EPSRC Centre for Innovative Manufacturing

Through-life Engineering Services

The EPSRC Centre for Innovative
Manufacturing in Through-life
Engineering Services

FINAL REPORT

AUGUST 2016

Contents

Final Report July 2016

02

Executive Summary

06

A National Centre

18

Core TES Projects

40

Future plans for the Centre

42

Significant Esteem Factors

48

The Centre in action: case studies

1

Executive
Summary

2

Final Report July 2016

Executive Summary

UP TO JULY 2016 THE CENTRE HAD
PRODUCED 28 PEER REVIEWED
JOURNAL PAPERS WITH A FURTHER
23 IN PREPARATION, 50 CONFERENCE
PAPERS, PUBLISHED THREE BOOKS
WITH TWO IN PREPARATION AND
BEEN GRANTED TWO PATENTS.

Professor Rajkumar Roy
Director, EPSRC Centre for Innovative
Manufacturing in Through life
Engineering Services

Up to July 2016 the Centre had
produced 28 peer reviewed
journal papers with a further 23 in
preparation, 50 conference papers,
published three books with two
in preparation and been granted
two patents. All outputs from the
Centre have now been added to
Researchfish. The industrial support
for the Centre has continued with
a significant new member, Babcock
International, joining in 2015 with a
commitment for support through to
2018. Significant interest has been
generated in the development of a
National Strategy with wide cross
sector and government support.
The Centre has clearly answered
a need that was not being
addressed.
Wide interest from other Universities
and key sector consultancies in the
Centre’s programme of feasibility
studies demonstrates the keen
interest in this topic and the Centre,
has acted to bring together separate
activities and create a community of
understanding.
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In the key Centre research project
called No Fault Found (NFF) the
Centre’s efforts in part, have now
widened the appreciation of this
issue from aerospace to the rail,
automotive and other complex
equipment sectors. This project
team has founded a special
interest group in NFF which holds
regular technical meetings and
has run three Symposia attracting
international speakers and on
average 80 delegates from around
the world. The team has also gained
representation on the ADS trade
association’s Maintenance Repair
Overhaul and Logistics (MRO&L)
group.This team obtained access
to maintenance data for five aircraft
fleets with RAF Air Command,
produced a report on the analysis
of this data showing that the
current estimates for the costs
of this problem are significantly
understated and identified areas for
potential major savings.
The degradation of components
and systems has been a consistent

3

Executive Summary

theme throughout the Centre and
special emphasis has been placed
on the assessment of degradation
processes in hot end gas turbine
components. These high value parts
operate in extreme environments
and when engines are overhauled
key decisions on their replacement
or reuse need to be made. The
Centre initially demonstrated an
automated robotic inspection cell
which significantly reduced the
cost of labour in carrying out initial
assessments of wear using a novel
pulsed thermography technique.
This work has expanded as the
capability of this NDT technique has
been explored and the influence
of key manufacturing decisions
on the degradation processes has
been assessed. Improvements
and automation of the decision

IN THE FIELD OF SYSTEMS
ARCHITECTURE THE
CENTRE RESEARCH
TEAM HAVE DEVELOPED
A METHODOLOGY TO
DISAGGREGATE A COMPLEX
PIECE OF EQUIPMENT
AND DETERMINE THE
CONTRIBUTION MADE BY
EACH COMPONENT, SUBSYSTEM AND SYSTEM TO
ITS WHOLE LIFE COSTS.
4

processes involved has also been
investigated and all results from
these investiagtions fed back to the
key sponsoring company.
In the field of systems architecture
the Centre research team have
developed a methodology to
disaggregate a complex piece
of equipment and determine
the contribution made by each
component, sub-system and system
to its whole life costs. This has
allowed one key industrial partner
to focus improvement effort and
thus reduce the whole life cost of
one of their major product lines. The
partner company representative has
cited this piece of work as the most
valuable outcome for the company
and alone well worth its investment
in the Centre.
The use of autonomy in
maintenance has been another
key area of focus. Here significant
work in self-healing Electronic and
mechanical systems, led by Durham
University, and the use of robots for
train maintenance has led to the
award of two patents.
Physical demonstrators have been
designed and manufactured to
show the degradation of linear
machines, damage in gear systems,
application of augmented reality to
maintenance and the automated
identification of components at risk
from obsolescence. All have seen
significant interest from the wider
industrial community.
Key to establishing the Centre’s
Socio-Economic impact has
been the initiative to develop a
National Strategy in Through-
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THE OPERATIONS EXCELLENCE INSTITUTE,
A £6M SUCCESSFUL PROPOSAL BACKED
STRONGLY BY THE CENTRE, DEVELOPS
TEACHING AND COURSES USING THE
KNOWLEDGE AND TECHNOLOGY OF
THE CENTRE.

life Engineering Services for the
United Kingdom. First mooted at
a dinner for industry, civil servants,
academics and politicians in
the library at the Institution of
Mechanical Engineers a focused
workshop was held in parallel to
the Centre’s annual conference to
gather views on key topics from
the senior industrial think tank,
the Knowledge Hub. This led to
a much larger workshop where
around seventy participants from
industry, the civil service, academia
and others spent a day at the Royal
Academy of Engineering in London.
The Centre commissioned a report
on the sector and this formed the
basis for gathering both ideas and
commitment to the development
of a national initiative. Strong
interest was shown in leading this
with both Rolls-Royce and the
High Value Manufacturing Catapult
committing to it at a launch event
held at the Houses of Parliament.
A steering committee was stood
up and regional workshops held.
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Further sector economic data was
obtained and verified and the
strategy launched at the IET in
London. A council for the delivery
of the strategy is currently being set
up. It is estimated that at a minimum
the value of the UK market that this
subject area affects is £31.4bn or 2%
of the UK’s Gross Value Add (GVA).
The upper bound estimate could
be as high as £184bn or 11%
of the UK’s GVA, certainly a
significant prize.
The Centre had original funding
of £5.7m from EPSRC and initially
attracted further cash and inkind contributions from industry
of £5.5m. In supporting other
proposals the Centre has been keen
to encourage new collaborations.
The Centre has been able to help
gain a further £6.35m in cash and
£5m in kind support for areas such
as verification and validation of
sensors, large data and decision
strategies, energy harvesting and
cost modelling for TES.

The Operations Excellence Institute,
a £6m successful proposal backed
strongly by the Centre, develops
teaching and courses using the
knowledge and technology of the
Centre. The Institute has launched a
TES Consultancy offering to exploit
and enhance the industrial impact
of the Centre’s research with ten
active participating independent
consultants. These consultants
have joined the initiative through
recognising the quality and
relevance of the research outputs
from the Centre.
The Centre continues following
the end of EPSRC support with
a number of key initiatives
mentioned above. The original
industrial partners continue to
support and gain the benefits from
the Centre. The new consultancy
operation will take the Centre’s
outputs into new markets and the
newly formed TES Council will
implement the Strategy on
a National basis.
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Outreach
A major part of the Centre’s role is outreach: spreading
the message about TES and its benefits to as wide a
section of industry and academia as possible.
In this section, we highlight
the Centre’s work in relation to
outreach.
Feasibility Studies
As part of the Centre’s early key
activities the broader academic
community was invited to propose
potential feasibility studies in areas of
applicability of TES. These applications
were considered by the Centre
Executive and grants awarded on merit
after appropriate scrutiny. Below is a
list of those grants awarded by the
Centre. In total there were nineteen
awards totalling £380,000.

Final Report July 2016
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Lead

Title

Institution

TES Conferences

Ajith Parlikad

Maintenance of complex engineering systems

IfM, Cambridge

Juan Matthews

Nuclear Through-life Engineering

First Circle Ltd

Mark Price

Manufacturing Driven Design Allowables and
Failure Mechanisms

Queen’s University
Belfast

Jeff Alcock

Through-life Engineering of high-performance
microsystems

Cranfield

Commencing with the first-ever
International Conference in Through
life Engineering Services—TESConf
2012—in November 2012, a series of
annual conferences have been held to
share TES best practice.

Suresh Perinpanayagam

Through-Life Support Cost Reduction and
Improved Health Management Technologies for
Radio Frequency (RF) Electronic Systems

Cranfield

Qing Wang

Laser based metrology for wind turbine
condition monitor and alignment

Durham

Jennifer Whyte

Configuration Management in Through-Life
Engineering

Reading

Chris Bingham

Integrity and Through-Life-Degradation of
Electrical Wiring/Connectors Components
using Long-term IFD

Lincoln

Ling Wang

Tribology and through-life maintenance
strategies for premature wind turbine gearbox
bearing failures

Southampton

Andy Tyrrell

Next-generation self-healing strategies
for electronic systems: combining novel
reprogrammable hardware and convergent
cellular algorithms

York

Patrick McLaughlin

Cellular manufacturing concepts applied in MRO

Cranfield

Mike Knowles

Electric Vehicle Through-life Management
based on Telematic Data

Sunderland

Brian Falzon

Multifunctional hierarchical composite
structures utilising carbon nanotube webs

Queen’s University
Belfast

Risk-based Bayesian Sequential Decision
Making for Autonomous Fault Monitoring

Sheffield

John Dawson

Electromagnetic monitoring of semiconductor
ageing

York/De Montfort

Alexandra Brintrup

Integrating spare parts planning with health
monitoring

Cranfield

Wenping Cao

Through-Life Condition Monitoring of Electric
Drives and Batteries in Electric Vehicles and
Plug-in Hybrid Electric Vehicles (TLCMEB)

Newcastle

Darek Ceglarek

Adaptive Reliability Target Settings for NoFault-Found Failure Mode Avoidance

Warwick

Richard McWilliam

Fault-tolerant strategies for printable electronics

Durham

Andrew Mills

TESConf 2012 was held over two days
at the Defence Academy at Shrivenham
in Wiltshire, and saw over a hundred
delegates listen to over 80 peerreviewed presentations of papers in
15 themed sessions. Keynotes were
presented by Jay Lee of the University
of Cincinnati, Ralf Riedemann, vicepresident of Mori Seiki Europe and
President of Mori Seiki GmbH, Dr
Mike Provost of Intelligent Energy,
and Professor Ola Isaksson, of Luleå
University of Technology in Sweden.
TESConf 2013, held over two days at
the Vincent Building on the Cranfield
campus in November 2013, then
built on this, with over 140 delegates
again listening to over 80 peerreviewed presentations of papers in
16 themed sessions. Sponsored by
DMG Mori Seiki, with prizes donated
by CIRP (The International Academy
for Production Engineering Research
– College International pour la
Recherche en Productique), the event’s
keynotes included presentations
from Dr Masahiko Mori of Japan’s
Mori Seiki, Holger Appel of Lufthansa
Technik AG, Professor Leo A.M.
van Dongen, University of Twente
in the Netherlands, Professor Chris
McMahon, the University of Bristol,
and Professor Peter Sandborn, of
the Maryland Technology Enterprise
Institute in the United States.
TESConf 2014 was again held over
two days at the Vincent Building on
the Cranfield campus in Bedfordshire
in November 2014. Again, over a
hundred delegates listened to 48
peer-reviewed presentations of papers

8
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in 12 themed sessions, with keynote
presentations from experts including
Professor Rainer Stark and Hendrik
Grosser of Fraunhofer IPK, Maureen
McCue of BAE Systems, Professor
Benoit Iung of the University of
Lorraine, Professor I S Jawahir of the
Institute for Sustainable Manufacturing
at the University of Kentucky, and
Professor Yoichi Nonaka of the
Yokohama Research Laboratory,
Japan.
TESConf 2015 ran for two days in
early November again held at the
Cranfield University’s Vincent Building.
Forty nine academic papers were
presented along with workshops
in standards and TES strategy to
around one hundred and twenty
delegates. Key note presentations
were given by Professor Raj Baldev
(National Institute of Advanced
Final Report July 2016

Studies, Bangalore), Professor Jay
Lee (University of Cincinnati), Tjarko
Bouman (Vanderlande Industries,
The Netherlands), Atsushi Yokoyama
(East Japan Railway Co. Technical
Centre Director), Professor Gino Dini
(Department of Civil and Industrial
Engineering of the University of Pisa),

and Dr Soundar Kumara (Allen E., and
Allen, M., Pearce Professor of Industrial
Engineering, Penn State, USA). The
Best Paper Award went to Raza Ahmed
and Vladimir Ulansky for their paper
entitled: ‘Minimizing Total Lifecycle
Expected Costs of Digital Avionics’
Maintenance’

9
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Summer Schools
Commencing in 2013, the Centre has
held summer schools in June each
year. With an intensive four and a
half day programme built around the
key challenges and technologies for
TES, the summer school has attracted
delegates from a wide range of private
sector businesses as well as universities
and research institutions.
Over the years, attendees have joined
the summer school from companies
such as W. S. Atkins, BMT Reliability
Consultants, DSTL, Intelligent Energy,
Messier Bugatti Dowty, Honeywell,
and Roke Manor Research, as well
as our industrial partner companies
Copernicus Technology, BAE Systems,
Babcock International, Bombardier
Transportation and Rolls-Royce,.
Academics, researchers and students
have attended from establishments
such as the University of Twente in

the Netherlands and the Fraunhofer
Institute for Production Systems
and Design Technologies (IPK) in
Germany, and the universities of
Bristol, Sunderland, Birmingham, and
Nottingham.

In each year, the summer school
has offered a mix of ‘hands on’
practical sessions using the Centre’s
technical equipment—including
Pulsed Thermography and Acoustic
Sensor Arrays for structural health

Delegates to TES Summer School June 2016

10
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Cranfield’s Through life
Engineering Doctoral Training
Programme (TESDTP) is
the world’s first cohortbased doctoral level training
programme in through life
engineering.

monitoring—and specialist lectures,
delivered by key industrial and
academic experts. Topics covered
have included maintenance challenges
for availability contracts, component
and system degradation analysis,
diagnostics and prognostics, repair
technologies, self healing technologies,
obsolescence management, design
and manufacturing for TES, the
degradation of aerospace heat
exchangers and the application of
the Internet of Things to Through life
Engineering Services.
Each year, delegates have also enjoyed
a visit to the Shuttleworth Collection
of flying veteran and vintage aircraft
(some around a hundred years old)
where they were able to discuss first
hand with the Shuttleworth Collection’s
staff the challenges of maintaining
vintage aircraft and their engines in
an airworthy condition long after their
anticipated end of life.

TES Doctoral Programme
and MSc Research
Cranfield’s Through life Engineering
Doctoral Training Programme (TESDTP)
is the world’s first cohort-based
Final Report July 2016

doctoral level training programme in
through life engineering. TES DTP has
been created to offer research and
training opportunities in this rapidly
growing field for future technology
leaders through a three year PhD or
four year DEng doctoral programme.
In collaboration with the EPSRC Centre
and other relevant research units of
Cranfield University, TES DTP students
are being supervised by leading
experts through individually-tailored
training programmes. Students have
access to state of the art facilities
including the Through Life Engineering
Services Studio and the Operations
Excellence Institute’s virtual and
augmented reality suites.
With doctoral students in the Centre
being sponsored by Rolls Royce,
BAE Systems, Babcock International
and Kennametal amongst others,
the need for a cohort based
approach is clear. Students are able
to undertake learning opportunities
which include:
• Taught modules of the MSc Through
Life System Sustainment
• Online courses in Obsolescence
Management

• Online courses in Cost Engineering
• Short courses in Non Destructive
Testing for Maintenance
• Short courses in No Fault Found
• Training modules in transferable
skills.
TES DTP offers a variety of events
and opportunities for training such
as induction days and team building
courses, together with attendance at
the TES Summer School and a series
of structured industrial visits. TES
DTP students can also participate
in the annual international Through
life Engineering Services conference
(TESConf) to widen their knowledge
and grow their network. The first
cohort was stood up in October 2014
and a training week was organised in
February 2015 with eight students from
Cranfield and other Universities.
Specific research projects undertaken
include:
• Intermittent Fault Detection and
Prediction by Use of Machine
Learning
This project investigated how
Hybrid Dynamic Bayesian
Networks can be applied to detect
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intermittent faults on a system
under consideration, applying
Gaussian process regression
modelling to predict component
failure.
• Assessing the influence of
manufacturing processes
parameters on component
degradation
This research studied the
dependencies between in service
component degradation and
manufacturing process parameters,
specifically with reference to laser
drilling parameters on the surface
recast and fatigue performance of
laser drilled holes.
• Degradation analysis and
modelling of in service
deterioration of hot section
mechanical components
Carried out in collaboration
between academia and industry,
this research project examined
the dependency of component
degradation while in service on
design, with the aim of developing
a framework to assess and capture
the degradation life of a hot
section mechanical component
as a result of design feature
influence.
• Service knowledge for predicting
the remaining useful life to
facilitate design for through
life service
Applying a Weibull cumulative
function to demonstrate the
rejections, replacement and reuse
of parts, this research aimed to help
asset owners optimise maintenance
actions and spare part availability
by developing a technique to
predict the remaining useful life of
individual gas turbine nozzle guide
vanes based on failure rates of
the total nozzle guide vanes ring
assembly.
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• Characterisation of ageing
assessment for EB PVD Thermal
Barrier Coatings via pulsed
thermographic inspection
The project examined the
application of single sided pulsed
thermography to Thermal Barrier
Coatings, with the objective of
performing thermo physical material
property measurement of the
coating. This in turn builds towards
providing a methodology that is
capable of capturing information
on assessing the health of a high
value part at any time during service
which then helps the end user to
determine the remaining useful life
of the part.
• Asset Management Decision
Support Tools
This research involved the design
and development of a decision
support framework embedded
in a software tool that could be
deployed in an asset management
operations centre. The project
evaluates likely asset management
techniques and processes and
aims to develop state of the art
approaches for the future
• Defence Lines of Development
Trade Offs
This research focused on the
application of simulation to aid
design for equipment availability,
leading to the building of a software
tool framework to estimate and
trade off the Defence Lines of
Development (DLoDs) to facilitate
contracting for availability at the
bidding stage of defence contracts.
• Cost modelling for Additive Layer
Manufacturing
This research projects examined a
number of commercial, technical,
and procedural opportunities arising
from developments in Additive
Layer Manufacturing, with particular

focus on asset management or
service support businesses. It aimed
to develop the means to compare
and contrast alternative business
models enabled by such technology,
and develop cost modelling tools
for use in managing a spares and
repairs business where the option
to print new (or repair existing) parts
would be possible using Additive
Layer Manufacturing technology.
• IoT Devices for Remote
Maintenance of CNC Machine Tools
Traditional means of identifying
maintenance requirements for
manufactured products have
involved approaches such as
gathering and analysing feedback
from customers and interviewing
maintenance staff, with sometimes
deleterious effects. This MSc research
project looked at the design of an
Internet of Things-based device to
assist with the remote maintenance
of CNC machine tools.

TES Award
Beginning in 2012, the Centre
sponsored a TES Award at the annual
Manufacturer of The Year Awards (now
The Manufacturer MX Awards), which
are organised and run by the Hennik
Group, publishers of The Manufacturer,
in collaboration with and with support
from the Institution of Mechanical
Engineers (IMechE).
The free-to-enter awards programme
is open to all UK manufacturing
companies and all UK manufacturing
maintenance operations, with entrants
able to make submissions in as many
categories as they desire. The awards
ceremony—which generally attracts
up to a thousand attendees—is the
pinnacle of a stringent programme
designed to provide valuable
business improvement advice and
feedback from an expert panel of
Final Report July 2016
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judges in the form of a confidential
business report. Winners have
included Rolls-Royce (twice), Monarch
Aircraft Engineering, and ENER G
Combined Power.

The Operations Excellence
Institute
The Operations Excellence Institute
was founded in 2014 with funding from
the Higher Education Funding Council
for England (HEFCE) and industrial
partners.
The aim of the Institute is to strengthen
the skills and capabilities of the UK
manufacturing sector, in part through
developing technologies such as

Augmented Reality (AR) and Virtual
Reality (VR) so as to deliver innovative
training and education, combining
blended learning and interactive
teaching. The Institute has also
founded a Manufacturing Cooperative
to help Small and Medium sized
Enterprises (SMEs) collaborate in order
to bid for large contracts. To date, the
Institute has also conducted a number
of MSc, PhD, AMSCI and Innovate UKfunded projects.
The Institute is also conducting
research into how complex
manufacturing and maintenance tasks

can be deskilled using AR, integrating
a simulation model with an immersive
world as represented in VR. For
instance, this might involve developing
mobile solutions (e.g. iPad based) that
translate a text-based user manual into
a virtual step by step to process that
can be followed visually. Additionally,
a further project is exploring how AR
can be used to assist with remote
maintenance.
In common across these projects,
the intention is to deliver a benefit
set stretching across cost reduction,
more effective completion of tasks,
and deskilling complex tasks. The
future interests for the Institute in the
general area of visualisation include
digital testing, adaptive training by
monitoring student performance, and
enhancing human machine interaction.

A National Strategy for TES
Across a number of sectors
of manufacturing industry, UK
companies already lead globally
in replacing an asset-ownership
model with a service-based
model. Predictably, this has driven
productivity and exports, and—in
these companies at least—made
Final Report July 2016
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explicit the link between profits and
asset uptime, reliability, and longevity.
TES is therefore a fundamental
determinant of competitive success is
such business models.
Even so, leading practice is limited to
a few early and successful adopters
of ‘servitized manufacturing’ and TES.
And these companies—predominantly
from aerospace, defence, rail and
ICT (information and communications
technologies)—say they lack strength
in depth, and breadth, within their
supply chains.
Moreover, whole industries and sectors
have yet to really appreciate the TES
message that has been exemplified by
these early adopters in the aerospace,
defence, rail and ICT industries.
Such sectors and industries include
healthcare, renewable energy, industrial
infrastructure and biotechnology, as
well as emerging sectors such as bio
renewables.
And given that there are no a priori
reasons why these and other such
sectors should not benefit from a move
towards TES, the market opportunity is
huge in terms of the economic Gross
Value Added (GVA) of the sectors
capable of being transformed by
TES. As an initial assessment, a pilot
exercise aimed at drawing up upper
and lower bound estimates of the
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size, and utilising
a combination
of literature
assessments and
expert opinions
gathered through
interviews,
indicated that, at a
minimum, around
16.8% or £275.2bn
of the UK economy
is attributable to
sectors that could
be influenced by
TES methods. Of this at least 2.0% or
£31.6bn is potentially associated with
the creation or application of through
life engineering services.
From a ‘Maker’ sector perspective, the
upper bound estimates suggest that
£64.0bn of GVA could be generated
from TES based outputs, amounting
to around 3.9% of total UK GVA. From
a ‘User’ sector perspective, an upper
bound GVA of around £120bn or over
7.3% of UK GVA could be associated
with the use of TES. Lower bound
estimates suggest that TES ‘Users’
account for at least around £16.2bn
or 1.0% of total UK GVA, while TES
‘Makers’ account for at least around
£15.4bn or 1.0% of total UK GVA.
Yet unlocking this opportunity presents
a challenge. Although there are
undoubted areas of excellence, the
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opportunity for TES based business
models is presently constrained: TES is
not well understood across the national
economy, and the market is immature.
Notwithstanding that world leading
examples of TES exist in the
aerospace, defence, rail and—as
isolated examples—in a number of
other sectors as well, overall in the UK
it seems that short term, profit and
loss based financial drivers dominate.
Investment decisions are made on the
basis of cost rather than value, which
leads to a disconnect between capital
and through life considerations. A
commitment to service is seen as high
risk, leading to aversion to investment
and innovation in the field.
One reason for this is that the
underlying economics of TES models
are not well understood. Suppliers and
procurers think in terms of products,
rather than ensuring their efficient
functioning throughout their life:
through life support is not a primary
driver for OEM designs to tailored
requirements where cost, schedule
and performance are the focus. In
general, service is seen as an add on to
equipment sales and often a significant
source of income, even though high
service costs present a potential source
of customer dissatisfaction.
Consequently, it follows that a national
shift to business based on TES would
strengthen the UK economy in multiple
ways. A world in which TES principles
prevail would be one which favours UK
flexibility and adaptability, and would
build a strong R&D base. In particular,
it would build international competitive
advantage and exports, improve
productivity whilst also creating more
skilled jobs, drive the transformation of
supply chains necessary for the circular
economy and sustainable manufacturing
of the future, enable emerging
industries to grow and establish world
Final Report July 2016
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leading positions, and equip innovative
and early adopting small and medium
sized businesses (SME) and original
equipment manufacturers (OEM) for
new market opportunities.
To effect this transformation, the
Centre has worked to facilitate the
development of a National Strategy
for TES, drawing together and
consulting interested and relevant
parties from government, academia
and industry, and building a consensus
around what such a National Strategy
should comprise, and how it might be
developed and promulgated. Without
such action, it is likely that our leading
companies and the UK as a whole will
become increasingly challenged in the
global marketplace.
The consultation process identified a
number of areas where it was possible
Final Report July 2016

to envision in some detail how
a greater focus on TES might
impact on businesses and economic
performance, and what that impact
might look like. From exports and
productivity to new TES-led business
models, and from institutions and
regulation to skills, finance and sector
adoption, it was clear how and where
TES would exert a transformative
influence.
Moreover, as with other initiatives, the
UK Government has an opportunity
to lead the way and make a genuine
difference to the UK’s long term national
economic performance by applying TES
principles to public procurement, and
encouraging and enabling a new policy
framework for TES-related intellectual
property sharing. Government already
procures extensively on a ‘through life’
basis, and Treasury models likewise

already favour and promote a TESbased approach.
Accordingly, a report published by the
Centre on June 27th 2016, and backed
by industrialists, academics, and
representatives from of the UK MOD,
proposed an industry led joint body or
forum involving government, academia
and industry, tasked with implementing
the plan to deliver the strategy.
Titled A National Strategy for
Engineering Services: Delivering UK
Economic Growth by Making Things
Work Better for Longer, it set out an
ambitious objective: a 20% reduction in
cost with a 20% improvement in asset
availability, across more than £20bn of
UK economic output by 2025.
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With government
support, the firms that
have led development
of this strategy intend
to cooperate to deliver
the strategic plan. This
will involve establishing
working relationships
with all the groups and
organizations currently
or potentially engaged
in TES based activity,
including servitized
manufacture.
Initial action will establish
a national ‘TES Council’
mirroring the example
of other areas. This
may then oversee other
initiatives such as the
establishment of a TES
Catapult or other facility
to scale and demonstrate
technology and business capability:
providing an incubation space for
business model and technology
innovation, and a showcase for learning
and capability development across large
and small firms and academia. This
activity forms a major contribution to
the non-academic esteem category and
has put the Centre’s senior team at the
forefront of national thinking in this area.

Partnerships, collaboration,
and industry relevance
The Centre is hosted by Cranfield and
Durham Universities, with Cranfield as
the lead. When established in 2011,

16

the Centre had four core partners: Rolls
Royce, Bombardier Transportation,
BAE Systems, and the UK’s Ministry of
Defence. Each of these pledged strong
financial and technical support for the
Centre.

knowledge transfer networks (KTNs) and
specialist media, where access to their
membership and contact base was seen
as key to publicising and disseminating
the output of the Centre to a wide
industrial audience.

A number of other industrial partners
have joined since, generally through
the Centre’s TESClub, and the number
of these now totals 18, and continues
to grow. They fall into two distinct
groups: first, smaller companies or
company divisions with specialist
technical knowledge, expertise, or
technology that is of value to the
Centre; and second, trade associations,

At its peak the Centre was made up
of 30 people: 11 academics partly
supported by the Centre grant, 9 post
doctoral research fellows fully supported
by the grant, 8 PhD students, a National
Centre Manager, and an Outreach
Coordinator. The Centre was governed
by two committees, in the form of a
Centre Executive Committee (CEC) and
the Centre Advisory Board (CAB). It also
Final Report July 2016
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At its peak the Centre was made up of 30 people:
11 academics partly supported by the Centre
grant, 9 post doctoral research fellows fully
supported by the grant, 8 PhD students, a National
Centre Manager, and an Outreach Coordinator.

has a pool of academic and industrial
experts who form the Think Tank for
the Centre. The core partners are
represented on both the CEC and CAB.
Interactions with the industrial core
partners have been strengthened by
the development of a use case model,
initially with Rolls Royce whereby
specific industrial issues could be
examined as part of the research
with tangible outputs going back to
the industrial partner. This approach
successfully allowed the Centre to
straddle the necessary short-term focus
of industry while being cognisant of the
longer-term requirements of academic
research. It has also enhanced industrial
impact and spread the word of what
the Centre is capable of, throughout its
industrial collaborators.
One important output from the
Centre’s mid term review—carried
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out in 2013 and chaired by Professor
Jay Lee, Director of the Centre for
Intelligent Maintenance Systems
of the University of Cincinnati—
was an exhortation to look to the
future to secure funding beyond its
initial five years. This has led to the
development of a strategy to do
just this, working with academic and
industrial partners at all levels to build
a better and stronger Centre for the
future.
More recently, in 2015, Babcock
International joined the team of
core partners with representation
on both the Centre Executive and
the Centre Advisory Board. Babcock
has made a commitment to the
Centre through until 2018, and a
number of key projects have been
identified and commenced, providing
benefit to both the Centre’s research
programme as well as Babcock itself.

Additionally, there has more
recently been strong progress in
the area of data analytics, with
collaborations between Rolls Royce
and Warwick Analytics leading to
the development of a project called
the Mind Palace. The project aims
to develop a service to support
engineers in design and service
engineers with extracts of relevant
knowledge from multiple data
sources, displaying it through a
visualization engine to show the
relationship between degradation
mechanisms and components.
In 2015 the Centre received
funding for a new PhD student
in Augmented Reality (AR) for
maintenance sponsored by the
UK’s Ministry of Defence. This
is a significant contribution to
developing the Centre as an AR
Centre of Excellence.
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FIVE CORE PROJECTS WERE
PROPOSED IN THE ORIGINAL
GRANT APPLICATION THAT LED
TO THE CENTRE’S FORMATION.

Background and introduction
The first – Project 1 – was a
scoping review of the research
space and was completed in
the first year of the Centre.
The other four have formed
the backbone of the research
effort so far. These were
the Reduction of No Fault
Found through System Design
(Project 2), the
Characterisation of ‘In
Service’ Component
Feedback for System Design
and Manufacture (Project
3), the Improvement of the
Design Process for Whole Life
Cost Reduction in Systems
Engineering (Project 4), and
Self Healing Technologies
for Electronic and Mechanical
Components and Subsystems
(Project 5).
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To these have subsequently been
added two one year studies –
Collaborative Autonomous Robotics for
Maintenance and a project examining
the Degradation of Linear Machines.
We report below on the nature and
outcomes to date of each of these
projects. In each case, as projects
have matured and results have flowed,
there has been a step change in the
rate of the associated publications.
In each case, publications have been
logged, and can be inspected through
Researchfish.
In addition, as research has become
more mature we have taken the
opportunity to develop key tools to
take research outputs out into industry,
and therefore create value for our
members and the broader industrial
community.
Finally, as a number of initial PhD
projects associated with each research
programme has come to an end, we
have retained key students as staff on
the core projects both at Durham and
Cranfield. As TES and the work of the
Centre moved forward and matures,
their contribution to our TES mission
will be invaluable.
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Project 2:
The Reduction of No Fault Found
(NFF) Through System Design
Summary overview

The aims of this research project are to: identify common
root causes of NFF problems across industries and
understand the nature and impact of coupling between
sub systems, develop novel techniques to give Fault
Detection and Isolation (FDI) bounds for a system,
develop a fault localisation mechanism and demonstrator
at the board and sub system level, define system design
rules and demonstrate their effectiveness to reduce the
likelihood of NFF occurrences, and develop a system
design evaluation standard that will reduce the probability
of NFF occurring later in the lifecycle. The project was
initially to run for three years and has now been extended
to the end of the initial funding period, July 2016.
20

Introduction
Reported equipment faults where the
root cause cannot be determined—
variously called Fault Not Found (FNF),
Retest OK (RTOK), Cannot duplicate
(CND), or more commonly No Fault
Found (NFF)—reduce the availability of
equipment, and cost time and effort at
the user or operator interface. There is
also a significant cost throughout the
support supply chain, which is more
difficult to establish.
Consequently, despite extensive
research and investments in good
maintenance and fault-locating
practice, many organisations are still
wasting considerable amounts of
time and effort dealing with instances
of NFF. American estimates, for
instance, put NFF costs for a typical
United States commercial carrier
at approximately $250k per year
per aircraft. And for operators with
extensive fleets of equipment—land,
sea and air-based—such costs quickly
mount. NFF is estimated to cost the
Final Report July 2016
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United States Department of Defence
between $2bn and $10bn annually.
Causes range from the purely
technical, such as intermittency or from
vibration or other stresses, to issues
with software. Still other causes are
organisational, procedural, process and
testing effectiveness and human factors:
incorrect diagnostic techniques or tests,
poor training, incorrect processes,
operational pressures or simply poor
design. Solutions have always proved
to be difficult to identify, and best
practice is often not being shared within
industries or across industry boundaries.
The project’s research objectives were
to:
• To identify common root causes of
the classes of NFF problem across
industries and understand the
nature, the effect and impact of
coupling between sub systems.
• To develop modelling and Failure
Modes Effects Analysis (FMEA)
techniques to give Fault Detection
and Isolation (FDI) bounds for a
system.
• To develop a fault localisation
mechanism and demonstrator at the
board and sub system level.
• To define system design rules and
demonstrate their effectiveness
to reduce the likelihood of NFF
occurrences.
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• Develop a system design
evaluation standard
and procedure that will
reduce the problem of
NFF occurring later in the
lifecycle.

Initial research
Inevitably, with such a large
canvas, early efforts focused
on understanding the problem. A
comprehensive academic literature
survey on NFF was conducted,
resulting in a paper being published
at the first International Conference
on Through life Engineering Services,
TESConf 2012 held at Shrivenham.
The first annual symposium on NFF
was held at Cranfield in March 2013,
sponsored by the IET and AAD KTN
(Aerospace, Aviation and Defence
Knowledge Transfer Network) was
the first of its kind in the world and
succeeded in bringing together an
international community of industrial
practitioners at Cranfield to discuss the
problem and potential solutions, and
to identify key priority areas for tackling
NFF. The symposium had 7 industry
keynote speakers and was attended by
145 delegates from 60 organisations.
Thanks to the involvement of the UK’s
Ministry of Defence as a

core partner of the Centre, the Centre
was able to gain access a considerable
body of NFF data across the Royal Air
Force’s Fast Jet, Helicopter and Multi
Engine aircraft fleets.
A study of the organisational and
procedural impacts of NFF across
the Royal Air Force was undertaken.
Working with the Ministry of Defence
and another core partner, Bombardier
Transportation, we were then able to
identify and select pieces of equipment
from a military helicopter avionics
system suffering from repeated NFF
so that experimental investigations in
an environmental test chamber could
be conducted. The avionics system
in question, an Automatic Flight
Computer System, has high rates of
both reported faults and NFF.
A PhD research project, funded through
a BAE Systems Case
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monitoring algorithms to
assist in reducing NFF.
When a fault is present
continuously it is not
difficult to isolate and
repair; however this is
not true for faults that
occur intermittently.
Component degradation
can cause these faults to
worsen with time, until
they eventually cause a
hard fault.

Award, looked at correlating in service
NFF events and the root cause of faults
associated with key characteristics
of electronic equipment. Its overall
impact will be at the design phase, or
in assessing a proposed modification to
equipment, with the goal of enhancing
the equipment’s immunity to NFF
throughout its operational life, using
Bayesian Networks to model failure
probability.
The project aimed to demonstrate
the development of such diagnostic
and prognostic methodologies and
to examine performance in detection
on a real world test bed, consisting of
an aircraft fuel system simulation rig,
mimicking the components of an aircraft
fuel system.
A second PhD project looked at
developing hardware-based health
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The experimental work
focused on mechanically
induced intermittent
conditions in connectors,
using a regime designed
to repeatedly reproduce
intermittence in
electronic connectors
whilst subjected to
vibration. A novel
algorithm was then
used to detect an
intermittent fault in the
interconnector, sending a
sine wave as a carrier and demodulating
the received signal to get intermittent
information from the interconnection
system.
This algorithm has been simulated to
capture an intermittent fault signature
using Pspice electronic circuit simulation
software. A simulated algorithm is
implemented for practical verification
however measurements are done using
an oscilloscope. The results of this
experiment provide an insight into the
limitations of existing test equipment
and requirements for future intermittent
fault detection techniques.
Two MSc individual theses were also
commissioned. The first evaluated
NFF data management in an airline
environment with the associated
maintenance activity to improve the
data available and the actions that

need to be taken to reduce component
NFF rates. The second MSc studied
the effectiveness of test equipment
and processes within the Ministry of
Defence and its contribution to the NFF
problem.
An environmental test chamber was
commissioned, and the team used
the leased intermittent fault detection
and isolation equipment to research
faults in wiring and to establish an
understanding of how it can be used to
complement the test routines designed
for the environmental chamber.
The Centre has worked closely with
Copernicus Technology Ltd, and new
partner Cassidian Test and Evaluation,
and continued to build the NFF and TES
community with links to the University
of Lincoln, Warwick University, and TU
Delft.
Links with the broader NFF community
were further cemented with a 2nd
international symposium on NFF, which
took place at Shrivenham in May 2014.
Well-attended by those committed
to solutions in the area, it brought
together 95 practitioners from across
various industrial domains including
automotive to share their experiences,
best practice, and ideas for future
solutions.

Subsequent research and
applications in practice
A major area of more recent NFF
research has involved working with the
Ministry of Defence to examine NFF
drawn from the Ministry of Defence’s
maintenance data system, LITS. Based
on data in respect of 2008 9 for the
Royal Air Force’s Harrier aircraft, which
showed under recording of NFF by
approximately 300%. Under recording
of NFF is often because engineers are
reluctant to admit defeat, want to show
something has been done, and want to
put a positive spin on the diagnosis.
Final Report July 2016
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benchmarking tool provides a clear
assessment of an organisation’s attitude
and awareness of the impact and cost of
NFF—thus directly helping businesses
to understand their propensity for
incurring NFF challenges through such
organizational-, process-, and human
factors-based issues.

Following this finding, Air Command at
RAF High Wycombe sponsored visits to
five RAF stations and six different fleets
of aircraft in order to conduct detailed
analysis through questionnaires and
interviews. The research programme,
recommendations and outputs
stemming from this work is described
separately, as a case study.
More recently, NFF research has
involved a third PhD project based
around the test rig referred to
earlier. With the ultimate objective of
developing in situ health monitoring
technology, the project is classifying
the properties and characteristics
of intermittent faults from various
electrical/electronic components
and systems, in order to successfully
diagnose intermittent faults, and to
provide intelligent reasoning on
intermittent fault progression. This
significantly enhances overall
performance of a system by
reducing NFF issues raised
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from various intermittent failures—
for instance, loose connections, dry
solder joints, damaged wiring and
environmental degradation.
Separately, following an extensive
research programme into NFF in
published work and current industry
best practices, the findings have been
used as building blocks in the creation
of a NFF benchmarking tool. Partly,
this recognizes that NFF is a collection
of complex related issues rather than
merely a single issue, but also that there
are complex organizational issues and
human factors issues that are just as
prevalent in the causes that produce the
high levels of NFF as there are purely
technical causes.
More pertinently, these
organizational-, process-,
and human factors-based
issues are generally often easier
to solve if they can be identified
and recognised. Accordingly, the NFF

Finally, leveraging the Centre’s work
on NFF with the Ministry of Defence,
the Centre has worked with Alabama
University to assist in their work on the
United States’ Sikorsky CH-57 twin-rotor
helicopter and the Royal Air Force’s
own twin-rotor Sikorsky ‘Chinook’
helicopters. This involved using
Health and Usage Monitoring Systems
(HUMS) data, in order to avoid major
component removals which have been
actioned based on condition indicators
in the HUMS information, but which
subsequently turn out to be NFF.
Considerable effort was made in
analysing the available HUMS data
for the Chinook and establishing what
data sets were available—an essential
starting point for the application of
the machine learning algorithms that
would be applied by University of
Alabama staff who would be hosted for
two weeks by the EPSRC TES Centre.
However, contractual and possibly ITAR
[expand??] issues have so far thwarted
further progress towards what promised
to be an outstanding development in
avoiding very expensive removals for
repair which subsequently transpired to
be NFF.
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Project 3:
Characterisation of ‘In Service’
Component Feedback for System
Design and Manufacture

Introduction
With advances in the production of high
value components, it is necessary to
understand the service needs of such
complex engineered parts. The ability
to autonomously inspect and sentence
a part, especially within the context
of aerospace maintenance, repair and
overhaul facilities, has a major potential
for impact.
In particular, this could help to identify
faulty components at a much earlier
maintenance stage than is currently
possible, generating significant cost
savings.

Summary overview

The aims of this research project were to: characterise
failure, damage and degradation of components,
using 3D optical, thermography and XRay CT imaging,
develop a new technique to fuse the three types
of data and analyse it to produce service feedback
information using novel algorithms; develop a
technology demonstrator to semi-automatically
capture different types of component degradation
data from two different technology sources; develop
a methodology to tag the images with semantic
descriptions for storage and easy retrieval; define
what information is necessary and relevant at the
system architecting stage; investigate how the service
feedback will impact whole system design on specific
examples; and develop a PLM demonstrator on how
the system design could be supported using the
service feedback. The project was initially proposed to
run for three years and was subsequently extended to
the end of the initial funding period, July 2016.

Consequently, understanding key
degradation mechanisms such as
cracking, fatigue, corrosion and wear
at the component and system level,
supported by knowledge of how
to identify and characterise such
mechanisms – together with the ability
to predict the remaining useful life, and
a means of restoring those components
to the ‘as designed’ functionality – are
all essential to through life product
support.
A major piece of work undertaken at the
Centre has been a variety of research
initiatives aimed at achieving just that,
leveraging well known technologies
such as 3D imaging for verifying
component geometry and infrared
thermography to identify wear and
sub surface damage such as cracks,
delaminations, and corrosion. Carried
out in conjunction with industrial
partners Rolls Royce and Bombardier
Transportation, the goal has been to
develop a technology demonstrator that
can autonomously capture and analyse
data on component degradation that
might lead to failure.
This research also studied the link
between service performance and
initial system architecture, aimed at
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developing new guidance for system
design and maintenance strategy
formulation, thereby providing
improved component service life,
reduced maintenance, and reduced
service costs. The efficient and effective
data capture, interpretation, analysis,
storage and transition of very large
datasets represents an enormous
challenge on many levels.

NDT of ‘in service’ components
using active thermography
To understand various service
degradation mechanisms or damage
occurring in components, various
NDT methods such as X radiography,
ultrasound, 3D scanning and active
thermography are currently employed
within industry.
The primary focus of the Centre’s
approach has been the development
of pulsed active thermography as an
alternative and innovative method
to identify and classify sub surface
degradation occurring in aero engine
components. Thermography, 3D X CT,
3D laser scanning, and eddy current
methods are then applied alongside this
to complete the characterisation and
validation of the inspection results.
The data obtained from all these
methods has been used to develop
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image fusion and post processing
techniques to classify and establish
a system capable of autonomous
sentencing of parts employing a
semantic-based database system.
As part of the thermographic
inspection, the data acquisition and the
data analysis stages of the inspection
have been automated using an
industrial robotic arm and advanced
algorithms developed using Matlab,
Visual Basic and C++. The team has
had increasing success in completely
automating the process of damage
detection and characterisation, with
damage being autonomously identified
and sized by the algorithm.

Design Failure Modes Effects
Analysis (DFMEA), Data
Mining, and trend mapping
The Centre has worked towards the
development of a ‘service-led DFMEA’
system architecture. Industrial partner
Rolls-Royce has facilitated the complete
mapping of the design, manufacture,
and service activities for the Trent 900
High Pressure Nozzle Guide Vane, the
output of which has been presented as
Integrated Definition (IDEF) models.
The resulting activity and function
maps are seen as an essential tool to
understand the inputs, constraints,

mechanisms, and outputs to facilitate
each stage of the process, thereby
assessing the knowledge flow
throughout. This level of understanding
of the ‘as is’ condition is seen as a
prerequisite for the development of the
proposed system architecture, and the
proposed service design and support
strategy.
A number of outputs, findings and
developments fairly quickly stemmed
from this. An algorithmic framework to
analyse active thermography images
of different types of component
degradation has been developed,
for instance. Supported by industrial
partner Bombardier Transportation, a
prototype thermographic borescope for
inspecting inaccessible areas has also
been developed.
In addition, automated data capture
routines using a robotic arm to carry
out pulsed thermographic inspection
have been developed, permitting a
thermography unit mounted onto a
robotic arm to autonomously carry out
large part multiple inspections in a pre
defined grid pattern. A Microsoft Excelbased user-friendly interface allows
use by semi skilled analysts, permitting
feedback to a semantic dataset.
More recently, the use of an
ontology-based recognition tool in
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Excel to support the data mining of
degradation mechanisms has been
used to quantify concepts, with a
relationship extraction performed
by the recognition tool, based on
the subject verb object method.
Furthermore, a MATLAB routine using
the MATLAB image processing toolbox
has been developed to post process
the RAW data acquired from the
automated inspection routine, in order
to highlight damage zones.

discs, alongside work on developing a
framework to predict remaining useful
life based on key degradations that
might lead to identifying a reliable
model capable of preventing associated
failure of the system.
From a facilities perspective, the
Centre now has a new state of the art,
cooled, mid wavelength, high speed,
research grade thermal camera as well
as its in house legacy system. The new
camera, now fully integrated with the
existing system, is capable of inspecting
components at a 200Hz acquisition
frame rate which is a significant
improvement from the original camera’s
28Hz acquisition frame rate.
A new induction heating system
has been added to the capability.
Currently work is underway to integrate
the induction heater as an alternate
excitation source to the current flash
based system. This upgrade will
allow detection of surface cracks in
conducting materials.

There has been ongoing work in the
areas of degradation characterisation
using NDT methods, automation of data
capture and analysis for thermographic
inspection, the development of overall
understanding of the remaining
useful service life of components,
and understanding the effects of
manufacturing processes on various
degradation mechanisms. The current
research has delivered results in the
area of thermography whereby damage
was characterised by novel algorithms
developed within the Centre.
There is also a new stream of work
currently underway, focusing on the
fatigue modelling of railway brake
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A new eddy current inspection system
has also been acquired by the Centre to
help carry out traditional NDT in house.
This will help validate results obtained
from the thermography system for
components made of conducting
materials.
Finally, the Centre has successfully
won a commercial bid to carry out
experimental investigation and
characterisation of damage growth on
composite samples that have been
subjected to fatigue testing. Initially, the
work involved the development of a test
procedure, jig and fixture to cyclically
test a pseudo semi hemispherical test
coupon, which involved the tracing of
the inner surface of the test coupon.
Currently, the work is concentrated
on establishing the final set of testing
parameters that will help understand
the integrity of the component. It is

anticipated that the results from the
pulsed thermography system will
be validated against a 3D X Ray CT
technique.

Capturing degradation of
Thermal Barrier Coatings
(TBC) using pulse
thermography
The Centre has utilised pulsed
thermographic non destructive testing,
exploiting a series of thermograms
containing the temperature absorption
profile of a part subjected to pulse flash
heating, and then transforming this
qualitative data set into a quantitative
measure of thermo physical material
properties of the part.
As part of this work, an extensive
parametric study has been carried out
in order to identify the optimum data
capture and analysis parameters, to
ensure experiments can be conducted
with the ideal settings for accurate and
reliable measurements. Proving the
accuracy and reliability of results is a
key aspect of research when working
with methods that are not currently
developed to industrial standards.
This data analysis technique enables
us to capture the material state of the
component, effectively plotting the
change in material state over time in
correlation with the component’s real
state of material degradation. These
developments have led to a diagnostic
process to identify and exploit key
trends in the component’s life cycle
behaviour via pulsed thermographic
NDT, enabling capture of the remaining
useful life of components throughout
their life cycle.
Currently, the method is being applied
to capture the degradation of thin
coatings, and has resulted in the
identification of measurable changes in
high value components for Rolls-Royce.
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Assessing the influence of
manufacturing processes on
component degradation
Finally, two experimental studies have
been performed in order to investigate
the relationship between degradation,
laser drilling process parameters, and
the fatigue lifetime of turbine nozzle
guide vane cooling holes.
First, an experimental investigation
was performed on defects induced
by laser drilling. The control factors
and their levels were selected as
similar to the range of values used in
commercial laser drilling standards,
as practised within industry. The main
laser drilling process variables affecting
the recast layer and micro cracks were
determined, and the range of recast
layer thickness and micro cracks were
quantified under the experimental
settings that were being tested.
Second, the effects of defects induced
by laser drilling on the fatigue strength
degradation at high temperature and
corrosive environment was analysed,
with corrosion fatigue tests carried
out in a servo hydraulic environmental
fatigue rig.
It was found that relative to baseline
specimens and EDM drilling, laser
drilling causes a reduction of high
temperature CF strength by ~20%
35% and respectively, under the range
of stress values tested. This strength
degradation is found to correlate
directly to the thickness and cracks in
the recast layer induced during the
laser drilling processing.
The knowledge gained in this research
provides a valuable aid for improving
the surface integrity of laser-drilled
components, and a better in service
life expectancy. The results from both
studies are being disseminated through
a number of journal papers and
industrial reports.
Final Report July 2016
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Project 4:
Improvement of System Design
Process for Whole Life Cost Reduction

Summary overview

The aims of this research project were to: study
examples of the impact of coupling between the
mechanical, electrical and software components for
whole life cost of a system, together with obsolescence
management, maintenance repair overhaul and system
requalification; develop a novel methodology and an
associated tool to improve the system design process,
partitioning to reduce the engineering service cost
whilst minimising the effort and elapsed time needed
to evaluate and optimise the concept design options
for the coupled whole systems; and demonstrate the
recommended System Design for Service Provision
approach in a real life engineering system.
28

Introduction
The aeroengine system design process
is a complex and arduous task which,
beyond any doubt, significantly
influences the resulting whole life cost
(WLC), and in particular the through life
maintenance and support cost within
the overall WLC.
Thus, in the era of service-based
contracts, such as Rolls-Royce’s ‘Total
Care’ package, (more colloquially known
as ‘power by the hour’), the decisions
and architectural choices in the early
stages of the product development
lifecycle are critical and increasingly
important to aeroengine manufacturers.
Final Report July 2016

Core TES Projects

stages of product development are
critical to later design and realisation
decisions. Therefore, these should
provide the lowest risk option
compatible with the achievement of
the overall business and customer
requirements, taking into account past
experience and the perceived levels of
product pedigree.

Consequently, there is an need for
practical solutions to enhance the
systems engineering design processes
of high value complex systems in order
to address this requirement.
The research project aimed to
investigate improvements to the
system design process to achieve
WLC reduction as a part of optimised
through life system support. The
existing methods and paradigms in
system design were reviewed, followed
by an investigation of the impact that
the design decisions at the system
level have on the WLC.
It is known that the requirements and
architectural choices made in the early
Final Report July 2016

Key activities in this research
– carried out in conjunction
with the Centre’s core
industrial partner Rolls-Royce
– were to identify risk factors
in the early design stage
mainly associated with a
product requirement setting
process, and then, as a result
of those design decisions,
analyse the incurred in service
costs. While this research
has focused primarily on WLC
reduction, much of it also
applies to improvement of the
design processes in general.
A specific application of interest to
industry that has been addressed
by the research is the derivation
of a design process, to support
evaluation of the WLC of high value
complex systems and, specifically,
how the process would conduct

Option Assessment for System
Architectures to achieve through life
success.

Initial scheme of work
Two conference papers—
Improvement of system design
process: towards whole life cost
reduction by Sydor et
al, and An Aerospace
Requirements Setting
Model to Improve
System Design by
Tomas et al—were
presented at TESConf
2014. In addition, a
project poster was
accepted, along
with the award of a
fully-funded place
at the Academic
Research Showcase
for the Annual Systems Engineering
Conference (ASEC 2014), organised
by the International Council on
Systems Engineering’s UK Chapter.
The presented poster won “The Best
Poster Award”.
Two successful individual MSc
projects supervised by the core
project team were completed
in order to support and expand
this research. The first project
focused on risk assessment and
risk visualisation in the early
design stage. The second focused
on information management
and analysis of global data to
determine how much of an
aircraft’s life-cycle cost is driven by
disruptive and unplanned events
related to aircraft engine faults and
failures.
Further to that, in May 2015 a new
MSc programme was launched to
investigate methods to analyse gas
turbine service requirements and the
associated risks.
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Project 5:
Self Healing Technologies for Electronic and
Mechanical Components and Subsystems
Summary overview

This project aimed to devise architectures to exploit self healing
technologies for electronic and mechanical components and subsystems
to reduce maintenance. In designing new products, there is an expectation
of a much greater lifespan with minimal call upon engineering service
support throughout its life. This project aimed to extend system longevity
by increasing the system’s capacity to self repair. The project was initially
proposed to run for three years, and was subsequently extended to the
end of the initial funding period, July 2016.

Introduction
Self-healing and self maintenance
strategies call for a design philosophy
that requires an engineering system
or sub system to be provisioned
with resources and decision-making
capabilities able to self initiate fault
detection and corrective action in
order to mitigate against random and
predictive in service failures.
In turn, this requires a trade-off between
the added cost and complexity of
systems and sub-systems equipped
with self-healing capabilities, and the
benefits realised by such capabilities—
in particular, lower maintenance costs,
increased uptime, and greater system or
sub-system longevity.
The project pursued various
strategies and objectives, looking
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at both electro-mechanical
systems and sub-systems as
well as electronic ones, with
development prioritising
demonstrators focused on energy
harvesting, redundant transistor
circuits and gate logic, built in
fault detection, self configuring
logic, memory mapped state
machines, and n bar mechanisms.
Research also sought to identify
build-design strategies capable
of active fault repair—i.e., the
isolation of faulty resources by
disabling them or substituting
with redundant healthy resources.

Initial research
Work initially focused on
developing a core understanding
of the emergent area of self healing
technologies along with technological

demonstrators used to evaluate early
design concepts. Activities were
centred upon the identification and
configuration of appropriate software
and hardware tools to support the
design and investigation of novel self
healing mechanisms for electronic
systems and electro mechanical
energy harvester devices. With
especial reference to electronics,
work covered areas such as self
recovery algorithms, self repair,
self test, self reconfiguration and
advanced fault masking.
For self healing in the mechanical
domain, fault tolerant n bar
mechanisms were investigated by
combining an analytical model of
the known system kinematics and a
self healing algorithm, with built in
correction being initiated to restore
correct movement.
Final Report July 2016
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Self-repair
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Spare
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In the electronics domain, a
self recovery algorithm was
investigated for reconfigurable field
programmable gate arrays (FPGAs),
in which the self restoring property of
the algorithm is exploited to initiate
automatic recovery of the correct
logic circuit in the event of single
or multiple simultaneous random
upsets. The recovery mechanism is
based on the similar principle of that
of biological cell interactions, which
are highly localised by nature, and
protected by many local copies of
DNA information. The algorithm in
question was implemented using
a convergent rule set derived from
the Centre’s previous research
on convergent cellular automata,
and implemented as a hardware
demonstration of a self recovering
binary adder logic unit. An interactive
graphical user interface allowed for
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fault insertion and observation of the
self recovery process.
A further demonstration platform
was constructed to show how look
up tables (LUTs) residing within a
logic design could be protected by
data error detection and correction
(EDC) codes. Data protection through
EDC is not in itself a new concept,
however we applied them to protect
finite state machines (FSMs) that
were redesigned into LUT form. By
minimising other logic not associated
with the LUT, the intention is that the
FSM becomes fault resilient through
EDC codes.
We pursued a number of application
areas with our core partners
including avionic sub components
for commercial and defence aircraft,
autonomous aircraft, and vehicles.

Offline

Online

•

Generic algorithm
reconfiguration

•

TMR with
recovery

•

Incremental
routing

•

STAR

•

Competing
configurations

A number of other related areas
were explored with other potential
collaborators including heavy vehicles
for mining, advanced mechatronics
for manufacturing, and resilient
power modules. A fact finding
mission to the East Coast of the
United States exposed our research
concepts to leading research and
development centres in the fields of
complex manufacturing, electronics,
and robotics. We also identified two
further novel applications for this
technology in the areas of plastic
electronics and resilient networks.
Finally, our studio laboratory was
equipped with advanced test
and measurement instruments—
sourced primarily from National
Instruments—in the form of a PXI
based test chassis. This was equipped
with mixed signal generation and
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acquisition hardware including a
reconfigurable IO FPGA card that
offers highly programmable digital
I/O for custom test benching. A
number of FPGA prototyping boards
were also sourced from Xilinx, which
are used for hardware emulation
of our designs. This hardware is
supported by Labview and Xilinx
software tools.

Key achievements—
electronics
Starting from established methods
for fault-masking, the Centre has
developed advanced designs that
achieve enhanced resilience to stuck
at fault conditions whilst offering the
possibility of fault detection.
This feature is not present in
conventional fault-masking designs
since they are normally intended
to absorb fault events in a passive
manner. Progression towards self
healing capability requires detection
and monitoring of fault events so
that event information can be fed
into the MRO scheduling activity, for
example, to better inform predictive
maintenance activity.
This is particularly important for
logging of permanent errors so
that the remaining fault capacity
is known, and is also useful in
monitoring the frequency of transient
upsets. We have therefore begun to
incorporate detection into faultmasking design whilst retaining
minimal redundancy overhead.
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In the electronics domain a
combination of fine grained masking
design with gate level self repair is
a promising design methodology
due to the scope for design variation
and optimisation. In contrast,
implementation of advanced FPGA
techniques that are extremely
complex requires significant discrete
computation resources in order to
generate new configurations. Offline
methods that use configurations
allocated at design time are one
potential compromise here, and
offer a greater chance of meeting
stringent certification standards.
Another key focus within the
electronics domain has been on the
incorporation of a self repair capability
that is able to circumvent faulty logic.
Considerably more advanced than
masking strategies, self repair operates
in fundamentally different ways, with
the simplest strategy being isolation
of any faulty logic that has been
detected. We have developed a gate
level design that achieves this based
on temporal redundancy allocation
in order to enable fault detection
and localisation using a relatively
simple control procedure. This design
has also been implemented using
fault tolerant gates with redundant
transistor circuitry, serving as a useful
case study for resource/performance
design optimisation with fine grained
redundancy.

Key achievements—
mechanical
In a mechanical context, equipping
mechanical systems with the
capability for self repair is a
challenge of a different order, and is
currently being pursued along two
different fronts.
The first focuses upon a hybridisation
of mechanical and electronic systems

through the self healing and repair
of a MEMS piezoelectric energy
harvester. Designed to harvest
energy from the environment to
power devices wirelessly, and often
in remote and harsh environments,
damage incurred over the lifetime
of the component can lead to loss
of function / power generation. This
can be a critical issue, particularly
if the device that it is powering
suddenly stops functioning, with
its remoteness then bringing a
consequent inability to replace the
device in a timely manner.
Typically, such power loss can
result from the deformation of the
piezoelectric material, which gives
rise to a change in its mechanical
and electrical impedance, in turn
causing an impedance mismatch
between the piezoelectric energy
harvester and its coupled electronic
circuitry—therefore leading to power
loss. Consequently, self repairing
strategies which could alter the
electrical impedance so as to lower
or remove mismatching and increase
power generation could be of great
benefit.
The Centre investigated such
approaches, recognising that the
mechanical design of an energy
harvester plays an important role
in defining the resonant frequency
characteristics of the system.
Therefore, in order to maximize
power density it is important for
a designer to be able to model,
simulate and optimise designs to
match new target applications,
initially by modelling piezoelectric
energy harvesters in both normal
and damaged states, leading to the
concept of novel repair strategies
based upon the reconfiguration
of an anti fuse capacitive array.
An approach which utilises the
powerful optimisation strategies
Final Report July 2016
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from evolutionary computation
was developed to aid designers
in developing such piezoelectric
energy harvesters and is outlined
in a paper that was submitted to
TESConf 2014.
The second focus of mechanical self
healing looks at the completion of
previous work on the self repair of
N bar mechanisms. An important
phase of the self repairing process
lies in the corrective action to be
undertaken in order to repair or
regain function of the system or
device. In some systems, such
corrective actions are built in
and automatic, and determined
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AN IMPORTANT PHASE OF THE
SELF REPAIRING PROCESS LIES
IN THE CORRECTIVE ACTION TO
BE UNDERTAKEN IN ORDER TO
REPAIR OR REGAIN FUNCTION
OF THE SYSTEM OR DEVICE.
at design time. In other systems
this may not be possible as the
number of damaged states is very
large and as a consequence the
number of corrective actions also

grows. Therefore the ability to gain
knowledge of the fault, and calculate
new corrective actions based upon
the state of the system is of great
importance.
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One year
Project:
Autonomous
Maintenance
The introduction of
automated robots to
industrial maintenance is
necessary and beneficial,
on one hand to reduce
both the cost and time
and on the other hand to
perform maintenance tasks
in dangerous or difficult
situations for human workers.
There are a number of
challenges present within
the application of robotic
maintenance systems to
industrial maintenance,
due to its irregular, nondeterministic and nonstandardised nature.
Initial Research
This project tackled some of
these challenges in order to
push forward the boundaries of
automated robotic maintenance.
Using current industrial engineering
techniques, it modelled, analysed,
and decomposed complex
maintenance tasks into
simple unit sub-tasks that
can be automated with a
current or future robotic
platform. This was followed
by an investigation into
how collaborative mobile
manipulator platforms can
undertake maintenance tasks.
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Prototype collaborative autonomous
robots integrated with a state of
the art robotic operating system
(ROS) framework were constructed
and tested. This quickly highlighted
the most obvious limiting factor
to collaborative autonomous
maintenance, the requirement for
a complex control architecture
and sophisticated intelligence. To
tackle this, the project developed
a design strategy (“collaboration
with minimum coordination”) that
reduced the complexity of such
control architectures through the
concept of ‘self-coordination’ by
allowing the asset to coordinate
its own maintenance. This was
demonstrated on a mock-up of
a train carriage heavy door, with
multiple autonomous mobile robots
performing physical collaboration on
a routine maintenance and inspection
task.

Task classification for
maintenance decomposition
methodology:
In order to take standard
maintenance tasks undertaken by
human engineers and assist or
replace them with some form of
automation requires the ability to
capture the necessary action, motions
and decision making processes from
start to finish. This information can
then be used to design and develop
automated solutions that can perform
the necessary motions and decision
making required performing the
maintenance task effectively. Working
with our partners Bombardier UK
this project set out to develop a
maintenance task classification
methodology based upon known
industrial engineering techniques
to capture the necessary steps
needed to perform a maintenance
Final Report July 2016

MOVING FORWARD WITH
THE PREVIOUS WORK THIS
PROJECT LOOKED TOWARDS
TO THE DEVELOPMENT OF
COLLABORATIVE ROBOTIC
SOLUTIONS FOR UNDERTAKING
THE MAINTENANCE TASKS
RESEARCHED PREVIOUSLY.
task and identify areas for possible
automation using robotic platforms.
This work covered maintenance case
studies such as ‘oil filler analysis’ and
‘train skirt and engine inspection’
on a class 222 diesel engine train,
with recordings of the procedure
used as a reference to build a set of
decomposed motions and decision
making ‘unit tasks’ needed to perform
the task at hand.
This branch of research led to the
publishing of a paper at TESConf2013
entitled “Maintenance Task
Classification: Towards Automated
Robotic Maintenance for Industry”,
and a talk on “Collaborative
Robotic Maintenance” at the recent
Manufacturing the Future Conference
2013 at Cranfield University.

ROS integration:
Moving forward with the previous
work this project looked towards to
the development of collaborative
robotic solutions for undertaking
the maintenance tasks researched
previously. This began with an

investigation into suitable hardware
and software solutions capable
of demonstrating the necessary
abilities required to perform some
level of automated maintenance.
Early on the ‘Robotic Operating
System’ (ROS) was identified as the
current state of the art choice for a
robotic framework able to handle
the decision-making and control
processes present on any robotic
hardware chosen to perform the
maintenance task. The hardware
focused upon the development
of multiple ‘mobile manipulators’
which can work in tandem to
perform some level of collaborative
robotic maintenance. The fusion of
a Turtlebot 2 mobile robotic system
with a PhantomX Pincher robotic arm
manipulator all controlled on the
ROS framework provided a suitable
robotic solution for researching
automated maintenance.

Collaborative strategies
for maintenance:
It became very evident that the task
of coordination and collaboration
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between the two robotic platforms
to undertake this particular
maintenance task was difficult and
would not scale effectively for
much larger problems using current
strategies. Therefore new alternative
strategies were investigated and
developed to aid the process of
automating maintenance tasks
through the use of multiple robotic
platforms by simplifying the
process of how collaboration is
undertaken. The concept of ‘selfcoordination’ has been outlined
in an upcoming TESConf2014
paper entitled ‘Collaboration with
minimum coordination’, which looks
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at the current collaboration and
coordination strategies employed in
robotics for multi or swarm systems
and introduces a new approach for
controlling multiple robotic platforms
to undertake collaborative tasks such
as maintenance.
The concept of ‘self’ incorporates
a varied and large number of
applications and fields. This includes
‘self-healing’, ‘self-repair’, ‘selfmaintenance’, ‘self-reconfiguration’,
‘self-assembly’, ‘self-monitoring’
etc. In the case of self-healing and
repair we look towards systems that
can overcome damage sustained

over the life-cycle of the device,
through either a level of redundancy
in which to maintain some degree
of functionality, or the ability to
regain functionality after damage
has occurred. Self-reconfiguration
and self-assembly can be found in a
number of robotic applications. For
example where robotic systems are
able to aggregate and form more
complex and efficient machines
to undertake a task, or in the case
of self-reconfiguration alter their
current system or state in response
to a change in the environment so
as to better achieve their expected
function. Such an approach
Final Report July 2016
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could provide an alternative to
current coordination strategies for
collaborating robots undertaking
complex tasks upon products or
systems. The concept of ‘selfcoordination’ therefore looks to
incorporate the decision making
and overall control of a collaborative
task into the system being acted
upon. So for example in an industrial
maintenance context, a large asset
such as a train carriage would
contain the ability to coordinate its
own maintenance. This would be
envisioned through communication,
instruction and coordination of
robotic platforms tasked with
Final Report July 2016

undertaking a specific maintenance
process or perhaps a single step
within this process, be it inspection /
sensing / actuation.

Description of potential
impact of the research
in industry
Engagement with Industry is of
key importance to this research
in order to gauge the real
challenges present in automation
of maintenance activities through
robotics. A close relationship with
Bombardier Transportation has
allowed some of the developed

research to be tested in the field
to give a better understanding
of its impact and feedback on
where this research can be applied
and improved. This covers task
classification of a number of train
undercarriage maintenance tasks.
Maintenance scenarios evolved
from those currently encountered
by Bombardier within their train
maintenance depots are also
currently being investigated,
for example train brake pad
replacement. The potential for
impact is huge and this work has
led to an investigation of a possible
patent application in this area. 40:
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One year Project:
The Degradation of Linear Machines
Summary overview

This one year study investigated previous
research in the degradation of linear machines,
created a mathematical model of such a
machine and built an actual machine. Real faults
were induced in this machine and a library of
vibration spectra captured. This library provides
a reference for actual in field observations to
help diagnose faults.
Introduction
Linear machines—generally in the form
of linear electromechanical actuators—
are all around us, covering a wide
range of applications: valve actuators
in industrial processes, machine tools,
mechanisms for aircraft undercarriage
and control surfaces, the operation of
sliding doors and steps, robot arms in
manufacturing industry and so on.
But a failure in these actuators can
be critical both for the safety and the
availability of the system in which
they are integrated. For example,
a malfunction in an actuator of a
robot arm in an assembly line can
cause the shutdown of the whole
line for maintenance, increasing the
maintenance and operating costs
of the plant. In other cases, such as
the operation of control surfaces in
aircraft, a fault in an actuator can also
compromise the safety of passengers
and crew.
Yet despite the increasing utilization
of linear actuators and the critical role
played in some of their applications,
the presence of condition monitoring
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tools for these devices is quite limited
in industrial applications and academic
research.
A TES research project carried out by
the Centre aimed to determine the
state of the art in understanding failure
modes and degradation mechanisms
in linear electromechanical actuators,
and explore the potential capabilities
of diagnostic and prognostic tools for
this kind of machines.

Failure mode investigation
As an initial step, relevant literature
was examined in order to gather
information about the typologies of
linear actuators, failure modes and
their criticality, the experimental
setups and simulations used
in previous studies, and signal
processing techniques.
These days, linear electromechanical
actuators such as the ball screw, rack
and pinion or chain/belt actuators
are undeniably growing in popularity.
The main reasons for this success,
when compared to more traditional
hydraulic or pneumatic systems, are

linear electromechanical actuators’
reduced weight and energy
consumption, improved control and
automation capabilities, and the lack
of pumps or pressurised circuits.
Failure modes in ball screw actuators
are well studied due to the interest in
applying such technology in aircraft
designs. Most of these investigations
agree that motor or electrical faults are
more common and more critical than
other types of faults. Jamming, for
instance, is a highly critical failure mode
for the particular case of operation due
to the potential risks associated with it.
Other important failure modes are those
related to wear and lubrication. These
malfunctions do not typically produce
abrupt failures, but instead result in
a slow degradation in the machine’s
performance, eventually leading to a
severe failure if it is not corrected. These
type of faults had an especial interest
for the project because condition
monitoring can potentially detect
and diagnose these faults in the early
stages of degradation, improving the
maintenance and operating costs of the
device.
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When the actuator is ruled by an
automatic controller, measurements of
current are typically available from the
drive and can potentially be used for
monitoring. If the actuator has to follow
precisely a certain motion profile, then
position measurements are typically
fed back to the controller to ensure the
accuracy of the movement. This signal
can also be studied from the monitoring
point of view.
Previous investigations in the field
have primarily used features from
these two measurements to detect
deviations that could reveal the
presence of faults. Other investigations
made use of additional sensors such
as accelerometers or thermocouples
to obtain further information from the
system. Computational simulations
have been used to model the dynamic
behaviour of the system, with faults
detected by looking at differences
between the actual measurements and
the model outputs.

Computer simulations
Accordingly, a computational model of
an electromechanical actuator was built
in SIMULINK, using blocks from the
Simscape library, based on state of the
art knowledge in the field.
This model was used for a preliminary
evaluation of different monitoring
techniques, and also to support the
design of a physical test rig. The model

could simulate different motion profiles
under diverse loading conditions,
and could be modified by the user to
include different mechanical faults such
as lack of lubrication, surface damage or
backlash.
During the simulations, the model was
programmed to follow a trapezoidal
motion profile with 50mm of stroke,
which is completed in 15 seconds.
A distinctive set of features was
extracted from current and position
error measurements in each stage of
the movement, including the ‘steady
value’, overshoot, settling time, and any
unexpected peaks in the steady region.
White background noise was added to
the current and position measurements
used for monitoring in order to make
the simulation more realistic. The
nominal model was also modified to
seed some typical faults related with
lubrication and wear. Lack of lubrication
was simulated by increasing the viscous
friction coefficient in the translational
friction block. Spalling or wear at a
precise point of the screw was simulated
by inducing a short and sudden
increment of the friction force at a
particular location selected by the user.
The good results obtained using
computer simulated data encouraged
the design of a ball screw and a
rack and pinion test rig to acquire
real experimental data. Capable of
producing a displacement of up to
140mm with a maximum
external load of 60kgf.
The rig is approximately
75cm long, 35 cm wide
and 25 cm high.
In order to simulate
varying loading scenarios
that represent realistic
operating conditions,
a second actuator was
used. Both actuators are
connected through a
load cell, and the load
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measurements provided are fed back to
the controller of the second actuator.

Development of a test rig
The test rig was designed using
components available in the market
for the construction of small CNC
machines. The mechanical components
are supported by strut-based
aluminium profile structure. The motors
of both actuators are controlled from
a Labview interface, which is also
responsible for the data collection.
The instrumentation includes typical
sensors such as position and current
measurements, as well as additional
measurements including temperature
and vibration.
Initially the rig was run without faults in
order to collect a significant amount of
data that can represent the behaviour
of the system under different loading
conditions. Then different faults
were introduced in different parts
of the system in order to study its
degradation.
Among the faults in question:
• Lack of lubrication, simulated by
removing gradually the lubricant in
the screw or rack.
• Spalling, simulated by artificially
inducing surface defects on the
contact surfaces.
• Backlash, simulated by using balls of
smaller diameter.
• Jamming, seeded by physically
introducing obstacles in the return
channels of the balls.
This part of the work has generated
a comprehensive data set for the
study of failures in these machines.
This set of data can then be used for
the development and assessment
of specific monitoring tools that
can improve the maintenance and
operation of existing assets and
provide valuable information for the
design of such systems.
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Future plans
for the Centre
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Future plans for the Centre

THE CENTRE IS CONTINUING
WITH ITS TECHNICAL WORK
SUPPORTED ON A CASE BY CASE
BASIS DIRECTLY FROM INDUSTRY.
A platform grant application is in process to
ensure continuity of the technical research and
other funding schemes are being pursued. Senior
members of the Centre continue to be engaged
with Cranfield University through an independent
consultancy offering which aims to exploit the
outcomes of the research in the form of tools.
Cranfield is actively supporting the establishment
of an Industrial Sector Council to pursue the
National Strategy development.
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Significant
Esteem Factors
A number of non-academic esteem factors
have been identified above such as the
development of the National Strategy for TES.
Listed below are the academic esteem factors
for the permanent academic staff involved in
the Centre as Principle or Co-Investigators.
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Significant Esteem Factors

Criteria

Details

Invited keynote papers

CIRP Keynote: Continuous maintenance and the
future – Foundations and technological challenges.
Original Research Article, CIRP Annals - Manufacturing
Technology, In Press, Corrected Proof, Available online
30 June 2016 R. Roy, R. Stark, K. Tracht, S. Takata, M.
Mori.
Service Knowledge Capture and Reuse, CIRP IPS2
Conference, Canada, 2014.
Through-life Engineering Services – Challenges and
Opportunities, COMADEM, Huddersfield, 2012.

Academic awards

Chairman of the World Federation for Soft Computing
(WFSC)
Founder and Chief Technical Officer of The
Manufacturing Co-operative

Professor Rajkumar Roy,
Centre Director and CEC
Chair

Founding Editor in Chief of ‘Applied Soft Computing’
Journal from Elsevier Science (Impact Factor 2.415).
Editor of the Book Series on ‘Decision Engineering’
from Springer Verlag
Fellowships

FCIRP, FIED, FACostE, FCILT, MIEEE, MIE(India), CEng

Membership of (peer) review bodies

HEFCE REF 2014 Panel Member for ‘General
Engineering
Member of the IET Manufacturing Policy Panel
External Examiner for the Manufacturing Courses
in the School of Engineering, Warwick University,
2011-2014

Activity in CIRP (chairing or
membership of committees etc)

Chairman of CIRP UK, 2012-2015.
Director and Trustee of the CIRP UK Ltd
Chair of the CIRP Collaborative Working Group on
‘Continuous Maintenance’, 2012-15

Criteria

Details

Fellowships

Fellow of IMechE
Fellow of IET
EPSRC High Value Manufacturing
Catapult Fellow

Membership of (peer) review bodies

Member of EPSRC Peer
Review College

Professor Ashutosh Tiwari,
Co-Investigator and CEC
member
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Significant Esteem Factors

Criteria

Details

Invited keynote papers

Starr A, 2012, Automated condition monitoring of gear drives:
limitations and advances, Maintenance Performance, Measurement and
Management Conference, Sunderland, UK (keynote)
Starr A, 2012, Global Developments in Maintenance Education
(keynote), Omaintec – 10th International Operation and Maintenance
Conference, Beirut, Lebanon
Starr A, 2012, Achieving a predictive asset management culture in the
business strategy – Plant & Asset Management Conference, London
(keynote)
Starr A, 2013, Omaintec – 11th International Operation and
Maintenance Conference, Jeddah, Saudi Arabia (keynote)

Professor Andrew Starr,
Co-Investigator and CEC
member

Starr A, 2014, Integrating Maintenance Support For High-Value
Systems, Omaintec – 12th International Operation and Maintenance
Conference, Dubai, UAE (keynote)
Invited talks

Starr A, 2011, Integrated Maintenance – Progress & Challenges in
Through-Life Support, Best Practice Seminar on Whole Life Modelling:
Maximising Process & Asset Value by Understanding the Total Costs
of Ownership from Lust to Dust, University of Bristol/Institute of Asset
Management, Bristol, UK
Starr A, 2011, Systems integration – searching for the Holy Grail,
2nd Condition Based Maintenance Conference, Institute of Marine
Engineering, Science and Technology, London UK
Starr A, 2011, Design and development of bespoke test rigs for
vibration monitoring, IMechE seminar S1641 on Improving aircraft
engine health management, Derby UK
Starr A, 2012, Leadership development and training in maintenance,
Plant & Asset Management exhibition, Birmingham UK
Starr A, 2012, Automated condition monitoring of gear drives:
limitations and advances, DE&S R&M Specialist Seminar, MoD Bristol,
UK
Starr A, 2013, Developing a proactive asset management culture in
the water industry, Water Industry Asset Management conference,
Birmingham, UK
Starr A, 2013, Improving Maintenance Efficiency Through Detection
and Modelling, IQPC Naval Refit & Repair conference, London UK
Starr A, 2013, Achieving value in predictive asset management, Maintec
Conference, NEC, UK
Starr A, 2014, Through life Engineering, Automotive Innovation Summit,
Nürburg, Germany
Starr A, 2014, Developments in maintenance systems, Plant & Asset
Management Exhibition & Conference, NEC, UK
Starr A, 2015, Condition Monitoring – future prospects, MCMD 2015
and MPMM 2015, POHTO, Oulu, Finland
Starr A, 2015, Through-life Engineering Services Institute, KTN
Electronics & Sensors for Aerospace Consortium Building Event,
Hendon, UK

Researcher recognition
(any special awards
won by their RAs etc)

Cristobal Ruiz Carcel won a best poster award

Membership of (peer)
review bodies

Member of technical committee, Condition Monitoring 2014
Manchester
Member of technical committee, Condition Monitoring 2013 Poland
Member of technical committee, Condition Monitoring 2012 London
Member of scientific committee for COMADEM 2012, Huddersfield UK
Member of technical committee, PHM 2012, Dresden, Germany
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Significant Esteem Factors

Criteria

Details

Academic awards
Fellowships

EPSRC Impact Acceleration Award,
Project with JLR

Activities for TES Conference

NFF special track at the TES Conf.,

Mr Chris Hockley,
Co-Investigator and CEC
member

Criteria

Details

Invited talks

Invited lectures at Wrocław University of Technology in
Poland, January 2016
Invited talk to senior engineers at BAE Systems Warton,
March 2016

Academic awards

Best paper award at the INCOSE UK Annual
Conference ASEC Nov 2014

Professor Phil John,
Co-Investigator and CEC
member

Criteria

Details

Invited keynote papers

“Cost Modelling For Industrial Product-Service Systems”
CIRP – Digital Enterprise Technology (DET) 2009
conference, 14-16 December 2009, University of
Hong-Kong, Hong-Kong.

Fellowships

FIET, FACostE, FHEA

Membership of (peer) review bodies

EPSRC, The National Fund for Scientific and
Technological Development of the Chilean Government
Commission for Scientific and Technological
Development (CONICYT)

Activities for TES Conference

Editor for the proceedings of 1st, 2nd, 3rd, 4th and 5th
TESConf 2012, 2013, 2014, 2015, 2016. Publication
Chair for TESConf 2012
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Essam Shehab,
Co-Investigator
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Significant Esteem Factors

Criteria

Details

Invited keynote papers

A. Purvis “Making products last longer”, 6th international
conference on industrial & information systems, ICIIS,
Sri Lanka, 16-19 Aug 2012.

Invited talks

Invited presentation to health professionals, Royal
United Hospital, Bath, 2012.
Presentation, “Through life engineering services”,
University of Maryland, CALCE, 5 Sept 2012
Presentation, “Through life engineering services”,
Georgia-Tech, 31 Sept 2012
Presentation, “Through life engineering services”,
Harvard, 7 Sept 2012

Alan Purvis,
Co-Investigator and CEC
member

Presentation, “Through life engineering services “, MIT
(CSAIL), 6 Sept 2012
Seminar “Overview of self-repairing electronics”,
Intelligent Systems Research Group, University of York,
26-27 Jan 2012
Industry presentation, “Through life engineering services
- team visit to USA”, iRobot Boston USA, 6 Sept 2012
Academic awards

Best paper award at the INCOSE UK Annual
Conference ASEC Nov 2014

Membership of (peer) review bodies

OSA DH panel
Complexity network
Chairing special sessions

Activities for TES Conference

Special sessions in Self-healing technologies 20112016, 14 contributed papers within these sessions.
Paper reviewing
Chairing special sessions

Criteria

Details

Invited talks

Current and future direction of cost engineering
research, International
Conference on Cost Engineering, Netherlands, 2016.
“Current and future trends in cost engineering research”.
Role of augmented reality, Holography Summit 2016
Costing no-fault found, ServiceMax Flagship
Conference

Researcher recognition (any special
awards won by their RAs etc)

PhD researcher Alessandro Busachi was one of eight
finalists in the UKCeB Excellence Awards

Membership of (peer) review bodies

Subject advisor on uncertainty at the International
Journal of Computer Mathematics

John Erkoyuncu,
Co-Investigator

Member of the Whole Life Cycle Cost Working Group
lead by MoD.
Member of Joint Obsolescence Management Working
Group led by MoD.
Member of IEEE SMC Technical Committee on ModelBased Systems Engineering.
Institute of Asset Management – leading the Academia
and Industry engagement and developed 5 working
groups (2015- )
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Activity in CIRP (chairing or
membership of committees etc)

CIRP Research Affiliate

Activities for TES Conference

Organising a special session on Visualisation

Organised the CIRPe 2015 conference
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Criteria

Details

Invited talks

Mehnen, J. IoT Security, Chevening Fellows, 29th April 2016, Shrivenham
Mehnen, J. ADS talk on Big Data, 14th March 2016, London
Mehnen, J. Digital Technologies for Manufacturing Innovation: Embracing Industry 4.0 –
30th November to 1st December 2015, Nottingham University, 30th November 2015
Mehnen, J. Multi-objective real-time optimisation for machine tools, GECCO Conference,
Madrid, Spain 13th July 2015
Mehnen, J. 3D Printing LIVE! Europe, Berlin, Germany, 28-29 April 2015
Mehnen, J. Additive Manufacturing, IMechE, at Alstom, Rugby, 18th November 2014
Mehnen, J. Manufacturing at Double the Speed, Cambridge, UK, Department of
Engineering, 23rd May 2014
Mehnen, J. TES-EU, CIRP meeting, Nantes, France, 24th -30th August 2014
Mehnen, J. Practical Aspects of Cloud Computing: From CNC Machining to Military
Applications, Dalian, China, WCOS World Congress of Outsourcing Services-2014, 27-29
June 2014.

Dr Jörn Mehnen,
Co-Investigator, Deputy
Director and CEC member

Mehnen, J. Wire and Arc Additive Manufacture, Dalian, China, BIT’s 1st Annual Congress on
3D Printing, 27-29 June 2014.
Mehnen, J. CAPP-4-SMEs; On-board Feature Based Tool Path Optimisation through
Function Blocks, The 63rd CIRP General Assembly, Copenhagen, Denmark, 18th -24th
August 2013
Academic awards
/ Projects

2016 – 2018; EU H2020 SCORE (Scoreboard of Competitiveness of European Transport
Manufacturing Industry); Start: October 2016
2016 – 2017; EU H2020 CPSE Project LegInt “Integrating Legacy machines with the
Internet”; Project reference: 644400
2015 – 2016; EPSRC project “Mind Palace” as part of the EPSRC centre for
Through-life Engineering Services; Grant No: EP/I033246/1
2015 – 2016; Project lead of “Characterisation of In-Service Component Feedback for
System Design and Manufacture”, TES Centre
2014 – 2016; EPSRC Centre for Innovative Manufacturing in Through-life Engineering
Services; Grant No: EP/I033246/1
2013 – 2016; EPSRC sponsored project “Robustness-performance optimisation for
automated composites manufacture” with Nottingham and Bristol; Grant No: EP/
K031430/1
2012 – 2015; EU project FP7 CAPP-4-SMEs “Collaborative and Adaptive Process
Planning for Sustainable Manufacturing Environments”; Project reference: 314024
2012 – 2016; EU FP7-PEOPLE-2011-IRSES EU project CASES; Project reference:
294931

Fellowships

2016 - 2018 – EPSRC HVM CATAPULT Fellowship Project BAUTA “A non-invasive
remote maintenance tool for legacy CNC machine tools” (hosted by AMRC Sheffield)

Membership of
(peer) review
bodies

Associate Editor of “International Journal of Manufacturing Research” (IJMR) since 2016
Member of the IoT Security Foundation since 2016
EPSRC Peer Review College (UK) since 2013
Member of the editorial board of the Elsevier journal “Applied Soft Computing” (Impact
factor: 2.857) (ASOC, Elsevier) since 2013
Advisory committee member to the optimisation consultancy company
Red Cedar Technology (US) since 2012

Activity in CIRP
(chairing or
membership of
committees etc)

Guest editor for the CIRP conference on Through Life Engineering Services, November
2015

Activities for TES
Conference

Organiser of the special track “NDE for Maintenance” in the 2nd International Conference
on Through-Life Engineering Services
5th and 6th November 2013, Cranfield, Cranfield University, UK
TES Conf 2014 – 2016.
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Case Studies

Case study 1:
Rolls-Royce
A whole life cost (WLC)
systems architecture tool
Based on the work previously
developed in order to improve
the system design process of
Product Service Systems, a generic
methodology has been created to
evaluate the risk of failure to deliver
a new product against Service
Requirements. As it is shown below,
this method consists of two different
branches:
• Historical data obtained from the
companies’ databases which store
the already existing values of the
Weibull’s parameters together with
other relevant data. This data allows
the definition and characterization of
the novelty of new product design
by the modification or removal of
the already existing data or the
aggregation of new.

• Top level Service
Requirements that the
customer is willing to pay for
once the service is working.

Developed methodology for Service
Requirements risk analysis.
INPUT

INPUT
HISTORICAL
DATA

TOP LEVEL SERVICE
REQUIREMENTS

NOVELTY

PROCESSING
ANALYSIS OF
NONCOMPLIANCE OF TOP
LEVEL SERV. REQUIREMENTS

OUTPUT
RISK
ANALYSIS
ALTERNATIVE
SOLUTIONS
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These two branches are
interconnected to analyze the
risk of the new product design
against the defined top level
Service Requirements. In order
to do that a statistical analysis
using Weibull distribution and
the Monte Carlo simulation
technique is used. This analysis
allows obtaining a potential level
risk of not delivering the new
designed system to the given set
of requirements and facilitating
the optimization of them at the
minimum risk of nonconformity.

The methodology, therefore, delivers a
means to predict the projected whole
life cost (WLC) of the new product and
provide a range of predicted levels of
Service Requirements compliance.
The developed method, as presented
here, is a part of ongoing research
work, the key element of which is
identification of possible opportunities
and challenges in achieving a reduced
WLC. A number of challenges have
been identified during this research
work. The provision of adequate
data to enable cost drivers analysis
is one of the main challenges. Poorly
executed maintenance and operation
data collection can lead to failure
in tackling issues that cannot be
addressed or are insignificant, at the
same time in overlooking the major
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issues that should be addressed
to impact life cycle cost. The next
challenge is the level of expertise
and experience required at each step
of the proposed process to address
Service Requirements risk analysis and
the WLC reduction.
This process was successfully applied
to one class of large civil engine at
Rolls-Royce. The outputs gave the
company for the first time detailed
rankings of systems, sub-systems and
components by their contribution

to WLC. This enabled the company
to focus effort on those items at the
top of the list and confirmed their
suspicion of a pareto effect that 80%
of the WLC came from just 20% of the
components.
In a deep dive exercise to examine
this work carried out by the industrial
partners together with the researchers
a senior Rolls-Royce technical expert
said that this output from Project 4
was the single most valuable output
for their company from the Centre

and had enabled major operational
savings. They wished to apply this
process to other engines immediately.
BAE Systems expressed much interest
in the process and invited the key
researcher to present this work to a
senior team at Warton in Lancashire
in early 2016. Following this success
a work book is being developed
to allow consultants working with
Cranfield University to apply this
process to other companies and
organisations.

Case study 2:
UK Ministry of Defence and RAF Air Command

The impact of No Fault Found
(NFF) on the RAF
A major area of NFF research
was delivered to the MOD which
looked at these issues together
with an assessment of levels of NFF
recorded in the MOD’s maintenance
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data system (LITS). Starting with
some evidence from an MSc study
of the Harrier aircraft in 2008-9
which showed under-recording by
approximately 300%, Air Command
at RAF High Wycombe sponsored
visits to five RAF stations and six
different fleets of aircraft in order to

conduct detailed analysis through
questionnaires and interviews. Access
to LITS maintenance data for some of
these fleets was also provided.
Under-recording of NFF is often
because engineers are reluctant to
admit defeat, want to show something
Final Report July 2016
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has been done, and want to put a
positive spin on the diagnosis. The
original Harrier study was done by
an experienced Harrier maintenance
engineer who had manually reviewed
the “work done” field of the LITS data
and assessed the true level of NFF
by establishing that when work was
recorded as “tested satis”, it was in
fact NFF. Without a technical expert
available for each aircraft fleet to
do a similar manual search a phrase
matching technique was developed to
analyse the “work done” field in the
LITS data. The technique was used
then on the same Harrier data set and
provided a very good match.
The technique could then be applied
to the other aircraft fleets and
Final Report July 2016

The full report provided 26
recommendations including
the need for education and
training on the impact and
costs of NFF, changes to
processes and procedures
and greater publicity.

established that the NFF for the five
fleets could be between 28-58%
higher than thought. Across the MOD
aircraft fleet, this could be in excess
of £7.4M per year. The research also
interviewed with over 70 maintenance
personnel on seven different aircraft
types (four being the same as those

where the LITS data was analysed.
The aim of this part of the research
was to establish views and attitudes
to dealing with faults and to establish
what they believed were the causes
and the solutions.
The full report provided 26
recommendations including the need
for education and training on the
impact and costs of NFF, changes
to processes and procedures and
greater publicity. Other substantial
recommendations were to further
refine the phrase matching technique
and to apply it to all the MOD aircraft
fleets so as to provide a benchmark
for further assessment after changes
and recommendations have been
implemented.
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Case study 3:
Bombardier Transportation
A Train Seat Cleaner
At part of the one year research
project into autonomous maintenance
and through further collaboration
with Bombardier Transportation, the
development of an automated robotic
train seat cleaner was undertaken. The
cost of maintenance for each train and
its subset of carriages is broken down
into a number of areas, some routine
others sporadic. The largest cost that
is incurred comes from the routine
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inspection and cleaning (vacuuming,
litter picking, window washing etc) of
each of the train carriages. This can
amount to up to 50% of the total cost
of maintenance for an individual train
over an entire year. Therefore tackling
this area through the introduction of
some form of automation can be seen
as being very beneficial to a company
such as Bombardier UK.

process of recording and classifying
the maintenance process, in this
instance train case seat cleaning, and
conceptualising automated robotic
solutions. This lead to the development
of a novel robotic solution,
demonstrated to Bombardier UK and
currently undergoing patent approval
through Cranfield University for the
automation of train seat cleaning.

Over a period of 3 months a group of
students and academics began the
Final Report July 2016
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Case study 4:
Babcock International
Validation of Life Extension
of Legacy Equipment
With long lead time manufacturing
of, for example, complex plant such
as nuclear power stations or warships
often existing designs of components
or sub-systems are used as they have
been tried and tested over long
periods of time for their functionality.
However newer requirements for
both maintenance and operation
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may mean that their original design
criteria have to be re-evaluated.
Often with such legacy equipment
design details are no longer clear as
the original design team has long
since been disbanded and many may
well have retired.Image 57:

study. This is very important for
the company in order to assure its
customer that the specific equipment
can now meet its extending life
between major overhaul and its
intermittency of use. This work is
ongoing.

The Centre is developing a
methodology for addressing these
issues with Babcock International
focussing on a particular case
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Case study 5:
British Standards Institute (bsi)
Development of Framework
Standards for Through-life
Engineering Services
The bsi have worked with the Centre
starting in 2012 to better understand
the concepts of TES and to explore the
potential for a framework standard in
this area. Pursued through a succession
of student group and individual projects
the work has developed thinking in the
value co-creation models of TES and
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contributed significantly to the TES
National Strategy.
The bsi have directly invested £150,000
in this activity over five years and
the Centre has actively supported its
activities in the digital engineering and
manufacturing space. The culmination
of these actions is an invited standards
development workshop for industry
which is due to be run in mid-September
2016.
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