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Executive Summary

Core Projects

“Over 80 companies have benefitted
from contact with the Centre in
the first three years”

Executive Summary
The third year of the EPSRC
Centre has seen solid growth and
development of technology outputs.
A highlight of the year has been the
mid-term review of the Centre led by
Professor Jay Lee of the University of
Cincinnati. This gave a positive report
on the governance and work of the
Centre and underlined our processes
for deciding future research investment.
As a result we have formally extended
three of our core research projects in
No Fault Found, Feedback to Design
and Manufacture from Component
Degradation and Self-healing Systems.
The year has also seen the completion
of the one year study into Autonomous
Maintenance with investigations
with a core industrial partner into
the possibility of registering some
intellectual property, possibly in the
form of a patent. It has also seen the
start of a new one year study, led by
Professor Andrew Starr into the science
of the degradation of linear machines.

Interactions with our industrial core
partners have been strengthened by
the development of a use case model,
initially with Rolls-Royce whereby
specific industrial issues can be
examined as part of the research with
tangible outputs going back to the
industrial partner. This copes with the
necessary short term focus of industry
and the longer term requirements of
the research. It has also enhanced our
industrial impact and spread the word
of what we are capable of throughout
our industrial collaborators.

research community together at
Cranfield. In terms of academic
and industrial outreach we held the
second international conference in
Through-life Engineering Services with
80 papers and 140 delegates. We ran
the second Through-life Engineering
Services Award in conjunction with the
Manufacturer magazine. This year it
was won by Monarch Engineering for
the development of their new MRO
facility at Birmingham International
Airport. The second cohort of
Through-Life Systems Sustainment
MSc students has begun and we
continue to provide short courses in
Obsolescence Management for the UK
MOD supply chain with online versions
being made developed in parallel. We
held our second international TES
Summer School attracting delegates
from as far afield as Bangalore in
India. Our final round of feasibility

studies is now coming to an end and
we look forward to deeper and stronger
collaborations with the academic
partners involved.

One output from the mid-term review
was an exhortation from the panel to
look to the future to secure funding
beyond the initial five years of the
Centre. We now have a strategy
in place and are looking to our
academic and industrial partners at
all levels to help build a bigger and
better Centre for the future. In the
shorter term we continue to grow our
industrial membership welcoming
this year Cassidian Test and Services
and Intelligent Energy as TESClub
members and National Instruments and
the Safety and Reliability Society as
collaborating partners.

“The mid-term review of the
Centre gave a positive report on
our performance at work”

Finally we have had a number of
changes in personnel. Two of our
researchers have left to return to
industry and we wish them well. We
are very happy that Dr John Erkoyuncu
has been promoted to lecturer and we
welcome Dr Yifan Zhao who joins the
team to help with the image processing
of degraded components. Last but not
least we are pleased to announce that
Dr Jorn Mehnen has been promoted to
Reader and appointed Deputy Director
of the Centre.

Over 80 companies have benefited
from contact with the Centre in the first
three years. The industrial partners
have all benefited from the Centre. 52
companies not partners of the Centre
attended the NFF Symposium. 23
companies not partners of the Centre
attended TESConf 2013. Monarch
Airlines and Babcock International
together with Rolls-Royce are finalists
in the TES Award this year. Seven
companies have taken part in the
training to date of which four are not
Centre members.

Professor Rajkumar Roy
Director

New companies and organisations
have shown interest in joining the
Centre and discussions have been
underway with the Royal National
Lifeboat Institution, Babcock
International, Atkins, Flybe, Jaguar
Land-Rover and Southern Rail
amongst others.

We hosted the EPSRC’s 2013
Manufacturing the Future conference
of over 250 delegates bringing the
major part of the UK’s manufacturing
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Core Projects
Five core projects were proposed in the original grant application. One was
completed in the first year of the Centre and the other four form the backbone
of the research effort so far. They are No Fault Found, Component Degradation
Feedback to Design and Manufacture, Systems Engineering and Self-healing
Technologies. To these have been added Collaborative Autonomous Robotics for
Maintenance and Degradation of Linear Machines.

Core Projects

Reduction of No-Fault (NFF) Through System
Design
Researchers: Samir Khan, Piotr Sydor,
Tabassom Sedighi and Wakil Ahmad
Academic Supervisors: Chris Hockley,
Ian Jennions and Peter Foote
Industrial Partners: UK MOD, BAE
Systems, Copernicus Technology Ltd
and Cassidian Test & Services Ltd

Introduction
When faults occur, but where no
cause can be confirmed, the faults are
designated as No Fault Found (NFF).
Perhaps there was an intermittent
cause or a transient fault but tests and
diagnosis subsequently cannot isolate
any reason and this has been the
subject of investigation in this project.
Solutions for reducing the occurrence
of NFF are many and varied and
range from organisational and
human factor related ones to design
and testing effectiveness. Different
industry practices and procedures
further complicate the problem space.
Whilst the root causes are diverse
and many are specific to particular
organisations, the main causes range
from intermittency which is difficult
to replicate, incorrect diagnostic
techniques or tests, poor training,
incorrect processes, operational
pressures and poor design. Awareness
of the true cost of NFF has been
identified as a significant challenge
but the costs are significant and often
hidden and must be identified so that
action can occur.

Initial Research
The NFF research is one of five Core
Projects of the EPSRC Centre. Initially
the team quickly established the NFF
issues and classified them into three

different classes: a) Intermittent faults:
a fault is indicated but disappears
when investigated by the maintenance
organisation, b) Integration faults: a
component or sub-system passes
the designated tests but shows faults
when incorporated with other systems,
c) Test Equipment and Built-in- Test
Equipment (BITE) : a fault is indicated
by the test but there is insufficient
information available to locate the exact
unit or component at fault.

Two PhDs were launched. Tabassom
Sedighi, whose research is funded
through a BAE Systems Case Award,
is conducting research into correlating
in-service NFF events and the root
cause of faults associated with key
characteristics of electronic equipment
in a study entitled Predicting the
Burden of NFF in Avionics. Wakil
Ahmad’s PhD is entitled Health
Monitoring for Intermittent Faults; he
is looking at developing hardware
based health monitoring algorithms
that will assist in reducing NFF.
Two MSc individual theses were
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 test effectiveness of test equipment
and test processes within the MOD and
its contribution to the NFF problem.
The 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. We
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have worked closely with, Copernicus
Technology Ltd, and new partners
Cassidian Test & Evaluation Ltd and
continued to build the community
with links to the University of Lincoln,
Warwick University and TU Delft

Significant research progress has
been made in modelling the changing
dynamics of intermittent faults in
relation to component level degradation
and in identifying and correlating key
intermittent fault parameters to the
fault response at the system level. The
purpose of this research is to reduce
NFF by closing the loop between
symptoms identified in the maintenance
activity and the symptoms reported at
the equipment level during operation.
In partnership with Copernicus
Technology Ltd we established the
NFF Working Group as part of the ADS
MRO & Logistics network and currently
provide the secretariat for this group.
We have published a comprehensive
academic literature survey on NFF
in two parts. At a special session at
the first International Conference on
Through-life Engineering Services
TESConf 2012 (Shrivenham) team
members highlighted the problem
of NFF taxonomy. A study on the
organisational and procedural impacts
of NFF across the RAF continues
together with evaluation of the fault
data in order to determine the true cost
of NFF to the RAF.

“The team has used the environmental chamber
to test an Automatic Flight Computer System”
to test an aircraft’s Automatic Flight
Computer System (AFCS) under
both environmental and vibration
conditions to evaluate a NFF problem
being experienced. A total of six
suspect AFCS systems are undergoing
tests with the aim of getting to the
bottom of the likely causes of the
NFF problem. The six suspect AFCS
systems have been identified as
those causing the most reported faults
yet with the highest NFF rates. The
investigations using the IFDIS test set
and the environmental chamber have
demonstrated both the capability and
the opportunities for further research

and evaluation of NFF issues on
individual systems and components
for both the benefit of partners and in
furthering the research effort of root
causes of NFF. Individual systems for
investigation from our core partners
and potential partners and are involved
in further research bids with potential
partners now that the NFF project has
been extended to 2016.
Building upon our last year’s efforts, the
NFF community has further grown with
a 2nd International Symposium on NFF,
which took place in Shrivenham on
28th May. It was well attended by those

Progress in the last year
The team has used the environmental
chamber together with our Tier 3
partner Copernicus Technology Ltd and
their Intermittent Fault Detection and
Isolation System (IFDIS) equipment
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committed to solutions in this area
and has now established itself as the
first port of call for discussing NFF
and grows to become a knowledge
hub for NFF solutions. It brought
together 95 practitioners from across
various industrial domains to share
their experiences, best practices and
ideas for future solutions in order to
address the problem of NFF. The
benefits of participating have been:
• In-depth view of common NFF
issues including introduction,
management and technical
solutions.

Core Projects

“Work is now focused on the creation of tools and
methodologies to help designers reduce
the possibility of NFF”
• Presentations and discussions
around the cost and impact on
resources.
• Analysis of false removals through
knowledge sharing.
• The importance of establishing cross
disciplinary approaches.
• Technological advancements in
maintenance activities.
Testimonials showing the depth of
interest in the subject include….”it
is an outstanding conference” and
“I now have determined a wider
understanding of the issue and any
proposed solutions” Throughout the
day emphasis was placed on the
requirements to prepare maintenance
experts with the knowledge of
specialised intelligent systems, which
can detect early anomalies and capture
adequate information for investigation
and successful diagnosis. The event
has been instrumental in establishing
the most influential contributors to the
problem, and highlighting the existing
gaps in effective NFF management.

The key conclusions for NFF reduction
in the end were:

throughout the supply chain needs
investigating.

• NFF is not a new problem, but all
industries appear to still be roughly
in the same place in their ability and
willingness to tackle the problem.

• More work is required to understand
the link between equipment design,
faults, Diagnostics and NFF.

• The financial impact of NFF still
needs to be pinned down. If savings
in the millions of pounds per year
can be made once the problem is
solved, then why is this amount not
invested up front in order to achieve
these savings?
• To understand NFF we need to
capture information on how close
is the design to its true operating
environment in order to improve the
design of tests and diagnostics.
• Engineers must strive to understand
how the burden of NFF changes
throughout the lifecycle of the
product.
• The ‘blame culture’ surrounding
NFF hinders real progress towards
a solution. The downstream effect

Industry-University Collaboration
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• There is a need to improve data
capture and knowledge transfer
which extends past merely
information on the failure mode, but
also includes operating environment
and usage.
• Mechanisms for in - service
feedback to designers and suppliers
need to become more robust and
better utilized.

From an academic standpoint, the
research team has now published
the state of the art review on the No
Fault Found (NFF) phenomenon in
the International Journal of Reliability,
Quality and Safety Engineering. The
aim was to compile a systematic
reference point for the burgeoning
NFF literature and to provide a
comprehensive overview for gaining
an understanding of NFF knowledge
and concepts. It has provided a
general picture of the research areas,
undertaken in past few decades, and
created a database of the academic
literature of journal publications on
NFF concepts and its applications
from 1990 to 2013 by classification
and statistical analysis. It is evident
that the NFF phenomenon has gained
the most attention in the last decade
yet real progress in its reduction still
eludes most organisations. This is due
to increasing system complexities,
higher reliability requirements and
an inability to capture or to establish
the true cost of NFF and the resultant
implications of the costs. Published

papers in both the International Journal
of Quality in Maintenance Engineering
and the Annals of MIRCE Science
have reported various occurrences and
root causes that have resulted in NFF
events. Current industrial practices
have been researched with the aim of
highlighting the importance of capturing
and sharing as much information as
possible to support rapid diagnostics
and troubleshooting workflow. In
particular, the papers published in
the International Journal of Reliability,
Quality and Safety Engineering
provided an exhaustive review on the
impact of NFF and identified issues
such as human factors, the recent
developments in standards, financial
implications, safety concerns, emerging
resolution practices, improvements
in test abilities, discussions on gaps
in literature and future research
directions.

Contributions have continued to
conferences such as the second
International Through-Life Engineering
Services Conference with presentations
in two NFF special sessions with a
wide range of subjects being covered;
both MSc thesis results were reported
and highlighted the importance of
key performance indicators and
understanding human factors.
Topics and conclusions established
that there must be a relationship or
connection between various NFF
levels and the type of equipment,
complexity and equipment usage. NFF
taxonomy must be standardized and a
mechanism should be established for
practising process stapling, in order to
track NFF occurrences that have led to
failure.

A paper was presented to the Machine
Failure Prevention Techniques
Conference highlighting the early
results of the large under-estimation
of NFF rates in the RAF shown by
research of fault data on 5 fleets of
aircraft. The initial results show real
rates of NFF with associated increase
in costs are on average over three
times higher than thought. Such costs
when aggregated across the MOD
show the opportunity for significant
savings in through-life support.

Further research has resulted in
papers being published on studying the
impact of intermittent variations using
sensitivity analysis in the Journal of
Condition Monitoring and papers being
presented at international conferences.

The Performance of Observer-based
Residuals for Detecting Intermittent
Faults: the Limitations and a Study
on Intermittent Faults and Electrical
Continuity have been prepared for
the 3rd International Conference on
Through-life Engineering Services.

A thesis has been completed on the
Human Factors influences on NFF
which the team has co-supervised and
the results were reported at the 2nd
International NFF Symposium. The
link between Human Factors and NFF
has been clearly shown is a growing
area interest within the team. Papers
have also been prepared for the World
Congress of Engineering and Asset
Management on the established link
between Human Factors, maintenance
errors and NFF. Research in the
automotive industry has shown the
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link between human factors and NFF
rates occur right from the first design
decisions through to the customer
and are one of their key issues and
warranty concerns.

Research has established that,
surprisingly, there are currently no
dedicated textbooks on the NFF
topic and the team feel that the
maintenance community will benefit
from the publication of such a book.
Whilst there is still much work to do
in establishing the technical issues
and solutions the publication of a
book has begun with the aim of
capturing as much knowledge on
the NFF subject as possible as a
way of providing a single source
for maintenance engineers and
through-life support personnel. It
is also advocated that the focus of
some published material needs to
highlight the business imperatives of
NFF reduction. The need to quantify
the costs involved in NFF events is
important in some organisations in
order to get investment into solutions
and identifying the cost of NFF will
influence the way future contractual
agreements will be formed for
through-life support. Whenever
unplanned maintenance regimes
are initiated, the costs along the
supply chain, warranty, downtime,
operational fines, etc., raise concerns.
The future challenges of NFF
research cover a number of key
areas:
• Establishing a consistent NFF
taxonomy.
• Failure knowledge bases, novel
FMEA tools and troubleshooting

Core Projects

• Promote inter-industrial knowledge
sharing and interaction on the NFF
issue
• Identification of current best
practices in dealing with NFF

Description of the potential impact
of the research

Process flow map for fault diagnosis decisions

guides specific for NFF to improve
diagnostic success rates.
• Development of assessment tools to
assess maintenance capability (or
effectiveness) which may include:
◦◦ Recording and cross referencing
test station configuration
and performance statistics
with NFF occurrences. This
includes statistics on equipment
calibrations.
◦◦ Ensuring that the testing
environment is correct and
investigations into whether testing
procedures need modification to
consider multiple environmental
factors (humidity, temperature,
vibration etc) simultaneously.
◦◦ Introduction of integrity testing as
complementary to standard ATE
(functional) testing procedures.
◦◦ Integration of on-board health
and usage monitoring.

◦◦ Standardization for intermittent
testing and procedures for
dealing with intermittent fault
occurrences.
◦◦ NFF specific maintenance cost
models for design justification
and NFF tracking.
◦◦ Modelling of complex interactions
between system (and
components) and their physics of
failure.
◦◦ Modelling of intermittent failures
from a fundamental perspective
including standardized testing
equipment and procedures.
◦◦
Another critical element for distributing
the research knowledge and concepts
is the need for appropriate training
material. With an increasing interest
in ‘service and through-life support’,
any training material will provide the
essential foundations and overview of
current maintenance practices, and
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their limitations to the resolution of
hidden failures. Figure 1 demonstrates
the arrangement adopted by the
research team to transfer any
acquired research knowledge from the
university environment to the industrial
collaborators. In addition, the team’s
active participation in the NFF working
group has enabled the transfer of
best practice and other opportunities
to work together. Beyond this, plans
are also being developed to use the
group as a forum for cross-sector
NFF bench-marking and for reviewing
the progress of and lessons from
related research in other industry and
academic projects. The main goals
have been to:
• Provide in-depth training material on
hidden failures and NFF events
• Highlight the role of management
including shortcomings,
responsibilities and cultural impact

This work aims to quantify the true
costs of the NFF phenomenon initially
in the RAF fleets. By doing so it is
raising the awareness of the size of the
problem and through the NFF working
group and its annual symposia bringing
the message to a wider community.
The inclusion of other sectors giving
key note speeches at the symposia
from Bombardier Transportation and
Jaguar Land-Rover has demonstrated
the wider extent of the problem and
applicability of the research. Work is
now focused on the creation of tools
and methodologies to help designers
reduce the possibility of NFF. It is
intended to produce a generically
applicable set of guides and rules
for the broader design engineering
community.

Publications
Journal Papers
Hockley, C., Phillips, P. (2012), “The
Impact of No-Fault Found (NFF) on
Through-life Engineering Services”,
International Journal of Quality in
Maintenance Engineering, Vol 18,
Issue 2, PP. 141-153
Khan, S., Phillips, P., Hockley, C.,
Jennions, I. “No Fault Found Events
Part 1: Procedural, Cultural and
Commercial Practices”, Reliability
Engineering and System Safety,
Volume 123, March 2014, Pages
183-195
Khan, S., Phillips, P., Hockley, C.,
Jennions, I. “No Fault Found Events
Part 2: Technical Root Causes,
Testing and Diagnostics”, Reliability
Engineering and System Safety,
Volume 123, March 2014, Pages
196-208

Conference Papers
Sedighi, T., Phillips, P., Foote, P.
(2013). “Model-Based Intermittent Fault
Detection”, PROCEDIA CIRP, Vol 11.
The 2nd International Conference for
Through-life Engineering Services,
Cranfield, 5th-6th Nov 2013
Syed, W, Khan, S., Phillips, P.,
Perinpanayagam, S. (2013).
“Intermittent Fault Finding
Technologies”, PROCEDIA CIRP, Vol
11. The 2nd International Conference
for Through-life Engineering Services,
Cranfield, 5th-6th Nov 2013
Fedrick, V., Phillips, P, Hockley, C.
(2013). “The Contribution of Test and
Analysis to the No Fault Found (NFF)
Issue within the UK MOD”, PROCEDIA
CIRP, Vol 11. The 2nd International
Conference for Through-life
Engineering Services, Cranfield,
5th-6th Nov 2013
Khan, S., Phillips, P., Hockley, C.,
Jennions, I. (2012), “No Fault Found,
Retest OK, Cannot Duplicate or Fault
Not Found? –Towards a Standardised
Taxonomy” The 1st International
Conference for Through-life
Engineering Services, Shrivenham,
(Nov 2012)
Hockley, C., Phillips, P. (2012), “Current
Research Activity on the Impact of
No Fault Found on Maintenance
Effectiveness”, The Machine
Failure and Prevention Technology
Conference, 24-26 April 2012 Dayton,
Ohio, USA, (April 2012), pp. 213-223
Sedighi, T., Phillips, P., Foote, P.
“The Performance of Model-Based
Residuals to Detect the Intermittent
Faults (the limitations)”, 19th World
Congress of the International
Federation of Automatic Control
(IFAC2014), 24th August 2014, South
Africa.

Magazine Article
“Can Intermittent Faults be Cured at
the Design Stage?”, New Electronics
Magazine, 10th Sept 2013, Available
online: http://www.newelectronics.
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co.uk/electronics-technology/
can-intermittent-faults-in-operationbe-cured-at-the-design-stage/56141/

MSc Theses
Fedrick, V. (2013), “The Contribution
of Test and Analysis to the No Fault
Found (NFF) Issue within the UK
MOD”, Supervisors: P. Phillips and C.
Hockley, Sponsor: MOD
Neal, J. (2013), “An investigation of
root cause(s) of No Fault Found unit
removals in Civil Aviation, and the
effectiveness of treatment options”,
Supervisors: P. Phillips and C.
Hockley, Sponsor: Rolls Royce plc

Submitted Papers under Review
Journal Papers
Phillips, P., Khan, S., Hockley,
C. “Intermittent Fault Modelling”,
International Journal of Condition
Monitoring, Special Issue:
Mathematical Modelling for Condition
Monitoring, (Submitted Oct 2013)
Phillips, P., Khan, S., Hockley, C.
“Phase Space Reconstruction Based
Intermittent Fault Diagnostics”,
System and Control Letters,
(Submitted Oct 2013)
Khan, S., Phillips, P., Jennions, I.
“Evaluating the Impact of Intermittent
Variations using Sensitivity “Analysis”,
International Journal of Condition
Monitoring, (Submitted Sept 2013)
Sedighi, T., Phillips, P., Foote, P.
“Nonlinear Unknown Input Observer
Design for Intermittent Fault
Detection”, International Journal of
Control (Submitted Sept 2013)
Khan, S., Phillips, P., Hockley, C.,
Jennions, I. “Action Research
Study from an Industry-University
Collaboration on No Fault Found
Events”, IEEE Transactions on
Education (Submitted 1st Nov 2013)

Core Projects

Researchers: Louis Redding, Pavan
Addepalli, Lawrence Tinsley, Caxton
Okoh, Nicholau Morar, Ebe Kakandar
Academic Supervisors: Rajkumar Roy,
Jorn Mehnen, Yifan Zhao

interpretation, transition, storage,
and fusion of a very large volume
of complex data, information and
knowledge represents an enormous
challenge on many levels. An overview
of the research is illustrated below.

Industrial Partner: Rolls-Royce
Initial Research
Introduction
It is understood that service and
performance knowledge are key
drivers and facilitators of effective
provision of service delivery systems
in support of complex manufactured
engineering products. A thorough
understanding of the key mechanisms
of failure which include wear, fracture
mechanics, fatigue, and corrosion at
the feature, component and assembly
levels, supported by knowledge of how
to identify and diagnose such failures
along with the ability to predict the
remaining useful life, and the means
of restoring ‘as designed’ functionality
are all essential to through-life
product support. This project aims to
develop a technology demonstrator
which will capture component failure,
damage and degradation data using
two well-known technologies: 3D
digitiser for surface characteristics and
surface cracks and thermography for
subservice degradation, corrosion,
dis-bonds, and impact damage.
The data will be fused together and
analysed using novel algorithms to
identify the nature of wear, corrosion
and cracking. The research will study
the link between service performance
and the initial system architecture,
and develop new guidance for system
design for improved service life thereby
reducing the engineering service
effort required and subsequent cost.
The efficient and effective capture,

NDT of degraded components using
active pulsed thermography
In seeking to understand the failure
or degradation mechanisms for
components, various NDT methods
are being employed. The project,
whilst accessing CT/X-ray and 3D laser
techniques to inspect components,
has focused on the development
of active pulsed thermography as a
novel solution for the identification of
sub-surface degradation. The research
has taken image files from all of these
techniques, and is seeking to develop
image fusion and processing methods
in order to establish a recognition
classification system employing
semantic tags.

In developing the thermographic
inspection method the team has
had increasing success relative to
preliminary autonomous identification
of defects and the sizing of such
damage features identified in the
thermographic data.

DFMEA, Data Mining and trend
mapping
The team have worked towards the
development of a ‘Service led Design
DFMEA’ system architecture. The core
partner has facilitated the complete
mapping of the design, manufacture,
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and service activities for the Trent
900 High Pressure Nozzle Guide
Vane (NGV), the output of which has
been presented in IDEF models. The
reported activity and function maps
are seen as an essential tool to
understanding the inputs, constraints,
mechanisms, and outputs to facilitate
each function of the process. From
these models, the knowledge flowing
through the process (model) can be
assessed. This level of understanding
of the as is condition is seen as a
pre-requisite for the development of the
proposed system architecture and the
proposed service design and support
strategy.

Summary of Initial Progress
• Integration of thermographic
inspection system and the robot
arm, with preliminary mosaiking
of multiple data cells for large part
inspection
• Developing algorithmic framework to
analyse active thermography images
of different types of component
degradation
• Development of prototype
borescope inspection for
inaccessible areas supported by
Bombardier Transportation
• Utilised existing terminology
recognition tools to analyse existing
database entries of experience and
compiled a master reference index.
Developed an index of physics of
failure (deterioration mechanisms)
and commodity features they
impact, based upon 63,000 textual
database entries of perceived risk
and actual evidence (Use case 1).

A Framework for the Characterisation of ‘In Service’ Component Feedback for System Design and Manufacture.

Characterisation of ‘In-Service’ Component
Feedback for System Design and Manufacture
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• Developed a Microsoft Excel
based user friendly interface for
Terminology recognition tools that
allows use by semi-skilled analysts
and provides feedback to a semantic
dataset. Developed an Excel
add-in tool that allowed terminology
recognition semantic analysis to be
applied to textual data imported from
datasets into Excel (Use case 3).
• Validated the Use Case 3 tool
in an actual scenario. The
tool was applied to Marine
Sector Maintenance records/
correspondence. Within 5 days
of provision 17 additional service
events were recognised within
existing data records for one active
service investigation leading to
improved quality of root cause
analysis as a result of improved
confirmed event dataset.
• Mapped the Design, Manufacture,
and Service (MRO) internal and
external functions for the Trent 900
High Pressure Nozzle Guide Vane
(T900HPNGV) as is and presented
as full models in IDEF formats.

‘Term recognition’ TR Tool Kit for collection of text rich service data

Progress in the last year
The project has continued to work
on three fronts, the development
of novel NDT techniques including
pulsed thermography, the development
of the overall service design
and understanding the effects
of manufacturing processes on
degradation mechanisms.

The centre has delivered results in
the areas of thermography in order to
identify sub-surface defects, to gain a
better understanding of how service
and MRO knowledge may be used to
inform design, and to understand how
variation in manufacturing parameters
can affect service life through case
study through collaboration with its
industrial partners.

Architecture of tool kit to report text rich qualitative data

- 17 -

Development of the automated robotic test cell, combining a robotic arm from Fanuc Europe Corporation
(a), with a thermographic inspection system from Thermal Wave Imaging Inc. (b), for rapid, autonomous
testing of complex geometry components from multiple angles (c). © Lawrence Tinsley 2014

Automating degradation assessment
using thermography
The following activities have been
completed this year.
• Automated data capture routines
using a robotic arm to carry out
pulsed thermographic inspection are
now complete. Extending on from
last years’ development of large
part inspection, the thermography
unit was mounted on to the robotic
arm to carry out large part multiple
inspections in a pre-defined grid
pattern autonomously. Further
development included the
presentation of small aero-engine
components by the robot to the
thermography camera at multiple
angles and data being captured.
• A MATLAB routine was developed to
post-process the RAW data acquired
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from the automated inspection
routine to highlight damage zones.
This was carried out using Matlab
Image Processing toolbox by fitting
a Gaussian surface over areas
above a threshold limit which
represented damage features.
• Initial X-Ray Computed
Tomography (3D X-CT) results
have been acquired. Current work
is looking at extracting information
to identify the damage found.
• A report focussing on the
challenges and opportunities
presented in the field of
thermography has been written for
Rolls-Royce (Document No. TES03-03-2014). A revised version will
be created and distributed to the
other core partners in future.

Core Projects

• A new state-of-the-art, R&D,
mid-wavelength, cooled, high
speed thermal camera has been
ordered to improve inspection
quality and probability of detection.
Research suggested that the heat
flow in metals is much greater and
hence a higher sensitive, quantum
detector based cooled camera was
required to capture data at a frame
rate of around 100Hz. This new
camera system will be integrated
with the in-house legacy pulsed
thermography system to perform
active thermography. This new
camera will also be used on a
stand-alone mode and on lock-in
thermography mode (another active
thermography technique).
• A market survey was carried
out to identify the new camera
which looked at the available
detector materials and considered
mid-wavelength, cooled, quantum
detector based devices. The findings
were published as a thermography
report (Document No. TES-03-042014)
• Infrared imaging work was carried
out for a company that needed
a thermal profile of an eyelid
massager. (Document No. TES-0305-2014)
• Current work practises especially in
the area of non-destructive testing
carried out in industry (Core Partner)
has been documented in the form
of industry visits and structured
interviews. These have contributed
to the reports published to date.
• Initial research on identifying the
degradation mechanisms that can
be identified using thermography
with focus on both aerospace
and locomotive industry has been
completed. The current work is
focussing on identifying a use-case
specific to a component found in the
rail industry.

Automated data processing in action, raw image (a), threshold source segments (b), threshold
map (c), filter mask (d), unfiltered region trace (e), filtered region trace (f), Gaussian fitting (g)
and damage result (h). © Lawrence Tinsley 2014
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• Further development of a flexible
borescope prototype capable of
performing pulsed thermography
is underway which builds on the
development work reported last year

Flowchart for service damage sizing process

• The findings of the research so
far have been submitted and or
published in the form of conference
papers; 1 key-note paper in IPSS
2014, 1 abstract for Manufacturing
the future conference 2014, 1 TES
Conference paper, 1 CIRP Annals
publication.

A better understanding of the role of
service (MRO) knowledge in facilitating
design for service
The centre team are continuing to
build the elements that will enable the
delivery of a series of decision and
support tools that will enable service
led and informed design in order to
reduce whole life service cost.
In order to meet the aim service
data, information and knowledge is
being captured at various stages of
the Product Introduction Life Cycle
Management (PILM) process and
the data and information acquired
is being trended to gain increased
understanding and knowledge relative
to ‘in service’ performance and
component failure and degradation
modes.

Three damage types auto-segmented for Gaussian
fitting, with fit results plotted over the damage.
The fitting process is shown. (Mehnen et al., 2014)
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Typically the service knowledge
is being used to add value to six
stakeholder functions and by the
delivery of bespoke ‘use cases’
which when complete form a building
block towards the delivery of the
research aim whilst adding value to
the stakeholder. For the designer for
example, work continues to develop
a system architecture which will offer
a library of service experience which
will inform the design of a given
commodity. A library of component and
feature based degradation mechanisms
has been developed which offers
the potential to do rapid root cause
feature based analysis of degradation
mechanisms. This uses explicit
codified data harvested from service
support records, fracas systems
and other client based recording
and trending systems. This can be
supported by completed work which
has the capability to data mine text rich
qualitative data collected from written
service records.

Service Knowledge harvesting points

• Master index for commodity,
feature and mechanisms carried
out in Excel to show the number of
mechanisms affecting a particular
feature of a commodity.
• Completion of ‘Story Board’

In addition to the work on aero-engines
research is currently being undertaken
into the degradation analysis of
deteriorating components in thermal
generating plants to develop a
framework to capture and reuse
degradation knowledge. The research
will focus on ‘use cases’ of degradation
mechanisms in the railway and
aerospace with components of interest
including mechanical hot section
components in gas turbine and the
diesel engine.
• Joint conference paper on “service
degradation assessment using
infrared thermography: current
trend.

• A report on Verification and
Validation of taxonomy for a
deterioration process using
Terminology Recognition (TR)
submitted.

Assessing the influence of
manufacturing processes on
component degradation

• A conference paper on development
of an ontology aerospace engine
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• A journal paper Critical analysis
of remaining useful life prediction
techniques work in progress

Current PhD research includes
investigating the mode of failure of
Nozzle Guide Vanes for Aero-engines
and Thermal Barrier Coatings (TBC)
and related degradation mechanisms
from which novel algorithms are
being developed for the prediction of
remaining useful life. Outputs from
which include:

• A conference paper on overview of
remaining useful life techniques in
through-life engineering services –
published in Procedia CIRP (2014),
pp. 158-163
Single source database for service and feature degradation knowledge

components degradation in service
– accepted and resubmitted

• Currently working on a joint paper
on the infra-red borescope for an
IMECHE journal.

The aim of this research is to study
how manufacturing processes impact
on service degradation in aerospace
mechanical components. A series
of case studies in collaboration with
core industrial partner, Rolls-Royce
are underway. Overall, the research
investigates the influence of the
design and manufacturing features
of mechanical components on
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degradation in service. The approach
consists of fatigue life assessment,
simulating high temperature oxidation
and low cycle fatigue crack initiation
in high-pressure turbine nozzle
guide vane (HP NVG) cooling holes
manufactured by a laser drilling
process. Recent publications report
that recast layers, heat-affected
zones, spatter and micro-cracks
are major negative aspects of
laser processing, and these have a
detrimental effect on fatigue strength
and overall life of the laser-drilled
components in service. The analysis
and determination of the recast layer
thickness in fatigue samples has
been carried out at three different
laser beam conditions. The research
will develop an understanding of
how manufacturing techniques and
process parameters can promote
premature cracks in service operating
components, and inform design
about the manufacturing technology
constraints and the level of impact in
service life of components.

Description of the potential impact
of the research
The introduction of thermography for
service damage inspection within the
MRO environment has major potential
for impact. We are developing a
fundamental capability in automating
service degradation inspection which
has the potential to significantly
reduce the cost of invasive NDT
techniques by identifying failing parts
earlier in the inspection process
and thus reducing current part
rejection rates at the later stages
of investigation. We have carried
out IDEF modelling to identify the
current process and are working to
propose a revised process to share
service knowledge with designers
and manufacturing engineers
thus enabling them to make better
informed decisions. This has led to
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(IMechE): Part B: Journal of
Engineering Manufacture, doi:
10.1177/0954405414539931 (online:
July 18, 2014)

Addepalli, S., Redding, L.E., Roy,
R., Mehnen, J., Tinsley, L., Morar,
N., Okoh, C., Kakandar, E., (2014),
“Service damage characterisation: A
new model to build a semantics based
and automated evaluation system”,
EPSRC Manufacturing the Future
Conference, Strathclyde, UK. (In Press:
Paper accepted June 2014)

Redding, L., Roy, R., (eds), (2014),
“Through-life Engineering Services:
Motivation, Theory, and Practice”,
Springer, London, ISBN: 978-3-31912110-9 [Submitted Aug 2014 – In
Press]

Roy, R., Mehnen, J., Addepalli,
S., Redding, L., Tinsley, L., Okoh,
C., (2014), “Service knowledge
capture and re-use”, Procedia CIRP,
Product Services Systems and Value
Creation. Proceedings of the 6th CIRP
Conference on Industrial ProductService Systems, Vol 16, pp. 9-14

Manufactruing feature based degradation analysis to support initial design architecture
and component life extension in service.

“We are developing a
fundamental capability
in automating service
degradation inspection
which has the potential
to significantly reduce
the cost of invasive
testing.“

a future vision for this service process
and this now has become a valued
final deliverable by our key industrial
research partner. This vision is outlined
below.

From various stakeholder perspectives
knowledge can be acquired from the
use of bespoke user interface tools
which link the user to a series of
interconnected libraries and databases.
These will store information from the
output of various tools, platforms and
miscellaneous trending packages
which assess, analyse, and present
data from various technical sources
(MRO events, costs, repair procedures,
logistics, user profiles etc).
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Publications
Redding, L.E., Hockley, C.J., Roy,
R., Menhen, J., (2014), “The Role of
Maintenance, Repair, and Overhaul
(MRO) Knowledge in Facilitating
Service Led Design: A Nozzle Guide
Vane Case Study”, Proceedings of the
World Congress on Engineering Asset
Management (WCEAM2014), Petoria,
South Africa, Springer. (In Press: Paper
Accepted June 2014)

Redding, L.E., Tiwari, A., Roy, R.,
Phillips, P., Shaw, A., (2014), “The
adoption and use of Through-life
Engineering Services within UK
manufacturing organisations”,
Proceedings of Institution
of Mechanical Engineering

Addepalli, S., (2014), “Thermography
Report: Critical evaluation of benefits
vs cost on increased temporal
resolution cameras – Part A (interim
Report)”, Cranfield TES Centre, Report
No: TES-03-04-2014.

Tinsley, L., Roy, R., Redding, L.,
Mehnen, J., Addepalli, S., (2014),
“Thermography Report – critical
evaluation of industrial application
potential (NGV focus)”, Cranfield TES
Centre, Report No: TES-03-03-2014.

Mehnen, J., Tinsley, L. and Roy,
R., (2014), “Automated in-service
damage identification”, CIRP Annals -

Manufacturing Technology, 63(1), pp.
33-36.

Addepalli, S., (2014), “Eyelid massager
experiment – Thermography Report
looking at the temperature profile of the
product – Initial Feasibility Research”
Report No. TES-03-05-2014

Redding, L.E., (2013), “Mapping
the design, manufacture, and MRO
processes for Trent 900 High Pressure
Nozzle Guide Vanes: A pre-cursor to
understanding component degradation
and MRO system data in support of
service lead design”, Cranfield TES
Centre, Report No: LER/2013/R0010

Redding, L.E., (2013), “Mapping
the interface between design and
maintenance, repair, & Overhaul
(MRO) knowledge for the Trent 900
High Pressure Nozzle Guide Vane:
A pre-cursor to understanding how
degradation and MRO system data can
support service led design”, Cranfield
TES Centre, Report No: TES-03-022014.

Roy, R., Shaw, A., Erkoyuncu, J.A.,
Redding, L.E., (2013), “Through-life
Engineering Services”, Journal of
Measurement and Control, Vol. 46,
Issue 6, pp172-175

Okoh, C., Roy, R., Mehnen, J.,
Redding. L.,(2014) “Overview of
Remaining Useful Life Prediction
Techniques in Through-life Engineering
Services”, Procedia CIRP, Product
Services Systems and Value Creation.
Proceedings of the 6th CIRP
Conference on Industrial ProductService Systems, Vol 16, pp. 158-163

Okoh, C., Roy, R., Mehnen, J.,
Redding, L., Harrison, A., (2014),
“Development of an Ontology for
Aerospace Engine Components
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Degradation in Service”, 6th
International Conference on
Knowledge Engineering and Ontology
Development. Rome, Italy, 21-24
October 2014 (In Press: Submitted and
Accepted)

Okoh, C., Roy, R., Mehnen, J.,
Harrison, A., (2014), “Taxonomy
of deterioration mechanisms (A
taxonomy of deterioration mechanisms
(mechanisms/submechanisms/
synonyms) of a semantic textual
analysis system)”, Report No: TES-0306-2014.

Okoh, C., Roy, R., Mehnen, J.,
Harrison, A., (2014), “Master Index
Representation (Commodity, Feature
and Mechanisms)”, Report No: TES03-07-2014.

Okoh, C., Roy, R., Mehnen, J.,
Harrison, A., (2014), “Master Index
Representation Sanity Checks (Sanity
Checks for True Relationships Between
Features and Mechanisms)”, Report
No: TES-03-08-2014.

Core Projects

Improvement of System Design Process for
Whole Life Cost Reduction
Researchers: Piotr Sydor
Academic Supervisors: Phil John,
Essam Shehab, Tim Mackley
Industrial Partner: Rolls-Royce

Introduction
The aim of this research project is
to investigate improvements to the
system design process to achieve
whole life cost (WLC) reduction as a
part of optimised Through-Life system
support. The existing methods and
paradigms in system design are
reviewed in this project, 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 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 challenge relative to established
product pedigree. Key activities in this
research are to identify risk factors
in the early design stage mainly
associated with a product requirement
setting process, and then, as a result of
design decisions, analyse the incurred
in-service costs. While this research
focuses primarily on WLC reduction,
much of it also applies to improvement
of design processes in general.

A specific application of interest to
industry 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 Research
This research project is carried out in
close collaboration with Rolls-Royce.
The focus is on the requirements
setting processes for aircraft Civil Large
Engines (CLE) in the early stage of
System Design.

An analysis of existing literature has
been performed to identify the current
state of the art solutions to the ever
important challenges of design for the
reduced WLC in high value complex
systems. This has defined the gap in
existing knowledge and outlined the
detailed aims and objectives for further
work.

A key cost drivers analysis in existing
systems has been performed. This
included a study of the direct and the
indirect costs incurred in service as a
part of through-life support. Findings

“This work has raised awareness among the design
engineering community of the impact on true costs
and the associated issues with early stage
decisions in systems design”
from the cost analysis exercise have
been documented in an internal report
submitted to Rolls-Royce, and are
also used as input to further project
phases. Following the principles of the
theory of constraints (TOC) subsequent
steps in design process improvement
for reduced WLC in this work are now
focused on addressing the identified
in-service key cost drivers, further
referred to as life cycle cost (LCC).

factors represent the likelihood and
consequence of failure to deliver a
system to a given set of requirements,
especially for novel and new design.
As a result, a set of generic and
application specific steps and
recommendations is to be proposed to
improve the system design process for
reduced WLC.

Progress in the last year
In some areas of engineering (e.g.
construction) no clear distinction
is made between WLC and LCC.
However, based on our research it
is assumed in this work that LCC
is incurred from a system entry
into service (EIS), throughout its
growth, maturity and finally its
retirement (decline, disposal and
obsolescence), whereas WLC includes
costs associated with acquisition,
such as design, development and
manufacturing. A study of WLC
and LCC taxonomy has also been
published as a part of the project
deliverables.

Two conference papers have been
accepted for TESConf 2014. The
first paper “Improvement of system
design process: towards whole life cost
reduction” reports the early findings
of this research project and covers
the results of an investigation into
the means of influencing the design
decision process through the analysis
and in-depth understanding of the
key-in-service cost drivers. A three
level approach has been proposed
to improve and, in some cases, to
ensure information flow to enable

Analysis of LCC, along with a detailed
examination of as is design and
requirements setting processes, is the
core activity of the on-going research
work. The key deliverable is to define
the process of mapping high level
requirements, e.g. time on wing (TOW),
cost per flying hour ($/FH), reliability,
etc., into requirements that are both
manageable for designers and that
embed risk factors; where the risk
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best possible decisions at the early
system design stage. A mapping of
the in-service cost drivers has been
made for each level to raise the
awareness, to educate and finally,
to directly influence the decisions of
system design engineers. A number
of challenges have been identified
and reported in this paper, among
which the provision of adequate
data suitably characterised and in
a recognisable format to enable
cost driver analysis and the level of
expertise and experience required to
analyse LCC are the most important.

In the second paper, “An Aerospace
Requirements Setting Model
to Improve System Design”, an
investigation of risks and uncertainties
in delivering a product to meet the
top-level business requirements is
given. A dedicated software tool,
based on a reliability model using
a Weibull distribution function, has
been created to exemplify a proposed

Core Projects

approach to incorporate risk into the
requirements setting process in the
early design phase. An example of
Rolls-Royce CLE gas turbine design
process is used as a case study. A
process to enable risk assessment
and gap analysis between the existing
design achievements and the new
design targets, to be performed at
the engine, module and component
level, has been proposed to address
this issue. Further work will deliver a
validation of the proposed tool using
real-life data.

Based on the up-to-date research
outcomes, an abstract and a poster
have been 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 (INCOSE) UK Chapter.

Furthermore, two abstracts and posters
have been accepted for presentation at
the 3rd Annual EPSRC Manufacturing
the Future Conference in Glasgow,
November 2014.

A dedicated methodology and
prototype toolset have been developed
for a rapid in-service LCC drivers
analysis as a part of the close
collaboration with Rolls-Royce Design
for Services engineers. Real-life data
has been used to successfully verify
the proposed method, and validate
the obtained results. The overall
outcome, including the description of
methodology and detailed numerical
results of this research activity
has been published as an internal
Rolls-Royce Technical Report.

The on-going research work and
preliminary results have also been
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disseminated to industrial members
of the Engineering and Manufacturing
Community (EMC) of the Association
of Cost Engineers (ACostE) working
group in January 2014, resulting in
encouraging feedback and expert
comments on the area of LCC and
WLC. Rolls-Royce, BAE Systems,
MOD, Aston Martin, Bentley, Jaguar
Land Rover and PRICE Systems are
the core members of the group.
Two individual MSc programmes
supervised by the project core team
have been launched in May 2014 to
support and expand this research.
The first MSc project, carried out by
Xavier Tomas Centrich, focused on the
risk assessment and risk visualisation
in the early design stage. As a result
of ongoing work a comprehensive
literature review has been conducted
and a dedicated software tool has
been developed. The main scope of
the second MSc project, carried out
by Yina Zhu, focused on information

management and analysis of global
data to determine how much aircraft
LCC is driven by disruptive and
unplanned events related to aircraft
engine faults and failures.

Description of potential impact of
the research
To date this work has raised awareness
among the design engineering
community of the impact on true costs
and the associated issues with early
stage decisions in systems design.
Current work is focused on the creation
of tools and methodologies to help
system designers with this challenge.
While the focus of the practical case
studies has been gas turbine design
the project will elicit a far more
generically applicable set of guides
and rules for the broader systems
engineering community.

Publications:
Toossi A., John P., Shehab E. and
Mackley T. “Challenges of Complex
Systems Design for Through-life
Engineering Services”, 1st Annual
EPSRC Manufacturing the Future
Conference, Loughborough University,
Sep 2012
Toossi A, John P, Shehab EM and
Mackley T. (2012) “Through-life
challenges and opportunities of
designing high-value complex systems”
Proceedings of The 1st International
Conference on Through- Life
Engineering Services (TESConf 2012),
Cranfield University, Shrivenham, UK,
05-06 November 2012, ISBN 978-1907413-17-9, pp 264-268
Darwish, I, Shehab E M and Haque
B. (2012) “Systems architecture
frameworks in aerospace industry:
challenges and future research
directions” Proceedings of The
10th International Conference on
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Manufacturing Research (ICMR 2012),
Aston University, Birmingham UK,
11-13 September 2012, , ISBN 978-1905866-60-1, pp 456-461.
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Self-Healing Technologies for Electronic and
Mechanical Components and Subsystems
Researchers: Richard McWilliam,
Philipp Shieffer, Michael Farnsworth
Academic Supervisors: Alan Purvis,
Ashutosh Tiwari
Industrial Partners: BAE Systems,
National Instruments, Rolls-Royce

Introduction
This project considers new strategies
for self-maintenance, fault-detection
and reporting that rely upon self-healing
technologies. This design philosophy
requires that the engineering system
or sub-system is provisioned with
resources and decision making
capabilities for self-initiated fault
detection and corrective action in
order that it becomes able to look

after itself in the face of random and
predictive in-service failures. Both
transient upset and permanent fault
events are under investigation. Our
research approach seeks to identify
build design strategies capable of
active fault repair (i.e., isolation of
faulty resources by disabling it or else
substituting with redundant healthy
resources), for example introducing
detect-repair operations into logic
gates or self-adaptive tuning circuits
for energy harvesters. We are pursuing
electro-mechanical and electronic
sub-components with 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.
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Initial Research
Over the course of 2012-2013, we
developed a core understanding of
the emergent area of self-healing
technologies and created basic
technological demonstrators for the
evaluation of early theoretical concepts.
Activities centred upon identification/
configuration of appropriate software
and hardware tools that support the
design and investigation of novel
self-healing mechanisms for electronic
systems and electro-mechanical
energy harvester devices. We further
developed our understanding of key
drivers and performance metrics
specific to the electronics domain,
resulting in a review journal paper
(under preparation). Our work in
this domain covers several fronts:

“We have analysed self-healing concepts for
micro-electromechanical systems (MEMS)”
self-recovery algorithms, self-repair,
self-test, self-reconfiguration and
advanced fault masking. We have
published the article “Self-healing
and self-repairing technologies” that
discussed the technical challenges
facing design for self-healing and why
this is a potentially important area
for through-life support of high-value
systems.

For self-healing in the mechanical
domain, fault- tolerant n-bar
mechanisms were investigated in
“Theoretical design of a self-rectifying
4-bar linkage mechanism”, by
combining an analytical model of
the known system kinematics and
a self-healing algorithm. Built-in
correction can be initiated to restore
correct movement. 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 was implemented using
a convergent rule set derived using
our previous research on convergent
cellular automata and implemented
as a hardware demonstration of a
self-recovering binary adder logic
unit. An interactive GUI allows fault
insertion and observation of the
self-recovery process. This work was
presented in the paper “Demonstration
of a Self-recovering ALU Using a
Convergent Cellular Automata”. A

further demonstration platform was
constructed to show how look-up
tables (LUTs) residing within logic
design could be protected by data
error detection and correction (EDC)
codes. Data protection through EDC is
in itself not a new concept, however we
applied this idea to protect hardware
finite state machines (FSMs) that
were redesigned into LUT form. By
minimising other logic not associated
with the LUT, the FSM becomes fault
resilient via EDC codes. Examples of
this work were presented in “Creating
a Self-configuring Finite State Machine
out of Memory Look-up Tables”.

We pursued a number of application
areas with our core partners including
avionic sub-components for commercial
and defence aircraft, autonomous
aircraft and vehicles. Numerous
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 USA East Coast
exposed our research concepts to
leading research and development
centres in complexity, electronics and
robotics. We also identified two further
novel applications for this technology
in the areas of plastic electronics
(involving the CPI CATAPULT Centre)
and resilient networks. An Innovation
Award was been awarded to support
further exploratory work in the plastic
electronics area.
Early intellectual property was
protected in the form of a UK patent
(“Self-repairing electronic data
systems”, GB2468269) that covers
technology relating to our convergent
cellular automata research.
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Progress in the Last Year
A review article “On the concepts of
self-repairing systems” presented
our latest views on the design
of self-healing technology with a
focus on mechanical systems. A
book chapter “Building dependable
electronics systems for Autonomous
Maintenance” for Through-life
Engineering Services: Motivation,
Theory, and Practice is in preparation
that focuses on design strategies
for electronic devices including
augmentations to existing fault
masking methods and emerging
work on self-reconfiguration of
programmable chips. A further book
chapter “Autonomous Maintenance
for Through-life Engineering” extends
the concept of ‘design for self-healing’
with a discussion on the main steps
(cause of fault / detection / diagnosis /
corrective action) and how these can
be accounted for during the design
stage so as to integrate self-healing
or repair characteristics.

Finally, we have analysed self-healing
concepts for micro-electromechanical
systems (MEMS). This is being
currently trialled through the creation
of a self-healing MEMS piezoelectric
energy harvester structure, modelled
‘in-silica’ using state of the art
multi-physics software.
Our key findings have been based
upon the following research activities:
1. Establishing key performance
metrics to form a consistent basis
for comparison
2. Mapping out the distinguishing
features of fault masking, fault
detection and self-repair.
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“Our research on self-recovering logic circuits has
evolved to include an analysis of fault detection”
of an overall gain in component or
sub-system reliability that can be
appraised during the wider design
process.

Examples of redundancy in electronics at transistor and gate design levels.

3. Evaluation of cost/performance
trade-offs, in particular for masking
and repair strategies:
a) Modelling of failure rate behaviour
for different transistor and gate level
designs by analysing input/output
behaviour in the presence of random
faults.
b) Reliability analysis of fault
resilient design including combined
probability of failure.
4. Investigating self-repair for MEMS.

Key research achievements
Starting from established methods
for fault masking, we have developed
advanced designs that achieve
enhanced resilience against stuck-at
fault conditions whilst offering 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 in the logging of permanent
errors as remaining fault capacity can

be known. We have therefore begun
to combine detection and masking
whilst retaining minimal redundancy
overhead. In the electronics domain a
combination of fine-grained masking
with gate-level self-repair is a promising
methodology due to the scope for
design variation and optimisation. In
contrast, implementation of advanced
FPGA techniques that are extremely
complex require significant external
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.

Effective ‘design for self-repair’
requires a deeper understanding of
the behaviour of the design topology
under various different fault conditions.
This leads to more efficient mapping of
redundant resources for better design
viability. For example, an analysis of
quad transistor designs under various
stuck-open, stuck-short and bridge
fault conditions leads to an improved
understanding of the necessary level
of redundancy that would decrease its
failure rate. Full-quadded designs that
require 4x transistor resource overhead
are expensive in terms of cost/benefit:
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by revisiting the fault rate of reducedredundancy designs we were able to
quantify the performance of numerous
design variations that need fewer
transistors (typically 2x overhead),and
hence are more resource efficient.
A comprehensive fault rate analysis
of such designs is presented in the
forthcoming paper “Design and analysis
of redundant transistor NAND gate
structures for stuck-at fault resilience”.
The design achieves stuck-at low
fault resilience and stuck-at high
detection with 2x resource overhead.
For stuck-at high fault conditions, fault
indication via source-drain current flow
occurs for all cases, thus providing
unambiguous indication of stuck-at
high conditions – a feature not present
in traditional designs. In another paper
we present a reliability analysis of
an alternative redundant transistor
design involving NAND and NOR logic
gates (“The Design of reliable circuits
using logic redundancy”, submitted
to TESConf2014). In this paper we
investigate the theoretical influence of
different redundant design strategies
as a function of the expected individual
component reliability and show that the
overall gate reliability can be enhanced
even when the underlying transistors
are considered reliable. This area
is subject ongoing research since it
is crucial to provide clear evidence

Within the electronics domain our
ongoing focus is on the incorporation
of self-repair capability that is able to
circumvent faulty logic. Considerably
more advanced than masking
strategies, self-repair operates in
fundamentally different ways: the
simplest strategy being isolation of
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. Results from this work
will be presented in the forthcoming
paper “Fault tolerant quadded logic
cell structure with built-in adaptive time
redundancy”, submitted to TESConf
2014.

We have further developed our
understanding of protecting FSMs via
EDC codes via LUT implementation
by considering a realistic example
in the form of a fuel pump controller.
This sub-component presents a more
complex design for conversion into
LUT form and requires development
of a systematic design methodology.
Control signals for integrated sensor
and actuation components are
considered along with a state-mapping
approach that results in a reduced

level of control logic in the design and
hence more efficient conversion to
FSM. The design also utilises contentaddressable memory (CAM) in order
to enhance the LUT implementation
with the additional benefit of filtering
of input upsets. These modifications
are discussed in the forthcoming paper
“Mapping a fuel pump controller into a
memory look-up table based finite state
machine with self-healing capabilities”,
TESConf 2014.

Our research on self-recovering logic
circuits has evolved to include an
analysis of fault detection in addition to
the existing cellular-based convergent
algorithm. Detection is a critical step
towards self-repair capability; the
previous design was limited to built-in
self-recovery for transient upsets
without the ability to provide reporting
of fault events or handle logic that has
suffered permanent damage. We have
begun to exploit redundant information
available within output boundary cells
of the convergent cellular that provides
additional health status information
at no additional cost (aside from the
additional monitoring logic not part
of the original implementation). The
challenge of this research is to identify
the conditions in which is it possible
to achieve (a) fault detection and (b)
fault localisation by observing the
status of output boundary cells. These
cells are updated by the final row and
column cells within the body of the
cellular automata. When a fault occurs
cell states become altered, producing
a change in the boundary cells.
Localisation becomes possible if these
changes can be arranged to be unique
‘finger print’ patterns. An analysis of
3x3 and 4x4 cellular automata showed
that, under certain circumstances,
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fault detection of single upsets is
possible by monitoring deviations in
the output boundary cells (“Properties
of self-configuring, resilient electronic
systems subjected to single and
multiple-upset events”, submitted
to IMechE-B). This condition is
strongly dependent upon the input
boundary cells and rule set, and
exact localisation of the faulty cell
is still part of our ongoing research.
A demonstration platform has been
created using FPGA prototype board
complete with fault injection interface
(“Demonstration of a Self-recovering
ALU Using a Convergent Cellular
Automata”).

The ability to undergo self-repair in
mechanical systems is an especially
challenging and has been 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 accrues over the life time
of the component and can lead
to loss of power generation. This
becomes critical when the device
suddenly stops functioning and
its remoteness means an inability
to replace the device. A common
source of power loss results from
the deformation of the piezoelectric
material which gives rise to a change
in its mechanical and electrical
impedance. This change can lead
to an impedance mismatch between
the piezoelectric energy harvester
and its coupled electronic circuitry
and subsequently lead to power loss.

Core Projects

Possible integrated model for self-healing in electronics, showing various design hierarchies.

“Especially interesting
is the application of
these new techniques
in the flexible printed
electronics area”

However self-repairing strategies use
self-compensating electrical impedance
networks that minimise mismatch
and thus sustain power generation.
Our research is investigating such
approaches, by two methods, first
through the modelling and design of
piezoelectric energy harvesters in
both normal and damaged states and
second through novel repair strategies
based upon the reconfiguration of
an anti-fuse capacitive array. The
mechanical design of the energy
harvester plays an important role
in defining the resonant frequency
characteristics of the system and
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. Our aim is to integrate
powerful optimisation strategies from
evolutionary computation for new
MEMS piezoelectric energy harvester
design. This strategy is outlined in a
paper entitled “Modelling, simulation
and optimisation of a piezoelectric
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Mapping of self-repair methods for reconfigurable FPGA chips. Methods exist for production test and repair and in-service operation.

energy harvester”, submitted to
TESConf2014.

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 (especially electronic)
such corrective actions can be built in
autonomic, and determined at design
time. In mechanical systems this
may not be possible as the number
of potential damaged states is large
and as a consequence the number
of potential 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. The development and
testing of new algorithms that can (a)
learn the damaged state of the system
(N-bar mechanism), and (b) utilise this

information to develop and evaluate
new corrective actions online before
initiating them is the focus of an article
in preparation for IMech-E part B.

Looking ahead, our work plan
prioritises the development of a
comprehensive integrated systems
model for self-healing systems
and further industry-relevant case
studies. We have made significant
progress in modelling the failure
rate of fault-tolerant strategies to
achieve better resource/performance
trade-offs than existing designs. At
the fine-grained level, resources are
precious and expensive and must
be justified. Fault rate analysis and
reliability modelling allows us to
evaluate fault masking strategies
but is also useful in exploring future
detect-repair strategies. Therefore a
holistic model for self-healing is needed
that considers how design elements
of fault masking, detection and repair
can integrated, as well as evaluation
of the cost/benefit trade-offs. A review

paper is in preparation that considers
these issues for the electronics domain
(“Survey of design approaches for
self-repairing electronics”, IMechE Part
B).

Collaborators
A scoping study focusing on
interconnect-related failures has
been prepared for our partners BAE
SYSTEMS. This report explores
the needs for autonomous repair
of interconnects at different design
levels for integrated systems that
suffer from in-service degradation and
faults. Whether on-chip, board level
or inter-component level, the study
of interconnect is often neglected in
comparison to active components
even though interconnect density
is continually rising. Failure of an
interconnect can result in loss of
power, grounding lines or data lines
and can therefore result in serious loss
of functionality. Many strategies are
possible at the integrated circuit level
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due to the ability to include redundant
lines. However this must be allocated
carefully, since the probability of failure
will increase as more lines are added.
For example, a simple quadded logic
design requires 4x gate overhead
but 16x interconnect overhead. For
chip, board and component level,
redundancy methods quickly become
expensive and infeasible, hence
alternatives are needed.
Another collaborative investigation in
progress is plastic electronics, where
component yield and survivability
are very different to silicon-based
electronics. This area is rapidly growing
as the manufacturing challenges
are being met by research and
development. We are investigating
the potential benefits that self-healing
could bring to this area for a number
of applications with the Centre for
Process and Innovation (CPI) – a
CATAPULT Centre. Examples include
high temperature, extreme mechanical
vibration/flexure for high value products
and product longevity for consumer
products.

Core Projects

We have also established a research
link with the Australian Centre for
Field Robotics (ACFR) with the
aim of developing hardware in loop
experiment for verification of fault
recovery strategies in avionics. This
allows observation of the system-level
response to fault events and
quantification of the performance of our
methods.

Finally the need to investigate
possible real-world applications for
our self-healing MEMS piezoelectric
energy harvester as well as to provide
further avenues of research has led to
enquiries for collaboration with centre
partners Rolls Royce and their internal
sensors and testing team with a
particular focus on harsh environments.

Facilities
We have added to our test and
measurement laboratory in the form
of a second National Instruments PXI
test rig that is designed for analysis of
integrated self-healing systems with
sensors, actuators and self-repairing
electronic circuitry.

Intellectual property
A new US patent has been granted
“Self-repairing electronic data
system” (US8386844, Feb 2013)
that complements our existing UK
patent (GB2468269) on self-healing
strategies for electronic system
exposed to transient random upset
events. The technique establishes
the continual self-recovery of data
patterns that in turn re-establishes the
correct configuration of logic, even in
the presence of multiple simultaneous
upsets.

Description of the potential impact
of the research
The potential impact of the work in
self-healing and self-repairing systems
is very significant. Despite being at
low technology readiness levels its

application in the electronics industry
could have far reaching effects.
Fault incidence is rare and reliability
generally high, however redundancy
can take up valuable space or add
to the weight of platforms which may
lead to significant increases in costs.
Especially interesting is the application
of these new techniques in the flexible
printed electronics area where a new
project has been launched and an
innovation award of £20k has been
made by the Centre.

Publications
Bell C, McWilliam R, Purvis A
and Tiwari A, “On the concepts of
self-repairing systems”, The Journal
of the Institute of Measurement and
Control. Vol. 46(6) July 2013 pp
176-179.
Schiefer P, McWilliam R, Purvis A.
Creating a Self-configuring Finite
State Machine out of Memory Look-up
Tables. Procedia CIRP. 2013;11:363–6.
DOI: 10.1016/j.procir.2013.07.030.
Bell C, Farnsworth F, Tiwari A and
Dorey R, “Theoretical design of a selfrectifying 4-bar linkage mechanism”,
Procedia CIRP. 2013;11:385-389. DOI:
10.1016/j.procir.2013.07.028.
McWilliam R, Schiefer P, Purvis A.
“Demonstration of a Self-recovering
ALU Using a Convergent Cellular
Automata”, Procedia CIRP.
2013;11:373–8. DOI: 10.1016/j.
procir.2013.07.026.
McWilliam R and Purvis A, “Strategies
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“The potential impact of the work
in self-healing and self-repairing
systems is very significant.”

Core Projects

“The conceptual design of automated robotic
platforms tasked with performing some level of
maintenance requires new methodologies”

Autonomous Maintenance
A one year study 2013 to 2014

Researcher: Michael Farnsworth
Academic Supervisor: Tetsuo
Tomiyama
Industrial Partner: Bombardier
Transportation

Introduction
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, non-deterministic and
non-standardised 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. 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 ‘selfcoordination’ 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 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
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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
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 ‘self-coordination’ has been
outlined in an upcoming TESConf2014
paper entitled ‘Collaboration with
minimum coordination’, which looks
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.

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 could provide an
alternative to current coordination
strategies for collaborating robots
undertaking complex tasks upon
products or systems. The concept
of ‘self-coordination’ 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 undertaking a specific
maintenance process or perhaps a

The concept of ‘self’ incorporates a
varied and large number of applications
and fields. This includes ‘self-healing’,
‘self-repair’, ‘self-maintenance’,
‘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
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single step within this process, be it
inspection / sensing / actuation.

Progress in the last year
ROS development for mobile turtlebot
and robotic arm:
The software and hardware of the
pair of collaborative robotic platforms
has been expanded, with capabilities
for simultaneous localisation and
mapping (SLAM), grasp and pick
and place capabilities through the
MoveIt! robotic arm manipulation
software package, and collaborative
decision making abilities to control
both robotic platforms to accomplish a
task together. This was demonstrated
on a simple mock-up of one of the
previous maintenance tasks recorded
and classified during a trip to
Bombardier UK train depot in Derby.
In this example both robotic platforms
were tasked with the opening and
inspection of a heavy train skirt and

Core Projects

“A close relationship with Bombardier
Transportation UK has allowed some of the
developed research to be tested in the field”
maintenance process or perhaps a
single step within this process, be it
inspection / sensing / actuation.

engine block, requiring the cooperation
and collaboration of both robots to work
together to successfully complete the
maintenance task.

Morphological matrix for conceptual
design:
The first part of this research focused
upon how to capture the necessary
information from a maintenance task
such that some form of automation
could be used to perform each step of
the tasks motions and decision making.
However this still requires a designer or
engineer to make the correct choices
on what can be automated, at what
level of automation, and what device
/ component or physical / cognitive
action can be used to undertake the
motion or decision making step. The
conceptual design of automated robotic
platforms tasked with performing
some level of maintenance requires
new methodologies that can link in
with the previous task classification
methodology. A standard approach to
conceptual design is the morphological
table. A powerful combinatorial
tool, it utilises the principles of
morphological thinking to guide
the creation of conceptual designs
through a systematic combination
of all possible combinations of
fragments that together can constitute
a system. A paper accepted in CIRP
Annals - Manufacturing Technology
entitled “Capturing, classification and
concept generation for automated
maintenance tasks” describes how a
visual exploration of the design space

can be undertaken with the functions
represented as our maintenance
‘unit tasks’ listed against the means
or solutions available. Adapted for
conceptual design of automated robotic
solutions towards maintenance, this
new methodology includes information
necessary to complete a particular ‘unit
task’ such as the physical phenomena
(force + friction), or cognitive actions
required (object recognition), rather
than whole systems (robotic grippers)
or devices.

Collaborative strategies for
maintenance:
It became very evident that the task
of coordination and collaboration
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 ‘self-coordination’
looks at the current collaboration and
coordination strategies employed in
robotics for multi or swarm systems
and introduce a new approach for
controlling multiple robotic platforms to
undertake collaborative tasks such as
maintenance.
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The concept of ‘self’ incorporates a
varied and large number of applications
and fields. This includes ‘self-healing’,
‘self-repair’, ‘self-maintenance’,
‘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
(Lundh, R., 2008). Such an approach
could provide an alternative to current
coordination strategies for collaborating
robots undertaking complex tasks upon
products or systems. The concept
of ‘self-coordination’ 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 undertaking a specific

Train Seat Cleaner:
At the end of this project, through
further collaboration with Bombardier
UK, 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 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.

Over a period of 3 months a group of
students and academics began the
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.

gauge the real challenges present in
automation of maintenance activities
through robotics. A close relationship
with Bombardier Transportation UK
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.

Conference Paper
H. Akrout, D. Anson, G. Bianchini, A.
Neveur, C. Trinel, M. Farnsworth, T.
Tomiyama (2013). “Maintenance Task
Classification: Towards Automated
Robotic Maintenance for Industry”,
PROCEDIA CIRP, Vol 11. Pages
367–372. The 2nd International
Conference for Through-life
Engineering Services, Cranfield,
5th-6th Nov 2013

M. Farnsworth and T. Tomiyama:
“Capturing, Classification and Concept
Generation for Automated Maintenance
Tasks,” CIRP Annals–Manufacturing
Technology, Vol. 63, No. 1, (2014),
pp. 149-152, ISSN: 0007-8506, DOI:
10.1016/j.cirp.2014.03.093.

Description of potential impact of
the research in industry
Engagement with Industry is of key
importance to this research in order to
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Stills from a video showing two collaboratory
robots lower a simulated equipment cover.
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Key steps:

The Degradation of Linear Machines
A one year study 2014 to 2015
Researcher: Christobal Ruiz
Academic Supervisor: Andrew Starr

Introduction
There is an increasing range of
machines which stop and start – often
for linear motion. Linear machines are
all around us, and include mechanisms
for aircraft undercarriage, robots,
car windows, door openers, valve
actuators, railway track point motors,
and machine tools. The combination

of electric or hydraulic motors with
transfer mechanisms such as screws,
gears and levers produces many useful
linear actions. The monitoring and
diagnostics community has focused
on rotating machines (amongst other
problems) for over 50 years, and this
has led to a well-established tool
set of mathematics and software for
the treatment of motors, gearboxes,
fans and other systems. Degradation
of linear machines can also cause
complete failure of valuable services,
but their degradation is less well
studied.
The problem

Typically such devices have to
overcome variable load, with friction,
and natural changes of temperature,
giving a wide range of normal operating
conditions. This means that simple
measures, such as motor current, are
poor indicators of performance and
degradation (see figure 1). Variables
in speed and load naturally change
the characteristics of the behaviour, so
deeper investigation of the behaviour
is needed to identify degradation.
Many systems operate completely
unattended, so physical symptoms
may not easily be detected. Patterns
of behaviour, and comparison to
expected performance, can reveal
changes. In low cost systems it is often
necessary to infer change parameters
from existing sensor and control data,
since the cost of new sensors may be
prohibitive.

• we will investigate the way in which linear machines are designed and
built, and research the typical degradations leading to failure;
• we will examine what can be measured, and what cannot be measured,
in a typical linear actuator, considering also what is available from the
controller;
• we will program a simulation to demonstrate a sensitivity analysis for
system characterisation and pattern recognition;
• the simulated methods will be tested on a demonstrator systems using
commercial off-the-shelf devices e.g. ball screw drives.

Description of the potential impact of the research
This work will determine the state of the art in understanding the science
behind wear, degradation and failure of linear machines. By bringing
this knowledge together a capability can be created to improve accurate
diagnostic and prognostic skills and hence improve how the design of such
systems can be improved.

The proposal
This feasibility study will examine the
characteristics of time-series analysis
for electromechanical linear actuators.
It will create an outline tool set for
monitoring non-continuous machines,
developing a range of condition
indicators with a selection of detailed
case studies.
Objectives:
• a taxonomy of non-continuous
machine types, their system
architectures, and failure modes;
• a description of the measureable
features in generic system of this
type;
• a demonstration on a simulation;

Ball screw linear positioning system

• application to at least two real case
study mechanisms.
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Simulated current trace for a linear actuator
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“This work will determine
the state of the art
in understanding the
science behind wear,
degradation and failure
of linear machines.”

Geared Projects
Through the year colleagues have been successful in winning research grants with
the strong support of the Centre. These projects which draw on the Centre expertise
‘gear up’ the initial funded work and complement the existing projects within the
Centre bring a wider group of industrial collaborators across more sectors into
contact with the Centre’s work and expertise. Thus we are able to build a strong
industrial community with interests in Through-life Engineering Services.

Geared Projects

“The Institute is home to a state of the art learning
laboratory with a virtual and augmented reality
simulation suite and telepresence facilities.”

Operations Excellence Institute
Researchers and Staff: Paul
Jones, Sam Court, Diana Richards,
Charmaine Bassindale
Academic Supervisors: Rajkumar Roy,
Howard Lightfoot, John Erkoyuncu
Industrial Partners: Rolls-Royce,
SEMLEP (South East Midlands
Local Enterprise Partnership),
MHA MacIntyre Hudson, Kimberly
College, Milton Keynes College, and
Hertfordshire University

The Operations Excellence Institute
(OpEx) was founded in April 2014 with
joint funding from Government and
Industrial partners. The institute’s aim
is to foster innovation in learning and to
create a manufacturing co-operative to
support and encourage the growth of
UK SMEs. The Institute director is Dr.
Howard Lightfoot.

The Institute is home to a state of the
art learning laboratory with a virtual
and augmented reality simulation
suite and telepresence facilities. The
laboratory gives students at all levels
from Apprentice to PhD an opportunity
to work in collaboration on one and
three day duration projects based on
industrial case studies. This enables
students to further their technical
expertise while developing important
skills such as teamwork, effective
communication and leadership in
preparation for moving into industry
and commerce. The laboratory is a
flexible space that can be configured
for not only teaching and training but
also into an environment that can
enhance the process of design and
development. The laboratory has
two state of the art technological
capabilities in tele-presence, and

visualisation. The tele-presence
facility offers the opportunity to deliver
online education and training for
over 200 people at a given time. The
tele-presence facility contains the
following features:
• Large display Video wall
• Fixed tracking HD cameras with
Audio pickup and output.
• 4 breakout areas, 2 mobile and 2
fixed location with
• Duel displays for teleconference and
collaborative work visualisation.
• HD cameras
• High quality audio pickup and
playback
• Wireless connections for individual
computer/tablet interaction
• Centralised control of video feeds,
cameras and lighting system

The virtual and augmented reality
visualisation capability offers a number
of features:
• Immersive capabilities using 3D
projection system (VR Zone)
• See-through head-mounted display
with immersive capabilities (AR
Zone)

As part of its offering OpEx is
developing a range of online and
face to face teaching programmes
that promote excellence in
manufacturing. One such course
is the ground-breaking 6 week
online course in Obsolescence
Management. Participants benefit
from the experience of industry experts
and participate in industrially-relevant
group projects and case studies and an
individual project. In addition, a 2-year
part-time Executive MSc in Operations
Excellence develops the skills and
knowledge required to lead the
implementation of change in business.

As well as teaching and training
another important pillar of the OpEx
is the Manufacturing Co-operative.
The Co-operative gives SMEs
the opportunity to scale up their
capabilities, to be exposed to greater
business opportunities and to take
advantage of group procurement
facilities. As SMEs represent 99 per
cent of private sector businesses and
make a disproportionate contribution to
job creation in the UK they play a key
role in growth. It is therefore the aim
of the Cooperative to give SMEs the
support needed to drive competition
and stimulate innovation to allow these
businesses to grow.

• Ability to create virtual environments
and import a range of CAD data
• Ability to collaborate between the AR
and VR zones.
• Immersive VR capabilities for
Lanner Witness software.
• Demonstration software, with
emphasis on virtual training
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“This researches commercial, technical and procedural
opportunities arising from developments in
Additive Layer Manufacturing (ALM)”

Service Simulation
Researchers: Alessandro Busachi,
Duarte Rodrigues and Davood Sabaei
Academic Supervisors: John
Erkoyuncu
Industrial Partner: Babcock
International

Within the service simulation theme,
most recently two MSc group projects
and six MSc individual projects have
been completed. These projects
were initiated with a number of
industrial organisations such as MoD,
Rolls-Royce, BAE Systems, PRICE
Systems and OxfordBiomedica. The
following sections provide an overview
of some of the projects.

• Trade-off between corrective
and preventive maintenance:
At present, there is a gap in the
ability to quickly assess the right
balance between Preventive and
Corrective Maintenance. This MSc
group project aimed to fill in that
gap by defining a new maintenance
process to obtain the optimum
availability at an optimum cost.
The way to do it was to define the
relationship between maintenance
and availability and the context of
the study is the military sector. The
result of the project is the creation
of a decision support process that
specifies the budget allocation
for Preventive Maintenance and
Corrective Maintenance.

• Developing standards for cost
engineering terminology: Cost
Engineering has become vital for
current industrial practices as an
increasing number of organisations

are communicating cost terms. In
order to facilitate the communication
there is a need for a common
understanding of terms and
methods. Standards play a key
role to achieve this, which the cost
engineering field lacks. Nowadays
each organisation follows its own
terminology and practices and this
makes it difficult for organisations
to communicate across the
supply chain and across different
sectors. The aim of this MSc group
project was to set the ground for
the development of a standard
in the field of Cost Engineering.
The project sets the ground that
will lead to the creation of British
Standards in a period of no more
than 3 years. The project focuses
on getting the industry perspective
towards the need for Standards and
also proposes a framework for the
creation of a Thesaurus through
industrial validation.

• Developing a data structure and
visualisation system for component
degradation: This project aimed
to develop a data structure and
visualisation system for degradation
mechanisms within the aerospace
context. The developed system
aims to support design engineers
and maintainers with evaluating the
impact of degradation.

• Enterprise modelling for estimating
No-fault found: Enterprise modelling
refers to the abstract representation,
description and definition of the
structure, processes, information
and resources of an identifiable
business, government body, or
other large organization. This
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project aimed to develop simulation
processes to represent the dynamic
interaction experienced across
internal departments and external
suppliers to identify, analyse and
solve no-fault found (NFF) issues.
Addressing the inherent causes of
NFF, resulting from inadequacies in
equipment design, is increasingly
becoming an important area of
interest for industry. This project
aimed to develop a physical
demonstrator to identify the
mechanical and electrical triggers of
NFF.

• Developing best practice in whole
life cost modelling: Whole Life Cost
(WLC) is an economic and financial
assessment considering all agreed
projected significant and relevant
cost flows over a defined period
of analysis expressed in monetary
value adjusting for the time value
of money. The projected costs are
those needed to achieve defined
levels of performance, including
reliability, risk, safety and availability.
WLC modelling is applied for the
in-service support phase of the life
cycle and sets the scope for this
project. WLC is not a new concept
but it is one that needs to be applied
more rigorously when analysing
the support solution due to long
timescales and the highly uncertain
nature of delivery. This project aimed
to develop case studies based on
real-life examples to demonstrate
how best practice whole-life
cost modelling approaches have
benefitted projects in various ways
such as cost, performance and
efficiency.

Additionally, there are three PhD
projects focusing on the defence sector
that have recently begun:

• Design and development of a
decision support framework for
asset management in an operations
centre: This involves design and
development of a decision support
framework embedded in a software
tool for use in an asset management
operations centre. The project
evaluates likely asset management
techniques and processes and
aim to develop state of the art
approaches for the future.

• Application of Simulation to Design
Equipment Availability: This focuses
on building a framework embedded
in a software tool 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 framework for
Additive Layer Manufacturing: This
researches commercial, technical
and procedural opportunities arising
from developments in Additive
Layer Manufacturing (ALM), with
particular focus applied to an asset
management / service support
business. The PhD aims to develop
means to compare and contrast
alternative business models
enabled by such technology, and
develop cost modelling tools for
use in managing a spares / repairs
business where the option to print
new (or repair existing) parts would
be possible using ALM technology.
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Obsolescence
Trainer: Phil Wardle
Academic Supervisor: John Erkoyuncu
Industrial Partner: UK MOD

Within the obsolescence theme the
TES centre has continued to deliver
training to the defence sector on how
to manage uncertainty, and how to
estimate the cost of obsolescence.
Over the past year, over sixty
participants have been trained.

Obsolescence has become one of
the main problems to sustain systems
that have a long life cycle in sectors
such as defence, aerospace, oil and
gas, nuclear and railway. Although
it cannot be completely avoided,
the implementation of a proactive
management strategy can help to
reduce its impact and probability. The
MOD, prime and OEMs need to be
aware of the System Roadmap (and
this needs to be reviewed monthly).
That shows how the Obsolescence
Management (OM) strategy and
the system upgrades plan can be
aligned, together with changes in the
requirements due to new scenarios
(e.g. intensive use of aircrafts in a
dusty environment). For this purpose
the OEM has to keep a risk register for
obsolescence and to update it monthly
or every time a new issue arises.

components need to be analysed
and the interactions create further
challenges. Virtual reality offers
a unique way to visualise large
datasets in a manner that can be
easily understood. This project will
focus on the aerospace sector and
aims to develop 3D visualisation of
components in an aerospace engine.
A traffic light type approach will be
developed to realise the level of
exposure to obsolescence across
different components and systems.
For this a risk evaluation engine will
be developed to be able to categorise
the different levels of risk experienced
across components and systems. The
project will be based at the Operations
Excellence Simulation lab, where the
visualisation will be achieved through
advanced Head Mounted Display.

“The TES centre has
continued to deliver
training to the defence
sector on how to manage
uncertainty, and how
to estimate the cost of
obsolescence.”

Only those OEMs that prove to
have the appropriate capability
to manage obsolescence will be
given the responsibility to manage
obsolescence. However, identifying the
risk of obsolescence is challenging.
Furthermore, a large number of
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Structural Health Monitoring
Researcher: Daniel Gagar
Academic Supervisor: Peter Foote
Industrial Partner: BAE Systems

Introduction
Structures such as airframes degrade
via three major mechanisms: fatigue,
environmental and accidental damage.
For metallic structures, most of these
damage mechanisms eventually
manifest themselves as cracks which
must be detected and rectified during
maintenance.

Maintenance of both civil and military
aircraft is currently performed at fixed
intervals of service using manual nondestructive inspection (NDI) techniques
which often require disassembly
of complex structures to check for
damage. Frequently, the result of a
scheduled inspection is that no damage
is found. Thus, cost and down-time of
the vehicle is incurred unnecessarily.

Structural Health Monitoring (SHM)
techniques can potentially provide
continuous or on-demand diagnosis
and damage detection via sensors
permanently located in structures.
This is an enabler for condition based
maintenance where a structure is
only taken out or service when repair
and maintenance is needed hence
eliminating costly and unnecessary
precautionary inspections.

Acoustic Emission (AE) is an example
of an SHM method. It performs damage
detection by passively monitoring
elastic waves dynamically generated

from a damage site subjected to load.
The performance and reliability of AE
technique is however limited and tend
to diminish with increased structural
complexity. The aim of this research is
to develop a generic methodology for
designing an optimal SHM installation
based on the AE technique.

from a fastener hole could be localised
within a few centimetres with no prior
knowledge of the crack’s location.
This demonstrated that a crack in a
hidden part of the structure (enclosed
within the wing box) could be detected
remotely without the need to open the
structure and inspect manually.

Initial Research

The work is now being extended to the
analysis of more complex structural
forms such as shaped plates and
machined parts to determine how
much of the behaviour observed in
simple plates is common to the other
geometries. The issues of continuous
self-calibration as a means of assuring
sensor function through life and also for
tailoring sensor installation to specific
structural applications are also being
researched.

Work started as a PhD project in the
Integrated Vehicle Health Management
Centre in close collaboration with BAE
Systems Military Air and Information.
This complimented the company’s work
involving flight trials of SHM systems
that demonstrated the robustness of
techniques such as acoustic emission
detection within a military fast jet,
flying environment. During the PhD
programme, AE generation during
fatigue crack growth was quantitatively
characterised through closely
controlled experiments performed
in simple alloy plates. The results
revealed a number of distinct phases
in AE generation with crack growth and
cyclic stress, as a function of loading
conditions and sample geometry.

To further demonstrate the
performance capabilities, a blind trial
was conducted in collaboration with
the National Research Centre Canada
(NRC) using a substantial aircraft wing
box structure. The box was constructed
with internal spars and ribs enclosed
within skins of carbon fibre composite
material. In the blind trial the sensors
were enclosed within the box and the
task was to detect and also locate a
crack on a metal spar component.
The experiment was successful and
demonstrated that the crack emanating
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Progress in the Last Year
A piecewise approach was taken for
verifying and validating the overall
performance of the AE monitoring
process in arbitrary locations of an
aircraft structure. This can enable
optimal design of sensor layout for
obtaining maximum performance in
damage detection and localisation. The
approach can be classified into the AE
generation, propagation and detection
phases.

A novel crack closure-based
method was developed for crack
length estimation. This utilised the
measurement of cyclic stress values
corresponding to the AE signals
recorded which were correlated
with crack growth in an empirical
model. Information on the extent of

Simulation of Lamb wave propagation in Aluminium sheet.

crack growth is essential in enabling
prediction of the remaining useful life of
a component using already established
fracture mechanics principles. This
would improve the prospects of AE
for use in structural health monitoring
applications where detection and
monitoring of crack lengths is required
to optimise their through-life operational
performance.

The outcome of this work has been
disseminated in the form of an article
submitted to the Smart Materials and
Structures journal, as well as in a
technical presentation at the European
Workshop on Structural Health
Monitoring (2014) which was well
received by peers. The formulation of
the empirical model was demonstrated
using AE data generated during fatigue
crack growth tests in 2 mm thick SEN

(Single Edge Notched) aluminium
2014 T6 specimens subject to a
tensile stress range of 52 MPa. The
model was validated using AE data
generated independently in separate
tests performed with a stress range
of 27 MPa. The results showed that
predictions of crack lengths over
a range of 10 mm to 80 mm can
be obtained with the mean of the
normalised absolute errors ranging
between 0.28 and 0.4. Predictions
were also made using existing AE
feature-based methods and the results
compared to those obtained with the
novel approach developed. The key
result for this work was that it provided,
for the first time, a means of relating
AE emission signals to absolute crack
lengths.
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In other work, multi-physics
Finite Element (FE) modelling
has been applied to simulate the
AE propagation and detection
processes. This is a particularly
important step towards developing a
generic methodology for the use of
the AE technique in real structures
as the model could be applied to
components of arbitrary geometry
and material type from different
applications. In this line of research,
an academic partnership was formed
with Delft University of Technology
(TU Delft) to investigate the effects
of temperature, load and geometry
on AE wave propagation. Initial work
conducted in a co-supervised MSc
individual research project, performed
at TU Delft, focused on the aspects
of temperature and load effects. This
involved extensive analytical and
numerical modelling validated with

Core Projects

experiments. The results showed that
a temperature range of -40 OC to 70
OC and static load range from 0 MPa
to 250 MPa the maximum variation in
nominal wave velocity was 270 m/s.
Assuming a nominal wave velocity
of 5500 m/s this would result in a 4%
error in time of flight measurement, for
a fixed distance of propagation. This
could be considered insignificant in AE
SHM applications. These findings form
the basis of a co-authored publication,
together with our colleagues from TU
Delft, which is currently being prepared
for submission to the Journal of
Intelligent Materials and Structures.

Further work is ongoing with regards
to investigating the effects of structural
geometry on AE propagation and
detection. Changes in component
geometry can theoretically be
expected to significantly affect the
velocity and attenuation properties
of AE signals. Understanding this
behaviour is also essential in obtaining
the maximum benefits the technique
offers. Multi-physics Finite Element
(FE) modelling is also being applied
to simulate the AE propagation and
detection process, alongside validation
experiments. The effects of typical
structural features such as various
angles of formed sections, cut-outs, as
well as bonded and bolted joints will
be investigated, culminating in a case
study performed on a real structural
sub-component.

Future work will incorporate knowledge
gained into a generic model for optimal
installation of the AE system in an
arbitrary structure. This would take
into the variability in the entire AE
monitoring process, starting from their
generation from fatigue crack or other
damage site, up to signal detection and
interpretation.

so that continuous monitoring of
crack development can take place is
extremely desirable for the aerospace
industry. This work seeks develop
a design methodology for both the
number and positioning of sensors to
enable this. It also seeks to define how
such sensors can be calibrated, their
data validated and their conclusions
verified. The impact of a successful
completion of these tasks is immense
for the Maintenance Repair and
Overhaul (MRO) industries as it will
enable condition based structural
maintenance rather than the current
periodic inspections with all the
associated cost savings that this
entails.

Publications

“The ability to cheaply
instrument airframes
and associated structures
so that continuous
monitoring of crack
development can take
place is extremely
desirable for the
aerospace industry.”

Diagram of a wing with a sensor array.

D. Gagar, M. Martinez, M, Yanishevsky,
B. Rocha, Jim McFeat, P. Foote, P.
Irving (2013) “Detecting and locating
fatigue cracks in a complex wing-box
structure using the acoustic emission
technique: A verification study”
Proceedings of the 9th International
Workshop on Structural Health
Monitoring, Stanford University,
Stanford, CA, September 10-12

D. Gagar, P. Foote, P. Irving (2013)
“Detection and monitoring of
fatigue cracks in metallic structures
using acoustic emission: Routes
to quantification of probability of
detection” Proceedings of the 11th
International Fatigue Congress,
Melbourne, March 2-7

Description of the potential impact
of the research

Acoustic emission signal distribution with cyclic stress at various crack lengths.

The ability to cheaply instrument
airframes and associated structures
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AUTONOM – Integrated through-life support
for high-value systems
Researchers: Chris Turner and Leigh
Kirkwood
Academic Supervisors: Andrew Starr,
Antonios Tsourdos, Ashutosh Tiwari,
Essam Shehab, Yuchun Xu and Paul
Baguley
Industrial Partners: Network Rail
(Sponsor), BAE Systems, Scisys,
Schlumberger, DSTL, National Nuclear
Laboratory, Sellafield Ltd and UK
Space Agency

Overview
The integration of sensor-based
information has been well established
in some contexts, for example
automobile or food manufacturing,
where the environment is well
controlled, and the benefits easily
justify the investment. But the
uptake in geographically dispersed
and less structured environments
poses challenges in technology and
cost justification. The overall aim of
this project is to enable improved
integration between architectural levels
in data-rich environments in automated,
intelligent maintenance, responding
to business pull and demonstrating
value. In this project we propose to
automate the transitions between
the architectural levels in automated,
intelligent maintenance, examining the
characteristics of the levels and their
transitions.

pull for management information for
maintenance decisions, creating a
framework for top-down architecture
for data/information/decision structures
with clear value chains.

WP2: Data fusion and mobile platforms

and availability and other strategic
drivers associated with distributed
heterogeneous high integrity assets,
i.e. costs and benefits.

A number of research challenges will
be addressed during this project:

This WP will capture how a system
of stationary sensor nodes and
mobile sensors can work together
as an intelligent autonomous system
suitable for integrated infrastructure
maintenance.

• Requirements for interchange of
maintenance data between fixed
and mobile actors, e.g. track-to-train
data.

WP3: Planning and Scheduling Based
on Intelligent Reconfigurable Business
Processes

• Examination of transition levels, at
the interface between information
extraction from data, and fusion of
weighted information about risk and
cost.

This work package will develop a
methodology to mine and optimally
reconfigure maintenance data in the
form of a business process.

WP4: Cost Analysis
This work package will identify,
model and estimate the costs, value

• Extension of these requirements
into specifications of COTS wireless
platforms.

• Automation of monitoring algorithms
on mobile platforms.
• New cost modelling tools for
complex and distributed health
monitoring.

Remote Maintenance of Machine Tools
Researchers: Nikos Tapoglou, Stefano
Tedeschi
Academic Supervisors: Jorn Mehnen,
Rajkumar Roy
Industrial Partners: DMG Mori-Seiki,
Kennametal

Downtime due to the failure of key
components in a machine tool is
unacceptable. With the introduction
of availability contracts, the pressure
on the machine tool manufacturers
has increased. With this new type
of contract the manufacturer of
the machine is responsible for
the continuous availability of the
machine tool. Hence, new designs
and monitoring tools as well as
maintenance services are required to
keep machines working. New tools
provide intelligent services that help
with safely transferring and analysing
continuous streams of information for
assessing the status of a machine tool
and for predicting its remaining life.
Exact diagnosis and prognosis of the
machine tool condition and feedback
into design and manufacturing are
supported by the integrated through-life
engineering approach provided by
the EPSRC Centre. Major machine
tool manufacturing companies such
as DMG Mori-Seiki are actively
contributing to the development of
these new ideas, tools and services.

existing cutting-edge services such as
tool maintenance platforms. We are
delighted to be partnering Kennametal
in this regard. Research will focus on
the development and improvement of
new machine tools as well as on the
support of older machines that do not
come with any sophisticated health
monitoring tools. Especially retrofitting
of existing machine tools through easy
to use equipment will allow a broad
spectrum of machine tool users to
share in the latest developments in
remote maintenance and through-life
engineering.

DMG Mori-Seiki have agreed to loan
an advanced 5-axes turn-mill centre
NT1000 which will be at the heart of
Cranfield’s through-life engineering
research into remote maintenance.
Research will be based on latest
state-of-the-art technology such as
Secure Cloud Manufacturing and

The four work packages that comprise
the AUTONOM project are:
WP1: Integration
Starting with a “think tank” event with
the sponsors and invited partners,
the WP will identify the industrial
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“With the introduction
of availability contracts,
the pressure on
the machine tool
manufacturers has
increased.”

Feasibility Studies
The EPSRC Centre has funded feasibility studies in the field of through-life
engineering services through open calls to UK academic institutions and
commercial organisations. Three rounds of funded studies have now been
completed. These feasibility studies were designed to examine a subject area in
the field, review activity in it, identify key challenges and research questions not
currently being addressed and develop full proposals for funding by established
routes. The awardees were expected to attract significant new industrial support
and the subsequent major award will form a strategic part of the Centre activities.
These awards have identified key academic groups with which the Centre may wish
to collaborate in the future. Awards were limited to £20,000 at 80% FEC and to a
maximum duration of six months.
Five awards were made under the last call as well as one innovation award to a
Centre post-doctoral researcher. This innovation award, identical to the feasibility
studies but limited to internal applicants only is designed also to develop the
career of EPSRC Centre researcher awardee. Three studies from the final round are
outlined below.

Feasibility Studies

Risk-based Bayesian Sequential Decision
Making for Autonomous Fault Management

Mr. Andrew Mills, Department of
Automatic Control and Systems
Engineering, The University of Sheffield

Components within complex
engineering systems do not operate in
ideal scenarios and are often subjected
to unpredictable conditions (at all
stages of their life-cycle) that disturb
the system. These disturbances,
as well as natural system wear, are
example sources of health issues that
may arise during operation, which will
affect system lifecycle, performance,
and costs. Existing health management
systems are capable of providing a
means to detect health changes within
these systems, and take action based
on the analysis of changes detected.
However, these technologies are not
complete and there are a number of
improvements that could be made to
further advance the performance and
capability of health management of
these systems. The figure below gives
an overview of the components of an
Intelligent Health Management System
(IHMS).

The study reviewed the available
technologies and gave an overview of
health monitoring and management.
Shortcomings of existing techniques
were highlighted and opportunities
discussed. Two case studies were
undertaken to provide a context for
the development of improved health
management technology. A probabilistic
change detection using Bayesian
sequential analysis was demonstrated
to identify bleed valve faults in
gas turbine engines and a power
management system for a naval ship
system was analysed.

the risk/benefit value which depends
on the operational conditions of the
system. We demonstrated a risk-based
Bayesian change detection algorithm
to solve this problem. A trial algorithm
has been tested on a set of synthetic
data and also real data relating the
bleed valve position to the compressor
pressure which is affected when a
bleed valve is opened or closed. This
is used to identify events in the data.
Using health reports provided by the
change detection algorithm, risk-based
decision-making was used to select the
best action to mitigate these faults.

The internal pressures of a gas turbine
engine are regulated to maintain
optimal efficiency and safety. One
mechanism to control the pressure
is to open air valves to bleed excess
pressure during transient operations
such as acceleration. At steady state
cruise, these valves are closed to
avoid air loss, thus maximising system
efficiency. A known fault is that these
bleed valves may not respond to
the control signals sent – the valves
are stuck open or closed. Today’s
method to overcome this is to operate
the engine sub-optimally for the
compressor stage conservatively
maintaining system safety. However,
this approach reduces system
efficiency.

The Power Management System
(PMS) for a naval ship requires a
higher system level control. Action
Selection (see diagram above) as a
research area is less developed in the
literature and this study provided a way
to evaluate available technologies and
to explore future extensions in-line with
the development of IHMS. The PMS
controls the power generation and
supply of on-board power systems.
The PMS constructs power schedules
describing the power supply and
delivery plan for the entire operation
of the system. Power here may be
referring to propulsive, electrical,
thermal, pneumatic, or hydraulic power.

A reliable health monitoring framework
which reduces the number of false
alarms and promotes high system
efficiency is needed but there are
few sensors and fault detection is
unreliable and false alarms may
be reported. The choice of action
upon detection is dependent on the
probability of accurate detection and
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The PMS and integrated IHMS work in
synergy to satisfy operational goals. An
integrated PMS accepts information on
mission requirements, system health
and capability, system environment,
and other relevant information. The
changing environment also introduces
disturbances to all analyses and the
PMS is expected to perform well in
this setting, with the presence of noise
and uncertain information. Thus the

“The internal pressures of a gas turbine engine are
regulated to maintain optimal efficiency and safety.”

PMS may mitigate any risk, and/or
optimise the power scheduling based
on predetermine objective(s) such as
maximising performance, maximising
life, or minimising fuel consumption.

During an event where a fault is
diagnosed, the PMS is required to
construct a new power schedule
which maintains system survivability
and satisfies any other objective set
by the ship operator. For example,
if damage to one of the generators
has been detected, the PMS may
schedule a reconfiguration of the
system to continue supplying all the
power required by the ship. To produce
a reliable schedule, the PMS which
uses health information of the system
components must take into account
uncertainties in health reports when

evaluating the risks of each action it
proposes.

Limitations and opportunities for
improvement of IHMS were identified
and led to an investigative review
of decision-making in the context
of optimisation and multi-criteria
decision-making. Using appropriate
existing technologies, and identifying
where further research is needed, an
improved decision-making framework,
autonomous Multi Criteria Decision
Making (aMCDM), was introduced.
Future applications of IHMS and
aMCDM were briefly discussed,
and a proposal for investigating and
developing such aMCDM framework
was outlined.
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This was a six month study with
industrial collaboration with
Rolls-Royce

Feasibility Studies

Adaptive Reliability Target Settings for
No-Fault-Found Failure Mode Avoidance

Professor Darek Ceglarek, WMG,
University of Warwick

Manufacturing industries are faced with
the enormous challenge of shortening
required time-to-market due to frequent
changes in customer preferences,
standards/regulations, technologies,
and manufacturing strategies. These
changes can trigger unexpected
failures during field/service phase of
the Product Lifecycle Management
(PLM). Companies strive to reduce
warranty replacements, repair costs
and machine downtime through
maintenance plans such as Reliability
Centred Maintenance (RCM). However,
functional requirements, operating
conditions and failure modes, used
to develop reliability target settings
and RCM plans, are frequently
identified and mapped into engineering
specifications with ambiguity and
vagueness, and are subject to change
during the PLM phases. As a result,
they do not sufficiently capture service/
field failures such as No-Fault-Found
(NFF) and warranty problems.
However, there is an opportunity to
improve the effectiveness of RCM

and design failure modes by utilizing
the knowledge from service data on
failure trends, patterns and causal
factors. This can be achieved by driving
Product Health Monitoring (PHM)
through service/field data and utilizing
it to derive actionable insights to for
prioritizing and refining maintenance
plans, design failure modes avoidance
and reliability models. The objective of
this feasibility study was to explore the
current challenges and develop them
into research questions for building
a data-driven PHM system, which
will have an essential capability to
drive prioritization and refinement of
maintenance plans for No-Fault-Found
failure mode avoidance.

A case study was undertaken to
investigate a problem which had
resulted in a high number of warranty
failures. The ignition key of a vehicle
was getting stuck in the start position
resulting in starter motor burn out
in the worst cases and customer
dissatisfaction when of short duration
and/or intermittent. On examination
of problematic lock barrel assemblies,
all components were manufactured
to specification and within tolerances.
CT scans of faulty switches that were
stuck and unable to be disassembled
showed that under certain tolerance
combinations the lock mechanism
could stick. Changes were proposed to
reduce the variation in the tolerances
and the costs and benefits of these
were established giving a strong
case for modification of the design.
Future collaborative work in proposal
preparation to address the research
questions developed is planned.

This was a six month study with
industrial collaboration from Jaguar
Land-Rover

Dr Richard McWilliam, Department of
Engineering, University of Durham

‘Sticky Key’ is customer annoyance

‘Sticky Key’ burns starter motors

- 61 -

Fault-tolerant strategies for printable
electronics

Printed electronics is part of the wider
area of new emerging technologies
for next-generation electronics. While
material and deposition techniques
are advancing all the time, design
and verification is in its infancy. The
industry is still somewhat emergent,
lagging Silicon technology design and
manufacturing processes by several
decades at least with regard to the
key areas of design process (toolkits,
verification, and process-sensitive
models), yield and mainstream
applications. As a result an opportunity
exists to identify strategies that are
specifically suited to printed electronics
that are not yet ‘fixed’. For example,
functional hardening for robust
operation within harsh environments
might be considered an untapped area
that could bring benefits to new and
existing applications. Another area is
stretchable interconnects for flexible
large-area electronics.

Self-healing concepts were considered,
including self-detection, self-repair and
self-isolation. Relevance to production
test and repair was also considered.
Results thus far include a “super NAND
gate” design that is tolerant to stuck-at
low faults and has self-detection of
stuck-at high faults. Detailed fault
rate modelling is showing the precise
behaviour for circuits built using this
gate including improved fault tolerance.
Ongoing experimental activities
include prototyping of gate designs, a
demonstration PCB and printed circuit
samples.
In the wider context of self-repair
technology, our modelling work has
been revealing in quantifying the
general complexity requirements for
self-repair.

The CPI National Centre for Printed
Electronics has provided essential
technical advice and focus for this
work. The CPI project is coming up
with interesting theoretical/modelling
observations for design of fault
resilience and self-isolate/repair.
Similar in vein to logic minimisation,
but now minimising for redundancy
overhead using theoretical approach
that could be automated by CAD tool
according to required resilience.

The fault behaviour investigation
is useful for both transient and
permanent fault situations, the latter
requiring analysis of multiple fault
combinations. Although this quickly
becomes intractable for complex logic
circuits, the NAND gate analysis shows
that certain combinations of double
simultaneous faults could be masked.
The data provides a direct indication of
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remaining fault capacity. This specific
area could be further advanced by
mapping the specific I/O behaviour
caused by such fault combinations,
which may lead to fault locating
capabilities.

From above, a more wide-ranging
question can be posed: to what extent
should we entrust self-* capabilities
to make the correct decisions in
potentially complex situations?
Will autonomy actually improve
robustness or else raise further
questions about trustworthiness?
Hence we are considering the power
circuit for television backplanes as a
likely candidate for future research
work.

This was a six month study with
industrial collaboration from the CPI
Catapult

Feasibility Studies

Lead Academic
Ajith Parlikad

Project Title

Institution

Maintenance of complex engineering systems

IfM, Cambridge

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

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

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

Andrew Mills

Risk-based Bayesian Sequential Decision Making for Autonomous Fault
Sheffield
Monitoring

John Dawson

Electromagnetic monitoring of semiconductor ageing

York/De Montfort

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 No-Fault-Found Failure Mode
Avoidance

Warwick

Fault-tolerant strategies for printable electronics

Durham

Juan Matthews

Suresh Perinpanayagam

Patrick McLaughlin

Alexandra Brintrup

Richard McWilliam

List of Feasibility Studies
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Mid-Term Review

Mid-Term Review

“The Review Panel found
that the TES Team
had developed a very
impressive programme
of research in a number
of focused areas and that
the progress made was
in line with its original
mission.”

As part of the terms and conditions of
the grant award for the establishment
of the EPSRC Centre, a requirement
to hold a mid-term review was made.
The terms of reference of the review
were laid down by the EPSRC and
included the requirement for an
independent review panel chaired
by an internationally recognised
academic expert in the field of the
Centre’s research. Professor Jay
Lee, Director, NSF Industry/University
Cooperative Research Center on
Intelligent Maintenance Systems of the
University of Cincinnati kindly agreed
to chair the panel and lead the review.
Other members of the review panel
were Professor Rainer Stark, head of
the Virtual Product Creation division at
Fraunhofer IPK and head of the chair
of Industrial Information Technology
at the Technische Universität Berlin,
Professor X. Jane Jiang, Director of
the EPSRC Centre for Innovative
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Manufacturing in Advanced Metrology,
University of Huddersfield and
representing industry Jeremy Lovell of
Intelligent Energy and Philip Laxton of
Alstom Transport. Two observers from
the EPSRC were also present. They
were Andrew Lawrence and Hannah
Pearson.

year, sponsoring a national award in
Through-life Engineering Services
also in its second year and had held
a series of open calls for feasibility
studies and funded 20 proposals. It
also described how the Centre had
supported a series of successful
proposals valued at £5.7m.

A report was prepared by the Centre
management team which gave an
overview of its mission and activities
from its creation to half way through
its initial funding period. It described
how the Centre had developed a
strategy for acting as a national Centre
and how the review in part was to
determine if this strategy is correct and
working. It outlined how the Centre
had fostered a series of initiatives such
as establishing a new international
conference, TESConf, with 80 papers
and 140 delegates in its second

Seven Key Performance Indicators
(KPIs) had been agreed with the
EPSRC at the Centre level and five at
the project level. The report responded
to these KPIs showing how the Centre
was meeting them and explaining
that the more mature projects had
significant outputs. It went on to say
how the Centre directly addresses
themes from Government studies
into manufacturing including the
Technology Strategy Board’s design
and manufacture for sustainability and
through-life competency.

The Review Panel found that the TES
Team had developed a very impressive
programme of research in a number of
focused areas and that the progress
made was in line with its original
mission. They identified areas in need
of further improvement including
addressing plans for its sustainability.
They went on to say that the Centre
has a sound vision and has made
very good progress in its two strategic
themes: component degradation
understanding for improved system
design and autonomous maintenance
systems. They thought the Centre
to be well-structured and that the
Feasibility Study Program was a very
good mechanism to seek out ideas
and discover undefined areas of
studies in the TES. They admired the
Centre’s clear approach for handling of
Intellectual Property amongst academic
and industrial members and that the
industrial members feel comfortable
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with the engagement model with the
academic partners and with the overall
management approach.

The Review Panel identified that
constant revisiting of the “Centre
road mapping activities” is key to
determine the Centre’s future and
they recommended that the EPSRC
continue to support the Centre and
if possible, provide it with additional
funding to develop close international
collaborations. Following their report
the Centre identified 35 action points
from the Review Panel’s report and
13 questions raised by the EPSRC
observers. These are all being actively
addressed and progress is being
monitored by the Centre’s Executive
and Advisory Boards.

Industrial Interactions

Industrial Interactions

He was followed by Martin Laity of Babcock International who
described his struggle to get accountants to understand availability
contracting. He said that his accountants could not understand
this concept that if he is not delivering anything he is making
money but if he is delivering spares, services or support then it’s
costing him and hitting the bottom line.

TES Knowledge Hub
The Through-life Engineering Services
Knowledge Hub was originally
conceived as a tactical service to
provide expertise in the field. Despite
a number of initiatives we were unable
to gain sufficient traction from the
community to make this feasible.
During the year it was decided to
change the focus of the Knowledge
Hub and make it a more strategic
operation across a broad range of
industries that would provide critical
future direction for the research of the
EPSRC Centre. In conjunction with the
Institution of Mechanical Engineers
Reliability Group the EPSRC Centre
management team identified over 100
key senior individuals in industry and
Government and invited them to an
inaugural dinner in London.

The dinner was held in the Library
of the Institution of Mechanical
Engineers at 1 Birdcage Walk. We
were very pleased that Chris White MP,
co-chair of the All-Party Parliamentary
Manufacturing Group, agreed to
chair the event. Around 75 guests
attended the event which began
with a networking drinks reception.
Guests took their seats and Professor
Rajkumar Roy welcomed everyone
and explained what the EPSRC
Centre does. This was followed by
a second welcome from Rob Wilson
of the IMechE. Chris White then
took the chair to guide us through a
series of short talks where key senior
industrial guests described their view
of the issues they currently face in
Through-life Engineering Services.

First up was Andy Harrison of
Rolls-Royce who made the analogy
of the task that they face is like
designing a Ferrari, providing it to a
taxi company to drive for 13 hours a
day, and then guaranteeing the cost
of maintenance for the next 2 million
miles. Next, Stewart Willocks of BAE
Systems said that a key technological
challenge was the drive to condition
based maintenance as despite there
being very good reasons why they
have scheduled based maintenance
for military aircraft, it is lengthy and
time consuming. Mark Ridgway of the
Manufacturing Technology Association,
a trade body that represents machine
tool and manufacturing equipment
makers told us that he EU has
mandated work on the machine
tool eco design, which makes
through-life engineering extremely
relevant as approximately 94% of the
environmental impact of machine tools
is in the use phase.

Finally Dan Smith of the UK MOD said that a major challenge
is culture. Despite 40 to 60% of the MOD’s budget being spent
on through life support, it has historically been a blind spot in
terms of their organisation. The 2009 defence review only had
one recommendation for through-life issues. All the other nine
recommendations were looking at the controlling the costs of
equipment purchase. This lack of focus has led to the situation
where not only is through-life engineering not being treated with
the same level of interest at senior levels, but all the way down
through the organisation to the extent that they lack the necessary
business skills to manage the contracts.

Chris White wrapped up the initial discussion by saying it is
about working collaboratively and seeing all the different facets
through-life engineering services provides, and using politicians
to make sure that our voice and our centre is being heard and
understood. Dinner was then served and conversations continued
over the meal. An open debate followed chaired by Chris White
where contributions were taken from the floor. Finally Professor
Rajkumar Roy thanked all for attending and for their most
interesting contributions. He promised to reconvene this group to
further these discussions and wished everyone a safe trip home.
The next session for the knowledge hub is scheduled for the 4th
November and will run in parallel to TESConf 2014.

“Over 100 key senior
individuals in industry
and Government
attended the inaugural
dinner at the IMechE in
London.”

Professor Rajkumar Roy

Then Ted Broadbent of EDF Energy
described the challenge in nuclear
generation as an opportunity, because
one of their grand ambitions is to have
an average of nine years life extension
on their Advanced Gas-cooled
Reactors (AGRs) which for a power
station that is capable of delivering
eight terawatt hours per year, is an
awful lot of money at the prices that
they charge for domestic tariffs. Jean
Dhers of Areva, the multi-national
energy group also spoke of the longer
life of reactors saying that for the new
Pressurised Water Reactors (PWRs)
they are looking for 60 to 80 years of
life.
Guest speakers

IMechE library
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Rob Cowling, Bombadier Transportation
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Industrial Interactions

TESClub and New Members
We have launched a new tier of
membership for the EPSRC Centre
in Through-life Engineering Services
called TESClub and we have invited
a number of organisations to become
founding members. Benefits of
membership include an annual three
month research project collectively
for members undertaken by up to
eight full-time MSc students and
supervised by Cranfield academics,
a free training place on modules from
our MSc programme in Through-life
System Sustainment on such topics
as Obsolescence Management and
Cost Engineering, free access to
themed TES knowledge days featuring
top quality speakers and workshops,
free consultancy provided by TES
academics and research staff and
discounted access to our short courses
and annual international conference.
TESClub has been designed as
an easy entry level to the Centre,
especially for smaller companies
across the service and support supply
chain, but it is open to all and provides
a simple way of engaging with the
broader Centre activities.

New TESClub members this year are
Intelligent Energy, a Loughborough
based company specialising in the
development, manufacture and
application of hydrogen fuel cells, and
Cassidian Test and Services, part of the
Airbus group of companies. We have
also welcomed National Instruments
and the Safety and Reliability Society
as collaborating members this year.

“Intelligent Energy from
Loughborough is a new TESClub
member this year.”
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Outreach

Outreach

TES Award

TES Conference 2013

For a second year the EPSRC Centre
has sponsored an award for the
company with the best performance
in providing through-life engineering
services. The winner of the award
was the team from Monarch Aircraft
Engineering. Other finalists included
Rolls-Royce and Babcock International.
This prestigious award was presented
at the Manufacturer of the Year awards
dinner in Birmingham by Stewart
Willocks, the BAE Systems lead on
work with the Centre and member
of the Centre Advisory Board. The
awards evening, sponsored by RBS,
was even larger than the previous year
with over 800 people attending the
dinner and awards ceremony at the
International Conference Centre (ICC)
in Birmingham.

This year’s competition sees a shortlist
of three companies for the award,
Alba Power, a company who provides
dedicated support services to the
aeroderivative/industrial gas turbine,
power turbine and marine tyne turbines,
controls and rotating equipment
markets, Babcock International
Group, the support services company,
ENER-G Combined Power, provider
of intelligent energy efficient and
renewable energy solutions and
Rolls-Royce. The award ceremony will
take place in late November and will be
held in Birmingham again this year.

The second International Conference
in Through-life Engineering Services,
TESConf 2013, was held over two days
at the Vincent Building on the Cranfield
campus in Bedfordshire in November
last year. Over one hundred and forty
delegates listened to over eighty peer
reviewed presentations of papers in
16 themed sessions. The event was
sponsored by DMG Mori Seiki and the
prizes were donated by CIRP.

The following keynotes were
presented:
“Sustainable service system for
machine tools” - Dr Masahiko Mori,
Mori Seiki, Japan
“Cleaning Technologies” - Mr Holger
Appel, Lufthansa Technik AG, Germany

“Collective Life-cycle Management
for Rolling Stock” - Prof. Leo A.M.
van Dongen, University of Twente,
Netherlands
“Information systems challenges for
through-life engineering” - Prof. Chris
McMahon, University of Bristol, UK
“Design for obsolescence risk
management” - Prof. Peter Sandborn,
Maryland Technology Enterprise
Institute (Mtech) / University of
Maryland, USA
“Maintenance-centered Circular
Manufacturing” - Prof. Shozo Takata,
Waseda University, Japan
“Fleet Wide Asset Monitoring:
Sensory Data to Signal Processing to
Prognostics” - Dr Lodovico Menozzi,
National Instruments Italy S.r.l., Italy

Stewart Willocks of BAE Systems and the winning Monarch Aircraft Engineering team

Two industrial academic workshops
were also held as a key feature of
the conference with academics and
industrialists exchanging views on the
themes of Autonomous Maintenance
and Obsolescence.
The following prizes were awarded:
Best Presentation award: Applied
Repairable-item Inventory Modeling
in the Aviation Industry by Daniel
Schneider
Best Paper award: Remanufacturing
Network Design Modeling: A Case
of Diesel Particulate Filter by Gozde
Kizilboga, Guillaume Mandil, Müjde
Erol Genevois, Peggy Zwolinski
The dates for TESConf 2014 were set
and invitations issued to delegates
to come to Cranfield for the 3rd
International Conference later this year

“Over 140 delegates
listened to 80 academic
presentations.”

“The winner of the award was
the team from Monarch Aircraft
Engineering.”
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TES Summer School
The second Through-life Engineering
Services Summer School took place in
early June this year. The international
flavour of the school was underscored
by attracting our first delegate from
India who was sponsored by Honeywell
India and travelled from Bangalore
to be with us. We also had course
delegates from Atkins, BMT Reliability
Consultants, DSTL, Intelligent Energy,
Messier Bugatti Dowty, Roke Manor
Research and Rolls Royce as well as
from the Universities of Bristol and
Sunderland.

The School covered topics across
Through-life Engineering Services
including extensive hands-on sessions
with the Centre’s technical equipment
including Pulsed Thermography and
Acoustic Sensor Arrays for structural
health monitoring. With lectures and
practicals delivered by key industrial
and academic experts a further
international dimension was provided
by Dr Ing Robert Kersting of the
Fraunhofer Institute for Production
Systems and Design Technologies
(IPK) in Berlin. Robert gave a series
of lectures on Life Cycle Engineering
for Turbomachines – Additive
Manufacturing that provided state
of the art perspective on the recent
advances in the use of additive
manufacture for component repair in jet
engines.

TES Doctoral Training Programme

visit, which was followed by the course
dinner at a nearby Inn. At the end of the
school delegates were presented with a
certificate of completion and made the
following comments:
Able to understand condition-based
maintenance better, with a view to
incorporating knowledge gained at
my place of work. More importantly,
predictive maintenance is an area, we
as engineers, should gradually shift
towards.
Challenging reliability thinking
Have greater awareness of issues
and technologies applicable/
appropriate in the Through-Life
Engineering domain
Good overview of TES and how it
applies in various industries. May
not be directly applicable to my work
straight away but will influence my

approach to any product/support
design projects in the future
While a lot of the course covered
aspects that were more focused
towards a design or manufacturing
company it does provide a style of
thinking about designing for TES
which I should be able to apply to my
work, especially where we are looking
at availability or obsolescence issues
in support of another organisation
Go back to work with some ideas for
designs/tasks & further think about
“Build for Service”
Excellent course overall. Opened
new research opportunities for my
company. I will recommend this
course for next year

Cranfield’s Through-life Engineering
Doctoral Training Programme
(TES-DTP) is the world’s first
cohort based 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. Lead by
Professor Tetsuo Tomiyama as Director
and in collaboration with the EPSRC
Centre and other relevant research
units of Cranfield University, TES-DTP
students will be 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 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.

The delegates enjoyed a visit to the
Shuttleworth Collection of flying veteran
and vintage aircraft where they were
able to discuss first hand with the staff
the problems and issues with keeping
aircraft up to 100 years old flying.
Some key lessons in obsolescence
management were underlined by this
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TES-DTP offers a variety of events
and opportunities for training such
as induction days and team building
courses, 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
is due to commence in Autumn 2014.

“The world’s first cohort
based doctoral level
training programme
in through-life
engineering.”

Outreach

Visitors
During our third year we had many
visits from senior executives from
industry keen to see what we are doing
and to engage with us in a number
of ways. In the first half of the year
we had visits from Lufthansa Technik
AG, Hewlett Packard and DMG Mori
Seiki. This last visit led to the long term
loan of a CNC machine tool to help in
the study of remote monitoring of the
tool’s degradation and in DMG Mori
Seiki joining the Centre as a TES Club
member.

assessment in engineering design.
From 2008 - 2011, Kate was the
Director of the KAIST Freshman
Design Program, which earned her
both the KAIST Grand Prize for
Creative Teaching and the Republic of
Korea Ministry of Education, Science
and Technology Award for Innovation
in Engineering Education. She earned
her B.S., M.S., and Ph.D. from the MIT
Department of Mechanical Engineering.

Dr Leszek Koszałka, Vice-Chairman
of the Department of Systems and
Computer Networks and Dr Iwona
Poźniak-Koszałka, Vice-Dean of the
Faculty of Electronics both from the
Wroclaw University of Technology
visited the Centre recently to discuss
potential future collaborations. We
have also had recent visits from Dr
Michael Thomson of Busch Vacuum
and Dr Guy Gallasch of the DSTO from
Adelaide Australia who were both keen
to find out more about the research
being undertaken by the Centre.

In the second half we saw visits from
NatWest, EDF Energy, Jaguar Land
Rover, Kennametal and Babcock
International. We also hosted
an event for the UK Centre for
electronic Business (UKCeB) where
a number of their members from IBM,
BAE Systems, Babcock Defence
International and Northrop Grumman
took the opportunity to visit our studio.

On Thursday 27th March 2014 we had
the pleasure of hosting a visit from Iain
Wright – MP (Member of Parliament
for Hartlepool and Shadow Minister
for Industry). Iain spent much time
discussing with us the future trends in
Through-life Engineering Services.

More recently we have had the
pleasure of visits from Mary Kathryn
Thompson (Kate), Associate Professor
of Mechanical Engineering at the
Technical University of Denmark.
Kate gave a seminar on design.
Her research interests include
numerical modelling of micro scale
surface phenomena; formal design
theories and methodologies; design
for manufacturing; and educational

From left to right Piotr Sydor, Andy Shaw and Professor Andrew Starr of the EPSRC Centre and
Dr Leszek Koszałka and Dr Iwona Poźniak-Koszałka from the Wroclaw University of Technology
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Professor Andrew Nee, Director of
the Office of Research at the National
University of Singapore was our guest
for an extended stay over the summer.
Andrew has research interests in
computer-aided design of metal
stamping dies and plastic injection
moulds, virtual and augmented
reality applications in manufacturing,
computer-aided process and fixture
planning, application of AI techniques
in manufacturing and sustainable
product design and manufacturing. As
such he was very interested in our work
in augmented reality and through-life
engineering. He is a CIRP Council
member.

Professor Andrew Nee
Director of the Office of Research at the National University of Singapore

“The visit from DMG Mori
Seiki led to the long term
loan of a CNC machine
tool for research”
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Featured Researchers

Professor Peter Foote

Dr Jorn Mehnen

Dr Richard McWilliam

Dr Yifan Zhao

Duarte Rodrigues

Peter Foote is Professor of Sensors
for Through Life Engineering and
Head of the Enhanced Composites
and Structures Centre at Cranfield
University. He joined the University
as an EPSRC Manufacturing Fellow
after spending 25 years in industry
at BAE Systems. During that time
he spearheaded pioneering work
on structural health monitoring and
management concepts combining
high value composite structures with
a range of in-situ sensor technologies
including embedded optical fibres. His
research interests are in verification
and validation of health monitoring
sensors and their use in enhancing the
capabilities of composite structures
from design, through manufacture
and through life. He leads the sensor
verification and validation project within
the EPSRC Centre. He is also active
in development of ideas for Integrated
Vehicle Health Management. Peter
Foote chairs the SAE International
standards committee on structural
health monitoring (G-11 SHM), is a
Fellow of the Institute of Physics,
Fellow of the Royal Astronomical
Society and a former Royal Society
Industrial Fellow. He is a member of the
Centre Advisory Board.

The EPSRC Centre is delighted
to inform our community of the
appointment of Dr Jorn Mehnen as
Deputy Director of the Centre. Jorn
has been an investigator on our key
project examining the degradation
of gas turbine components and the
development of novel NDT approaches
in determining their remaining useful
life. Jorn joined the Manufacturing
Department at Cranfield University in
2007 from the Technical University of
Dortmund where he was a lecturer
and gained his PhD and Habilitation.
Jorn is a computer scientist and
mathematician who has used these
core skills to develop a research career
in computer modelling of manufacturing
from technical process control to
computer aided process planning.
As well as his role in the Centre Jorn
is active in EU sponsored research
programmes and teaches on several
MSc courses in Manufacturing. Jorn
was promoted to Reader in 2013.

Richard McWilliam is a research
fellow with the Centre for Electronic
Systems at the School of Engineering
and Computing Sciences, Durham
University. Richard successfully
competed for an innovation award from
the EPSRC Centre. His award focuses
on self-repair in flexible electronics.
His current research activities include
self-repair strategies for electronic
systems and the fabrication of novel
3D electronics structures using novel
photolithography methods. He has
several years’ research experience in
computer-generated holography and
low power wireless electronics. He
has a PhD in RFID technology from
Durham University and MEng Degree
from Aberdeen University.

Dr Yifan Zhao has joined the EPSRC Centre as a new
member of the core academic staff and will be working
on the component degradation project where his in depth
knowledge of image processing and non-linear systems
will be applied. Yifan was appointed to a lectureship in
Digital Signal and Image Processing in the School of
Aerospace, Transport and Manufacturing at Cranfield
University in 2013. He received his PhD degree in
Automatic Control and System Engineering from the
University of Sheffield in 2007 and his MSc and BEng
degrees in Automatic Control Theory and Engineering from
Beijing Institute of Technology, China in 2003 and 2000
respectively.

Duarte is a PhD student sponsored
by Babcock International. His area
of research consists of building a
simulation based decision support
tool to define through-life equipment
availability at the bidding stage of
defence projects. This PhD focuses
on the Ministry of Defence’s (MoD)
“Contracts for Availability” context,
specifically the Royal Navy’s platforms
(warships and submarines). The aim is
to develop a framework to optimize the
cost of resources for maintenance to
achieve availability through-life.

Before joining Cranfield University, Yifan was a
post-doctoral researcher at the University of Sheffield.
Here his main research interests were nonlinear system
modelling and identification for complex systems, and
image analysis techniques with data-driven applications
in the bio-medical, climate, chemical engineering and
manufacturing areas. He is currently working on nonlinear
causality detection, tracking variables techniques, proxy
measurements and space-time super resolution with a
number of ongoing projects such as thermography analysis
for diagnosis and prognosis of component degradation,
EEG and fMRI data analysis for epilepsy and dementia,
prediction of ground reaction forces based on vertical
accelerations, and causal analysis between soil properties
and crop growth for precision agriculture.

Duarte’s first degree is from the
University of Aveiro, Portugal where he
studied for a Master of Science (MSc)
in Electronics and Telecommunications
writing a thesis entitled: “Multiple
Antennas Techniques for Distributed
Wireless Systems”. He followed this
with a second MSc in Mathematics
and Applications with a thesis entitled:
“Applications of Systems Theory in the
Theory of Codes”

He has published over 25 journal and conference
papers and is a co-author of a book in nonlinear system
identification. Yifan is currently an investigator for the
project “Using EEG resting state parameters as biomarkers
of cognitive decline in ageing” funded by ARUK, and has
previously been a co-investigator for epilepsy research
funded by the Ryder Briggs Trust.
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Dr John Erkoyuncu
Dr John Erkoyuncu is a Lecturer in Service
Simulation and Visualisation at Cranfield
University since March 2014. Prior to this
role he worked in a Research Fellow position
at Cranfield University. His PhD focused on
simulation of service uncertainties for cost
estimation in Product-Service Systems within
the UK defence sector. He has close industrial
engagement with organisations such MOD,
BAE Systems, Rolls-Royce, Babcock, and
OxfordMedica. He is engaged in three areas of
research (1) Service simulation and uncertainty
modelling, (2) Obsolescence management, and
(3) Visualisation. He completed an MSci degree
at Imperial College, London in Applied Statistics
and Business Management.

John has led research activities in the
following three projects: KT-Box, TOMCAT and
VISIONAIR. Firstly, the KT-Box project was a
collaboration with Rolls-Royce, Bombardier, and
IBM to develop a tool to estimate the impact
of change in attributes at the design stage of
Product-Service Systems (PSS). TOMCAT is
the development of a tool and the delivery of
training in that tool for the UK defence sector to
manage obsolescence and to estimate the cost
of resolving it. , VISIONAIR is an EU FP7 funded
project, with over 25 partners across Europe.
This project focuses on developing and applying
visualisation technologies.

Luke Oakey
Luke is an Electronics and
Instrumentation Technician for the
Through-life Engineering Services
Centre at Cranfield University. He has
completed an apprenticeship with Selex
Galileo, achieved an HNC in Electronic
Engineering and an NVQ Level 2 in
Performing Engineering Operations in a
Workshop Environment. Since working
at Cranfield,

Luke has received training on
maintenance and programming
of Fanuc Robots and attained
an industrial level qualification in
thermography which means he now
has an industry recognised qualification
and is a Level 1 thermographer. He
provides students with assistance
in their Masters and PHD projects,
provides technical support for the TES
Centre Studio, and works alongside
researchers who are carrying out
projects the within TES Centre.

Davood Sabaei
Davood is PhD student sponcered
by Babcock International. His area
of research consists of developing
decision support tools for asset
management for use by the Babcock
Operation Centre. This project is based
on a UK Ministry of Defence (UK MOD)
platform.

The main aim of his project is to
develop a knowledge management
repository for asset management
and maintenance where his main
focus is on designing and applying
asset management techniques and
processes.

He has an MSc in Mechanical
Engineering from the University of Hull.
His final thesis was entitled: “ Studying
Load Reduction Methods on Wind
Turbine Structures”. Davood achieved
this by developing models to simulate
the fluttering of the blades. Davood
gained his first degree in Industrial
Engineering from the University of
Esfahan in Iran.

Alessandro Busachi
Alessandro is a PhD Researcher
sponsored by Babcock International.
His area of research consists
in exploiting commercial and
technical opportunities arising from
developments in Additive Layer
Manufacturing (ALM). The PhD focuses
on the Ministry of Defence’s “Contracts
for Availability” context, specifically
Royal Navy’s Platforms (Submarines
and Destroyers).

Before joining Cranfield, Alessandro
was a Site Coordinator Manager for
Stilmas Spa, a leading water system
manufacturer. He was managing site
executions in India, China, Indonesia
and Russia.

Alessandro has an MSc degree in
“Manufacturing Consultancy” from
Cranfield University and a BA in
“International Management” from
Buckinghamshire New University.

Dr Howard Lightfoot
Dr Howard Lightfoot began his career
as a lecturer in Electronic Engineering
at Loughborough University before
moving into industry where he held
senior manufacturing operations
and management positions within
manufacturing companies such as
Marconi and the Volex Group and
held board level positions in several
SMEs supplying Automotive, Defence
and Aerospace sectors. He has
over 25 years of experience in high
technology product development
and manufacturing with International
business development experience
gained in Western Europe, USA and
the Far East.

During the past 7 years he has
undertaken research in field of
Servitization and Product-Service
Systems where he has published
extensively and is considered to be a
leading authority in this area and has
worked with the leading companies
in this field including Rolls-Royce,
Caterpillar, Alstom, MAN and Xerox.

He has a First Class Honours Degree
and PhD in Physics and is a Chartered
Engineer and Fellow of the Institution of
Engineers and Technologists.

John is a member of the Association of Cost
Engineers and a Research Affiliate of CIRP.
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Capabilities of the Studio
The Studio at Cranfield, an integral part of the EPSRC Centre for Through-Life
Engineering Services, is designed to develop knowledge, in-house manufacturing
technology demonstrations, novel methodologies and techniques and associated
toolsets. Together with the laboratory at Durham these facilities enable the
research.

Capabilities of the Studio

“Technical capabilities include an environmental
test chamber, novel NDT systems including pulsed
thermography and an ability to automate tests.”

Cranfield
Technical capabilities
The Studio supports the EPSRC
Centre’s research activities providing
the necessary instrumentation and
facilities to carry out experimental
investigations. The technical
capabilities include:
1. Environmental Test Chamber –
Supports thermal cycling, dielectric
over-voltage, thermal stress and
current overload analysis by providing
environmental control chamber capable
of operating between −70°C to 180°C
with variable humidity settings control
(10-90%).

2. Robotics - The Studio houses two
robotic systems.
a. FANUC robotics system - the
robotic arm system provides the
necessary support to automate
inspection routines and thereby
improving servitisation of
components.

a. Pulsed Thermography System
– Thermoscope II equipment from
Thermal Wave Imaging Inc., capable
of carrying out infrared imaging
inspection of various metallic
and non-metallic parts detecting
sub-surface damage such as
delamination, disband, corrosion,
wear debris, component degradation
etc. Currently the FANUC Robot
automates the inspection by either
providing the part to the camera or
placing the camera over the part to
be inspected thus enabling small
and large component automated
inspection
b. FLIR 7600 R&D Camera – A
Stirling cooled, indium antimonide
quantum well detector infrared
camera capable of operating at
100Hz at a 640X512 pixel resolution.
This advanced state-of-the-art

camera has a high spatial resolution
and high thermal sensitivity there by
detecting small temperature changes
as low as 20mK (typical)
c. EasyHeat 2.4kW induction heating
system – capable of heating metallic
components through induction. The
cooling characteristics of the heated
component are monitored using the
infrared cameras’ to evaluate the
health of the component.
d. Omega BB702VAC blackbody
calibrator capable of providing a
temperature references between
32°C and 215°C to help calibrate
infrared cameras’ and other
thermography experimental work
setup.
e. Phased Array system – An
Omniscan MX Ultrasonic Flaw
detector by Olympus provides

powerful inspection for manual and
automated NDT inspections. The
system comes with a range of probes
and software kit capable of carrying
out Time-of-Flight Diffraction (TOFD)
testing.
f. Eddy Current Inspection system
– An Omniscan MX system with a
flexible probe by Olympus provides
the conventional NDT technique
capable of performing both eddy
current testing and eddy current
array inspection.

produced within the material when
subjected to load.
b. Guided ultrasonic wave – A
30-channel Accelent ScanGenie
system which performs active
interrogation of a structure using
lamb waves to detect and locate
damage such as fatigue cracks.
c. Fibre optics – A dynamic Fibre
Bragg Grating (FBG) interrogation
system by Smart Fibres which
monitors mechanical strain. It
comprises of 2 channels with up to
16 sensors per channel.

4. Structural Health Monitoring
a. Acoustic emission – A 6-channel
Physical Acoustics PCI-2 system
which is capable of detecting and
locating damage such as fatigue
cracks via stress waves (emissions)

5. Intermittent Fault Detection–
NCompass by Copernicus Ltd is a state
of the art intermittent fault detection
and isolation system which determines
the root cause of electronic equipment

b. The Turtlebot2 – is a research
level mobile robotic platforms from
Clearpath Robotics Inc, combined
with an advanced 5 DoF robotic
arm from Trossen Robotics provide
the capabilities for mobile robotic
manipulation. Integrated with the
state of the art robotics operating
system (ROS) the robotic platforms
lie on the cutting edge of robotics
research allowing the centre to
investigate how mobile collaborative
robotics can be used within an
industrial setting.

3. Non-Destructive Testing – Multiple
systems
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and No Fault Found (NFF) problems
including wiring integrity testing &
trending, first-time-fix capability etc.

6. Virtual Reality Suite – 3D
visualisation capabilities used to
study system architecture design for
engineering services linking design
rules with system design in a 2D and
3D virtual space. Siemens PLM will
extensively be used to visualise the
manufacturing process and life cycle
mock up designs.

7. IT and High End Workstations –
Capabilities include Siemens PLM
Suite, Matlab & Simulink, Videoconferencing, Touch tables, iPads etc.

Capabilities of the Studio

Durham
Electronics test and measurement
facilities:

units; and CE / EMC-compliant test
equipment.

1. Digital design and deployment:

3. Industrial mixed-signal test:

FPGA Virtex and Stratix development
boards with licensed Xilinx IDE
software with HDL simulation, synthesis
and compilation. Microprocessor
development boards including Intel,
Microchip and Atmel. Real-time
development boards with FPGA
support from National instruments.
Industry standard mixed signal design
and simulation tools including Pspice,
Cadence ASIC schematic and layout
tools. High end workstations with Tesla
GPU acceleration for compilation,
simulation and analysis. Logic test
and measurement equipment: 80
channel logic analyser; mixed signal
oscilloscope with 10 GSa/s and 16
logic channel capture.

Calibrated engineering test system
from IMS with full parametric
measurement unit digital front end (128
ch, 200 MHz data rate) and MXI-based
analogue instrumentation (64 ch 1
GHz bandwidth). This instrument has
swappable industry compliant chip
test fixtures for highly repeatable
measurements.

4. Flight simulation

Software flight simulation environment
based on Flight Gear package for
hardware in loop fault injection.

2. Modular mixed signal test and
measurement:

Systems based on National
Instruments PXIe backplane
synchronisation and Labview
automation. Modules include: 100 MHz,
14-bit digitizer; reconfigurable on-board
IO hardware (54 ch, 100 MHz) for high
speed parallel digital signal acquisition
and generation; High speed digital
I/O (32 ch 25 MHz); arbitrary wave
generation (14-bit 100 MSPS); function
generators (40 MHz); fault insertion unit
(62 ch., 2 fault buses); and Switching
matrices (up to 8x16 topology). Further
analogue test equipment: DC-20 GHz
oscilloscopes and spectrum analysers;
8 GHz VNA with TDR; arbitrary wave

Flight simulator
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