individually as required.

An ODiSI B Interrogator (by Luna Inc., Blacksburg, VA, United States) is employed to obtain the Rayleigh

backscattering signature of the FOS-OBR.

3.4 FOS temperature monitoring

Mechanical properties of any material are strongly related to temperature. This is particularly true for

polymeric materials and is important to consider when employing UGWs for SHM. The changes in the

propagation properties of UGWs caused by temperature alone need to be understood and compensated for in

order to not mistake these changes for structural degradation. To help with such temperature compensation

during PZT-based active sensing [118, 119], in this paragraph the capability to monitor the component

temperature with FOS is demonstrated. The temperature gradient necessary to perform the measurements

was created by a hot air gun. The distributed FOS was bonded to the panel using a thermoplastic adhesive

as described earlier. For reference, two K-type thermocouples (TC) were taped to the surface, as close to the

fiber as possible and measurements were performed with a National Instruments™ CompactDAQ system.

The frequency shift dataset (ref. section 2.2.1.2) presented in Figure 3.3 is averaged over the entire bonded

FOS-OBR fiber and is split in three parts. For heat application a heat gun (Bosch GHG 660 LCD) was used.

The first part covers heat application from the concave face of the panel (i.e. the interior of the aircraft).

Here the magnitude and overall shape of the peak are very similar and a high degree of resolution is evident.

The second part shows the cooling and stabilization at room temperature before commencing a heating cycle

from the convex face (i.e. the aircraft’s exterior). The gaps between the three parts in the FOS-OBR data are

due to the fact that measurements were triggered manually through the ODiSI B software. During external

heat application a significant amplitude divergence in frequency shift in comparison to the TC readings can

be observed. Whilst the overall shape is again very well preserved, the amplitude of the frequency shift

excursion is higher than the one on the TCs.

This observation can be explained by the fact that the distributed FOS was in fact bonded to the panel

whilst the TC is only taped to the surface. The temperature gradient experienced by the sensors differs

between the outer face, which is directly hit by the hot air stream, and the one where the TC readings are

taken. Since the fiber is attached to the component it is affected by the thermal expansion the structure

experiences, the fiber is able to deliver a very accurate estimation of the temperature within the component.

This is opposed to the surface mounted TC which can only pick up heat that is transported through the

thickness of the structure. As such the aptitude of the FOS-based temperature monitoring approach was

demonstrated successfully.
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Figure 3.3: Measurement indicating the temperature sensitivity of the distributed FOS-OBR system in
comparison with TCs

3.5 FOS passive sensing

Passive sensing in the field of SHM means a technique for which no agent controlled actuation of the structure

is required. Potential damage events themselves cause the necessary perturbations to the structure to trigger

a measurement and the resulting data is analysed to characterize the event. Typical features of interest are:

severity of the potential damage event and location.

3.5.1 Impact method characterization

For FOS passive sensing in this work, the SHERLOC composite structure is impacted with a Modally

Tuned® impact hammer (by PCB ® Piezotronics, NY USA). Such impact experiments are carried out

to simulate either in-service events like hail and bird strike or on-ground events like collisions with ground

handling equipment and tool drop during MRO activities. The Modally Tuned® impact hammer ensures

high levels of reproducibility and captures the force-response by means of an in-built load cell. The force

response is used to estimate the amount of energy introduced into the structure.

These impacts were monitored using two different FOS monitoring techniques: 1) FBG, see Figure 3.4 and
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2) distributed FOS. This allows for the comparison between those techniques and will give an indication on

what features of the impact event can be captured with each technology.

Figure 3.4: Concept of passive impact detection using FBGs and an impactor

To understand the effect such impacts have at different locations on the SHERLOC panel, a comparison was

made. All impacts were performed with a Modally Tuned® impact hammer and the load cell signal was

acquired. As can be seen in Figure 3.5 three distinct regions exist on the SHERLOC panel: 1) the foot area

of the stringer 2) the transition from the foot to the bay and 3) the bay area. Each distinct area was hit

with the hammer several times at sub-critical loads for the SHERLOC panel. Sub-critical in this context

means non-damaging which was verified using a DOLPHICAM (dolphitech UK, Cambridge, UK) ultrasonic

scanning device.

Figure 3.5: Representation of a repeatable unit on the SHERLOC panel with the impact locations: bay,
end-of-foot and mid-foot indicated

From the results it is clearly visible how the local stiffness affects the response obtained by the hammer’s

load cell (Figure 3.6). Since the thickness of the panel varies greatly between the skin section (bay) and the

foot of the stiffener (ref. Figure 3.5) so does the local stiffness. The major differences in the signal are the
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length of the impact event, load increase and decrease gradients as well as the overall shape of the signal.

This information may be useful when interpreting the results obtained by the FOS later on as it gives a

good indication as to where the impact occurred on the structure and may aid with impact event localization.
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Figure 3.6: Comparison of the load signal upon impacting different locations on the SHERLOC panel

Analyzing the load cell data further and taking into consideration the results from multiple impact events

at the same location (Figure 3.7), two main observations can be made: 1) each location has a unique impact

morphology and 2) the load vs. time curves display a very high degree of repeatability. In order to compare

the signals, despite slightly varying amplitudes (15 individual impacts were performed at the same location)

an amplitude normalization was performed. The results reveal a high degree of match between the individual

load curves. Whilst Figure 3.7 only shows one location, similar levels of repeatability were also observed on

the other positions.
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Figure 3.7: Comparison of the load signal originating from multiple impacts at a location on the SHERLOC
panel. For location reference see Figure 3.9.

3.5.2 FBG passive sensing

Building upon the information gathered from the initial tests with the Modally Tuned® impact hammer,

an extensive set of passive impact event sensing tests was carried out.

The FOS-FBG consisted of five FBGs per fiber with 50 mm distance between two gratings and were already

bonded to the SHERLOC panel using thermoplastic adhesive earlier (Figure 3.2). There was one fiber on

each stiffener foot (left and right to the bay) and the bay respectively. This sensor network ensured a good

coverage of the entire section. Each grating wavelength was interrogated at a focus point [117, 120, 121](see

Figure 3.8) using a 10 MS/s sampling rate. A 0.1 s long measurement sample was triggered through the

hammer’s load signal.
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Figure 3.8: Selection of a FBG focus point and strain measurement principle

In total there were 24 predefined impact locations oriented as a grid covering the entire monitored surface

area (Figure 3.9). As the tunable laser source cannot switch between individual FBG focus points (acting

in a narrow band configuration) so quickly as to capture the entire impact event across all five grating

locations on a fiber, the measurements had to be split. Each location was impacted 15 times and captured

by a different FBG every time. In total 360 (24 locations, 15 times) measurements were taken this way and

analyzed using MATLAB®.

Figure 3.9: Schematic indicating the 24 impact locations completely covering the monitored area.

The results from these measurements are presented in Figure 3.10 - 3.14. Since the measurements were taken

from multiple successive impacts with slightly different impact force amplitudes, the signals were normalized

to maximum amplitude equals one for better comparison. A flexural wave propagating across the five FBG
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locations can be observed (Figure 3.10). Given the high sampling frequency, the wave pattern is reflected

in great detail. It becomes evident, that several waves at different frequencies are propagating at the same

time slightly obscuring the individual wave packets. Nonetheless, the information gathered provides useful

information on the impact event.
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Figure 3.10: Non-damaging impact occurring at location 3 (ref. Figure 3.9) and captured by the five FBGs
mounted on the bay.

Figure 3.11 shows an impact in the bay area of the panel zoomed-in on the first wave packet. The FBG

closest to the impact site shows an opposite sign to the ones further away. This indicates tensile strain closer

to the impact location, compared to compressive strain further away. Also, the broad relatively flat part

of the signal on the closest FBG indicates saturation of the photo detector. This occurs when the power

received is out of range due to a large signal amplitude.

Another observation to make is that the further the wave packet travels the more dispersion of different

frequencies occurs. Such behaviour is marked by higher frequency, lower amplitude oscillations occurring at

the beginning of the large first wave packet.
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Figure 3.11: Zoomed-in view on the first wave packet of the impact event displayed in Figure 3.10.

For impacts in the foot area of the stiffened composite panel see Figure 3.12, similar conclusions can be

drawn as for the bay area. This is expected since the material properties and composite ply orientations are

the same. The only difference is the total thickness of the lamina in this location being two times that of

the bay. Again, the individual wave packets are clearly discernible and the presence of multiple frequencies

is evident.
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FBGs on right foot, impact location 6

impact to FBG: 16 mm
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Figure 3.12: Non-damaging impact occurring at location 6 (ref. Figure 3.9) and captured by the five FBGs
mounted on the right foot of the stiffener.

Building on the measurements obtained for the individual FBG and impact location combinations, a novel

Chapter 3. Technology demonstrator - SHERLOC panel 76



3.5. FOS passive sensing

methodology was developed for full field strain reconstruction to show the response of the composite plate

upon an impact. To be able to compute synthetic strain values at locations not monitored by an FBG a few

assumptions are made:

• Material properties are considered quasi-isotropic.

• Circular wave-front propagation pattern is assumed.

Based on these assumptions, a 3rd degree polynomial model was created for every time stamp to compute

the missing strain values. The distance between the impact location and the FBG is used as an independent

variable. The model is created based on the 15 existing measurement points (Figure 3.13). The experimen-

tal data is subject to a scatter due to the superposition of different frequencies. However, the 3rd degree

polynomial fit is able to capture the underlying major wave-motion satisfactorily.

With the model in place, strain points in locations not originally monitored can be calculated and a full-field

representation of the plate’s deformations is possible. Figure 3.14 presents the reconstructed plate deforma-

tion. As visible from the experimental data, a large initial wave packet travels across the plate originating

from the impact location at [0 mm, 55 mm]. The panel representation itself has a length and width of 215

and 155 mm respectively. This is exactly equal to the monitored area.

Overall the excellent ability of FBGs to monitor the highly dynamic load case of an impact event is shown.

The ability of MHz-range data acquisition bandwidth preserves all of the signal’s information content. Sev-

eral unique monitoring aspects are enabled through this data quality. Besides the tracking of individual

wave packets, their propagation and morphology in a full-field strain reconstruction is enabled. These are

all important factors when considering a SHM system.

Finally, whilst passive impact detection based on FOS-FBG has been published before [122–127], there are

some aspects of the implementation shown herein not presented before. Novel aspects include the use of a

thermoplastic adhesive and vacuum bagging method for FOS application, monitoring on a full-scale curved

stiffened fuselage panel covering different laminate thicknesses and the idea of merging the data obtained

from 15 FOS-FBG for the same impact location to create a full-field strain representation.
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Figure 3.13: Wave propagation monitored at 15 different FBG locations across the panel viewed at increasing
time intervals.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 3.14: Plate deformation reconstructed from FBG readings viewed at increasing time intervals.
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3.5.3 FOS-OBR passive sensing

At the same time as the experiments described above were carried out with FOS-FBG sensors, the dis-

tributed FOS-OBR system was acquiring data as well. The frequency shift measurements were acquired at

100 Hz which is 5 orders of magnitude lower than for the FBG. However, one of the benefits of OBR is that

it does not require a focus point search and adaptation. Additionally, the entire section can be monitored

with a single fiber. This means a single impact event at one location is enough to create a data set that

spatially covers the entire monitored area.

Figures 3.15, 3.16 and 3.17 present the results obtained from a single turn covering the entire monitored

area. As there were 24 impact locations on the monitored area (Figure 3.9), there are also 24 clearly visible

peaks in the figures. Each figure shows a maximum and minimum envelope for a single fiber section which

encompasses the data of the entire length of bonded FOS-OBR (around 450 mm for each fiber section).

These peaks, despite being monitored at the highest possible data acquisition rate of 100 Hz, hold very

limited information content. Most of the times their width is only a few samples wide and their height is

relatively inconsistent. Such a behaviour can be explained by considering the extremely low acquisition rate

when compared to the speed at which such an impact event dies down.
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Figure 3.15: Passive impact events monitored by FOS-OBR, fiber section: foot right.
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Figure 3.16: Passive impact events monitored by FOS-OBR, fiber section: bay.
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Figure 3.17: Passive impact events monitored by FOS-OBR, fiber section: foot left.
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3.6 PZT-FBG active sensing

3.6.1 Introduction to hybrid measurements

Using a PZT transducer to generate waves within a structure is a commonly exploited method for SHM.

Typically Lamb waves are actuated selectively for their relatively low attenuation when travelling great dis-

tances. In a conventional SHM setup, those actuated waves are being received by a PZT transducer. This

can be the same transducer that created the perturbation in case of the pulse-echo method [58], or another

PE element when the pitch-catch method is used [128]. The receiving transducer converts the strain into

voltage (see ’inverse piezoelectric effect’ in section 2.2.3), which is captured by the DAQ.

However, PZT transducers have certain advantages (light weight, low power, multi-modal excitation, used

both for active and passive sensing), as well as disadvantages (extra weight from wiring, electromagnetic in-

terference). Similarly, FO sensors have electromagnetic immunity, light weight, multiplexing and high strain

sensitivity, but they are passive sensors only. There exists a technique that utilises the advantages of both

PZT and FOS.The FOS-FBGs are used to measure the strains caused by the actuation (Figure 3.2), in an

active sensing set-up. This is done in a similar manner as described in section 3.5.2. Again, a focus point

is required in order to capture strain data at 10 MS/s. This focus point, i.e. a specific wavelength provided

by the tunable laser source to the FOS-FBG, serves as a neutral baseline. Any contractions or extensions

resulting from the UGW are detected as a voltage increase or decrease at the photo detector.

A more detailed description of the method used in this part of the research can be found in the works of

Lambinet [117,120,121] and Xu [76,129]. They have developed and continuously improved the systems used.

The combination of PEs and FOS-FBG for SHM investigations is commonly referred to as hybrid Lamb wave

measurement [6, 117, 121, 130]. In this work, hybrid measurements were carried out to further investigate

this method in general and better understand the other applications possible for a component that has a

FOS-FBG installed already from earlier process monitoring.

In order to perform an active hybrid measurement, where a PE transducer is used to create a perturbation

and a FOS-FBG receives the strains in pitch-catch mode, a measurement path needs to be defined. Such

a path consists of one actuator and one sensor location. A wave or wave packet excited by the actuator

travels in all directions in the plate and the sensor records these perturbations caused by the strain wave

as an output signal. This signal is then evaluated for any features that could contain information about

potential damage or degradation of the material on the path. This is the same method as used for UGW

based damage detection.

Here the FOS-FBGs are again used for their high strain sensitivity. In addition to their high sensitivity,

FOS-FBGs are not affected by electromagnetic interference. Such electromagnetic noise is an unwanted

phenomenon adversely affecting signal quality. Such noise can originate from the measurement devices itself
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(”cross-talk” [116]) or the environment.

3.6.2 Results obtained by hybrid measurements

Using the sensor configuration depicted in Figure 3.2 a five cycle Hanning-windowed actuation signal at

50 kHz was delivered to the PZT. A sample of the input signal is shown in Figure 3.18. Three distances

between the actuating PZT and the sensing FOS-FBG were chosen (see Figure 3.19) to show the effect of

the distance between them on the time of arrival (TOA) and amplitude. These were 50, 100 and 150 mm

along the extrusion direction of the SHERLOC panel and within the bay section.

With the wave propagating along the extrusion direction of the panel (Figure 3.19), the main UGW wave

packet hits the FOS-FBG’s grating parallelly, whilst reflections originating from the omega stiffener hit the

FBG sideways. It is expected that the results from parallelly propagating waves will be of significantly

higher signal quality than those perpendicular. This is owing to the pronounced directionality [123] of the

FOS-FBG 2.2.1.1.
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Figure 3.18: A five cycle Hanning-windowed signal.

In Figure 3.20 the obtained readings from the FOS-FBG are shown. The signals were processed in MAT-

LAB® with a digital bandpass-filter prior to plotting. The graph contains three measurements, each of

them acquired at a different FOS-FBG but actuated from the same PZT. This means each individual line

represents a specifc distance between the actuator and sensor. The features of the actuation signal can be

clearly identified.

Secondly, the TOA increases with increased distance whilst the amplitude decreases at the same time. This

is exactly as expected. Further, the presence of a second wave packet is visible, with the second one having

a much lower amplitude, just slightly above the noise floor. This is likely to be a reflection.
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The noise visible in Figure 3.20 is random and limited to a relatively small bandwidth. This is likely the re-

sult of the high sensitivity of the system itself and slight variations owing to the power output of the tunable

laser source. The level of noise present in a SHM system is an important factor to be aware of and needs to

be actively managed. That is because only signals clearly discernable from noise can effectively be processed.

Figure 3.19: Active hybrid: PZT and FOS-FBG locations.

Figure 3.20: Active hybrid measurements with distances of 50, 100 and 150 mm between PZT and FOS-FBG.

Overall, the results obtained show that the hybrid sensing method is able to detect the Lamb waves present
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within representative composite structures. The signal quality for the first wave packet is good and offers a

large enough signal-to-noise ratio to support high fidelity, data-driven damage assessments as discussed in

literature [117].

The fact that FOS-FBG can be successfully combined with PEs on complex and representative structures to

facilitate Lamb wave-based SHM techniques (ref. section 2.2.2) is significant. Both these sensing technologies

have their unique benefits and downsides. Being able to combine them, but also use them independently

opens the possibility for varied and multifunctional PM and SHM applications.

Chapter 3. Technology demonstrator - SHERLOC panel 85



Chapter 4

Development of process monitoring

techniques: technology down-selection

4.1 Technology selection process

In chapter 2 a range of possible technologies have been identified as potential candidates when it comes to

integral PM and SHM. In chapter 3 PE and FOS have been extensively tested in SHM settings to better

understand their working principles. Table 2.1 and Table 2.2 summarize different monitoring techniques and

are evaluated for their suitability to monitor a range of parameters under processing conditions.

With most composite components, differently to metallic ones, the material is created at the same time as the

part takes shape. Liquid polymeric resins are initially mixed and combined with reinforcement fibers. This

sets several challenges that need to be overcome by a potential sensor: Firstly, the stiffness of a composite

rises by the order of several magnitudes as the resin cures. This means that in the early curing stages the

sensor cannot be affixed to a solid structure for protection from mechanical loads. Such loads could be

pressure, mold closure movements, erosion or mismatched surfaces. Also, not being able to hold a sensor in

the desired location means that it might get moved around by resin flow and not stay where it is needed.

Secondly, temperatures seen in manufacturing processes can reach several hundred °C. Especially when it

comes to thermoplastic composites. Furthermore, the dimensions of a composite component change quite

significantly throughout the manufacturing steps. During consolidation it is not uncommon to experience

>10% decrease in thickness. This is the result of applying pressure (both positive and negative). A sensor and

its wiring need to be able to survive the high loads and subsequent relative movement. For a component to

comply to dimensional requirements, machining processes are common. These are challenging when sensors

or wires are embedded and exit through the periphery of a component.
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Considering all the above it is still necessary to produce valuable process information and capture parameters

important for successful manufacturing. This chapter gauges technologies that were found most promising

following a search in published literature.

A set of experiments was carried out by the author for the assessment of the existing technologies and to

evaluate their performance in realistic environments. The results are presented to demonstrate the aptitude

of specific techniques when it comes to PM and SHM and to make a down-selection of sensor technologies for

further development within this PhD research. Together with a theoretical treatment of the technology in

question by means of literature references, analytical and/or numerical modelling those experimental results

are used to conclude the suitability of a given technology.

4.2 Introduction of pre-selected technologies

4.2.1 Principles of required sensing density (spatial and temporal)

Independent of the selected physical sensing technology, it is important to consider the required density of

measurement points in a temporal and spatial sense to gain a meaningful insight into the phenomenon in

question. Should the phenomenon be one that affects a large area, the number of sensors and associated den-

sity of measurement points in a spatial sense can be reduced. A potential example could be the monitoring

of a component’s temperature. Here a single measurement could be sufficient to estimate the condition for

a large section. Whereas, if the condition only affects a very small area or changes significantly depending

on the location a measurement was taken, a more dense network is required. One example for this would be

measuring local pressure which is not representative of the distribution over larger areas. Arguably, required

densities can sometimes be subjective and the definition of an optimal sensor placement strategy is subject

to an entire research field.

In a temporal sense, the density of measurements needed to capture a specific event are more straightforward

but need to be viewed in conjunction with the above. For a given event, be it an impact, vibration, load

gradient etc. the speed at which said event occurs is governed by the mechanical properties of the component

to be monitored and the event itself. It is usually possible to ascertain the propagation speed and duration

of the signal to be captured using first principle calculations. Such calculations will give an insight into the

required acquisition rates. Examples for a long and short event respectively would be the monitoring of a

bridge that is subjected to transient loads due to traffic compared to a ballistic impact onto an aircraft. In

the case of the bridge it is probably sufficient to capture measurements at frequencies of a few Hz or below.

When considering the impact on an aircraft, several hundred kHz of acquisition rate are necessary to get a

full picture.

The state of the art technology in sensor design, data acquisition and data processing technology forms a
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feasibility barrier and careful decisions need to be made to get the best result. In most cases (PE, FOS and

certain electrical property-based technologies), the element defining the acquisition rate is an oscilloscope

or a digitizer, where several hundred MHz are possible. Oscilloscopes or digitizers are used to measure

voltage across a piezoelectric element or a photo-detector. The second frontier is how quickly a system can

switch between channels (PE and electrical property-based technologies) or tune its wavelength (FOS and

distributed FOS). This is important when distributed sensors or sensor networks are needed. When designing

a monitoring regime all of these factors need to be considered and optimised (Figure 4.1).

For easy segregation, in this work the following definitions are used: 1) point sensors deliver measurements

for a single location, typically at very high rates , 2) distributed sensors which cover larger areas at lower rates.

Figure 4.1: Switch-over speed vs. acquisition rate of chosen monitoring technologies.

When considering the acquisition rate for a specific physical parameter the Nyquist rate forms the lower

bound, below which a signal suffers an unacceptable loss of quality and cannot be reconstructed anymore

to its true information content. The Nyquist rate is ≥ 2x the highest frequency content that needs to be

captured. Given a signal with a frequency of 250 kHz the Nyquist rate is 500 kHz which is the minimum

rate a data acquisition system neeeds to be capable of delivering.

4.2.2 Piezoelectric devices

PE SHM transducers have arguably reached the highest levels of commercialization and industry acceptance.

They are available in many different shapes and sizes, as well as material combinations. Figure 4.2 shows two

commercially widespread and commonly used configurations. A DuraAct patch transducer is pictured next

to two disk-type transducers with different electrode configurations (all by PI Ceramic GmbH, Germany).

Whilst all of these transducers are based on the same PIC255 ceramic, the patch transducers offer greater

protection of the brittle disk and can be viewed as more durable when it comes to handling.
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To function as sensors, they need to be in physical connection with the structure and in electrical connection

to the acquisition unit. They generate electrical charges corresponding to the mechanical stress they are

subjected to. Such stress can originate from vibrations or mechanical waves present in the structure they

are connected to.

If the application requires the PE to also work as an actuator, a suitable power source and waveform gener-

ator is required. In this case the PE generates waves within the structure through the physical connection

between the PE and the structure. The tight control over the actuation wave forms and frequencies enable

highly targeted monitoring of specific locations and conditions. Wave propagation properties are highly

dependent on the mechanical properties of the monitored structure [53] and can therefore be used to inform

about the structural health of a structure (ref. section 2.2.2).

Besides the ability to detect and/or enforce mechanical waves within a structure, PEs are also sensitive to

their boundary conditions. These boundary conditions can be either: free, one-sided contact or embedded.

A free PE is suspended within a fluid and its contractions and extensions are inhibited only by the force

required to move the fluid [88]. In one-sided contact the element is bonded to a structure on one of its

major faces. This leads to the inhibition of contractions and extensions which can be measured in terms

of electromechanical impedance (EMI) [68]. The embedded condition means complete enclosure of the PE

within the structure. As such the contractions and extensions are inhibited in a three-dimensional fashion.

In the latter two cases discussed, the level of inhibition is dependent on the properties of the connection

between the PE and the structure as well as on the mechanical properties of the structure itself.

Given the many ways in which a PE’s properties are affected by the material it interacts with, the exploita-

tion of such a dependence is sought for PM.

Figure 4.2: Two types of PZT actuators (a) DuraAct patch transducer (used in chapter 3) and (b) circular
PZT wafers (used in section 4.3.1)

4.2.3 FOS

At first glance, the capability portfolio of FOS places them ideally for PM. The high temperature sensitivity

of FOS-FBG make them ideal temperature sensors, whereas their strain sensitivity can be exploited to study
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residual stresses [25, 99, 102, 103, 109, 110]. Exposing parts of the fiber core to surrounding media (exploit-

ing Fresnel reflection [131]) or by applying specialised coatings has seen them being used in determining

chemical compositions of different media [132–135]. However, given their fragile nature [136], they were not

able to widely out-compete more traditional measurement devices like TCs and dielectric sensors yet. One

noteworthy exception is the degree of cure monitoring of a CNT-reinforced composite. Since the CNTs make

dielectric sensing impossible, Fresnel reflection presents itself as a viable option [98]. Limited efforts have

been made, however, to expand the field of application for FOS into the sensing of other physical changes

occurring in composites manufacturing processes. The author proposes in this work the use of FOS for

monitoring physical quantities thus far not yet widely explored.

One main area is the sensing of in-mold pressure and compaction pressure of dry fiber reinforcements. Pres-

sure is an important factor in many composite processing techniques and especially for those where a high

degree of resin flow is required (i.e. Resin Infusion under Flexible Tooling (RIFT), Resin Transfer Molding

(RTM), etc.). Since the compaction pressure varies drastically over a given area, distributed FOS has a

major benefit when compared to other FOS-based techniques. It allows the user to define a custom fiber

layout to capture data at a very high spatial resolution whenever required.

Figure 4.3 depicts a typical FOS-FBG as commercially available. The sensor shown here consists of a piece

of optical fiber with two FBGs written into it (i.e. the sensitive areas visible through the two red color

markings). The working principle and manufacturing of FOS-FBG have been discussed in section 2.2.1.1. In

order to interrogate the sensor, connectors are added on either side of the FBGs with some length of fiber to

allow placement of the sensor where required. Depending on whether the reflected or transmitted spectrum

is analyzed, the laser source and photo detector are located on the same side or opposite side of the FBGs.

FBG sensitive regions Connector

Figure 4.3: FOS-FBG sensors before installation.

Chapter 4. Development of process monitoring techniques: technology down-selection 90



4.2. Introduction of pre-selected technologies

4.2.4 Electrical properties-based sensors

When exploiting changes in electrical properties for the purpose of PM and SHM, one finds two main ap-

proaches: 1) at least one of the constituent materials is electrically conductive [64, 65] and directly used as

electrodes, or 2) a sensing device is introduced to provide the measurement interface [63].

Since carbon fibers are generally quite good electrical conductors several solutions exist where this property

is used for evaluating changes of electrical properties [64, 65]. Additionally, the polymer matrix material of

a composite can be made conductive through the use of additives (e.g. Carbon Nano Tubes [78,137]). Such

methods are not within the scope of this work as the focus lies on the development of specifically designed

and optimized devices.

As laid out in Chapter 2 the most important composite manufacturing process parameters are temperature,

degree of cure, fabric wet-out and pressure. In order to be able to monitor these, a measurement strategy

needs to be defined that suits the abilities of the materials and devices that can be manufactured. For

measuring the degree of cure, the works of Bekas et al. [67] are referenced. They used printed interdigitated

electrodes (IDE) in an impedance spectroscopy setup for cure monitoring. This requires direct contact of

the electrodes to the resin and good conductivity. This device could also be used to detect the presence and

location of the flow front as impedance values will be greatly different in the presence or absence of resin on

the device’s surface.

For pressure monitoring a capacitor as proposed by Valentine et al. [138] forms the basic building platform.

As such, the sensing device needs to be made from two conductors, separated by a dielectric and allow for

the thickness of the dielectric to vary with the pressure acting upon it. A certain level of elastic behaviour

is therefore required.

Finally, the material needs to be able to inform the structural health of a monitored component. To achieve

that some form of strain sensitivity is desirable 4.4 [139].

Figure 4.4: Tensile test specimen with a printed strain gauge.

Analyzing all the above, a qualitative material properties profile can be derived:

Chapter 4. Development of process monitoring techniques: technology down-selection 91



4.3. Experimental demonstration

• High conductivity

• Molding, shaping or printing may be necessary to create different devices for different purposes

• Compatibility with a dielectric

• Elastic behaviour

• Temperature resistance >180 °C

Upon completion of an initial description of the sensing devices itself, the integration into structures and the

connection to acquisition apparatus’ needs to be considered. Typical methods in use are standard metallic

wires and printed circuits that include the wiring up to a terminal [67,116,140]. Given the additional weight

of external wiring and associated wire management, integrally wired sensors and wires are strongly desired.

Such wires need to be as thin as possible to save weight and be deposited at predefined locations as required.

Manual handling of such delicate devices would cause their deterioration. Considering this requirement,

additively manufactured sensors and cables become a necessity.

4.3 Experimental demonstration

Whilst some previous works have reported on several aspects of PM either experimentally or theoretically,

it was important to demonstrate the most promising technologies in a realistic composite manufacturing

environment to assess the maturity and reliability of the monitoring systems. To this end, a range of ex-

periments was conducted and conclusions were drawn from the individual results which are reported in this

section.

The chapter first explores the idea of manufacturing tool-based PM. For this purpose a simple flat resin

infusion mold is manufactured and instrumented using FOS-FBG and PZT sensors. Several important pro-

cessing parameters are being evaluated using these technologies.

FOS’ multiparameter monitoring capabilities are demonstrated next. Both FOS-FBG and FOS-OBR are

used to measure: e.g. the degree of cure, temperature, strain and lateral pressure. The pressure monitoring

aspect is demonstrated numerically first and verified in an experiment. Novel results have been achieved in

this area of research.

Lastly, electrical sensing methods are explored and demonstrated. Limitations in their manufacturibility

have lead to the development of novel 3D-printed flexible devices to which Section 7.1 is dedicated.
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4.3.1 Mold-based piezoelectric monitoring

Inspired by the promising results reported by other researchers [10, 30, 87] a mold-based manufacturing

monitoring solution has been devised and tested in this research for a resin infusion process. PZT transducers

were used to the mold so that PM was possible. They were bonded to the mold such that they would

demold along with the component to be manufactured (Figure 4.5). Following this proposed method, at

the end of the process one would receive a fully instrumented structure for which a complete manufacturing

monitoring dataset is available too. This approach was chosen to represent a precursor study for subsequent

industrialization.

The focus on a future industrialization was an important guiding principle for selecting an appropriate

sensorization process. PZTs are inherently fragile and present significant challenges around sensor placement

and embedding into uncured composites. To protect the transducers, the rigidity and the control of the mold

provided was exploited.

Figure 4.5: ”Smart” mold sensorization concept

4.3.1.1 ”Smart” mold design

Whenever a mold is designed, several aspects need to be considered. Among others the most important are:

• Complexity of the component to define mold making process

• Molding process (process definition includes materials, temperatures, pressures, etc.)

• Definition of molded faces (which face needs to have good quality finish)

• Component release (how will the component be retrieved from the mold)

These factors drive the decision making process and have a major influence on the component that is going

to be made. For the ”smart” mold a simple 2D plate was initially aimed at, reducing the complexity and
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allowing the use of stock materials. As the entire research project evolved around next-generation composite

manufacturing processes, a RIFT mold was designed. This decision also means, that only one face can have

molded finish as the other was going to be determined by the vacuum bag. At this point, the decision was

made to go with a GFRP mold, which is a standard mold-making material in industrial applications given

the close resemblance of mechanical and CTE properties to the produced component. This decision also

meant easier machining of recesses for the sensors. Finally, the release of the manufactured component was

to be accomplished using a non-porous Teflon® film that is bonded to the mold. Again, this is industry

best-practise.

4.3.1.2 Manufacturing of the ”smart” mould

A 3 mm thick GFRP plate was cut to size and prepared for the mold making. In a first step, the recesses

for the monitoring sensors had to be machined. This was done on a three-axis CNC machine using an end

mill. The recesses had to be precise in diameter and depth as the composite component’s surface quality

depended on the flushness of the sensors to not induce waviness. The sensors were then inserted into the

mold and covered with an inkjet printed Kapton (Lohmann Technologies (UK) Ltd, Milton Keynes) film.

This film had a printed silver ink circuit on it to allow connection to the sensors. The sensors were connected

to the film using silver filled epoxy adhesive (Figure 4.6).

With the mold now completed, several aspects needed to be validated. These results are presented below.

Figure 4.6: ”Smart” mold as built with and without the release film attached to the surface

4.3.1.3 Wave propagation study

The smart mold with installed sensors was first characterised on its own to understand whether all sensors

were in good working order and that the wave propagation properties were as expected. A typical feature to

assess is to study the time of arrival (ToA) of wave packages in a pitch-catch configuration. For this purpose,
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a five cycle Hanning-windowed signal at 200 kHz was used (see Figure 3.18). The input signal is created by

an arbitrary waveform generator (AWG) and directly supplied to the transducers. The entire actuation and

measurement execution was handled by an in-house developed measurement platform, named LASAR [141].

The ToA in pitch-catch is defined as the time a signal travels from the actuated transducer to the sensing

transducer. The time is dependent on the material properties of the propagation media and the distance

the signal needs to travel [53]. In Figure 4.7 the relationship between ToA and distance travelled is pre-

sented. Each data point represents a measurement performed on a sensor pair. In total 10 pairs were

evaluated, covering many different directions and distances ranging from 70 mm to 200 mm. The fit-line was

forced through the origin. The high degree of linearity is expected and indicates that the material proper-

ties are similar in all directions. The results also suggest that signals are able to travel in a radius of 200 mm.
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Figure 4.7: ”Smart” mold ToA for different transducer pairs confirming linearity

To evaluate the ability of the mold to carry signals over great lengths without a loss of information, a large

amplitude is required. A signal’s amplitude is measured in volts directly at the receiving transducer. It is

expected that the release film dampens the travelling signal and leads to a reduction in amplitude. However,

a severe dampening could negatively affect the sensing capabilities of the smart mold. To evaluate this, a five

cycle Hanning-windowed signal at 200 kHz was again used in a pitch-catch configuration. Two representative

sensor pairs were chosen for a sensitivity analysis to study the impact the non-porous release film has on

signal quality.

The two sensor pairs chosen are transducer 1-2 and 1-5 (refer Figure 4.8 (a) ) since they are equidistant and

any differences can be attributed to the addition of the release film. First a reference state is recorded with

only the tacky tape, but no release film. After that, three strips of release film have been added to the mold

with increasing length (Figure 4.8 (b)-(d) ).
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Figure 4.8: ”Smart” mold release film induced dampening study. a) bare mold without any film, b) half
of the path is covered c) the entire path length is covered but the transducers ares not d) the entire path
including the transducers are covered with release film.

As expected, the waveform on the path 1-2 and 1-5 are relatively similar in amplitude and general appear-

ance (Figure 4.9 (a) ). This confirms the suitability of the chosen sensor pair for further investigations.

After confirming that, a roughly 40 mm long strip of release film is placed directly on the propagation path

between transducer 1 and 2 (see Figure 4.8 (b) ). The film caused the signal to be dampened significantly

with an amplitude drop of more than 70% (Figure 4.9 (b) ). Upon adding even longer strips of release film

(Figure 4.8 (c)-(d) ) and thereby covering more and more of the direct path between the transducers 1 and

2, the amplitude dropped even further (Figure 4.9 (c)-(d) ).
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Figure 4.9: Wave propagation study with different levels of release film cover. Ref. Figure 4.8 for the
corresponding pictures showing the release film cover. a) bare mold without any film, b) half of the path
is covered c) the entire path length is covered but the transducers ares not d) the entire path including the
transducers are covered with release film.

When plotting the maximum amplitude against the length of the release film strip, the impact becomes

evident. The maximum amplitude drops from just under 0.14 V on the bare mold down to just over 0.01

V (Figure 4.10). This is problematic, as it severely limits the range signals can travel with high enough

amplitudes to carry information about the process.
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Figure 4.10: ”Smart” mold dampening caused by the release film

4.3.1.4 Secondary poling of PZTs

Given the high temperatures that are needed for certain composite manufacturing processes (exceeding 300

°C) the Curie temperature of many piezoelectric materials is reached leading to depoling and finally the

loss of its piezoelectric properties. When proposing a holistic entire-life cycle monitoring technique it was

necessary to ensure PEs could be poled during or after the process [96] to retain their unique properties

(ref. also Figure 2.17). To do this, high electric fields are required and a test apparatus was designed using

spring-loaded electrodes in a 3D-printed poling fixture (Figure 4.11).

Figure 4.11: Poling fixture

To test the apparatus, a set of PIC255 PZT elements was subjected to 350 °C for extended periods. To

test the response to that heat-treatment and to have a comparable metric, EMI measurements were taken

before heat-treatment and after. In Figure 4.12 a significant decline in impedance signifies the partial loss of

piezoelectric properties after the Curie temperature was surpassed and depoling occurred. In a second step

the depoled elements were taken and placed inside the poling fixture ready for the application of an electric
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field. A high voltage power source (LT series, Glassman High Voltage Inc.) was used for the poling process.

A field of 1.5 to 2 MV/m was applied to the electrodes, ensuring to stay below the breakdown strength of

air which is around 3 MV/m. This is important as otherwise the two electrodes would create a spark due

to the break down of the surrounding air. The voltage to apply can easily be calculated by multiplying the

field strength by the distance between the two electrodes. For a 0.5 mm thick wafer, at a field strength of 2

MV/m requires 1 kV. Figure 4.12 shows that the poling was successful since the EMI response (measured on

an Impedance Analyzer E4990A, Keysight) after poling is producing similar or higher impedance response

than before depoling.

Figure 4.12: Electromechanical impedance measurement confirming successful secondary poling

4.3.1.5 Liquid detection with PZTs

Another important aspect that could be proven to work well when it comes to PM using PZTs was their

sensitivity to being covered by a liquid. This leads to a decrease in impedance during EMI measurements.

Figure 4.13 shows the response of a PZT element in air and then immersed in water. The impedance at

the first resonance frequency is lowered by one order of magnitude and can therefore be taken as a reliable

indicator for the presence of liquid. This is useful when considering liquid resin infusion processes during

which the void space between individual fibers is replaced by the resin. A sensing element able to differen-

tiate those two states thereby is able to inform the flow front position as it passes the element.
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Figure 4.13: Effect of different media on EMI measured by a PZT

4.3.1.6 ”Smart” mold conclusion

Despite encouraging initial results, the ”smart” mold concept was scrapped due to significant limitations in

wave propagation. This was mainly caused by the non-porous release film used to cover the mold. Secondly,

the difficult installation procedure of PZTs along with their brittleness rendered them not suitable for such

an application. Finally, the surface quality that can be expected from such a solution was likely to be not

satisfactory for manufacturers. Therefore, the concept of a ”smart” mold was abandoned at this stage of the

project. However, the deeper understanding for individual components of the setup aided in the technology

down-selection process.

4.3.2 Novel piezoelectric sensor architectures

Since one of the major limitations with ceramic PEs is their extreme brittleness, the search for alternative

materials lead to polymeric PEs. This section reports on experiments carried out manufacturing such

polymeric PE transducers.

4.3.2.1 Printed piezoelectric-polymer sensors

Polyvinylidene fluoride (PVDF) is a polymer with piezoelectric properties. Its mechanical properties are

much more favourable when it comes to brittleness and conformability, however, the piezoelectric field

strength is significantly lower than that of ceramic piezoelectric material. In this work, it was tried to utilize
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printing techniques to create customized piezoelectric sensing devices (ref. section 2.2.3).

Printing of P(VDF-TrFE) short for poly(vinylidene fluoride-co-trifluoroethylene) requires the polymer to be

dissolved in a solvent. The solvent used was cyclopentanone (Sigma-Aldrich) and the polymer powder was

a P(VDF-TrFE) with a 25% TrFE content by Piezotech®. Dissolution of 25w% polymer powder in the

solvent was achieved by suspending an airtight container filled with solvent and the powder in a water bath.

The water temperature was controlled at 65 °C by a thermostat connected to the hot plate and a magnetic

stirrer bar ensured the water mixes well and has a constant temperature throughout. Another magnetic

stirrer bar was put inside the container with the solvent and powder to ensure efficient mixing and a quick

dissolution (Figure 4.14).

Figure 4.14: Making of a printable P(VDF-TrFE) ink (a) dissolution setup with hot-plate and water bath ,
(b) the completed ink with the magnetic stirrer bar visible inside the bottle.

When planning for the printing, two methods were considered: 1) Inkjet printing on a FUJIFILM Dimatix

Materials Printer and 2) screen printing using custom made screens.

Given the tight viscosity requirements of the FUJIFILM Dimatix Materials Printer of 10-12 mPas [142] and

the lack of control on that parameter during the chosen ink-making process, the inkjet printing was not

explored further at this stage. However, an improved process with tighter control on the viscosity could

open a new route for manufacturing specialized piezoelectric devices.

Realizing the limitation posed by available ink-making equipment and the target application, a low-tech

approach to screen printing was demonstrated on an IDE. For that, a set of IDEs was cut from copper tape

and placed onto a glass plate for better handling and insulation. Using adhesive tape a screen was created

around the IDEs to enable the use of a knife edge for spreading the ink equally across the surface of the IDE

(Figure 4.15).
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Figure 4.15: Screenprinting of P(VDF-TrFE) onto an IDE.

Once the cyclopentanone in the ink had evaporated, the device was annealed at 140 °C for 60 minutes. The

annealed polymer does not yet possess piezoelectric properties. In order to obtain them, the material needs

to be poled by applying a strong electrical field. Here the unique benefit of the IDE design becomes evident.

As discussed earlier, the piezoelectric field strength is significantly lower than that of piezoceramics. In most

cases piezoelectric devices are poled through thickness (direction 3, see Section 4.3.1.4). To utilize them

as transducers, however, they are usually bonded to a host structure such that in-plane perturbations are

exploited (direction 1 and 2). Most piezos exhibit a lower coupling in this configuration (coupling parame-

ters , d13 and d23 are lower than d33, see section 2.2.3.2). It would therefore be beneficial to have a poling

technique that yields in-plane poling. An IDE can deliver such capability since its IDEs enforce an in-plane

electrical field (Figure 4.16).

Figure 4.16: Poling of PVDF through an IDE.

For successful poling an electric field of more than 50 MV/m is required [59]. This is significantly above

the break-down strength of air, which is around 3 MV/m [143]. This means that in order not to cause such

a break-down, the opposing electrodes cannot be exposed to air and need to be covered completely by the

P(VDF-TrFE)-ink. This proved to be difficult using this simplistic screen printing method. During poling

trials, repeatedly sparks were observed near the break-down strength of air originating from the edges of

IDE-fingers (Figure 4.17) indicating incomplete coverage. Upon closer inspection of the IDE’s coating, it
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became evident that the ink forms a convex drop adhering to the electrode and having sufficient thickness

but fading out towards the edges. It is at those edges where the sparks form and then lead to the break-

down of the surrounding air (Figure 4.17). The author would like to draw the reader’s attention to a similar

work [144] where IDEs made from PVDF have been successfully demonstrated concurrently to the author’s

work. This research direction was abandoned at this stage.

Figure 4.17: Short circuit occurring during poling of P(VDF-TrFE) due to breakdown of air.

4.3.2.2 Etched metallized PVDF sensors

Laser micromachining (etching) of metallized PVDF was also considered as a potentially viable manufac-

turing route for flexible piezoelectric sensing devices (Figure 4.18). This machining technology offers a high

degree of precision and highly customized devices are possible. Metallized PVDF on the other hand, can be

purchased off the shelf and is produced in relatively large quantities. For this purpose, screen-printed PVDF

sheets (PolyK Technologies LLC, PA USA) with a sintered silver-electrode thickness of 12 μm were etched

using an Oxford Lasers Micromachining equipment.

First, a simple IDE pattern was designed using a CAD software and a machining program created using the

AlphaCAM software package. A test-run using regular printing paper was performed to confirm the setup.

A slighly hihger degree of burn in areas where individual machining paths started or ended was noticed. The

default program, without a lead-in was expected to cause more burn as the energy input at the starts and

ends of a path was higher than during normal feed. To counteract this, a different machining strategy with

arc lead-in was prototyped on paper (Figure 4.18 (b)). This ensured that the laser beam would already be

moving when entering the IDE. When creating the prototype shown in Figure 4.18 (b) the laser power was

set to full power also when performing the lead-in in order to make it visible. This would not be the case

when actually machining the IDE. During lead-in only 10% of peak power was be applied.
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Figure 4.18: Laser micromachining results (a) desired outcome - machining of paper, (b) comparison of two
machining strategies, (c) machining outcomes of the two strategies on silverized PVDF sheet.

After prototyping the machining strategies on paper, the two concepts were tested on the metallized PVDF

sheet. A first observation was that the energy levels used on paper did not work on the silver. After increas-

ing the energy levels a degree of coloring was observed and this setting was used to actually machine the

IDEs.

Figure 4.18 (c) shows the outcomes of machining. Several observations can be made. Firstly, the sheet bends

excessively due to a large temperature difference between the top and the bottom electrode. Secondly, not

using a lead-in causes major burns on the starts and stops of the laser. However, even when using the arc

lead-in the power distribution over the surface of the IDE still appears inconsistent. Finally, a reduced power

setting was used. Whilst the level of burn is lower, the distribution around laser starts and stops is still

prevalent.

In private discussions with Dr Shihai Zhang at PolyK, it was confirmed that PVDF with an electrode thick-

ness in excess of a few ten nanometers cannot be reliably etched using lasers and this direction was abandoned.

4.3.3 FOS based monitoring

In literature (see chapter 2) FOS have been used to monitor a multitude of crucial composite processing

parameters. This section reports on the experiments carried out as part of this PhD research with the

mission to identify a suitable method for industrialized application.
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4.3.3.1 Fresnel cure monitoring

Any polymeric resin undergoes significant changes throughout a composite manufacturing process. Thermo-

plastic resins typically pass their Tg (unless glass transition occurs below room temperature), melt, crystallize

(if semi-crystalline) and freeze again (Figure 4.19) upon completion of the molding process. Thermosets,

in uncured condition, typically drop in viscosity upon mixing. They then gel, vitrify, fully cure and finally

pass below their Tg before cooling down to room temperature [145]. With these different morphologies come

changes in the mechanical and optical properties of the polymeric material [16, 98, 100–102].

Figure 4.19: Schematic representation of modulus changes experienced by polymers upon heating

When exposing a non-terminated end of an optical fiber cable (the fiber has only been cleaved, without

splicing-on a termination fiber or a connector) to a polymer, the light experiences Fresnel-reflection at the

interface between the fiber’s glass core and polymer. The level of reflection is dependent on the refractive

index difference between the fiber core and the polymer. This refractive index changes as the polymer un-

dergoes morphology changes whereas the one of the glass remains unchanged [131]. Therefore, any change

in the reflective response of the fiber end comes from the polymer and a sensing element is formed. Fresnel

measurements were performed using a setup consisting of a tunable laser source (TSL-710, SANTEC COR-

PORATION), circulator (6015-3-APC, Thorlabs) and photodetector (APD130C/M, Thorlabs) controlled by

a custom National Instruments™ LabView program.
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Figure 4.20: Experimental setup for cure monitoring by evaluating the changes in Fresnel reflections occurring
at the fiber/resin interface

In Figure 4.21 the response over time at the non-terminated optical fiber cable is plotted. After mixing of

a small batch of PRIME® 20LV infusion epoxy resin by Gurit and commence of curing a significant drop

in the reflected power is observed. This drop corresponds to the state of low viscosity discussed earlier.

After the curing reaction continues a sharp rise in reflective power is observed followed by a plateau. The

plateau indicates the completion of the curing reaction. The obtained results agree very well with previously

published data [16].

In order to implement such a system successfully, it is important to ensure that any changes picked up

originate from the curing reaction only. This can be achieved by using a reference measurement arm as

described by Dell’Anno et al. [16]. They report that having an unterminated fiber end, exposed only to air

allows to correct for changes in the light intensity at the laser source and for losses.
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Figure 4.21: Cure monitoring using Fresnel reflections at the embedded fiber end
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4.3.3.2 Temperature measurement with FBGs

FBGs are highly sensitive to changes in the physical distance of the Bragg gratings within the fiber [44,

146–148]. As such, they are ideally suited as strain sensors. Another use case is measuring temperatures by

computing thermal strains. There are two ways a FBG can be used to measure temperature, either free or

bonded. In the free condition the fiber is immersed in the environment that it monitors and no other strains

act onto the fiber. Whereas in the bonded condition, the fiber is fixed to or embedded into a component.

The main strain components originate from the surrounding material as it restricts or enforces strains onto

the fiber.

To calculate a temperature from strain the relevant CTE of the fiber or the material that the fiber is bonded

to needs to be known or established [109, 147]. When fibers are firmly connected to a host structure for

temperature monitoring, it is important to consider that the fiber’s grating is affected both by thermal as

well as mechanical factors. Being able to differentiate these sources of wavelength shift is an active research

field with several solutions offered: 1) isolating the FBG from mechanical strains by encapsulating it [149],

2) clever exploitation of unique properties of FBGs (spectral hole shift or peak reflectivity) [107] and 3)

methods of source separation [150–152].

To demonstrate the temperature monitoring capability of FBGs in a realistic use case, a set of experiments

was carried out using FBGs in both free and bonded condition which were then exposed to elevated temper-

atures. Figure 4.22 shows a spectrum of a typical FOS with three FBGs written onto it. They are at 1530,

1540 and 1550 nm respectively and characterised by a distinct and large peak which makes identification

easy. All FBG measurements were performed using a setup consisting of a tunable laser source (TSL-710,

SANTEC CORPORATION), circulator (6015-3-APC, Thorlabs) and photodetector (APD130C/M, Thor-

labs) controlled by a custom National Instruments™ LabView program.

Chapter 4. Development of process monitoring techniques: technology down-selection 107



4.3. Experimental demonstration

1525 1530 1535 1540 1545 1550 1555

Wavelength [nm]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

A
m

p
lit

u
d
e
 [
V

]

Spectrum of FBG SNR: 190622

Figure 4.22: A spectrum of a typical FBG sensor with Bragg gratings at 1530, 1540 and 1550 nm respectively

A temperature measurement is enabled by tracking the position of the peak over time. Since the CTE for

the material was not known at this point, a separate independent temperature measurement was required

for calibration. A K-type TC placed right next to the FBG was used for this purpose (Figure 4.23). The

temperature gradient necessary to perform the measurements was created by a hot air gun (Bosch GHG

660 LCD). Overlaying the TC and FBG measurements for both the free condition (Figure 4.24) and bonded

condition (Figure 4.25) reveals the close agreement between measurements obtained by the TC and the FBG.

Figure 4.23: Experimental setup used to monitor the temperature of a plate using FBGs
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Figure 4.24: Free FBG sensor with Bragg gratings at 1530 nm being exposed to a transient temperature
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Figure 4.25: Bonded FBG sensor with Bragg gratings at 1540 nm being exposed to a transient temperature

Having both the actual temperature at the monitoring location as well as the wavelength shift now allows

the plotting of calibration curves (Figure 4.26 and Figure 4.27). Two facts are noteworthy: 1) there is a

distinct difference in slope between heating and cooling for both configurations tested and 2) the slopes differ

between the free condition and the bonded condition as expected.

Predicting temperature sensitivities derived from Equation 2.3 and Equation 2.4 for a central wavelength of

1530 nm, yields:

• For the free condition: 1.02× 10−2 nm
◦C

.

• For the bonded condition: 2.91 × 10−2 nm
◦C

, whereas for the GFRP the following is considered: CTE

for E-Glass fiber: 5.25 ppm
◦C

, CTE for Epoxy: 40 ppm
◦C

, a fiber volume fraction of 0.45 and simple rule of
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mixtures is used to calculate the composite CTE.

When comparing the empirically obtained temperature sensitivities (Figure 4.26 and Figure 4.27) with the

predicted ones, good overall agreement can be noted with uncertainties related to unknown material prop-

erties and necessary simplifications.

The difference in slope for heating and cooling can be explained by considering the forced heating and natural

cooling caused by the hot air gun. This leads to a temperature gradient within the panel (see Figure 4.28)

where the face with direct air flow is hotter than the opposing side where the measurement was taken (ref.

Figure 4.23). Upon stopping the forced heating, the panel’s temperature stabilizes and begins to drop natu-

rally and equally from both exposed sides by dissipation leading to a much more linear temperature versus

wavelength shift relationship. This is also similar to the trends observed in section 3.4 and reported in pre-

vious works [147,148], albeit it is more pronounced in the current work. Such limitation could potentially be

overcome in future work by changing the experimental design. Using a more reproducible heat source is rec-

ommended (e.g. an oven rather than a heat gun) along with allowing the panel to soak at the temperature of

interest for a defined time before a measurement is performed as compared to taking transient measurements.
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Figure 4.26: Free FBG sensor with Bragg gratings at 1530 nm being exposed to a transient temperature
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Figure 4.27: Bonded FBG sensor with Bragg gratings at 1540 nm being exposed to a transient temperature

Figure 4.28: Schematic temperature gradient within a panel subjected to forced heating followed by natural
cooling.
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4.3.3.3 Distributed FOS temperature measurement

Similar to FBGs (ref. section 4.3.3.2) distributed FOS are highly sensitive to physical changes to the fiber in

the form of mechanical strain and/or temperature. To demonstrate the temperature monitoring capability of

a structure instrumented with a distributed FOS an experimental setup was created using a thermal camera

(Teledyne FLIR, USA) and a programmable flash light (C-CheckIr, IrNDT USA) heat source (Figure 4.29).

The heat source is used to create a transient temperature field on the structure. This field is evaluated using

the thermal camera whilst also capturing measurement data from the embedded distributed FOS (performed

with ODiSI B by Luna Inc., Blacksburg, VA, United States). All data processing is performed in MATLAB®.

Figure 4.29: Temperature monitoring of a plate-like structure using distributed FOS and verified with a
thermography excitation and evaluation method.

Plotting the obtained frequency shift from the distributed FOS data against the temperature measured by

the thermal camera, reveals a linear relationship (Figure 4.30). The plotted experimental data is a local

average over the measurement window of the thermal camera. This window is roughly 160x140 mm. Such a

linear correlation is expected and can be quantified at 1.9781 GHz/°C. This correlation highlights the ability

of the distributed FOS to monitor the temperature of structures during manufacturing or in-service.
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Figure 4.30: Temperature measurements by embedded distributed FOS (OBR)

4.3.3.4 Distributed FOS vacuum pressure measurement

This section is widely based on the publication by Buchinger and Sharif-Khodaei [153].

With pressure, or the lack of, being responsible for many of the typical composite manufacturing flaws men-

tioned in section 2.1.3 a successful manufacturing monitoring system needs to also be able to deliver reliable

pressure measurements. The current state of the art is to capture this parameter at a system level (cen-

tralized vacuum line/pump) and within a vacuum bag. Such a monitoring approach delivers measurements

only at those discrete locations with no information for the actual component being manufactured. However,

when setting up a new process or when troubleshooting rejects, it is highly desirable to have such information

available at a high spatial resolution. Using a distributed measurement device such as a FOS-OBR, paired

with a sensor layout to suit the component in question, allows one to capture readings across the entire

surface.

The chosen setup focuses specifically on the aspect of vacuum pressure monitoring. An ODiSI B Interrogator

(by Luna Inc., Blacksburg, VA, United States) is employed to obtain the Rayleigh backscattering signature

of a High Definition Sensor with a length of two meters (by Luna Inc., Blacksburg, VA, United States,

model type: HDS02LC220P) for this study. The sensor was embedded beneath four layers of four-harness

satin woven glass fiber onto an aluminum plate. A vacuum pump was connected to a resin catch pot with

a vacuum gauge, which in turn was fed through the vacuum bag and thus applying vacuum to the panel

(Figure 4.31). A resin inlet was included for completeness (lower left corner) but was sealed off during the

experiment to retain the system vacuum.
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Figure 4.31: Vacuum pressure monitoring setup simulated for the RIFT process.
Reprinted by permission from Springer Nature: Springer Nature, European Workshop on Structural Health
Monitoring. EWSHM 2022. Lecture Notes in Civil Engineering, vol 253. Springer by Rizzo, P., Milazzo,
A. (eds) ©2023

The sensor was taped onto the mold in a serpentine shape leading to five distinct segments oriented along the

length of the panel (Figure 4.32). It shall be noted that the fiber was only taped down in the bend regions

but was free and only slightly pre-strained in the straight sensing portion. The sensor was configured in the

LUNA software package to a gauge length of 2.6 mm yielding 600 discrete gauges distributed on the panel.

Sensor mapping was performed to remove the curved segments from the logging file as the readings in those

segments would skew the results. Such mapping is achieved by touching the fiber at the locations between

which the segment of interest lies. Touching the fiber leads to clearly identifiable peak which is detected and

stored in the interrogation software.

A vacuum bag was constructed around the panel which was ensured to be leak-proof before running the

experiment. The processed data logging function provided by the LUNA ODiSI B software package was

used to record a frequency shift reading every 0.1 seconds over the entire time of the experiment. All data

post-processing was performed in MATLAB®.

To demonstrate the ability of the chosen monitoring system to inform the vacuum level and to detect pos-

sible detrimental conditions, the routine defined in Table 4.1 has been designed. It contains typical vacuum

application and venting ramps as well as a pump failure and a bag leak.
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Table 4.1: Representative vacuum application cycle with detrimental conditions simulated.

Activity Section ID
Initiate full vacuum application (I) to (II)
Pump failure/interruption (vacuum retained in bag) (II)
Commence full vacuum application (III) to (IV)
Bag leakage (vacuum level in the bag dropping) (V) to (VI)
Recovery to full vacuum (VII) to (VIII)
Venting of bag (vacuum drops to ambient pressure) (IX)

Figure 4.32: FOS-OBR layout on the rectangular RIFT plate.

Overlaying the frequency shift readings obtained by the FOS-OBR system with the vacuum pressure in the

bag on a time-series plot (Figure 4.33), it can be seen that they follow very similar trajectories. Both the

overall shape and relative magnitudes agree well. The raw data was denoised for plotting by averaging over

ten consecutive samples. Also the data presented is only of the centermost individual gauge (fiber section 3,

at half length).

Initially, even though the pressure linearly rises, the frequency shift remains relatively unchanged until at (I)

a sudden rise occurs, incidentally coinciding with the simulated pump failure. As the pressure remains con-

stant during the 25 s (Section (II) through (III)) of pump outage, so does the frequency shift measurement.

After commencing vacuum application, the frequency shift rises along with the pressure until both reach a

plateau at around (IV). The simulated bag leak, occurring at (V), is marked by a stark drop in pressure

and frequency shift before reaching another brief plateau as the leak is closed (Section (VI) through (VII)).

After that, it can again be observed that a subsequent rise (VIII), holding phase and drop (IX) are clearly

indicated by corresponding frequency shift readings.
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Figure 4.33: FOS-OBR readings of the centermost individual gauge overlaid with the pressure readings from
a vacuum gauge [153].

Upon further inspection, there appears to be a tendency that at the onset of changes in vacuum levels, short

periods of erratic readings with both positive peaks (leak stabilization at (VI), reaching full pressurization at

(VIII) and towards the end of bag venting at (X)) and negative peaks (reaching full pressurization at (III),

leak initiation at (V) and ventilation at (IX)) can be observed. The cause for these peaks lies in the large

dynamic excursions, leading to uncertainties within the ODiSI-B’s peak-matching algorithm. However, they

do not affect the excellent event detection capability that was observed during the entire experiment as they

were of short duration and the readings returned to the baseline immediately after.

Given the success in tracking different vacuum levels based on operation modes, a directly attributable re-

lationship between pressure and frequency shift was hypothesized. To test such a relationship the frequency

shift and pressure data were resampled. In addition, the plateau regions were removed as they would have

added weight in those regions and affected the fit. Plotting pressure as a dependent variable over the fre-

quency shift measured (Figure 4.34) confirmed that indeed there is a linear relationship.
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Figure 4.34: FOS-OBR readings vs. pressure linear model. The linear model applies for vacuum pressures
below -0.3 bar.
Reprinted by permission from Springer Nature: Springer Nature, European Workshop on Structural Health
Monitoring. EWSHM 2022. Lecture Notes in Civil Engineering, vol 253. Springer by Rizzo, P., Milazzo,
A. (eds) ©2023

As noted earlier, there is a region below -0.3 bar where the experimental values diverge from the linear

fit to both sides. In this region, depending on whether there is a positive or negative pressure gradient,

readings seem to lag for some time, until a sudden change occurs. This behavior is more prominent for the

loading than it is for the unloading phase and hence is responsible for a slight origin-offset towards a negative

intercept on the frequency shift axis.

Overall, the results obtained by this method are encouraging. Beyond the capability to relate observed

frequency shift to bag vacuum levels, both a pump failure and a ruptured vacuum bag were successfully

detected by the system.This observation leads to the general description of the working principle of vacuum

pressure measurements using a FOS-OBR under a reinforcement stack as pictured in Figure 4.35 which will

be explore further in chapter 5.

Figure 4.35: Hypothesized physical principle for pressure sensitivity of a FOS-OBR.

Chapter 4. Development of process monitoring techniques: technology down-selection 117



4.3. Experimental demonstration

4.3.3.5 Distributed FOS sensor manufacturing

For the purpose of manufacturing monitoring, the FOS needs to fit the component and manufacturing pro-

cess to be monitored. The OEM’s FOS only come in specific lengths and with connectors already installed.

When integrating fibers into composite components and in order to ensure they are able to survive the

manufacturing conditions, it may be necessary to use the FOS without connectors or with speciality con-

nectors. This meant that a manufacturing method for custom sensors to the specific requirements needed to

be developed. This preliminary task started by selecting a suitable fiber. FOS-OBR sensors for embedding

need to fulfill a certain set of characteristics in order to be used for composite monitoring. All parts of the

fiber need to be selected such that they match the use case. In order to sustain elevated temperatures, the

coating needs to be polyimide.

The fiber itself needs to be relatively insensitive to microbending. This is because the pressure acting on

the sensor during manufacture can be significant and in addition, the weave structure of the reinforcement

adds waviness (Figure 4.36). These factors should not lead to a loss of signal. Losses are incurred due to

light leaking from the core through the cladding due to localised microbending. Specialist optical fibers are

commercially available which have reduced microbending losses and are therefore ideal candidates.

Figure 4.36: Microbending in FOS caused by embedding into composites.

Additionally, the fiber end needs to be treated such that there is minimal reflection from the end face. This

can be achieved by splicing in a coreless termination fiber. For splicing the fiber needs to be stripped of its

polyimide coating and cleaved. polyimide adheres very well to the optical fiber and can only be stripped

using non-mechanical methods. In a preliminary step therefore, a stripping method needed to be derived.

Based on the input received from the supplier of the FOS, one suitable method includes the use of a flame

to char the polyimide. Doing so, leads to exposure of the bare fiber but it also affects the fiber in unwanted

ways. It was found that extensive heat application leads to bending and increased brittleness.

The best results were obtained when using the flame of a regular lighter for only a fraction of a second.

This will very briefly lead to a flare up and charring at only a small area. The fiber at this stage is still

covered with the charred polyimide. This can then be removed using isopropyl alcohol solvent and lint free

wipes. This allows for a maximum of control as it is important to only remove as much of the coating as is
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absolutely necessary. For the cleaving, it is important to align the now stripped fiber with the cutting blade

and ensure that the parts of the fiber where it will be held in the cleaver is still coated with polyimide as

the fiber will break in an uncontrolled manner when that is not the case.

Figure 4.37: Preparation of a polyimide coated low bend-loss fiber for splicing.

At this stage, the fiber is ready to be spliced. For this a Fujikura 70 fusion splicer is used. The splicer is

equipped with several splicing modes, where the AUTO mode worked well for both pig-tail splices as well

as termination splices. In Figure 4.38 a successful termination splice is depicted. The distributed FOS is on

the left side, whereas the coreless termination fiber is on the right. The core is clearly visible in the image.

The splice location is a weak spot as the protective coating is missing and needs to be replaced.

Two options exist 1) restoration of the coating using a fiber recoater (FSR-05, Fujikura) or 2) a splice pro-

tector consisting of a metallic wire with a thermoplastic sleeve is used. Once all these variables were defined

and the sensor was manufactured the obtained signals were compared to an off-the-shelf sensor from the

OEM.

It can be seen that the outcome both in terms of signal stability (Figure 4.39) as well as overall characteristic

(Figure 4.40) are well behaved and equal to the OEM sensor. This confirmed the ability of the developed

manufacturing method to deliver high quality sensors.
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Figure 4.38: Image of a successful termination splice.

Figure 4.39: Comparison of OEM sensor with manufactured sensor - scanning along its length

Figure 4.40: Comparison of OEM sensor with manufactured sensor - full spectrum
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4.4 Summary

This chapter presented a large array of experiments carried out by the author in order to answer the question

which of the sensing techniques identified by the literature search (section 2) is the most suitable. Three

main technological directions have been explored: PE, FOS and electrical sensing.

PEs are arguably the most widely used SHM sensors and exist in many different shapes, sizes and material

combinations. Their ability to both sense and actuate place them ideally for SHM purposes. However, severe

limitations to do with their fragility and susceptibility to high temperature depolarization places significant

restrictions on their usability for composite PM.

Three main types of FOS have been studied in this chapter. Both FOS-FBG and FOS-OBR have been

successfully used for temperature monitoring and FOS-OBR also for pressure sensing applications. Fresnel

reflection based devices have been shown to work well when it comes to quantifying changes occurring within

the polymeric matrix materials. After considering the pros and cons of each sensor technology, FOS-OBR

have shown to posses the most suitable capability profile when it comes to PM. Their ability to cover large

areas far outweighs the drawback of low acquisition rates. Most composite manufacturing processes do not

require data at shorter intervals than 0.1 s. Whilst the low acquisition rate might compromise their ability

to perform certain SHM tasks, the FOS-OBR technology has been chosen for further investigations during

which their SHM capability will receive heightened attention.

With the experience gathered from the experiments carried out for PEs and FOS, a fairly accurate profile

of desired quality parameters had been compiled. Efforts trying to manufacture and put to use electrical

sensors that fit that profile have proven unsuccessful. However, in chapter 7 this technique has been re-

ferred to when creating a novel sensing material and manufacturing platform with promising initial results

and great potential for future work.
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Chapter 5

Deployment of an integrated PM and

SHM system for a GFRP plate

This chapter is widely based on a publication by Buchinger and Sharif-Khodaei [49].

Significant research efforts have in recent years derived composite manufacturing processes that deliver

faster, cheaper and more repeatable products whilst still maintaining outstanding mechanical properties,

typical for composites. One such process family utilises liquid polymeric resins to impregnate dry fiber re-

inforcement stacks and thereby enables the use of cheaper raw materials, higher degrees of automation and

design freedom. VaRTM is a representative example from this process family.

In parallel to that development, sensor-based SHM technologies promise to provide an insight into the struc-

tural integrity of a specific component at any given point in time. Whilst traditional SHM applications

require the sensors be fitted to the structure after it has been manufactured, this work presents ways the

sensors can be integrated during manufacturing and used for PM.

Standalone PM methods for RTM manufacturing process have an important role to play in modern manufac-

turing setups. Torres [154] reviewed commonly used manufacturing monitoring techniques and besides the

widely established methods based on TCs, pressure transducers and dielectric sensors, microwires [155] and

time domain reflectometry [37, 39] have also produced promising results. The only passive method allowing

a flexible and distributed monitoring, however, remain optical fibers [112,114,149,154,156–160].

The developed manufacturing monitoring strategy builds upon the findings from section 4.3.3, utilizing FOS

to evaluate and detect potentially harmful processing conditions early in the manufacture. Having such

capabilities could mitigate the risk of failure and also allow for process improvements. Whilst FOS have

been shown to be useful for manufacturing monitoring applications previously, significant limitations remain.
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Those are either owed to the choice of sensor configuration like FOS-FBG [161,162], LPG [163,164] or Fresnel

reflection [165] which all are point-sensors, delivering a value for only very few locations on the component

or the process/material - sensor interaction exploited for monitoring. These typically are based on direct

resin - fiber interaction [162,165] or bending-induced losses within the optical fiber [161,163,164]. The latter

typically only offers an on/off type response and renders the sensor non-usable after the process is complete.

Such a response does not allow a quantified measure for in-mold pressure, fabric compaction or fiber-volume

fraction.

FOS-OBR offer a clear advantage when it comes to surface coverage and they have been applied to liquid

resin manufacturing processes before [153, 156, 166, 167]. They also have successfully monitored the subse-

quent life of a component [168–173].

The emphasis in this research lies on retrieving performance characteristics that inform about the quality

of the employed process in a quantified manner. Thereby giving the manufacturer the ability to change the

process trajectory for the better. This is achieved through a low bend-loss single mode (SM) optical fiber

and exploiting its opto-mechanical properties.

FBG-based FOS have been successfully used to determine transverse loads or pressure more general in lit-

erature [99, 100, 104, 107, 108, 174, 175]. A laterally loaded FOS-FBG tends to develop a second reflectivity

peak with a spectral hole between those peaks [107, 108, 174], see Figure 2.23. Tracking the peaks and

spectral hole allows the derivation of pressure as a function of their shift. The appearance of the second

peak is a result of birefringence [99, 174] in the fiber. This means that the acting lateral load leads to the

two orthogonal polarization modes being affected differently for birefringent fibers (ref. Figure 2.23) and a

specific interrogator, able to capture those modes independently, is required [104, 176]. This is a limitation

given the need for additional hardware (polarization splitter and a second photo detector [176]).

This technique has another major downside when considering industrial application. It requires an extremely

high degree of control on fiber placement and orientation. As the technique exploits the affect pressure has

on the polarization axis, those axis need to be aligned with the loading directions [72,100,103,107,108,174].

Such a level of control will be very difficult to obtain during industrial composite manufacturing and is

therefore not considered further.

Another method proposed by Correia et al. [175] is to coat part of the FOS-FBG’s sensitive region with

pliable material and exploit the axial stretch caused by lateral compression to infer the transverse loading.

This technique does not cause birefringence within the fiber.

FOS-OBR are herein applied to the lateral compaction monitoring of a dry fiber stack. The information

gained from this technique sheds light on the level of compaction, panel thickness, fiber volume fraction and

permeability in a distributed manner. Such parameters could previously not be captured live over a large

area and process quality decisions are now possible online. The compaction process is modelled in Abaqus
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to establish the relationship between fiber-optical measurements and the state of compression within the

fabric. Subsequently, an FOS-OBR sensor is integrated within the mold of a VaRTM manufacturing setup

to quantify the quality of the process.

5.1 Problem definition

5.1.1 Manufacturing

In the most abstract form, a resin infusion process’s constituents are the fibrous reinforcement, the polymeric

resin and a way of pressure application (vacuum and/or positive pressure) and retention to aid infusion and

reduce gaseous entrapments. From a manufacturer’s viewpoint, it is desirable to achieve minimal time and

maximum laminate quality employing the most simple set up. Mathematical treatment of the problem has

lead to involved models [177], however, they still are based around Darcy’s law of flow through a porous

media as in Equation (5.1)

q =
−k

µ
∇p (5.1)

where q is the instantaneous flow rate (process output), k the permeability (property of the reinforcement),

µ the dynamic viscosity (property of the resin) and ∇p pressure drop (process input).

It can be concluded that for a given fiber reinforcement (this definition includes the weave pattern and ply

orientation as permeability is strongly influenced by that) and resin, the flow is proportional to the pressure

differential between the injection pressure acting on the resin pot and the vent pressure (typically atmo-

spheric pressure or vacuum).

Having established that ∇p is the process variable of most importance for the infusion process itself, it is

evident that any integrated manufacturing and health monitoring system has to be able to provide informa-

tion on the pressure levels with sufficient spatial resolution.

The state of the art is to monitor pressurisation at a system level (press, resin pot, resin feed-lines) or at dis-

crete locations (in-mold pressure sensors). Such an approach is at best an indicator and requires the decision

on sensor placement to be made at a very early stage in the manufacturing process design. Using an FOS-

OBR type sensing solution allows one to capture readings across the entire surface of a component and gives

the ability to react to problems occurring late in development or even in an existing production environment.
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5.1.2 Pressure as a main process characteristic

In addition to being the driving force during fiber bed wet out, pressure plays a major role during the

entire manufacturing process. It impacts all major quality characteristics of a composite, like: the laminate

thickness, fiber volume fraction, void content and yarn and fiber alignment [2, 178–182].

The components of pressure within a section of composite during manufacture include: the externally ap-

plied pressure (imparted through the mold or a vacuum bag), which is counteracted by the fabric, injection

pressure at the port and an optional application of vacuum at the vent (Figure 5.1) and their respective

counterforces (omitted in the figure).

Figure 5.1: Loads acting on fabric during manufacture [49].
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910.

Considering all those factors, it becomes evident that the true state within the material is complex and

cannot be reasonably inferred from measurements at a system level or discrete locations. Additionally, the

fabric’s lateral loading is an aspect of composite manufacture which is difficult to measure directly using

conventional pressure transducers.

5.1.3 FOS-OBR based pressure sensing

Rayleigh backscattering based OBR is described in detail in section 2.2.1.2. Equation 2.5 introduced earlier

can be linearly approximated by Equation 5.2, given strains and wavelength shifts are small. This relationship

is exploited further throughout this chapter in order to relate back and forth between physical strains within

the optical fiber and how they impact optical measurements.

∆λ

λ
= ∆ε11 −

1

2
n2 [p11∆ε22 + p12(∆ε11 +∆ε33)] (5.2)

where ∆εn are the 3D-strain components, p11 = 0.113, p12 = 0.252 are the strain-optic coefficients following
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[51] and n = 1.4459 is the Refractive Index [52].

5.2 Compaction model

The ability to predict the FOS output is vital for the implementation and testing of the proposed monitoring

system. Building upon Equation 5.2 the requirement for a 3D strain field within the fiber arises. To obtain

this, a numerical model was set up.

Microsections were used to establish the input parameters for the compaction model. An approximately

25 mm x 25 mm large piece of fabric was embedded in polyester mounting resin (KLEER-SET, Metprep

Ltd., GB) and analysed using a Zeiss Axio Imager.M2m optical microscope. The yarn and fiber dimensions

(Table 5.1) were used to create a corresponding 3D-model of the fabric using TexGen v3.12.0 Fabric Mod-

eller ( [183]). An Abaqus dry fiber file was exported and used for further numerical treatment of the problem.

Table 5.1: Fabric properties

Weave style Fiber Diameter Fibers per yarn Yarn width Yarn height
(μm) (count) (mm) (mm)

4HS satin 9 1300 1.3 0.15

A full characterisation of the compaction behaviour as described by Valkova et al. [184] was performed.

The sample made up of four fabric layers was placed between two self-aligning plates with a diameter of 50

mm. The load exerted on the sample was recorded by a 50 kN load cell fitted to the upper cross-head of

an Instron®5960 universal testing machine and displacements via a Imetrum Video Gauge™. The fitting

parameters a, b, c and d describe the lateral compression behaviour (Equation 5.3) and were obtained us-

ing a problem based nonlinear least-squares optimisation scheme in MATLAB®. The optimisation scheme

was repeated several times starting from predefined parameters and halted upon observing convergence of

parameters. The fit to the experimental data can be observed in Figure 5.2.

E22yarn
= aebVfyarn + cedVfyarn (5.3)
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Figure 5.2: Response to compaction pressure: E22yarn
model compared to experimental data.

This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

This material model was implemented as a user subroutine (based on the work by Valkova et al. [184]) in

Abaqus Explicit (VUMAT) along with a friction coefficient of 0.2 for glass fiber yarns sliding along each-

other, as well as between a yarn and metallic surfaces ( [185,186]). This value was implemented in Abaqus’

contact formulation for tangential behavior.

X
Y

Z

Figure 5.3: Representative volume element of the fabric stack and the optical fiber.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

The fabric model (Figure 5.3) consists of rigid top and bottom plates (not shown in the figure), 32 yarns

(3,400 elements each, type C3D8R) and the optical fiber which is modelled as a glass main fiber (125 μm

diameter consisting of 12,320 elements, type C3D8R, with an assumed Young’s Modulus of 70 GPa and a
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Poisson’s ratio of 0.25) coated with polyimide to a total diameter of 150 μm (6,720 elements, type C3D8R,

with an assumed Young’s Modulus of 2.5 GPa and a Poisson’s ratio of 0.34).

The load is applied through displacement control of the upper rigid plate. The multi axial strain response

within the optical fiber is captured and used as input for the calculations of the predicted wavelength shift

(Equation 5.2). The plotted data (Figure 5.8) represents the envelope for the entire fiber segment modelled.

At small levels of top-platen downward displacement, the expected shift is minimal but it increases once

surpassing 0.3 mm. Overall the trend observed suggests a divergent power-law relationship between the

platen stroke (i.e. level of compaction) and optical frequency shift. The evolution of the compaction process

and associated fabric morphology changes are shown in Figure 5.4. Strain build-up inside the optical fiber

is illustrated in Figure 5.5.

Figure 5.4: Compaction model output showing the displacement of the fiber tows relative to each-other and
the general fabric morphology.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]
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Figure 5.5: Compaction model output showing the evolution of optical fiber strain.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

To confirm assumptions made about the FOS actually being transversely loaded microsections were made

(Figure 5.6). These microsections were focused on the FOS and show clearly how the fiber is held in place

and firmly packed between the reinforcement fibers. This confirms the assumption that the FOS will actually

be compressed laterally only and that all load is locally concentrated directly at the fiber.
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Figure 5.6: FOS embedded in a composite laminate beneath the bottom-most layer confirming assumptions
about lateral compression.

5.2.1 Model validation

To verify the applicability of the developed model, a separate experiment was set up. The FOS was laid

into a serpentine shape, placed underneath four layers of glass fiber fabric (square pieces of 155 mm side

length) and compressed between two stainless steel platen. The top-platen was mounted to a self-aligning

fixture ensuring an even pressure application at a motion-controlled rate of 0.1 mm/min. To ensure proper

contact between the platen and the fabric a threshold counterforce of 10 N was chosen (equals a 1.4e-4 MPa

compressive pre-load). Upon reaching this value, force and displacement readings were set to zero and the

test commenced.
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Figure 5.7: Compaction of a four-layer fiber bed in-between two rigid platen (150 mm diameter) with the
sensor laid out in serpentine.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

Experimental verification of the proposed modelling scheme in Figure 5.8 reveals an offset of about 0.1 mm

towards a greater platen stroke. This can be explained by the small force acting at low levels of compaction

and the resulting uncertainties around the starting point. In the model, contact between the plate and the

fabric occurs by default from the onset. Such contact cannot be guaranteed during experimental testing as

the initial distance between the platen was taken when a threshold force was surpassed. This introduces a

mismatch between the boundary conditions present in reality versus what has been assumed for the model

which is difficult to quantify. In the figure the experimental data has been shifted 0.1 mm towards the left to

accommodate for this circumstance. Additionally, the model generally overestimates the expected frequency

shift. This can be attributed to uncertainties around the true material properties of the optical fiber.
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Figure 5.8: Optical frequency shift derived from the strains derived from the Abaqus model (entire modelled
unit cell) and translated into shift through opto-mechanical equations in comparison to experimental values
measured and averaged across the entire platen area (ref. Figure 5.7).
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

5.3 VaRTM manufacturing monitoring study

To demonstrate the suitability of the presented monitoring technique an actual part manufacturing trial was

performed using VaRTM.

5.3.1 Set up

Building upon the encouraging results obtained by Sanchez et al. [166] and Chandarana et al. [171] using

FOS-OBR systems as a proof of concept, an ODiSI B Interrogator (by Luna Inc., Blacksburg, VA, United

States) is employed to obtain the Rayleigh backscattering signature of a fiber sensor.

Ten layers of the four-harness woven glass fiber fabric were cut to shape and laid into a test panel tooling

(Figure 5.9) by Composite Integration Ltd (Saltash, UK). The mold fills from the resin inlet port at the

left side of the mold inwards. The blue arrow indicates the vacuum outlet with the general resin flow paths

indicated (orange). Once the fabric is laid into the mold it is closed using bolts along the circumference and

ready for resin injection.
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Figure 5.9: Depiction of the RTM mold used for the experiment. (a) the empty mold with the resin
distribution channels at the circumference (black arrows) are highlighted; (b) the fabric laid into the mold;
(c) closed tooling ready for resin injection.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

5.3.2 RTM plate manufacture

A 5 m long section of Fibercore Ltd SM1500(9/125)P was used as FOS. This fiber has a diameter of 125

μm, polyimide coating, a mode field diameter of 9 μm and a numerical aperture 0.15. Previous experiments

showed that this fiber provides consistent results and due to its bend insensitive nature is well suited for

embedding into composites. The fiber was placed on top of the glass fiber stack in a serpentine shape and

held in place by local stitching (Figure 5.10). The sensor was configured to a gauge length of 2.6 mm yielding

962 discrete gauges distributed on the panel. The processed data logging function provided by the LUNA

ODiSI B software package was used to record a strain reading every 0.1 seconds over the entire time of the

experiment. During data processing, the fiber was split into five sections to utilise the information around

local and spatial differences in the measurements. All data post-processing was performed in MATLAB®.
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Figure 5.10: Panel layout (a) indicating the fiber bed (yellow, 500 mm × 500 mm) and the sensor position
(serpentine). (b) The bolts were tightened in a diagonal sequence as indicated for the first 4 bolts.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

The FOS-monitoring was initiated during mold closure to monitor the compaction of the fabric stack. Since

the mold is closed and held closed by manually tightened bolts, slight differences in applied torque lead to

minor differences in the laminate thickness. In order to demonstrate the capability to detect such differences

in compaction levels, the experiment was carried out with deliberate differences in final torque. The bolts

along Section 1 of the fiber have seen the highest torque whereas the bolts situated along Section 5 the

lowest.

A Sicomin SR 8100/SD 8824 Epoxy system was mixed at a 100:22 ratio by weight. It was loaded into a

Hypaject MK III – 6 Litre injection unit by Magnum®Venus Products and heated up to a temperature of

30°C for injection. The vacuum port on the tooling was connected to a resin catch pot and vacuum pump.

The vacuum was maintained below -0.9 bar throughout the injection process. Upon the resin reaching its

final temperature, it was injected into the mold with a positive pressure of 2.5 bar. As the advancing resin

front reached the vacuum line and got sucked into the vacuum hose the connecting hose was pinched using

a hemostat when no more air bubbles were observed in the resin. The injection pressure was held constant

for a further five minutes to ensure complete wet out before being clamped as well and shut off. Heating the

upper and lower plates of the mold to 40 °C commenced the resin cure.

5.4 Experimental results and discussion

In Figure 5.11 the readings of the entire VaRTM process are shown. The data presented is averaged over

ten time samples to remove noise and per fiber section for clarity. As expected the readings start at 0 as
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this was the last Tare applied to the acquisition system. A slight drift can be observed at first which can

be attributed to the mold being physically closed and the stack being brought in contact with the upper

mold half for the first time. Following complete closure, torque is applied to the locking bolts and the fabric

stack is compacted. The fully tightened mold is ready for resin injection. This occurs at around 2000 s

and is marked by a massive jump in amplitude. This large spike can be explained by the sudden change in

pressure conditions within the tool as it changes from being at negative pressure to changing to positive due

to trapped air within the injection unit’s connection hose. This can be pictured as a sudden inflating of an

enclosed, airtight volume.

Upon completion of the infusion process and upright pressurisation without resin flow to allow an even dis-

tribution, the injection unit is shut-off and another baseline shift occurs. From there on the filling process

is complete until the curing step commences at around 5000 s. This is marked by a smooth almost linear

decrease in the optical frequency shift. At this point another tare is recommended in order to monitor the

cure with a common origin. When presented with the view of the entire process in terms of optical frequency

shift the individual process steps stand out owing to their unique characteristics. This in itself renders the

system a great tool for overall process state monitoring.
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Figure 5.11: FOS-OBR frequency shift obtained during the entire RTM process.

Zooming into more of the details and evaluating the readings obtained during the first phases of VaRTM,

additionally illustrates the process quality monitoring aspect of the presented system. Over the course of

mold closure and bolt tightening (Figure 5.12) a linear decrease in frequency shift is observed as predicted

by the Compaction model. The step wise appearance is explained by the fact, that the mold is closed bolt

by bolt leading to plateaus when changing over the allen key.
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Figure 5.12: Measured optical frequency shift observed during the compaction phase.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
https://wwww.tandfonline.com/10.1080/09243046.2021.2001910. [49]

Comparing the five different sections with each-other a roughly 20 GHz gap is present between the final

readings of Section 1 and Section 5, suggesting a different level of fabric compression. The relationship

between stack compression and optical frequency shift is given through the lateral load that is transferred

through the fabric and finally acts on the optical fiber. As such it is corresponding to the tightening torque.

The resulting closing force pushes the upper plate down on the fabric and as a result it is compressed. The

observed differences clearly suggest non-uniform mold closure as a result of inconsistent bolt torque leading

to non-uniform compaction across the panel surface and in consequence to thickness and fiber volume frac-

tion differences.

Post curing the manufactured panel was inspected and its thickness was recorded on multiple locations using

a Deep Throat Micrometer (RS PRO, Range 0 mm to 25 mm). As expected, the thickness varies greatly

across the surface and the distribution correlates well with the obtained FOS-OBR results (Figure 5.13).

Both for the frequency shift and the thickness a mean value was used for correlation.

Whilst it is understood that bolt clamped VaRTM molds are typically only used for small components, these

findings can easily be applied to any given shape and closing mechanisms. This is done by exploiting the fact

that panel thickness is indirectly proportional to the fiber volume fraction of the composite (Equation 5.4

and 5.5). Once a fiber volume fraction distribution is known, employing Kozeny-Carman’s equation provides

the relationship between permeability and fiber volume fraction [187].

Vtotal = Vmold = Vfiber + Vresin (5.4)
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Figure 5.13: Measured plate thickness plotted against frequency shift and panel representation indicating
fiber layout with selected thickness measurements.
This is an ‘Accepted/Original Manuscript’ of an article published by Taylor & Fran-
cis Group in Advanced Composite Materials on 30 Nov 2021, available online:
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5.5 Conclusions

The merit of FOS-OBR sensors as process monitoring devices was demonstrated through rigorous FEM mod-

elling and experimental testing. First an existing model for fabric compaction was adapted for the studied

GFRP and the FOS was added to the composite stack. In a second step the 3D-strain field resulting from

compaction was used to calculate the effect on the optical properties of a fiber. The obtained results were

experimentally validated and a good agreement was observed.

Extending the initial theoretical study of the problem, a manufacturing trial was performed to evidence

the suitability of the proposed technique in an industrial environment. During VaRTM panel manufacture

a fiber sensor was integrated at the mold closure stage and through deliberate variation in applied torque

at certain locations, a non-uniform fabric compression level and part thickness was simulated. It could be

shown that both the entire VaRTM process can be monitored as well as errors can be clearly detected with

the proposed FOS-OBR based manufacturing monitoring technique. Additionally, it was possible to deduce

a linear relationship between panel thickness (or fiber volume fraction) and measured frequency shift. Such

capability can offer deep insights into the quality of the final component at the onset of manufacture with the

ability to react or adjust. The choice of a distributed sensing method allows the determination of the location

and extent of any deviation. Manufacturers then have the ability to take directed action immediately and

avoid defective products.
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Chapter 6

Integrated PM and SHM applied to

representative aerospace components

FOS-OBR has previously been proven to produce high fidelity PM information both numerically and ex-

perimentally (see chapter 5). Building upon the results obtained from a two-dimensional component, an

extension towards more complex structures is presented in this chapter.

6.1 Selection of demonstrators

Modern aircraft are comprised of a myriad of individual parts, with different levels of complexity. Therefore,

to demonstrate the capabilities of the developed PM/SHM solutions on realistic parts, two demonstrators

with different complexities and challenges have been selected in this research. After considering composite

structures that have found widespread use and also are feasible to be manufactured and tested within our

facilities, two elements have been chosen: 1) a tapered flat panel and 2) a C/U-section stiffener.

The tapered panel combines several unique benefits and challenges of composites within a relatively simple

geometry. The fact that a taper resulting from an internal ply-drop off allows the thickness of a structural

element to vary without having to perform any machining is an important one. Inside the composite panel,

the individual plies are still continuous, leading to good integrity. However, when considering manufacturing

processes with enclosed molds the taper can be challenging to manage. This becomes evident when looking

at the cross-section of a typical ply drop-off (Figure 6.1). As the position of the drop-offs is usually depending

on manual positioning tolerances, fraying of the dry fabric, distortion or general misalignment, such areas

are prone to experience lower or higher consolidation pressures, leading to problems during manufacturing.

These include low fiber volume fractions due to lack of consolidation, porosity due to low pressure or dry
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spots due to high pressure. Such local problem areas are ideally suited for localised PM technologies like

FOS. They have large impact on product quality but are spatially rather small and known beforehand. As

such they offer high returns for minimal effort for manufacturers and were chosen for this work.

Figure 6.1: Cross section of a ply drop-off during molding

In addition to the issues around getting such tapers molded correctly and to a high quality, they also are

subject to different loading compared to their surroundings. When considering a simple tensile loading case,

an out-of plane opening load is formed to compensate for the misalignment of acting forces. Such behaviour

is amplified by bending where a force/stress gradient is present in the structure already.

To illustrate the above Abaqus simulations of the tapered panel were performed. The model consists of 3D

elements making up the individual plies and cohesive elements representing the resin layer between plies.

This approach was chosen to show the tendency for delaminations in the taper regions. Figure 6.2 and 6.3

show the opening loads and shear loads acting on the cohesive elements respectively. Note that certain plies

have been removed from the images to reveal high load concentration areas. The panel was subjected to a

central bending load and it was constrained on all four edges to represent a differential pressure load acting

on a typical skin panel in an aircraft fuselage configuration.

Figure 6.2: Abaqus model to show the opening loads on the taper (bottom view, only last ply showing

As can be expected, a crack opening load is present at the taper. Such an out-of-plane load case is not ideal
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for composite structures as it directly subjects the resin holding together the individual plies to high loads.

In itself, this is a manageable scenario as expected by simple analytical calculations. However, considering

that these loads are present in an area of concern from a manufacturing point of view, the superposition of

both warrants additional measures.

Figure 6.3: Abaqus model to show the shear loads on the taper (bottom view, first two plies removed)

The C/U-section stiffener was chosen as the second demonstrator since it represents the geometry widely

used for aircraft frames or ribs. Those are essential structural elements in modern and legacy aircraft alike.

They consist of two flanges separated by a web, joined together by two radius sections (ref. Figure 6.31).

From a manufacturing point of view these simple structures are oftentimes produced using high-throughput

processes like infusion, RTM or press molding. Using a press with die-matched tooling for consolidation

and molding, typically brings up the challenge of selecting a suitable mold opening plane to foster proper

consolidation (Figure 6.4a). This is owing to the fact that the flanges and the web are typically at normal

angles to each-other which makes it hard to enforce consolidation pressure on the vertical faces. When using

vacuum bagging based methods the consolidation of flat sections is less of an issue but the radius section

can become tricky in both male and female tooled configurations (Figure 6.4b). A high fidelity PM tool

would be beneficial for both of these configurations. Due to limitations around the available machinery the

researcher had access to, the RIFT method using a vacuum bagging for resin infusion is used.
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Figure 6.4: Geometrical challenges with stiffener consolidation. a) press molding b) vacuum bag consolida-
tion.

With two representative demonstrators chosen: 1) the flat tapered panel manufactured by a closed mold

process and 2) the C/U-profile manufactured by RIFT, the following sections will introduce the studies

carried out in more detail. First, the manufacturing processes used will be described and the chosen mon-

itoring methodology introduced. After discussing the manufacturing monitoring results, the planned SHM

experiments are put forward. Together, the obtained PM and SHM datasets help in gauging the fidelity of

the FOS-OBR technique for reasonably complex demonstrators.

6.2 Tapered panel (manufactured by VaRTM)

6.2.1 Process monitoring

6.2.1.1 Method

The taper was achieved through a combination of ply drops in the woven fabric and a 3D-printed die that

fits the resulting recess and physically molds the depression. The taper with a 1:30 ratio (1 ply-drop over

a length of 30 times the ply thickness) leaves a central square section of 150x150 mm with a thickness of 1

mm made up of 4 plies and a surrounding section with a thickness of 2 mm and made up of 8 plies. The 3D

printed die was covered with non-porous Teflon® film to ensure easy demolding and secured in place onto

the upper mold using polyimide tape.
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6.2.1.2 Materials

The reinforcement fabric was a 2x2 Twill weave with 210g areal weight made up from 3k ’ProFinish’ carbon

fiber by Easy Composites Ltd (Stoke-on-Trent, UK). The ProFinish relates to a process of stabilization using

an epoxy compatible binder. Binders are commonly used in industrial applications to ease manufacturing

and was therefore included in this study as well. All plies were cut to shape using an automatic ply cutter

and assembled in dry condition under clean room conditions. After stackup, the fabric was ready for the

RTM process for which a Sicomin SR 8100:SD 8824 Epoxy system was mixed. It was prepared at a 100:22

ratio by weight and a Hypaject MK III – 6 liter injection unit by Magnum®Venus Products was used for

injection. To ease resin flow the unit was preheated to 30°C.

6.2.1.3 Setup

As indicated in section 6.1 the taper with associated ply drops requires monitoring throughout the entire

process (ODiSI B by Luna Inc., Blacksburg, VA, United States) to ensure good quality. In order to be able

to compare the taper section with solid parallel sections the fiber needs to be routed such that a large area

of both the 1 mm and 2 mm sections are covered sufficiently. Finally, when considering the future use as a

SHM sensor, the fiber should capture as many different angles as possible to ensure a whole strain field can

be computed. In Figure 6.5 the final layout is presented fulfilling all the above requirements.

Figure 6.5: Layout of the FOS integrated on the top layer of the tapered RTM panel

The flat panel mold and overall setup as described in section 5.3.1 was used for the manufacture of the

tapered panel. In addition, an in-mold pressure sensor (IMPS) with a range of 0 to 10 bar was fitted to
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the mold. The sensor is a ceramic ECT type and provides 0 to 10V output (EL-35-0029 by Composite

Integration, Saltash UK). This allows the tracking of in mold vacuum and pressure at a specific location (see

Figure 6.6a) and will serve as a reference for the FOS-OBR readings.

Figure 6.6: a) RTM mold with the TC and IMPS locations. b) Carbon fiber preform placed inside the RTM
mold with the 3D printed die installed on the top mold halve.

To ensure that the FOS-OBR remains at it’s intended location (ref. Figure 6.5), the fiber was stitched in

place using a circular carpet needle and a Nylon thread (Figure 6.7). As the fiber was superficially placed

on the preform it would be in contact with the upper mold halve once closed. This greatly helps with

protecting the fiber during mold closure and throughout the manufacturing process as the solid and straight

surface of the mold could act as a guide for the fiber and protect it from damage. Since the fiber diame-

ter is small the two circular mold seals were able to form an air-tight mold closure without the loss of vacuum.

Figure 6.7: The preform with FOS-OBR stitched in place before and after the RTM process.

Figure 6.8 shows the true position of the FOS-OBR after manufacturing. The image was obtained through

tracking of the visual fiber path on the SOLIDWORKS CAD package. It can be confirmed that the stitching

indeed was able to hold the fiber in place throughout the process and knowledge about the actual poosition
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is useful for subsequent SHM usage of the FOS-OBR.

Figure 6.8: True fiber trace of the FOS-OBR after the RTM process used for sensor mapping for SHM.

6.2.1.4 Results

The entire VaRTM process was monitored for the whole time using three different sensors: 1) FOS-OBR,

2) the in-mold pressure sensor and 3) TCs. Figure 6.9 shows the measurements obtained using all three

methods.

Overall the process steps are clearly identifiable from the readings of the different sensors. The first step is

the manual closure of the mold and tightening of the bolts (Figure 5.9). This first step of the process is only

visible in the FOS-OBR data and as discussed in chapter 5 is important for the quality of the manufactured

panel.

Upon complete closure, the vacuum supply is switched on. This is clearly visible from the in-mold pressure

readings. The pressure drops very sharply from atmospheric conditions down to a high quality vacuum.

Again, the FOS-OBR sensor is able to pick up this change in the loading conditions within the preform and

the drop in pressure is marked by a further decrease in the frequency shift.

After the full application of the vacuum the supply is switched off to test for the tightness of the setup.

During that time, the injection resin was mixed. Over the course of 40 minutes the vacuum slowly dropped

to 0.6 bar relative pressure. During this phase there is a intermittent gap in the FOS-OBR dataset. This

was due to the fact that data-acquisition was stopped for around 20 minutes whilst preparing the resin for

injection. However, the drop in pressure is clearly visible in the overall trend for that phase.

As the mold was considered sufficiently air tight, the vacuum supply was switched on again which can be

seen from both in the in-mold pressure readings and the FOS-OBR. With a high quality vacuum present

within the mold the setup was ready for resin injection.

The onset of the resin injection is marked by a steep increase of the in-mold pressure up to 3.5 bar, which
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corresponds to the target pressure set on the injection unit. The injection is also visible on the FOS-OBR,

whilst the temperature remained relatively unchanged. This is important as it indicates that the temperature

of the resin was similar to the one of the mold and any changes in the FOS-OBR were purely due to the

resin injection commencing.

Once the mold was completely filled and the resin front reached the vacuum port in the mold, the injection

unit was disconnected and the pressure began dropping again back to atmospheric pressure where it remained.

Again, this process step is also clearly visible in the FOS-OBR data and the in-mold pressure sensor.

After waiting for just over an hour for the curing reaction to start naturally, the temperature of the mold was

increased to above 35°C to accelerate the curing reaction and to understand the effect of raised temperature

on the sensor’s readings. As expected, the TCs and FOS-OBR show the increase in temperature clearly

whilst the in-mold pressure sensor registers an intermittent peak. The cause for this peak could not be

ascertained.
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Microsections were used to establish the intertow fiber volume fractions for the individual taper sections.

Approximately 25 mm long pieces were cut from the panel at the desired locations (ref. Figure 6.12) and

embedded in polyester mounting resin (KLEER-SET, Metprep Ltd., GB). The microscope pictures (Figure

6.10) were made using a Zeiss Axio Imager.M2m optical microscope.

To determine the area between individual fiber tows the image processing tool ImageJ [188] was used to

analyse the microsections. First, a rectangular section of the image is selected and cropped. By choosing

appropriate threshold values, the areas representing the tows can be split from the rest of the image (Figure

6.11 and the pixels counted that make up the tows. Subtracting the area of the tows from the total area

gives the area taken up by the intertow resin. Finally dividing the intertow area by the total image area

gives the fraction. This method admittedly is subjected to uncertainty. This uncertainty stems from the

fact that a single cut surface is analyzed and used as a representative value for a larger area. Also the choice

of threshold values is somewhat subjective. However, the method was deemed as appropriate for the given

purpose.

Figure 6.10: Microsection showing a taper section with the intertow resin and a ply drop-off marked.
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Figure 6.11: Determination of the intertow volume fraction using the ImageJ software [188].

In Figure 6.12 the individual sections are shown with the reported intertow resin fraction value. In total

there are eight individual values, one for each taper section. The values range from 0.11 up to 0.19 indicating

that between 11 and 19% of the image area was resin between the tows. Whilst a definitive explanation for

these differences cannot be given with absolute certainty, it is likely that the die on the top mold-halve (ref.

Figure 6.6) was not perfectly aligned with the corresponding ply drop-offs in the preform. Such an instance

is very common in manual layup processes where slight angle deviations occur and are considered already

at the component design stage.

With the die not perfectly aligned with the recess on the preform resulting from the internal ply drop-off,

different levels of compaction can be expected. The higher the level of compaction, the less space is available

between tows for resin to occupy and vice-versa. Having established this relationship previously in chapter

5, it is expected that the FOS-OBR integrated on the top layer would be able to give insights into the actual

pressure conditions within the tapered sections.
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Figure 6.12: Location of microsections performed with corresponding intertow volume fractions. One possible
root cause for differences observed is the misalignment of the die with the preform (shown exaggerated in
above figure).

The relationship between frequency shift and intertow volume fraction is shown in Figure 6.13. Here the

measured frequency shift is averaged for the length of FOS-OBR that covers the width of the taper and

plotted against the nearest available volume fraction value. A general tendency for a linear relationship can

be seen. This is as expected considering the results obtained in chapter 5.

However, the level of error is higher for the tapered area than it is for the flat panel. An increased level of

error is somewhat conceivable and expected considering the general higher level of complexity and localized

effects on pressure distribution. Further studies will be required to better understand the root cause for the

higher levels of error. Nonetheless, the ability to predict the amount of resin in a taper section is a very

useful tool.
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Figure 6.13: Frequency shift vs. intertow fiber volume fraction for the taper sections.

6.2.2 Structural health monitoring

To demonstrate the ability of the FOS-OBR to monitor the structural health of the manufactured tapered

panel a set of experiments was carried out. They were aimed at simulating load conditions an aircraft com-

ponent would be subjected to throughout its life. This includes static loads and impact loads. For both types

of load scenarios a wooden frame was constructed to support the panel at its edge. The overall dimensions

of the panel were 500x500 mm and the panel was supported over a 50 mm wide section all around leaving

a 400x400 mm section unsupported at the centre. The static loads were simulated by adding masses at the

centre of the panel leading it to bend.

The impacts were focused on the tapered section since this was an area of particular interest. In Figure

6.14 the panel is shown supported on the wooden frame with the tapered section pointing downwards. The

circular artefacts visible on the panel surface are caused by imprint from TCs and the in-mold pressure sensor.
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Figure 6.14: Tapered panel ready for testing, supported on a wooden frame. The white line indicates the
pathlength of the integrated FOS-OBR. IL1 and IL2 indicate the impact locations.

6.2.2.1 Experimental setup

The supported panel with its integrated FOS-OBR was monitored throughout the experiments. For the

static tests, the fiber was connected to the ODiSI B interrogator and data acquisition system (by Luna Inc.,

Blacksburg, VA, United States) and interrogated at 10 Hz.

For dynamic impact monitoring the interrogation frequency was set to 100 Hz.

To establish whether any damage was caused to the panel and for reference purposes, a DOLPHICAM

(dolphitech UK, Cambridge, UK) ultrasonic scanning device was used. The DOLPHICAM offers A, B and

C-scan capability and in Figure 6.15 a stitched scan image of the entire tapered panel can be seen before

impact. The tapers are clearly visible, manifested through their difference in panel thickness. Since the

scanning is a manual process the stitched images are at times slightly angular which does not affect the

overall NDI capability.
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Figure 6.15: C-Scan (amplitude) of the tapered panel in pristine condition.

Similar to the integrity check performed with the DOLPHICAM, a pristine measurement of the FOS-OBR

spectrum was carried out. Whilst this does not provide a live and continuous insight, the spectrum holds

information about the integrity of the sensor and its reflectivity. In Figure 6.16 the entire spectrum is shown

with the integrated section characterised through a wave-pattern. Figure 6.17 is a zoomed-in view of the

same spectrum.

Figure 6.16: FOS-OBR spectrum of tapered RTM panel
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The pronounced wave-like pattern (Figure 6.17) is an artefact of waviness of the integrated fiber. Such wavi-

ness may originate from the ply drop-off sections as well as from the weave pattern of the fabric. They lead

to reflections within the distributed-FOS and where light bounces back and forth. Such artefacts negatively

impact the measurement capability of the OBR system. Possible implications of this condition are: in-stable

baselines, fluctuations and loss of signal over large parts of the sensor. As far as could be ascertained within

this work, the major cause for the difficulties during measurement arise from the peak-matching algorithm

within the OBR software. As signals are still received for sections on either side of the missing part (see

Figure 6.18), this suggests the wave guide is still intact. A cause not related to the physical measurements

itself is suspected for the low measurement fidelity. However, despite the difficulties during measurements,

the dataset obtained still was able to reveal useful SHM data when passed through a five-sample moving

average smoothing operation (Figure 6.18).

Figure 6.17: FOS-OBR spectrum of tapered RTM panel zoomed-in on the integrated section.
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Figure 6.18: A sample FOS-OBR measurement obtained during an impact at IL1 showing the original signal
with gaps, the smoothed signal using a five-sample moving average and both of them overlaid.

6.2.2.2 Static load monitoring

Static, or quasi-static loads occur in structures during their regular and intended use. For an aircraft those

are e.g. pressurization of the cabin, cruise flight loads, on-ground loads due to the lack of lift on the wing,

etc. To show what insights an integrated FOS-OBR can provide, a set of five non-damaging loading and

unloading cycles are carried out.

The tapered panel was resting on the wooden frame (see Figure 6.14) and weights were added to the central

part of the panel, where its thickness is lowest (comparable to the simulated load case in section 6.1). Three

different weights (0.9 N, 2.7 N and 25 N) were applied in ascending order (0.9 N to 25 N) and then again in

descending order (25 N down to 0.9 N) yielding five measurements.

Figure 6.19 shows the obtained average frequency shift (averaged over the entire panel surface). The five

distinct regions away from the baseline correspond to the loading cycles. Besides a linear increase in average

frequency shift with increasing load (see also Figure 6.20) a slight long term baseline shift can be observed.

The LUNA ODiSI B’s handbook mentions a temperature gradient as a possible root cause for this slight,

highly linear shift. As established earlier (see section 4.3.3.3) embedded FOS-OBR are sensitive to changes

in panel temperature. This can be compensated for by establishing a temperature compensation method

(ref. section 2.4.3.3).

Overall, static loads are clearly and reliably captured qualitatively and quantitatively by the integrated
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FOS-OBR. This feature could be used for strain-based damage detection methods (section 2.2.1).

Figure 6.19: FOS-OBR static load monitoring.
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Figure 6.20: FOS-OBR static load monitoring - linear fit.

When considering a reading taken whilst the panel was loaded with 25N (see Figure 6.21) one can identify

repeatable features within the data. These can be directly linked to the local FOS routing. The large positive

peaks are related to the relatively sharp bends occurring at the centre of the tapered panel, whilst the wider

peak sections are the peripheral bend areas. Besides the spatial information from the FOS-OBR system

itself, these data features can be used to locate and contextualize any measurement obtained.
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Figure 6.21: Frequency shift plotted along the length of the embedded fiber whilst loaded with 25N. Refer
Figure 6.8 for orientation.

6.2.2.3 Impact damage creation

Despite their detrimental effects on structures, impact events occur relatively frequently in the life of aircraft

and a good understanding about the effect they have is crucial. Lab testing methods make use of an impactor

that hits the structure with a defined weight and velocity. In this case, a mass of 2.6 kg was dropped from a

height of 815 mm and guided by a pipe to ensure control over the impact location. The part of the impactor

that hit the panel had a pointy tip with a radius of 10 mm.

In total two impacts were performed at the locations shown in Figure 6.14. After every impact, C-Scans

were performed to evidence any damage that occurred on the panel. In both cases the impact location was

visually detectable (Figure 6.22) indicating the energy level was above the level one would expect to see for

BVID events. However, the goal for this study was to understand whether impact events can be successfully

detected with the integrated fiber.
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Figure 6.22: Visible impact damage at the first impact location.

6.2.2.4 DOLPHICAM damage assessment

Figure 6.23 and 6.24 show the amplitude and Time of flight (ToF) results obtained by the DOLPHICAM

for the first impact. A cross-shaped damage pattern is visible following the 0/90° fiber angle of the woven

carbon-fiber fabric used to manufacture the panel. What is important to note is that the damage is much

larger on the DOLPHICAM images than it is visually. This is a major issue and typical for composites as

it means even if damages appear small, they could be much larger within the laminate.

Figure 6.23: DOLPHICAM amplitude C-Scan image of the first impact location.
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Figure 6.24: DOLPHICAM ToF C-Scan image of the first impact location.

Figure 6.25 and 6.26 show the damage resulting from the second impact. Whilst the impactor had the same

mass and was dropped from the same height as the first impact, the resulting damage is much larger. In

this instance the panel was physically damaged such that the laminate completely broke and one could see

light passing through the crack from one side of the panel to the other.

Figure 6.25: DOLPHICAM amplitude C-Scan image of the second impact location.

Chapter 6. Integrated PM and SHM applied to representative aerospace components 158



6.2. Tapered panel (manufactured by VaRTM)

Figure 6.26: DOLPHICAM ToF C-Scan image of the second impact location.

6.2.2.5 FOS-OBR strain-based impact detection method

Strain-based SHM methods have been described in section 2.2.1. In the current setup it is expected that the

presence of damage will locally affect the strain field that is measured on the FOS-OBR [77].

The LUNA ODiSI-B interrogator was connected to the integrated FOS-OBR and used to monitor the impact

events at a maximum acquisition rate of 100 Hz. In Figure 6.27 the frequency shift is plotted for the entire

length of the integrated FOS-OBR. The data included reflects three timestamps: 0.4 s and 0.2 s prior to the

impact and one selected exactly in the instance the impact event occurred. The data at timestamps before

the impact serves as a reference state to compare against. It can be seen that there is not any discernable

difference between them, confirming their usefulness as reference data.

Considering the readings obtained at the time of the impact, a large negative peak can be observed just

before 1.5 m of FOS-OBR. This point coincides perfectly with the impact location (Figure 6.14) and clearly

indicates that an impact had occurred.

Whilst it is useful to detect an impact event as it happened, it may sometimes be the case that this moment

is not directly captured. This may be due to a lower acquisition rate being used or the inspection of certain

areas is performed only periodically and not concurrently. In such a case, the presence of a significant dam-

age should be found as well. For this purpose the measurements presented in Figure 6.28 are included. As

before, the graph shows the frequency shift plotted against the integrated length of the FOS-OBR. Again,
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two timestamps are shown: 1) several minutes before the impact and 2) several minutes after the impact

event had occurred.

Figure 6.27: Frequency shift response obtained at IL1 during the impact event and immediately prior to it.
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Figure 6.28: Post-impact permanent strain profile change as a result of the impact damage at IL1.

Figure 6.29: Frequency shift response obtained at IL2 during the impact event and immediately prior to it.
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At a length of roughly 1.45 m a large negative peak accompanied by a smaller, second negative peak at 1.55

m mark the location of the impact clearly. When comparing the data to the pristine state before the impact,

a clear distinction is possible and the presence of damage can be confirmed. Again, when comparing the

position with the FOS-OBR layout in Figure 6.14 a very precise defect localization is enabled.

Analyzing the data collected at IL2, a rather similar result was obtained. Figure 6.29 shows the dynamic

response with measurements taken 0.4 s and 0.2 s before the impact and one set whilst the impact occurred.

As discussed earlier (Section 6.2.2.6) the second impact lead to fiber breakage and therefore the dataset

obtained during the impact, has no more data after roughly 0.8 m of integrated path length.

The fact that no more data can be collected beyond a certain point is a clear indication of a major damage

event. When considering the FOS-OBR layout in Figure 6.14 the predicted damage location again perfectly

coincides with IL2’s actual location. This once more confirms the excellent damage detection and localization

ability of this monitoring system.

A suggestion to make for a future implementation would be to route the fiber in and out of the component

to be monitored. This is in opposition to terminating the fiber inside the component as done here. With a

free fiber end at the fiber ingress and egress gives access to the embedded part of the fiber from two sides.

Having two fiber ends would then allow the interrogation of both parts individually should a fiber break occur

within the panel as a result of damage. Referring to the method described above (see Figure 6.28), where

the permanent post impact strains are used to confirm damage, that method could aid in distinguishing

between actual structural damage and damage only to the FOS-OBR.

Important remarks: The data in Figures 6.27, 6.28 and 6.29 has been smoothed with a five sample window

moving average wherever indicated. This was necessary to calculate missing values caused by fluctuations

(Figure 6.17). Both in Figures 6.27 and 6.29 a large positive peak is visible near the impact location. This

is due to the impact apparatus resting on the panel and causing it to bend slightly.

6.2.2.6 FOS-OBR spectrum-based impact detection method

Besides establishing a damaging impact based on the FOS-OBR strain profile, the integrated fiber can also

be used to analyse the spectrum. Figure 6.30 shows the spectrum of the same integrated distributed-FOS

as in Figure 6.16 after the tapered panel had sustained an impact causing catastrophic damage (Impact 2).

During that damage event the fiber was broken with parts of the fiber no longer connected to the OBR

system. What is remarkable, however, is the ability of the intact piece of fiber to still produce useful in-

formation. Firstly, as can be seen from the difference in overall length of the fiber, the location of fiber

breakage can be clearly established. As the path of the fiber is known and mapped the location of the newly

”terminated” fiber gives a precise damage location (see Figure 6.14).
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Secondly, the intact fiber can still be used as a monitoring device and therefore provide useful insights into

the progression of the now present damage to the panel. To the knowledge of the author, such a capability

has not yet been reported for OBR-based SHM systems. This is significant as most other monitoring systems

would immediately fail in the case of a broken link to the sensor. However, given the distributed nature of

OBR strain monitoring, the entire fiber acts as a sensor and thereby enables the above mentioned capability.

Figure 6.30: FOS-OBR spectrum of tapered RTM panel after the large mass impact.

6.3 U-beam resin infusion

One major benefit of composites is the ability to directly mold complex three-dimensional structures without

the need for secondary forming. This allows for integral components, i.e. reduced part count. Additionally,

plate-like components are frequently reinforced using stiffeners. Such stiffeners come in different shapes with

the most frequently used being C/U-,Z- and Omega-profiles. The stiffeners and reinforced plates are typi-

cally produced separately and later on bonded or riveted together. Given the importance of such structural

elements in aircraft construction and challenges of their manufacturing (e.g. porosity, resin dry areas in

particular in curved corners), the second demonstrator considered in this research is a C/U-section profile

which is manufactured and monitored with the proposed PM-SHM system.
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Figure 6.31: Comparison of typical stiffener shapes: a) C-profile, b) U-profile, c) Z-profile, d) Omega-profile

To manufacture such a stiffener it is required to choose a molding process that is capable of delivering the

chosen shape and allow for vacuum application and resin wet-out. Both RTM and resin infusion processes

are able to deliver those prerequisites. However, given the complexity of an RTM mold and associated costs

and lead-times, the classical RIFT was chosen. The next sections provide more detail on the setup and work

undertaken.

6.3.1 Method

An aluminium mold was first manufactured using an off-the-shelf U-profile. This was machined using a

radial end-mill to shape two 6 mm radius fillets. These are required to allow the material to drape around

the corners and avoid fiber damage. The entire mold is 1.4 m in length out of which 1.2 m are usable for

manufacturing. Before every molding cycle a coat of mold release (227CEE, Marbocote Ltd.) is applied

to the aluminium surface to allow easy demolding after the resin has cured and the stiffener is completed.

The FOS-OBR sensor is applied directly to the mold using small drops of UV curing adhesive (UV683,

Permabond). This secures the fiber and ensures a small pre-tension. Four layers of four-harness satin wo-

ven glass fiber fabric are laid up on the mold and FOS in a 0/90 sequence is applied. The entire stack is

covered with one layer of peel-ply and flow medium each. In the final step before infusion a vacuum bag is

constructed around all the above.

The vacuum bagging for resin infusion in general and when PM in particular requires specific attention.

As indicated in Section 5.1.2 the pressure acting on the fabric stack has a significant impact on the quality

and mechanical properties of the final composite. Additionally, it plays a major role in driving the resin

through the porous fiber bed to wet out the fabric and form the matrix holding the reinforcement in place.

It is therefore important to achieve a properly sealed vacuum bag before commencing with infusion. The

FOS sensor, however, requires connection to the LUNA data acquisition system and therefore needs to lead

through the vacuum bag in a way that neither affects the vacuum levels inside the bag, nor causes damage

to the FOS. This was solved by applying a strip of polyimide tape on the FOS. The tape holds the fiber in

place, guides it along the mold and by firmly pressing it down onto the fiber sideways ensures that there is

no air-way. The tape also fulfills a fourth goal, namely protecting the fiber from getting stuck on the tacky

Chapter 6. Integrated PM and SHM applied to representative aerospace components 164



6.3. U-beam resin infusion

tape and risking damage to the FOS during removal of the vacuum bag and sensor cable retrieval.

Figure 6.32: FOS vacuum bagging egress

Figure 6.33: Cross section of the stiffener mold showing FOS location and vacuum bagging strategy

6.3.2 Process monitoring

In an initial production run, weaknesses of the manufacturing technique and geometry are revealed and a

suitable monitoring technique is chosen. Figure 6.34 highlights the main problems occurring in the radius.

Two main types of errors are observed: porosity and dry spots due to lack of resin. This means that any

monitoring technology used needs to allow for presence in the radius section (Figure 6.35). Due to its flexi-

bility and small footprint FOS-OBR are chosen for this study.
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Figure 6.34: Manufacturing defects found in an initial production run

Figure 6.35: Location of the FOS-OBR in the U-beam.

6.3.2.1 Materials

The beam section was made up of four layers of four-harness woven glass fiber fabric. The fabric was cut into

individual plies with 500 mm length and 145 mm width. The beam was laid up with butt-splices between

the individual layers which were ensured to be no closer than 25 mm of each other. This ensures a uniform

thickness and good mechanical properties.

A Sicomin SR 8100/SD 8824 Epoxy system was prepared at a 100:22 ratio by weight and put in a large paint

mixing bucket ready for infusion. The infusion setup comprised of a 6mm polyvinyl chloride vacuum hose

that connects the resin reservoir to the vacuum bag’s inlet. From there the resin enters a resin distribution

spiral which delivers resin across the entire cross section of the beam. The fabric is covered with PP180
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polyester peel ply and FM100 infusion mesh to facilitate a quick infusion process. Vacuum is drawn from the

other side of the beam through a microporous vacuum line (MTI hose) which ensures a complete infusion by

not blocking the vacuum line with resin prematurely. All of the mentioned materials were purchased from

Easy Composites (Stoke-on-Trent, UK).

6.3.2.2 Setup

To capture the progression of the resin flow along the beam’s extrusion direction (1.2 m) two cameras were

used. They were set up on either side of the mold at an elevated downward facing position such that all

surfaces could be captured. The peel ply was equipped with tracer lines which were oriented perpendicular

to the extrusion direction of the beam and used as a reference for flow front propagation.

The LUNA OBR system was setup with a gauge length of 2.6 mm and the previously mounted FOS-OBR

had a total length of 8 m out of which 5.5 m are integrated within the beam. It was interrogated at 10 Hz

continuously throughout the entire process with a tare performed just before vacuum application.

Throughout the infusion the vacuum pressure was measured using a dial vacuum gauge attached to the resin

catch pot at the vacuum side of the setup.

Figure 6.36 and 6.37 show the flow front progression at equally spaced timestamps as captured by the camera.

Initially the flow front progresses very fast until its speed stabilizes at around 3 minutes into the process.

When observing the saturation of color in the infused areas, a section at the flow front with brighter color

becomes evident. This represents the flow front position within the infusion mesh which is dissimilar to the

position within the glass fiber fabric. Upon comparing the videos obtained from the left and right side a

uniform flow progression is observed, indicating a good and uniform resin feed rate and permeability within

the fabric, peel ply and flow media setup.
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Figure 6.36: Infusion filmed from camera left at selected timestamps
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Figure 6.37: Infusion filmed from camera right at selected timestamps

After completing all the preparatory steps and setting up the cameras for flow front monitoring, the infusion

process was initiated by applying vacuum to the bag. The FOS-OBR measurement results are presented

below in chronological order as the infusion process progressed. The data plotted in Figure 6.38, 6.40, 6.41

and 6.43 is averaged along the entire length of the relevant section. This has been validated by comparing

readings across several spanwise sub-sections where no notable difference in relative amplitude, gradient or

presence of individual features has been observed.
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As observed in previous experiments and modelling, upon vacuum application a lateral force acts onto the

fiber leading to diverging amplitudes of frequency shift (Figure 6.38). The frequency shift reaches a plateau

at roughly 22s indicating the bag’s vacuum levels have reached a stable value. Sections 1 and 2 (ref. Figure

6.35 to locate the individual sections) show normal behaviour, whereas Sections 3 through 5 show a sinusoidal

wave-like pattern with increasing amplitude which begins at around 10s in the process and only stabilizes

after 35s. The readings obtained from Section 4 and Section 5 are in phase with different amplitudes, how-

ever, the measurements on Section 3 are shifted by half a period. The cause for this unusual artefact could

not be established at this point. One possible explanation could be that a small leak within the tacky tape

had formed, which under specific vacuum conditions would have closed and reopened until it finally closed.

A second possibility was the formation of a pocket within the vacuum bag that was disconnected to the main

bag (e.g. a crease in the bag due to tension whilst the bag settles, see Figure 6.39) and had a different level

of vacuum. Once a certain level difference was surpassed that pocket would connect and disconnect again

from the main bag to equalize the pressure. Regardless of what was the cause, a stable and high quality

of vacuum is important for a quick and high quality infusion process. Having confirmed that, the infusion

could be kicked-off.
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Figure 6.38: OBR readings obtained during vacuum application to the U-beam (each section averaged over
entire length).
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Figure 6.39: Picture of a crease in the U-beam’s vacuum bag which may be the cause for fluctuations picked
up by the FOS-OBR.

Once the desired vacuum level was reached the epoxy infusion resin which was previously weighed and set

aside was mixed thoroughly using wooden spatulas ensuring no visually detectable air bubbles were formed

or entrapped in the resin. This made a degassing step after mixing obsolete and saved time. In order for

infusion to start the hose on the resin side had to be opened. This lead to an intermittent loss of vacuum

which can be clearly identified in the corresponding OBR readings (Figure 6.40). Upon dipping the open end

of the hose into the resin, vacuum levels quickly rise and reaching peak levels again, repeating the sinusoidal

pattern in the same manner as it did previously. From that onward the infusion progressed normally for 200 s.
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Figure 6.40: OBR readings obtained during the early stages of infusion (each section averaged over entire
length).

After approximately 500s a kink that formed in the resin supply hose (Figure 6.42) was noticed. An attempt

was made at correcting it using a set of tweezers to restore the original diameter and straight routing. Such

a kink could limit the resin flow and lead to different pressure conditions within the bag. This condition is

potentially harmful to the process as it slows it down and when using fast reacting resins, this could lead to

unsatisfactory mold filling and premature onset of the curing reaction.

The kink and the rectification attempts are clearly visible in the corresponding OBR measurements (see

Figure 6.41) rendering the system as an excellent capability to detect such conditions at the instance they

occur. Such a phenomenon would be impossible to capture using a vacuum monitoring only. The impact

the kink had on the OBR readings is most prominently visible for Sections 3 through 5 (ref. Figure 6.35 to

locate the individual sections). It manifests itself in a large shift of the baseline indicating a change in the

lateral compression conditions. This can be expected given the fact that the kink serves as a seal on the

resin side, leading to the vacuum levels in the already infused section approaching that of the resin catch pot

as opposed to the levels at the resin port, i.e. atmospheric pressure. As can be seen in the OBR readings

the kink was fixed for a short while until it appears to have formed again to a lesser extent at around 780s

in the process.
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Figure 6.41: OBR readings obtained during noticing and correcting a kink in the infusion hose (each section
averaged over entire length).

Figure 6.42: Kink in infusion hose

Towards the final stages of the infusion process the readings stabilize (Figure 6.43). This is due to the

advanced flow front reaching the vacuum line and therefore leading to almost atmospheric pressure condi-

tions inside the bag. Nonetheless, minor handling operations are visible in the OBR data through baseline

shifts and changes in fluctuation amplitude. Such minor processing artefacts are impossible to monitor using

vacuum gauges or pressure transducers.
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Figure 6.43: OBR readings obtained during the final stages of the infusion process (each section averaged
over entire length).

6.3.3 SHM study on U-beam

6.3.3.1 Setup

To evidence the benefit of having the FOS-OBR integrated into the component for SHM, a three-point

bending experimental setup was devised. Since the U-beam was too large for a standard Universal Testing

Machine, a hydraulic press equipped with a FUTEK LLB400 button load cell was used for load introduction

(Figure 6.44). The beam was supported using 200 mm long machined wooden blocks on both span-wise

ends.

To avoid excessive localized bending of the web caused by the relatively small diameter (8 mm, see insert

on Figure 6.44) of the button of the load cell, a 50x50 mm aluminium plate with a thickness of 1.5 mm was

bonded to the U-beam.

During initial trial runs it was also noticed that the U-beam bent excessively which lead to the beam lifting

away from the wooden support blocks at the edges (a gap of up to 10 mm was observed). This changed the

boundary condition to a pin at the wooden block’s edge closest to the center of the beam. A C-clamp was

used to clamp the beam vertically with a 75 mm wide wooden plate to protect the beam. This intervention

ensured that a longer section of the beam was in vertical contact with the wooden blocks and more closely

resembled a clamped condition.
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The load cell data was acquired at 100 Hz with a FUTEK IHH500 Digital Display connected to a laptop

running the SENSIT Test and Measurement Software. The FOS-OBR was interrogated using the LUNA

ODiSI-B at a rate of 10 Hz.

Figure 6.44: Three-point bending experimental setup for U-beam.

6.3.3.2 Load monitoring and damage detection

With an overall length of 1.2 m and two 200 mm wide wooden blocks acting as supports, the span-width of

the beam was 800 mm. Any loads were applied along the medial z-axis of the beam (Figure 6.45).

Loads of up to 100 N were introduced by increasing the pressure on the hydraulic press with the handle. This

meant that after every pump-action the load remained unchanged for a few seconds until the next pump

stroke was performed. A step-wise load increase is the result of this circumstance.

Decreasing load gradients could be achieved by opening a valve on the press. The gradient could be some-

what controlled by how far the valve was opened. Despite the high level of required manual control, the

maximum load could be repeatably reached with less than 1 N of accuracy.

In Figure 6.45 the artificially created damages can be seen. Two types of damages were introduced: cut slots

and drilled holes. They were created successively as the ballooned number indicates. At first a 20 mm long

and 2 mm wide slot was cut on the right flange, 120 mm away from the centre in the positive y-direction and

16 mm below the web. Secondly, a 25 mm long and 2 mm wide slot was cut on the web, 150 mm away from
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the center in the negative y-direction and 10 mm away from the center in the positive x-direction. Lastly,

a 3 mm hole which was then opened up to 8 mm diameter was drilled into the web, 80 mm away from the

center in the positive y-direction and 10 mm away from the center in the negative x-direction.

Figure 6.45: Damage location and sizes in the order of damage creation (1 thru 3).

At first, three pristine loading and unloading cycles were performed. The data collected during these cycles is

used as an undamaged reference state. Additionally, in this experiment the overall load monitoring capability

of the integrated fiber became evident. In Figure 6.46 the frequency shift observed in the web and one of

the flanges is plotted. For reference, a simple representation of the beam’s setup is shown as well. This

representation is to scale and three distinct sections are clearly marked. Going from left to right, they are:

left support (200 mm width), the load introduction point with its 50x50 mm Aluminium plate and the right

support (200 mm width).

Analyzing the corresponding frequency shift data plotted above and below the beam representation, these

three distinct sections (2x support and load introduction) are clearly identifiable as they empose a unique

strain profile. Another observation to make is the magnitude of the frequency shift. The black solid line is

the data captured at 10 N external load whereas the blue dashed line is captured at 20 N. In both the web

and flange areas this doubling in load resulted in a doubling of the magnitude of frequency shift.

Finally, the opposing sign of the frequency shift highlights the obvious fact that whilst the flanges experience

tensile strain, the web is in compression.
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Figure 6.46: Load monitoring with integrated FOS-OBR. The load introduction and support geometries are
clearly recognizable from the data.
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With the reference data collected, the experiment continued with the introduction of the artificial damage.

After such a damage was introduced another loading and unloading cycle was performed and the data col-

lected is compared to the pristine state.

The first slot, located in the flange was not discernible from the strain data. Since the flanges are un-

der tensile loading (ref. Figure 6.46), the longitudinal slot’s presence does not impact tensile mechanical

properties in a significant manner. Unfortunately, since the fiber could not be compromised by performing

perpendicular cuts, the longitudinal slots were the only artificial damages possible.

The second slot was cut into the web of the U-beam. In Figure 6.47 the in-plane buckling that occurred

during the three-point bending can be seen. Several local valleys and peaks are visible with a half-length

of roughly 85 mm. This buckling is responsible for the relatively good damage detection capability on the

web. Since the cut in this configuration does affect the local shear-modulus of the U-beam, the presence of

the damage can be detected (see Figure 6.48 and 6.49).

Figure 6.47: In-plane buckling observed on the web of the U-beam during three point bending.

Figure 6.48 shows a zoomed-in view on the section surrounding the cut on the web. The three black solid

lines represent the pristine data, whereas the red dashed line is data collected with the slot present. A local

increase in frequency shift of 20% is noted. When considering the length of the slot shown to scale in Figure

6.48 it is obvious that not only is the presence of the damage clearly highlighted, but also its size. When

mapping the fiber’s length on the structure it is also possible to determine exactly the position of the slot.

Having such detailed information about a damage is crucial for a high-fidelity SHM-system.
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Figure 6.48: Location of the 2nd cut clearly visible on the frequency shift versus length graph (the three
pristine lines are repetitive experiments to show repeatability).

The current frontier of SHM is the determination of remaining useful life of a component. This requires

knowledge about the impact a damage has on the load-bearing capability of a structure under investigation.

Figure 6.49 reveals, that FOS-OBR can deliver useful information about the load-bearing capability as well.

The data plotted in Figure 6.49 is the mean frequency shift over the affected area, identified in Figure 6.48

against the applied load. The black crosses (+) represent the pristine data, whereas the red circles is the

dataset with the damage present.

In both cases, the load increases linearly initially up until 80 N for the pristine case and 60 N for the

damaged case. After the linear increase, the frequency shift’s gradient changes signs, indicating the local

strain switches from compressive to tensile due to the onset of buckling (Figure 6.50).

Since buckling conditions typically are not desired in engineering structures the reduction in the onset load

can be interpreted as a reduction in the structure’s load-bearing capability. This is a unique and highly

valuable insight into the structural health of a component.
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Figure 6.50: Effect of 2nd cut on the buckling behaviour of the U-beam.

Despite the success in detecting the slot in the web it is important to also highlight limitations owing to this

SHM method. It was noted earlier that the first slot could not be detected. Similarly, the presence of the

hole could not be identified from the FOS-OBR data. This is again due to the fact that the hole does not

affect the local strain field. Figure 6.51 shows the web still buckles as previously noted (ref. Figure 6.47).

The area around the hole can be seen unaffected and conforming entirely to the local strain field.
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Figure 6.51: Effect of drilled hole on the buckling behaviour of the U-beam.

6.4 Conclusions

So far, the FOS-OBR PM technology has been applied only to 2D structures. In this section, the application

on a fairly complex and representative structure has been shown. The monitored U-beam had a length of

1.2 m, relatively tight corner radii (6 mm) and both the web and flanges measured 50 mm in length.

The manufacturing was monitored with an FOS-OBR from the earliest process stages onwards. During the

RIFT infusion process, the sensor provided insights into the vacuum conditions within the bag. Besides other

artefacts, the most notable discovery was the ability to detect a kink that formed within the resin feed-line.

Such a kink restricts the flow of resin and affected the fabric compaction. After manually intervening, the

kink was rectified and the success of this action could be verified from the FOS-OBR readings. This is a

significant improvement over legacy technology as it would be impossible to detect such a condition otherwise

and the component would display inferior quality.

After the resin cure was complete the fully sensurized beam was immediately ready for its use without the

need to install further sensing hardware. To simulate in-service loading conditions a three-point bending set

up was used. Bending loads of 100 N were applied to the centre of the beam causing it to bend and buckle.

The FOS-OBR allowed the monitoring of all of these phenomena with a dense spatial resolution.

In a final step, artificial damages in the form of slots and holes were introduced. The goal was to understand

whether the presence of such damages could be detected with the FOS-OBR. Only one of the slots could

successfully detected whereas the other slot and the holes remained undetected. This highlighted the fact

that for reliable degradation monitoring, the effect a potential damage has on the structure needs to be
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known before implementing SHM solutions. In the shown case, only the slot on the web affecting the local

buckling response was detected. Remarkably, however, once the defect was identified, both the exact location

and length of the slot were visible in the strain response with high precision.

Considering all the above in conjunction, two main conclusions can be drawn: 1) the FOS-OBR can suc-

cessfully be integrated into complex structures and deliver useful information and 2) the system needs to be

selected with great care to ensure it is sensitive enough for the conditions of interest.
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Chapter 7

Development of novel sensing

elements for integrated PM and SHM

7.1 Flexible printed strain gauges and crack detectors

This section is based on the publication by Buchinger, Sharif-Khodaei and Aliabadi [139].

Advances in wearable electronics and soft electronics have lead to the development of novel manufacturing

techniques for electronic circuitry. The work presented in this section is inspired by a publication from

Valentine et al. [138] and an attempt is made to utilize the unique properties of the flexible printed devices

for PM and SHM.

At first multifunctional inks are developed that can be successfully printed using an available 3D-printer.

The ink has to fulfill several unique requirements: 1) bond well to the substrate to be printed on, 2) have

good electrical conductivity to ensure high measurement fidelity and 3) must not short-circuit when printed

onto electrically conductive substrates, like CFRP.

After testing the ink on several substrates (including thermoplastic composites, which are particularly chal-

lenging to bond to) and printing increasingly complex sensing devices, limitations with the existing printing

equipment became evident. A novel sensor application workflow and process is developed based on a robotic

arm.

The complete system (ink and robot-based 3D-printing) is finally demonstrated by directly printing sens-

ing devices onto a tensile test specimen. Strain sensing and damage detection capabilities are shown in a

mechanical test.
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7.2 Development of multifunctional inks

In order to print any matrix material, its viscosity needs to be reduced to low enough levels to allow dispens-

ing. Viscosity can either be reduced by melting or by dissolution in a solvent. In this work the main matrix

material is BASF Elastollan BCF 35 A12 P TSG which is a thermoplastic polyester-polyurethane (TPPU).

This material comes in roughly 2 mm diameter granules, has excellent mechanical properties (refer Table 7.1)

and exhibits a high degree of elastic stretch. In order to create devices from this material two different types

of ink are required. One that is loaded with silver flakes to make it conductive and one that is neat TPPU.

The silver flakes had a purity of 99.95% with an average particle size of 2-5 microns and were produced

by Inframat Advanced Materials (Manchester, CT 06042 USA). To derive a printable ink the TPPU was

mixed with the solvents dimethylformamide and tetrahydrofuran. Mixing was enforced by using a magnetic

stirrer inside an airtight container placed on a stirrer plate. The silver particles for the conductive ink were

added in a later stage at which all the TPPU granules were fully dissolved. Again, a magnetic stirrer was

used to disperse the silver particles. A proper dispersion is hard to quantify and therefore a relatively long

stirring time of roughly 18 hours overnight was chosen. Both the initial dissolution of the TPPU as well as

the dispersion of silver particles was done at room temperature.

Table 7.1: Material properties of BASF Elastollan BCF 35 A12 P TSG [189]

Property Value Unit Test method according to
Hardness 37 Shore A DIN ISO 7619-1 (3s)
Density 1.18 g/cm³ DIN EN ISO 1183-1-A
Tensile strength 20 MPa DIN 53504-S2
Elongation at break 1050 % DIN 53504-S2
Tear strength 36 kN/m DIN ISO 34-1Bb
Abrasion loss 135 mm³ DIN ISO 4649-A

7.3 Sensor design process

In order to quantify the ability of such a sensing device to reliably function in PM and SHM scenarios

two types of sensing devices were derived: 1) strain gauges for standard strain measurements and 2) crack

detectors to identify damage and track its progression (see concept in Figure 7.1). An important design

feature for those sensors is the smallest reliably printable width of a conductive wire. This dimension is

dependent upon the final viscosity of the ink, the nozzle diameter and printing speed. These three parameters

need to be optimised.

For resistance based applications where strains or cracks are detected based on strain readings, an extra step

is required when used in conjunction with carbon fibers. Since CFRP are highly conductive, the silver ink
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cannot come in direct contact with it. Therefore a layer of insulating neat TPPU ink is needed to form the

interface to the CFRP.

Figure 7.1: Illustration of the basic concept of a flexible strain sensor and crack detector.

7.4 Sensor manufacturing

A major limitation with prefabricated sensors is their inflexibility when it comes to adjusting to complex

part geometries which are typical for aircraft composites. This inflexiblity stems from two facts: the sensing

elements are brittle (PZT see Figure 7.2 and many FOS) and the wiring needs to cover great lengths requiring

extensive wire management, or worse, drives up weight. In order to solve this problem, 3D printing of both

the sensor and wiring directly onto components is selected. To achieve this, the dispensing nozzle needs to

be mounted to a system that is capable of moving in at least three dimensions. In this work experiments

were carried out on two different systems. One being a custom made high precision 3D printer, the other

being an off the shelf robotic arm. They are presented in more detail below.

Figure 7.2: Illustration of PZTs cracking due to brittleness

7.4.1 High precision 3D printer

The printer (Figure 7.3) was designed and built by Raza et al. [190]. For the purpose of the presented work

only the continuous direct write nozzle was used. It is connected to a Nordson EFD Ultimus™ V dispensing
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unit and controlled by a National Instruments™ LabView program. A textfile containing the subsequent co-

ordinates of points to cover is provided to the software which then issues move instructions to the x,y,z-stages.

Figure 7.3: Custom made high precision 3D printer

Figure 7.4: Nordson EFD Ultimus™V dispensing unit

Whilst in theory this printer is capable of moving in all three axis at the same time, the relatively small

printing area (a single ’move’ command could not be longer than 20 mm) meant that the prints executed
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were 2D and relatively simplistic (see Figure 7.5). Nonetheless, it was possible to test the concept and

characterize the printed devices.

Figure 7.5: One half of an IDE printed with the High precision 3D printer.

7.4.2 DoBot MG400 - robotic arm

Automation efforts across most industries have lead to a steady decline in costs for industrial robots. In

composites known applications include: automated layup and inspection processes, surface preparation, as-

sembly and machining. This trend is likely to continue and robots will become common place in many

manufacturing shop floors. The level of precision and degrees of freedom make them ideal candidates for

the printing of sensors and associated wiring. In this work a DoBot MG400 robotic arm with four degrees

of freedom and a precision of ± 0.05 mm was equipped with a Nordson EFD Ultimus™V dispensing unit.

The benefit of using an off the shelf hardware package is revealed when it comes to the realisation of unique

sensor designs. In Figure 7.6 the workflow chosen for this work is shown. First the device with its desired

configuration is drawn in a CAD package. This offers the ability to consider the structure to be printed on

during the design phase.

When the sensor design is complete, it is exported in standard triangle language (.stl) which is common

place in 3D-printing operations. Such a file can then be imported into a slicer of choice. A slicer is a piece

of software used to dissect the three-dimensional body to be printed into slices that together make up the

body. Each slice is a single layer that gets printed. Here the Ultimaker Cura software package is used (Figure

7.7). Important settings like the material and processing parameters can be set to suit the application. In

the end a .gcode file can be exported which has all the movement- and printing commands. In order to

make it compatible with the DoBot MG400 a custom MATLAB® routine was developed to turn the .gcode

commands into a language that can be interpreted by the robot. This step is straightforward as the .gcode

file already contains all the necessary information and acts merely as a translator.
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Figure 7.6: Flowchart illustrating the process of generating print files for the robotic arm

Figure 7.7: Slicing operation in Ultimaker Cura

7.5 Experimental demonstration

As highlighted by Valentine et al. [138] the devices produced from the above mentioned materials are suit-

able for two physical parameters. Strain leads to material stretching and therefore separation of silver flakes.

During the separation of silver flakes the resistance increases and this increase can be used as an indicator

for strain levels. A second application is for pressure sensing. For this application a multilayered sensor

design is required. Two conductive layers are separated by a layer of insulating ink. By doing so, a capacitor
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is formed whose capacitance is proportional to the physical lateral distance between the two layers. Given

the softness of the TPPU a pressure sensor is formed. In the present work, this material- and process com-

bination is used to derive devices for strain monitoring and crack detection. The crack detection ability is

hypothesized to be an extension of the material’s resistance proportionality to strain. Should a crack occur

in the monitored structure the material faces very high degrees of strain, up to a point of separation. Upon

reaching a threshold, the network of silver flakes breaks up and the material no longer is conductive. This

indicates damage and can be used to monitor critical locations or track the progression of damage.

Figure 7.8: Strain measurements using flexible ink

7.6 Mechanical testing

To establish strain sensitivity of the developed device, two samples were tested on an Instron 5985 universal

testing machine fitted with a 250 kN load cell and wedge action tensile grips. The first sample was not mon-

itored as it was only used to establish an approximate failure load and to ascertain the failure mode. This

was important to ensure the printed sensor was at the right location to experience damage. As expected,

the failure originated from the hole and extended along the 90° direction of the specimen (refer Figure 7.9).

A jagged vertical separation line is visible, corresponding to FM3. Figure 7.9 also highlights the extremely

high degree of stretch the printed TPPU can endure whilst remaining fully bonded in the areas which are

still in contact with the sample.
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Figure 7.9: Extreme stretchability of the printed strain sensor

The second sample was also tested using the configuration as described above. However, to capture the

change in resistance as the sample is stretched and experiences damage, it’s printed gauges were connected

to an Agilent 34972A multiplexed multimeter. This device directly measures the resistance of the individual

regions at 0.7 s intervals.

The first specimen failed abruptly and violently at around 45 kN without any prior indication or damage

forming. This condition is unfavourable when establishing the reliability of the measurements as it allows

for only single use. To maximise the number of measurements on a single specimen, several loading cycles

at sub-critical load levels were performed (0 to 20 kN at a rate of 0.5 mm/min). After four repetitions

(identified in the plots as Pristine # 1 thru 4), a small damage is introduced using a diamond file to create

a 1.5 mm deep and 2 mm wide V-shaped notch on the right laminate edge in the same horizontal plane as

the hole is located. Again, several load cycles are performed (small notch # 1-3) before increasing the size

of the notch (large notch 1 and 2) and finally bringing the sample to failure. This was done to demonstrate

the post-failure crack-opening monitoring using the flexible sensor.

7.7 Results

The resistance measurements are presented in several graphs below (Figure 7.10 to 7.13). Overall, a clear

and highly linear relationship between acting force and obtained change in resistance is observed. It shall

be noted that the amplitude of change between individual regions (Pristine # 1 thru 4) are inconsistent,

however, they are very consistent across repeating cycles at the same region. This suggests variations during

the sensor manufacturing (line width, local variations in silver content, etc.). Given the high repeatability of

subsequent tests (Pristine 1 thru Pristine 4) such variations can easily be accounted for using linear correc-

tion coefficients. The authors do not suggest such coefficients at this stage as the phenomena is still subject

to ongoing investigations.
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Further, it was noticed that when removing the load at the end of the experiment, the resistance only reaches

its initial value after a long asymptotic phase (see Figure 7.11). It was therefore decided to plot resistance

change and not absolute values.

Upon detailed inspection of the individual plots one can further note a distinctly higher level of non-linearity

for laminate edge regions (Figure 7.10 a) and Figure 7.12 d)). Since the sensitive regions are very close to

the laminate edge (< 2 mm) it is expected that such variations are the result of edge effects, including the

formation of minor, non-critical matrix cracks. When considering the measurements of the regions away

from the edge (Figure 7.10 b-d)) the merit of the developed devices becomes evident. The elastic region is

marked by a highly linear resistance-change/load relationship as expected.

Figure 7.10: Resistance measurements obtained from the gauge located on the left side of the sample.
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Figure 7.11: Resistance plotted versus time illustrating asymptotic resistance decay upon unloading.

Additionally, the presence of a damage in the form of an artificially created notch is clearly indicated through

an increase in resistance by up to 50%. The notch leads to an increase in compliance of the sample, i.e. the

notched sample stretches more than the pristine one at the same load. The higher level of stretch leads to

greater resistance. A damage can be detected by comparing the current resistance levels with the pristine

state. If there is a significant increase, the mechanical properties of the material have reduced, indicating

the presence of damage. The readings also are sensitive to the size of the notch as resistance values for the

enlarged notch are again higher than those for the small notch.

Further, a comparison of the readings obtained on the left gauges, i.e. the notched side (Figure 7.10), with

those on the opposite side with no notch present (Figure 7.12) is performed. In Figure 7.12 a-c) again the

elastic region presents a high degree of linearity for the regions away from the edge. However, the impact

the notch has on the resistance measurements and therefore on the strains experienced by the material are

less obvious. When zooming-in on these graphs (Figure 7.13) the difference between the two conditions does

become visible. Again, a clear separation can be made between pristine and damaged states of the sample.

It is evident that the strain sensitivity of the individual devices is qualitatively very similar, however, quan-

titatively they are different. This highlights the need to further the understanding of what causes these

differences in strain sensitivity.
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Figure 7.12: Resistance measurements obtained from the gauge located on the right side of the sample.

Figure 7.13: Detailed view on the resistance measurements obtained from selected individual sensitive regions
located on the right side of the sample.

Finally, after the sample ultimately failed and the two halves separated, the devices were able to still cap-

ture resistance data. This demonstrates that the devices can survive ultimate failure of the sample. Figure

7.14 shows that five out of the eight sensing regions survived the breakage of the sample which resulted in

an initial gap between the sample halves of 4.2 mm (inset in Figure 7.14). The universal testing machine

is used to separate the halves in a controlled way even further at a constant rate of 0.5 mm/min. Upon

further separation, the devices showed an immediate increase in resistance because of increased stretching
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experienced by the sensor. Such post-failure capability could aid in tracking the growth of existing damage.

Figure 7.14: Post break capabilities of a printed strain sensor.

7.8 Conclusions

In this section a novel strain sensing and damage detection device is presented. It uses highly flexible TPU

inks and a robotic arm to deposit the inks on an OHT composite sample. The device has shown excellent

strain sensitivity and was able to detect the presence of damage. The sensor was directly printed on a ther-

moplastic composite coupon, where it showed excellent bonding capability. In addition, the device is shown

to survive the ultimate failure of the OHT specimen and continue to function as a displacement sensor. Such

a device could enable highly automated sensorisation and presents itself as an ideal candidate for future

SHM applications. The advantages of the developed sensor is its flexibility, capability to be printed directly

on composite part, conformity to curved and complex geometries, and its stretchability.

Further work is required to understand and manage the strain sensitivity of the devices. Figure 7.15 high-

lights some of the causes for inconsistent resistance results. They all occur during ink deposition, but are

related to problems during ink making (presence of gelled particles, differences in viscosity, etc.). In order

to resolve these issues, a tighter process control is required when manufacturing the ink. Once a sufficiently

high repeatability and predictability of resistance values has been achieved these printed devices should be

applied to different structures and loading conditions.
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Figure 7.15: Inconsistent printing quality observed which affect the strain sensitivity of devices.
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Chapter 8

Conclusion and future research

In this section the main findings of the thesis are reviewed. A recap on the set goals and objectives in section

1.2 will provide a structured summary and give an overview of the research reported on.

8.1 Conclusions

The prospect of an integrated PM and SHM solution for polymer matrix composites is investigated in

great detail within this thesis. The ability to monitor such diverse aspects of a component’s life cycle as

manufacturing parameters and in-service damages could open the door for much wider use of composites,

but also offer significant efficiency improvements.

However, given the diverse sensing environments and conditions, any proposed system needs to be able

to perform tasks that sometimes are diametrically opposite to each other. One such example is a high

degree of flexibility to reach points of interest versus survivability in high pressure and temperature settings.

This thesis reports on the efforts undertaken by the author in order to identify a suitable solution for this

integrated monitoring task.

The thesis is split into six main chapters which are briefly introduced in the following paragraphs.

In chapter 2 the necessary background information is provided and relevant literature is reviewed. At

first, the current state-of-the-art in composite manufacturing processes is presented. Both thermoset and

thermoplastic matrix processes are considered and the most common flaws stated. These flaws informed the

choice of parameters which a suggested integrated PM and SHM platform needs to be capable of monitoring.

A basic introduction into the very active research field of SHM provides the reader with an overview of the

working principles of strain based and ultrasonic guided wave based monitoring approaches. The technologies

employed to deliver such solutions are presented in detail in order to support a down-selection for further
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experimental testing. Finally, two successful case studies are introduced. One deals with the implementation

of piezoelectric elements for RTM and the other showcases a fully automated PM and SHM solution.

A thorough technology demonstration and selection can be found in chapter 4. All work presented has

been carried out by the author to support decision making on what technology shows the most promising

characteristics for integrated PM and SHM. Piezoelectric elements, fiber optical and electrical sensing devices

are all employed in realistic composite manufacturing environments. It is found that piezoelectric elements

are usually too inflexible and brittle to survive the significant pressures and deformations typical for a

composite manufacturing process. Distributed fiber optic sensing technology based on optical backscattering

reflectometry technology showed the most promising results of all the existing technologies reviewed.

Chapter 5 is mainly based on a journal publication achieved by the author of this thesis. It deals with

the demonstration of the FOS-OBR technique for vacuum assisted resin transfer molding PM. A 500x500

mm GFRP plate is manufactured. The results obtained both numerically as well as experimentally prove

the aptitude of FOS-OBR to produce valuable insights into the reinforcement compaction and fiber volume

fraction.

With the successful identification of a suitable technology completed, Chapter 6 reports on efforts to expand

the usage of FOS-OBR on more complex structures and different manufacturing processes. In a first step, a

tapered CFRP panel is manufactured using VaRTM and monitored with the optical sensing fiber completely

embedded in the structure. The same fiber has then been used to extract SHM data and in both cases

detailed findings were enabled by the chosen technique. Secondly, a GFRP U-beam stiffening element with

a length of 1.2 m is manufactured using the resin infusion under flexible tooling process. Again both PM

and SHM data is collected using FOS-OBR and the results are presented.

The final chapter 7 deals with the creation of novel sensing devices based on the findings made so far. It

is found that above all, mechanical flexibility is the main hurdle when it comes to integrating sensors into

composite manufacturing processes. This has to do with the need to reach the point of interest and the large

pressure and temperature gradients that are present. The latter two lead to large deformations within a

component as it takes shape. To accommodate such limitations a novel sensing platform is proposed based

on highly flexible, 3D-printed devices. This chapter covers the development of the material as well as the

manufacturing workflow and application to a tensile test specimen. It is shown that the developed device

was capable of measuring strain with high enough sensitivity to detect the presence of artificial damage.

The research findings and conclusions of the work presented in this thesis can be summarised against the set

aims and objectives:

• Aim 1: Identify what SHM technologies have potential for PM

– Objective 1: Identify important processing parameters for composite manufacturing that need to
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be monitored.

Despite the development of new composite manufacturing processes which allow for more au-

tomation, the underpinning parameters for a high quality product have stayed the same. A list

of the mostly reported manufacturing flaws is presented in section 2.1.3. From this list and the

associated literature, it was noted that temperature, pressure and the determination of chemical

changes occurring in the matrix are most important.

– Objective 2: Perform an extensive literature search for established SHM techniques being used in

a PM setting.

SHM is a very active research field with a plethora of available techniques and specialised sensing

technologies being proposed. However, only a fraction of those are useful in a PM setting. It

was important, therefore, to dedicate section 2.4 specifically to reported attempts at closing the

gap between PM and SHM. It was found that PEs, FOS and electrical sensors posses the most

promising characteristics. These sensing technologies are hence selected for further demonstration

in Chapter 4.

– Objective 3: Present case studies of successful, integral PM and SHM implementations.

Successful previous attempts by researchers to fully integrate SHM technology during the com-

posite manufacturing process are presented in section 2.4.5. These studies include the use of PE

sensors for RTM PM [10,30]. They also highlight strategies for packaging sensors and overcoming

limitations. One of them being that high processing temperatures could render PEs unusable.

Hufenbach [96] et al. found a clever way to perform the poling of active PE elements whilst the

manufacturing is still ongoing. Such previous successes motivated the author to further pursue

this direction as it was clear that there is a real benefit for operators and manufacturers.

• Aim 2: Demonstrate PM capabilities of pre-selected technologies numerically and in a realistic man-

ufacturing environment.

– Objective 1: Experimentally verify pre-selected technologies in a realistic manufacturing environ-

ment.

Chapter 4 is dedicated to the development of a PM technique based on previously reported tech-

nologies in realistic composite manufacturing settings. The chapter contains the description of

experimental setups and the corresponding results for technologies ranging from FOS-FBG, FOS-

OBR, PE ceramic, polymeric PEs and electrical sensing. The results obtained are used to draw
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conclusions on their usability (see Objective 3 below).

– Objective 2: Consider sensor integration and protection strategies.

Besides the fact that a specific sensor needs to be able to produce useful measurement data, it

is important to also consider their implementation and protection. Since significant loads act on

them during composite manufacturing, a mold based approach was put forward for PEs (section

4.3.1.1). However, this approach had its own limitations which are reported. Fiber optic sensors

have shown to be able to deal with those limitations better, but require protection nonetheless.

Section 4.3.3.5 is concerned with the selection of suitable optical fibers, coatings and the place-

ment within components. Following these procedures allows for the successful integration and

gathering of in-process data as well as for SHM.

– Objective 3: Perform a down-selection to a single technology.

Experimental evidence suggested with increasing certainty, that FOS-OBR possessed the most

suitable sensing capabilities and was able to survive the harsh processing conditions the best.

Section 4.4 summarises the findings of the technology selection process that led to this decision.

• Aim 3: Develop an appropriate PM-SHM technique for a novel use case.

– Objective 1: Show numerically the sensor’s working principle.

With FOS-OBR selected as the most suitable technology, the underpinning sensing working prin-

ciple was shown by means of finite element analysis. Section 5.2 provides the details. It was

shown how the FOS-OBR readings could be predicted when subjected to lateral reinforcement

compaction. A four layered woven dry fiber stack was modelled using an Abaqus Explicit formu-

lation. The strains seen by the optical fiber were then translated into optical frequency shift, the

native unit of measure for FOS-OBR. A validation experiment showed good agreement between

the numerical model and the measurements obtained directly from the fiber.

– Objective 2: Develop in-house sensor manufacturing route for chosen technology.

One major limitation of FOS-OBR initially was that the sensors needed to be bought from the

OBR equipment OEM, with limited ability to customize them. Customization was required to

accommodate different physical dimensions of the components to be monitored or in order to pro-

tect the sensor better from adverse handling. In section 4.3.3.5, the manufacturing steps involved

in making a high quality FOS-OBR sensor in-house are described.
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– Objective 3: Develop a PM-SHM solution for two prototypes, representative of complex aeronau-

tical structures.

With a successfully proven sensing technology at hand and a process of customizing the sensors,

the technique was used on more complex geometries and with different manufacturing processes

to further establish its usefulness. Chapter 6 describes the build, PM and SHM of a 500x500

mm tapered CFRP panel and a 50x50x1200 mm GFRP U-beam stiffener. Both components were

fitted with a FOS-OBR during the manufacturing process and later subjected to damaging load

scenarios. Useful information on the processing conditions as well as the damage mechanisms and

their severity could be obtained. The increased complexity, however, also highlighted shortcom-

ings and areas in which further work is required.

• Aim 4: Proposal of a novel monitoring technique that considers the learnings made and extends PM

capabilities.

– Objective 1: Develop a sensor profile with desired mechanical and monitoring properties.

Taking into consideration that mechanical flexibility of the sensor itself is of high importance

when it comes to actually implementing an integrated PM and SHM system, the search for a

highly flexible carrier material lead to 3D-printable thermoplastic polyurethane. In section 7.2

the making of a printable ink for both insulation as well as electrical conduction is described in

detail. This material and the process of how to make an ink is based on a paper by Valentine et

al. [138] and it has been for the first time extended to SHM purposes.

– Objective 2: Develop in-house sensor manufacturing route for the chosen technology.

Another limitation faced by PM as well as SHM is the ability to actually place the sensing ele-

ments in the location of need. Current SHM technologies still require a high degree of manual

labour when placing and installing sensors. In section 7.4.2 the author proposes a highly auto-

mated, robot-based 3D-printing process and workflow for fully automated sensor creation and

installation directly onto substrates, including 3D geometries. The process was demonstrated to

work with the above described ink.

– Objective 3: Demonstrate the novel technology in PM and SHM settings.

In the final stage, the above developed sensor printing process and ink was used to print strain

sensing and crack detection devices directly onto CFRP tensile specimen. Section 7.5 describes
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the mechanical tests performed and also presents the results obtained. Overall a high level of lin-

earity is observed with sufficient sensitivity in order to detect the presence of an artificial damage.

8.2 Relevance

Composite manufacturing is inherently expensive. This is due to high raw material cost, expensive cold

storage facilities and a high degree of manual labour. It is desirable for composite manufacturers to drive

down component rejection rates caused by quality concerns. The FOS-OBR technique has been shown to be

able to measure local pressure distribution and predict fiber volume fractions. These are important process

and component quality parameters. The FOS-OBR has the potential to inform the manufacturer in real time

of any detrimental conditions to mend or stop the process and save costs. In addition, the reduced rejection

rate means a more sustainable product as recycling of composite materials still is a difficult challenge today.

To SHM engineers the presented work is relevant in several ways. The work carried out to improve early

integration of sensors into structures opens pathways for more efficient sensor placement and time savings

in manual installation. Secondly, this thesis adds to the understanding around what phenomena FOS-OBR

can in fact monitor and what not. It was shown that it is critically important to keep in mind what impact

a certain defect will have on the structure and place sensors accordingly. One such example is given in

section 6.3.3 where in a U-beam in three-point-bending condition, out of two slits made, only one of them

was detected. However, the great flexibility of optical fibers and the ability to monitor large areas with

FOS-OBR has shown remarkable damage detection and localization on the tapered CFRP panel in section

6.2.2.5. Lastly, the newly developed sensor manufacturing workflow based on robtic 3D-printing allows for

a step-change in efficiency when it comes to the placement and wiring of sensors.

The author also expects that composite part operators responsible for the maintenance of their infras-

tructure will find this work particularly pertinent to their operations. They will receive the combined benefit

of a more efficiently produced component with improved SHM capability.

8.3 Future work

To ensure the techniques proposed in this thesis can be progressed further to higher technology readiness

levels which can be applied in industry and on-board of aircraft, several challenges remain to be explored

further. It is also appreciated that certain aspects of the developed solution are somewhat immature at

this moment. To overcome these remaining challenges it may even require the application of knowledge

across different disciplines. In order to provide a structure to the proposed future work streams the following
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segmentation seems suitable:

• Proposed improvements to the FOS-OBR PM-SHM system:

– Increase the amount of manufacturing processes in scope: As discussed in section 2.1, composites

manufacturing processes are constantly being improved and increasingly automated. It would

therefore be pertinent to expand the list of manufacturing processes that the proposed solution

has been successfully demonstrated for. Whilst liquid resin techniques have been covered in detail

in this thesis, the author suggests to expand towards automated prepreg processes like ATL and

AFP as they are likely to be utilized more and more for the manufacture of near-future aircraft

programs. The use of prepreg may also require autoclave curing which presents its own challenges

when considering the routing of FOS. Figure 8.1 shows a prepreg autoclave mold designed by

the author. The mold offers ingress and egress points for the FOS. The position of the ingress

and egress points is such that the fiber is directly guided towards the lateral embedding position.

This reduces the risk of localized bending and potential breakage. All areas in contact with the

FOS are polished and any edges have been rounded to 1 mm radius in order to prevent sharp

edges which could damage the fiber. This mold will be used in the near future to demonstrate

the FOS-OBR for autoclave PM.

– Couple the OBR with other measurement technologies: The FOS-OBR technique has been shown

to work well whenever the fiber is subjected to mechanical loads or temperature gradients. An

interesting prospect of FOS, however, is their ability to be spliced together with other function-

alized fibers or by exploiting the interaction of the fiber itself with its environment. As such it

would be beneficial to experiment with novel fiber coatings and fresnel refractometry in an OBR

context.

– Increase the acquisition frequency of FOS-OBR: Whilst for PM the low acquisition rates of OBR

are not a serious problem, SHM settings usually require a system capable of performing mea-

surements at several hundred kHz. It is acknowledged that the number of sensitive regions and

maximum acquisition rates are somewhat of a trade-off to make. However, with ever increasing

computational processing power it is expected that the processing of measurement data inside an

OBR system can be sped up as well. Further development of the OBR technology will be needed

in order to increase its measurement fidelity when used for SHM.

– Develop novel FOS connectors: Stable FOS ingress and egress is of significant importance and

at the same time a great challenge. This becomes particularly evident when considering sensor

integration at early manufacturing stages. It is common practice for structural composite compo-

nents to be manufactured with excess material all around. This excess needs to be machined off
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to meet installation requirements and geometrical tolerances. This, however, poses a real problem

for embedded sensors and networks as it could render them unusable when cut through. It is

therefore important to focus on solutions for secondary means of connection or wireless systems.

One potential idea to address this problem would be free space coupling of the laser light into the

FOS.

• Proposed improvements to the flexible printed devices:

– Improve the printability of inks: The TPPU inks developed herein require further improvements

in terms of their printability. This includes a thorough study of their rheological properties and

how they can be controlled. Common issues encountered include: clogging of the nozzle, changes

in viscosity between different batches and aging. All of those issues need to be addressed in order

to achieve consistently high printing quality.

– Predict electrical properties: By solving the above it is expected that it will become possible to

produce predictive models for the electrical properties of the printed devices. Such capability

would allow for highly specialized sensors to be manufactured. To achieve this, the orientation

and alignment of silver flakes during printing needs to be understood and the governing factors

be controlled tightly.

– Demonstrate other sensing devices: Besides the strain sensors demonstrated herein, the capacitive

pressure sensor shown by Valentine et. al [138] further devices can be developed using the proposed

method. One potential field of application are IDEs which can be used for cure monitoring.

– Print on 3D-surfaces: The author sees the greatest potential for early and widespread industrial

application by fully exploiting the fact that the proposed method is capable of directly printing

onto 3D shapes. This opens the door for automated sensor application and wiring over large areas.

To achieve that, the printing behaviour of inks needs to be well understood in order to prevent

them from flowing during printing on angular sections. Also, the use of standard 3D-printing

slicers will not be possible for such applications as the generated print paths are restricted to a

single z-plane. What is needed here is the implementation of a software tool that is capable of

efficiently producing 3D tool paths. One possible route may be the use of computer numerical

control (commonly known as CNC) solutions.

• Measures to increase maturity of the proposed methods:

– Demonstrate realistic in-service environmental conditions: So far, all SHM experiments were

carried out in laboratory conditions only. This is known not to be representative given the large

temperature, pressure and humidity gradients experienced by an aircraft within a single flight.
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realistic conditions. The author therefore proposes to initially perform extensive testing within a

climatic chamber before exposing the system to in-flight testing. These tests should also include

sensitivity analyses of the capability to detect damage under these realistic conditions.

– Show fatigue and long-term behaviour: Somewhat connected to the point made above is the need

to show how well the system performs on the long-run and how well it deals with fatigue. This

is both true for the sensing hardware as well as the signal quality. Aircraft are known to be in

use for decades and any SHM system applied to a component should be able to match the life

of the said component or exceed it. A thorough fatigue testing campaign is suggested here with

continuous monitoring throughout.

Figure 8.1: Hat stiffened mold designed and manufactured equipped and ready for FOS PM.
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[149] Diego Saenz-Castillo, Maŕıa Isabel Mart́ın, Silvia Calvo, and A Güemes. Real-time monitoring of ther-

mal history of thermoplastic automatic lamination with FBG sensors and process modelling validation.

Smart Materials and Structures, 29(11):115004, nov 2020.

[150] Jerome I. Mars, Edouard Buchoud, Valeriu D. Vrabie, Amir Ali Khan, Sylvain Blairon, and Guy

D’Urso. Source separation and distributed sensing: The key for an efficient monitoring. 2013 5th IEEE

International Workshop on Computational Advances in Multi-Sensor Adaptive Processing, CAMSAP

2013, pages 264–267, 2013.

[151] Qiang Li, Zhi Wang, Zejia Huang, Kaili Guo, and Lanlan Liu. Implementation of blind source separa-

tion for optical fiber sensing. Applied Optics, 53(9):1832, 2014.
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Ing. Valentin Buchinger, MSc 
  
PhD Student 
Department of Aeronautics 
Level 2, City and Guilds Building 
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2

From: Karleena Burdick <karleenab@spie.org>  
Sent: 19 May 2022 19:11 
To: Buchinger, Valentin <valentin.buchinger17@imperial.ac.uk> 
Subject: RE: Request of permission 
  
Dear Valentin Buchinger, 
  
Thank you for seeking permission from SPIE to reprint material from our publications. Publisher's 
permission is hereby granted under the following conditions: 
        (1) you obtain permission of one of the authors; 
        (2) the material to be used has appeared in our publication without credit or acknowledgment 
to another source; and 
        (3) you credit the original SPIE publication. Include the authors' names, title of paper, volume 
title, SPIE volume number, and year of publication in your credit statement. 
  
Please let me know if I may be of further assistance. 
  
Best, 
Karleena Burdick 
Editorial Assistant, Publications 
SPIE – the international society for optics and photonics 
karleenab@spie.org 
1 360 685 5515 
<image001.jpg> 
  
  
From: Buchinger, Valentin <valentin.buchinger17@imperial.ac.uk>  
Sent: Thursday, May 19, 2022 4:07 AM 
To: reprint_permission <reprint_permission@spie.org> 
Subject: Request of permission 
  
Dear Madam/Sir, 
  
I request permission to use the following title for my PhD thesis which will be published on Imperial 
College London’s spiral repository:https://spiral.imperial.ac.uk/ 
  
The title of my work is: Life cycle monitoring of composite aircraft components with structural 
health monitoring technologies 
The work will be published in print and electronic form. 
  
I would like to reuse the figures from the work indicated below: 
  

Title and author Volume, issue, and page 
numbers 

What you would like to reproduce 

Kumar A, Qing X, Delay TK, Beard SJ, 
Walker JL, Russell SS, et al. Monitoring the 
integrity of filament-wound structures 
using built-in sensor networks 

Smart Structures and 
Materials 2003: Industrial 
and Commercial 
Applications of Smart 
Structures Technologies. 
[Online] 2003;5054(August 
2003): 222 

Figure 5 

  
Thank you. 
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Ing. Valentin Buchinger, MSc 
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_______________________ 
 
AMRITA KUMAR Ph.D. 
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of publication and insert a reference to the Journal’s web site: www.tandfonline.com  
 
This permission does not cover any third party copyrighted work which may appear in the material 
requested. Please ensure you have checked all original source details for the rights holder.  
 
Please note that this licence does not allow you to post our content on any third-party websites.  
 
Thank you for your interest in our Journal.  
 
With best wishes,  
 
Annabel 
Annabel Flude – Permissions Administrator, Journals  
Taylor & Francis Group  
3 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN, UK. 
Tel: +4402080520698 
Web: www.tandfonline.com 
e-mail: annabel.flude@tandf.co.uk  

 
Taylor & Francis is a trading name of Informa UK Limited,  
registered in England under no. 1072954 
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Subject: tacm20:Low-cost fabrication of advanced polymeric composites by resin infusion processes 
 
Permissions Request  
 
Type of use: Academic  
Article title: Low-cost fabrication of advanced polymeric composites by resin infusion processes  
Article DOI: 10.1163/156855101753396573  
Author name: Alfred C. Loos  
Journal title: Advanced Composite Materials  
Volume number: 10  
Issue number: 2-3  
Year of publication: 2001  
Name: Valentin Buchinger  
Street address: Exhibition Road, Department of Aeronautics  
Town: London  
Postcode/ZIP code: SW7 2AZ  
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Telephone: 07425586263  
Intended use: To be used in your Thesis?  
Are you requesting the full article?: No  
Extract and number of words: NA  
Details of figure/table: Figure 1, Figure 2, Figure 3  
Which University?: Imperial College London  
Title of your Thesis?: Life cycle monitoring of composite aircraft components with structural health monitoring 
technologies  
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Is this a “Closed” or “Open” deposit?: open  
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