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Foreword

About 3 billion people every year use air transport to realize their business and
leisure needs, whereas about 5 trillion Euros worth of goods are transported by air.
And these figures are on the rise: Annual passengers are expected to reach over 6
billion by 2030, according to current projections.

As the number of flights increases, pollution and noise from air travel impose
significant challenges on the industry. This is why airlines, aircraft manufacturers,
and researchers are constantly searching for new ways to make their planes lighter,
with increased aerodynamic performance, achieving at the same time greater fuel
efficiency and thereby reduce the environmental footprint of air travel.

Coordinated by Airbus, the Smart Intelligent Aircraft Structures (SARISTU)
project brought together 64 partners from 16 countries with a common goal: to
demonstrate the feasibility of reducing aircraft weight and operational costs, as well
as improving the flight profile-specific aerodynamic performance.

During the four years of project implementation (September 201 1-August 2015),
the synergy of leading entities participating in this ambitious venture has succeeded to
achieve some major breakthroughs in a number of technological fields.

Firstly, developments with respect to conformal morphing, in other words the
gap- and kink-less change of the shape of aerodynamic surfaces, validated not only
a suitable skin material, but even the ability to integrate additional functionalities
such as heating and environmental protection. Furthermore, the technical feasibility
of trailing edge morphing and the ability to consider active winglet control were
investigated.

Secondly, developments in the wide area of structural health monitoring covered
analysis methods, physical system integration at part manufacturing level, the
combination of different measurement and analysis techniques on single areas of the
aircraft, and a screening program for fundamental approaches to passive damage
indicating surfaces.

Thirdly, multi-functional structure developments highlighted the ability to upscale
nanocomposite improvements from the basic resin all the way up to industrially
relevant laminates of complex and large geometries, as well as opening development
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routes to further improvement. This also includes electrically conductive nanocom-
posites and the investigation of possibilities for metallic co-bonding.

Finally, these technologies have been verified at assembly level on major
demonstrators. All in all, SARISTU represents a major step forward in successfully
integrating smart intelligent structural concepts into traditional aircraft design and
reflects the potential of nanotechnology in aircraft manufacturing applications.
Furthermore, the project has shown that incremental improvements taken together
can lead to significant weight and operational cost reductions and lead to improved
aerodynamic performance.

This book includes the research papers presented in the project’s Final
Conference held at Moscow, Russia, between 19 and 21 of May 2015. It provides
to the reader a selection of the most significant developments, achievements, and
key technological steps achieved through the four-year long cooperation of the
SARISTU partners with the financial support of the European Commission.
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SARISTU: Six Years of Project
Management

Piet Christof Wolcken, Andreas Kotter, Ben Newman,
Rebecca Wadleich and Katrin Genzel

Abstract SARISTU—Smart Intelligent Aircraft Structures—is a large, integrated
research and technology project funded by the European Union as part of its 7th
Framework Programme. This paper investigates some of the key project manage-
ment decisions taken in the initiation, preparation and conduct of the project in
order to assess the effectiveness of individual management principles, measures and
activities. In particular, it investigates the effectiveness of lean project planning
when coupled with a bottom-up change process, the impact of structured quality
gates in the form of both regular peer reviews as well as progress-driven design
reviews. In order to do so, it exploits the one-dimensional nature of “Quality, Time,
Cost” and investigates the impact of this principal project management philosophy
on a project. Supporting this, the paper outlines the specific deliverable dashboard
methodology followed and gives an insight into practical research and development
management within a Technology Readiness Level framework. Including a short
analysis of financial considerations, the paper concludes by providing some key
lessons learned for prospective future managers of large, integrated and
hardware-based research and technology projects.
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Nomenclature

CA Consortium Agreement
CCR Critical Concept Review
CDR Critical Design Review
DoW Description of Work

EC European Commission

GA Grant Agreement

PDR Preliminary Design Review
PMO Project Management Office
PP Project Plan

PPCR Project Plan Change Request
Prodaxs PROject DAta eXchange System

QTC Quality, Time, Cost

RPR Regular Progress Review

R&T Research and Technology

SARISTU Smart Intelligent Aircraft Structures (project)
SL Scenario Leader

TRL Technology Readiness Level

WBS Work Breakdown Structure

WP Work Package

1 Introduction

The Smart Intelligent Aircraft Structures—SARISTU—project was launched with a
classical Kick-off Meeting at Airbus Operations GmbH Headquarters on
06.09.2011. However, when considering the overall management of this research
and technology project, it is important to understand the previous project phases of
negotiation, preparation and initiation and to analyse the consequences of
assumptions made during these early phases which are of fundamental importance
to project success. Most importantly, it is necessary to remember the competitive
nature of publicly funded research, in particular ahead of the negotiation phase.
SARISTU was conceived in the early 2000s when a number of aerospace
companies and institutions identified a need for major R&T effort to bring together
different developments related to the overall concept of a “smart” aircraft. At a later
stage, the European Union formulated this broad concept more specifically in the
4th call of its 7th Framework Programme by focusing the project scope on the still
large area of morphing structures, structural health monitoring and multifunctional
materials, specifically nanocomposites. Henceforward, it was clear that the
SARISTU project had to be run more like a program rather than a project as with
such a wide variety of fields of technologies no single individual would be able to
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identify all potential show-stoppers. Furthermore, the call for proposals established
a few important boundary conditions, the most important being the requirement to
demonstrate the technological capabilities in significant physical test exercises.
Finally, the documents associated to the call [4-9] would prove to have a direct
effect on the work breakdown structure beyond the actual work objectives.

Prior to launching the proposal generation, the overall consortium management
work was broken down into the usual project phases of initiation, preparation and
negotiation, conduct and closure as per [1-3] with key objectives for each phase.
During project initiation, the main SARISTU consortium was built with the project
partners expressing key expectations and making broad commitments. During this
phase, the overall demonstration activities also began to take shape. The project
initiation phase was completed by the establishment of the WBS and individual
team leader nominations. The subsequent project preparation phase centred around
the generation of two key documents: first of all, the written proposal itself. Based
on this document, the call for proposals would be won or lost. The second key
document was the initial project plan which would drive project conduct and
likewise determine project success, failure and its measure of efficiency. Upon
selection as one of three projects to be funded in the overall call, the negotiation
phase was launched with the aim of generating the two governing contracts: first of
all, the Grant Agreement containing, for example, the description of work, financial
data, deliverables and milestones, between the consortium and the European
Commission; secondly, the Consortium Agreement laying down the consortium
internal project governance rules or the handling of potential Intellectual Property
issues. The prime objectives of the main project conduct are both the easiest and
hardest of all. Simply put, the conduct phase has to deliver the contractual de-
liverables and overall project objectives as laid out in the GA. In practice, this is
much more difficult. In particular in research, it becomes necessary to change
project plans as new developments arise, and in consequence, the respective con-
tracts must be amended while still maintaining both project objectives and de-
liverables. Finally, the project must of course be closed with all deliverables
delivered, data secured and archived, final payments organized, knowledge trans-
ferred towards product development and possible follow-on work identified and
initiated. Ideally, from an R&T point of view, follow-on activities have also been
launched or at least initiated where considered beneficial at this point.
Throughout this time, the Project management office team, consisting of the
authors of this paper in their roles as project coordinator, deputy project manager,
administrative and financial focal point and the project office team, endeavours to
avoid the key mistakes when managing projects.

As projects may only be tracked, controlled and administered, the PMO team works
on the principle that, while projects bring deliverables, is actually people who
deliver projects. This management philosophy was summarized as “for people, with
people, by people” during SARISTU’s Kick-off Meeting.
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2 Fundamental Rules Applied to Project Initiation,
Preparation, Negotiation and Conduct

Once company internal approval was obtained by the initiating PMO, which out-
lined this company’s specific expectations in terms of technical outcomes and
implemented specific boundary conditions such as overall timeline and an upper
bound for the internal work scope, the project consortium began to assemble
through a process of one- to two-pager letters of intent collected by the PMO from
interested companies, institutes and organizations. In this manner, it was ensured
that the upper management of individuals interested in participating in the project
was not only informed about this interest, but also able to likewise outline their
organizations’ more specific interests, while at the same time ensuring that allocated
resources take the form of a reliable commitment without which a robust project
cannot be built.

This facilitated the broad topic mapping exercise which was launched approx-
imately eight months prior to the deadline for proposal submission expected at the
time. Supported by two dedicated workshops with interested parties, well over 100
one pagers were submitted to the PMO (Fig. 1). These were specified to be in either
of two forms. A dedicated problem description was mainly, but not only, requested
from industrial partners with established aircraft production lines. Other organiza-
tions, such as universities, research institutes or small and medium enterprises, were
requested to focus on capability and solution one pagers highlighting key aspects of
their past and present research as well as equipment and capabilities which would

3 Helicopter
Cell
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26
Stringer 24

Frame 25

ke Outer Wing SARISTU

3 Wing tip Doublers 4

HTP T —
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Fig. 1 SARISTU’s initial topic mapping. The important consortium-wide “brainstorming” led to
a large number of possible investigation routes. The most promising were subsequently chosen in a
dedicated workshop after partners who had by then not submitted a Letter of Intent were given a
final chance to do so
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be of benefit to the project. The capability and solution one pagers were then
mapped to the problem descriptions in a small series of mind mapping exercises and
workshops. This problem-solution/capability mapping resulted in the basic appli-
cation and integration scenarios which represented a first WBS (Fig. 2).

At this point, it also became clear that due to the large variety of technical skills
required for the “first time right” decision making, the PMO would have to ensure
strong processes for bottom-up risk identification and mitigation rather than actually
taking the majority of these decisions itself during the active project phase.
Counterbalancing this point was the basic rule to avoid an under- or
over-determined project matrix. As a result, the SARISTU project organization
reflects a strongly hierarchical pyramid which is supported by a clear awareness of
decision points and decision levels (Figs. 2 and 3).

Three months ahead of the by now known proposal submission date and time,
the detailed project preparation phase was launched. The companies and insti-
tutions which had submitted the key problem description one pagers were tasked
with formally nominating employees responsible for the leadership of their indi-
vidual application or integration scenario.

In parallel with these nominations, it became clear that the original WBS
resulting from the mind mapping exercise would have to be modified. The tem-
plates specified a maximum of two pages per work package. This would have
limited the main part of the proposal to just 30 pages. This may be beneficial from a
contractors point of view but would be unacceptable to a tax payer being asked to
commit to this, at the time, 55 M€ endeavour. Therefore, the individual work
streams were broken down into the specific work phases. In the case of the

WP 200 - Overall Consortium Management |

I - x

I | | I |
Technol Activity!
Phase/Management —
Stream 5
Technol Activity/
Phase/Management —
Stream 4

Technol Activity/

of the electrical isotropy

and

ion

AS09 — Enhancement of primary structure
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AS0S - Wing damage detection employing

guided waves

AS04 — Fibre Optic based monitoring system
AS06 - Door Surround Structure damage

CFRP

| AS08 - Sensitive Coatings for impact

| ASO7 — Multi-site damage assessment for

| WP190 - Dissemination
g
Lt ]

Fig. 2 The SARISTU WBS shown as an overdetermined project. In order to eliminate the risk of
overdetermination, the individual WP leaders are identical to the scenario leaders. This enables a
WBS by technical project phase and activity while at the same time allowing a straightforward,
undetermined management. For management purposes, the “stream” management is conducted at
scenario level only
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Principal Customer

Sponsors & Internal
Customers
(i.e.: Steering Committee)

*» Overall ProjectQ, T,C
« Cross-Scenario

+ Within Scenario

+ Scenario Contractual
Deliverables

+ Scenario contract adherence

+ Within WP/Task
+ Contractual Deliverables
constituents

Fig. 3 SARISTU’s decision pyramid. With clear roles and responsibilities described in the
various contractual document, a simply determined “decision highway” could be formulated. The
dashed decision lines are not actually contractually foreseen. However, due to the nature of
collaborative projects, it would be dangerous for the PMO to overlook their impact

application scenarios, dealing with individual aircraft subassemblies, this was
straightforward by differentiating between overall scenario activities: specification,
design and methodologies and physical integration/test. In the case of the inte-
gration scenarios, dealing with individual aircraft components, this was more
diverse. While the fuselage-related scenario could best be broken down into the
individual tests, the wing-related scenario was broken down similarly to the
application scenarios by work step, i.e. specification, design and methodologies,
demonstrator, manufacture and test.

With only a maximum project scope given through both the consortium inten-
tions, as outlined in the letters of intent, as well as the funding boundary conditions
set within the call for proposal, the work stream leaders were requested to specify
the work scope required to realize the previously determined overall technical
project vision. When this task proved to be too unspecific, the PMO formulated
specific budget constraints by scenario based on past experience and customer
expressed expectations. This rapidly enabled the launch of detailed planning
actions.

During this time, the PMO was aware that the call contained requests for pro-
posals for six very different topic areas of which only three would be eligible for
funding if approved. With one project preparation underway per call topic area, the
chance of success therefore stood at 50 %. The PMO sought to improve this
likelihood of proposal success by strongly focusing on proposal quality at the time
of submission where quality was defined to constitute not only challenging
objectives and a readable and understandable project description but also a
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high-quality project plan which would greatly facilitate project success. In order to
obtain a high-quality project description, a challenging tact was implemented for
the writing process. Based on the assumption that the quality of a proposal
improves with each iteration, the PMO strove to maximize the number of iterations
ahead of proposal submission. A weekly tact would in practice have lead to a turn
around cycle of two weeks. Therefore, this part of PMO activities was mainly
performed anticyclically by feeding back to Friday’s revision submissions at the
beginning of the following week. In this manner, the number of iterations ahead of
submission was doubled. In addition, a tacted process enables a risk reduction
arising from individual working styles within a team by providing set synchroni-
zation points as can be derived from [14]. A further key feature of this tacted
writing process was that the principal ownership of each scenario work description
rested with the scenario leaders.

In order to obtain a high-quality project plan, several simple rules were strictly
followed. Most importantly, only one plan exists for any project. This is “owned”
by a single individual in the PMO. Secondly, all content, responsibility, requested
funding ratio, budget and timeline information must be contained within this single
database. Thirdly, the DoW’s WBS must be reflected in the project plan exactly.
Fourthly, each line shall be the responsibility of one partner only. And finally, only
the lowest level of the project plan, where clear and specific responsibilities exist,
shall contain budget relevant information. From this single database, it is then
possible to derive important data such as task, work package or scenario-specific
information, deliverable timelines and, most importantly, the company-specific
financial project planning information required for submission of the proposal.

Following timely submission and the first evaluation of the project proposal,
SARISTU was invited to respond to a number of written questions formulated by
an evaluation panel of experts. In preparation of this project presentation, a weekly
tact was again established between the PMO and the individual scenario leaders
with each SL preparing one presentation slide per evaluator question to their parts
of the project. In addition, the PMO prepared introductory and concluding slides as
well as responding to cross-scenario-related questions and of course project man-
agement questions. Following the SARISTU hearing in defence of the project, the
European Commission invited the consortium to enter into contract negotiations
with a moderately reduced total project budget of 51 M€ and the request to reduce
the number of contractual deliverables by half and the number of milestones by
three-quarters.

This resulted in the launch of six dedicated PMO activities. Still directly related
to the project planning phase were the implementation of the reduced total project
scope, the requested deliverable and milestone reduction, the formulation of the
associated Description of Work for the Grant Agreement and the drafting, nego-
tiation, finalization and signature of the Consortium Agreement. The fifth activity
launched in this time, the preparation of the Kick-off Meeting, should be regarded
as the first part of the project’s active conduct phase. As should be the key activity
to set-up a project specific data storage and exchange platform.
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The moderate budget reduction was partially foreseen due to past experiences
and as such implemented by first of all a strict adherence to evaluators’ comments
such as a reduction of the budget dedicated to dissemination activities and the
elimination of small, high-risk research areas such as self-healing bulk composite
materials. The remaining required reduction unfortunately had to follow the rule
“organizations are slow and dumb, people are quick and smart”. As such, a
weighted target was given to each scenario leader who were able to quickly make
reduction proposals. The deliverable number reduction was more complex though,
as the consortium had originally identified the technically required documentation
from the description of work and project plan. As a result, deliverables that were
quite different contentwise had to be combined by the scenario leaders.

With these tasks completed, the preparation of the Grant Agreement took the
form of extensive but uncomplicated copying and pasting into the EC’s negotiation
tool. Being free of significant added value, it is not surprising that this activity has
reportedly been streamlined by the EC. On the administrative side, a direct working
relationship between the customer and the PMO was established to good effect.
A systematic method applicable to other projects cannot however be established as
it is fully based on the quality of the working relationship between key individuals.
The important signature loop between the EC and the coordinator could be con-
ducted rapidly, but the signature loop between the coordinator and the project
partners was a lengthy process due to the consortium size. In the end, the clear
statement by the coordinator that non-signatories of the Grant Agreement meant
that partners would be considered to have left the project (based on EC regulations)
and would not be granted access to the Kick-off Meeting finally ensured that all
signatures were in place on the first day of the Kick-off Meeting.

The preparation of the Consortium Agreement was launched in parallel by first
modifying a tried and tested model document with the coordinators legal depart-
ment before requesting comments from the full consortium for the first time. This
included key features regarding the handling of Intellectual Property generated
within the project which would favour a technological implementation and make it
fairly difficult for potential project partners wishing to delay or prohibit an
implementation of Intellectual Property generated. Furthermore, it included a clause
regarding the terms of payment provisions which split the European Commission’s
instalments into two tranches each with the second one to be forwarded to par-
ticipants by the coordinator at the six-month point of each reporting period. This
was supported by a clause enabling the coordinator to temporarily withhold this
second tranche to individual project partners if deliverables were outstanding or key
actions were not completed at this point. The Consortium Agreement also consists
of several standard attachments such as “background” (Intellectual Property which
has to be made available by the owning party to the other participants when needed
for the fulfilment of their project tasks) or the list of Steering Committee Members
(one nominated representative of each of the 64 consortium partners). Both of these
are fed by partner inputs which are essential for project execution and are subject
for modifications during the project lifetime. The Consortium Agreement required
only four iterations between the extensive consortium and the coordinator up to



SARISTU: Six Years of Project Management 9

completion. With 64 partners, this may appear surprising. However, with such a
large consortium, it is clear that a coordinator cannot allow significant discussions
and must either implement change requests, evaluate and argue all comments made
and changes proposed, quickly propose alternative compromises or may ask part-
ners not wishing to sign the present draft, in case that no compromise could be
agreed on, if they wish to leave the project. Coupled with the division of the
forwarding of the first tranche of prepayment on the condition that the Consortium
Agreement was signed, the fourth and final version of this important contract was
signed by all partners in project month four (after approximately eight months of
negotiations) and as such significantly earlier than comparable previous projects
known to the PMO.

A key activity launched during the final stages of the project preparation phase
was the conceptualization, specification and implementation of the PROject DAta
eXchange System, Prodaxs. As a fully consortium internal online tool, several key
functions were specified to be served by this tool. First and foremost, this tool was
intended to contain the one and only project plan information for easy access by the
entire consortium. It was expected that, in this manner, full internal transparency
existed as to resources, commitments and deliverables for each project partner,
while at the same time ensuring direct control by the PMO. Secondly, the regis-
tration requirement was intended to enable the fulfilment of the coordinator’s
contractual duty to maintain a database of contact information. Finally, Prodaxs was
intended as a secured document exchange platform for ready use by the consortium.
Further functionalities such as project plan analysis visualizations (GANTT),
database exports, calendar functions, and the integration of an open-source
internet-conferencing system were added at a later date. Administrator rights to add
or update the interface, project plan or contact details were strictly limited to PMO
core team members in order to guarantee the correctness of information available.

Both the last part of the preparation phase and the first activity of the active project
conduct phase were the Kick-off Meeting held at the coordinators headquarters
with approximately 140 participants from the 64 strong consortium as well as the
project and legal officer from the European Commission. The KoM took the form of
an initial two-day project overview primarily by the scenario leaders before parallel
sessions enabled the individual scenario leaders to conduct dedicated work launch
workshops with their teams. This format was repeated at the Mid-Term Review
meeting with a stronger focus on the large integration scenarios.

The KoM also marked the first overview of the Management Handbook [12], the
first version which was made available for download to the consortium shortly
afterwards on Prodaxs. While the Grant Agreement specifies the content and scope
of the work (including its Annexes and referenced Guidance Notes) between the
consortium and the European Commission, the Consortium Agreement covers the
way of working within the consortium such as the handling of Intellectual Property.
The Management Handbook provides information on more basic codes of conduct
such as meeting behaviour, communication channels and means and may be used to
look up more easily digestible information also from the legal documents.
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However, the main achievement was a clear definition of roles and processes within
the project. Other definitions and explanations, such as the roles of focal points,
further information on the different review processes, the use of Prodaxs, document
naming rules, the method used for public dissemination approval and indications of
conflicts and initial resolution actions were integrated in an understandable manner.
The contractual documents already specify regular reporting [10, 11] and hence a
controlling tact. At the level of the EC, this is an annual tact with independent
project assessors reviewing the consortium annual reports (which consists of a
financial and technical report) and deliverables of the reporting period. At a tech-
nical level, this is specified through a project internal, biannual review tact
described in more detail further on in this section. At an operational level, a
monthly scenario leader assembly is conducted as laid out in the Consortium
Agreement. However, due to the project’s size, scope and both technical and
managerial complexity, an additional weekly tact has been implemented between
the scenario leaders and the PMO. This weekly Internet conference is used for the
main operational management of SARISTU and results in a weekly report for the
inner management circle and key project stakeholders outlining achievements,
progress, risks and mitigation action status and provides a view on important
upcoming meetings. With the launch of demonstrator manufacturing activities, it
also started to include weekly hardware pictures. The monthly tact fulfils the same
purpose with the extension to contractual deliverable status assessment, dissemi-
nation activity update and, although rarely required, the scenario leader assembly
vote on project plan changes necessitating this decision-making body’s approval.
The monthly project status report is compiled from the weekly report and is used to
not only inform the key stakeholders but also the project’s Steering Committee. The
annual meeting and report are used to inform the European Commission and its
appointed independent assessors. While the first annual meeting between the
coordinator and the assessment body took the form of a small meeting and Internet
conference tying in the individual scenario leaders ahead of report completion,
further meetings were conducted inversely, enabling reviewers to read the report
ahead of the meeting.

A key aspect of the annual report and meetings is of course deliverable tracking
and control. The PMO follows a strict red-lighting policy in order to eliminate the
risk of water-melon reporting (green on the outside, bright red on the inside). As a
result, the project’s internal dashboard lists all deliverables and milestones as
specified in the Grant Agreement. While this is fairly straightforward for normal
deliverables, some specific ones are more complex. The EC requires subcon-
tracting in excess of €10.000 to be tracked as individual deliverables. In order to
avoid subcontracting splits, the PMO sharpened this rule by specifying this limit to
be applicable per partner per scenario. In addition, the PMO specified that sub-
contracting deliverable due dates to be set at the start date of the subcontract rather
than its completion date. Otherwise, flags would be raised far too late for effective
control and mitigation. In order to facilitate scenario leaders’ and partners’ tracking
of their commitments, the PMO sends out individual reminders on a monthly basis



SARISTU: Six Years of Project Management 11

for deliverables which are overdue or due within the coming quarter. Besides the
systematic red-lighting of subcontracting deliverables, an “overdue” assessment
can of course arise from work not completed for a variety of reasons. For example,
the teams wishing to keep deliverables open in order to enable an update of a
design-related deliverable in the light of possible changes during manufacturing or
quite simply time intensive signature loops. In specific cases, the PMO launches
dedicated initiatives to foster deliverable completion by approaching scenario
leaders and deliverable responsible project members outsides the respective tact.
The biannual review tact was already specified at the proposal stage. Biannual
regular progress reviews or critical concept reviews to be carried out at scenario
level are based on criteria derived from the coordinators Technology Readiness
Level assessment. It must be noted, at this point, that there are two distinctly
different points of view when considering TRL’s. A technology developers’ view
shows many different technical application opportunities in an expanding cone as
emerging show-stoppers, for example from test results not meeting specifications,
necessitate new technology variations (Fig. 4). A technology integrator, such as an
airframer, however, needs to streamline this exponentially increasing range of
possibilities to only the ones required for the final product. Remembering that some
of history’s more prominent engineering failure arose from “defeat-in-detail”, it is
clear that expert knowledge from a wide range of technical competences is required
during these reviews. As a result, the SARISTU review process was established as a
tacted peer-reviewed process with overall management involved only as meeting
chair with the objective of ensuring adherence to technical discussions and agenda.
Decisions were taken by the panel members drafted from the consortium based on
technical expertise. Budget relevant decisions were implemented in subsequent
meetings or exchanges as a technical review shall under no circumstances be
sidetracked by time-consuming budget discussions of little benefit. The CCR/RPR
process is also considered as a suitable tool for assessing work progress in the
consortium as, with 64 partner companies, the Go-Look-See approach is not fea-
sibly implementable in a meaningful tact. As the individual criteria were taken from
the coordinator’s TRL process definition, reinterpreted and rearranged to better
fulfil their objectives in this project environment, a major lessons learned was run
as a brainstorming session with all scenario leaders to bring down and adapt the
number of criteria and to ensure continuity throughout the project in line with [16].
Defined as important project milestones within the Grant Agreement, these tacted
peer reviews may also be used to instil Project Discipline at an early stage if
contractual provisions are made during the negotiation phase. With a large con-
sortium, it is considered important to ensure that not only all partners fulfil their
obligations, but also this is performed while maximizing overall project success and
hence supporting each other effectively. The ability to temporarily postpone for-
warding of the EC’s payment was used in consequence to partially incomplete
initial CCRs at project month six.

A further key aspect of all tacted management methods is the crucial project risk
management. While the classical risk mapping is used at scenario level within
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A Technology Integrators view of technology development

TRL Fulfilment

BupsauBug

TRL Fulfilment

32 Technology variations per category = Failure in different category
= Maturation by individual category -~ Implemented technology variations

Fig. 4 Technology progress through quality gates. In a simplified graph, this figure assumes a low
number of 32 possible technology variations which branch off during the individual quality gate
reviews. With six categories, the majority of the 192 combinations could be driven to conclusion
(red). However, failure in one category of one variation eliminates the full variant in all categories
(blue). Only two variations can actually be implemented by the technology integrator (green). As
the remainder can be classified as “waste”, it is an integrators desire to streamline the variation
investigation through a holistic quality peer-reviewed process

SARISTU and reviewed during the principal quality gates, it was not considered the
most useful approach from a project management background. Much more
important than likelihood and impact are, from a time-limited project background,
the questions as to when it could be determined if a particular risk would materi-
alize, how this would be determined, what mitigation actions are under consider-
ation, what lead time they have and if mitigation actions need to be launched before
it would be known if a particular risk would occur. As a result, this way of
questioning was used, but not visualized, during the quality gate reviews as well as
any time new risks were raised to the PMO through, for example, the weekly
scenario leader updates.

This view on project risk management is a reflection of the One-Dimensional
nature of Quality, Time and Cost. While frequently highlighted as independent
variables to be balanced, SARISTU’s PMO considers planning to be an integral
part of the project cycle. As a result, an active balancing of the three variables must
be considered to indicate a low quality of project planning. A high-quality project
plan on the other hand will deliver its cost through control of the timeline. If
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however project changes are required due, for example, to project partners’ internal
change needs or outcomes of the test program, the project plan must be changed
accordingly through a change management process. Such partner induced changes
must be considered normal in a large consortium and can result from a large variety
of reasons. These can be as trivial, but contractually important, such as a change of
a partner’s task-specific internal budget allocation, or as complex as a partner’s
identification of major project risks and significant replanning across the consortium
to enable required mitigation actions. With the first change requests arriving already
before project launch, in this case due to the change of key project personnel from
one partner to an outside entity, necessitating the introduction of a new project
partner at the expense of an old partner, SARISTU’s PMO started to draft a simple
yet effective change management process. This involved the generation of a
one-pager template with which partners could raise their change requests to the
project management office by picking out individual lines of the project plan and
then entering changed or new lines with their required changes. All change requests
then entered an approval loop with the affected parties and the respective scenario
leader or leaders to ensure project objective adherence. In the cases where approved
change requests were deemed to impact the project’s Description of Work, this was
identified in the project change tracker and implemented in the next Grant
Agreement Amendment loop, which in turn required the approval from the project
Steering Committee. Due to initial issues faced during major change requests, the
simple rule of first capturing resource in bulk and then redistributing it to new
activities was implemented and communicated.

During the later stages of the project, the main demonstrations increased in
importance. During this phase of the project, the tacted quality review process was
first complemented and later replaced by preliminary and critical design reviews.
Again taking the form of peer-reviewed meetings, they centred around the defini-
tion and manufacturing status of the project-specific demonstration exercises in
order to enable the early identification of critical actions which, if monitored
insufficiently, could jeopardize the timely completion of the project. While no
dedicated criteria were specified ahead of the project, key aspects were a detailed
Digital Mock-Up review, stress reports, manufacturing plan confirmations by
partners responsible for manufacturing and purchasing of parts, manufacturing
status review, test definition review and of course the obligatory review of con-
tractual and non-contractual deliverables.

As an example, one particular physical demonstrator was already identified during
the earliest CCRs to determine the project’s critical path. During the preliminary
design review, it was confirmed that individual part manufacture was a particular
driver for its manufacturing timeline and established the need for high-level parts
control. For this reason, the PMO established a weekly tact for part manufacturing
monitoring and control with key partners involved in the activity.

A major undertaking such as SARISTU cannot of course be performed without
adequate funding. Fortunately, the rules for administration, funding and associ-
ated reporting and payment are described in the Grant Agreement, its Annexes and
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the Rules for (Financial) Reporting by the European Commission. These regula-
tions define, for example, that the consortium shall be in a positive cash flow in
terms of receiving funding on an annual basis from the European Commission
compared to individual occurring project-related costs during the majority of the
project duration. That is why the prefinancing (35 % of contractual total funding in
this case) was distributed immediately after the signing of the Grant Agreement.
Also defined within the rules is annual reporting, consisting of a financial part (the
“financial statement”: a completed company-specific form accompanied by a cer-
tification of the financial statement in certain cases) and a technical part. The
submission of all documents is done electronically only (including signatures) via
the European Commission’s online tool whereby the coordinator has the obligation
to review and approve all reports prior to submission. This also means that he has
the right to reject documents for revision in case that the inserted information has
not been provided completely and sufficiently in order to minimize the risk of
non-acceptance of cost claims and/or additional inquires raised by the European
Commission. Any delay of submission of the reporting documents and contractual
deliverables (exceeding 2 months after the period to be reported) and/or insufficient
reporting will automatically lead to a delayed and/or reduced payment.

However, it should be mentioned that several new reporting demands in terms of
claiming costs accompanied by the corresponding explanations have been raised by
the project’s principal customer which are neither part of the guidelines nor have
they been communicated by the European Commission in advance. While the first
periodic reporting was accepted without any single additional requirement or
rejection of costs, the second and the third reportings, executed identically,
unfortunately received a high amount of refused financial statements (period 2) or
withholding of payment because of non-submitted deliverables which were due at
this point of time (period 3). This in turn negated the positive cash flow described
above and as such became a severe project risk by jeopardizing work progress in
particular at small and medium enterprises and universities.

Finally, two limits for the total contractual contribution until the successful ter-
mination of project exist. First of all, the contribution to the guarantee fund (5 % of
the total EC contribution to the project) is directly transferred from the European
Commission to the fund at the time of the payment of the prefinancing and returned
to the beneficiaries via the coordinator at the moment of the final payment.
Secondly, a 10 % retention of the total contractual contribution will be kept by the
European Commission until the date of the last payment.

Ahead of project completion, the PMO must undertake a number of dedicated
closure activities. While, for obvious reasons, it is too early to assess their effec-
tiveness, some key aspects can already be outlined here.

The PMO has key responsibilities towards its primary and secondary customers,
stakeholders and sponsors. With the vast majority of the financial resources for the
conduct of this project gratefully received from the European Commission,
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acceptance of all contractual deliverables by this funding body is of prime
importance. Secondly, the key stakeholders, as represented by the 64 partner
entities and their nominated Steering Committee Members, must be enabled to
secure the information generated within SARISTU. This is not only limited to
enabling their access to the contractual deliverables, which in any case is secured
through the European Commission’s reporting site, but furthermore includes all
information stored on Prodaxs at project closure. Finally, the PMO must store and
disseminate in particular the technical information within their own entities to
satisfy individual sponsor and customer needs.

Further actions of importance, but not actual obligations, concern development
continuity. With such a diverse field of technologies as progressed within
SARISTU, many developments have and will reach respective maturities either
within SARISTU or shortly afterwards by the addition of in-house work or the use
of other funding and collaboration instruments. Individual technological develop-
ments will not be further pursued within the aeronautical area. Some individual
remaining technological aspects, variants, and opportunities will however require
further development work but without the framework programme to be continued.
These aspects should be taken up in future proposals.

The previous pages have heavily centred around the “hard” project management
and as such may give the impression that Human Factors are of little consequence
to project success. As outlined in the introduction, all “hard” management tools and
methods are merely a means to an end. This end is, however, not delivered by tools
and methods, and it is delivered by people working in different countries and
organizations, under different contracts with different internal customers, sponsors
and, of course, individual objectives [15].

This mindset must be present from the earliest activities within the initiation
phase as it sets the atmosphere in which a project is created and hence conducted. It
can be facilitated by aligning the project objectives between the principal sponsor,
its project manager and the stakeholders through a series of alignment meetings or
exercises such as the topic mapping described above. Furthermore, a human-centric
management necessitates frequent human interaction. Where this is not possible, for
example where a large team is not colocated, different tacts can be established to
ensure frequent interaction. This tact will give ample opportunity to consciously or
subconsciously use techniques such as the “Hamburger” approach to passing crit-
icism or to build positive feedback experiences in case it would become necessary
to provide major negative feedback or circumstances placing exceedingly high
demands. Of particular importance is each individual participant’s feeling of
responsibility which can be fostered by topic or activity ownership. This necessi-
tates the creation of an environment where self-determination of project partici-
pants is fostered at an early stage, i.e. at the latest during project preparation, in
order to ensure that the project plan is commonly owned rather than participants
being forced to implement other people’s visions. Again, the aforementioned topic
mapping and collaborative writing processes are important methods to foster
individual people’s vision and hence engagement. Finally, PMO members must
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always understand that management is always by example. A progressive PMO’s
behaviour and conduct will more likely inspire a progressive and collaborative
project team than a restricting behaviour. As such, a PMO member may be
demanding of its project members but must above all strive to serve the project
members by implementing quick and easy processes which limit the administrative
burden on the project participants.

A key feature of team building is typically ensured in these types of call-based
publicly funded R&T projects by placing a large burden in terms of both uncer-
tainty and workload on the proposing teams. If conducted well, the process of
proposal building will force the team to overcome significant personal obstacles,
laying a strong foundation for future collaboration. In order to enable all team
members, including the PMO staff, to reach the best possible quality at the deadline,
key process tacts and personal recuperation times were planned nine months ahead
of proposal submission. In the case of SARISTU, an additional “obstacle” was
inadvertently implemented by the aforementioned extensive quality gates.

During the course of a project, it will be subject to a variety of different conflicts
requiring management. A large variety of methods exist and were already
employed within SARISTU. Most commonly, mediation was employed where the
PMO typically took the role of classical mediator hosting and chairing sessions
between conflict parties. These sessions were usually kept as small as possible to
reduce the risk of inadvertent escalation. In some cases, the PMO took the role of
demanding customer, reminding participants of the plans formulated by themselves
and appealing to meeting participants to adhere to their self-formulated planning.

On extremely rare occasions, however, the PMO felt forced to revert to brute
force by withdrawing associated budget from parties repeatedly failing to submit
draft deliverables of acceptable quality. On each of these very rare occasions,
multiple deadlines for task conduct were requested by the PMO in an escalation
ladder starting with verbal requests and culminating in written demands to the
partner’s focal point. On one occasion each, the PMO reverted to two distinct brute
force methods. When the person acting as the PMO’s own internal customer
changed, the newly emplaced person temporarily withdrew support for the project
during its initiation phase. The internal customer peers were enlisted to enforce an
alignment meeting between the PMO and the internal customer through essentially
public opinion. On a different occasion, and in a very different context, a project
partner having repeatedly shifted manufacturing schedules was approached bilateral
in a feedback session involving the participant’s superior and Steering Committee
Member with the PMO appealing to the respective Steering Committee Member to
again become a reliable project partner. Key to the management of these conflicts is
always a cause assumption and analysis which involves an understanding of the
different motivations present in a conflict, as well as the participant’s capabilities
important for concrete conflict resolution actions. This usually leads to a “pull”-
approach in conflict resolution through mediation or appeal. Where conflicts are
effectively ended by one party’s written rejection of agreed tasks or repeated task
failure, “brute force” methods remain the only viable solution to progressively
resolve a conflict. If these methods fail as well, the PMO’s prime duty is to protect
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the project, its customer and remaining stakeholders by arranging mitigation actions
with the remaining consortium. The failing parties concerns are of little to no
consequence in this case as it has already expressed its unwillingness for pro-
gressive conflict resolution.

Thoroughly more enjoyable than the resolution of conflicts is the preparation and
conduct of the Major Meetings. While the Kick-off Meeting was conducted at the
coordinator’s headquarters, and organization as such fairly straightforwardly per-
formed by the PMO itself, the Mid-Term Review and End of Project meetings were
held at the premises of major project partners. In a transnational project such as
SARISTU, it was considered wise to place key local responsibilities and of course
budgetary resources for the preparation with the responsible partners. Following the
establishment of a weekly preparation tact, brainstorming sessions quickly resulted
in an agenda for a Scouting Mission by the PMO. Typically, venues and program
became clear already during the conduct of these missions. The detailed preparation
was then performed locally by the partner organization, while the PMO steered this
and took care of the agenda and associated presentations. Again, a weekly tact was
implemented for this purpose. Due to the different character of the End of Project
Meeting and Conference, this also involved the leadership of the “dissemination”
work package.

3 Effects of Fundamental Rules Applied

When attempting to assess the effects of the project management rules and methods
introduced above, it is convenient to again group these by the project phase during
which they are applied. Of particular importance are the rules and methods used
during the Initiation Phase as these can be expected to have major impacts on the
complete project.

Within the subgroup of the consortium and team building methods, the chro-
nologically first rule to be applied was the use of letters of intent. In this manner,
the initiating organization ensured that the management of all parties wishing to
join the project were adequately informed and able to provide their own expecta-
tions and broad commitments, typically in the form of budgetary boundaries on
their own organizations involvement. It provided a very early test case for partner
commitment, and indeed, a small number of companies were no longer considered
as wishing to take part in the project when their respective focal points were unable
to submit such committing letters of intent. As such, upon completion of the project
preparation phase, the PMO did not expect major changes in the project consortium.
Indeed, during the course of the project, only two out of 64 partner organizations
withdrew all or part of their commitments. In one case, this was a result of key
personnel movement to another organization which then took up the leaving
company’s responsibilities. Therefore, the Letter of Intent approach can be con-
sidered to have served its purpose very well indeed.
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The Topic Mapping exercise served several purposes. Considering the task of
consortium building, it enabled the PMO to identify prospective partners with only
vague objectives for the project. This in itself should not actually be considered a
problem as for example universities, research centres or small and medium enter-
prises cannot be expected to be aware of all constraints and requirements modern
aircraft products are subject to. Therefore, the industrials use cases were used as a
first tier map to which the capability-based proposals were allocated, thereby
enabling the suitable integration of small and medium enterprises, universities and
research centres. In addition, the resulting workshop on this mapping enabled a
large feedback round which can be considered to be of particular importance for the
few rejected proposals. With the final topic mapping activity decisions made, the
basic demonstration activities quickly became clearer, and in consequence, a first
WBS emerged. Furthermore, the one-pager submission process ensured that reliable
contact details were available to the PMO team which greatly facilitated the
administrative and financial aspects of the project preparation phase. As such, the
topic mapping exercise exceeded the PMO’s initial expectations.

Due to the basic rules to be adhered to when participating in the European
Commission’s 7th Framework Programme, it was clear from the start that annual
decision points would require implementation. Due to the size and complexity of
the project, it was already highlighted during the initiation phase that project
internally, a biannual tact would be used. However, at this early stage, response
from the consortium was weak and a simple statement of the key tacts to be used in
the project can be considered sufficient ahead of the actual preparation phase.

More important at this early stage was a singly determined project matrix for
clear decision-making processes. This was achieved by a clearly hierarchical project
structure. Although a matrix style WBS was implemented, all work packages within
a scenario were led by the respective scenario leader. In this manner, decisions
arising from demonstration requirements were certain to be implemented in the
earliest work phases, while at the same time ensuring that information requests had
to pass a minimum number of handover points. This greatly increased the speed of
information flow and the efficient implementation of decisions. Due to the later
development of the project, the SARISTU coordinator considers this single advice
received from two consortium partners to be one of, if not the most important
recommendation.

The combination of the singly determined decision-making process with clear
decision levels which maximize participant empowerment ensured an early iden-
tification and avoidance or resolution of technical show-stoppers. However, not all
project participants were always aware of this bottom-up approach. In particular,
members who joined the activity during the projects’ active phase occasionally
approached the PMO and demanded technical decisions for which the required
expertise was not present in the PMO. In these cases, the PMO set-up dedicated
rounds of problem analysis meetings involving the key project experts and re-
sponsibles which usually led to timely, yet technically highly competent, solution
plans and hence decisions. As such, the success of SARISTU clearly justifies the
bottom-up decision-making process if the PMO can indeed take a step back and
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prioritize the definition, organization and conduct of the process. A clearer com-
munication during project launch and conduct would have helped team members
joining after project launch though. As such, decision levels and associated pro-
cesses should be defined in the Management Handbook and reminded of during the
major consortium meetings.

A key aspect concluding the initiation phase is the nomination of work package
leaders (in SARISTU: scenario leaders). By requesting written nominations from
the companies whose use cases were mapped to the first tier and selected during the
topic mapping exercise, several functions are served. First of all, it again necessi-
tates the key companies’ reconfirmation of their commitment. Secondly, it thereby
ensures that the respective scenario leaders have their individual internal customer’s
full support and empowerment. Thirdly, it eliminates potential scenario leaders
who, for whatever reason, cannot award the task at hand their fullest attention. And
most importantly, it helps to ensure that these key positions are filled by people who
are competent in the required technical fields, have a strong vision for the tech-
nological goals set out and feel a sense of “ownership” of the project. As shown by
SARISTU, this approach can even be used when tier one use cases are all mapped
to far too few organizations. In this case, the key institutions may nominate other
establishments which they, through their participation and engagement in the topic
mapping exercise as well as own experience, have come to consider to be up to the
task. These organizations can then lead the respective use cases. Although the
nomination of work package leaders was not a time-consuming task, it is certainly
one of the key foundations for the current success of SARISTU.

Although the project Preparation Phase began with the nomination of scenario
leaders, the actual Work Breakdown Structure was only finalized afterwards with
the visible implementation of project phase and activity-based work packages. This
was at first considered a significant risk due to the multiplication of information
handover points if separate WP Leaders had been nominated. As described above,
this was avoided in SARISTU. For larger undertakings, where individual workload
prohibits parallel leadership, either colocation of scenario-specific WP Leaders in
one office or a daily tact would be required by the PMO to overcome this threat.
The original intention of the PMO was to request fleshed out work descriptions
from the nominated scenario leaders in order to arrive at a bottom-up budget
requirement. This would have enabled a good achievement of ambitious, yet
realistic objectives. Unfortunately, this bottom-up approach was considered
unsuccessful as all scenario leaders requested to be given top-down budget targets
due to the large variability feared by them. While the PMO would have liked to
implement technical workshops to scope out the maximum level of work towards
technology maturation within the individual scenarios and driven by the demon-
stration exercises, this would have required several more months of preparation.
These months were unfortunately no longer available ahead of the proposal sub-
mission deadline. Therefore, based on own experience as well as expectations as to
the approximate work content received from the customer during an earlier public
information session, the PMO formulated individual scenario budget targets.
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This was indeed successful as all but one scenario were able to provide a concise
work description and detailed planning within the first month of the writing process.
Still, in future proposals, coordinators should reserve significant time for a
bottom-up work scope definition following technology maturation requirements.
The aforementioned twice-weekly tact used for proposal writing is a personally
very demanding exercise. However, it is indeed able to double the iterations during
the writing of the proposal. In particular for non-native English speakers, and when
a proposal is taking shape in a step-wise fashion, it is highly recommended to
attempt to maximize the review tact. This is particularly effective when combined
with project external proof reading with feedback and recommendations provided
on a chapter by chapter basis rather than arbitrary criteria. A further important
feature of a demanding collaborative writing process involving several teams is the
high level of involvement of individual people. The high empowerment, demanding
exercise and regular constructive disputes not only serve to improve the work
content planning and description, but are equally important to instil both a sense of
empowerment and ownership. The latter proved to be of particular importance
during the project’s active phase.

An extremely high importance was placed on the generation of the detailed project
plan. As many partners are involved in SARISTU, unitary project plan ownership
was repeatedly emphasized and enforced. This enforcement must be considered
highly effective as even during the later stages of the project only a single instance
became known to the PMO where a project partner used their own planning
information. In this case, a single re-emphasis of the unitary project plan was
sufficient to clarify the situation. Similarly, the implementation of all relevant
scenario, work package, technical task, subtask, deliverables, milestones and
administrative activities down to individual financial certificates within a single
spreadsheet allowed rapid time and cost clarifications. Coupled with an interlinked
contacts spreadsheet and dedicated financial analysis sheets, it enabled the PMO to
form a clear and strong link between technical and financial information. As a
result, the PMO was not only able to rapidly implement changes in this period, but
also to provide partners not just with the financial information they would need to
enter into the proposal submission tool of the European Commission but to even
generate this information themselves. This was so effective and efficient that the
majority of partners supplied the PMO with financial breakdown information and
then asked the PMO what they needed to enter into which cells of the EC’s online
submission tool. For the later project phases, the golden rule that at its lowest
planning level the project plan shall not contain information for more than a single
entity proved to be extremely effective for a variety of reasons. First of all, each
partner was always aware of their expected work scope by individual technical task.
Secondly, in the very rare cases where partners failed to deliver, the PMO was
rapidly able to identify exactly which budgetary amount was affected. Finally, this
greatly facilitated the change process by eliminating any cross-task, cross-WP or
even cross-scenario argumentations. Without this key rule, the PMO would not
have been able to recover “lost” resources and reinvest these in the necessary risk
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mitigation activities. A typical feature of project plans however was not imple-
mented. Interdependencies between individual budget lines were considered
potentially counterproductive, in particular at the preparation stage. Due to the very
large number of individual project plan entries, changes to individual timelines
were expected. This does not consider human-centric project management and
would have quickly led to project time overrun estimates with potentially disastrous
effects on morale, and hence project progress.

It also reflects the approach to Quality, Time and Cost management taken by the
PMO. A high-quality project plan, coupled with an effective and efficient change
management process should deliver the expected QTC targets. With technical
quality ensured through both through the signature loop of deliverables and the
bottom-up peer-reviewed processes, the key controlling item for the PMO is time.
Cost then becomes the relevant performance measure for the project plan itself.
Although this performance cannot be assessed ahead of the closure of the final
financial reporting loop, it can already be stated that this philosophy was highly
successful with respect to the expected work completion date, which even for such
a large and complex project and consortium remain stable after 90 % of the pro-
ject’s duration. This was facilitated by the PMO’s clear communication on indi-
vidual occasions of its expectation that one of the key project failure scenarios was
the need for a project extension. While many partners do not see a problem with
cost neutral project extensions, it is clear to the PMO that cost neutral extensions are
not actually possible. This is due to continuing running cost (for example extending
PMO activities over a longer duration or extending resource availability at partners)
as well as significant efforts involved for additional contract amendments, reporting
and associated reviews.

The budget reduction exercise conducted as a result of proposal evaluators can be
considered fairly successful. While initially considered very difficult, due to the
detailed and streamlined project plan, the specific comments provided by evaluators
could be implemented within a very short duration and without a significant effect
on the actual project progress. The remaining budget reduction was then responded
to differently by the scenario leaders. Some eliminated individual testing and pre-
requisites such as the manufacture of associated specimen, being given no other
chance but to increase the overall scenario and project risk. Most scenario leaders
were able to replace individual testing with increased test simulation. More difficult
for the PMO were unilateral changes to the annual budget of key partners as the
PMO’s authority was limited to the full project’s budgetary commitments through
the contractual details rather than the actual spend profile. Fortunately, the large
consortium enabled the coordinator to shift work between proactive partners. In this
manner, the project content remained unaffected by such events. It must be noted
that such localized budget reductions placed an undue, but fortunately temporary,
burden on individual project members.

The similar bottom-up approach taken by the PMO to reduce the number of
deliverables to a level in line with customer expectations must be considered less
successful. With scenario leaders having initially specified their needs from partners
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through contractual deliverables, the grouping of previous deliverables reduced
their visibility and control during project conduct. An additional complication was
the strict timeline of the negotiation phase. Events in the personal environment of
the coordinator required remaining PMO team members to take up key parts of this
activity which resulted in a lack of deliverable title and description clarity. This
caused understanding issues later on in the project. Furthermore, deliverable due
dates were maintained from the original project plan which caused confusion during
project tracking and reporting. Fortunately however, this was in line with the
PMO’s red-lighting philosophy. In future undertakings, this particular PMO would
attempt to group deliverables by WP, type of deliverable and project phase.
Furthermore, clearer distinctions, guidelines and examples for the different types of
deliverable documents would be generated at a much earlier stage than the project
active phase.

The Grant Agreement was fully signed shortly before the Kick-off Meeting, and
thus, all partners were allowed to participate as well as to receive the first tranche of
prefinancing as defined in the Consortium Agreement. As both agreements have to
be considered as “living documents”, especially Annex I to the Grant Agreement,
which covers budget- and work scope-related issues, several modifications which
resulted in official amendments became and continuously become necessary. These
are bundled as far as possible with the fifth and last loop to be started in such a way
as to allow submission of the amendment request three months ahead of project
completion. While the principal customer’s regulations allow flexibility in terms of
budget, all re-allocations of individual funding (between partners and/or between
cost categories) combined with an update of the description of work content
(including deliverable/milestone delivery dates) as well as other contractual chan-
ges, for example the cost model application, company names or mergers with other
companies, have to be reported to the European Commission by officially
requesting an amendment to the Grant Agreement according to the corresponding
guideline. Special attention must be given to all changes and additions which refer
to “subcontracting”, as this is considered as a very sensitive matter by the funding
body. This means that each subcontract must be included within the DoW and
assigned to the respective beneficiary accompanied by a short description of per-
formed activities and the corresponding costs before the work is going to be sub-
contracted. These figures must be in strict compliance with the budget-related
information as given in Part A of Annex I. Similarly, the lack of a clear rule and
definition about the maximum value which is allowed to be subcontracted leads to a
very detailed and careful review by the EC. Any non-reported or non-solved issues
might interrupt the whole administrative process with respect to payments.
Therefore, having a detailed project plan and change management process in place
is considered indispensable by this PMO!

One of the first key activities for the project’s Active Conduct Phase was the
generation and implementation of Prodaxs. The relevant project plan data were
entered in the final month ahead of project launch. As a human-centric activity, this
introduced some smaller errors visible when exporting the data out again. Future
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tools may benefit from automatic import functions for this initial one-off activity.
Once these very few errors had been identified by automated comparison of export
data with the original input file, this functionality of the data exchange platform
proved to be extremely useful not only to the PMO, but also for project partners
needing to obtain quick financial and timeline information in an easy to search,
analyse and digest format unavailable through the contract’s raw data. During the
course of the project, additional analysis functionalities were added such as plan
visualization using Gantt, exporting of the contacts databases for both project
members and organizations legal addresses, exporting and visualization of monthly
budget and manmonth data (Fig. 5). The straight spreadsheet exports of the project
plan and contacts are considered to be the most used ones and are widely
appreciated.

Similarly, the information from the two contractual documents was used to
create initial users and passwords for this restricted, consortium internal online
space and as such greatly helped to fulfil the coordinator’s duty to maintain a
database of contacts. The calendar function, on the other hand, was not extensively
used by the consortium as participants typically preferred to use their office cal-
endars for meeting scheduling. It can therefore be recommended to implement
functions directly tying into common office scheduling software tools if and where
possible as the calendar functionality will otherwise not be in frequent, and cer-
tainly not universal, use.

Project Plan Extract: Scheduled Work per Project Month
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Fig. 5 Scheduled work by project month. This project plan extract may be used for participants
workload planning. Due to the PMO’s red-lighting philosophy and direct link to the Grant
Agreement, the peak around month 24 did not materialize as extremely. Work shifts to
subcontracting had not been implemented contractually at the time of the data export and
individual time delays shifted work from the peak period over to the final reporting period



24 P.C. Wolcken et al.

The BigBlueButton internet-conferencing integration was temporarily quite
widely used within the consortium. However, data restrictions in some of the major
partners’ information technology structures prohibited its widespread implemen-
tation. Similar systems, which were implemented within these companies and had
proven to work for all partners, could not be implemented in the Feng Office
environment at this stage. However, due to the strong reliance on internet confer-
encing within transnational projects, the integration of corresponding tools in a
project management and data exchange system is highly desirable and
recommended.

The most important functionality of Prodaxs has always been considered to be
the ability to exchange large quantities of data across the consortium. Having
implemented effective work area and subfolder structures fully based on scenario
leaders requests, the use of the data exchange platform was first mandated for the
submission of presentations and proof files for the first Critical Concept Review to
increase consortium awareness. With, at the time of writing, 3607 documents and
431 users, this functionality can indeed be said to have been implemented highly
successfully. Most impressively, its use for the collation of Digital Mock-Up data
for the wing integration demonstrator design was a task fulfilled by, but not initially
foreseen for, Prodaxs.

The Management Handbook can be considered the fourth most important
document within SARISTU, after the Grant Agreement, the associated Project Plan
and the Consortium Agreement. As such, the first version was completed within
one month of project launch with rapid update loops to include major lessons
learned, newly implemented methods such as the formalized change management
or rules on the use of customer visuals. Sadly, it was rarely used outside the PMO.
Nevertheless, the collection of important rules and methods in SARISTU in a single
document is an important exercise to ensure consistency throughout the project and
to maintain clarity at least within the PMO. The handbook was viewed and
downloaded approximately 420 times, but including a multitude of downloads per
PMO member. In future undertakings, this PMO may wish to rethink the method of
referencing to this document as well as its dissemination.

As with the preparation phase, the project’s active phase is characterized by
different facts. In particular, the weekly tact is a very important operational man-
agement tool fulfilling the key functions of information flow assurance, risk
monitoring and control, deliverable monitoring, action anticipation and preparation
and, through its reporting, customer and sponsor information. Unlike a biweekly or
monthly tact, it also allows a high degree of flexibility as individual participants
may not always be able to attend. In a weekly tact, individual absences can rapidly
be recovered which is not the case for biweekly or even monthly tacts. Due to its
identical participants, mission and being scheduled to replace that individual weeks
weekly tact, the monthly tact was initially confusing to scenario leaders. However,
due to the high level of integration, the PMO requires in particular the integration
scenario leaders attendance to enable a strong and guaranteed interaction with
technology supplying application scenarios. While in many cases this was already
but coincidentally enabled by the weekly tact, the PMO should not eliminate the
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monthly tact. While most important decisions are in fact prepared and, as such
taken, during the weekly tact, the monthly tact fulfils a requirement from the
Consortium Agreement on its conduct. Furthermore, the PMO has a strong desire
for inter-scenario interaction, and each team member should have the chance to be
informed of progress in other scenarios. It is therefore recommended for compa-
rable future endeavours to implement a weekly tact where each session contains
weekly topics such as round table reporting, risk monitoring and control and the
identification of emerging cross-scenario questions. A second part of each weekly
would benefit from cyclically changing topics such as task and deliverable moni-
toring (biweekly) and project internal cross-scenario exchange (biweekly).
Additional temporarily hot topics such as simulation and design harmonization,
design progress monitoring, subcontracting status, tool manufacturing, part manu-
facturing tracking, ongoing project plan changes and current outside influences
would round off these weeklies.

A key task in any project, but in particular in projects with a public—private
partnership character, is evidently deliverable tracking and control. An integral
part of the tacted meetings and reporting, visual management is used to provide
both overview and detailed information at any time. While the general overview
helps to quickly explain the overall deliverable situation, for example in reporting to
customers and sponsors, an individual scenario status could immediately be
assessed and highlighted in the weeklies. An additional dashboard feature intro-
duced following the first external assessments is used to visualize the review status
of all deliverables both at total project and at scenario level. Finally, the different
tacts coincided with peaking deliverable due dates, and it is as such important to
have visual clarity over the length of time deliverables are overdue as well as being
able to provide a quick reference guide for workload anticipation. The latter is
particularly useful for the PMO as it uses this information during weeklies and
monthlies to pre-empt delayed deliverables. The tracker is designed to always
reflect either the state of actual deliverable submissions to the customer or a worse
state. In particular during the fourth reporting period, SARISTU had reached a stage
where deliverables had been reviewed and accepted by the customer although the
consortium itself will implement further updates and additions to these already
accepted documents.

For the daily management and in particular during the weekly conferences, a
different view of the deliverable tracking was also used to good effect. The deliv-
erable indicator shows the identical information as the dashboard but for each
deliverable, milestone and subcontracting deliverable. Filtering of the underlying
data allows a less cluttered view for detailed discussions with scenario leaders.
Most importantly, the resulting discussions at individual deliverable level are
tracked together with the underlying data so that response time to questions raised
by the independent assessors and the customer can be measured in seconds.

The use of this deliverable tracking method is therefore of fundamental impor-
tance to SARISTU (Figs. 6, 7).

Some of the rules applied to contractual deliverable planning and controlling
as well as the red-lighting philosophy had important consequences for project
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reporting and assessment. The requirement, for dedicated deliverables for sub-
contracting exceeding €10.000, was well understood, but the required content of
such explanatory and monitoring deliverables was not specified by any rule or
guideline from the customer side. Through several iterations, the consortium arrived
at a format for such dedicated reporting. While effective as a quick reference to the
efficiency of subcontracting, customer demanded specific deliverables should have
templates provided either by the customer or developed early on by the PMO much
earlier in a project in future undertakings. Furthermore, the rules as to the content of
these deliverables were not specified by the customer and as a result were devel-
oped by the PMO based on verbal instructions. Inclusion of these requirements and
instructions in the guidelines for reporting would be helpful for other consortia in
other projects where such deliverables are requested.

The systematic red-lighting by the PMO implemented to counter “water-melon”
reporting ensured a good awareness of the main issues not only by the PMO, but by
the full consortium, customers and sponsors. It does, however, have some negative
effects. While red-lighting ensures that for example subcontracting deliverables are
highlighted at their start date rather than their end date—when all mitigation actions
would come far too late—and certainly helps to ensure adherence to the project
timeline—it can cause delays in the receipt of the annual payments to the con-
sortium. A change of payment rules by the customer in one case led to the full
payment tranche being delayed until all deliverables for the period had been for-
mally submitted. In consequence, the PMO rapidly submitted these documents in
the knowledge that further work beyond the original work scope will still need to be
integrated. Therefore, additional deliverable rejection loops will need to be laun-
ched at the consortium’s wish in order to enable highest quality final deliverable
submission. Despite this added administrative burden, this new rule on payments
certainly helps to obtain a large number of finalized documents. This is even visible
in the deliverable indicator.

Finally, the signature rules employed are considered a good compromise
between the administrative burden, and hence time taken and the assurance of
quality. While the superior of the principal author guarantees technical quality,
signature by one or more of the scenario leaders guarantees that its content is in-line
with project requirements. While this deliverable quality assurance could be further
improved by increasing the range of signatories, this was only performed where
absolutely necessary due to the increased complexity in obtaining document
approval. With the biannual, peer-based reviews functioning as additional quality
control gates, the applied signature rules can be considered an effective means of
ensuring quality in a publicly funded R&T environment.

The implementation of regular progress reviews and critical concept reviews in
a biannual tact is considered a very demanding but highly successful method. First
of all, it ensured that all project members were tied into the technical work from a
very early point. From the technology developers of the consortium, the preparation
of these extensive and detailed reviews ensured a high amount of interaction and
knowledge collation and creation. From the technology integrators, this required a
high level of responsiveness and very early detailed specification work. The latter is
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considered particularly important for a streamlined development and was ensured
by drafting the review panel predominantly from SARISTU’s integration scenarios.
Secondly, the holistic nature of the predefined questions to be addressed in these
reviews enabled a very important understanding of the involved specialists of the
full scope and complexity of technology development for civilian airliners. This
was particularly evident where specialists from one discipline learned to appreciate
the consequences of requirements in seemingly unrelated categories for their own
work. As an easy example, we can highlight operational maintenance requirements
resulting in specific performance criteria such as material ageing and reparability.
Furthermore, the consideration of manufacturing defects during demonstrator
production within SARISTU necessitated the early consideration of repair pro-
cesses to be available towards the final stages of the project. Finally, the definition
of these reviews as contractual deliverables enabled the PMO to send a message of
strong deliverable focus into the consortium by postponing prefinancing to indi-
vidual partners. Directly affected parties subsequently and consistently exceeded
initial expectations and became by far the most engaged team members. The latter
was only possible as the coordinator chose to merely implement a mild penalty as
more drastic measures could have resulted in the complete loss of this part of the
consortium. In this manner, overall project discipline was markedly improved.

The tacted meetings and in particular the first CCR/RPRs also highlighted the
issues with classical risk mapping when used to assess project risks as already
described above. Indeed, many individual and mainly technical risks could be
identified and addressed in a manner which maintained the overall projects QTC
targets. Individual risks did however materialize despite this overall effective
approach. The manufacturing chains of the main demonstrators, for example, were
identified as high-risk work streams in particular when considering the projects
timeline and hence cost target. In one case, this resulted in the decision to manu-
facture an additional major demonstrator in order to allow parallel rather than
sequential testing. During the resulting replanning exercise, a small enterprise
requested to perform the manufacturing of few but complex key parts. Due to the
small company size and local resources, these parts later proved to have the most
unpredictable timeline and immense work peaks had to be endured by the company
to allow the overall project to maintain its timeline. In another case, where the
employed risk reduction methods did not prevent a partial defeat-in-detail, a delay
resulted from the lack of availability of specific fastening elements for demonstrator
assembly. While a PMO mandated availability check 12 months ahead of assembly
had returned a confirmation that said fastening elements were indeed in store, this
positive response was a result of mis-labelling. In fact, only the associated nutcaps
rather than the fastening elements were available at the time they were required.
This resulted in a key activity delay which had fortunately been removed from the
projects critical path. As a result, it must be said that the overall project risk
management focus on the timeline was largely successful but would have been even
more efficient with a clear Go-Look-See component during the biannual reviews
and would have benefitted from visual tracking rather than only the list-based
tracking used during biannual, monthly and weekly reviews.
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The introduction of a formalized Change Management process and in particular
its one-pager template was not initially well received by the consortium. With this
reaction to formalized processes and additional forms anticipated by the PMO, the
process was repeatedly explained both at major meetings and on individual occa-
sions. Supported by ad hoc assistance of participants by the PMO up to the point of
preparing entire change requests with information supplied by the party wishing to
raise changes the consortium’s learning must however be considered very quick. By
the second half of the project, the simple process had become very much appre-
ciated by the majority of the consortium and in particular by the scenario leaders
due to its transparency and clarity. It should be noted here that an important feature
in enabling such an efficient way of working was implemented in the Grant
Agreement and associated project plan by specifying a risk reduction and mitigation
fund. This was extensively used to first secure resources from subtasks that were
identified during the project as having required less resource than initially expected
or were not after all required as foreseen risks were mitigated, eliminated or no
longer identified as risks. Following the second Grant Agreement Amendment loop,
a special flag was introduced into the change request form to facilitate tracking of
project plan change request implementation, which can cover a large number of
individual changes, into the Description of Work of the Grant Agreement. As such,
change management based on the master project plan, a simple template, the risk
reduction and innovation fund and a partner supporting PMO mindset must be
considered a key contributor to the current success of SARISTU (Fig. 8).
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Fig. 8 Project plan change requests by project month and formal implementation date by Grant
Agreement by month 44. Fifty individual project plan change requests of differing complexity and
background had been implemented in the project plan
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The preliminary and critical design reviews (Fig. 9) took the place of the critical
concept and regular progress reviews during the final 18 months of the project due
to the ramp-down of individual technology development activities and the rapid
ramp-up of demonstrator manufacturing. Enabling a detailed insight into the status
of the detailed design, stress analysis, manufacturing planning and preparation, as
well as initial test scheduling and preparation, these reviews are considered extre-
mely important by the PMO to ensure project success. However, unlike for the
CCRP/RPR process, no detailed criteria and questions were specified during the
project preparation phase which concluded 30 months before the first of these
reviews. From the experiences gained during SARISTU, this PMO would however
endeavour to provide a more detailed insight into the specific questions to be
addressed to facilitate their conduct. Despite this low level of initial specification,
the PDR and CDRs must be considered successful key milestones as they allowed
key timeline risks to be addressed well before they would have emerged naturally.
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Fig. 9 Illustration of the scope of the preliminary and critical design reviews. Focussed entirely on
demonstration success, the PDRs and CDRs are designed to give a full view of the current status of
preparatory activities such as the specific design status, preparation for manufacturing and its
specification as well as the preparatory status of the final testing itself. As such, they represent a
deep dive into each specific area of a demonstrator exercise. Notable is the low focus on
aerodynamic performance as these topics were already covered through early SARISTU
deliverables
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Of course, this was only possible due to their placement well in advance of man-
ufacturing and assembly steps.

The PDR in particular also highlighted one of SARISTU’s weaknesses caused
during the preparation phase. With the project being dedicated to further maturing
technologies and their integration primarily through physical integration, and hence
testing, the harmonization and coordination of required simulation activities were
not planned. It is the recommendation of the authors to perform this harmonization
already during the project preparation phase in order to ensure a corresponding
team set-up and interaction. The latest possible point would be the first three to six
months of project conduct. Fortunately, the project objectives were not affected by
this lack of initial harmonization.

With one particularly complex demonstration exercise fully defining the projects
critical path, the PMO implemented a weekly part manufacturing monitoring and
control loop with partners supplying critical parts to the demonstrators’ final
assembly. It was quickly determined that each partner should be tracked individ-
ually to avoid the risk of launching a rescheduling avalanche during these meetings
(Fig. 10). While this latter part was effective, it did not prevent individual parts
shifting their delivery date. In particular, a salami slicing approach, with part
delivery shifted repeatedly by small amounts, is considered a major threat by the
PMO. Not only does it pass an increasing burden to the final assembly line to
deliver in time, but it also requires the continued availability of resources at the line,
increasing project cost beyond those of a single major time shift. Furthermore, a
major time shift can be more effectively used than many smaller shifts for other
activities such as major work on available components or even further design
tuning. Worst of all, confidence in the suppliers is lost in this manner.
Unfortunately, the contractual documents in place did not allow hard measures to
be taken either in pull through, for example, incentive payments where part delivery
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Fig. 10 Extract of the wing parts tracker. The tracker attempts to visualize the actual
manufacturing and verification status of the main parts required for the assembly of the
demonstrators and helping to predict dates for the final assembly line. As such, it captures the
readiness of part definition, tool manufacture, part manufacture and quality assurance and tracks
repeated delivery forecasts. This parts tracker is fed from more detailed, manufacturer provided
documents discussed during the same tacted weekly
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QTC is exceeded, or penalties where QTC is not met at part level. In addition, the
resources available to the PMO to perform Go-Look-See-Assist actions at a
meaningful technical level were at this point extremely limited and would have
required significant preparation time. This exceeded the individual projected delay,
but not the final total delay. In such circumstances, the coordinator had to rely on
the abilities of individual experts in particular at the final assembly line to recu-
perate these delays. It is, however, recommended for a project customer to enable
coordinators to extend their arsenal of incentives and penalties to allow more
effective control of such occurrences. Furthermore, a temporary means to rapidly
draft in a quick reaction fire fighting force is recommended but is likely only
feasible for even larger undertakings. So while individual part manufacturing
monitoring and control actions implemented in SARISTU may be improved in
future undertakings, this PMO nevertheless has to assume that without the actions
taken a time delay would have been incurred to the entire project and that the
actions taken were therefore effective. If they are sufficient will be seen in project
month 48 when SARISTU has either completed its activities and achieved its
objectives or it has incurred a time delay.

Considering the high variation in technologies in SARISTU, the basic separation
of both the Kick-off Meeting and the Mid-Term Review into a two-day overall
project review followed by a single day focused on active workshops at scenario
level was in retrospect a very successful idea. While the overview part allowed a
detailed insight into each work area for all participants including the external
assessors and the Steering Committee Members, the individual workshop sessions
were highly effective at raising and addressing critical technical questions and
invigorating the respective teams. With respect to the organization of the meeting,
going through local project partners rather than performing all preparatory actions
centrally is also considered an important aspect by the PMO, although the effec-
tiveness in terms of financial efficiency cannot be quantified without a fully cen-
trally organized meeting serving as a benchmark. Nevertheless, the conduct of a
PMO scouting mission followed by the implementation of preparation tact must be
considered extremely effective.

Acting as a coordinator, special attention refers also to the observance of the
given rules and guidelines with respect to financial issues which cover costs and
payments. As observed above, the binding of individual payments to the fulfilment
of contractual requirements by the consortium allows good project control.
Therefore, the periodic reporting is useful for obtaining a solid spend overview at
WP level, by cost category and by partner. Even more importantly, it imparts both
the right and the obligation to review each individual cost claim in comparison with
the originally planned activities and associated budgets. The precise check of the
financial reporting, which is mainly focused on the “use of resource” report but also
includes the correct application of assigning costs to the appropriate category and
the rejection for revision whenever anything is missing or incorrect, is of overriding
importance. It minimizes refusal of claims and delays in terms of payment. In the
particular case that subcontracting has been claimed by a partner which was not
included in the DoW, such positions have been either excluded from the current
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reporting and postponed to the following reporting period or were subject to an
official request for approval accompanied by the commitment to adjust the Grant
Agreement, including DoW, through an amendment.

A detailed description of exact reporting needs was always provided as part of
the written reminder sent by the PMO to the consortium as the reporting period
closed. To ensure that all kind of notifications sent to the consortium partners are
received by the correct people, it is important to maintain a dedicated financial and
administrative focal point contact list. As this is an obligation defined in the
Consortium Agreement to the coordinator, the responsibility of keeping and
updating all contacts has been carried out by the PMO via Prodaxs. However,
contact details can only be as complete and current as reported to the PMO. It is
important to bear in mind that the project status in terms of contractual aspects is up
to date in the reporting system and in the Grant Agreement by amendments when a
reporting period becomes due. Otherwise, there is also the risk that the process will
be interrupted and delayed.

After approval of all reporting documents by the European Commission, which
on average requires 6—9 months after submission, the equivalent periodic instalment
is transferred to the coordinator. The amount of each payment is calculated by
taking into account the payments already given, the total actual funding as accepted
and the total contractual contribution but limited to 85 % because of the 5 %
distribution to the guarantee fund and the 10 % retention kept by the EC. More or
less the same principle could be always applied by the coordinator when distrib-
uting the received funding among the partners. However, as soon as the payment
was ready for transfer, the consortium has been informed in detail how the cal-
culation and distribution has been done accompanied by the corresponding official
documents as provided by the EC (Fig. 11).

Although self-evident, it is still beneficial to highlight that the PMO requires
correct banking details for each partner at this time. Between several reporting
periods, individual partners’ banking details changed but were not communicated to
the PMO, leading to additional administrative efforts.

Because of the aforementioned period of time necessary for the approval of
documents, including the time needed for the fulfilment of additional requirements,
the clause for forwarding the instalments to the partners by splitting them into two
tranches as defined within the Consortium Agreement could not be applied for all
periodic payments. Instead, payments had to be made in a single transaction.

Although the PMO plan for Project Closure exceeds contractual commitments, it is
too early at the time of writing this paper to assess its effectiveness.

With respect to Human Factors (Fig. 12), relevant metrics are not available to
this PMO. For this reason, subjective, qualitative effectiveness assumptions must be
sufficient at this stage. Key to overall project success is considered to be the very
high personal engagement of project participants. Such high engagement is usually
expected to deteriorate over time and negative experiences. As a result, positive
feedback experiences are very important to maintain and further increase overall
project morale. A high inquisitiveness by the PMO in the weekly tact coupled with
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Fig. 11 Summary of financial reporting after % of the projects duration including financial
prediction to project end, detailed financial analysis is performed on an annual basis from the cost
claim information submitted to the principal customer. While at month 36 a drastic underspending
was reported, the PMO determined this to be primarily a result of “red lighting”, with cost in
particular for subcontracting showing up much earlier in the project plan than they actually occur.
Based on these “overdue” cost claims, an extrapolation can be performed, showing in this case and
at the time of writing an expected underspending of 2.82 %

reporting cycles that forward information from project members to the project’s
customers and sponsors is helpful, but its effectiveness must also be considered to
deteriorate over time. Fortunately, numerous further activities provide opportunities
for a personal interaction and feedback such as the biannual reviews, the annual
reporting loop and, most importantly, the main project meetings. In particularly
tough episodes, the PMO also approached individual participants who were at the
time expecting negative feedback due to critical time delays. Providing a positive
feedback related to the handling of this time delay greatly boosted morale, thereby
invigorating the local team and in consequence facilitating delay mitigation. The
strong feeling of responsibility can be expected to be present in any contractually
secured undertaking, and especially those which result from a call-based compe-
tition. Nevertheless, the consortium should be repeatedly reminded of this by the
PMO during the tacted review opportunities. Appealing to the common vision of
project success is usually sufficient for this, although in particular circumstances the
PMO decided to also remind participants of contractual features which enable other
project partners to claim damages which may arise, for example, from project plan
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non-adherence. Due to the change management process described above, these
rules did not have to be used by the time of writing of this article. Supporting self-
determination in an undertaking such as SARISTU must be considered a very
difficult balancing act. Although the foundations can be laid during the project
preparation phase by driving a bottom-up proposal writing process, the required
criticism of individual project constituents to foster the proposals maturation can
have a negative effect. Similarly, while a bottom-up change management process
serves to foster a feeling of self-determination by project participants, top-down
changes, which are necessary due to for example deliverable non-adherence, will
have a detrimental effect. Considering the very good present status of the project,
the PMO assumes that the balancing act performed in SARISTU was successful,
but final judgement on this topic should remain with the actual project participants
outside the PMO. Similarly, the perception of management by example cannot be
judged by the active PMO members but rather the remaining consortium. While the
demanding project provided ample opportunity to exceed reasonable expectations
by the PMO, and such exceedance was frequently observed within the main project,
the PMO is also aware of its failures on individual activities. The authors hope that
their handling of individual activity failures supports the perception that they
measure project participants with no harsher measures than they apply to them-
selves. The PMO’s self-imposed demand on conduct may also have helped the full
SARISTU team to occasionally overcome significant personal obstacles. Although
the focus is usually to prevent instances of undue personal burden, the six-month
project point is a needed reminder to the consortium that all activities should be
under way by this point. Considering the performance of the project subsequently,
this must be considered a successful venture. Naturally, further instances of
emerging team overload occurred within individual scenarios and partner organi-
zations subsequently when, for example, quality control at part level highlighted
issues or design iterations are unilaterally introduced by individual project partic-
ipants. In these events, the affected teams were able to look back upon significant
common trust-building experiences and were aware of the individual strengths and
weaknesses. This all enables in particular work area leaders to rapidly clarify and
implement mitigation actions. From a PMO’s perspective, it is considered important
that the PMO is inquisitive and supportive during these times by, for example,
offering help in terms of meeting scheduling, organization and the set-up or even
the implementation of PMO-driven tracking and control at scenario level. The
PMO’s mindset to serve the project members is a fundamental factor in this. This
can be observed most visibly in the conduct of activities not usually associated with
overall consortium management, such as demonstrator part tracking, but also in the
manner in which bottom-up lessons learned are conducted, for example after the
first round of Critical Concept Reviews, or the change management process
designed to minimize participants’ administrative burden. In addition, the preferred
method of mediation employed by the PMO for conflict management can be
considered to fall within this category, especially when inter-scenario conflicts
transpire. Perhaps even more interestingly, the brute force methods of public
opinion, feedback and win—lose negotiations for project protection all served their
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purposes when employed during SARISTU. However, a quantitative assessment
cannot be made due to the rarity of such methods needing to be employed. Despite
the clarity provided by such methods, this PMO remains convinced that the best
conflict management is conflict prediction with the objective of collaboratively
addressing the possible causes of conflicts early.

Fig. 12 Human Factors The main project meetings are a rare opportunity to engage with project
members face to face. Top Participants to the Kick-off Meeting, 06 September 2011 at Airbus
Operations in Hamburg, Germany. Centre Workshop impressions during the Mid-Term Review,
26 September 2013 at the University of Napoli, Italy. Bottom Participants to the End of Project
Meeting, 19 May 2015 at TsAGI in Zhukovsky, Russia

With SARISTU rapidly approaching its targeted end date, an outlook on future,
related activities and according preparation is required. The technologies
matured within the project come from a large variety of very different fields and as
such can be expected to move in different directions after the project. In many
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cases, the advancement of technological know-how enabled funding bodies
and project participants to propose further development work to be conducted
in future undertakings such as Clean Sky 2 and the German 5th
“Luftfahrtforschungsprogramm?, although specific target applications will change.
In other cases, the step from non-specific to specific design work shall be taken, and
corresponding functionalities may be offered to prospective commercial customers
within a comparatively short time frame. Due to lessons learned in SARISTU,
further opportunities for research targeting aircraft and air travel cost reduction have
been identified and may be proposed for Horizon 2020. And finally, there are
indeed individual technology streams where SARISTU has highlighted that the
performance targets can be met, but at currently prohibitive cost, making a
near-term implementation in commercial products rather unlikely. This assessment
of the less than 8 % of the total projects scope is certainly not the final word in the
individual technology’s future developments however. The respective parameter
spaces are very large and only a fraction of the full technology streams variations
could be investigated in SARISTU.

4 Major Lessons Learned in Project Management

Besides the aforementioned rules and methods, a number of lessons learned can be
derived from the SARISTU project. Evidently, an overall mindset which attempts
to understand and predict the principal customer’s expectations is beneficial to a
project’s smooth conduct. With respect to publicly funded projects, this in turn is
facilitated by the coordinator’s clear understanding that the public funds she or he is
entrusted with are also a direct result of taxes paid by this particular individual. She
or he should therefore conduct the project with a tax payer’s mindset.

With respect to hardware-related projects, a continuous, strong focus on the
demonstration exercises is considered helpful. It is all very well if an individual
project partner works diligently through his parts of the DoW, but if knowledge
generated during the project necessitates changes to these plans, partners must be
able to align their work to these changes to continue to be of relevance to the final
objectives. This may be reflected in the WBS by placing the demonstration activ-
ities firmly above the feeding work areas and must be driven through the review
processes.

While the top-down budget allocation helps for initial planning purposes, future
undertakings could benefit from additional time spent in the preparation phase for a
more thorough bottom-up definition of the demonstration activities. This would,
however, come at the cost of subsequent project flexibility.

During the early active phase of a project, several harmonization loops could
further improve on a project’s efficiency over SARISTU. Due to this projects strong
focus on physical integration, the design process itself was not standardized. This
could however have further improved later demonstration activities by better
aligning, coordinating and integrating the different simulation activities, for
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example during the course of the full aircraft aeroelastic model generation.
Furthermore, additional design loops are considered to be helpful. In particular, a
design-to-cost loop is considered fundamental in order to reduce a demonstrator
design’s complexity and thereby reducing the project risk. A particular harmoni-
zation loop, consisting of part standardisation, should be conducted during the
specification phase in order to minimize the number of different standard parts.
Within SARISTU, the design focus at the time when this exercise would have been
beneficial was fully focused on design-to-performance.

An aspect significantly underrated by the PMO during the first half of the project
was dissemination (Fig. 13). With little to publish during the early phases of a
project, this activity area received little attention at that time. Furthermore, as it only
indirectly, and as such not measurably, contributes to overall project success, it was
frequently considered a low-priority, high-effort activity. However, during the
second part of the project, with publication requests increasing and visuals
becoming more widely available to the PMO, this perception changed as the
feedback received from project participants and customers improved further. It is
therefore recommended by this PMO to formulate a dissemination strategy early on
in the project which exceeds the basic collection of planned dissemination actions.

This topic is also linked to the increased use of visual management within
SARISTU. Although the work effort in setting-up effective visual management is
non-trivial, it can henceforth be used to allow rapid insights into project progress
and achievements as well as being used in the different tacts employed for
reporting. Complementing this is the very good experiences provided by the visual
reporting introduced in SARISTU’s third year. Besides the visual dashboard, the
launch of major manufacturing provided ample opportunity to showcase visuals
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Fig. 13 Geographical view of dissemination actions performed by SARISTU (from [13], M.
Papadopoulos) With the vast majority of dissemination actions unsurprisingly located within the
European Union, SARISTU did manage to obtain a global reach through repeated contributions to
key intercontinental conferences. A wider geographical distribution of dissemination activities is
pre-empted by both funding rules and project efficiency considerations
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from different work areas as part of the regular reporting. This boosted customer
and sponsor awareness significantly better than text alone. Perhaps even more
importantly, it provided a clear visual appreciation of the achievements of indi-
viduals and teams. This PMO therefore recommends to introduce visuals as early as
possible as the first design iterations take place or first test and simulation results
become available.

5 Conclusions

The SARISTU—Smart Intelligent Aircraft Structures—project did not invent radical
new tools and methods for project management. Instead, it relied on a disciplined
and straightforward implementation of a large range of tried and tested management
tools tailored to the conduct of this particular undertaking. While the size of the
project allowed a large range of these methods to be applied, the technical and
contractual complexity as well as the large size of the consortium necessitated this
large range to be applied. SARISTU avoided the temptation to use shortcuts from the
best practice of project management and instead took up emerging challenges in
order to pre-empt future complications which unavoidably result from a strong
deviation from this best practice. A few key points, which to SARISTU’s project
management office are evident, do however merit particular recapitulation as they
provide multiple failure opportunities if not followed. Most importantly, a coordi-
nator should have a very strong feeling of responsibility for both the resources, in
particular financial, and people entrusted to her or his care. With this fundamental
mindset, a significant foundation is already laid. The PMO must then consider
project planning an integral part not only of the preparatory phase but equally, if not
more importantly, of the projects conduct phase in order to avoid the trap of only
partially meeting Quality, Time, Cost targets. Similarly, the basic ways of working in
the project benefit from a strong focus on the people working within the project. If
this is reflected by providing clarity on decision-making levels, fostered by
imparting feelings of self-determination and responsibility within the projects par-
ticipants and remove blocking points and minimizing disruptions, then the project
members will be able to turn a detailed project plan into project success.
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Part 1

Technology Stream: Morphing.
Enhanced Adaptive Droop Nose
for a Morphing Wing

Introduction and Overview

In the application scenario one (ASO1), the enhanced adaptive droop nose (EADN)
is developed. The EADN is a morphing leading edge which can adapt its shape to
the aircraft configuration needed, namely for low-speed conditions as there are
takeoff and landing. In SARISTU, the concept of this smart leading edge device is
developed to meet the objective of functional integration into the leading edge as
there are functionalities such as de-/anti-icing, bird strike protection, erosion pro-
tection, and lightning strike protection. Furthermore, the structure-kinematics sys-
tem is enhanced by a low-complexity, lightweight kinematic mechanism as well as
at damage tolerance and fatigue performance. The integration of the various
functionalities into the leading edge leads to a multi-functional composite structure
with integrated functional layers. The performance and the effect of these layers on
the leading edge design and an assessment on the overall aircraft level are given in
the following paper ‘Assessment of the SARISTU Enhanced Adaptive Droop
Nose.” Since the bird strike protection functionality could not be realized by inte-
grating an additional layer but to develop a stand-alone bird strike protection
structure, this development is described in the second paper ‘Development and
validation of a Bird Strike Protection System for an Enhanced Adaptive Droop
Nose.” An overview on the integration of the functionalities in the manufacturing
and tooling design is given in the third paper ‘Enhanced Adaptive Droop Nose—
From Computer Model to Multi-functional Integrated Part.” Finally, an overview of
the various tests of the EADN performed in SARISTU is given in the paper
‘Testing Overview of the EADN Samples.’



Morphing Wing Integrated Safety
Approach and Results

Maurizio Verrastro and Sylvain Metge

Abstract SARISTU morphing wing is mainly based on three devices: enhanced
adaptive droop nose (EADN), adaptive trailing edge device (ATED) and winglet
active trailing edge (WATE). All these devices are used together to improve the
overall wing efficiency and to reduce the aerodynamic noise. The safety activities
described in this paper were performed to verify whether this concept can comply
with the standard civil flight safety regulations and airworthiness requirements. The
safety analysis was performed in two steps: a functional hazard assessment
(FHA) and a system safety assessment (SSA). Both analyses were performed at
wing integration level (IS12) and at single morphing wing devices level.
A complete mapping between these two levels of analysis was structured from the
beginning of the process, starting from the aircraft functional definition, to integrate
and harmonize both FHA and fault trees results. FHA was used to assess the
severity of the identified Failure Conditions and then allocate safety requirements.
Fault tree modelling technique was used to verify the compliance of the system
architectures to the quantitative safety requirements resulting from the FHAs. The
paper sets out the hypotheses and common data used by the fault trees. A complete
but simple example illustrates the safety approach all through the different steps of
the safety methodology. Other safety activities commonly performed in the aero-
nautical field such as the particular risk analysis (PRA), common mode analysis
(CMA) and zonal safety analysis (ZSA) were identified in the frame of SARISTU
project. This paper concludes with a summary highlighting the main results of these
safety activities with some lessons learned from the safety approach adapted to
SARISTU context.
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Nomenclature

A/C Aircraft

AOA Angle of attack

ATE(D) Adaptive trailing edge (device)
ASOx Application Scenario x

CAT CATASTROPHIC

CCA Common cause analyses
CMA Common mode analyses
DAL Design assurance level

EADN  Enhanced adaptive droop nose

EASA  European aviation safety agency

EMC Electro magnetic compatibility

EMI Electro magnetic interference

FC Failure Condition

FCS Flight control system

FDAL  Functional development assurance level

FH Flight hour(s)

FHA Functional hazard analysis/assessment
FOD Foreign object damage

FT Fault tree

FTA Fault tree analysis

HAZ HAZARDOUS

HIRF High-intensity radiated fields
HW Hardware

IS12 Integration Scenario 12
LND Landing

MAJ MAJOR

MCS Minimal cut set

MIN MINOR

MoC Means of compliance

MT Maintenance time

NSE No safety effects

PFHA  Preliminary FHA

PRA Particular risk analysis
PSSA  Preliminary system safety assessment
REQ Requirement

SSA System safety assessment
SW Software

T/O Take-off

WATE Winglet active trailing edge
ZSA Zonal safety analysis
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1 Introduction

The goal of SARISTU project is to design a smart wing with morphing devices
aimed to improve the overall aircraft (A/C) aerodynamic efficiency and to reduce
the aerodynamic noise. A wing model will be realized to perform wind tunnel
testing activity. This activity is required to validate theoretical calculation per-
formed to evaluate the morphing wing advantages. A safety analysis following
standard civil flight safety regulations is not required to validate the wind tunnel
model and results. Nevertheless, the safety analysis was performed to verify
whether SARISTU concept can comply with the applicable airworthiness code
requirements, in particular with EASA CS-25 Ref. [1].

SARISTU morphing wing concept is mainly based on three devices working
together. Every device is associated with an “Application Scenario” (ASOx) and the
integration is provided as separate work package:

ASO1—Enhanced Adaptive Droop Nose (EADN): 1t is a movable leading edge
with a morphing skin. The aim of this device is to reduce drag and noise by
optimizing the laminar flow in a range of angle of attack (AOAs). In the wing
tunnel test model, the EADN will be used only as “high-lift device”. However in
the following functional hazard analysis (FHA), the drag optimization function
during climb/descent/cruise phases has also been taken into account (Fig. 1).
AS02—Adaptive Trailing Edge Device (ATED): It is a morphing skin trailing edge
device, with the aim to optimize the wing shape in order to reduce drag. This device
has the capability to be also used for the wing load alleviation/control function (not
implemented in SARISTU). This device will be used during cruise and landing
flight phases, only (Fig. 2).

AS03—Winglet Active Trailing Edge (WATE): 1t is a winglet movable trailing
edge with a morphing skin part. Its aim is to optimize/reduce wing drag and
structural loads (fatigue and vibrations loads control, turbulence, gusts and
manoeuvre load alleviation, and wing load protection) (Fig. 3).

IS12—Wing Integration Verification and Validation: this work package consists
in integrating the complete morphing wing. The three previously mentioned devices
will be integrated in a dedicated wing box, with a proper interface necessary to
perform the wing tunnel measurements.

Fig. 1 Wing profile with lowered EADN
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Fig. 2 ATED 3D view

Fig. 3 WATE 3D view

2 Safety Analysis Approach Overview

This section shows the approach used to achieve a SARISTU system safety
assessment. Main drivers are the already-mentioned CS-25 regulations as well as
the Aerospace Recommended Practices SAE ARP 4754a Ref. [3] and SAE ARP
4761 Ref. [4]. In fact, the SARISTU morphing wing concept can be analysed
following the currently available rules and practices. Figure 4 shows a general
safety assessment process overview as required by the CS-25 safety regulation. The
dotted rectangle highlights the boundary of the process used for SARISTU project.

Activities included in the SARISTU safety assessment boundaries are “System
FHAs”, “Analyses” and “System Safety Assessment”. The system level is identified
in the complete morphing wing, and therefore it is under IS12 work package
responsibility. A preliminary functional hazard assessment (PFHA) at SARISTU
level is then the starting point for this process. “Analyses” boxes are the functional
hazard assessment (FHA) and the fault tree analyses (FTAs) performed by the three
Application Scenarios (ASO1, ASO2 and ASO03) leaders. The system safety
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Compliance Statements
25.1309(b) and (c) Maint q s
Flight Manual Requirements

N /

Aeroplane Functional Assessment of multiple
Hazard Assesasmenl ¥ Safety A

System Salety
Assessmaents

=

System FHA's

Analyses

Fig. 4 CS-25 safety assessment process overview

assessment (SSA) is mainly composed of a consolidated FHA and the fault tree
analysis at morphing wing level (IS12).

3 Functional Approach Definition

Generic aircraft safety analyses are based on a functional approach. Aircraft and
system-level functions are first identified, and then, their failure modes are analysed
to identify the end effects (i.e. safety consequences on the aircraft and its occu-
pants). A complete aircraft-level analysis is not the target of this project, but it is
clear that SARISTU functional failure repercussions are expected at aircraft level. It
is evident from Fig. 4 that System FHAs are connected to the complete airplane
functional hazard assessment. In particular for SARISTU project, a reference air-
craft has been defined as reported in the deliverable number A_DEU_121_1_R2
Ref. [6] and depicted in Fig. 5. The reference aircraft is a twin-fuselage-mounted
engine medium-range type. In the previously mentioned SARISTU deliverable, a
morphing wing functional description has been reported, but from the aircraft-level
point of view, only major geometrical and system design information have been
provided (the goal of this document is an aeromechanical and performance
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Fig. 5 Reference aircraft overview

assessment). A very generic A/C functional overview is listed in a paper titled
“Framework for the Application of System Engineering in the Commercial Aircraft
Domain” Ref. [9]. This document collects the results of a working group with
people affiliated with several organizations as AIAA, SAE, IEEE, and specialists of
many manufacturer’s companies in the aerospace (e.g. Boeing, Rockwell,
Honeywell, Airbus-Aeromatra). For SARISTU project, a subset of aircraft-level
functions was selected to evaluate high-level SARISTU functional failure effects.
A very high-level generic aircraft functional overview is depicted in Fig. 6. The
high-level functions potentially impacted by SARISTU are circled. The selected
functions are mainly related to the A/C aerodynamic configuration control and
forces generation. The structural behaviour has also been considered for the load
alleviation/control functions.

SARISTU functions extracted from project deliverable Ref. [6] are the follow-
ing: drag minimization, lift adaptation, turbulence/gust load alleviation, manoeuvres
load alleviation, vibration and fatigue control, and A/C load protection. Following
the morphing wing-level functional definition, the detailed selected aircraft func-
tions are reported in Table 1.

SARISTU and relevant aircraft-level functions need to be linked in order to
make easier the assessment of the functional failure end effect. This connection is
reported in Table 2. This information is also useful to make clear the link between

Aircraft
Functions

Generate and

_ Provide crew, manage Provide A/C B
Provide and Plan, generate Detect and = J Provide
distribute and control passengerand | lf ,oivze A/C At il Srvemaent containment
Communication Kol dition for 2y Rowess s B and internal
i & flight Communications manage attachment Sonrar
systems capability e
materials

Fig. 6 High-level generic aircraft functional overview
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Table 1 Aircraft-level functions selected for SARISTU

Aircraft functions

2. Plan, generate and control A/C movement
2.2 Generate and control aircraft movement
2.2.5 Control A/C aerodynamics configuration
2.2.5.1 Control lift and drag

2.2.6 Protect aerodynamic control
2.2.6.1 To provide protection against turbulence effects

2.2.6.2 To provide protection against stall load

2.2.7 Provide aerodynamic control forces

2.2.8 Support supplemental flight control
2.2.8.1 To provide overload protection and A/C load protection
2.2.8.2 To provide protection against manoeuvres effects

2.2.13 Generate lift

2.2.14 Provide aerodynamic stability

8. Provide containment and internal support
8.1 Provide containment

8.1.2 Provide structural integrity and load distribution

8.1.2.1 To provide fatigue protection

the SARISTU (and IS12)-level FHA and the Application Scenario detailed
analyses. Application Scenarios can be easily linked with SARISTU functions. In
this way, a complete mapping between Application Scenarios and SARISTU (IS12)
aircraft-level functions is traced. This latest connection is reported in Table 3. Drag
minimization and lift adaptation cannot be considered as fully independent func-
tions. In fact a modification of the wing profile/shape leads to a wing pressure

Table 2 Link between aircraft and morphing wing functions

Morphing system
functions

Aircraft-level functions

Drag minimization
function

2. Plan, generate and control
A/C movement

2.2.5.1 Control lift and drag

2.2.7 Provide aerodynamic control forces

Lift adaptation

2. Plan, generate and control

2.2.5.1 Control lift and drag

function A/C movement 2.2.7 Provide aerodynamic control forces
2.2.13 Generate lift
2.2.14 Provide aerodynamic stability
Turbulence/gust 2. Plan, generate and control |2.2.6.1 To provide protection against

load alleviation

A/C movement

turbulence effects

Manoeuvres load
alleviation

2. Plan, generate and control
A/C movement

2.2.8.2 To provide protection against
manoeuvres effects

Vibration and
fatigue control

8. Provide containment and
internal support

8.1.2.1 To provide fatigue protection

A/C load protection

2. Plan, generate and control
A/C movement

2.2.6.2 To provide protection against
stall load

2.2.8.1 To provide overload protection
and A/C load protection
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Table 3 Link between morphing wing functions and

M. Verrastro and S. Metge

SARISTU subsystems (Application

Scenarios)
Morphing Involved | Way to operate SARISTU FHA Function
system functions | subsystem
Drag EADN Continuous/quasi-static Wing shape optimization control
minimization operation function
function ATED Continuous/quasi-static “Drag minimization” and “lift
operation adaptation” cannot be modified
WATE Continuous/quasi-static independently (l'e.’ a mOdlﬁ.Canon
. of the aerodynamic profile in
operation . .

- - - — order to increase lift also cause a
Lift a.daptatlon EADN Conthuous/qua51—statlc drag coefficient change).
function operation The EADN will be used also as

ATED Continuous/quasi-static “high-lift device”, during take-off
operation and landing phases
WATE Continuous/quasi-static
operation
Turbulence/gust | WATE Occasional/dynamic Turbulence/gust load alleviation
load alleviation operation function
Manoeuvres WATE Occasional/dynamic Maneuvres load alleviation
load alleviation operation function
Vibration and WATE Continuous/fast-dynamic | Wing vibration and fatigue
fatigue control operation control function
A/C load WATE Occasional/dynamic Wing loads protection function
protection operation

distribution change, which simultaneously affects both lift and drag levels. Due to
this consideration, at IS12 FHA level, these two functions will be merged in a
single function called “wing shape optimization control”. The EADN works in
conjunction with ATED and WATE to optimize the wing shape, but during take-off
and landing phase, it acts as a “high-lift” device. In this case, the EADN contri-
bution to the A/C flight safety is heavier with respect to the other devices. This is
why it can be traced as “stand-alone” effect on lift adaptation function.

Load alleviation/protection/control functions, and vibrations/fatigue loads con-
trol will be implemented using the WATE device only, at least for this testing phase
and for this SARISTU concept. The ATED has also the capability to perform this
task thanks to its fast actuation speed, but in the frame of SARISTU, it will be used
for the wing shape optimization only. As a general consideration, the WATE alone
cannot perform all the possible wing load alleviation/protection and control func-
tions. For example, to perform stall load protection, aerodynamic surfaces, which
greatly modify the lift generation in a more direct way, are required (e.g. ATED,
aileron, and spoilers). In the SARISTU project FHA, only the WATE device will be
considered for wing loads alleviation/protection/control functions (including
vibrations control).
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4 Dual-Level Safety Assessment: IS12 and ASOx FHAs
and FTAs

4.1 Functional Hazard Assessment General Overview

Functional hazard assessment is a safety analysis focused at system/aircraft func-
tional level. As reported on the already-mentioned SAE ARP 4754a, the FHA
“examines aircraft and system functions to identify potential functional failures and
classifies the hazards associated with specific Failure Conditions. The FHA is
developed early in the development process and is updated as new functions or
Failure Conditions are identified. Thus, the FHA is a living document throughout
the design development cycle”.

Functional failures are identified with the associated severity. Then, qualitative
requirements are set in this analysis (redundancy, functional design assurance level
(FDAL), specific monitoring, etc.). In the IS12 FHA, SARISTU-level functional
failures are considered. The following failure scenarios are analysed for every
morphing system function:

Total loss of function,

Partial loss of function,

Erroneous provision of function, and
Inadvertent provision of function

Failure Condition’s classification is provided in accordance with CS-25 regu-
lations based on the severity of their effect:

NO SAFETY EFFECT (NSE) “Failure Conditions that would have no effect on
safety; for example, Failure Conditions that would not affect the operational
capability of the aeroplane or increase crew workload”.

MINOR (MIN) “Failure Conditions which would not significantly reduce aero-
plane safety, and which involve crew actions that are well within their capabilities.
Minor Failure Conditions may include, for example, a slight reduction in safety
margins or functional capabilities, a slight increase in crew workload, such as
routine flight plan changes, or some physical discomfort to passengers or cabin
crew”.

MAJOR (MAJ) “Failure Conditions which would reduce the capability of the
aeroplane or the ability of the crew to cope with adverse operating conditions to
the extent that there would be, for example, a significant reduction in safety
margins or functional capabilities, a significant increase in crew workload or in
conditions impairing crew efficiency, or discomfort to the flight crew, or physical
distress to passengers or cabin crew, possibly including injuries”.
HAZARDOUS (HAZ) “Failure Conditions, which would reduce the capability of
the aeroplane or the ability of the crew to cope with adverse operating, conditions
to the extent that there would be: (i) A large reduction in safety margins or
functional capabilities; (ii) Physical distress or excessive workload such that the
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Effect on No effect on Slight reduction Significant Large reduction Normally
Aeroplane operational in functional reduction in in functional with hull

capabilities or capabilities or functional capabilities or loss
safety safety margins capabilities or safety margins
safety margins
Effect on Inconvenience Physical Physical Serious or fatal Multiple
Occupants discomfort distress, injury to a small fatalities
excluding Flight possibly number of
Crew including passengers or
injuries cabin crew

Effect on Flight No effect on Slight increase Physical Physical distress | Fatalities or
Crew flight crew in workload discomfort or a or excessive incapacitatio

significant workload impairs n

increase in ability to perform

workload tasks
Allowable No Probability | <---Probable---- | <----Remote---- Extremely Extremely
Qualitative Requirement > > Cmmmmmmmmmmmennee > Improbable
Probability Remote
Allowable No Probability | < > | < > >
Quantitative Requirement
Probability: <10° <10 <107 <10°
Average
Probability per Note 1
Flight Hour on
the Order of:
Classification No Safety <emeee Minor-----> | <-----| Major-----> | <--Hazardous--> | Catastrophic
of Failure Effect
Conditions
Note 1: A numerical probability range is provided here as a reference. The applicant is not required to
perform a quantitative analysis, nor substantiate by such an analysis, that this numerical criteria has been
met for Minor Failure Conditions. Current transport category aeroplane products are regarded as meeting
this standard simply by using current commonly-accepted industry practice.

Fig. 7 Required probability figures versus safety classification

flight crew cannot be relied upon to perform their tasks accurately or completely;
or (iii) Serious or fatal injury to a relatively small number of the occupants other
than the flight crew”.

CATASTROPHIC (CAT) “Failure Conditions, which would result in multiple
fatalities, usually with the loss of the aeroplane. (Note: A “Catastrophic” Failure
Condition was defined in previous versions of the rule and the advisory material as
a Failure Condition which would prevent continued safe flight and landing.)”.

Figure 7 shows these requirements and the expected effects on flight crew,
passengers, and on the aeroplane for every identified severity.

4.2 SARISTU Functional Hazard Assessment Peculiarity

SARISTU-level FHA table provides the following information: (1) a failure mode
identification number, (2) failure mode brief description, (3) flight phase during
which the failure mode can occur, (4) severity classification according to CS-25
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MoC, (5) average failure probability per flight hour according to safety objectives
expressed in the CS-25 MoC, (6) Failure Condition identification with reference to
involved subsystems and relevant failure modes, (7) detailed description of the
A/C-level effects, (8) detection means (if detection is possible), (9) flight crew
reaction after failure detection (if detection is possible) and (10) possible require-
ments coming from safety considerations (e.g. redundancy requirements and
inspections), (11) external events involved in the hazard (if applicable) and
(12) justification for safety categorization following CS-25 regulations.

In SARISTU project, the Application Scenarios FHA’s format was not imposed,
but the technical information to be provided was agreed with IS12 leader. In the
Scenarios Application FHAs, the following data are reported: (1) A failure mode
identification, (2) failure mode title, (3) failure mode description, (4) aircraft-level
effects, (5) Failure Condition identification/title, (6) safety classification, (7) justi-
fication for safety classification, (8) flight phase during which the failure mode can
occur, (9) detection means, (10) flight crew action, (11) associated requirements and
(12) link with the impacted IS12 functions (optional).

The morphing wing FHAs are performed following a standard approach. The
peculiarity of SARISTU safety analysis is the work packages assignment. In fact,
every Application Scenario is a single morphing wing device that shall be inte-
grated in the complete wing. This picture is very close to a “real-life” application:
an aircraft manufacturer (in SARISTU, it is represented by IS12 work package) will
assemble devices from different suppliers (in this case represented by Application
Scenarios ASO1, AS02 and AS03). So every SARISTU Application Scenario is
analysed as a “stand-alone” device, but the failure mode effects are evaluated at A/C
level, merged and properly combined at IS12 (wing integration) level.

Since the above-mentioned safety analyses are performed at different levels, two
different approaches have been used to achieve the FHAs:

e ISI12 FHA: it is a high-level functional safety assessment. A/C-level functions
impacted by wing morphing system (see Sect. 3) with the relevant functional
failures is the starting point of this analysis.

e ASOx FHAs: these analyses are low-level functional hazard assessments. The
starting points are the device function failure modes, with the target at
IS12-level Failure Conditions (FCs).

The most demanding aspect of this “dual-level approach” is to guarantee con-
sistency between the previously mentioned analyses. The Failure Conditions
identified at ASOx level should always be linked with a higher level entry found in
the IS12 scenario analysis. For example, the criticality of a FC identified at ASOx
level shall be lower or equal to the safety classification of the target FC at IS12
level. A complete mapping between the two levels is required to guarantee that
every possible failure is taken into account. The main driver of this mapping
activity is provided by the functional approach definition described in the previous
section.

Only after the FHA’s mapping phase conclusion, the SSAs can be performed
starting from devices level. The IS12 FTA is obtained by the proper combination of
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Fig. 8 “Dual-level” approach for SARISTU safety activities

the ASOx fault trees (FTs). This combination is based on the previously mentioned
mapping. A flow diagram of the SARISTU safety process is shown in Fig. 8.

Failure scenario classification is always associated with the aircraft-level con-
sequences in terms of pilot workload, safety margin, occupant comfort and health
status. In addition, failure scenarios and conditions are associated with the proper
flight phases. In the SARISTU safety analyses, only take-off, cruise (including
climb and initial descent) and landing were considered. Ground flight phases are out
of SARISTU scope.

There are some differences between Scenarios Application and wing
integration-level FHAs. For each Scenario Application, a “total loss of function”
can be easily identified (i.e. jamming, loss of actuator). At IS12 level, the same
Failure Condition is a combination of ASOx-identified failures.

The wing shape optimization (mainly associated to drag minimization) is
obtained by the simultaneous actuation of all SARISU devices. The total loss of this
IS12 function (i.e. Failure Condition FC 2.2.5.1-01) was classified as MAJOR. The
linked system Failure Conditions are as follows: ASO1 FC5 “Reduced perfor-
mances”—MAJ and ASO3—FC2 “Jam of both tabs/electromechanic actuators”—
MAIJ. Both FCs are classified with the same severity and their safety classification is
in accordance with the concerned IS12 FC. So the “Total loss of wing shape
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optimization” is considered as the WATE (AS03) OR EADN (ASO1) loss of
function OR the loss of ATED (AS02) in conjunction with WATE or EADN (the
ATED FC is AS02—FCO01 “Loss of ATED control”—MIN). FCO1 from ATED is
combined with the other previously mentioned Application Scenario FCs because it
has been estimated having a very minor impact on the drag and lift generation as an
isolated failure.

Partial loss scenario can be split in two main cases at both safety analysis levels:
symmetric partial loss (e.g. loss of performance) or asymmetric partial loss (in this
case, “partial” is referring to the loss of wing shape optimization on one wing only).
At IS12 level, asymmetric Failure Conditions are combined with proper external
events or other system failures (single engine loss, strong crosswind at take-off or
landing) to consider worst-case scenarios. Similar considerations are applicable in
case of erroneous or inadvertent provision of SARISTU function.

The EADN is designed to be mainly used as “high-lift device” during take-off
and landing. For this reason, at IS12 level, some Failure Conditions are also caused
by this device only, associated with lift adaptation function. A clear example is the
IS12 FC 2.2.13-01, which takes only into account the contribution of ASO1 FC 2.1
“Inability to control aircraft during take-off (T/O) and the Landing phase (LND)”.

For structural load-related functions, the CS-25 regulations impose to consider
by design the additional stresses caused by the failure of a load control device. In
particular, CS-25.301 paragraph states “For aeroplanes equipped with systems that
affect structural performance, either directly or as a result of a failure or mal-
function, the influence of these systems and their Failure Conditions must be taken
into account”. The consequence is that the structure will be able to withstand the
additional load caused by a failed device without safety relevant damages by
design. A physical discomfort for the passengers can be experienced at worst; this is
why the safety classification of these events is always MINOR.

The main criticalities emerged from the Application Scenarios FHAs are mainly
due to EADN and WATE devices. EADN will be used as a “high-lift” device
during take-off and landing. During these flight phases, an erroneous position of
morphing droop nose (due to the “loss” or “erroneous” EADN function provision)
could cause an aircraft stall (symmetric or asymmetric) which can be unrecoverable
if the flight level is too low (see ASO1—FC 2.1 “Inability to control aircraft during
T/O/LND” classified as CAT). In fact, in such a case, the pilots have a very short
lapse of time to start a recovery action. The consequence is that a high functional
integrity level is necessary to make this device airworthy. A FDAL A is then
required for EADN (or a dual independent DAL B design is also accepted). No
single failure shall lead to this Failure Condition.

For the WATE device, a CATASTROPHIC Failure Condition is identified in
case of winglet trailing edge-forced oscillations or free float causing a possible
flutter, identified as ASO3—FC1 “destruction of whole wing”. The higher level
consequence can be the aircraft loss. In addition, for this scenario, no single failure
shall cause such a Failure Condition. A fail safe design is a requirement for this
device. For example, to prevent surface free float, a dual load path is necessary for
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the actuator connection, and an independent control/monitor architecture shall be
implemented (dual-duplex actuator control unit).

The IS12 Analysis highlighted that SARISTU Failure Conditions can mainly
cause passenger discomfort and an increase of pilot workload (conservatively
classified as MAJOR assuming a significant increase of workload at worst). The
main criticality emerged from this safety analysis is related to possible asymmetric
configuration due to SARISTU failures in conjunction with external additional
asymmetry effects (flight control system failures are excluded due to the low
probability level expected considering the combination of SARISTU failures with
flight control system failures). Two additional asymmetry circumstances have been
considered: a single engine loss and strong crosswind at take-off or landing.

Asymmetric SARISTU configuration combined with a single engine loss (IS12
FC 2.2.7-02) has been classified HAZARDOUS (HAZ) since the reference A/C is
designed with fuselage-mounted engines. This configuration causes a limited thrust
asymmetry since both engines are very close to the A/C longitudinal centreline.

Asymmetric SARISTU configuration combined with strong crosswind at T/O or
landing (IS12 FC 2.2.7-03, see Sect. 5 for details) has been -classified
CATASTROPHIC (CAT). Since it is not possible to evaluate the asymmetry level
caused by this FC, a conservative approach has been used for the previously
mentioned classification.

4.3 SARISTU Functional Hazard Assessment
Harmonization and FTA Basis

As already stated, the peculiarity of the SARISTU approach is that A/C-level
functions and safety impact have been included in the IS12 Integration-level
analysis, performed in parallel with ASOx devices level analyses. These latest
analyses are linked with the Integration Scenario according to an iterative harmo-
nization process, in order to achieve a consolidated FHA at both levels. Taking into
account the multi-level functional link explained in Sect. 3, the main problem was
how to highlight it in the FHA tables. A traceability table was built starting from
IS12 FHA (see Tables 4 and 5).

Each row is a failure scenario identified at IS12 level, and three columns are
dedicated to each device to identify the associated lower-level Failure Condition,
with its reference and severity. In this way, it is possible to easily check the
coherence of the safety classification and the completeness of the analysis. In
addition, this table provides a basic structure for the IS12-level fault trees (see
Sect. 4.3 for details). Safety requirements and means of compliance have been
added into this table, as well.
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4.4 System Safety Assessment—Fault Tree Analysis

This section reminds the basic principle of the fault tree technique used by
SARISTU partners in their preliminary system safety assessment activity (PSSA).
Fault tree analysis (FTA) was used to check that the qualitative and quantitative
requirements associated to each Failure Condition and expressed in the FHAs have
been met. FCs classified as NSE (NO SAFETY EFFECT) and MIN (MINOR) do
no need to be modelled by a fault tree (FT), according to the CS25 book 2 (Means
Of Compliance—Ref. [2]).

A detailed description of the FTA technique can be found in the appendix D of
the “Guidelines and methods for conducting the safety assessment process on civil
airborne system and equipment”—ARP 4761 (see Ref. [4]). A fault tree analysis
(FTA) is a deductive failure analysis, which focuses on one particular undesired
event (Failure Condition). A FTA is a top-down safety analysis technique that is
applied as part of the PSSA to determine what single failures or combinations of
failures at the lower levels (basic events) may cause or contribute to each Failure
Condition. A fault tree analysis uses Boolean logic gates to show the relationship of
failure effects to failure modes. A basic event is defined as an event which for one
reason or another has not been further developed (the event does not need to be
broken down to a finer level of detail in order to show that the system under
analysis complies with applicable safety requirements). A basic event may be
internal (system failure) or external (e.g. icing condition, fire) to the system under
analysis and can be attributed to hardware failures/errors or software errors.
Probability of individual failures is only assigned to the hardware (HW). The
occurrence of software (SW) errors are probabilistic but not in the same sense as
hardware failures. Unlike hardware failures, these probabilities cannot be qualified.
No SW failures were thus considered in the FT built by the SARISTU scenario
leaders.

The FT calculation produces the minimal cut sets (MCS), i.e. the shortest logic
And combination of independent basic failures that lead to the Failure Condition.
The order of the MCS is the number of elements found in the MCS. Failure
Conditions that have been classified as CAT shall comply with the fail safe criteria.
This means that no single failure shall lead to the occurrence of a CAT Failure
Condition. Therefore, MCS of order equal to 1 are not acceptable for CAT Failure
Conditions.

The hypotheses and common data used by the fault trees by the SARISTU
partners are briefly described in this section.

One individual FT was built for each Failure Condition coming from the FHAs
whose safety classification is equal or more than MAJOR. The FC is the top event
of the fault tree as shown in the example depicted in Fig. 9. Its average probability
of occurrence per flight hour (FH) is deduced from the quantification of all MCS
generated by the calculation of the fault tree.

If a system FC is classified as MINOR at ASOx level, but contributes to a
MAIJOR or worst safety severity FC at IS12 level, then the FT was built at ASOx
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FC2: Jam of both
tabs/electromechanic
actuators

£

FC2_JAM_BOTH
Q/T=1.13e-10
—

Fig. 9 Top event of a fault showing the title of the FC and its estimated probability

level in order to evaluate its contribution to the IS12 fault trees. An illustration of
this specific case is given below. Figure 10 depicts a simplified FT at IS12 level.
The top event is the IS12 Failure Condition FC 2.2.5.1-02 “Erroneous provision of
wing shape optimization”, which was classified MAJ.

The FT from Fig. 10 shows that one contributor to the top event (IS12 Failure
Condition ref. 2.2.5.1-02) is the Failure Conditions ref. FCO8 from WATE system.
FCO08 has a MINOR effect, only. But since this system Failure Condition con-
tributes to the occurrence of the IS12 Failure Condition at wing integration level,
the ASO3 scenario leader had to build a FT dedicated to FCOS8 despite the low level
of safety. Notations used in the SARISTU fault trees are explained in Sect. 5.
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Cegacec || PHASE e landing control / hinges

uwm CRUISE Erratic ATED Crise and /| |Emonews WATE|
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Y Q=065 r=0 =0. r=0
Q=0.0000 Q=8.3300e-1 Q=0.0000 Q=97200e-1 =0.00

Fig. 10 System-level FCO8 from WATE is classified as MIN but contributes to a MAJ IS12 FC
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The traceability table reported in Sect. 4.3 provides the guidance for the FT’s
integration at IS12 level. The FCs at Application Scenario level are based on
component-level failure modes. This level of detail is typical for a “bottom-up”
approach. On the contrary, as per FHA case, The FTs at IS12 level are obtained
with a “top-down” approach. At IS12 level, every FCs at ASOx is traced as
“undeveloped” event. In this way, the higher level FTs can be easily obtained by a
proper combination of lower level FCs, with the introduction of the required
“exposure factors” or external events where necessary. A concrete example of this
dual-level approach for the FTA is described in Sect. 5.

4.4.1 Assumptions—Principles

The following assumptions and principles were followed and applied by SARISTU
partners in charge of the FTA.

External events in the FTA: The fault trees must consider the combination of
system failures with external events (e.g. wind or icing condition) whenever rele-
vant. The following table shows an example of probabilities for external events that
are commonly used in FTA. These figures were used by the SARISTU scenario
leaders (see Fig. 11).

4.4.2 Active Versus Hidden Failures—Time Parameters

Both active and hidden failures have been considered in the SARISTU fault trees.
Active failures are failures that can be detected by the flight crew when they occur
during the current flight. For active failures, a mean flight time, 7;), must be used in
the calculation of the FC. SARISTU partners agreed to use a mean flight time equal
to 3 h (mission time used for an A330 aircraft) that has been considered as an
appropriate value for SARISTU. However, for some specific scenarios, a proper
“exposure” time can be used in case a Failure Condition is expected to occur only in
a specific flight phase.

Hidden failures (named also latent/passive/dormant failures) are failures not
detected by the flight crew or detected but not reported. Such failures shall be
checked at a certain moment of the aircraft life, according to airworthiness

Fig. 11 Environmental ENVIRONMENTAL CONDITIONS EVENTS & ASSOCIATED PROBABILITIES
conditions events and
associated probabilities ENVIRONMENTAL CONDITION PROBABILITY
EVENT
Strong Head wind (> 25 kts) 8x10-* (per cycle)
Strong Tail wind (> 10 kts) 8x10* (per cycle)
Strong Cross wind (> 18 kts) 1x102 (per cycle)
Icing conditions 1
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Fig. 12 Example of calculation of a dual system involving active and hidden failures

requirement during periodic inspections for maintenance purpose. Safety check
intervals or maintenance time (MT) must be considered in the calculation of the FC
involving hidden failures. The MT value is set based on the usual checks (periodic
inspections) of the aircraft. The standard safety check intervals (A checks, B checks
...) have been considered in the quantification of the FTs.

In Scenario Application ASO3 on WATE system, an interval of 8000 flight hours
was considered between maintenance checks, i.e. disassembly and inspection of all
hinges for detection and elimination of all dormant failures. For equipments that are
never inspected, we use the aircraft lifetime. This value comes from “Fatigue Loads
design criteria”. SARISTU partners agreed on a MT of “60,000 h” as a standard
value but a calculation with a more conservative value of 87,600 h. This mainte-
nance interval was used by the AS0O3 scenario leader for disassembly and inspection
of WATE device that are only required every D-check.

The figure below shows a simple example of calculation for a simple redundant
system highlighting the difference of formulae depending on the type of failures:
two active failures, one active failure and hidden failure, and two hidden failures
(Fig. 12).

4.4.3 On Safety Factor

The structural damage tolerance and loads are out of the PSSA scope. Such specific
safety issues are addressed by structure specialists in separated documents.
However what is requested is to identify the systems that may exert loads on
structural parts when failures occur as explained in the CS25.303 section “Factor of
safety”: “...Unless otherwise specified, a factor of safety of 1.5 must be applied to
the prescribed limit load which are considered external loads on the structure”

(Fig. 13).
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Fig. 13 Computation of the safety factor (FS)

ASO03 scenario leader used this principle to quantify the structural damage of the
WATE system. The Failure Condition FC5 “Degraded WATE performance” was
classified MIN considering the safety repercussions on the occupants of the aircraft.
However, the aircraft structure must be seized for jam in worst-case load position,
in compliance to CS25.303. This is why, as a result of the FHA made on the WATE
system required, the following safety requirement ref. REQS asked “To check
ultimate loads and safety factors of the whole aircraft structure for occurrence of
failure and continuation of flight loads”. A fault tree was thus generated and cal-
culated to compute the ultimate loads for degraded WATE performance (see details
in paper Ref. [7] titled “Design, Manufacturing, and Testing of the Wingtip Active
Trailing Edge” from Wildschek and Storm).

5 Catastrophic Failure Condition: Example of Integrated
Safety Analysis

A CATASTROPHIC Failure Condition at IS12 has been identified considering an
asymmetric SARISTU devices configuration in combination with strong crosswind
at T/O or landing.

This FC is labelled “FC 2.2.7-03—Partial loss of wing shape control capability
(Asymmetric) combined with strong crosswind at take-off or landing”. This FC is
summarized in Fig. 14. This figure allows the identification of the main “actors” of

Fig. 14 FC 2.2.7-03 extracted from traceability table
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this Failure Condition: The AS02 FC labelled “FCO7—Partial loss of ATED
(Asymmetric) combined with strong crosswind at landing”, the AS03 FC labelled
“FC4—controllability degradation, asymmetric configuration due to one jammed
WATE”, and the external event “Strong Crosswind”. In addition, also the exposure
factor is presented in this table: take-off and landing.

The system FCs (from WATE and ATED Application Scenarios) are reported as
“undeveloped events” on the IS12 fault tree. These undeveloped events are depicted
as diamonds by the FT tool. The details of these Failure Conditions are reported in
the Application Scenario analyses. The undeveloped events probability have been
extracted from Application Scenarios FTs.

Flight phases (e.g. landing) and external events (e.g. strong crosswind) are
depicted by an elliptical shape in the FTA tool. In the FT reported in Fig. 15, the
following “conditional events”' have been used:

I. Landing-phase exposure time, labelled “LND_PHASE”. This phase is esti-
mated to be about 15 min long over 180 min (the 3 flight hours used as
reference flight time). The exposure factor is then 15/180 = 0.08333. This
exposure factor is applied on the ATED Failure Condition.

II. Take-off- plus landing-phase exposure times, labelled “TO_LND_PHASE”.
This exposure factor is based on the take-off duration estimation (2.5 min) plus
the landing duration (15 min as before). The exposure factor is then (2.5 + 15)/
180 = 0.09722.

III. Strong crosswind external event, labelled “WIND_TO_LND”. The probability
value is 1e—02 per cycle as already reported in Fig. 11 depicted on previous
section.

The two Application Scenario undeveloped FCs and the external event are
connected by a logic AND gate, which means that both FCs and the strong
crosswind shall simultaneously occur to cause the identified hazard. The main
requirement coming from this hazard is that a symmetry check of SARISTU
devices is required to reduce the probability of occurrence of this failure scenario.
This requirement is comparable with classic aircraft secondary flight controls (e.g.
FLAPS). This hazard does not necessitate demanding architectures to comply with
required safety figure. In fact, the exposure factors and the FC’s combinations allow
SARISTU system to comply with the top event requirement of 1e—9/FH also with
Application Scenario figures with an order of magnitude of 1le—3/FH.

!Conditional event is a wording used with fault tree + tool.
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Fig. 15 1S12 fault tree for FC 2.2.7-03

6 Common Cause Analyses (PRA, ZSA, CMA)

N
WIND_TO_LND |

Q=0.01
Q=1.0000e-2

In addition to the FHA and PSSA, other safety activities commonly performed in
the aeronautical field like common causes analyses (CCA) were identified during
the safety assessment of SARISTU. CCA consist of three different but comple-

mentary activities:

e A zonal safety analysis (ZSA) to ensure that equipment installation in the air-
craft meets the safety requirements and minimize the potential common modes
due to this installation. It contributes to the verification of the segregation

requirement application from the FHA and PSSA.



66 M. Verrastro and S. Metge

e A particular risk analysis (PRA), consisting of systematic studies of all the
external and intrinsic hazards such as fire, burst, lightning strike, bird strike and
leaking fluids. whose repercussions largely exceed system design perimeter,
having effects on structures, system installation, impacting multiple system at
the same time and/or affecting different sections of the aircraft.

e A common mode analysis (CMA), which is a qualitative analytical assessment
of all potential common causes that can affect a number of elements otherwise
considered to be independent and which can lead to CATASTROPHIC Failure
Conditions. The CMA contributes to the verification of independence criteria
(fail safe criteria) used in the fault trees. In the frame of SARISTU safety
assessment, a complete CMA activity was not performed. For the wind tunnel
demonstration, there was no real need to do it but absolutely required for a real
implementation. However, CATASTROPHIC Failure Conditions expressed in
the FHAs were assigned a fail safe requirement (“no single failure shall lead to
a CAT FC” as stated in the CS25 book 2—Means Of Compliance, Ref. [2]).

At this stage of SARISTU R&T project, the CCA activity has mainly consisted
in providing a list of PRA requirements. Alenia Aermacchi as safety leader at
system integration level (IS12) involved specialists on PRA to produce a first list of
applicable PRA requirements relevant for SARISTU with the support of Airbus
based on the several standard documents (e.g. EASA Regulation Ref. [1], in par-
ticular CS25.581 on lightning Protection, CS25.631 on Bird strike damage,
CS25.867 on Fire protection and CS25.899 on Electric bonding and protection
against static electricity, DO-160 for EMI, HIRF applicable requirements Ref. [5]).

Most of the particular risk analyses (PRAs) are strictly related to the whole
aircraft design. For a demonstrator, it has no sense to perform such type of analysis.
Nevertheless, it is important to consider, for example, that the leading edge design
has implemented in SARISTU should be able to withstand a bird impact. Moreover,
all the subsystems shall be designed considering the currently available norms
regarding the electromagnetic compatibility (EMC), lightning strike. PRAs that are
of interest for SARISTU are the following ones:

Lighting strike protection

Bird strike/FOD behaviour due to leading edge requirements
Electromagnetic hazards (lightning strike, EMI, HIRF)
Flailing shaft (slats and flaps)

Wiring hazard (failure in wire bundle).

The following picture shows foreseen protections against PRA risks coming
from ASOl concept. Particular risks were considered in the SARISTU design
(ASO1) as depicted in Fig. 16.

Design requirements to protect against aforementioned particular risks were
expressed in Sect. 5.3 related to design constraints of SARISTU D123.1 deliverable
titled “Wing Demonstrator design principles” Ref. [8].
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[ Surface Protection ] De-Icing & Lightning
Strike Protection
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Fig. 16 Protections against PRA risks

ZSA is not required for the SARISTU demonstrator. This is why in the frame of
SARISTU project there is no need to verify whether the installed equipment is
subjected to these particular risks. This will be done in a real implementation.

7 Conclusion

Even if SARISTU project does not require a safety analysis to perform wind tunnel
model validation, this activity was performed in order to provide a clear status on
the maturity of the concept regarding safety considerations. Both wing integration-
and Application Scenario-level FHAs were performed using standard techniques.
However, the approach was tailored for SARISTU project: the morphing wing
system analysis was performed starting from a generic aircraft-level functional
breakdown and then becoming the target for the Application Scenario safety
analyses.

Several lessons have been learnt from the safety activity performed on
SARISTU all along the duration of the project. First of all, it is worth reminding
that an appropriate methodology was elaborated at the beginning of the project to
address the safety of SARITU concept in an original and very efficient way. Alenia
Aermacchi as leading the wing integration activity focused on the A/C-level safety
assessment. Each scenario leader concentrated his effort on assessing the safety of
their own systems. An iterative harmonization process with a simple but effective
traceability form was used to make the safety analyses (both FHAs and FTAs)
coherent.

The safety methodology applied in the frame of SARISTU can be easily used in
a “real-life” application, making easy to exchange information between the
“integration-level” industry and the subsystems suppliers. This methodology shows
some advantages also for the detailed quantitative analysis: the lower level FTs can
be developed by the subsystem owner, while the Integration Scenario leader can
develop high-level FTs, verifying in a very fast and effective way the compliance
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with the safety requirements. The safety approach applied in the frame of SARISTU
can also be followed for a deeper analysis level, not accounted in SARISTU project.

The support of Airbus in all safety activities, as a major civil aircraft manu-
facturer, provided a real added-value to the project. Thanks to the organization of
safety and airworthiness sessions the first year of the project, Airbus made sure that
all contributors had the same level of knowledge on safety; this support from Airbus
enabled them to perform the expected safety activity in a well-matched way.
Several workshops were managed by Airbus in order to coordinate the safety
activities and assure that the SARISTU partners progressed well on their own safety
tasks while exchanging their results with the other partners, especially Alenia
Aermacchi having the wing integration leadership. Regular technical and progress
meetings were organized between Airbus and Alenia Aermacchi in order to rein-
force the effectiveness of the safety management of SARISTU. Even if SARISTU is
an R&T project that does not require the same level of rigor as an industrial
product, all the safety activities were performed in compliance with the airwor-
thiness regulations.

The results of the wind tunnel tests will probably impact some safety feedback
like, for example, the pilot workload assumptions made during the FHAs. Lastly,
the safety methodology has shown that a limited and optimized effort put on the
safety assessment all along the life of the project permitted to provide good, trusted
and reusable results. In the near future if such a new wing integration concept is
implemented on a new generation of aircraft or on existing aircraft, the safety
results from SARISTU can be partly reused.
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Development and Validation of a Bird
Strike Protection System for an Enhanced
Adaptive Droop Nose

Charles Chary

Abstract In the frame of IS12 wing integration scenario of the SARISTU project,
SONACA was incharge of the development and the validation of bird strike pro-
tection systems integrated into an enhanced adaptive droop nose. Numerical sim-
ulations were used to elaborate solutions insuring both the downstream actuation
(actuator tube) and the spar integrity adding a constraint on system space allocation
and converge towards two relevant “iso-mass” concepts: a bird splitter concept and
a bird absorber concept. Nonlinear finite elements analyses (NLFEA) using
ABAQUS/Explicit were also performed prior the bird strike physical testings to
support the test definition and to predict the impact scenario on the structures. With
the principal objective to evaluate the efficiency of the bird strike protection systems
(BSPS), the bird impact test campaign took place in VZLU test facilities on 21 and
22 April 2015. Three specimens were assembled and subjected to bird impact tests.
Two of those specimens were used to compare the behaviour and the efficiency of
the splitter and the absorber at “iso-mass” solutions. The third and fourth tests were
performed on a representative EADN leading edge structure connected to actuation
systems and containing a morphing outer skin in front of a bird strike splitter
protection system. Amongst the two investigated BSPS, the bird splitter concept has
demonstrated a better efficiency than the bird absorber concept for the assessment of
the spar integrity requirement. In a global point of view, except for the bird absorber
concept, the test results are in very good agreement with the predicted numerical
simulation results. Moreover, all the shots were performed in very good tolerances
with no deviations from requirements.

Nomenclature

BSPS Bird strike protection system
BST Bird strike test

EADN  Enhanced adaptive droop nose
ETS Engineering test specification
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GFRP  Glass fibre-reinforced plastics
NLFEA Nonlinear finite elements analyses

1 Introduction

The bird strike problematic on EADN was addressed in the scope of the SARISTU
project. Contrary to conventional slats structures, EADN does not offer existing
barriers to stop the bird before reaching the front spar. In addition to that, out of
kinematics area, the morphing skin, principally made of GFRP, become very thin in
the most forward point of the nose and a high level of energy must be absorbed or
deviated before reaching the spar. Taking into account all theses points, BSPS must
handle a big part of the impact energy while insuring the spar and actuation
integrities and offering the maximal system space allocation.

2  Frame of the Study, Impact Parameters

The impact parameters are characterised by a 4 Ibs bird and an impact speed equals
to 180 m/s corresponding to an envelope value coming from SONACA experience
and database. The resulting impact energy is 29.4 kJ.

Moreover, as explained in Fig. 1, a preliminary study had shown that the
morphing skin, principally made of GFRP, does not contribute significantly in the
energy absorption as the estimated level of absorbed energy was around 5 % of the
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Fig. 1 Preliminary estimation of the energy absorption of the morphing skin
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total bird impact energy. That is the reason why the BSPS must be designed to
protect the wing front spar against residual kinetic of bird debris representing at
least 95 % (100 % to be safe) of the bird impact energy to protect the spar and the
actuator tube system considering in addition to a constraint of maximisation of the
systems space allocation.

3 Design Loop for Determination of BSPS Concepts

As shown in Fig. 2, several concepts were preliminary numerically studied in order
to find the best compromise in terms of protection of the spar and maximisation of
the system space allocation. The first one was thought to act as a bird splitter, and
the second one was thought as an inner Dnose skin designed to maximise the
system space allocation, and the third one was an honeycomb panel directly
attached on the spar, and the fourth one was a combination of the second and the
third concepts, an honeycomb panel was glued in front of an inner Dnose skin.
These preliminary analyses have led to the conclusions that concepts one and four
were the most relevant in terms of protection of the spar; nevertheless, the system
space allocation was judged too small for the concept one and the mass of the
concept four was higher than the concept one and seems to be less efficient.
Finally, two relevant concepts have emerged: a splitter concept which will split
the bird and an absorber concept also called hybrid solution as combining aluminium

Concept1l | Concept2 | Concept3 | Concept 4

Bird Splitter with a Inner Dnose skin, Honeycomb panel Combination of the
circular edge in the designed to maximize attached to the inner Dnose and the
nose the space allocation subspar. honeycomb panel

concept.

Final BSPS Damage

BSPS masses

Spar protection

System Space
allocation

Scenario
Description

Fig. 2 Preliminary concepts analysis
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Fig. 3 Relevant concepts resulting from preliminary analysis (is in red, is in green)

sheet and honeycomb core material. Figure 3 illustrates the deformed shape of the
morphing skin in fully deployed configuration, and the aluminium BSPS splitter has
been extended in the nose to maximise the available space system allocation. The
hybrid solution (absorber) BSPS made of aluminium sheet and stuck pieces of
honeycomb core material has been extended in the nose to maximise the available
space; the honeycomb core depth and attachment surface have been increased, and
thicknesses has been optimised in order to work with iso-mass solutions.

4 BST Specimens

As specified in Table 1, two of the specimens were assembled to compare the two
concepts of protection by verifying the efficiencies of the BSPS. BSPS 1 and 2, illus-
trated in Fig. 4, are characterised by a length of 500.7 mm and a height of 273.15 mm.

The first specimen BSPS 1 acts as a bird splitter. The second specimen, BSPS 2,
acts as a bird absorber. The location on the wing of specimens 1 and 2 is at
midboard section of the wing as illustrated in Fig. 5.

An overall view of the final test rig assembly of the specimens 1 and 2 is shown
in Fig. 6.

Table 1 Tests matrix—objectives

Test specimen | Description Test objective Location
Specimens BSPS 1/splitter Assessment of the efficiency of Midboard
1 and 2 BSPS section
BSPS 2/absorber Midboard
section
Specimen 3 Leading edge including | Assessment of the morphing Outboard
morphing and BSPS 3 | behaviour (damage and failure) and | section /
splitter solution efficiency of BSPS splitter
Specimen 3 Leading edge including | Assessment of the morphing Outboard
morphing and BSPS 3 | behaviour (damage and failure) and | section /
splitter solution kinematic behaviour when directly | kinematic
impacted station
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501

s01°

273.15mm

273.15mm

BSPS - specimen 1 - splitter BSPS - specimen 2 — hybrid solution

Fig. 4 Views of BSPS 1 and 2

Fig. 5 Specimens location on
the wing

The third specimen, illustrated in Fig. 7, was a representative morphing leading
edge structure containing a morphing outer skin in front of a bird strike splitter
protection system and the actuation systems. As illustrated in Fig. 5, the specimen 3
is located at the outboard section of the wing and corresponds to a leading edge
having a 1600 mm spanwise length, a maximum height of 230 mm. The specimen 3
contains the followings:

A morphing nose connected to a dummy subspar (in green on Fig. 8);

Two actuators at kinematics stations 11 and 12 (in yellow on Fig. 8);

The actuation systems (in yellow on Fig. 8); and

The BSPS 3 splitter made of aluminium located in the impact area (in cyan on
Fig. 8)

5 BST Virtual and Experimental Results

In accordance with engineering test specification Ref. [1], bird impact test campaign
was conducted at VZLU test facilities on 21 and 22 April 2015. Four shots were
defined, and tolerances on impact speed and bird mass are mentioned in Table 2.
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Fig. 7 Illustration of the test specimen 3

Fig. 8 Views of the test rig assembly of specimen 3
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Table 2 Tests matrix—shots requirements

Shot | Specimens Impact | Projectile Shot angle | Instrumentation
speed | Real bird
(ms) Mass (kg)

1 Splitter bird strike protection | 180 +5 | 1.814 £ 0.057 | Angle of |3 gages + 3

system 1 (BSPS 1) attack: 0° | high-speed
Sweep cameras

2 Absorber bird strike back 3 gages + 3
protection system 2 (BSPS angle: 18° | hioh-speed
2-hybrid solution) cameras

3 Leading edge including 4 gages + 3
morphing and splitter bird high-speed
strike protection system cameras
(BSPS 3)

4 Leading edge including 4 gages + 3
morphing and splitter bird high-speed
strike protection system cameras
(kinematic)

Freshly killed chicken prior testings were used with a mass of 1814 kg + 0.057 g.
The impact speed was 180 + 5 m/s; the angle of attack was 0°; and the sweep back
angle was 18°. These projectiles were launched by means of an airgun (illustrated in
Fig. 9), characterised by a 25 m length and barrel with diameter of muzzle 125 mm.
Three high-speed cameras were used to record the impact scenario. Strain gages
were installed on splitters, skin, and kinematic parts to measure the time history of
strains during the impact event.

On 22 April 2015, one by one, the bird strike specimens were mounted on the
test rig as illustrated in Fig. 10 and the four BST of the test matrix were performed.

All the tests were performed in very good tolerances with requirements.

Fig. 9 View of the airgun
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Fig. 10 From left to right, views of the specimens 1, 2 and 3 mounted on the test rig before
testings

‘

™ ol

Fig. 11 Predicted numerical simulation results on BSPS 1

5.1 Shot 1 Results

For the shot on the splitter, as shown in Fig. 11, bird flowing along top and bottom
inclined panels of the BSPS splitter was predicted by simulation.

Experimental results illustrated in Fig. 12 are in very good agreement with
predicted numerical simulation results. The bird body is flowing along the top and
bottom inclined panels of the splitter.

5.2 Shot 2 Results

For the shot on the absorber/hybrid, the complete bird absorption by the BSPS was
predicted without penetration. No impact of bird debris on the spar was predicted as
illustrated in Fig. 13.

Experimental results illustrated in Fig. 14 are not fully in agreement with pre-
dicted numerical simulation results due to the fact that test results have highlighted
a partial penetration of the bird through the bird absorber. This test has demon-
strated that the absorber concept was not so efficient than the splitter concept.
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Fig. 14 Experimental test results on BSPS 2

Post-tests numerical simulations were performed to improve the quality of
numerical predictions regarding the impact scenario. In this context, as illustrated in
Fig. 15, sensitivity analyses on the damage model of the honeycomb core provide a
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Fig. 15 Numerical investigation on BSPS 2

calibrated set of parameters giving a better correlation with the experimental tests.
Based on experimental and numerical results, the cause of the absorber perforation
seems to be the following: The Aluminium outer sheet in front of the honeycomb
core is very thin; as a result, the outer sheet is quickly torn and perforated by the
bird which enters the honeycomb cells and destroys them faster than expected.
A solution could be to increase the thickness of the outer sheet to slow down the
tearing phenomena and allow the honeycomb to work correctly in crushing.

5.3 Shot 3 Results

For the shot on the representative morphing structure, as illustrated on the Fig. 16,
the numerical simulations predict a perforation in the nose morphing skin followed
by the bird flowing inside the leading edge along the top and bottom inclined panels
of the splitter BSPS 3 resulting in composite failure at upper and lower connections
with the angles of attachment to the rigid wall.

As shown in Fig. 17, Even if the extent of the damage predicted on the morphing
skin was larger than the damage observed in the test, the experimental global
scenario was in good agreement with the numerical simulations results: firstly, the
bird is perforating the morphing skin and is secondly flowing along the top and
bottom panels of the splitter BSPS 3. As predicted in the simulation, the damage is
also localised at the upper and lower connections of the splitter and is characterised
by pull through failure of the connections on a 650 mm length in the top and the
bottom area.

Fig. 16 Predicted numerical simulation results on specimen 3/BSPS splitter 3
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Fig. 17 Experimental test results on specimen 3/BSPS splitter 3 installed in a representative
morphing leading edge

Spanwise dimension of the opening in the nose is about 150 mm length and the
visible spanwise length of the delaminated area is about 250 mm. Chordwise
dimension of the damage in the nose is around 150 mm depth at the top and the
bottom. Another crucial information to mention is the debounding of the stringers
of actuation (omegas) on a large distance (up to the closing ribs of the test rig
assembly) resulting in the impossibility to perform a functional testing after bird
strike; nevertheless, the protection of the downstream actuation (actuator tube) by
the splitter is verified. Locally, the morphing actuation is not possible but remains
possible at other kinematic stations on the wing.

5.4 Shot 4 Results

As illustrated in Fig. 18, the experimental scenario when shooting in the vicinity of
the kinematic components gives a large hole in the morphing skin. After this second
bird strike on the specimen 3, the omegas connecting the actuation components
were definitively broken and completely debounded from the morphing skin.
Spanwise dimension of the opening in the nose is about 180 mm length and the
visible spanwise length of the delaminated area is about 360 mm. Chordwise
dimension of the damage in the nose is about 150 mm depth at the top and the
bottom.



Fig. 18 Experimental test results on specimen 3/kinematics components

6 Conclusion

Bird strike protection systems for an EADN were developed thanks to numerical
simulations and validated during a bird strike test campaign. From the splitter and
absorber concepts tested, only the splitter concept gives full satisfaction in terms of
protection of the spar and the downstream actuation (actuator tube) integrity.
Nevertheless, no functional tests were possible on the EADN as complete de-
bounding of the stringers of actuations was observed.

In an overall point of view, except for the absorber BSPS 2 concept, global
impact scenarios were in very good agreement with what was predicted and the test
campaign was performed in very good tolerances with requirements.

The absorber concept undergoes some investigations to understand the differ-
ence between numerical simulation and experimental test results and it seems that
some evolutions are possible to optimise and improve the splitter and the absorber
concepts.

Another improvement could be trying to improve the balance between the
energy absorption capability of the morphing skin and of the BSPS while main-
taining the main functionalities of the EADN.
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Testing Overview of the EADN Samples

Vladimir Snop and Vaclav Horak

Abstract The several EADN leading edges were developed and assembled in the
application scenario ASO1 in the European SARISTU project. VZLU manufactured
kinematic parts for wind tunnel model including auxiliary spar and assembled this
test article. The functional test was performed for verification of the droop nose
components. The second one, longer EADN was assembled for ground testing. All
kinematic parts including auxiliary spar were also manufactured at VZLU. The
functional test, static test of bending and cyclic test were performed on developed,
manufactured and assembled test stand. All tests proved high-quality manufactured
parts including the whole assembly and well-satisfied functionality of EADN. The
third leading edge with manufactured kinematic parts was assembled for bird strike
test. The bird strike tests of leading edge and two splitters were performed at VZLU
too. This contribution is the description of assemblies of leading edges and over-
view of performed testing including results evaluation.

Nomenclature

EADN Enhanced adaptive droop nose

1 Introduction

The EADN project is based on physical integration of intelligent sections of wing
for commercial aircraft [7]. It is controlled morphing leading edge, which has to
serve exact requirements for surface protection and covers de-icing, bird strike and
lightning protection systems. These are necessary to locate the complicated
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kinematic mechanism into the above-mentioned structure for morphing part control.
VZLU have provided in this section the manufacturing of kinematics parts and
auxiliary spars, assembly of kinematics, assembly of complete leading edges,
functional tests and ground strength tests.

2 Test Articles of Leading Edges
2.1 Leading Edge for Wind Tunnel Tests

The goal was to assembly of leading edge sample including kinematics functional
testing and sending complete leading edge to Alenia for integration to the wing part,
which was tested in wind tunnel at TsAGI (see Fig. 1).

The project partners DLR, AGI, Sonaca, Invent and GKN deal with development
of leading edge and have solved following requirements for morphing structure:

Surface protection

De-icing;

Lightning protection;

Bird strike protection; and

Simple kinematics for change of shape.

The leading edge was manufactured by Invent. Four semiproducts of approxi-
mately 4 m long leading edges were produced, from which cut out samples were
prepared for:

Wind tunnel model;

Ground test model;

Bird strike test model; and

2 small models with Titanium foil.

Fig. 1 Test sample of wing
section
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The leading edge for wind tunnel testing consisted of skin, auxiliary spar,
kinematic parts and driving motor (see Fig. 2). The kinematics which operates
drooping of leading edge has 4 stations which are closely attached to auxiliary spar
with using flanged brackets (see Fig. 3). The main levers attached to brackets droop
leading edge with using two levers connected to integrated hinges inside of front
part of leading edge. The sliding driving shafts pass through flanged brackets and
control tilting of main levers with using short connecting levers (see Fig. 4). Whole
kinematic system is driven by straight-lined movable electrically powered actuator.

The auxiliary spar was made of aluminium 7050 (see Fig. 5).

The kinematic parts were made of aluminium 7050 or 7075 (see Fig. 6). The
steel levers are made of 42CrMo4 + QT steel material (see Fig. 4).

Fig. 2 CAD model of EADN

Fig. 3 Detail of kinematics

Fig. 4 Detail of kinematic
station
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Fig. 5 The auxiliary spar

Fig. 6 Kinematic parts

Fig. 7 Assembly of leading
edge in rig

The assembly of leading edge was performed in assembly rig according to
agreed procedure in September 2014 at VZLU (see Fig. 7). At first, the short levers
were installed to the integrated hinges and checked their free moving. After that the
main levers with connecting crossbars were connected. Next the flanged brackets
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with slipped driving shafts were installed and all were linked. The auxiliary spar
was installed after checking all the assembled parts, and flanged brackets were
bolted. At the end, the spar was riveted with skin.

The functional test of kinematics was performed on September 2014 at VZLU
[2]. The leading edge was equipped by angular sensor for measuring of main lever
drooping and two accelerometer sensors before testing. Completed leading edge
was installed to the test rig and actuator for driving was connected (see Fig. 8). The
deformation of skin and the stress thorough strain gauges installed on inner side of
skin were measured during the functional test (see Fig. 9).

The functional test was successfully completed [4]. It was performed several
measurements up to maximum deflection of leading edge drooping, which was
approx. 32 mm on the root rib (see Figs. 11 and 12). Measured data in strain gauges
corresponded to supposed values obtained from computing model (see Fig. 10).

The completed leading edge was sent after functional test to Alenia in October
2014 for integration to the wing section (see Fig. 13).

Fig. 8 Functional test rig

Fig. 9 The scheme of strain _—
gauge installation (DLR) T $5G position at Rib16

141.28

Schnittedenenansicht A-A
MaBstab: 1:2
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Fig. 10 Comparison of strain gauge measuring with calculation (DLR)

Fig. 11 Detail of drooped
leading edge

Fig. 12 Results from measuring of deformations
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Fig. 13 Assembly of leading
edge to the wing section

2.2 Ground Tests

The goal was to assembly the sample of leading edge with 7 kinematic stations
3650 mm long. The functional tests were performed without and with adjusted
expected wing deflection and cyclic test with combined loading by deflection and
drooping of leading edge. The leading edge was assembled in the same way as the
previous shorter model. The assembled leading edge was attached to test rig beam
[3] where 3 hydraulic actuators were placed (see Fig. 14). They have provided
appropriate deflection of beam using position control (see Fig. 15).

The functional test of kinematics was performed in March 2015 at VZLU (see
Fig. 16). The leading edge was equipped by 2 angular sensors for angle of main
levers drooping measurement. The deformation of skin, the stress by strain gauges
installed on skin and kinematic parts and actuation force were measured during the
functional test. The functional test was successfully completed. It was performed
several measurement up to maximum deflection of leading edge drooping which

Fig. 14 CAD model of ground test rig
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Fig. 15 Computing model of test rig beam

Fig. 16 The setup of
functional and cyclic test
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was approx. 40 mm on the root rib. Measured data in strain gauges corresponded to
supposed values obtained from computing model (see Fig. 17).

Currently, the cyclic test is in progress. The loading spectrum is compiled from
changing blocks with cycling of bending and cycling of drooping. The bending is
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EADN cyclic test -heating (2015_04_01)
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Fig. 18 Record of thermo-sensors

Fig. 19 Critical place
monitored by thermo-camera

set by periodic cycle: 0 ... 50 % ... 0 ... =20 % ... 0 % of maximum deflection
(rate is 1 cycle = 27 s). The cycle of drooping is simple: O ... max .... 0° angle of
drooping (rate is 1 cycle = 10.9 s). During the drooping, the heating of leading edge
is applied. Three heating circuits integrated to the skin are monitored by 5
thermo-sensors (see Figs. 18 and 19). Currently, the number of completed cycles is
15,000 of drooping and 19,000 of bending.
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Fig. 20 Splitter 1 after test

Fig. 21 Splitter 2 after test

2.3 Bird Strike Test

The goal was to assembly of leading edge test sample with 2 kinematic stations and
splitter and to perform 2 shots-one to the centre between kinematic stations and
second to the area of kinematic station (see Figs. 22 and 23). Further two shots
directly to two splitters without leading edge were planned. The first splitter is made
of aluminium plate and the second one is hybrid made of aluminium plate and
composite sandwich with aluminium honeycomb core (see Figs. 20 and 21).

The bird strike tests were performed in test rig [6] by airgun, 25 m long of barrel
with diameter of muzzle 125 mm according to Sonaca specifications [1]. We used
real fresh killed birds with mass 1814 kg. The impact speed was 180 m/s, angle of
attack was 0°, sweep back angle was 18°. Three high-speed cameras were used for
record of impacts. The stress thorough strain gauges installed on splitters, skin and
kinematic parts as well as actuation force was measured during the tests. All 4
shots were successfully completed. The achieved strike speeds were in range
167.7-181.7 m/s [5].
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Fig. 23 The second shot to the leading edge

3 Conclusion

The function verification of EADN samples for wind tunnel tests and ground tests
was performed. The second longer EADN was experimentally analysed during the
static, damage and fatigue tests. The third sample of EADN was tested for bird
strike protection.

All tests proved high-quality manufactured parts including the whole assembly.
The functional tests verified exact functionality of EADN. The proper function of
bird strike protection system was verified during bird impact tests.

Acknowledgments The research leading to these results has received funding from the European
Union’s Seventh Framework Programme for research; technological development and demon-
stration under grant agreement no. 284562.



96 V. Snop and V. Horak

References

1. Chary C (2014) Engineering test specification, report ETS SARISTU/TP02/BE/S/D1,
SONACA

2. Javurek M (2014) Functional test, set of test rig design documentation SARISTU-PK-225,
VZLU

3. Javurek M (2014) Ground test, set of test rig design documentation SARISTU-PK-230, VZLU

4. Snop V (2015) Subcontracting: manufacturing consumables and support, SARISTU deliverable
D124.14, VZLU

5. Snop V (2015) Bird strike test of morphing leading edge, report R-6271, VZLU

6. Strnad V (2014) Birdstrike test, set of test rig design documentation SARISTU-PK-210, VZLU

7. Woelcken P-Ch (2014) SARISTU leaflet. http://www.saristu.eu. Accessed 26 May 2014


http://www.saristu.eu

Enhanced Adaptive Droop Nose—from
Computer Model to Multi-functional
Integrated Part

Olaf Heintze, Stefan Steeger, Alexander Falken
and Jiirgen Heckmann

Abstract The INVENT GmbH rises in the EU project SARISTU under the lead of
Airbus and in cooperation with project partners to the challenge to manufacture a
composite gapless and flexible droop nose (enhanced adaptive droop nose, EADN)
on the basis of computer models and in compliance with standards and requirements
of industrial integration. Therefore, various individual disciplines are integrated into
one single manufacturing process and, thus, into one multi-functional part. This is an
iterative process which develops along the entire range of structural engineering
from material and substructure specimen and tests to the design of tooling and
processes. Regarding the industrial integration of the morphing wing leading edge,
the individual technical disciplines such as protection against erosion, lighting strike
and bird strike as well as deicing were selected for SARISTU. Based on the overall
design activities of the DLR, INVENT integrates the surface protection of Airbus
Group Innovations, deicing of GKN and lightning strike protection into a flexible
composite structure.

Nomenclature

EADN Enhanced adaptive droop nose
LSP Lightning strike protection

SP Surface protection

DI Deicing
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1 Introduction

The need for airliners to become more efficient with the focus on the reduction of
costs for the air travel is growing. Thus, new technologies have to be designed to
allow for a low-drag aircraft. The project target of SARISTU is to reduce the drag
by 6 % and to reduce the noise created by the airframe to allow for the minimization
of sound pollution [1]. The wing and especially its leading edge inherit an out-
standing role in the fulfilment of this requirement.

One requirement for a low-drag wing is a laminar flow of air over the surface of
the wing. Modern airliners use high-lift systems which create gaps when moving
from high-lift to cruise flight position or vice versa. Gaps and herms create a
discontinuous surface which interrupts the laminar flow and causes the laminar flow
to detach from the surface. The thickness of the boundary layer increases and
becomes a turbulent flow. In order to maintain a great region of laminar flow on the
wing, the surface must be as continuous as possible in the desired aerodynamic
shape with tight geometrical tolerances. The purpose of the enhanced adaptive
droop nose developed in SARISTU is to eliminate gaps and minimize the wing drag
for future aircrafts while additionally being a high-lift device. Less drag directly
reduces the fuel consumption and affects the aircrafts weight by up to 3 % (Fig. 1).

2 Investigation of Multi-material and Functionally
Integrated Material

The development of the morphing leading edge for the SARISTU EADN demands
not only a well-founded knowledge of the properties of composite materials but
also an understanding of the behaviour of a combination of functional and structural
layers. The geometrical constrictions, which are necessary to allow the aerodynamic

Fig. 1 Concepts integrated Wingtip Active Trailing
into the SARISTU-Wing [2] Edge
\ad
Conformal Morphing X:
Trailing Edge ¢

Wing box damage
detection

Wing box
strain
monitoring

Conformal Morphing
Leading Edge
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surface to morph from a high-lift to a low-drag cruise configuration and back, result
in thin laminates in areas with high local strain. However, usually functional layers
need to be integrated into these regions nevertheless. Both, the structural and the
functional layers of the skin ply book have to be matched to suit the other boundary
conditions. Overall, the DLR and Airbus’ experience from the former projects
SmartLED (German R&D project) and SADE (EU project) proves the structural
feasibility of the base concept with plain glass fibre reinforced plastics (GFRP)
HexPly 913 prepreg.

To determine the properties of the HexPly 913 prepreg with respect to the
structural performance and industrial integration, a specimen program was manu-
factured by INVENT. More than 350 specimens for more than 30 different test
categories with standard and adapted specimen structures are used to provide suf-
ficient information about the structural behaviour for different load cases and in
variable environmental conditions.

The design of the EADN (Fig. 2) on an industrial level requires the integration of
systems needed to allow a safe operation in the anticipated flight conditions. For the
skin, these most important and chosen systems include:

Surface protection from sand and rain erosion

Deicing system

Integration of connections for kinematics

Span-wise stiffening through integrated stringers and tapered skins
Lightning strike protection

Not only a concept for the combination has to be found but also an economically
feasible way to produce the parts in large numbers.

In general, the project partners DLR (design), Airbus Group Innovations
(kinematics and erosion protection), SONACA (bird strike protection) and GKN
Aerospace (deicing and lightning strike protection) provided their respective
technologies to be integrated in a single droop nose part. These inputs were taken
into account when designing the tooling and manufacturing concept.

Fig. 2 The layup of the skin
in a critical area of the leading
edge. The thickness is only

approx. 1.8 mm and includes

SP, DI and LSP (INVENT) Adhesive Film ~— Conductor Lines
Isolation Layers e y ’
HexPly913-Prepreg Style 120 Glas Fiber Fabric
Copper Mesh I Adhesive Film
Ti Surface Protection 1 Structural Layers

HexPly913-Prepreg

~1.8mm
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2.1 Material Specimen

Values for engineering constants given by the manufacturer of the material had to
be validated by data gained through the testing of samples. The relevant informa-
tion can be narrowed down to tensile, compressive and shear tests. The specimen
was manufactured by INVENT in standard procedures; however, the tests were
performed by the DLR-Institute of Composite Structures and Adaptive Systems.
The specimens listed below were produced for the SARISTU project with the high
requirements stated in the applied standards. No special ply books are considered,
but only pure HexPly 913 prepreg with tabs made from GFRP.

DIN-EN 527-5

0°- and 90°-tensile, static

0°- and 90°-tensile, cyclic @ 5 load levels

0°- and 90°-static, tensile, hot, @ +70 °C

0°- and 90°-static, tensile, cold, @ —50 °C

0°- and 90°-static, tensile, cold, aged @ —50 °C

ISO 14126

e (0°-compression, static (ISO 14126)
e 90°-compression, static (ISO 14126)

DIN EN ISO 14129
e +45°tension shear tests
DIN EN ISO 14125

e Cyclic, 4-Pt., pure 0° @ 5 load levels
e Cyclic, 4-Pt., pure 90° @ 5 load levels
e Cyclic, 4-Pt., pure £45° @ 5 load levels

Additional samples, derived from standardized test methods, were designed to
answer leading questions concerning multi-material ply books at a very early stage.

3 Integration Specimen

3.1 Surface Protection Integration

Combining fibre composite materials with other materials such as metals and
polymers eventually leads to the necessity of a bonding process. Several erosion
mechanisms are evaluated by Airbus Group Innovations. First tests show that the
cured HexPly 913 prepreg has very little erosion resistance when opposed to rain
and sand. Different types of material are therefore considered to find a suitable
surface protection solution.
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Next to different grade and thickness, Ti-foils, stainless steel foil, PU-foil and a
thermally sprayed PA-coating are tested for their erosion properties. Based on the
performance of the titanium surface protection in tests with a pulse jet rain system
and solid particle erosion, it was chosen for further tests.

The PU-foil erosion resistance is especially against solid particles not the
material of choice. However, the advantage of the PU-foil is the exchangeability
when worn down. The thermally sprayed polyamide (PA) partially burns the sur-
face and shows an insufficient surface quality. Thus, creating the need to
post-process the aerodynamic surfaces of the leading edge skin to an unacceptable
extend.

For metallic coatings, roller peel tests according to DIN EN 1464 were carried
out by INVENT to assess the strength of different pre-treatments. A normalized
comparison of N4-electrolyte anodized and a laser pre-treated titanium foil is shown
in Fig. 3. For both laser and N4-pre-treatment, the failure of the samples can be
characterized as cohesive. The crack initiated between Ti-foil and GFRP quickly
runs into the prepreg layer closest to the Ti-foil leaving resin and fibre residues on
the Ti-foil. This leads to a pulling out of fibres, thus proving the bonding concept.

The investigation of a suitable surface coating is still ongoing. However, the
availability of 0.1-mm-thick Ti-foil in an adequate size for the leading edge is an
issue. A solution still has to be found, leaving the very efficient Ti-coating for future
work. The part size is kept to a sample size and the PU-foil is part of a mitigation
plan for this specific application in SARISTU.

Fig. 3 Comparison of Comparison of Ti-Pretreatments
pre-treated material 1.1
combinations for an
integrated metallic surface
protection (Ti pre-treatments
were realized by Airbus
Group Innovations)
(INVENT)

norm.

Bell
Peel

Laser/Ti N4 [ Ti ePreg / VA
Pretreated Material Combinations
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3.2 Deicing Integration

The project partner GKN Aerospace provides a heater mat system for the inte-
gration into fibre composite structures. The system is made of a dry glass cloth with
sprayed on metal structures. By changing the geometry and the material sprayed
onto the carrier material, the electrical resistance of the conductor can be adjusted
locally and thus the temperature.

The integration of a dry heater mat contains two very challenging aspects which
must be considered. The dry, “Style 120 glass cloth is not impregnated like the
HexPly 913 prepreg. It must be soaked with a resin in order to keep a constant fibre
volume fraction throughout the laminate. Since a resin film is not available from the
manufacturer of the prepreg, using a compatible adhesive was the only option.
Different adhesive films are investigated regarding their flow behaviour and the
capability to fully surround the dry fibres of the heater mat carrier material.

The pattern sprayed onto the carrier material is a metal substrate. It creates a
closed surface which does not allow for the prepreg resin to pass through a
widespread area.

Only the clearances between the conductors allow for the cloth to be soaked
from this side. Therefore, major amount of resin must be donated by the adhesive
film(s) on the glass cloth side. Most adhesive films are designed to produce a
constant thickness in the cured part. A thin, knitted, or woven layer of glass fila-
ments is used to secure the position of the adhesive and to protect the bond line
from being deformed by the process pressure. This however does only allow small
portions of the film to enter the carrier material.

An upfront analysis of the expected impregnation behaviour was performed to
identify the most suitable options. Sample plates that reflect different typical areas
in the skin were produced with a layup which is representative for the thinnest area
in the skin layup. Afterwards, the sample plates were cut at critical positions to

Fig. 4 A cross section of an
integrated and soldered
copper contact point for the
electrification of the heater
mat (INVENT)
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prepare micro-sections (Fig. 4) and investigate the interaction through microscopy
and the determination of the fibre volume fraction in accordance with DIN EN ISO
1172.

In order to contact the conductors, the prepreg plies had to be removed locally
after the curing process. Since the sprayed heater mat material has a thickness of
only approx. 0.05 mm, a sacrificial material needed to be placed at the contacting
terminals primary to the integration. After the autoclave curing process, the excess
material was removed considering the limited workspace of the outboard leading
edge section with the choice of tools to be applicable for the final production of
parts. Conventional soldering of cables to the contact points was possible without
damaging the laminate and allowing for standardized connectors (Fig. 5).

The characteristics of the heater mat and surrounding functional layers lead to
the employment of one adhesive film layer on each side of the carrier material and
the contact points of pre-soldered copper plates as sacrificial layers and conductive
points.

3.3 Stringer Integration

The skin has to be actuated by kinematic stations to change its shape. Next to this,
its span-wise stiffness has to be increased using stringers. These stringers serve as
reinforced load introduction for the thin skin. As a first approach based on the
experience from previous programs, a hollow stringer with a removable silicone

Fig. 5 Schematic comparison
of omega stringer with a
pendentive (top) and a solid
foam core (bottom) which
almost thoroughly eliminates
undulations in the skin
laminate (INVENT)
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core was used. This however leads to skin areas with insufficient impregnation and
does not allow an exact positioning of the stringer.

Inserting a solid foam core to create an inner shape allows for a nearly constant
pressure distribution and a higher process security; the risk of damaging the part
during demoulding is furthermore minimized (Fig. 5).

In addition to simplifying the handling and integration when using a foam core
to manufacture the omega stringer, the employment of pendentives at the stringer—
skin junction is not necessary and, therefore, only a negligible undulation of the
skin plies in this area occurs. A very small amount of resin is needed to bond the
prepreg and the foam. In this way, the fibre volume fraction complies with the valid
range.

3.4 Lightning Strike Protection

Commercial airliners are subjected to lightning strike. A strike can not only cause
severe damage to the structure but also influence electrical components. Metallic
structures are usually less affected than composite structures. The faraday cage
effect channels the strike along the outside.

Composite structures need to be equipped with a conductive layer of some sort
to create such an effect. This can, for example, be realized by covering the fibres
with a metallic layer or the integration of a copper mesh. Due to the uncovered
fibres in the HexPly 913 prepreg, a copper mesh was integrated on the outside.
Metallic parts such as the kinematic brackets, which are integrated in the stringer
and are positioned very close to the skin, were represented by simple aluminium
blocks which are bonded into the stringer core. These were then connected to a
ground cable at the test facility (Fig. 6).

The integration was realized with a combination of excess adhesive film and
resin from the prepreg. Lightning strike sample tests with four different ply books
and four surface coatings, including a heater mat, a stringer and bracket mock-up,
were conducted to identify a suitable protection. In the trials, only two of the sixteen
combinations tested showed satisfying results due to short circuits and burning.
Since these results are not satisfying, further tests will be conducted by GKN and

Fig. 6 CAD model of the
final wind tunnel test section
(INVENT)
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INVENT to allow for well-founded predictions and realization regarding the
lightning strike protection.

4 Development of a New Tooling Concept

Goal of SARISTU is to deliver a three-dimensional, large-scale and enhanced
morphing wing leading edge that allows for integration in a morphing wing for
validation and verification based on structural and wind tunnel testing (Figs. 6 and 7).

Resulting from the requirements of a highly integrated leading edge, the con-
ventional concept of manufacturing has to be analysed and rethought.

As a result of this process, a tooling concept was developed in which an alu-
minium multi-part inner core and a composite outer tooling are used to provide the
necessary tolerances in positioning and shape (Fig. 8).

4.1 Detailed Morphing Skin Design

Basis for all further steps was a FEM model delivered by the German Aerospace
Centre (DLR). Based on this model, a detailed three-dimensional design of leading
edge was required to develop the inner shape of the tooling. In order to provide the
capability to consider design and layup developments in an iterative loop together
with DLR, a parametric wing skin and tooling design were required. Such para-
metric design approach allows for considering changes in layer thickness and ply
order. The necessity arose from the parallel work for optimizing the layup design at
DLR and the tool design at INVENT.

In most cases, it is not necessary to have a highly detailed 3D model. A model
that shows the different composite layers is typically sufficient since a non-flexible
negative mould was used in previous projects to produce the target shape. In the
SARISTU project scenario, it is required to estimate the actual inner shape of the
leading edge in addition to the outer aerodynamic shape. The CAD model contains

Fig. 7 Wind tunnel section
of morphing wing structure
with 4.8 m length [1]
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smoothed layer transition zones so that a proper aerodynamic shape is guaranteed
by a flexible composite outer mould.

The resulting model formed the base for all project partners involved in the
subsequent detailed design of test stands (VZLU), kinematics (Airbus Group
Innovations, DLR), heater mats (GKN) and bird strike protection (SONACA).

4.2 Bracket Design

One of the major tasks during the detailed design was to develop a kinematic
bracket which can be integrated into the manufacturing process of the skin and
stringer to avoid further more complicated integration steps.

During the design loop with Airbus Group Innovations and DLR, it turned out
that the application of force onto the stringer head was not possible and also not
desired. Maintaining the stringer cross section was the preferred option. Airbus
Group Innovations developed a kinematics design that would require a joint of
kinematics and structure inside of the omega stringer. This kinematic design and in
detail the minimally possible lever lengths for the connection of the kinematics to
the wing were required to move the junction of kinematic and composite
skin/stringer into the centre of the stringer. Therefore, Airbus Group Innovations
developed a first concept as the basis for the subsequent design work as shown in
Figs. 9 and 10.

Fig. 8 CAD model of the
tooling concept. The blue
parts represent the solid inner
core. The yellow part shows
the outer mould (INVENT)

Fig. 9 First concept drawing
of bracket design (Airbus
Group Innovations)
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Fig. 10 Final bracket design
(INVENT)

In the ongoing kinematic design, it proved to be that the tolerance adjustment is
only possible in the bracket and the lever. Therefore, the lever was designed to
compensate the tolerances in wingspan direction and the bracket allows the
adjustment in chord direction.

The final bracket was designed so that the stringer is notched as little as possible.
The adapted bracket allows for almost half of the stringer flank to stay intact and to
cause as little interruptions as possible.

Simultaneous to the tooling design, a bracket was developed, which not only
provides the necessary loads, maintenance and dissemble possibilities but is also
integrated into the stringer during the same curing cycle as skin and stringers
despite being a highly complex part (Fig. 11).

5 Tool Design

After finalizing skin and stringer, the tool design is started in parallel to the bracket
design. For the goal of manufacturing a whole leading edge with integrated kine-
matic interfaces, a solid inner mould is required. Herewith, the ability to position
the brackets with a high precision not only in chord direction but also in wing span
direction is assured.

As a result of the tooling concept, the layup procedure starts with the inner most
layers. The first manufacturing step is the stringer layup which is followed by the
bracket integration. The foam cores then fill the space between each bracket. At last,
the GFRP and functional layers of the skin are applied.

The employment of a solid inner structure for the tooling meant to execute the
design in a multi-part manner in order to avoid undercuts. A complex factor in the
tool design is the accumulation of the influence of thermal expansion of the alu-
minium tool and the resin shrinking.

To analyse the resulting thermal expansion and to verify the whole newly
developed tooling concept, either a complex simulation has to be performed or
manufacturing trials with detailed analysis. The latter procedure was chosen here
(Fig. 12).
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Fig. 11 No gaps were found
between integrated test
bracket and the stringer after
curing (INVENT)

5.1 Test Tool and Results of Trial Runs

For verification purposes of the concept, it was decided to manufacture a small but
representative section of the tool. In order to maintain reasonable manufacturing
costs for these trials, a section length of 500 mm was chosen. Furthermore, handling
efforts are moderate at this size.

The first manufacturing test part was produced to verify the manufacturing
process by itself without brackets build in.

The results of this test were very promising. It was found that the geometrical
shape and also the layup quality were of the desired high quality. Minor to no
marcels were found in critical sections like the transition zone between stringer and
skin.

After analysing these results, another test run with brackets was started to test the
positioning and the actual thermal expansion factor. The results were planned to
provide the final tool with the proper details or adjustments to ensure a high
precision of positioning in wingspan direction.

As a result of this test, a section with three brackets on each stringer was
manufactured and verified the possibility for a correct bracket positioning with the
developed method. Subsequent to the final evaluation of these trials, the trial tooling
is employed to manufacture test sections for pull-off tests in order to validate the
requirements of load introduction by the DLR.

Based on the experience gained, the manufacturing of the final tool with about
4.5 m length is concluded and the detailed implementation of the final brackets is
verified.

6 Prototype Manufacturing

With the experience from the conducted tests on specimen and sectional level, the
manufacturing of three full-scale leading edges is started on a secure basis.
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Fig. 12 Positioning of
brackets and sparing out of
the bracket heads with special
cutting stamps (fop); first skin
layer applied on full span
(bottom) (INVENT)

Using the tooling shown in Fig. 12, the first full-scale and full-span prototype is
manufactured also verifying the assumptions made for the brackets and their change
in position due to the thermal expansion of the tooling.

Since the complex behaviour of the part during the curing cycle can only be
estimated, a mitigation plan is used to meet the connection points of the kinematics
for this first part. The deviation of approx. 1.5 mm is therefore easily compensated
in the assembly. The first manufactured leading edge is used for wind tunnel tests.

The empirically gained knowledge from the first part is then used for an adaption
and recalculation of the bracket position, resulting in a deviation of only approx.
0.5 mm for the 4.5 m span of the 2nd and 3rd leading edge prototypes.

The second prototype is used for cyclic ground tests which are still ongoing.
Since the dimensions of the leading edge exceed the CNC-milling capability of the
machines which are frequently used at INVENT, a concept for edge trimming and
bolt drilling is developed, in order to find a faster and easier way to post-process the
raw skin elements with a satisfying result regarding accuracy and quality.

By applying the knowledge acquired on bracket positioning and post-processing,
the third full-scale leading edge prototype is manufactured successfully and thus
reconfirming the envisaged industrial process. The third prototype is used for bird
strike tests. First results show satisfactory results in the combination with an alu-
minium splitter for the protection of the front spar (Fig. 13).
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Fig. 13 Bird strike test at
VZLU with EADN and
conventional aluminium
splitter (INVENT)

Fig. 14 Additionally fitted
access holes for fast
kinematics repair in the test
setup (INVENT)

Due to the failure of several friction bearings in the cyclic testing, a mitigation
plan for the accessibility of the defect kinematic stations is found. The use of hand
holes in the skin is being evaluated in the ongoing ground test; however, negative
yet not major impacts are awaited to result from the weakening of the structure
(Fig. 13).

By making the kinematic stations accessible on-site, a minimum of ground test
time is lost, and thus, it is ensured that the testing complies with the project time
plan (Fig. 14).
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7 Conclusion and Further Procedure

A wide range of implementation specimens were defined, manufactured and tested
with satisfying results. As such, the implementation of features such as erosion
protection, deicing, lightning strike protection and bird strike protection into a
morphing leading edge appears to be feasible even considering industrial manu-
facturing requirements.

Furthermore, a detailed part and tooling design were performed employing a
parametric CAD model to allow for an iterative approach together with the project
partners DLR and Airbus Group Innovations. In addition, a load introduction bracket
for the junction of actuation kinematics and composite morphing skin was designed
featuring the option to compensate for manufacturing and assembly tolerances.

As a final verification of the manufacturing and tooling concept, a trial tooling
was derived, produced and successfully tested. The test results provided relevant
insight in effects of thermal expansion for precise bracket positioning and overall
geometrical shape. The resulting shape matched very well the allowances without
undesired fibre undulations at load critical regimes of the part. The final tooling
design was achieved and the tooling manufactured in full scale.

The first full size leading edge will be manufactured with the large-scale tooling
in the near future, so that all previously mentioned factors and processes can be
evaluated on the final tool. Furthermore, several morphing leading edges for sub-
sequent large-scale experimental analysis in wind tunnel, bird strike and ground
based tests will be manufactured.

Through the achievement of the industrial integration of multi-functional hybrid
materials in a large-scale gapless droop nose, another milestone towards the
application of this technology appears to be reached.

In the next steps, the integration of a titanium foil is evaluated in a sectional
demonstrator since the material for the integration on a full-span demonstrator is not
available at the moment. Into this demonstrator, all functional layers are to be
integrated and tested.
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Assessment of the SARISTU Enhanced
Adaptive Droop Nose

Markus Kintscher, Johannes Kirn, Stefan Storm and Fabian Peter

Abstract For the application of laminar flow on commercial aircraft wings, the
high-lift devices at the leading edge play a major role. Since conventional leading
edge devices like slats do not comply with the high surface quality requirements
needed for laminar flow, alternative concepts must be developed. Besides the con-
ventional Krueger device that enables laminar flow on the upper side of the airfoil
and additionally implicates an insect shielding functionality, smart droop nose
devices are currently being investigated. However, the research on such morphing
devices that can deform to a given target shape and provide a smooth, high-quality
surface has to give answers to questions of fundamental industrial requirements like
erosion protection, anti-/de-icing, lightning strike protection, and bird strike pro-
tection. The integration of these functionalities into a given baseline design of a
morphing structure is a key challenge for the realization of such devices in the future.
This paper focuses on the design drivers, system interdependencies, and effects of
the integration of the mentioned functionalities into a smart droop nose device.

Nomenclature

EADN Enhance adaptive droop nose

GT Ground test
WTT Wind tunnel test
BST Bird strike test
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GFRP Glass fiber-reinforced plastic

& Bending strain

Ax Distribution of difference in curvature

t Skin thickness distribution

LSP Lightning strike protection

AS Application scenarios

A/C Aircraft

LoD Lift over drag

MICADO Multidisciplinary Integrated Conceptual Aircraft Design and
Optimization

SADE Smart High-Lift Devices for Next Generation Wings
LIP/KAP Load introduction points

DC Drive chain

M Axis of rotation

ri Interconnected levers — main lever

A Struts to skin/drive chain

K; Kinematic point between main lever r and strut 1
q Offset

p Motion direction

o Rotational angle

Xe Cruise position

Xd Droop position

1 Introduction

Because of the large potential of drag reduction, natural laminar flow is one of the
challenging aims of the current international aerospace research [1, 2]. For the
achievement of the absolutely essential high surface quality, new concepts for the
high-lift system at the leading edge are required. Besides the well-known Krueger
device, smart droop nose devices are investigated by various research facilities in
Europe [3-5]. However, smart droop nose devices at the leading edge are not only
advantageous for laminar flow wings. Applied at turbulent wings smart step- and
gapless leading edge devices reduce the noise exposure in approach and landing and
the drag during takeoff [6]. In 2009, the Institute of Composite Structures and
Adaptive Systems at the German Aerospace Center (DLR) in cooperation with Airbus
started a new morphing activity aiming at smart leading edge devices. In national and
European projects, the concept was consequently advanced. It was tested in structural
ground tests [7] as well as in a full-scale low-speed wind tunnel test [8]. In the ground
test and in the wind tunnel test, the feasibility of a load-carrying smart droop nose
device for a predefined aerodynamically optimized shape was successfully demon-
strated. Since the work in the recent project was focused on the demonstration of the
feasibility of this technology, based on the results of the ground and wind tunnel tests,
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the integration of required technologies for the application at an aircraft’s wing is
investigated in the follow-up European project SARISTU (smart intelligent aircraft
structures) [9]. This includes the integration of

Anti-/de-icing functionality
Erosion protection

Impact protection

Bird strike protection and
Lightning strike protection.

The participating project partners are all well known for their expertise on the
specific tasks. There are the Airbus Group Innovations for the design of the aero-
mechanical kinematics and the erosion protection concept, Invent GmbH for man-
ufacturing of extreme lightweight fiber-reinforced structures and prototypes, GKN
Aerospace for the de-/anti-icing technology, SONACA as specialist for bird strike
protection design, VZLU for manufacturing of the kinematic mechanism and bird
strike tests (BST) as well as a ground test of a full-scale leading edge section and
finally the RWTH Aachen for the technology assessment on overall aircraft level.

Particularly, the effect of the developed design procedure on the design and
sizing of smart leading edge devices developed in the previous projects is of
interest. Furthermore, the design of a smart droop nose device in SARISTU is
focused the first time on the outboard wing due to demonstration and testing
activities of a full-scale outboard wing section in a wind tunnel test. The small
design space and the large curvature at the leading edge tip of airfoils with small
chord length are additional challenges for the design.

2 Design Concept and Integration

For the development of the smart droop nose device, a structural concept and idea
for the realization of the device and a design and sizing procedure are needed. The
design procedure must be adapted to the special characteristics of morphing
structures for the sizing and optimization of the smart leading structures. A starting
point for the structural concept for the realization of the smart leading edge is the
patent DE 2907912-A1 [10]. It features a completely closed skin without any steps
and slots and a comparably simple inner mechanism for actuation of the device.
However, the design of the flexible skin is not defined in detail. For the design and
sizing, the applied design procedure has to comply with the adverse requirements of
morphing structures, which are as follows:

Large deformation but at minimum strain
Stiff enough for high surface quality under aerodynamic loading but low actu-
ator forces for the shape changing

e Load-carrying inner kinematic mechanism for high surface quality under
aerodynamic loading but low complexity.
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The targeted wing section is the outer wing of a business jet reference aircraft. The
overall main characteristic geometry relevant for the leading edge design is given
below (Fig. 1). In order to demonstrate the technology readiness level of the inte-
gration of the various functionalities, several demonstrators have been realized within
SARISTU (Fig. 2). The objective of the ground test demonstrator (GT) is the
investigation of the combination of wing bending and deployment of the leading edge.

Of special interest are the effects on stress/strain and the stability of the structure
due to the state of double-curved structure when loaded. Moreover, a cyclic test is
performed to identify components or locations which are prone to fatigue. The wind
tunnel demonstrator (WTT) is tested in the T-104 wind tunnel at TsAGI Moscow up
to a flow speed of about 120 m/s. The objective here is to investigate the structural
deformation under relevant aerodynamic loading. In the BST, two different kinds of
bird splitters are tested. Since the morphing skin is relatively thin to allow for large
deformations, bird strike protection is integrated by a stand-alone bird splitter
structure. Besides a standard solid aluminum splitter, a hybrid splitter made of alu-
minum sheets and an aluminum honeycomb core is tested. There will be two shots on
the splitter structures: one without skin and one with a complete assembly including
skin and kinematics to check the effectiveness of the bird strike protection.

Since a sufficient technology readiness of some functionalities to be integrated,
i.e., especially the erosion protection layer, could not be achieved before the design
freeze for the wind tunnel and ground test models, there are two additional dem-
onstrators (Til & Ti2). These demonstrators are equipped with a titanium erosion
shield and demonstrate one approach for erosion protection of shape adaptable
structures.

Interface
elements

Drive shaft
and bearing Front
t front
at front spar Spar
Omega shaped »

stiffeners

Main lever of
the actuation

Fiber reinforced mechanism

skin

|~

Fig. 1 Design concept for a monolithic morphing leading edge for a conventional skin material
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wing kink

front spar line

rib plane @ leading edge

winglet

Acr.  Rib Station Length  Test/Demonstrator Topic

GT Rib 10-Rib 16 3656mm Large scale test: wing bending, cyclic, heater-mat ~ Shape, Strain, Strength
WTT Rib13-Rib 16 1760mm Test under aerodynamic loads Shape, Strain

BST Rib1l1-Rib12 1600mm Bird Strike Tests, 3 configs: 2x splitter, 1 hybrid Bird Strike Performance
Til Rib 10 300mm  Demontrator with Ti-foil (full-chord) & heater-mat ~ Shape

Ti2 Rib 11 300mm  Small scale test with Ti-Foil (Patch) Shape, Strain, Strength

Fig. 2 Overview of leading edge sections and test manufactured/performed in SARISTU

3 Morphing Skin

Based on the patent [10], the developed structural concept (see Fig. 1) features a
flexible glass fiber structure of the leading edge skin which is actuated by con-
ventional actuators and kinematic mechanisms with several stations in span
direction. The glass fiber structure is especially tailored to achieve a desired
aerodynamic target shape. The structure is fully closed in chord direction so that
there are no steps and gaps and a high-quality surface is guaranteed. The actuator
forces are introduced into the skin structure by an inner kinematic mechanism
which is attached to the skin using spanwise-oriented omega stringers as load
introduction structure. The objective of the design procedure is a GFRP skin which
is tailored for achieving a predefined target shape when actuated at a minimum of
load introduction points. To reduce the strain in the GFRP skin when actuated, the
design process is based on a certain design philosophy. This philosophy allows only
bending of the structure when actuated without considering aerodynamic forces, so
that membrane stresses and strains are avoided. This enlarges the allowable
deformation, since the bending strain when deformation is not superimposed by
membrane strain. By tailoring the skin thickness, the stiffness distribution, and
especially bending stiffness, is adapted in a way that

e A minimum of load introduction points is needed for actuation of the airfoil.
e The stiffness is sufficient to carry the loads in cruise flight and provide a
high-quality surface.
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e The target shape when deployed can be provided considering the aerodynamic
loads in takeoff and landing.

However, for the leading edge, this design philosophy allows for large defor-
mation of the airfoil since the leading edge represents a continuous geometry. The
critical strains are observed at positions of large difference in curvature between
undeformed and deformed shapes of the leading edge since the bending strain &
depends directly on the difference in curvature Ax and the thickness ¢ of the skin

= l/zAKt. (l)

Therefore, flexibility at locations of large difference in curvature between
undeformed and deformed shapes of the structure is provided by tapering the skin
to a minimum skin thickness. However, the integrated functional layers in the
stacking sequence lead to an unsymmetric laminate (see sketch in Fig. 3).
Therefore, the neutral fiber of the laminate is shifted out of the symmetry plane of
the laminate thickness. This effect is especially important to take into account in the
design process, especially if an erosion protection shield of a relatively high stiff-
ness compared to GFRP like titanium is selected. The additional functional layers
lead not only to an increased stiffness compared to the basic GFRP design but also
to a limitation of the maximum achievable difference in curvature between unde-
formed and deformed shapes of the structure. The main reasons are the increasing
thickness of the laminate and the shifting of the neutral fiber.

In Fig. 4, the position of strain gauges and the result from finite element analysis
are given. The maximum strain considering wing bending and deployment of the
leading edge is located at the lower side of the leading edge tip near the position of
the integrated brackets for the attachment of the kinematics.

For a two-dimensional consideration, titanium leads to a decrease of strain in
most outside layers and to an increase of strain in most inside layers (GFRP). The
maximum strain on the inside layers is dominated by the riveting line at the

GFRP HP913

Fig. 3 Schematic of skin stacking sequence with integrated functional layers
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Fig. 4 Position of strain gauges and FE analysis of combined leading edge deployment and wing
bending

attachment to the spar. The maximum strain on the outside layers is dominated by
the change in stiffness from stringer to skin as presented in Fig. 5.

In the experimental measurements, the maximum strain at the critical locations
(SG xx-2, see Fig. 4 and 6) is in good agreement with the calculated strain values.
A comparison with values from FEA for pure droop of the EADN is given in
Table 1.

With the integration of additional layers (especially the comparably stiff erosion
shield), the degree of freedom for the control of the cross-sectional shape is
decreasing. Since the adaptation of the cross-sectional shape mainly depends on the
difference in bending stiffness which can be realized by tapering the laminate layers,
the more functional layers are integrated over the full leading edge chord length and
the more stiff the integrated layers are, the less the shape can be adapted to a given
aerodynamic shape by tapering the basic GFRP laminate. Furthermore, the
achievable shape strongly depends on the maximum strain. As the difference in
curvature is increasing in span direction for a shape adaptation with constant
parameters,' the maximum strain during droop increases as well (Table 1) and the
realization of aerodynamically optimized shapes is therefore limited in the outboard
sections of the wing. For large changes in curvature as needed on outboard wing
sections, new material combination like hybrid GFRP-elastomeric skins as pre-
sented in [12] must be applied.

1Shapes are generated with the droop nose-shaped generator of Kiithn and Wild from [11].
Constant parameter is, for example, the droop in percentage of the local chord length.
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Fig. 5 Comparison of the effect of a titanium erosion shield on the limit strain level (droop only)

Table 1 Experimental strain measurements

SG name | Calculated value of principle | Measured value in chord Difference (%)
strain at max. deflection direction at max. deflection
(FEA, ¢) in pm/m in pm/m

SG 10-2 6400 6759 +5.6

SG 11-2 6500 5771 -11.2

SG 12-2 6800 7122 +4.7

SG 13-2 7400 7723 +4.4

SG 14-2 7150 8191 +15

SG 15-2 8400 8792 +4.6

SG 16-2 8577 8886 +3.6

Additionally, the available space is limited significantly by the concept for the
attachment of the leading edge. Since an auxiliary spar concept is used for reasons
of feasibility, the attachment to the auxiliary spar and to the main spar needs a space
of 60 mm + 70 mm = 130 mm for riveting the skin to both spars. At the outboard
section, this leads to a loss of about 9 % of local chord length which cannot be used

for realization of specific shapes from aerodynamic optimization.
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Fig. 6 Experimental results from six deployment cycles in the static ground test. Strain in chord
direction at critical locations (SG xx-2) at rib stations 10-16

4 Kinematic Concept

4.1 Introduction

Work on an adaptive droop nose kinematic actuation system started in the previous
projects InHiD (LuVo IV) and SADE (EU-FP7) where the feasibility of such a
system was demonstrated. In the project SADE (FP7), studies with a different kind
of actuation mechanism for smart leading edges were conducted such as eccentric
beam mechanism, horn concept, fluidic actuator concept, and kinematic chain [13,
14]. Electromechanical or hydraulic devices are feasible actuator solutions, whereas
the utilization of piezoelectric or magneto-resistive material integrated into the
structure of the flexible leading edge was ruled out due to unsolved manufacturing,
maintenance issues, and power requirement [15].

As the enhanced adaptive droop nose (EADN) in SADE was simply an extruded
2D wing section, within the SARISTU project, it represents a 3D free-formed
surface, which has to be smoothly modified between the shape for high-lift and
cruise flight [16, 17]. The objective is to develop a mechanical kinematic system
with minimal deviation from optimal kinematic path in consideration of limited
available design space, aerodynamic loads, and manufacturing constrains. Taking
into account the need of simultaneous and uniform deformation of all differently
sized kinematic stations implies great effort in the design phase [18].

A separation of actuation and skin is mandatory to meet the joint aviation
requirements [19]. The loads introduced by the skin are distributed at discrete
support points along the span and in chordwise direction of the wing. As the
rotatory movement has to be synchronous for each spanwise kinematic station,
consequently, all main levers show the same axis of rotation and uniform kinematic
connection to the drive actuator. Hence, the overall system fulfills the requirement
of a least complex actuation system by firstly creating and secondly exploiting the
advantage of synergies.
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Fig. 7 Cross section of an enhanced adaptive droop nose with an integrated kinematic system for
a morphing wing at cruise and (graying out) at droop position

Regarding a single spanwise kinematic station, the main lever is in fact an
interconnection of various individual lever (see Fig. 7). The main lever is linked on
one side to the overall drive chain DC by using the strut /3, whereas the spherical
bearings of this strut allow an out-of-plane rotational movement. One huge benefit
of this drive mechanism is that the actuator forces are remarkably minimized by
supporting the introduced loads by means of the inner structure. This is the result of
the varying gearing factor, which is determined by the angle between the cross-link
and the drive chain. At droop position, a right angle between the cross-link and the
drive chain is designed, which reduces the actuator forces theoretically to zero. On
the other side, the main lever is linked to the skin by using the struts /; and /5, which
are attached inside of the stringers at the skin brackets. The measure of locating the
load introduction points LIP, and LIP, inside of the stringers increases the limited
design space and, therefore, enables a better kinematic design.

4.2 Numerical Optimization

For optimization purposes, the kinematic system is simplified to a reduced sub-
system that consists of a single load introduction point K linked by a lever kine-
matics 1 and r with the actuation system DC (further details on this work can be
found in [20]). A crucial factor is the main lever, which ensures same rotational
angle for all kinematic subsystems. Independent of its actuation, the rotatory
movement of the main lever is responsible for simultaneous and uniform defor-
mation of the skin, which is predefined by the trajectories of the load introduction
point (provided by project partner DLR). The mathematical formulation of the
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optimization problem uses the discrete time positions of LIP trajectories as input
parameter, the kinematic points K and M as independent variable, and the rotational
angle o as dependent output variable. As the structural conditions limit the position
of the axis of rotation M to a small area and a large rotational angle o is desirable to
achieve low bending moment, the position M and the angle a are given manually a
priori. By this means, the inner optimization loop is considered to apply the qua-
dratic deviation of the calculated rotational angle from the target rotational angle
(Oealculated — ocmrgm)2 as the optimization function is merely dependent on the
position of the kinematic point K. A helpful secondary condition, to fulfill the
requirement of simultaneous and uniform deformation of the skin, is given by the
variances of all rotational angles at the same time step. The sum of the variances is
added to the optimization function by a weighting factor. Depending on the
weighting factor, the result of the optimization can be focused on achieving small
deviations between the different lever kinematics either at a special droop angle or
at a certain range of droop angles. If the result of the inner optimization loop leads
to undesirable results like length of struts too short, and crossing struts or angle
between skin and struts out of range (70°-110°), then the target rotational angle has
to be adapted or even the axis of rotation M has to be changed.

In the literature, this kind of lever kinematics is described as a crank mechanism
with an eccentrically mounted shaft [21]. The different to the presented problem is
that the offset g between the rotational axis M and motion direction p is so great that
no complete rotation of the lever r is possible, as shown in Fig. 7. Actually, only a
pivoting motion is necessary to move the load introduction point from cruise
position x. to droop position x4. The distance from the top dead center Og to a
random load introduction point B is described by the equation:

x=\/(I+7r)*—¢q*—1-cosf+r-cosq. (2)

Although the notation of this Eq. (2) is fairly simple, it is hardly possible to
transform it in an appropriate form to solve the optimization problem. Another
approach has to be taken for the numerical optimization.

The newly selected approach for the equation for the numerical optimization is
established based on the law of cosines for arbitrary triangles. The equation cal-
culates the rotational angle o by using the distance formula in the Cartesian
coordinate system, which is described as follows:

a=0—¢ oOr
Py P arccos Py -—w with
2-r-b 2-r-b ’

r= KM =/, I= Kx. =l b= xM and w=Kxq4

o= arccos<
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Fig. 8 Geometrical description to the equation applied for the numerical optimization

The improvement of this approach is that the rotational angle a is directly
derived by the kinematic points K. and M for the given load introduction points at
cruise position x, and droop position xg4, as illustrated in Fig. 8.

The drawback of the presented numerical approaches is that the kinematic point
K. could not be derived for a given rotational angle o and axis M. Particularly, the
dependency of the rotational angle a would be very helpful, because in most cases,
the uniformity of motion can be verified by selecting three different points of the
trajectories, e.g., cruise, droop position, and another position in between.
Furthermore, the information of possible kinematic points K. can immediately show
whether generally a solution is possible and which measures are necessary to
achieve a good solution.

4.3 Geometrical Construction Method

In contrast to the numerical approach, the geometrical construction method allows
to visualize all valid kinematic points K., which are obtained from inputs given by
two load introduction points (e.g., at cruise position x, and at droop position xy),
rotational angle a and rotational axis M. This methodology (patent pending) enables
not only to find a very precise kinematic solution in a convenient way, but also the
impact of variation on each parameter becomes obvious and which measures for
improvement can be taken. Likewise here, a reduced subsystem consisting of a
single lever kinematics is used, which will be assembled to an overall system at the
final stage. Geometrically, the possible kinematic points K, lie along a straight line.
If the rotational axis M is fixed, which is usually the case, this line is exclusively
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Fig. 9 Graphical illustration of the design procedure for the isogonic lines in case of 2D
movement

dependent on the rotational angle a. As curves with equal angle dependency are
also described as isogonic lines, this naming will be utilized for the line of possible
kinematic points K..

One simple method to generate the isogonic line is illustrated in Fig. 9 for the
case that the movement of all kinematic points is in-plane. The procedure is as
follows: The end point (the load introduction point xg) is rotated around the rota-
tional axis M by the rotational angle—o to create the new point x4’. The line
segment bisector generated from the two points, the starting point (the load intro-
duction point x.) and the newly defined point x4’, characterizes the isogonic line Iso
for the start position of all possible kinematic points K.. The rotation of the line Iso
around the rotational axis M by the rotational angle a leads to the isogonic line Iso’
characterizing the end position of all possible kinematic points K. The idea behind
this construction method is that the line segment bisector represents the set of all
possible points between two reference points with the same distance to the reference
points. This line segment bisector represents therefore the set of points, which have
the same distance to the starting points and also to the by—a rotated end points.
Points with the same distance to the start points and the by—a rotated end points
represent instantaneously the possible kinematic points for this lever kinematics.

The isogonic line provides the information that inaccuracies in production along
the isogonic line have no effect on reaching the end position by a given rotational
angle a, but could lead to unequal deformation of the skin. On the other hand,
orthographic deviations from the isogonic line have huge impact on reaching the
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end position, depending on how close together the isogonic lines of different
rotational angles o are lying.

Even though the isogonic line represents all valid kinematic points K. to move
the load introduction point from start position x, to end position x4 of the trajectory,
the way of movement between these positions is not constantly progressing and, in
fact, is dependent on the location of kinematic point K, on the isogonic line. That is
why, for synchronization of all different lever kinematics, it is favorable not to
generate only a single isogonic line but also to take at least another position of the
trajectory in between. At a defined time step, the corresponding positions on the
trajectory can be taken as an intermediate end position together with an adapted
target rotational angle to generate the associated isogonic line. Crossing these
isogonic lines indicates the optimum for the kinematic point K.

For deformation of the flexible skin of the SARISTU project, there are 14
differently sized lever kinematics required, seven kinematic stations with two lever
kinematics each. Its interconnection is achieved by same rotational angle of each
main lever. In Fig. 10, the cross section of SARISTU airfoil with all lever kine-
matics is shown. The characteristic of nearly same slopes of isogonic lines is a sign
for an overall good solution, regarding the upper and lower kinematic stations
separately. The selected hinge points (K.) are the result of crossing the isogonic
lines with intersection lines. These intersectional lines are selected due to the fact
that they represent on average the best solution for simultaneous and uniform

Isogonic lines for
lower kinematic stations

Intersection line for
upper kinematic stations

Intersection line for
lower kinematic stations

Isogonic lines for
upper kinematic stations

Fig. 10 Cross section of SARISTU airfoil with all lever kinematics together with the overlay of
isogonic and intersection lines
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deformation. In addition, it simplifies the construction of the kinematics. A further
numerical optimization process was deliberately not performed, because the
resulting tolerances in manufacturing and assembly are larger than the optimization
potential.

Finally, the main levers are linked to the overall drive chain DC using a similar
lever kinematics, consisting of a main lever r and a strut / as described above. But
the crucial difference is that the movement of the strut connected to the drive chain
goes out of plane. Due to the fact that all main levers are synchronized by means of
the same rotational axis and rotational angle, only one single design of cross-link is
required.

For an arbitrary arrangement of rotational movement and linked trajectories in a
three-dimensional space, it is still possible to construct an isogonic line. As shown
in Fig. 10, the linear motion of the drive chain (form x.—x4) is parallel to the
rotational axis of the main lever. For simplification purposes, a coordinate trans-
formation is carried out, whereby the rotational axis through M is equivalent to the
z-coordinate axis. The methodology to generate the isogonic line is similar to the
previous description for the two-dimensional case (Fig. 11). Instead of the line
segment bisector, the bisecting plane is utilized. Afterward, the intersection of the
rotational plane (xy plane) with the bisecting plane results in the depicted isogonic
line. Particularly for the design of this lever kinematics, connecting the main lever
with the drive chain, the isogonic line is helpful. Appropriate kinematic points can
be found, which are located within the limited design space and require only low
actuator forces.

The presented geometrical construction method can also be easily transferred to
other application scenarios. The usage of this geometrical construction method is
considerable not only for the development of actuation kinematics of a droop nose
in future aircraft, but also for automotive, for watercraft, or even for wind power
plants, whenever flexible, fluid dynamic acting surfaces are employed [22].

4.4 Mechanical Design

Some of the information in this chapter can also be found in [23]. In SADE, an
individual actuation of each station was deemed important. As such, each station
was equipped with a gearbox and a rotary electrical actuator. Assessment of this
design philosophy showed an unnecessary complexity and weight (50 % of the
weight of each station came from the gearbox and the actuator). As a first change to
the SADE concept, a reduction of weight was anticipated by only using one
actuator for multiple stations. For simplicity reasons, the first concept to be
developed looked at a single rotary actuator for the four WT section stations. The
stations were connected with a torque shaft without any sort of gears in between
(see Fig. 12).

All four stations are connected via a torque shaft and driven by a single rotary
actuator. After a load and precision assessment of this design was performed, it
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Fig. 11 Graphical illustration for the usage of the isogonic lines to design a drive chain, general
3D construction method

Fig. 12 First design loop with rotary actuation and torque shaft

became clear that this was not feasible. The deformation of the torque shaft grows
with each following station, making the deformation less and less precise (the
further away from the actuator). To reduce this deformation to an acceptable level
would have meant a large increase in weight and in size of the torque shaft.
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This design was also too heavy, as the actuator alone weighs roughly 30 kg and is
barely able to deliver sufficient torque to all load cases.

Besides the large difference in design space, the design loads in the SARISTU
project are much higher than those in SADE. This is in part due to the smaller size
of the nose, as the shape of the nose acts as an automatic stiffener; additionally, this
(decrease in size) also reduces the torque level of the load introduction points. The
other reason for the load increase is that the SADE project only worked with wind
tunnel loads [7], whereas SARISTU project works with aircraft sizing load cases.
The higher loads coupled with the smaller available space made it impossible to
simply scale the SADE system; therefore, a different solution had to be found. As a
rotary system was not able to meet the requirements, a linear kinematic system was
the next logical step. For this, the forward part of the design was kept as it is; the
major change occurred for the drive chain (force transmission).

In this new kinematic drive chain, the linear motion of the actuator is translated
via two hinges and one lever into a rotary motion. Figure 13 shows the functionality
of the finalized design in detail. The drive chain is a segmented round bar. Each
segment is connected to the next via a spherical bearing to counter wing bending
and tolerance issues. The drive chain is round for easier friction bearing design and
easier assembly. The main lever is connected to the drive chain via the cross-link.
The cross-link has a spherical bearing on each end to allow for an out-of-plane
rotational movement. The main lever is connected to the skin with two KAP levers
(see Fig. 14). The KAP levers are mounted inside the skin brackets. The skin
brackets are positioned inside the stringers of the skin. This was done with regard to
the limited design space. By moving the force introduction points into the “skin
structure,” design space was created which was previously unusable. This enabled a
better kinematic design but made the manufacturing more challenging. The brackets

Fig. 13 Linear kinematic

concept: functionality Cruise
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Fig. 14 Finalized kinematic
station, detailed view of KAP
levers mounted in brackets
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6000

5000

3000

Force [N]

2000

1000

(] 2 4 6 8 10 12 14 16 18
Deployment Angle Main Lever [°]

Fig. 15 Force on drive chain versus deployment angle (simulation)

are integrated into the stringers during the manufacturing of the skin at Invent
GmbH.

One huge benefit of this design is that the actuator forces are considerably
reduced and at maximum deployment angle theoretically vanish completely
(Fig. 15). This is the result of the cross-link position and angle to the drive chain. Ata
90° angle between cross-link and drive chain, the forces acting along the drive chain
are zero. Therefore, the actuator only draws power during movement of the skin,
thereby reducing the power requirements for the system dramatically. In undeployed
position, a mechanical break keeps the kinematics in place. As is shown in Fig. 15,
the force to start the motion is relatively high, quickly reaches its maximum, and
declines then until at maximum deployment angle, the force acting along the drive
chain (and the actuator) is zero. During various tests, this behavior could be verified.



Assessment of the SARISTU ... 131

(gFRF‘ Titanium.f brid SKINW T intet aled @
[} um hybrids Wit gl

_ Kinema
/

>
iC Shations <—: )

Droop angle 17°

Load introduction bracket integrated

3 A . into the stringer
Bird-strike protection system

Fig. 16 Full DMU of the ASO1 WT-Droop Nose (several details/parts are hidden)

However, the tests indicated a higher force than expected which is most likely due to
the application of friction bearings and a supposed stick-slip behavior.

The design is modular, making it easy to add or remove stations. Additionally,
the segment rearward the main hinge is identical on all stations. Figure 16 shows a
WT-DMU of the complete EADN with all relevant systems included.

In Fig. 17, the finalized demonstrator for the life cycle test of the kinematics,
heater mat, and skin is presented. Missing in this model is the bird strike protection
structure as it has no impact on this test and the integration is shown at the bird
strike test. Also missing is the titanium skin due to manufacturing issues of the
titanium foil. The ground test is performed at VZLU and is still running at the time
this paper is written, and therefore, no test data is included herein.

Fig. 17 Fully integrated droop nose at VZLU during life cycle ground test
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4.5 Weight Estimation and Comparison with Previous
Design

For the EADN, an integrated kinematic system is developed based on the aero-
dynamic requirements and thereof derived load cases. Based on these load cases, all
parts were sized (nonstandard parts) and/or selected (standard parts). Either all
nonstandard parts of the kinematic system were analyzed using analytical methods
(e.g., HSB) or a finite element model was created. With the sizing completed, a
weight assessment could be performed.

To be able to compare the weight of two separately developed concepts (SADE
vs. SARISTU), at least a similarity in size had to be created. It was stated repeatedly
that the SARISTU concept operates inside a much smaller space, and therefore, the
system (shown above) is much smaller than that used in the SADE concept. To
equalize this difference, the weight of each station (RIB10-16) in the SARISTU
concept was measured and then used to extrapolate the larger stations (RIB1-9). As
the underlying airfoil is different, the most reliable factor for comparison is the
chordwise “length” of each station. This length is measured from the tip of the main
lever to the front of the front spar. The weight of each station is given in Table 2.
The weight herein contains only the structural mass of each station, and the weight
of the skin or the actuator is not considered. Figure 18 shows the position of the
kinematic stations along the leading edge of the wing (outboard of the kink).

In Table 2, the RIB3 is emphasized in bold as this station is comparable in size to
the in SADE-developed station. Based on this, a weight estimation of a complete
station was performed.

Weight estimation of SARISTU kinematic station at RIB3 is as follows:

% 3.6 kg (structure) + 1/8 of 24 kg (motor) + 2.5 kg (drive chain)
= 9.1 kg (— sized for “real” loads!)

The motor assumed in this calculation is a 24 kg electrical motor with a max-
imum continuous force of 31kN. It was further assumed that this motor would be
used to drive stations on RIB1-8. As such, only two motors would be necessary for
the complete section RIB1-16.

A schematic of the SADE kinematic is shown in Fig. 19. Fasteners are not
shown, but included in the weight estimate.

Table 2 Weight comparison of the different stations (weight estimated for RIB1-RIB9)

Position RIB1 |RIB2 |RIB3 |RIB4 |RIB5 |RIB6 |RIB7 |RIBS |RIB9
Weight (kg) |4.000 |3.816 |[3.629 |3.442 |3.255 |[3.068 |2.881 |2.694 |2.507
Length (m) |0.635 |0.577 |0.525 |0.477 |0.434 |0.394 |0.358 |0.326 |0.296
Position RIB10 RIB11 RIB12 RIB13 RIB14 RIB15 RIB16
Weight (kg) 2.320 2.147 2.053 1.963 1.847 1.716 1.620
Length (m) 0.267 0.239 0.217 0.205 0.192 0.177 0.163
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Fig. 19 SADE kinematic station weight estimate

The SARISTU kinematics achieves a weight reduction of about 35 % in com-
parison with the SADE kinematics. Additionally, it has to be mentioned that the
SADE kinematics was designed only for wind tunnel loads, whereas the SARISTU
kinematics is designed with regard to sizing loads of a wing (gust and maneuver
loads). Figure 20 shows a SADE kinematic station at full deployment during initial
functionality testing. As shown in Fig. 19, a SADE kinematic station weighs about
7 kg without the motor and 14 kg with the motor. Both designs are still not fully
optimized, for example, in both cases, the selected motors run faster than required
for the chosen tasks. Also, a system assessment with regard to failure and hazard
analyses should be performed, before a finalized weight assessment can be made.
Nonetheless, the SARISTU design shows an improvement in terms of weight,
scalability and power consumption.
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Fig. 20 SADE kinematic
station in WT demonstrator
(deployed position)

5 Technology Assessment

5.1 Introduction

Highly matured conventional aircraft systems and designs make it necessary to
closely evaluate the potential benefit of new technologies before detailed and
expensive effort is put into product development. Comparison on system level often
lacks the ability to capture the full potential of technologies due to the restriction
that not the entire aircraft model is fully sized with respect to the changes inflicted
by the system. Conceptual aircraft design is well suited for this application as its
main goal is to assess the performance on overall aircraft level while being able to
implement changes to its specifics detailed enough to capture the necessary
sensitivities.

The morphing technologies developed in the SARISTU project are aimed to
increase the aircraft performance mainly in economical regard while increasing the
weight of specific subsystems. For this purpose, an assessment on overall aircraft
level is unavoidable in order to give a true evaluation of the performance impact.
The application scenario findings have therefore been incorporated in several
conceptual aircraft design models and their performance is evaluated.
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5.2 Assessment Platform

During recent years, a software environment has been developed at the RWTH
Aachen University Institute of Aerospace Systems (ILR). The software is named
Multidisciplinary Integrated Conceptual Aircraft Design and Optimization
(MICADO) [24] and fulfills the above-mentioned requirements necessary for the
evaluation of the morphing technologies of SARISTU and has been used for the
assessment of morphing devices in previous publications [25].

5.3 Integration of the EADN

The EADN developed by application scenario 1 (ASO1) is a leading edge device
which significantly reduces or eliminates the gap between the leading edge device
and the wing box. At a conventional slat, this gap leads to transition from laminar to
turbulent flow. For this reason, the main aspect that has to be integrated in
MICADO is the increased area of laminar flow. MICADO has a tool chain
implemented which includes the MSES [26] flow solver and tools for transition
point determination. This tool change is described in dedicated publications [27].

For the weight implementation, the weight of the wind tunnel demonstrator
EADN is scaled to the full span of the leading edge devices. This weight is dis-
tributed not only to the structural mass of the leading edge devices, but also the
motor weight of the EADN is incorporated in the flight control system mass
according to the ATA chapter definition. The design of the wind tunnel demon-
strator has the potential of weight optimization and can be expected to be lighter if a
detailed design is applied. On the other hand, additional weight for controlling and
redundancy-driven weight increases are also likely.

Furthermore, an electrical anti-icing system has been implemented in MICADO
as has been in the EADN wind tunnel demonstrator. This leads to a decrease of
bleed air offtakes and an increase in electrical power demand which in consequence
impacts the weight of the electrical generators.

5.4 Aircraft Models for Comparison

In order to assess the benefit of the EADN, several aircraft models are designed and
assessed. Furthermore, the integration of the EADN is introduced stepwise to
analyze the impact of the specific implementation aspect.

5.4.1 Fully Turbulent Baseline Model

The first model represents the configuration chosen for SARISTU, which is shown
in Fig. 21. This configuration has fuselage-mounted engines in order to avoid flow
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Fig. 21 SARISTU aircraft
configuration £ ‘

“ Qe

disturbing influences of wing-mounted engines. The plan form of the wing features
a wing with high aspect ratio with small leading edge wing sweep in order to
support a large surface fraction with laminar flow. The control device setup is
conventional with slats along the entire leading edge of the wing and single slotted
flaps on the trailing edge. In this first model, the flow over the airfoils is calculated
fully turbulent in order to quantify the benefit of the laminar flow areas introduced
in the next aircraft models. This aircraft model will be the baseline and reference for
all aircraft models.

5.4.2 Non-Morphing Reference Model

The second model introduces areas of laminar flow. These areas, however, are
restricted by the gap between slat and wing box to 20 % of the chord. This leads to a
reduction in viscous drag and thereby to a reduced fuel burn and consequently
lighter overall aircraft weight compared to the baseline model.

5.4.3 Transition Determined Model

For the third aircraft model, the transition from laminar to turbulent flow is
determined for the SARISTU wing geometry. This transition location lies well
beyond the slat gap, which justifies the assumption of the second model that laminar
flow can be expected until the slat gap. The larger areas of laminar flow lead to a
further reduction of block fuel. The assumption of laminar flow beyond the slat gap
requires gap less leading edge devices as the EADN. The necessary system impacts
of the EADN are incorporated in the next aircraft model.

5.4.4 EADN Model

The EADN model incorporates the aforementioned aspects. The present weight
estimations lead to a small weight reduction for the EADN system compared to slat
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Fig. 22 Changes of assessment parameters toward the baseline model (A)

leading edge devices if the kinematic chain and hydraulic components as the power
control unit are considered. This reduction is more than compensated by the
increase of generator weight due to the electrical anti-icing systems. The overall
increased weight reduces the block fuel reduction gained by the laminar flow.

5.5 Comparison Results

The results of the comparison are shown in Fig 22. As described before, the values
are percentage values relating to the fully turbulent baseline model (A). For the
non-morphing reference model (C), MTOW and block fuel are reduced as was
expected.

This reduction is even stronger for the transition determined model, as was
expected. For the EADN model (D), the strong increase of the electrical generator
mass is visible. Thereby, the MTOW reduction is smaller compared to the model C.
Consequently, the block fuel reduction is smaller as well. However, the block fuel
reduction is still bigger than that in model B.

6 Conclusion

In this paper, the design challenges and the assessment for the SARISTU enhanced
adaptive leading edge device for a single aisle passenger aircraft is presented. With
this study, a big step is taken toward industrial application of morphing wings,
considering the fulfillment of industrial requirements. The major design drivers for
the skin performance (shape, i.e., maximum deformation and waviness) are as
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follows: available space, material stiffness of the erosion protection layer, and
dielectric properties of the basic material.

1. Due to small available space for the kinematic design especially at outboard
sections of the wing, special brackets had to be integrated into the stringer head
for attachment of the kinematics to the structure. This leads to stress/strain peaks
near the load introduction points and to inflexibility at these locations which
lead for their part to undesired local changes in curvature (waviness).

2. Since the target shape is achieved by tapering the basic GFRP material to a
desired bending stiffness distribution, the full-chord material used for the ero-
sion protection (here titanium) jeopardizes this principle if the material is much
stiffer than the basic material. In consequence, desired target shapes cannot be
obtained anymore. Titanium is selected because of its excellent erosion pro-
tection performance on the one hand, and on the other hand, a material for high
strain application is needed. However, cyclic bending tests show that even the
application of titanium as erosion shield on morphing structures is not able to
withstand more than a few thousand cycles of loading before delamination or
cracking.

3. For electric isolation of the heater mat for de-icing, certain dielectric properties
of the basic material are mandatory. If not sufficient, additional isolation layers
must be used. This approach, however, leads to thickening of the skin in regions
where a thin skin for maximum flexibility is absolutely essential and addition-
ally an ineffective heating due to increased thermal isolation.

Concluding the skin design, the next generation solution for such kind of design
may be the application of nonmetallic erosion protection layers, a basic material
with improved dielectric properties and compliant mechanisms for regions with less
available space to avoid the integration of brackets and to preserve the stringers as a
compliant mechanism in chord direction for a smooth shape.

Over the course of the paper, the challenges related to the development of a
highly integrated adaptive droop nose kinematics are explained. The various design
requirements and an optimization concept is presented. The design tool enables to
optimize the kinematics to follow the specified trajectories by taking into consid-
eration the length of levers and the angle between skin and lever. Likewise, an
emphasis can be placed on a selected range of the trajectories to increase the level
of accuracy there. In order to simplify the actuation system, the kinematics can be
designed for identical droop angle and rotational axis for all kinematic stations.
Based on the optimal solution, a detailed mechanical design is performed and
compared to a previous development. It is noted that the design still is not com-
pletely optimized in terms of weight and that for an assessment on aircraft level, a
safety hazard analysis of the complete EADN should be performed. Additionally, a
fully developed maintenance concept is also missing. However, the comparison
showed that significant progress in terms of weight reduction is made. Also, the
scalability of the concepts was demonstrated. The complexity in terms of number of
parts is reduced as much as possible.
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From overall aircraft view, the enabling large areas of laminar flow on the wing
by natural laminar flow showed an improvement of LoD of over seven percent
compared to the fully turbulent wing. The necessary system architecture changes
(i.e., the application of an electrical anti-icing system) reduce this fuel burn saving.
The slightly lighter weight of the EADN, compared to a slat with its kinematic
chain, has a positive impact. Taking these aspects into account, a fuel burn saving
of over five percent has been estimated.

Information about the performed BST and simulations of the EADN can be
found in a corresponding SARISTU conference paper by C. Chary (SONACA).
Additional information about the performed cyclic testing can be found in a cor-
responding paper of V. Snop (VZLU), and information about the tooling design and
manufacturing can be found in a corresponding paper by O. Heintze and S. Steeger
(Invent).
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Part 11

Technology Stream: Morphing.
The Adaptive Trailing Edge
Device (ATED)

Introduction and Overview

The adaptive trailing edge device (ATED) is aimed at developing technologies for
realizing a morphing wing extremity for the improvement of general aircraft per-
formance. Civil aircraft flight profiles are quite standard, but different missions may
be flown (fast or slow, at low or high altitude). Lift coefficient can span over tenth
to unit, while weight reduces by around a quarter as the fuel burns. The best
aerodynamic configuration then changes, having to match new conditions. The
project addresses medium-range aircraft (around 3h cruise flight). Chord-wise
camber variations are implemented through trailing edge (TE) adaptations to get the
optimal geometry for different flight conditions. Upgrades are herein estimated in
terms of reduction of needed fuel or range increase, expected to amount to 3 % or
more. Lift-over-drag (L/D) ratio is the referenced parameter to catch those per-
formance improvements, kept to its optimal value while weight and angle of attack
change. Because span-wise action variability could lead to design weight decrease
through root bending moment (RBM) reduction, this potentiality can be further
exploited.

The study involved 13 companies (large, medium, and small industries, research
centers, and universities) from 7 different countries (France, Germany, Greece,
Israel, Italy, the Netherlands, and Spain). The wide competences allowed arriving at
the important result of actually manufacturing a smart TE, ready for wind tunnel
tests and dimensioned to actual operative loads (V dive). Particular technologies
(including numerical simulation techniques) were specifically carried out to solve
the problems related to this specific engineering challenge: lightness, robustness,
compactness, sensitiveness (literally!), and so on, along with the most important
the morphing ability. In detail, morphing is enabled by a multi-finger architecture
driven by load-bearing actuator systems. To provide camber variation, devices are
designed to work synchronously (2D-type) but can be activated differentially
(twist). After information is gained by a widely distributed strain sensor network,
the control system drives the actuators actions. An adaptive, highly deformable skin
absorbs part of the external loads and insures a smooth profile. The system keeps its
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structural properties while actuated, then allowing the preservation of a specific
target shape regardless of the action of the operational loads. Static and dynamic
responses under external excitation are considered.

The following papers summarize the main achievements which took place in
each of the aforementioned steps, giving a focus on the many specialisations herein
involved. Namely, the origin of the specifications is tracked, so as to establish the
target and the engineering domain boundaries. Next, the structural problem is
approached, as a novel fully deformable structure is designed, able to bear the
external loads (!). The structure is then completed with the actuation system,
something in between the architecture and the morphing control line, providing the
ATED with deformation capabilities. To properly accomplish its targets, the device
shall be finally integrated with a skin that allows attaining the whole shape enve-
lope, absorbing smoothly the extreme deformations required. Once the design is
completed, manufacturing takes place, which is different from the usual processes
because it has to integrate active and structural parts; functionality and verification
tests are also specific, dealing with an envelope of shapes instead of a defined one.
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Abstract ATE functional aim is to modify the wing TE shape at high speed in
order to obtain an improvement in lift over drag (LoD) ratio in the whole flight
envelope, virtually obtaining a wing working always at its actual LoD optimum
level. This allows to compensate the weight reduction following the fuel burning
and to increase climb and descent A/C performance levels. Initial morphed shapes
specification has been obtained by a multidisciplinary optimization process
matching the aerodynamic performances and structural loads on wing with a
defined level of structural strain for an acceptable duration of skin material life
cycle. The so obtained different wing seamless shapes have been further para-
metrically investigated from aerodynamic point of view so to obtain the most
profitable device span and chord extension. Based on these requirements, a
full-scale ATE functional concept demonstrator has been designed, sized, and
realized, based on reference wing geometry of a 130 Pax jet engines regional A/C
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with a range of 3000 nautical miles, cruise Mach 0.75, and flight level 35,000 ft.
Reference wing aerodynamic studies show the best ATE performances in a rela-
tively high CL range (above 0.5) and for Mach below 0.6. Additional exploitation
of ATE has been performed on a light business jet, designed to carry 4 passengers at
a speed of Mach 0.65, or fly 1200 nm with 2 passengers. CL range of this A/C is
relatively small (below 0.6). In this wing working range, the ATE application seems
not to be effective.

Nomenclature

A Amplitude of oscillation
A/C Aircraft

ATE Adaptive trailing edge
CDh Drag coefficient

CL Lift coefficient
CFD Computational fluid dynamic
K Trailing edge (TE) nondimensional angular deflection rate

LoD Lift over drag

MAC  Mean aerodynamic chord
MTOW Max. takeoff weight
OEW  Operating empty weight
Pax Passengers

TE Trailing edge

1 Introduction

Among mainstream technologies considered in the frame of last years’ research
projects performed to reduce the environmental impact of next-generation air
transport, one is of paramount importance for application to future regional aircraft:
to enhance lift over drag ratio in all high-speed flight conditions, thus reducing fuel
consumption/air pollutants emission. The basic idea of present concept is to actuate
simultaneously some parts of the high-lift devices (HLD) at high speed to modify
the wing TE shape in order to obtain an improvement in lift over drag ratio in the
whole flight envelope. Key concepts for this technology, treated in SARISTU, are
morphing structures relying upon compliant structures and mechanisms applied to
the wing trailing edge sections.
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2 Specification

Fundamental initial step for morphing concept realization is to supply a suitable set
of preliminary requirements able to allow the initial sizing of adaptive TE device.
Three different detailed levels of data have been envisaged: aircraft, wing, and TE
device. These requirements concern aeromechanic, systems, and structural disci-
plines and have to be specially tailored to the reference A/C and wing. In particular,

(a) Top-level requirements of the reference aircraft, as well as of systems
architecture;

(b) Requirements for aerodynamic and structural wing reference configuration
such as baseline wing layout and shape (CAD), aerodynamic, and aeroelastic
performances;

(c) Preliminary aerostructural requirements for morphing wing configuration such
as aerodynamic loads, needed wing sections’ shape changes at defined flight
points and relevant resulting preliminary CL over CD.

2.1 A/C and Wing Reference Configurations

The general layout and systems architectures of a conventional regional A/C ref-
erence aircraft (Fig. 1) have been fixed by means of an aircraft design suite for
preliminary design purposes. Resultant reference A/C masses are as follows:
MTOW = 60 Tons, OEW = 33 Tons, 130 Pax.

The reference wing is a supercritical wing with blended winglets at the tips with
design speed M = 0.78, wing reference area 111 m?, span 34.14 m, and swept angle
leading edge A = 18° (Fig. 2).

Wing aerodynamic loft lines have been completed with a preliminary linear
aeroelastic model (Fig. 3) that represents the stiffness and the inertial characteristics
of the SARISTU A/C wing box. Structural stiffness has been sized so to have

Fig. 1 A/C reference
configuration
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Fig. 2 Reference exposed wing

Ce

v=1L74%m

Fig. 3 Aeroelastic wing model

absence of static and dynamic aeroelastic instabilities in the whole A/C flight
envelope. Wing surface manufacturing requirements (steps and gaps) for aerody-
namic aspects have been defined also by means of semiempirical evaluation and
cross-check with existing results for both laminar and turbulent flow regimes.

2.2 Aerodynamic Shapes Design of Morphing Devices

The implementation of active camber concept, based on the use of conformable
morphing control surfaces, into the SARISTU wing started with the optimal shape
design of the morphing wing. Both the performance evaluation in terms of aero-
dynamic benefits and the computation of the design loads in different morphing
configurations have been the targets during this stage of the project. Aiming at the
optimal shape design of the morphing devices, a dedicated procedure, based on the
combination of a parametric framework called Parametrical sHapes for
aerOdynamic and stRuctural Modelling of Aircrafts (PHORMA) and a specific
optimization, has been used, taking into account both aerodynamic and structural
skin requirements. In this paper, only the shape design of the morphing trailing
edge for cruise condition is described.
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PHORMA is an object-oriented code composed by a suite of tools that allow to
exchange and handle different shapes in order to generate corresponding 3D
geometries. It can be used for the design of variable camber morphing wings from
scratch or can be applied to an already available 3D CAD representation of a
reference wing in order to investigate the effect of conformal leading and trailing
edge devices. Starting from the CAD model, the shapes, corresponding to a set of
the most important sections of the wing model, are locally identified in a parametric
way and associated with a set of attributes including the position and the orientation
of each section. The core of PHORMA is the CSTv3 tool, based on the CST
parameterization technique, originally proposed by Kulfan [1] and extended by
PoliMi to morphing airfoils [2]. The 3D parameterized geometry can be directly
rebuilt and used to produce the CFD mesh of corresponding models, to provide a
fast interface to commercial softwares and to call the commonly used solvers.

The wing was parameterized by combining different parametric airfoils spread
along the wing span via particular interpolation surfaces able to reproduce the
correct wing thickness distribution in spanwise direction and to accurately describe
the original reference wing. The implemented procedure allows to impose different
transition laws of the geometry properties among the different airfoils, as well as to
modify their global properties such as angle of attack, dihedral, or tow angles. The
geometry of the reference wing was rebuilt in a parametrical way in order to have a
wing mathematical model suitable to be used to introduce the shape changes into
the trailing edge. In this way, PHORMA simultaneously allows to mathematically
define the wing shape, run the aerodynamic analysis, and estimate the stress dis-
tribution along the skins. This aerostructural scheme allows to combine the esti-
mation of the aerodynamic performances and the skin structural behavior using a
small number of design variables.

A total of 13 flight conditions have been analyzed from specification load cases
set. The first seven are the same adopted for the structural design of the wing box.
The other six are related to the operational conditions of the investigated morphing
devices. For each flight condition and morphing configuration, an analysis loop was
used to calculate the angle of attack able to guarantee the lift coefficient CL cor-
responding to the requested load factor.

Finally, the target shapes of the morphing wing have been obtained by an
aerostructural shape optimization problem able to define the best shape change to
satisfy specifically imposed requirements.

2.3 Aerostructural Shape Optimization

One of the most important obstacles in the wing morphing is due to the structural
contribution of the skin. Indeed, even if almost all the proposed approaches for
morphing wings are based on a different structural configuration of the ribs, the
structural contribution of the skin still remains. In the approach here used, a ded-
icated optimization procedure is able to determine the best morphing shape able to
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Fig. 4 Scheme of the aerostructural optimization based on the 3D parametric mesh interface

control the deformation of the skin and, at the same time, to limit the power of
actuator necessary to control the shape change.

The morphing shape optimization used to introduce shape changes in the
SARISTU reference wing model is based on two nested optimization loops (Fig. 4).
The outer loop is an aerodynamic optimization able to evaluate the aerodynamic
performances directly in 3D space. The 3D geometry is generated combining the set
of parameterized airfoils previously subjected to the skin structural constraints via a
number of structural shape optimizations, equal to the number of identified sections,
which represent the inner optimization loops. In this way, the aerodynamic analyses
on the 3D wing shape are performed only starting from feasible morphing shapes.
Unstructured surface meshes are generated completely without user intervention.
Heuristics parameters can be also tuned to obtain satisfactory mesh. Geometric
refinement criteria produce a finer mesh in regions of strong curvature, such as
morphing leading edge region, while a limit on the minimum element size can be
imposed to correctly resolve the shock wave at the top of the wing. Corresponding
unstructured volume meshes can be generated from the surface mesh, provided that
Hang Si’s tetrahedral mesh generator TetGen is available.

The optimization problem formulation is implemented using the CST repre-
sentation method both to compute axial and bending stresses along the skins and to
generate the wing geometry for the aerodynamic analyses based on EDGE solver,
which is a CFD code developed by the Sweden Research Center FOI. The objective
function consists of minimizing the aerodynamic efficiency L/D over one or more
flight conditions, under the skin structural constraints.

Since different design requirements have been defined for each morphing device,
different aerostructural shape optimization problems have been tuned for the dif-
ferent morphing devices.

2.4 Morphing Trailing Edge

The morphing trailing edge has been designed considering the following three
different configurations [3]:

1. Morphing TE along 83 % of span and along 10 % of MAC;
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2. Morphing TE along 65 % of span (conventional aileron) and along 10 % of
MAC;

3. Morphing TE along 65 % of span and along 20 % of MAC in the inboard
region.

A subset of the flight conditions was extracted for the evaluation of high-speed
morphing device performances. The main design rule from a structural point of
view is keeping the strain along the skin less than 2 %. According to the skin
material, the following requirements were considered:

Load condition: cruise;

Chord: 10 or 20 % (of the CMA);

Span: 2 morphing areas in spanwise direction (not tapered segment);
ATE deflection range: +/—5°;

Max. skin epsilon (strain): 2 %.

The morphing region is divided into two parts along the span by the kink, and
each trailing edge device must be a not tapered segment. The shape changes have
been introduced into 8 sections so that the morphing shape can be interpolated via
piecewise cubic surfaces within each region.

After setting up the optimization problem able to meet the design requirements
for the morphing trailing edge device, the 3D morphing shape (Fig. 5), in terms of
CAD model, has been obtained from the optimization process.

Aerodynamic performances are initially evaluated by means of CFD Euler
computations, and the results reported (Fig. 6) show how the trailing edge shape
changes are able to adapt the aerodynamic field over the wing in order to increase
the wing efficiency. The results show that in the transonic condition (Mach = 0.74),
the morphing trailing edge is able to change the chordwise Cp distribution inside
the shock wave.

Figure 7 shows the morphing deformations of the two airfoils placed at the tips
of the outboard morphing region.

After generating the Euler mesh, the device performances were evaluated by
comparing the polar curves of the 3 previously defined morphing configurations for
ATE chord = 10, 20 % local wing chord and for 63 and 85 % of wingspan ATE
extensions.

Fig. 5 CAD model of the
optimal wing shape with
morphing trailing edge device
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Fig. 6 Comparison between the Cp at cruise Mach (0.74) reference wing (right) and the wing
equipped with morphing trailing edge (left)
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Fig. 7 Morphing airfoils placed at the tips of the outboard morphing region corresponding to the
morphing configuration numbers 2 (top) and 3 (bottom)

Results are reported in Fig. 8a. In cruise conditions, the second configuration
(10 % chord, 65 % span extension) gives the greatest drag save for “cruise” speed
(Mach 0.74). In “off-design” conditions (i.e., Mach = 0.6), as shown in Fig. 8b, the
beneficial range is extended to higher CL values. It should be pointed out that these
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Fig. 8 a Polar curves’ comparisons “cruise” M = 0.74 performance evaluation and b polar curves’
comparisons “off-design” M = 0.6 performance evaluation
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results are related to the wing and that the benefits would be lower if the contri-
bution of the fuselage was taken into account. In all cases, the ATE deflection
reporting the best performances is downward +5°. Based on previous requirements,
ATE mechanism has been sized and realized.

3 Aerodynamic Final Performance Analysis and Results
of ATE

Morphing ATE has been developed and designed aiming at the aircraft weight and
fuel consumption decrease by optimizing the lift over drag ratio (LoD) for several
flight conditions and thus improving the aerodynamic performance of the aircraft.
Therefore, the aerodynamic performance has to be assessed accurately, with respect
to the specification requirements, taking into account a wide range of physical
phenomena. Morphing indeed implies local shape modifications and seamless
hinges, what act finely on the flow field but have a great influence on the overall
performance in particular on the drag. Viscous CFD is then well suited for the
aerodynamic performance evaluation. Furthermore, since structures become lighter,
they are also more and more flexible. Their deformation must then be taken into
account in the aerodynamic performance computation process. That is why the
aerodynamic performance is assessed using high-fidelity fluid structure coupling
simulations with the aeroelastic CFD code elsA for which the structure modeling is
based on finite element techniques.

In the first step, aerodynamic analyses have been conducted to investigate the
effect of different ATE parameters on the performance: deflection angle, chordwise
size of the ATE, flight conditions, and shape of the device.

Those analyses have shown that the deflection angle of the morphing trailing
edge has a stronger impact on off-design conditions and in particular on high-lift
conditions and high incidences (Fig. 9). For these conditions, a downward
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deflection of the ATE induces a significant improvement in the aerodynamic
performance.

On the other hand, the influence of the ATE size is rather small on the aero-
dynamic performance, in particular on high-lift conditions (Fig. 10), but this
parameter has a strong impact on the aeroelastic deformation (vertical displacement
and wing twist variation) and on the hinge moment. This may be due to stronger
local aerodynamic nonlinear phenomena for large ATE (20 % of the mean chord).

And the last investigated parameter is the shape of the ATE and more precisely
the camber of the trailing edge (Fig. 11). It has a small impact on the overall
aerodynamic performance though a larger camber improves slightly LoD for
high-lift conditions. But it has a significant influence on the hinge moment.

In the second step, once the predesign of the ATE has been completed, an
aerodynamic database has been built from aerodynamic loads computed for a wide
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range of flight conditions and of ATE deflections, in order to help the structural
design and the sizing of the ATE. In particular, severe flight conditions have been
studied for a 5° downward-deflected ATE. Those ones have been defined for the
MTOW configuration at sea level and for load factors ranging from 1 to 3.2. Large
aeroelastic deformations occur at such conditions which match high-lift conditions
close to stall (Fig. 12).

The aerodynamic loads have then been deduced from aeroelastic simulations,
taking into account gravity forces.

In the third and last step, once the ATE design has been almost completed, it has
been refined by optimizations of the shape for different flight conditions, taking into
account technological constraints and degrees of freedom. The parameters of such
optimizations were the rotations of the three hinges of the ATE’s mechanism at
several span locations. The optimization has been performed using a gradient-based
method and the elsA CFD adjoint gradient solver associated with the far-field
post-treatment code FFD72. The latter is indeed able to compute accurately drag
and LoD and to perform drag breakdown from CFD simulations. The objective
function has been defined from LoD with lift constraints.

Two flight conditions at Mach 0.75 have been considered: The first one is the
cruise and the second matches the highest LoD condition. For the first condition,
the optimal ATE deflection (Fig. 13) yields a 2.6 % LoD increase and a 4.3 drag
count decrease. For the second flight condition, a gain of 1.3 % on the LoD and 1.2

Fig. 12 Aeroelastic [CASE 6 : MLW at 3.2g , Mach 0.484, AoA=6.32° | |
deformations occurring at =>C,=0.94 2
_ P
X
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Fig. 13 Optimal ATE —
deflection for cruise condition h\‘--.
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drag count decrease have been obtained. Nevertheless, the LoD polar curves with
respect to lift for the wings with no morphing and for the wings with a frozen ATE
deflection equal to the optimal deflections (Fig. 14) show that the gain in the
aerodynamic performance is visible locally: The higher the lift, the higher the gain
for the first optimized wind unlike the second optimized wing for which the gain
increases with decreasing lift. It shows the great potential of the morphing ATE
with the capability of adaptation to flight conditions, to enhance significantly the
aerodynamic performance of an aircraft all along its mission.

4 Exploitation to Business Jet A/C Configuration

One of the final tasks of SARISTU AS02 was to perform an exploitation exercise of
morphing trailing edge into a different A/C configuration with respect to the refer-
ence A/C. The business jet IAI “Projet” aircraft was selected as a small aeroplane
(Fig. 15) designed to carry 4-5 passengers with OEW = 2300 kg, MTOW = 3700 kg,
range = 1200 nm, and MMO = 0.66.

The span of the flap is 47 % of semispan of the wing, and it smoothly connects to
the wing in spanwise and chordwise directions (Fig. 16).

The chord of the ATE was 160 mm = 10 % of the MAC. The deflections were
imposed by the SARISTU ATE design mechanism: —5°, 0, +5° (Fig. 17).

IAI performed a CFD analysis using in-house CFD Navier-Stokes code NES.
Three ATE deflections were computed: 0°, —2.5°, —5° applied to wing body
configuration. The delta drag relatively to deflection 0° (reference one) is shown on
the left (Fig. 18). The result is that the configuration with deflection —2.5° has the
smallest drag for entire operational lift coefficients in both cruise conditions—long
range and fast cruise. Therefore, the ATE is pointless; a constant change in OML is
the solution. To check better whether ATE is not needed for such A/C, IAI
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Fig. 15 IAI “Projet” aircraft—three views aircraft selected to implement the advanced trailing
edge device (ATE) concept

performed redesign of wing for single lift coefficient using in-house-developed
optimization code OPTIMAS that uses genetic algorithm and NES as solver.

The result of wing optimization (Fig. 19) was an improvement in the drag for
entire lift range at fast cruise Mach number, 7 counts at CL = 0.2, 15 counts at CL =
0.4, and this without losing pitching moment.
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Fig. 16 The ATE size relative to the wing
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WING SECTION AT MAC; THREE FLAP DEFLECTIONS

Fig. 17 Wing section at MAC, three ATE deflections
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Fig. 19 Original “Projet” wing body versus S10 wing body. M = 0.65, Re = 6.3 M; Left drag
polars, Right pitching moments

Three ATE deflections ( 0°, —2.5°, —5°) were again applied for the wing body
configuration with the new optimized wing S10. The result is that no drag reduction
is found for this because of the considered ATE deflections (Fig. 20).
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5 Conclusion

A preliminary study of the starting ATE concepts has been developed so as to
investigate detailed requirements to size and realize the morphing adaptive trailing
edge concept. Aerodynamic and structural preliminarily optimization studies
highlighted the most promising ATE size configuration (63 % extension spanwise,
10 % chordwise) and settings (+5°) of ATE, considering this application a constant
spanwise ATE deflection. Structural constrain at this point was the maximum level
of strain allowed by device skin (2 %). A preliminary evaluation of the aerodynamic
performances was a fallout of this activity, analyzing both wing “cruise” conditions
(traditional wing design point) and “off-design” point at lower-speed higher CL so
as to cover all the wing flight regimes for the reference A/C configuration. From
optimization, morphed shapes have been defined. These shapes constituted one of
the main targets for ATE mechanical and structural design, together with structural
design load set.

A specification collected all these requirements, and ATE concept development
started. In a most advanced device realization phase, a more detailed and sophis-
ticated aerodynamic performance assessment has been done, considering also
aeroelastic wing deflection effects on LoD improvements due to ATE deflections.
This investigation basically confirmed the initial requirements’ evaluations, basi-
cally confirming the design assumptions. The current reference configuration is
based on a MTOW 60 Tons, 130 Pax regional A/C configuration. An exploitation
exercise has been performed on a smaller A/C configuration, a business jet, MTOW
3.7 Tons, 3 Pax. The results for this case were not favorable with respect to
performance improvement, probably for the different ATE extension (43 % span-
wise) and settings (—5°) of the considered devices. Currently, full-scale wind tunnel
functional tests of ATE are on course at TsaGI premises gaining an other important
goal to the technology readiness level of this morphing concept.
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Structural Design of an Adaptive Wing
Trailing Edge for Large Aeroplanes

Rosario Pecora, Marco Magnifico, Francesco Amoroso,
Leonardo Lecce, Marco Bellucci, Ignazio Dimino, Antonio Concilio
and Monica Ciminello

Abstract The structural design process of an adaptive wing trailing edge (ATED)
was addressed in compliance with the demanding requirements posed by the
implementation of the architecture on large aeroplanes. Fast and reliable elementary
methods combined with rational design criteria were adopted in order to prelimi-
narily define ATED box geometry, structural properties, and the general configu-
ration of the embedded mechanisms enabling box morphing under the action of
aerodynamic loads. Aeroelastic stability issues were duly taken in account in order
to safely assess inertial and stiffness distributions of the primary structure as well as
to provide requirements for the actuation system harmonics. Results and general
guidelines coming from the preliminary design were then converted into detailed
drawings of each box component. Implemented solutions were based on designer’s
industrial experience and were mainly oriented to increase the structural robustness
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of the device, to minimize its manufacturing costs, and to simplify assembly and
maintenance procedures. The static robustness of the executive layout was verified
by means of linear and nonlinear stress analyses based on advanced FE models;
dynamic aeroelastic behaviour of the stress-checked structure was finally investi-
gated by means of rational analyses based on theoretical mode association.

Nomenclature
ATE(D) Adaptive trailing edge (device)
CFD Computational fluid dynamics

CONM2 Lumped mass element
DMIG  Direct matrix input at grids
FE/FEM Finite elements/finite element model

1 Introduction: General Requirements and ATE
Structural Concept

Aircraft wings are usually optimized for a specific design point. However, since
they operate in a wide variety of flight regimes, some of these have conflicting
impacts on aircraft design, as an aerodynamically efficient configuration in one
instance may perform poorly in others.

Ideally rigid, non-deformable wing structures preclude any adaptation to changing
conditions; moreover, conventional devices, such as flaps or slats, lead to limited
changes of the overall shape with narrow benefits compared with those that could be
obtained from a wing structure that is inherently deformable and adaptable [1].
Several adaptive wing concepts of varying complexity may be found in the literature
with regard to specific applications and objectives: from variable camber flaps con-
ceived to optimize take-off and landing performances [2, 3], to wings provided with
twist angle variation [4] or overall camber-morphing capabilities [5-9] enabling
aerodynamic flow control and drag reduction, and from variable chord wing segments
[10], to variable aspect ratio wings [11] for planform control during aircraft mission.
Year by year, new aspects are being investigated, thus confirming a positive trend in
the exploration of the wing morphing topic. It is therefore not surprising that in the last
decades, several research programmes were launched worldwide to exploit the
potentials of morphing concepts, especially for what concerns the optimization of
aircraft efficiency and the consequent reduction of fuel consumption; among these,
SARISTU [12] represents the largest European funded research project which
ambitiously addresses the challenges posed by the physical integration of smart
concepts in real aircraft structures; for the first time ever, SARISTU experimentally
demonstrated the structural feasibility of individual morphing concepts on a full-size
outer wing belonging to a CS-25 category aircraft. In the framework of SARISTU
project, research was carried out to develop an adaptive trailing edge device aiming at
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maximizing wing aerodynamic performance in cruise condition. The shape of wing
trailing edge camber is controlled during flight in order to compensate the weight
reduction following the fuel burning, by allowing the trimmed configuration to remain
optimal in terms of efficiency (lift to drag ratio) or minimal drag. Trailing edge
adaptations were investigated to achieve significant benefits in aircraft fuel con-
sumption whose reduction ranges from 3 to 5 % depending on flight mission.
Target morphed shapes—to be reproduced in flight—were determined through
CFD-based optimization analyses under the following constraints:

airfoil thickness distribution unaffected by morphing;
maximum allowed skin deformation equal to 2 %;

e airfoil camber morphing such that the airfoil tip is forced to rotate, by an angle
B, around a virtual hinge located on airfoil camber line at the most forward
chordwise position (Fig. 1).

Optimal values of  angle were found to be included in the range [—5°:+5°],
where negative values indicate upward morphing. In other terms, the aerodynamic
efficiency of the wing was proved to be optimized during cruise, if each ATE section
changes its shape in compliance with target tip deflections ranging from —5° to +5°.

In order to enable the transition of the adaptive trailing edge (ATE) sections from
the reference (baseline) shape to the target ones, a morphing structural concept was
developed for ATE box ribs. Each rib (Fig. 2) was assumed to be segmented into
four consecutive blocks (BO, B1, B2, B3) connected to each other by means of
hinges located on the airfoil camber line (A, B, C). Block BO is rigidly connected to
the rest of the wing structure, while all the other blocks are free to rotate around the
hinges on the camber line, thus physically turning the camber line into an articulated
chain of consecutive segments. Linking rod elements (L1, L2)—hinged on not
adjacent blocks—force the camber line segments to rotate according to specific gear
ratios.

Un-morphable Morphable airfoil
y airfoil " (ATE section)

Y

~
A

Un-morphed shape

Un-morphed camber line

Morphed shape

Morphed camber line ==

Fig. 1 ATE generic cross section, unmorphed and morphed shapes
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Fig. 2 Morphing rib architecture: a blocks and links, b hinges

These elements make each rib equivalent to a single-DOF mechanism: if the
rotation of any of the blocks is prevented, no change in shape can be obtained; on
the other hand, if an actuator moves any of the blocks, all the other blocks follow the
movement accordingly. The rib mechanism uses a polygonal line made of three
segments to approximate the camber of ATE airfoil and to morph it into the desired
configuration while keeping approximately unchanged the airfoil thickness
distribution.

The ribs’ kinematics was transferred to the overall trailing edge structure by
means of a multi-box arrangement (Fig. 3). Each box of the structural arrangement
was assumed to be characterized by a single-cell configuration delimited along the
span by homologue blocks of consecutive ribs and along the chord by longitudinal
stiffening elements (spars and/or stringers).

Upon the actuation of the ribs, all the boxes are put in movement, thus changing
the external shape of the trailing edge (Fig. 4); if the shape change of each rib is
prevented by locking the actuation chain, the multi-box structure is elastically stable
under the action of external aerodynamic loads.

The actuation system was based on servo rotary load-bearing actuators coupled to
quick-return mechanisms for the independent control of each rib of the device [13].

rear wing spar

Fig. 3 Morphing box architecture (exploded view)
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Fig. 4 ATE configuration: morphed up (left hand side), morphed down (right hand side)

Fig. 5 Multi-material skin arrangement [14]

A multi-material arrangement was assumed for the upper and lower skin panels
(Fig. 5, [14]); more in detail, a rational combination of Al alloy panels and soft
foam strips was implemented along the chordwise direction. Foam strips were
placed in correspondence with camber line hinges, thus adsorbing the tension and
compression induced by the camber morphing on the skin; aluminium panels were
riveted along rib edge to increase the torsional stiffness of each ATE box. Silicon
material—properly designed to withstand temperature excursion typically expected
in flight—was introduced as protective layer and glued on the sequence of alu-
minium panels and foam strips.

The structural concept herein described resulted from an iterative design process
consisting of three main loops; (Fig. 6) the executive layout was obtained by
progressively updating a preliminary assessed configuration. The updating process
followed the design progress of the ATE main equipments (basically
actuation/sensing system) and structural interfaces with the rest of the wing (dead
box) while duly taking in account recommendations coming from numerical
analyses addressing ATE structural behaviour.
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3D CAD Loop 1 3D CAD Loop 2

Fig. 6 ATED design loops

2 ATE Stress Analyses

Once the structural layout was sketched and the aerodynamical loads established,
the simulation of the ATED behaviour under real flight conditions took place as a
critical stage of the design cycle. The detailed modelling of such a complex
morphing system involved the proper schematization of a lot of different compo-
nents and sub-assembly items as the rib chains, connected by spherical and
cylindrical joints, and the actuator chains, including motor shaft modelling, the
skin, the spars, and some others.

Mesh size and general properties of the finite element (FE) model were rationally
defined in order to get detailed and reliable distributions of stress and strains while
optimizing the computational time required for each analysis; in the following,
some detailed pictures of modelled parts are shown (Fig. 7).

All the constructive details of connection systems (joints, bushing, and fasteners)
were accurately taken into account by proper modelling approaches enabling the

(a) (c) Rear spar

(d)
(b)

Actuator mass
L]
]

Fig. 7 FE model. a rib, b actuation chain, ¢ spars, d skin segments
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Fig. 8 Limit Von Mises stress contour (left hand side), total displacement contour (right hand side)
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Fig. 9 Buckling eigenvalues and eigenvectors (limit load)

extraction of local forces for separate stress analysis and margin of safety
(MOS) evaluations.

These parameters were computed through consolidated sizing formulae,
according to standard design manuals. Global and local stress analyses were per-
formed under the actions of distributed pressure fields on the upper and lower skin
panels (Fig. 8). Finally, to explore the possible occurence of buckling and to check
the vibration behaviour, dedicated simulations were performed (linear and nonlinear
buckling and modal analysis) (Figs. 9 and 10).

3 Aeroelastic Investigations

Due to ATE higher complexity with respect to conventional solutions based on
hinged flaps, it was believed necessary to take into account aeroelastic issues since
the preliminary design phase of the device. To this aim, trade-off flutter analyses
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2° mode Freq.

3° mode Freq. 54 HZ

4° mode Freq. 72 HZ

Fig. 10 Modal parameters (shapes and frequencies up to 80 Hz)

[15, 16] were performed in compliance with CS-25 airworthiness requirements in
order to define safety ranges for trailing edge inertial and stiffness distributions as
well as for the harmonics of trailing edge’s control lines. Rational approaches were
therefore implemented in order to simulate the effects induced by variations of
trailing edge actuators’ stiffness on the aeroelastic behaviour of the wing also in
correspondence with different dynamic properties of the trailing edge component.
Reliable aeroelastic models and advanced computational strategies were properly
implemented to enable fast flutter analyses covering several configuration cases in
terms of structural system parameters. A simplified and fairly representative
structural model of the wing system was generated referring to a stick equivalent
representation (Fig. 11); stiffness and inertial properties of the model were extracted
by two FE models that were elaborated by concurring partners of SARISTU con-
sortium to preliminarily assess the structural layout of the wing. Matrices of

\""—-___ Winglet elastic axis

— Beam element

# Structural model node
o CONM?2 element

Quter trailing edge hinge line

35 o Torsional spring
Inner trailing edge hinge line

DMIG elements

Central node

Fig. 11 Trade-off aeroelastic analyses: adopted structural model [15, 16]
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Fig. 12 Trade-off aeroelastic analyses: adopted aerodynamic model [15, 16]

unsteady aerodynamic influence coefficients were evaluated by means of doublet
lattice method. The aerodynamic lattice of the wing (Fig. 12) was generated by
properly meshing the middle wing plane through eight macro-panels for each side
of the wing; macro-panels were further meshed into elementary boxes; higher
boxes’ density was considered for the movable trailing edge.

Modal displacements at the centre of each aerodynamic box were obtained by
means of linear spline functions attached to support nodes of the structural model.

Flutter analyses were carried out under the following assumptions:

e PK continuation method with rationalization of generalized aerodynamic forces
for the evaluation of modal frequencies and damping trends versus flight speed;

e theoretical elastic mode association in the frequency range 0—-60 Hz (elastic
modes being pertinent to free—free aircraft, with only plunge and roll motions
allowed);
modal damping (conservatively) equal to 0.01 for all the elastic modes;
sea-level altitude and flight speed range 0-300 m/s (#1.5 times the dive speed
VD).

Flutter speeds were evaluated in correspondence with different settings for the
movable trailing edge, each setting being defined by means of three (trade-off)
parameters:

e jnertial distribution;
stiffness distribution;
harmonic frequency (i.e. frequency of the elastic deflection at locked actuators).

Investigated cases mapped three different inertial distributions in combination
with three different stiffness distributions and five harmonic frequencies of the
movable surface; the trade-off domain was therefore composed by 45 different
configurations of the movable trailing edge.
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Fig. 13 Carpet plot of flutter speeds [15, 16]

Obtained results (Fig. 13) showed that for the most practical combinations of
trailing edge stiffness and inertial distributions, flutter is avoided if sufficient stiff-
ness is provided by the actuation chain. On the other hand, a proper mass balancing
of the trailing edge was determined in order to assure the absence of any flutter
instability within the certification envelope even in the extremely remote event of
simultaneous failure of all the actuators.

Stiffness and inertial distributions of the ATE were duly monitored during the
design loops in order to be compliant with the safety levels coming from the
trade-off flutter studies, the same applied to actuation system elasticity (intimately
related to ATE harmonics) and ATE mass balancing.

At the end of the structural design process, the executive and stressed layout was
further investigated from the aeroelastic standpoint in order to check the absence of
any instability.

The check was performed with reference to the detailed structural model
(described in the previous paragraph) which was duly condensed using a suitable
number of super-elements. Analyses did not show any criticality, thus proving the
goodness of the adopted aeroelasticity-in-the-loop design strategy.

4 Conclusions

The structural design of aircraft components represents a complex process in which
several variables are taken into account in order to produce efficient layout com-
pliant with specific requirements.
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For conventional items, three primary requirements are commonly referred to:

e the capability of withstanding the most severe loads expected in service without
failure or degradation of structural properties during the entire life cycle;
the avoidance of unnecessary weight;
the simplicity of the overall layout for what regards the manufacturing and the
assembly of the spare parts as well as the installation and maintenance of the
assembled component.

When dealing with adaptive structures for lifting surface morphing, the level of
complexity of the design process naturally increases as a consequence of the
augmented functionality of the system to be assessed; generally speaking, a
morphing structure has to assure the controlled and fully reversible transition from a
baseline shape to a set of different configurations, each one characterized by specific
external loads and transmission paths of the internal stresses; the same design
requirements of conventional items have therefore to be fulfilled for each geo-
metrical configuration; moreover, the morphing functionality has to be imple-
mented in order to:

e ecnable the high-fidelity reproduction of the target shapes under the action of
aerodynamic and inertial loads;

e avoid any detrimental impact on flight safety as well as on the overall aircraft
maintenance plans.

A brief and general description of the approaches and methodologies followed
for the structural assessment of a morphing trailing edge structural layout has been
here presented with reference to CS-25 aircraft end applications and the
above-recalled requirements. Design strategies and consequent results have been
outlined; particular emphasis was given to the procedures implemented for the
individuation of the structural arrangements and for the demonstration of their
adequacy in a multidisciplinary perspective.

References

1. Barbarino S, Bilgen O, Ajaj RM, Friswell MI, Inman DJ (2011) A review of morphing aircraft.
J Intell Mater Syst Struct 22:823-877

2. Monner HP, Bein T, Hanselka H, Breitbach E (1998) Design aspects of the adaptive wing—
the elastic trailing edge and the local spoiler bump. In: Proceedings of Royal Aeronautical
Society symposium on multidisciplinary design and optimization. Royal Society Publishing,
London, pp 15.1-15.9

3. Pecora R, Barbarino S, Concilio A, Lecce L, Russo S (2011) Design and functional test of a
morphing high-lift device for a regional aircraft. J Intell Mater Syst Struct 22(10):1005-1023

4. Pecora R, Amoroso F, Lecce L (2012) Effectiveness of wing twist morphing in roll control.
J Aircr 49(6):1666-1674

5. Barbarino S, Pecora R, Lecce L, Concilio A, Ameduri S, De Rosa L (2011) Airfoil structural
morphing based on S.M.A. actuator series: numerical and experimental results. J Intell Mater
Syst Struct 22:987-1004



170

6.

7.

10.

11.

12.

13.

14.

15.

16.

R. Pecora et al.

Stanewsky E (2001) Adaptive wing and flow control technology. Prog Aerosp Sci 37
(7):583-667

Browman J, Sanders B, Weisshaar T (2002) Evaluating the impact of morphing technologies
on aircraft performance. In: Proceedings of the 43rd AIAA conference on structures, structural
dynamics and materials, AIAA paper 2002-1631, Apr 2002

. Szodruch J, Hilbig R (1988) Variable wing camber for transport aircraft. Prog Aerosp Sci 25

(3):297-328

. Munday D, Jacob J (2001) Active control of separation on a wing with conformal camber. In:

Proceedings of the 39th AIAA aerospace science meeting and exhibit, AIAA paper 2001-293,
Jan 2001

Perkins DA, Reed JL, Havens E (2004) Morphing wing structures for loitering air vehicles. In:
Proceedings of the 45th AIAA conference on structures, structural dynamics and materials,
AIAA paper 2004-1888, Apr 2004

Blondeau J, Pines D (2004) Pneumatic morphing aspect ratio wing. In: Proceedings of the 45th
AIAA conference on structures, structural dynamics and materials, AIAA paper 2004-1808,
Apr 2004

www.saristu.eu (web site of the SARISTU project)

Dimino I, Flauto D, Diodati G, Concilio A, Pecora R (2014) Actuation system design for a
morphing wing trailing edge. Recent Pat Mech Eng 7(2):138-148

Schorsch O, Luhring A, Nagel C, Pecora R, Dimino I (2015) Polymer based morphing skin for
adaptive wings. In: 7th ECCOMAS thematic conference on smart structures and materials
SMART 2015, Azores, Portugal, 3—6 June 2015

Pecora R, Magnifico M, Amoroso F, Monaco E (2014) Multi-parametric flutter analysis of a
morphing wing trailing edge. Aeronaut J 118(1207):1063-1078

Bisplinghoff RL, Ashley H, Halfman RL (1996) Aeroelasticity. Dover Publications Inc.,
New York


http://www.saristu.eu

Distributed Actuation and Control
of a Morphing Wing Trailing Edge

Ignazio Dimino, Monica Ciminello, Antonio Concilio, Rosario Pecora,
Francesco Amoroso, Marco Magnifico, Martin Schueller,
Andre Gratias, Avner Volovick and Lior Zivan

Abstract In a morphing wing trailing edge device, the actuated system stiffness,
load capacity, and integral volumetric requirements drive flutter, actuation strength,
and aerodynamic performance. Design studies concerning aerodynamic loads,
structural properties, and actuator response provide sensitivities to aeroelastic
performance, actuation authority, and overall weight. Based on these consider-
ations, actuation mechanism constitutes a very crucial aspect for morphing structure
design because the main requirement is to accomplish variable shapes for a given
trailing edge structural mechanism within the limits of the maximum actuation
torque, consumed power, and allowable size and weight. In this work, a lightweight
and compact lever driven by electromechanical actuators is investigated to actuate

1. Dimino (P<]) - M. Ciminello - A. Concilio

CIRA, The Italian Aerospace Research Centre, Via Maiorise, 81043 Capua, CE, Italy
e-mail: i.dimino @cira.it

M. Ciminello

e-mail: m.ciminello@cira.it

A. Concilio
e-mail: a.concilio@cira.it

R. Pecora - F. Amoroso - M. Magnifico

Aerospace Division, Department of Industrial Engineering, University of Naples,
“Federico II”, Via Claudio, 21, 80125 Naples, Italy

e-mail: rosario.pecora@unina.it

F. Amoroso

e-mail: francesco.amoroso@unina.it

M. Magnifico
e-mail: marco.magnifico@unina.it

M. Schueller - A. Gratias

Department of Multi Device Integration, Fraunhofer ENAS, Technologie-Campus 3,
09126 Chemnitz, Germany

e-mail: martin.schueller @enas.fraunhofer.de

A. Gratias
e-mail: andre.gratias @enas.fraunhofer.de

© Springer International Publishing Switzerland 2016 171
P.C. Wolcken and M. Papadopoulos (eds.), Smart Intelligent Aircraft
Structures (SARISTU), DOI 10.1007/978-3-319-22413-8_9



172 1. Dimino et al.

the morphing trailing edge device. An unshafted distributed servoelectromechanical
actuation arrangement driven by a dedicated control system is deployed to realize
the transition from the baseline configuration to a set of design target ones and, at
the same time, to withstand the external loads. Numerical and experimental
investigations are detailed to demonstrate system effectiveness and reliability using
a feedback sensing data from integrated FBG sensors.

1 Introduction

Changing the wing shape or geometry for maneuver and general control purposes
has its roots at the very early stage of the modern aviation. The Wright Flyer, the
first powered aircraft, enabled roll control by changing the twist angle of its wing,
by using cables directly actuated by the pilot. The increasing demand for higher
cruise speeds and payloads led to more rigid aircraft structures, unable to change
their shape to different aerodynamic conditions. The deployment of conventional
flaps or slats on a commercial airplane is the common way to modify the wing
geometry (other examples are the variable wing plant geometry on the F14 or the
Concorde nose): However, they lead to discontinuities, in turn producing geometry
sharpening, aerodynamic efficiency worsening, and also noise emission increase.
Final wing geometry is generally a compromise allowing the aircraft to fly a range
of conditions, at suboptimal performance levels. Benefits could be increased if an
inherent deformable wing would be referred to, either globally or locally (see for
instance [1], for general aerodynamic performance enhancement or [2] for radiated
noise reduction).

Wing shape morphing is a very promising area of research which offers sub-
stantial improvements in aircraft aerodynamic performance. It has interested
researchers and designers over the years; a quite thorough survey may be found in
[3], while early works may be found in the far past. Novel strategies have been
considered in the last decade: For example, the idea of producing smooth variations
of the geometry even in the presence of large displacements distributed over a wider
portion of the wing is well documented [4, 5]. Further works can be found in the
literature dealing with original approaches to modify specific wing parameters to
achieve better acrodynamic performance as, for instance, the upper skin curvature
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to delay the laminar transition point, [6, 7], the local or global camber, [8—10], the
wingspan itself, [11, 12], or the twist angle [13, 14].

Morphing structures require a compromise between high load-carrying capacity
and adequate flexibility. This target necessitates innovative structural and actuation
solutions. When dealing with adaptive structures for lifting surfaces, the level of
complexity naturally increases as a consequence of the augmented functionality. In
specific, an adaptive structure ensures a controlled and fully reversible transition
from a baseline shape to a set of different configurations, each one capable of
withstanding the associated external loads. To this aim, a dedicated actuation
system shall be designed. In addition, the adopted morphing structural kinematics
shall demonstrate complete functionality under operative loads. Within the frame of
SARISTU project (EU-FP7), an innovative structural system incorporating a gap-
less adaptive trailing edge device (ATED) has been developed. Such a system is
conceived to enhance large commercial aircraft cruise performance by compen-
sating the aircraft weight reduction during a long-range mission due to fuel con-
sumption [15, 16]. Such consistent changes in flight conditions are compensated by
varying the wing camber during the mission to obtain a near-optimum geometry in
order to preserve aerodynamically efficient flight. As a result, it allows the trimmed
configuration to remain optimal in terms of efficiency (L/D ratio) or minimal drag
(D). Key benefits have been measured as reduction of fuel consumption or increase
of range, expected to amount to 3 % or more. Because span-wise action variability
could lead to design weight decrease through root bending moment
(RBM) reduction, this potentiality can be further exploited.

1.1 Distributed ServoElectromechanical Actuation

Hydraulic actuators are typically used for primary flight control surfaces due to the
high forces required. Whereas electromechanical actuators are considered too slow
and bulky to compete with hydraulics on surface actuation, the advent of digital
motors has made electromechanical actuators a viable solution for controlling
secondary aircraft control surfaces in which jam is not catastrophic. In morphing
applications based on rigid-body mechanisms, fewer actuators may be required and
the main advantages with respect to conventional arrangements were derived from
the reduced mass, volume, force, and consumed power.

In this work, an unshafted distributed servoelectromechanical actuation
arrangement is investigated. A major potential advantage of distributed actuation
with respect to a shaft mechanism is the ability to move individual ribs either
synchronously or independently to different angles (twist), Fig. 1. Varying the
angles between inboard and outboard wing as well as between different stations
may lead to significant aerodynamic benefits. This architecture uses both inherent
rotation sensors on each actuator and a FBG-based distributed sensor system to
synchronize the different element action and to monitor localized failures. Each
actuator is rated for the torque of a single adaptive rib and is hence smaller than the
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Shaft
mechanism

maorphing  Actuators marphing
ribs ribs

Fig. 1 Unshafted distributed servoelectromechanical actuation arrangement (leff) and comparison
with conventional architectures

equivalent conventional hydraulic actuation of a control surface. As the number of
motors increases drastically, such a configuration has potential to fulfill airwor-
thiness requirements for a less safety critical surface such as ATED. On the other
hand, however, reliability issues may represent an issue.

2 Morphing Trailing Edge Actuation

A lightweight and compact lever driven by electromechanical actuators is investi-
gated to activate the morphing trailing edge device. Morphing is enabled by a
multi-finger architecture driven by load-bearing actuator systems (hidden in Fig. 2).
More details on the morphing architecture may be found in [17]. The use of
electromechanical actuators is coherent with a “more electric approach” for
next-generation aircraft design. Benefits are obvious. No hydraulic supply buses
(easier to maintain and store without hydraulics leaks) improved torque control,
more efficiency without fluid losses, and elimination of flammable fluids. In addi-
tion, it is potentially possible to move individual ribs either synchronously or
independently to different angles (twist) in order to enhance aerodynamic benefits
during flight. On the other side, actuators susceptibility to jamming may represent
the most important drawback.

Fig. 2 The adaptive trailing
edge device (ATED)
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(a) , (b)

Fig. 3 Morphing rib architecture: a blocks and links, b Hinges

The actuation kinematics of the morphing trailing edge device is based on a
“direct-drive” actuation consisting of an arm (actuation beam) that is rigidly con-
nected to the B2 block shown in Fig. 3. This arm rotates the 1-DOF-based
mechanical system and transmits the actuation torque from the actuator to the
adaptive rib. The control actions aim at producing small camber variation in the
adaptive trailing edge corresponding to a rigid rotation of a plain control surface
comprised between —5° and +5° during cruise. The closed structure made of the
adaptive ribs, the spars, and skin is capable of bearing both the chord-wise and
span-wise design loads, being mechanically sustained by the actuator distribution.

Starting from the structural design, the actuator electrical arrangement was
defined, as shown in Fig. 4. The main features of the adopted solution are as follows:

e Simplicity: “direct-drive” actuation, without gearboxes;
e Redundancy: duplication of actuation per morphing rib;
e Fault tolerance: continued operation after single-actuator fault.

The connections to the control system hardware, signal conditioning electronics,
and routing to each actuator were also defined. After info gained by a widely

Fig. 4 Sketch of the
actuation system




176 1. Dimino et al.

distributed strain sensor network, the control system drives actuator action. An
adaptive, highly deformable skin absorbs part of the external loads and insures a
smooth profile. The system keeps its structural properties while actuated, then
allowing the preservation of a specific target shape regardless of the action of the
operational loads. Relative actuator movement with regard to transition times and
velocity discrepancies between each rib segment was considered to synchronize
each actuator.

2.1 Actuator Selection and Layout

In order to reduce the actuation torque necessary to hold and move the ATE device,
different kinematic architectures have been considered during the actuation system
development. Reducing the actuation torque affects both actuation dimensions and
weight. With a suitable actuation kinematics, it is possible to identify a suitable
actuator that can be host in the available space of the demonstrator. To actuate the
ATE structure, it is necessary to apply a torque on the second rib block. If the force
generating this torque was applied parallel to the camber line, then the maximum
available arm would be of the order of the wing local thickness. If this force was
applied perpendicularly to the camber line, then the maximum available arm would
be of the order of the ATE length. These considerations suggested the use of a
quick return mechanism.

The actuation kinematics has an arm (actuation beam) that is rigidly connected to
the second rib block. This arm rotates as the block itself. Torque is applied to the rib
block by means of a force acting perpendicularly to this arm (if the friction can be
considered equal to zero). This force is generated by a rotational servoactuator with
a crank rotating with the actuator shaft. A simplified scheme of the kinematics is
reported in Fig. 5. As shown in Fig. 6, this arm rotates around the “virtual hinge”

Fig. 5 The actuator layout
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A08E12

Fig. 6 FE model of the activated rod

(the point around which the second rib block rotates during the movement of the
ATE device) and transmits the actuation load (torque) from the actuator to the
second rib block.

The mechanical advantage MA of the mechanism (ratio between the loading
moment and the driving moment) and the relation between the actuator rotation
angle and the rib block rotation may be computed as:

Ma = Bt
Bg
Br = Rsiny; B = Lcoso — Bg
_Lcosoc
" Rsiny

L
Rcosy = Lcosa — y = arccos (E sin cx)

The mechanical advantage increases as the second rib block angle increases, and
this is much more evident as higher is the ratio between the arm length L (distance
between the second rib block virtual hinge) and the actuation crank radius
R. Similarly, formulas may be derived for the actuator rotation angle versus rib
block rotation angle.

Higher is the L/R ratio, higher has to be the actuator rotation angle. This affects
the maximum reachable mechanical advantage due to the fact that servoactuators
available on the market have a mechanical limit to their rotation. This architecture
can reach higher mechanical advantage values, but some limitations can be imposed
by the maximum servoactuator rotation angle.

During the design phase, it was chosen to connect this arm to the spar rigidly
connected to the second rib block: These spars, together with the rib blocks and the
skin, constitute a very rigid closed structure capable of bearing high loads. The
chosen arrangement is shown in Fig. 7. FE simulations demonstrated that the



178 1. Dimino et al.

Fig. 7 Actuator system
installation detail

actuation beam is capable to bear the load coming from the actuator. Each rib is
moved by two actuation systems, each one of them bearing half of the load. The
stress on the actuation beam can be then calculated as the ratio between the flexural
moment (Mf) and the flexural rigidity (Wf) of the beam Mf/WT.

The worst-case condition (Vdive) is very below the stress limits for both alu-
minum and steel. The actuation crank dimensions have been chosen in order to have
the maximum possible mechanical advantage and to satisfy the £45° of maximum
actuator rotation. For each rib, the “virtual hinge” has been identified by consid-
ering the second rib block position in three different configurations: morphed up
(max top deformation), morphed down (max bottom deformation), and unmorphed.
Then, the actuators have been positioned as close as possible to the dead box spar.
The distance between the actuator shaft and the virtual hinge has been then mea-
sured. The actuation crank dimension has then been fixed, following the previously
stated requirements and following a detailed stress analysis.

Starting from the FE model results, the main specifications for the actuators were
defined (Table 1):

Available certified servoactuators have been screened on the market in order to
derive the best of them suitable for ATE application. Considering actuator speed
and individual performances, the Bental RSA-06 actuator has been selected due to
its contained weight (less than 0.5 kg) and dimensions respect to the other candi-
dates that satisfy the same specifications.
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Table 1 Servoactuators specifications
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Parameter Assumption Units
Type of actuator Electromechanical
Max torque 6 (dynamic) or 15 (static) Nm
Displacement +45 (pk to pk) °
Resolution 0.55-1.1 (max actuator backlash) °
0.1-0.05 (ATE device resolution)
Dimensions 100 x 50 x 200 (W x H x L) mm
Weight <1 kg
Number of actuators 10 -
Actuator speed >10 °/s
Actuation signal max latency <10 ms
Nominal voltage 12 or 24 \%
Power consumption <100 w

3 Control Logic

As a last step, the control system architecture was developed and implemented.
Resulting scheme is reported in Fig. 8. Depending on the specific flight mission,
different ATED shapes are possible. More specifically, the control system aims to
drive the structure to reach the specific position of the ATED surface enabling
optimal aerodynamic performance.

Two kinds of sensorized systems were used to monitor the ATED shapes: shape
beams and ribbon tapes. The shape beam is a sensorized cantilevered beam with
integrated fiber optics. The sliding beam is opportunely guided to copy the skin
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profile as an independent structural system able to measure camber variations. The
guide itself is opportunely designed to compensate the air gap due to the different
thickness of the skin and allowing the skin profile to transfer its curvature to the
beam. Basically, at least three points of interest are considered corresponding to the
rib hinges. Ribbon tapes are a very thin and flexible glass fiber reinforced patch.
The span-wise deformation is expected to be coherent with standard glass FO so
that ribbon tapes can be directly bonded in the inner side of the metallic tip cover
and then connected to form two measurement lines in order to drastically reduce the
number of channels. Structural reshape for a circular recess allows the patch-cord
cable to be safely hosted inside the tip without any interference with the skin
installation.

After evaluating the actual ATED shape measured by processing sensor system
data, the movement function of each actuator is calculated to reach the target
position. A synchronization task of the actuation movement signals is also per-
formed to improve the system performance and target shape accuracy during shape
movement. The control was created in dSPACE, and the connection between the
control board and the actuators was specifically designed to monitor both actuator
rotation feedback and the power consumption.

4 Results

The controller was implemented real time in a DSP board. Two architectures were
considered: open loop and closed loop. In the former, the controller executed the
driving command on the basis of the off-line predictions of the actuator shaft
rotations needed to reach specific ATED morphing angles. As a result, the con-
troller gives no feedback on the achieved trailing edge shape. In the latter, the
controller monitored either the actual ATED shape information given by the
FBG-based sensor system distributed over the structure or the actuator rotation
levels given by the servo so that the controller actions could be real-time-adjusted.
Then, the control strategy is defined as closed loop (feedback control). Both open-
and closed-loop control architectures were developed and tested.

In both experimental campaigns, the actuation mechanism was driven to enforce
the structure to the desired shape (£5° of morphing). The experimental results were
compared with the CAD model expectations. The actual displacements of ATED
structure in morphed conditions were measured and compared with the numerical
predictions. The error was evaluated by the sum of square errors between the
experimental and simulated data. The position of the ATED device in terms of
morphing angle was obtained by minimizing this error function. The results
achieved through ground testing performed on the demonstrator are reported in
Fig. 9. The range of ATED morphing, assessed by the minimum of the error
function, was estimated in the range [-4.91°, 5.21°]. The deviations with the
respect to the CAD shape are given in Figs. 10, 11, and 12 for the baseline and the
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full morphing deployment (+5°, —5°), respectively. Control system performance,

such as actuation time, slew rate, resolution, and stability, were also assessed.

Shape recovery capability of the feedback control architecture was evaluated
along with controller stability and robustness. Such tests were performed by
impacting the trailing edge tip with a hammer after commanding the morphing
deployment, as shown in Fig. 13.
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Strain map distribution sensed by the sensor system was also off-line processed

in order to reconstruct ATED

between the actual and target

shape in morphing conditions. The differences

shape was identified by the respective correlations

with the strain levels and found satisfactory.
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Fig. 13 Controller robustness
tests through hammer
excitation

Actuator #2

ATED rotation

Time (s)

5 Conclusions and Future Developments

The technology herein presented has been developed with reference to a real rep-
resentation of an aircraft. Then, its specifications were derived from realistic load
computations and assembly conditions. Its configuration is however defined with
respect to a clean wing, i.e., without command and control surfaces. Moreover, in
order to properly assess the deriving polar and the consequent L/D estimations, the
whole aircraft should be considered, taking into account the presence of the hori-
zontal tail that compensates for the center of gravity excursions and concurs to
global produced lift. From the point of view of design, no impressive variations are
expected, because what can change is a variation of the absolute value of the load,
maybe its distribution, but nothing to drastically change the dimension of the main
components. The same applies to the algorithm logic or the sensors installation.
Indeed, from the point of view of the real integration in a wing, referring to the
investigated layout, an overall simplification should derive, as a consequence of the
larger room available, as the device is moved to the wing chord. Some consider-
ations should also be spent regarding the control algorithm. The system is in fact
based, as by now, on an adaptive feed-forward slow control logic with a feedback
control scheme that compares the measured strain to the target ones, derived from
the target shapes. The different forms are established on an off-line computation and
refer to the estimated performance of the engines (fuel consumption). This can be
improved for at least three steps: referring to the real, reconstructed shape and
comparing it to the reference (analytical or numerical) shape; referring to the actual
wing performance, by inserting the new morphed geometry into an aerodynamic
code, verifying the results and adjusting the control effort, consequently; finally,
the assessment of the instant fuel consumption could enable the development of
more-accurate control actions aiming at reproducing more fuel-efficient wing
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shapes. Then, the passage from a mock-up to a real aircraft should consider at least
the following points:

e The installation should be thought with respect to a movable surface (flap),
which in turn would mean a different approach and constraints for the instal-
lation, including cable routing;

¢ Finer computation of the achievable L/D and a consequent better prediction of
the attainable benefits;

e Modulation of the load, moving from a (virtual) aircraft to another (real);
Easier overall installation, deriving from a larger available inner space; and
Integrate real-time controllers, implementing fuel consumption rate as reference
variable.

The concept is derived by combining classical and new technologies, all
assembled into a new product. In this way, there are well-assessed components (the
sensor system, the control system itself, the actuator system, the structural system),
combining with other more innovative products, like the morphing skin. While the
classical components are not reasonably going to give rise to complex issues on the
maintenance and the reliability (classical kinematic, actuator, and sensor chain
models may be referred to), the innovative skin should be imagined to undergo a
long testing period in order to characterize its behavior outside of the standard
design domain above all with respect to fatigue and aging. Following these and the
former considerations, it is trivial to consider that a reliable maintenance plan
should be designed, in order to properly address the engineering problem con-
cerning the fliability of these devices. An unsolved problem should in the end be
cited and concern the use of a multitude or a reduced number of motors. Without
going into details of controllability, it is clear that a large number of devices ensure
the differential actuation, while a reduced set confines its function to the uniform
camber adaptation. Moreover, if a large number of devices are redundant and
guarantee the global reliability of the system also in case of failure of some motors,
it also needs shorter maintenance periods. This aspect will be investigated in further
jobs of the authors concerning the development of the introduced device as generic
load modulator. FHA analysis should be also thought as the conclusive part of this
path. Summing up all these terms, the actual cost of the device will be derived, that
is, a good measure to evaluate its real applicability to real aircraft and, then, to real
world. So, in order to increase the proposed technology TRL, the following aspects
becomes crucial:

Maturation of the morphing skin technology;

Ensure the aging and the fatigue behavior