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ABSTRACT

Adhesive bonding is a proven alternative to mechanical fasteners for structural
assembly, offering lighter and thus more fuel efficient aircraft and cost-effective
manufacturing processes. The effective application of bonded structural
assemblies is however limited by the tight fit-up requirement, which is with
tolerance ranges of hundreds of microns; this can be a challenge for the industry
to meet considering the variability of current part manufacturing methods and the
conservative nature of the conventional tolerance stack-up analysis method.
Such a (perceived) limitation can discourage effective exploitation of bonding

technologies, or lead to development of overengineered solutions for assurance.

This work addresses such challenge by presenting an enhanced bondline
thickness variation analysis accounting for part deflection of a bonded skin-
stringer assembly representing a typical non-rigid airframe structure. A semi-
analytical model accounting for unilateral contact and simplified 1D adhesive flow
has been developed to predict bondline thickness variation of the assembly given
the adherends’ mechanical properties, adhesive rheological properties, and
external assembly forces or boundary conditions. A spectral-analysis method for
assembly force requirement estimation has also been tested. The bondline
dimensions of several representative test articles have been interrogated,
including a reconfigurable test assembly designed specifically to test the input
conditions that affect bondline geometry variation. It has been demonstrated that
the part deflections need to be accounted for regarding the fit-up requirement of
bonded non-rigid structural assembly. The semi-analytical model has been found
to more reliable and realistic prediction of bondline thickness when compared to
a rigid tolerance stack-up. The analysis method presented can be a major
technology enabler for faster, more economical development of the aircraft of the
future, as well as of any analogue structures with high aspect ratios where weight

savings and fatigue performance may be core objectives.
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1 INTRODUCTION

1.1 Problem statement and thesis summary

The global air transportation market has grown steadily for the past two decades,
and predictions are that this trend will continue for just as long. In parallel,
competition amongst airline operators and airframe manufacturing is ever fiercer,
accompanied by increased environmental emission restrictions and cost of fossil
fuels. These combine into a strong driver for faster manufacturing processes

which deliver lighter, more aerodynamically-efficient aircratft.

Current aircraft are produced as assemblies of a large number of parts; not only
is the assembly process time-consuming, but the large joints between parts add
up to significant weight as they tend to involve heavy fasteners, as well as extra
features such as flanges and buttstraps for attachment. Fastener-based
assembly of primary structures, in particular, incurs long cycle times due to the

need to drill and clean thousands of holes, and then insert rivets or bolts

individually.
DeHavilland Comet . Lockheed TriStar

......

SAAB 340 BAe 146

Figure 1-1. Some examples of bonded primary airframe structures. Original
images obtained through flickr.com (Comet, TriStar and 146: San Diego Air and
Space Museum; SAAB 340: Robert Sullivan).

Assembly technologies which do away with mechanical fasteners (such as
adhesive bonding and welding), are therefore highly desirable due to their
potential for weight and cycle time reduction. Adhesive bonding, in particular, has

been used since the dawn of commercial aviation (examples in Figure 1-1) by
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virtue of its excellent fatigue behaviour, ability to join dissimilar materials, and lack

of interference with aerodynamic surfaces.

There are, however, perceived challenges for generalised use of adhesive
bonding. In part, this is due to the memory of some high-profile failures of early
bonded aircraft (albeit unrelated to the bonded joints); however, there is a real
technical difficulty in meeting tight bondline geometry requirements. Typical
acceptable thicknesses lie in a tolerance band a hundred microns wide in the
sub-millimetre range; meanwhile, variation of individual parts can easily exceed
these valuesll. This means that, according to a typical rigid tolerance stack-up,
bonded aerostructures would not be viable given current manufacturing
processes. Yet, as evidenced by the successful deployment of bonding, such is
very much not the case in reality: many aircraft components are indeed not rigid,
and can thus be pushed against each other to closely fit together.

The insight that aircraft components can be deformed to meet bonding interface
requirements is not new; in fact, its active utilisation dates from (at least) the
1950s, and its effective application has been reported to be a strong determinant
of tooling design and assembly strategies. It also is routinely incorporated into
geometrical inspection. However, there is no well-documented method for
quantifying the impact of deflections on bonded assembly variation. Such a
method could have a great enabling effect on design and tolerancing methods. It
would not only support trade of different options for part manufacture and
assembly setups early in the design process: it also would help de-risk and
accelerate exploration of innovative concepts.

This work adapts finite element-based techniques already deployed in the
automotive sector, and demonstrates them in multiple structural-bonding
scenarios. Applications include assembly simulation based on various types of
geometric inspection data, stochastic simulation to support early design

decisions, and comparison against a bespoke validation assembly. The tool

lil Profile tolerance values quoted in publicly available sources are often in the hundreds of
microns; meanwhile, measurements in a production environment have shown deviations of
several millimetres. This discrepancy is an open secret in the industry.
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created has been actively used to inform demonstrator design, manufacture, and

inspection decisions.

1.2 Thesis structure

This work is structured as follows:

First, within this chapter, a historical overview is presented on adhesive
bonding of metal airframes. This shows the history of successful application of
the technology, but also the concerns around dimensional control of the bondline,
and how this issue has driven tooling design and assembly philosophy. This
overview reveals the importance of considering part deformation in effective

adhesive bonding.

Chapter 2 presents a literature review focussed on non-rigid considerations for
geometry assurance. Non-rigidity is defined, after which an overview is provided
on variation modelling and inspection approaches for non-rigid components. This
is followed up by a review of the ways considerations of non-rigidity have been
included in the study of assembly variation, and leads to the research questions

to be answered.

Chapter 3 describes the methodology in terms of numerical tools used. Two
analysis approaches are advanced which use considerations of non-rigid parts:
an estimator of gap closure requirements based on spectral decomposition, and
a semi-analytical bondline thickness prediction that combines numerical
deflection simulation with an analytical flow equation. These have been applied

to the test cases in subsequent chapters.

Chapter 4 contains two uses of the semi-analytical bondline thickness prediction.
Stochastic variation analysis of an assembly is presented for a single stringer and
for a mid-scale panel assembly, showing the usefulness of this model for trade of
design and manufacture options. Then, an embodiment of the tool is presented
which enables a quick assembly fitness study, based on ad hoc measurements

taken in a production environment prior to bonding, thus de-risking assemblies.

42



Chapter 5 shows the diverse physical test assemblies studied, all of which
focus on skin-stiffener arrangements:

— flat panels with built-in steps which test the adhesive flow condition;

— curved panels which show the manufacturing challenges, effects of various
joint-formation mechanisms, and sources of inaccuracy for the models
developed,;

— a multi-stringer panel which demonstrates the effect of different combinations
of part variation and boundary conditions.

All these are modelled using the semi-analytical model, and the modelling
results are discussed.

Chapter 6 provides a summary review of the results and research achievements.
The research limitations are also discussed, both in terms of scope and
quantifying some of the modelling inaccuracies. The chapter concludes by

summarizing the research outcomes and indicating the novel aspects of the work.

Chapter 7 summarises the work undertaken and briefly discusses future
research prospects for the methods developed, both in terms of expansion and

industrial integration.

The appendices provide further information on the pre- and post-processing
techniques used, in terms of shape fitting, uncertainty analysis, and model
regression. Detailed discussion, too lengthy for the main body of the thesis, is
provided for the adhesive flow equations and spectral analysis results. Additional
details are provided on the manufacturing and inspection procedures, inclusive

of inspection results and curing cycle traces.
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1.3 Metal-to-metal bonding: historical highlights

Bonding of metal to metal in airframe structures is recorded as far back as the
1940s, with wing skin-to-stiffener bonded joints in the deHavilland Dove, shortly
followed by the Vickers Viking and Viscount, all three small propeller aircraft. The
bonds were performed with simple tools, such as clamps and hard profile boards,

with heat for curing applied by introducing the clamped assembly in an oven.

With the development of the larger deHavilland Comet (Figure 1-2), with bonded
wings and fuselage panels (Anon, 1952; de Bruyne, 1953), specialised tooling
became more practical; thus, presses with embedded heating systems were
introduced. Embedded heating was achieved by either incorporating resistance
heaters, or vapour circuits for the press platens (Anon, 1957). However, at the
same time the limitations of such mechanical pressure application system
became apparent, as bonding of larger curved components became too sensitive
to tool variability. Thus, the 1950s also mark the beginning of autoclave curing as
a distinctly capable technique. This can be evidenced in the Fokker F27 and F28,
where the majority of structural components were bonded, though often involving
metal-resin laminates (rather than purely metallic parts) or in combination with

rivets (Harrison, 1967).

Figure 1-2. A deHavilland Comet-1, the first commercial jetliner, which used metal-

to-metal bonding extensively in primary structures. Source: flickr.com, San Diego

Air and Space Museum.

The Comet saw several high-profile structural failures with loss of life, which led
to questions around the safety of bonded joints, in spite of the lack of adhesive
failures in previous deHavilland models (Anon, 1954); eventually, enquiries

identified fuselage fatigue as the root cause of the accidents (van der Neut, 1974;
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Pethrick, 2012). However, by this point the confidence in adhesive had been
substantially undermined and rivet-based solutions had become the clear

dominant option.

Metal adhesive bonding did continue, in the Fokker family of regional aircraft
(Fokker 27/28/50/100). Extensive use of bonding in most primary enabled these
airframes to achieve substantial weight reductions and material savings:
laminates permitted adding material as required in any area, rather than having
to remove material from an oversize initial stock. The success of metal laminate-
based solutions continues today, with Fokker produced laminated fuselage and

empennage for Gulfstream and Dassault.

Interest in adhesive bonding would not reach the American manufacturers until
the late 1960s, with the Lockheed L1011 TriStar wide-body jetliner (Figure 1-3)
using adhesive and rivets for joining of stiffeners to fuselage panels some
11 mx 4.6 m in size. The Cessna Citation Il business aircraft used structural
adhesives extensively, though monolithic parts were bonded preferentially in flat
or single-curved areas and often in combination with rivets (Velupillai and Hall,
1979).

Figure 1-3. Lockheed 1011 TriStar. Source: flickr.com, San Diego Air and Space

Museum.

Starting in 1975, a large scale industrial development project for solely-bonded
primary structures (Primary Adhesively Bonded Structure Technology [PABST])
was carried out by McDonnell Douglas (later integrated in Boeing) in cooperation
with the USA Air Force. This resulted in the most extensive piece of documented
aerospace adhesive bonding work available to the public (Anon, 1976, Anon,
1977; Land and Lennert, 1979). Aluminium fuselage skin sections some 2.5m in

arc were bonded to stiffeners with a film epoxy adhesive, requiring extensive use
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of verifilm and part rework for adhesive layer thickness control. Tooling
philosophy was found instrumental to success of the bonded assembly: cradle-
like ‘female’ tools were less efficient than ‘male’ formboards positioned at the
stringers for shape and adhesive layer thickness control, due to the skin being
more compliant than the stiffeners. Because of this, pushing the skin against
located stiffeners ensured better bondline control, and subsequently the process
became more tolerant of part manufacture variation: “the precision demanded for
the stiffeners was relaxed considerably at the same time as the fit of the parts
was being improved” (Hart-Smith, 1980). Extensive commentary was published
on manufacturing considerations following the PABST development; among
other conclusions, it was recommended that the assembly configuration “relies
on the parts themselves to define the shape”, thus reducing the presence of rigid
tooling; and the importance of integration of processes was emphasised: ‘it is
more important to coordinate the design, tooling, and manufacturing approaches
for bonded structure than for riveted structure”. Crucially, viability of a bonded
structure was linked to geometric qualities which can be assessed before
bonding, noting the relative futility of assessing the bondline quality after
assembly: “The most practical solution [...] is not to have any faults in the bonded
structure at the time of manufacture [...]. The key is the fit of the parts [...] if the
parts fit together prior to bonding there is no need to inspect them after bonding
whereas, if they do not fit together before bonding them, there is no point
bothering to inspect them after bonding, before scrapping them”. Excess
adhesive pushed from between the adherends was also key, with the presence
or absence of outflowing adhesive being a key indicator of quality: “The nature of
the [adhesive] fillet [at the bond edges] indicates two things: if the adhesive
flowed, and if the adhesive wet the surfaces. All other inspection criteria are of
lesser importance.” (Hart-Smith, 1980). An example of this adhesive excess is
presented in Figure 1-4. Interestingly, no numbers were explicitly associated, in
openly available reports, to part deflection nor adhesive flow (and indeed, no
modelling of these manufacturing aspects is reported), even if it may be possible

to reverse-engineer them from the tolerances quoted.
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The insights from the PABST programme then went on to influence the tooling
used for SAAB 340 and 2000 in the 1980s, with fuselage panels and single-
curved wing skins (length ~9 m) bonded to stringers. The process used male
locators and low-stiffness female tools (Hart-Smith and Strindberg, 1997). Thus,
as recommended in the PABST report cited above, the SAAB assembly

configuration “relies on the parts themselves to define the shape”).

Interestingly enough, the PABST programme was carried out as a very similar
bonding process was developed for similarly-sized A300 fuselage panels in
Europe. However, performance of bonded Airbus structures was reportedly
unsatisfactory, in addition to exhibiting proneness to corrosion (possibly owing to
the different tooling philosophy and surface treatments). This resulted in a
reduction in use of adhesives within the main Airbus aircraft, either by combining
it with rivets, or by totally discontinuing it from areas prone to moisture

accumulation (Rackers, 2004).

Figure 1-4. Examples of adhesive spewed, or ‘squeeze-out’, observed in tests used

for this work. Absence of such feature would typically signal a poor bond.

The following decades did not see significant growth in airframe structural metal
adhesive bonding, partly because of the growth of composites, which have
received much attention, and partly because of reluctance due to previous
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experiences. A noteworthy application is production of the BAe 146 (Figure 1-5)
in the 1980s, with Redux bonding of wing skins to >10m long stringers. Advances
in laminates, which the development of ARALL and GLARE (which, with bonded
stiffeners, has a large presence in the fuselage and upper wing skin of the A380),

are of note (Higgins, 2000).

Figure 1-5. BAe 146. Source: flickr.com, San Diego Air and Space Museum.

In the last few years, the panorama of search for maximum efficiency and
incremental improvements to existing aircraft models has sparked new interest in
bonding of assemblies that are currently mechanically fastened. Adhesives are
still used in regional and business aircraft, such as the Gulfstream G650. Smaller
secondary structures, such as A380 flaps, are bonded too (Nobis et al., 2010).
An additional challenge comes in the form of new materials requirements and
restrictions; for example, the environment and health-driven phasing-out of
surface pretreatments using hexavalent chromium, through the EU’s REAChIM

directive. This increases the pressure for bonding process improvement.

Yet at the same time, significant breakthroughs in the bonding manufacturing
process, be it in the way of assembly modelling, control or implementation,
seemingly have not taken place. This is illustrated in the outcomes of an
extensive industry survey and workshop sessions held by the FAAM (Davies,
2004; Tomblin et al., 2005): the core concerns included surface treatments and
bondline thickness control (Tomblin et al., 2005). Participant interventions

highlighted that the methods and level of knowledge of the overall process had

M Registration, Evaluation, Authorisation and restriction of Chemicals

M United States Federal Aviation Administration
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not progressed much from the times of PABST: the process still relies on skilled
manual intervention (Textron, 2004), pressure is applied mostly with vacuum bag
and autoclave (Davies, 2004), goodness of a joint is proven by excess ‘squeezed-
out’ adhesive (Voto, 2004), and interface gap management is summed up as
“tooling must bring the surface in contact” (Abbott, 2004). Use of ‘verifilm’ where
a mock assembly run is conducted prior to bonding, either with non-sticking resin
or by encasing the adhesive in release film, was still frequent as a means of
interface geometry verification (Davies, 2004); a clear symptom that no suitable

analytical or numerical methods could readily provide the same confirmation.

Ultimately, in spite of these apparently limitations, adhesive bonding is still
acknowledged by industry practitioners as a strong enabler for manufacture of
more efficient and durable airframes. This technology therefore stands to deliver
substantial benefits if appropriate method improvements and formal knowledge

were developed to aid its swifter, more widespread industrialisation.
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2 LITERATURE REVIEW

This section opens with introductory definitions, and bounding the scope of

discussion. This is followed by the chapters of literature review proper.

The literature review, therefore, comprises four parts:

What is understood as “non-rigid”, “variation”, and “tolerancing”, and how
these concepts will fit in the context of airframe bonded assemblies;

How part geometric variation is modelled, in particular for geometries found in
typical aerostructural components;

How inspection is carried out for non-rigid components;

How assembly of non-rigid structures has been modelled to aid tolerancing

and variation management activities.

2.1 Defining the scope of discussion

This subsection provides context regarding terms that will be used repeatedly

throughout the thesis. These

2.1.1 Variation, tolerances and tolerancing

We understand variation in two ways:

First, as the deviation of the properties of an entity from the nominal values.
This can cover material or dimensional properties of a component such as
elastic modulus and flange thickness, or process parameters such as the
temperature during an adhesive curing cycle.

In the case at hand, since the main concern is geometric variation, and
bonding process parameters can be influenced directly, hereafter “variation”
will be used as shorthand for “geometric variation”.

Secondly, extending the first understanding, as the variability of a property or
parameter; that is, as a statistical measure of the expected variation found in
a type of component or process. Again, in this work only the geometry will be

considered.
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The concept of tolerances ties directly with that of variation:

First, in the narrow sense, a tolerance is understood as the acceptable (or,
more accurately, ‘tolerable’) variation of a property or parameter. Once it is
acknowledged that no part or process will be absolutely perfect, the tolerance
is a statement of what will be considered ‘close enough’. This is, depending
on e.g. functional or assembly requirements, often expressed as a range
around a nominal value, but also can be defined by other metrics and
techniques such as spatial and temporal filters. Geometric Product
Specification (GPS) norms offer an ever-expanding overview of ways to filter
and encode geometries, for example in ISO 16610 (BSI, 2015).

As an extension of the strict understanding of a tolerance, the term is also
used to refer to the expected variation in the inputs to a modelled
(sub)process. This reflects the fact that these inputs are assumed to be
controlled by external procedures, such as machine calibration or
subcomponent geometric inspection; therefore, the tolerances in these

upstream procedures will determine the variation of the process inputs.

Tolerancing is, then, applicable in either (or both) of two ways (Stricher, 2013):

Study of the combination of multiple sources of variation, given some
tolerances, and the resulting variation of a process or product. This is also
understood as “tolerance analysis” or, given the looser definition of a tolerance
as input variation, “variation analysis”.

Study of allocation of tolerances to multiple input sources, according to
appropriate engineering considerations, for the purpose of meeting given

tolerances in an output. This is also understood as “tolerance synthesis”.

2.1.2 Non-rigid structures

The concept of a non-rigid body is not new. Whereas a perfectly rigid body

maintains all its dimensions when subjected to mechanical loads, all objects in

the real macroscopic world experience some degree of deformation when loaded.

Yet the concept and distinction of rigid and non-rigid objects is very much useful,
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as attested by the existence of items such as shock absorbers, bicycle helmet
padding, and pillows (and as this work will further demonstrate).

The informal, and most often implicit, definition of non-rigidity (or alternatively,

“flexibility”, “deformability” or “compliance”™l), which is common to all references
to it, is “non-rigid enough that one needs to care about the reasonably expected

changes in dimensions and stresses”.

Accepted standard definitions are in the same vein, with ISO 10579:2013 (BSI,
2013) defining “non-rigid” parts as those that

...when removed from their manufacturing environment, may deform
significantly from their defined limits [...] the deformation is acceptable
provided that the parts may be brought within the indicated tolerance by

applying reasonable force.

». o«

The amount of qualifiers in this definition (“may”; “significantly”; “reasonable”)
underscores that the distinction is chiefly pragmatic, and —coincidentally— not
at all rigid. This is also underscored by the content of the norm, which simply
establishes the need to convey the fixturing state of a part prior to assembly or

inspection, with any further details confined to the drawing notes.

In following discussion, an adaptation of a recently-proposed criterion which
formalises this idea (Abenhaim, Desrochers and Tahan, 2012) will be used: a
body is considered rigid if the forces it encounters during an operation (e.g. an
assembly step or inspection) result in deflections that are smaller than the
relevant tolerances by, at least, one order of magnitude. The original work
referenced proposes a three-zone system which, depending on the exact
deformation/tolerance ratio, distinguishes A “rigid”, B “non-rigid” (beams, small
sheet metal) and C “highly non-rigid” (membranes, rubber, large sheet metal).
This three-zone model, presented in Figure 2-1 with some examples based on
the author’s experience, offers good pragmatic insight, but is not necessarily

universally translatable into actionable insight: the frontier between zones B and

M The implications and choice of terms are discussed in subsection 2.1.2.1—Alternative
terminology in the literature.
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C is blurry, and zone C includes a very wide array of components, from large
assemblies to wires. Indeed, some of the examples of this classification
presented in subsequent work by the same group (Aidibe, 2014) experience an
order of magnitude increase in deflection between stress states, making the

classification potentially highly process-specific.

In any case, the base formal premise in this convention — that whenever the
deflection/tolerance ratio of an object is not close to zero, this object should not
be considered rigid — is valid. In subsequent discussion, the term “non-rigid” will
be used to refer to parts whenever they don’t belong to zone A “rigid”, regardless
of whether they might fit in zones B or C. This is because the discussion is largely
concerned with structural parts which can be considered rigid in at least one
dimension (e.g. in-plane for skins), and because the assembly forces and

tolerances may not be known.
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Figure 2-1. The concept of non-rigidity as a function of the relevance of expected
deflections given by a “Flexibility Ratio” = (deformation/tolerance). (Generated by
the author based on the approach in Aidibe, 2014). The “flexibility ratio” range for
each component goes from deflection under weight alone, to the combination of

weight and typical assembly forces.

54



This definition captures the criteria in the implicit definition:

» The expected dimensional change, depending on typical process forces, is
evaluated. In this way, a component may be considered effectively rigid when
it undergoes contactless inspectionl, but as non-rigid when it is fit into an
assembly by force (Samper, 2007).

= Dimensional tolerances are taken into account. This indicates whether the
deformation is ‘enough to care’ as implied in the norm definition. By taking
tolerances into account, an object can be similarly considered rigid or not
depending on the particular process it is involved in. For instance, deformation
of a part under its own weight may be a non-issue when applying a chemical
surface treatment, but become highly problematic later during visual
inspection of the treated surface due to e.g. light reflection and handling

difficulties.

As this criterion is intended to be general/generalisable, it does not highlight
another point which is captured in K. Merkley’s concept of “material continuity”
(Merkley, 1998): deformations occur locally to the forces applied. Thus boundary
conditions, local contact conditions, and the range over which loads are imparted,
can mark the difference between effectively rigid or not. This is explicitly captured
in another common observation that some component “bends a lot over long
distances, but is locally pretty stiff’, and implicitly by some tolerances that state a
deviation over a range (or an amplitude-wavelength pair). An example of the latter
is provided in Figure 2-2; numerous bonding-specific cases are available in the

reports from the PABST development (Land and Lennert, 1979).

vl In many cases, deflection of an object under its own weight will be enough to require taking it
into account during inspection. This is immaterial to the example.
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Profile height mismatch h<0.7mm
Over no less than L=300mm
or 0.002 mm/mm

Figure 2-2. Example tolerance of a bond detail, stating a minimum range for a

defect to appear.

2.1.2.1 Alternative terminology in the literature

The terms “non-rigid”,

flexible”, “deformable”, and “compliant” tend to be used
almost interchangeably when referring to the property of solids which change in
dimensions when subjected to external forces. However, as explained in
K. Merkley’s doctoral dissertation (Merkley, 1998) following discussion among
Computer Aided Tolerancing (CAT) scholars, the terms are not equal. For
example, “deformable” can have negative connotations, while “flexible” can also
refer to something that is not limited to one working mode, such as a “flexible
manufacturing system”. Merkley thus used the term “compliant”. Although this
word can also refer to something that “complies with” a requirement or
specification, it has the advantage of linking to the compliance matrix, which is
central to many approaches to non-rigid assembly tolerancing. For this reason,
in this work, the expression “conform to” will be used instead to convey

agreement with a requirement or restriction, be it a specification or a physical
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object. This work will routinely use the term “non-rigid”, as in the ISO 10579:2013
norm (or “nonrigid” if quoting other work). This is the least likely to lead to
misunderstandings, while “compliance” will be used when referring to the
opposite of “stiffness” (e.g. the compliance matrix is the inverse of the stiffness
matrix). The preferred uses of compliance-related words for the purpose of this

work are summarised in Table 2-1.

Table 2-1. Summary of potentially equivocal terms referring to non-rigid components

Term Potential confusion Preferred connotation in this
indicating work

“not rigid”

Nonrigid, None Able to deflect significantly
non-rigid (relative to typical tolerances)

under expected loads during a

given task or process

Deformable, Negative  connotation, | Quoted or referring to a
deformation idea of non-conformance | component’'s  initial or an
or spuriousness assembly’s final variation, or

deflection under forces

Flexible Able to take on diverse | Quoted or referring to quickly
work, e.g. “flexible | reconfigurable tools or polyvalent
assembly system” systems

Compliant, Meet a requirement Compliance matrix — gives the

compliance deflection caused by external

forces

Conform Adapt in shape to (drape | Meet a requirement/restriction

over) another object
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2.1.3 Aerostructure part typology

Aircraft structures are made up, generally speaking, of combinations thin plates
with local stiffening reinforcements, or light cores sandwiched between thin
plates. This provides mechanical and aerodynamic performance while minimising
the weight of the structure. Due to manufacturing considerations, such as tool
access and the drive to minimise material wastage from machining, some of
these structures (mainly those including large aerodynamic surfaces) are often
made up of plates (skins) and slender beams (stringers), which are manufactured
separately and then assembled together into panels. These panels are joined to
other, internal stiffening and load-bearing components, such as ribs and spars,
which tend to be in fewer pieces. There also are a range of connecting hinges

and brackets.

Panels in wings, fuselages and tail planes contain the largest structural joints in
aircraft, due to their large surface area and concentration of stiffeners. Combined
with the relatively simple geometry of each component, they are very good
candidates for fastener reduction. The geometry is particularly amenable to
bonding, as the planar, long stringer-skin interfaces naturally lend themselves to
application of adhesive in tape or paste form. A representative stringer profile and

component nomenclature are provided in Figure 2-3.

Stringer cap / crown

N\

Stringer foot flange -
Stringer web _~

=
=

Figure 2-3. Stringer/skin arrangement and parts.
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The adherends focused on are the following high-aspect-ratio parts:

= Planar skins several millimetres thick;
» Slender beams where one flange (‘foot’) interfaces with the joint and is

generally wider than the others.

Indeed, these, along with skin ‘doublers’ for local reinforcement of the skin, were
found to be the chief components of bonded assemblies in the FAA “Bonded

Structures Industry Survey” referenced earlier, a result reproduced in Figure 2-4.
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Figure 2-4. Frequency of inclusion of different parts in bonded assemblies across
the aircraft industry. Chart generated by the author using the results of a 2004 FAA
industry survey (Tomblin et al., 2005).

In addition, it should be noted that deflection is only considered inasmuch as it
affects the bonded joint thickness; that is, out-of-plane deformation is the focus,

and other deformations are only considered based on their effect on it.
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2.2 Modelling part variation

Variation analysis, and more widely tolerancing, are fundamentally dependant on
understanding of the input variations to the system. These are not only key
determinants of the final variation, but also one of the most visible and readily-
modifiable inputs that can be used to change the outputs. Indeed, the point of
tolerance synthesis is precisely to find a suitable combination of these inputs,
based on considerations such as production speed and the cost of manufacture,
inspection and lack of quality. It makes sense, thus, to start the assessment of
the state of the art by looking at the way incoming part variation is understood.

2.2.1 Recurrent paradigms

It is worth setting out some concepts which are referenced, implicitly or explicitly,
by different authors. The scope of discussion is generally components with high
aspect ratios, or with assembly interfaces which can’t be modelled as a single

point or node.

2.2.1.1 Skin model

In airframe assemblies, much of the interaction between parts takes place
through large mating surfaces. Whenever this is the case, reducing the interfaces
to simple ‘feature’ models with a few parameters attached may be ineffective, as
such an approach fails to capture the complexity of interaction between surfaces.
The concept of ‘skin model’ seeks to address this issue, modelling directly the
interface geometries by explicitly looking at the position or deviation of individual
control points (as exemplified in Thiébaut, 2016).

The points modelled in the ‘skin’, even if numerous, still could be collectively
defined by a small number of descriptors; however, formulating them explicitly
makes it straightforward to model how two surfaces will interact. Some features,
such as control points or drilled holes, may still be modelled with more rigid

paradigms.

It should be noted that although extensive exploitation and discussion of this

paradigm for tolerancing has only taken place recently, it has been used for
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longer in studies of part interaction, whereby interaction of assembled parts would
be studied looking at sets of nodes.

2.2.1.2 Part continuity/smoothness

The typical structural aerospace part will contain a collection of smooth,
continuous-looking surfaces which interface with similarly smooth, continuous-
looking surfaces in other subcomponents. However, a simple tolerance band
does not quite capture this, as it does not preclude non-smooth geometries.
Existing norms and GD&T conventions address this issue by adding other
concepts such as spatial-frequency filters and profile tolerances over ranges.

However, the underlying principle is not explicitly enunciated in these documents.

Researchers from the ADCATSMI group from Brigham Young University
formalised the concept of node variation correlation (or covariance), whereby
neighbouring points in a solid are not fully independent (Bihlmaier, 1999; Merkley,
1998). Rather, they are coupled both in their initial, as-manufactured variations
(“geometric covariance”, Figure 2-5) and in deformations under external and
internal forces (“material covariance”, Figure 2-6). Taking variation covariance
into account was found to reduce the dispersion of results in assembly variation
modelling; indeed, both concepts go hand in hand, with geometric covariance
defining the input variability, and material covariance defining the ability to

mitigate it.

Figure 2-5. lllustration of the concept of “geometric covariance” or “surface

continuity”: the geometric deviation of a node is similar to that of its neighbours.

Vil Association for the Development of Computer-Aided Tolerancing Systems
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Figure 2-6. lllustration of the concept of “material covariance”: when a force is
applied to a body (in this case, the corner of the flange as indicated by the black
arrow), the resulting deformation decays as one gets farther from the point of

application.

Like for skin models, such formal definition is far preceded by the pragmatic
application of the concept. For example, tolerance requirements which transpired
from the PABST programme (Land and Lennert, 1979) contained multiple
references to the shape and range in which variation could be allowed to occur,
while Saint-Venant’s principle indicates that the effect of a load has both global

and local components.

2.2.2 Covariance-based dimensionality reduction
2.2.2.1 Principal Component Analysis (PCA)

In a set of part variation data in several points, for multiple instances of the same
part, there usually will be some degree of correlation between variation at
different points. However, it is possible to create an orthogonal base such that
each variation component in the base (henceforth also referred to as “mode”) is
independent of the others, and the modes are not correlated. Part variation can
thus be modelled as a linear combination of the modes created. In addition, a
large number of points can be modelled reasonably accurately with a smaller
number of nodes, thus simplifying modelling and inspection procedures
substantially.
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Creation of this base, dubbed Principal Component Analysis, is useful when a
sufficiently-large sample of variation data is available, and the manufacturing
process can be assumed homogeneous. It is limited in its ability to actually help
draw meaning from the results, since the method is purely data-driven, with
nothing informing the modes a priori. Furthermore, the need for a large and
homogeneous enough sample makes it potentially risky to rely on the PCA
approach for concept development or initial exploration of processes where little

or partial data may be available.

2.2.2.2 Designated Component Analysis (DCA)

DCA was presented as an attempt to address perceived shortcomings of PCA
(Camelio, Hu and Zhong, 2004; Liu and Hu, 2016). The principle is that there is
usually some prior knowledge about the sources of variation, for instance, based
on manufacturing processes or fixture design. Reasonably-expected modes
(Designated Components) of variation are added into the variation base before
analysing the part variation data. The resulting components are thus rendered
more meaningful, and it is possible to diagnose the occurrence of the sources of
variation modelled. However, the orthogonality (non-correlation) of the modes

can be lost.

2.2.2.3 Deviation clustering

By modelling variation as a linear combination of non-correlated modes, it is
possible to miss important nuances of variation. For example, part defects could
come from mutually-exclusive sources (such as discrete changes to a system,
like fixture resetting or different material suppliers). Clustering techniques have
been presented as a further step that can be performed on top of PCA to enhance
the understanding of variation mechanics. Work carried out within Australian
National University (Matuszyk, 2008; Matuszyk, Cardew-Hall and Rolfe, 2010)
showed that such approach (using, in particular, Kernel Density Estimation to
generate statistical distributions around clusters) allowed to identify fixture faults

and different clamping sequences in a sheet metal fabrication procedure.
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2.2.3 Bézier curves

Pioneering work on deformable assemblies carried out within ADCATS explored
variation modelling based on a small number of control points (Figure 2-7), while
respecting the covariance considerations (Merkley, 1998). This was achieved by
reducing the parts to their interfaces, and modelling these as Bézier curves
(though acknowledging that similar results could be achieved with other models
such as cubic splines). Variation of the control points was thus used as the
system input, but still modelling a respectable number of interface points. In order
to support reduction of the model to the interfaces, Merkley also presented a
matricial procedure which would create a linear model based on these points from

the FE model of a whole part.

Randomised control points Randomised smooth curves
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Figure 2-7. Modelling of profile with variations as a Bézier curve with randomised
control points (as proposed by Merkley, 1998): a small number of control points

(left) is used to generate smooth profiles which retain geometric covariance
(right).

2.2.4 Spectral analysis by Fourier transform

Following Merkley’s work, more ADCATS work explored modelling of variation as
a linear combination of sinusoidal components (Bihlmaier, 1999). This was
applied to sheet metal assembly modelling. In addition to using spectral analysis
for dimensionality reduction, a covariance matrix of the amplitudes of the different
modes was presented; this was applied both to the part and assembly variations,

though without explicit discussion of the input variation assumptions.
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2.2.5 Part vibrational modes

A body of work undertaken by the SYMMEM™ lab proposed improving mode-
based variation simulation by considering intrinsic part characteristics, focusing
on vibration harmonics for small, rigid machined components (Favreliere, 2009;
Samper, 2009). The idea being that vibrations are key in part variation, it was
found that, although modes from the lower-order harmonics were generally larger
contributors to the parts studied, the relative importance of each was not totally
straightforward. Within the practical application of the work cited above, the
amplitude of each harmonic was not neatly correlated with its order: while some
low-order harmonics contributed more variation than higher-order ones, others
did not. Additional statistical treatment on part measurements, e.g. by PCA, was

therefore necessary to allow realistic variation simulation.

One of the potential developments outlined within the aforementioned research
was use of a modal base, created from typical failures or sources of variation
within each manufacturing step, e.g. tool wear or part mispositioning; however,
although a simple example was provided, there is no report of this idea being
taken any further.

2.2.6 “Technological” modes

A piece of work carried out within the LURPAX group at Ecole Nationale
Supérieure Cachan in cooperation with EADS (now Airbus), and focussed on
non-rigid assembly modelling (Stricher, 2013), used simple modes based on
deformation archetypes. These were dubbed “technological modes” [“les modes
technologiques”]. Two mutually-orthogonal flexure modes, plus a torsion mode,
were used to describe the initial deformation of thin-section metal beams. These
modes were not explicitly based on specific variation data, but rather engineering
wisdom, and were used to demonstrate an assembly simulation method as well

as pre- and post-processing applications. The mathematical definition of the

X SYstéme et Matériaux pour la MEcatronique (System[s] and Materials for Mechatronics)

KM Laboratoire Universitaire de Recherche en Production Automatisée (University Laboratory of
Manufacture Automation Research)

65



modes, where the flexure was modelled with sines and the torsion was uniform,
was not devised to reflect the mechanical behaviour of the parts either, as it did

not incorporate any inertia or material qualities.

The same approach has repeatedly been employed by the ERICCAX/LIPPSK]
research groups in digital inspection testing, though making no formal
enunciation (Karganroudi et al., 2016; Sabri et al., 2017): sheet metal
components were modified by adding “torsional”’, “flexural” and “bump”

deviations, sometimes accompanied by “big” and “small” levels.

2.2.7 Physics- and process-based variation modes

It is acknowledged that variation assumptions based on mathematical
abstractions, such as those presented above, may not be the most accurate or
efficient way of modelling products with potentially complex geometries, material
histories, and manufacturing processes — convenient as it is. Thus, when able,
different research groups have attempted to incorporate concrete sources into
their process simulations. This is the case in, for instance, demonstrations of the
AnaToleFlex assembly simulation tool (Falgarone et al., 2016), sheet-metal
assembly modelling with CAT software RDnT, and simulations for automotive
products (Das et al., 2016). In these pieces of work, the need for simplified
models (such as achievable from modal decomposition) is emphasised and
justified with the computational cost of a component-manufacture simulation,
which would make it prohibitive to simulate a large number of assemblies of
different components. In any case, an awareness of the likely process-related
variations is key to a successful tolerancing effort, even if process or production

data may be sparse, especially at the design or pre-industrialisation stage.

2.3 Inspection of non-rigid components

High-aspect-ratio objects, such as the metal sheets and slender beams used in

aircraft primary structures, deflect significantly under their own weight. Weight-

il Equipe de Recherche en Intégration CAO-CAlcul (CAD-Calculus Integration Research Team)

Xil | aboratoire d'Ingénierie des Produits, Procédés et Systemes (Products, Processes, and
Systems Engineering Laboratory)
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induced sag and local deformations due to fixture defects have, in fact, been
found to exceed measurement uncertainty from the measurement instrument
itself. As a result, inspection is not trivial as it cannot be carried out in a purely
stress-free state, while any fixture can also add to the problem. This means that
very often the true assembly-fitness of a part or subassembly is not well known
before an attempt at an assembly is made; by this point, corrective actions are

costly due to lead time and material flow disruptions.

2.3.1 Functional build inspection: the legacy approach

A usual way of assessing conformance of non-rigid parts, not only in the
aerospace sector, is to force them to their desired assembly state, subject to pre-
defined allowable push or pull forces (Hammett, Baron and Smith, 1999). These
tolerable forces are defined by stress or aesthetic considerations, or based on
the assembly process (e.g. the deflection an operator could cause by hand
pressure). Alternatively, the parts can be placed on a highly overconstrained
fixture which simulates the stress-free state, and measured on it. Both

approaches suffer from limitations:

= Acceptable forces may not be easy to define, as a part that complies with build
stress requirements may still result in unacceptable loss of quality due to e.g.
thermal instability or rattle;

= Usually not all mating points can be assessed, which results in non-
conforming points surfacing only during assembly; this is especially critical for
continuous joints like adhesive or welded lines.

* Product-specific fixtures are needed, incurring significant capital cost and a
large shop footprint; alternatively, costly flexible or reconfigurable fixtures may
be used instead, but requiring more frequent recalibration.

» Fixtures need to be assumed reliable. However, in industries with long parts
(such as aerospace) or high throughputs (such as automotive), it is hard to
consistently keep them within the tight assumed tolerances without frequent
downtime for recertification or extra investment in embedded metrology

solutions.
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All'in all, it is of interest to find ways of reducing reliance on highly specialised
inspection fixtures, which are expensive and sometimes not that reliable to begin
with.

The first reported study on implications of fixtures for inspection of non-rigid
products was produced by the American Auto/Steel Partnership (A/SP) and
focused on measurement system capability for car bodies (Hammett, Baron and
Smith, 1999). Looking at inspection schemes for similar products in different
manufacturers, it was concluded that adding constraints beyond kinematic to the
part being measured (by clamping more than the theoretically sufficient 3 points),
the perceived manufacturing capability increased by squashing out individual
variations. However, such approach also introduced measurement biases which

could become noticeable later during assembly.

The A/SP report reached the conclusion that inspection of parts in an
overconstrained state is not necessarily detrimental to success of the overall
manufacture, as long as it is carried out with a “functional build” design; that is,
as long as the forces applied during inspection are representative of the final
assembly state. The report concluded by suggesting that, based on satisfactory
assembly outcomes, a functional build approach may actually be the preferable
option: “this potential impact of measurement systems on mean dimensions

further supports the implementation of a functional build strategy”.

However, as pointed out before, inspection by fully emulating the assembly state
can be too complicated or time-consuming to be practicable, in addition to

causing loss of potentially valuable geometric data.

2.3.2 Virtual deformation

An alternative approach to non-rigid component inspection, based on virtual
assembly simulation, was applied to precision optics in the Lawrence Livermore
National Laboratory (LLNL). A vision system was used to digitise a manufactured
component, and the target assembly conditions were then added to the resulting
finite element model (Blaedel et al., 2002). Details of the procedure were not

disclosed, with the process simply schematised as per Figure 2-8. A similar
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strategy (Weckenmann, Gall and Gabbia, 2005) was later proposed for sheet
metal, and dubbed “Virtual Deformation”. More recently, this philosophy was
expanded with automated boundary condition definition and used to predict
quality of assembled consumer products (Gentilini and Shimada, 2011). The
main limitations of such approaches, where a scanned object is then virtually
deformed to fit assembly, are that full digitisation of the object from a scan is not
always feasible, and the stress conditions during the digitisation are not
necessarily clear; further, sometimes only a limited number of critical points or

features actually need to be inspected, which makes full digitisation unnecessary

and potentially wasteful.

Inspection data takenin a

constrained state A

Add deformation from use
state (“virtual fixture”)

Virtually remove deformation
from inspection fixture

Simulated “functional

Simulated shape of equivalent” shape (for
free-state component evaluation against spec)

Figure 2-8. The virtual deformation approach flow, as first presented in a LLNL
report (based on a figure in Blaedel et al., 2002, p.6).

The “Virtual Deformation” method was reworked soon after its first publication
and dubbed “Virtual Reverse Deformation” (Weckenmann, Kraemer and
Hoffmann, 2007), where a nominal model was deformed according to an
assumed inspection state (which can then be imposed through a simple fixturing
scheme). Measurements can be then compared to the nominal “inspection stress
state” object to assess conformance to specifications. This approach has
reportedly been wused effectively in first article inspection to improve
manufacturing of rapid-prototyped parts (Bouchenitfa et al., 2009; Boukebbab
and Bouchenitfa, 2009), though without explicit reference to the prior art. It also
has been refined to accommodate partial scans and allow automated boundary
recognition (Jaramillo, Boulanger and Prieto, 2011; Jaramillo, Prieto and

69



Boulanger, 2013), although this specific application required off-line system

training.

Simulated shape of
nominal constrained component

Virtually add deformation
from inspection fixturing

Nominal product mesh |

Deviations from
nominal in
inspection state

Inspection data taken
in a constrained state

Figure 2-9. The Virtual Reverse Deformation approach (based on Weckenmann,
Kraemer and Hoffmann, 2007).

Inspection based on virtual deformation is limited by the need to control the
boundary conditions so that part deformation can be calculated reliably. To the
best knowledge of the author of this thesis, no study has been done on how
variations in the real boundary conditions translate into inaccuracies in the

calculated inspection state.

2.3.3 Non-rigid registration

Following the surge in computer capacity and capabilities of optical measurement
systems, a variety of algorithms for fixtureless inspection of sheet metal have
been explored in works developed with Bombardier Aerospace, the ERICCA and
LIPPS groups in Canada, and UT Dortmund in Germany. The basic idea is to
deform an inspected mesh to make it fit a nominal mesh, which is normally called
“non-rigid registration”. These methods work based on an assumption of known,
controlled thickness, which allows fully digitising an object by inspecting it in one
single position with an optical scanning system. It is assumed that the parts can
be flexed indefinitely, but are not subject to in-plane stretching (much like a piece
of paper). This is translated into a condition of geodesic distance preservation,
whereby the parts can be deformed as long as the node-to-node distance is kept
invariant. (Aidibe, 2014)

The first embodiment of such an approach, called Iterative Displacement
Inspection (IDI), requires a certain level of closeness between the nominal and

inspected state (Abenhaim et al., 2011). The scanned and nominal meshes are
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first aligned roughly, and correspondences between nodes in both meshes are
estimated. The nominal mesh nodes are then subjected to coherent
displacements towards their counterparts in the scan, calculated in such a way
that distance between them is preserved. This proposal was tried on aerospace
components. An approach similar in philosophy, but different in implementation,
has recently been applied to automotive stampings (Schweinoch et al., 2016); in
this case, coherent deformation is achieved by first rigidly displacing whole
sections of the mesh, and then re-establishing connectivity so as to minimise

strain energy.

Rigid
registration

Calculate
local
SEES

Isometric
deformation

Calculate
offset

Deviations from
nominal

Figure 2-10. The IDI algorithm detects defects in areas where isometric
transformation between the scan and nominal is not possible. (based on Aidibe,
2014)
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Figure 2-11. Non-rigid registration by segment rigid registration and mesh

rebuilding (based on Schweinoch et al., 2016)

The Generalised Numerical Inspection Fixture (GNIF) method (Radvar-Esfahlan
and Tahan, 2012) is based on enforcing isometry from the beginning. Initially, the
geodesic distances between all the nodes in an object mesh are calculated; then,
a dimensionality reduction algorithm is used to map the mesh to a simplified
“canonical form” (Figure 2-12). Digitised parts are mapped similarly, and
deviations are calculated between the simplified canonical forms. This algorithm
was later improved into the Robust Numerical Inspection Fixture (RNIF) by
addition of an outlier-filtering step which makes it more robust to scanning noise
and large defects (Radvar-Esfahlan and Tahan, 2014). However, even with
outlier filtering, it still suffers from excessive variations in the canonical form if the

inspection stress state causes large local deformations in the part.
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Figure 2-12. Scheme for mapping of sheet metal to a “canonical form” in GNIF.
Mapping is performed with Multi-Dimensional Scaling (dimension reducing)
algorithms and the canonical forms are the ones being compared. (based on
Radvar-Esfahlan and Tahan, 2014)

The GNIF concept is still subject to improvements. More recent developments
have focussed on mitigating measurement errors (Karganroudi et al., 2016),
resulting in successive application of filtering techniques based on criteria such
as local curvature fluctuations and mesh deformation stress. It has been found
that the stress state cannot be readily computed from the inspected mesh, as
node-based geodesic distance calculation introduces cumulative errors which

can result in large in-built fictive stresses.

Another set of algorithms are built on the Coherent Point Drift (CPD) registration
algorithm, initially developed for recognition of tissues and other highly non-rigid
objects in medical applications (Myronenko and Song, 2010). CPD iteratively
applies coherent (that is, correlated within a neighbourhood) displacements to a
given pointcloud based on probabilistic estimations based on each node’s
position relative to the others. Because CPD allows for body stretch, it cannot be
used straight away on parts which aren’t non-rigid in all directions, unless the part
is close to nominal in the inspection state by e.g. being relatively stiff
(Ravishankar, Dutt and Gurumoorthy, 2010). The first adaptation to isometric
conditions (Sacharow et al., 2011) was achieved by adding a “mesh reintegration”
step where, after each iteration, the displaced mesh elements were re-connected
and reoriented based on trigopnometric considerations. In a later attempt by a
different group (Aidibe and Tahan, 2015a, 2015b), an initial series of simulations
had to be performed to tune the parameters until transformations were distance
preserving within a specified tolerance. This was enforced by minimising a

“stretch” objective function.
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A different strategy is based on local curvature estimation (Aidibe and Tahan,
2014, 2013). A correspondence is established between the nominal and
inspected meshes, and defects are identified as large local variations in estimated
curvature. This means that large, long-range defects (such as a bulge in a skin)
are not flagged by the algorithm, but small kinks and shape or position variations
in stamped features generally are.

An obvious weakness of the non-rigid-registration based algorithms, as described
above, is that no previous knowledge of where defects come from, where they
may appear, or any particulars on how they are expected to look like, are
considered. This is in addition to the strong assumptions which make them
applicable to sheet metal only. Furthermore, a large amount of information (in the
form of point clouds) is needed, and thus these algorithms rely on specific
measurement systems and setups, which may not always be viable for high-rate

manufacturing.

Itis clear from the above that non-rigid registration techniques are not necessarily
fully mature for widespread application, given the multiple sources of uncertainty
both in data acquisition and in the algorithms themselves that must be overcome.
However, it is their current limitation to sheet metal, as well as the radical
departure from existing industrial practice, that truly make it of interest to consider

other alternatives for the nearer term.

2.3.4 Virtual fixture setting

A highly interesting, though small, corpus of work has focused on the reduction
of clamping in existing inspection schemes. These were based on the “functional
build strategy” inspection approach, where multiple clamps and weight
application are permitted for bringing the part to nominal on a highly

overconstrained fixture.

One of these applications, presented by researchers affiliated with Volvo Cars
and Chalmers UT (Lindau et al., 2012), involved digitisation of a carbody part in
a state of reduced clamping, and using MIC to simulate the fully-clamped state

under the assumption of allowable clamping forces. The fully-clamped state was
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well aproximated, in addition to reducing fixturing time and preserving more
shape information on the part (which would otherwise have been effaced by

overconstraint).

Such an approach offers clear advantages when compared with a pure virtual-
deformation philosophy, as it allows adaptation of existing “functional build”
inspection criteria for smaller overheads and greater access to information.
Furthermore, virtual fixture setting allows partial reuse of existing tooling, while
supporting insertion of alternative measurement systems as necessitated by new
quality requirements. For instance, clamp removal allows improved access of
optical scanners which obtain larger volumes of information with greater
repeatability than manual feeler gauges. The same could be expected of the
complex multi-point supports used in checking of large aircraft components.

The fact that assembly related tools have been used for inspection should not
come as a surprise, as inspection involves, ultimately, temporary assembly of a
part to a fixture, complete with application of forces from weight, contact with

supports, and clamping.

Independently, a procedure similar to that outlined above, dubbed FE-BDC
(Finite Element Boundary Displacement Constrained) was applied to inspection
of sheet metal aerospace components (Abenhaim et al., 2015a, 2015b). In this
case, due to reduced line of sight to the multi-point fixture supporting the part, the
position of each support was estimated, and displacements were simulated
taking into account pressure application allowables and contact with the fixture,
using constrained function optimisation tools available in MATLAB. The FE-BDC
method was reported to be superior to “current methods”, understanding these
as virtual deformation based on assumed boundary conditions; however, a
thorough description of the implementation of these was never provided in the
references above. In addition, fixture defects were not explicitly addressed in the
methodology, and only mentioned a posteriori as the likely cause of a discrepancy

with the physical results.
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Figure 2-13. Outline of the FE-BDC virtual fixture setting method (based on
Abenhaim et al., 2015a)

More recently, metrology company GOM has announced a “virtual clamping”
capability to complement light scanning and computational tomography systems
(GOM, 2019). This is aimed chiefly at sheet parts which would typically require
clamping for inspection, such as stamped automotive components. At the time of
writing, further details had yet to be disclosed to the public.

2.3.5 Virtual assembly

The current state of non-contact scanners and computational systems is such
that virtual assembly could be performed for all components that go through a
manufacturing system. This links directly to the much topical concept of factory
and product digital twins. If this is the case and all assemblies are simulated,
could quality compliance not be steered with these results? This would, after all,
be no different from the pre-assembly, pre-fit or functional build approach, and
indeed would offer to provide more accurate stress data too.

In fact, this concept has been advanced recently for aerospace. It has been
proposed that not just quality checking, but part matching could be performed

from digitised parts. Components with the right variations would be combined
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such that all the production meets stress and dimensional requirements
(Thiébaut, 2016). Such production system would be able to relax dimensional
requirements by enabling efficient manufacturing processes without an
interchangeability requirement on components — as already demonstrated in
“selective assembly” through batch matching in the automotive sector (Kern,

2003) — though potentially compromising reparability and serviceability™il,

2.4 Non-rigid assembly tolerancing

Formalised study of non-rigid parts may have escaped the aerospace industry for
a while, but this is not the case for mass-producing sectors where one-by-one
rework is not viable, and where the cost of procedure or design changes can be
recovered faster owing to high production rates and lower cost of failure. These

fall closer to consumer products, and especially automotive sector.

Systematic exploration of assembly tolerancing with non-rigidity considerations
started with work carried out in University of Michigan, focused on the automotive
sector. This work consists of two main strands: Stream of Variation (SOVA),
which models propagation of locating and machining errors in multi-station

manufacturing processes; and weld variation simulation.

2.4.1 Datum Flow Chain and generic deflection allowance

A feature-based approach to assembly tolerance analysis and design
optimisation was developed by MIT researchers (Whitney et al.,, 1999). The
Datum Flow Chain (DFC) method turns a complex assembly into a graph (Figure
2-14) which connects various features (nodes) with links that represent feature
interaction and dimensional requirements. Each assembly link is given a weight
representing the tolerance or variability of the joint, based on physical tests or
engineering expertise. Different assembly paths can thus be evaluated

procedurally with little effort based on a tolerance stack approach (e.g. by using

kil The author’'s experience is that the prospect of abandoning interchangeability can be quite
divisive. Though critics will draw attention to the need for a stock to draw parts from, and problems
generated through the product lifecycle, it is also true that many large assemblies already are not
truly interchangeable — requiring match drilling or largely-manual interface management
operations.
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Dijkstra’s algorithm). Some human intervention may be needed to assess actual
viability of an optimised assembly path (due to e.g. access issues). Although
initially based on rigid assumptions, DFC can be expanded to account for part
deflection by adding clearance/deflection tolerances, e.g. by considering the
acceptable compression of a bolt in an interference fit. DFC has been used to
optimise aerospace assemblies (Naing et al., 2001). However, it offers limited
potential for structural joint analysis, as the joining features themselves are the
simplest elements of the graph. Large mating surfaces where gaps or clashes

may appear only locally (as in a skin-stringer joint) are similarly not well

characterised by this method.
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Figure 2-14. Simple example of a DFC for a subassembly, where elements display

Features

different relationships and functions. (based on Naing et al., 2001)

2.4.2 Stream-Of-VAriation (SOVA)

SOVA typically uses transformation matrices (conveying translation and rotation)
to model positioning and geometrical errors from fixturing and datum schemes.
The resulting matrices can be interrogated by feeding them variation distributions
(for tolerance analysis) and for diagnosability of each defect. The matrix-based
modelling works well with processes taking place in succession, thus forming a

“stream” (Figure 2-15). An important conclusion from SOVA modelling is that non-
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conformance in ‘parallel’ assemblies (e.g. where components are stacked) can

not be subject to full diagnosis if the individual parts are not known (Hu, 1997).

SOVA has been extensively worked on to incorporate various machining-related
defects (e.g. tool wear, spindle deflection), as well as non-rigid assembly defects
such as springback of the welded assembly after clamp release. The method has
also been used for fixture error diagnosis and assembly inspection optimisation.
It also has been integrated with process-oriented tolerance synthesis (Abellan
Nebot, 2011), by incorporating cost functions for different sources of variation.
However, the usefulness of SOVA for the aircraft industry is not clear due to the
different characteristics of the product: it considers multi-station processes with
kinematic (3-2-1) fixturing, whereas many aerospace components are placed on
overconstrained (N-2-1 or N-M-O) fixtures ™, machined with little repositioning,
and then possibly subjected to forming operations. Furthermore, SOVA considers
joints given by kinematic fixturing schemes; this is not representative of many

joints in aerospace products, which are highly overconstrained (Stricher, 2013).

e

Figure 2-15. Top-level concept of SOVA, where at each station some process
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parameters cause a transformation in the product state, and measurements may
be taken; all subject to noise. Left: single station. Right: generic serial ‘daisy
chained’ station arrangement. (Huang and Kong, 2008)

2.4.3 Direct Linearization Method (DLM)

A very simple approach for non-rigid assembly modelling consists of reducing

each part to a linear model comprising a subset of discrete points, and applying

XV With x-y-z referring to the number of displacement constraints on each axis. A 3-2-1 fixturing
arrangement is kinematic i.e. not overconstrained.
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joining operations (e.g. applying a force or a displacement constraint) to matching
nodes. Such application was developed within research for General Motors
(Hsieh and Oh, 1997a); The implementation joined designated nodes of an
assembly’s subcomponents, precluding both tangential and normal relative
displacements, and without contemplating contact at non-joined spots. A genetic
algorithm was used to find the weld sequence that minimised a deformation
score. The work was applied to a sheet metal car component, and was presented
alongside a bespoke set of “coding blocks” intended to streamline industrial use
(Hsieh and Oh, 1997Db).

2.4.4 Method of Influence Coefficients (MIC)

The mechanistic variation model, more usually named Method of Influence
Coefficients, was proposed for stochastic tolerance analysis of welded
assemblies (Liu and Hu, 1997). This method consists of a direct linearisation
based on finite element analysis for calculation of force responses of designated
nodes, which allows quick calculation of assembly forces and springback in a
typical Position-Clamp-Fasten-Release (PCFR) cycle as depicted in Figure 2-16.
By linearising the response of the non-assembled and assembled state, joining
elements such as spot-weld nuggets or fasteners can be accounted for. This
method was later integrated in SOVA (Camelio, Hu and Ceglarek, 2003).

i 1. Position Initialdeviationi E ) 2. Clamp E
i B¢ % from nominal ! ‘ ! e v E
A ey S | : W= 2 |
S = i o Feiamp |~ Clampingforce pushes i

" part to nominal

Assembly deforms from nominal

Jointis created e.g. | position due to clamping force removal

. W by a spot weld ! - F E
Loagy v ! i B l clamp i
; (<] ! P A !
! N A H » [ / ‘& (D) Y —— !
: &{\ 2y FW -~ I Lod 1 : & N et 1
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Figure 2-16. A PCFR cycle illustration (Camelio, Hu and Ceglarek, 2003). The

springback is calculated by MIC considering part and assembly stiffness.

MIC (like DLM) is limited by its linearity assumption, as it requires small
deformations and does not account for unilateral contact (that is, that some nodes
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may or may not be in touch, an interaction that can not be modelled linearly). In
addition, part variation has typically been simulated with simplistic assumptions
which there was no effort to justify, or even were justified as simply convenient

and “of no physical significance” (Ungemach and Mantwill, 2009).

It is worth noting that MIC, though very reminiscing of a DLM procedure, enables
streamlining of repeat calculations by deriving the sensitivity matrix. In addition,
a stress (rather than strain) sensitivity matrix has been shown to be usable for
fast calculation of assembly stresses (Lorin and Lindkvist, 2014; Soderberg,
Warmefjord and Lindkvist, 2015).

2.4.5 Node joining within ADCATS

The work carried out in the late 1990s decade by Brigham Young University’s
computer-aided tolerancing research group dealt primarily with bolt-based joining
of sheet metal, along relatively narrow interfaces (Bihlmaier, 1999; Merkley,
1998). As such, assembly was modelled as simultaneous joining of a set of
matching nodes from FE meshes of opposing parts. By assuming no excess
compressive load or residual gap was left by the clamping and fastening stage,
a determinate linear system was formulated. The geometries fed into this model

were informed by the concepts of variation correlation proposed by the same

group.

This modelling approach is insufficient for problems where contact interaction of
parts is considerable, or where assembly details are stiff enough that a residual
gap may be left. However, it offers a very quick way of simulating geometries
which conform to the modelling assumptions; for example, joining two fuselage

panels in a fuselage section by a single row of rivets.

2.4.6 Tolerance domain and flexible tolerance domain

Some work within the SYMME research group has focused on the translation of
tolerance requirements into polytopes or sets within a dimensional hyperspace,
referred to as “domains”. The idea is to use set operations to build variation
spaces which can then be checked against functional tolerance such as total
length or play between parts. This has been extended to include “inertial
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tolerances” which draw from Taguchi’'s quadratic loss function (Adragna, 2009;
Mansuy, 2012); in such case, stochastic analysis is needed (as the quadratic loss
function does not support basic set operations, which are linear). Though initially
aimed at small parts assumed rigid, it was found that adding allowable assembly
forces expanded the tolerance domain noticeably. It must be noted that this line
of work was more concerned with small, precision machined parts, such as
bearings and shafts, where deformation would be compressive rather than
flexural (Samper, 2009).

2.4.7 Expanding MIC

Industrial researchers from Chalmers University of Technology have worked
extensively on improving the initial concept of MIC to support tolerance analysis
of increasingly complex assemblies. Central to this work is the standalone
software RD&T (“Robust Dimensioning and Tolerancing”), which is

commercialised through a Chalmers spinoff.

Possibly the first breakthrough addition for the purpose at hand was contact
considerations into MIC (Dahlstrom and Lindkvist, 2007). This was done by
combining a contact node search function, whereby each master node interacted
with three slave nodes, with an iterative contact enforcement system later dubbed
Node-Based Iterative Push, or NBip (Lindau et al., 2016). Results of sheet metal
welding simulation were found in much better approximation to full FE simulation
than MIC without contact; in trade, however, computation times rose sharply due
to the lengthy contact enforcement process. The NBip method was revised for
faster computation (Lindkvist, Warmefjord and Séderberg, 2008) by considering
node-to-node contact only and automated mesh coarsening, and applied to
welded assembly of two sheet metal frames based on real part measurement
data. The paper did not include stochastic analysis, but rather was applied on a

case-by-case basis to a set of assemblies.

Additional developments from Chalmers UT include adding clamp friction
considerations (Lindau et al., 2013), integration with thermal expansion (Lorin et
al., 2013) welding variation (Pahkamaa et al., 2012) and streamlined contact

condition enforcement (Lindau et al., 2016). Additionally, recent developments
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have shifted from automotive welding to other components such as composites
for aerostructures (Soéderberg, Warmefjord and Lindkvist, 2015) and aeroengine
fabrication (Madrid et al., 2016).

Another stream of work, though not continued as far as public reports go, was
developed in a doctorate within ENS Cachan (Stricher, 2013). In this case, MIC,
plus the contact search and NBip enforcement initially proposed by Dahlstrém
and Lindkvist in 2007, was used to model riveted assembly of typical airframe
structure components such as slender beams. Stricher implemented the
assembly simulation using the software CAST3M with an extension written in the
programming language Gibiano, and modelled each riveted joint as a group of
nodes rather than a joint in a node pair. Part variation was generated as a linear
combination of “technological modes™™! of flexure and torsion, admittedly not
based on any particular observed mechanism. The work used the method of initial
deformations (assuming the parts were clamped to their nominal position on
making a joint) and predicted final strains and stresses, although stress values at
fastened locations were found too high to be realistic. Such unrealistic result is
expected (as indicated in the thesis in question itself), given the high local
stresses which are caused by fastener insertion, and the lack of plasticity
considerations in the model. Joint formation mechanisms, such as local plasticity

and material expansion around the rivets, were not included in the model.

In addition, Stricher investigated expansion of MIC outside small deformations by
adding displacement-dependent terms to the compliant matrices. This was
supported by defining compliance matrix corrections for each “technological
mode”. Stochastic simulation and comparison to FEA showed that mode-based
corrections to the compliance matrix did not appreciably improve the model’s
accuracy, unless one variation mode was clearly predominant. It was suggested
that mapping interaction of variation modes might improve the results, though
risking a substantial increase of the cost of model generation. Realistic variation

modes were identified as one of the desirable future developments.

I This is a literal translation of the original French “modes technologiques”
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2.4.8 Modelling of joint characteristics

All the work referenced is based on a premise that allows substantial
simplification: any design joint results in a zero or negligible gap between parts,
and the mechanics of the joint formation itself are irrelevant. Indeed, no matter
the process, riveting, tacking, or spot welding, the modelling approach is the
same: target nodes are joined and their displacements henceforth equated.
Similar assumptions have been used in the limited work conducted specifically
for clip fastening of thin sheet (Warmefjord et al., 2016), whereby clusters of
nodes would be held at zero normal gap but allowing tangential slip. This is still
somewhat inaccurate, however, as fasteners inserted with interference fit cause
expansion of the assembly details, and welds are formed with a heat input and

subsequent material property change.

The node-to-node joint simplification is, in any case, not applicable to other
assembly methods, such as seam welding and adhesive bonding, where the joint
is continuous (rather than at discrete spots), new material is added to the joint, or

material properties change (due to e.g. thermal expansion).

Variability of assemblies with continuous joints has been addressed in a limited
fashion, with investigation of fillet weld variation in a T-joint (Pahkamaa et al.,
2010, 2012). The simulations conducted coupled use of the softwares RDnT (for
fixturing variation generation and postprocessing) and VrWeld (for generation of
the weld fillet elements and heat). The weld elements were generated between
mispositioned parts, thus changing the initial dimensions of the joint. In another
instance, the weld elements were created from preexisting nodes in the parent
material which were estimated to surpass the melting temperature (Warmefjord
et al., 2016). In both instances, for deformation purposes, all the heat input was
applied at once or in few stages rather than transiently, and all associated
dimensional changes were assumed elastic. Thus, by eliminating time-step
calculations and linearising material behaviour, the computational cost was kept
low enough for stochastic analysis to remain viable (Warmefjord et al., 2016).
Even for a simple case assembly, such as the T joint cited above, the variations

caused by the welding process were found to be amplified by the fixture variation;
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this was without even considering non-nominal part shapes. This result showed
that simply adding the different sources of variation is not enough to predict

deformations satisfactorily.

2.4.9 Applications in aerospace

Not many examples are found in the literature where real — or realistic —
variation data was fed into stochastic assembly modelling. This is at least in part
due to the difficulty in acquiring variation data in the first place. However, some
attempts have been made at introducing real, or at least arguably representative,
variations into the tolerance analyses at hand. Incidentally, this is very much the

case in aerospace applications.

An interesting example is found in development of a wing demonstrator during
the ALCAS™! programme (Maropoulos et al., 2011). In this case, since the part
was a one-off, a hybrid approach was adopted whereby some parts were
measured and their real dimensions used, while other components were
assumed based on specifications or prior knowledge. Monte-Carlo assembly
simulation was then performed using the 3DCS workbench for CATIA, adding
measurement uncertainty to the considerations. This resulted in reduced overall
uncertainty. Some of the predicted variations did not match the final assembly
measurements (though they were closed based on the overall variation range
permitted by the component specifications); discussion of the reasons for this is

not publicly available.

Another relevant example comes from studies of fastened assembly optimisation
conducted within Zhejiang University in collaboration with Chengdu Aerospace
Industries (Liu et al., 2014, 2015). The optimisation was developed for fuselage
shells. In this case, a series of skin-stiffener gap measurements are performed
on the fixtured assembly details before fastening operations begin. Temporary
fastener sequences are optimised attending to considerations of predicted
residual gaps and number of temporary fasteners, where deflections are
calculated based on a superelement compliance matrix obtained in the fashion

il Advanced Low Cost Aircraft Structures
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of MIC. Though initially based on measuring each fastened point at each stiffener,
the method was later refined to build a randomised set of splines (much like in
Merkley’s approach that used B-curves) based on a small set of measurements.
A single “overall best” fastening sequence was then found using a genetic
algorithm. The initial iteration of the work underestimated the final gaps, possibly
because it did not account for contact. In the later work, contact was integrated
and a programme interface was created that lets the operator tweak optimality

criteria.

Within the LoCoMACHSMil programme, work was undertaken incorporating
process-dependent variations, although this approach was not described with
any reference to a modal base (Falgarone et al., 2016). Aerospace part variations
were reported to be simulated based on small changes in process input
parameters, without further detail. The assembly was simulated using the
software AnaToleFlex, developed within the research programme, which uses
MIC to include non-rigid considerations. Also within LoCoMACHS, a work
package for affordable liquid shimming developed a system whereby part
measurements and acceptable assembly forces were used to predict shim
volume (Figure 2-17). The work used a specialised functionality within
AnaToleFlex; publicly available reporting does not include discussion of liquid
shim behaviour such as pressure required, compaction, or flow (Engstrém, 2015).
AnaToleFlex was similarly used to support tolerance management in a composite

wing cover (Figure 2-18).

il | ow-Cost Manufacturing and Assembly of Composite and Hybrid Structures.
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Figure 2-17. Schematic showing how part geometries, assembly sequence and
process forces (but not shim properties) were accounted for in the work

“Predictive gaps simulation for robotic AM shimming” (Engstrom, 2015, p.21).
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Figure 2-18. Workflow in “Flexible Tolerancing of composite structure” (Engstrém,
2015, p.14), with use of AnaToleFlex for a composite wing spar.

2.5 Conclusions

An analysis of prior art on non-rigid components and assemblies shows the

following:

= Non-rigid part inspection and assembly are deeply interlinked through the
concept of functional fit, as is explicitly recognised in the relevant norms.
Therefore, deflection considerations are often embedded in inspection
strategy and conformance criteria. However, there is no single agreed-upon
way for this is done or expressed.
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There is no dominating paradigm in part variation modelling; due to data
scarcity, options which are not necessarily fully representative, such as use
of linear superposition of arbitrary modes, abound.

To date, most variation-analysis work for non-rigid assemblies has centred on
sheet parts where joints were punctual — such as in a spot-welded or riveted
assembly. The joint itself is usually substantially simplified. Within the context
of non-rigid assemblies and variation analysis, no evidence has been found

of efforts to model adhesive joints.
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2.6 Research Questions

This thesis seeks to address the following questions:

RQ1. What are the challenges for variation analysis of non-rigid assemblies for

the bonded case?
RQ2. How can these challenges be addressed?

RQ3. (How) can non-rigid considerations be systematically incorporated in part/
assembly design and manufacture for bonded assemblies?

RQ4. (How) can non-rigid considerations be systematically incorporated in the
quality assurance process for bonding?

RQ?2 is the core question which technical solutions are developed and tested for;
this has RQ1 as a necessary enabler where the areas of interest must be
identified for research and modelling.

Finally, RQ3 and RQ4 are of a distinctly pragmatic nature: “how can this work
support design and manufacture today and tomorrow?” (i.e. “what’s in it for me?”),

and will be answered through brief demonstration of applicability.

As indicated in the introduction, however, such optimisation methods are not at
the core of the present work, the objective of which is, rather, to enable their use
for bonded assemblies in the first place. Plenty of focussed, fully-operational
applications (including non-rigid tolerancing software, like 3DCS, RDnT and
AnaTole) have been developed and productionised for other technologies or
manufacturing environments. Similarly, many of the enabling statistical and
mathematical tools (inclusive of regression, Pareto analysis, quality loss
functions, and heuristic-based optimisation) can readily be transferred to the
adhesive bonding situation.
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3 METHODOLOGY

3.1 Research strategy

The work undertaken seeks to answer the research questions, identifying
mechanisms that determine bondline geometry, proposing analysis tools for
bondline variation analysis, showing performance of these tools in practice, and

providing examples where these tools generate industrially useful results.

The analysis tools proposed include a variation modal analysis, assembly
simulation based on part linearisation and contact modelling, and a simplified
adhesive flow model. The latter two have been used in tandem; however, their

limitations are discussed separately.

The model performance verification is carried out against Finite Element Analysis
(FEA) and against results from physical trials. Multiple physical tests are carried

out, covering a variety of confounding factors.

Model use demonstration includes stochastic variation analysis of an assembly
for a given set of part variation, and prediction of assembly fitness from

measurements taken in a manufacturing environment.

3.1.1 Test assembly definitions

A variety of skin-stringer assemblies of different complexity have been studied for
this work.This is partly a result of the project progress, but also intends to explore
different factors of the assembly behaviour. The assemblies include:

(a) Single notional stringer bonded onto a rigid, nominal skin, both nominally flat.

(b) Multiple stringers bonded onto a skin; all with complex curvature based on
representative aircraft wing cover features.

(c) Flat stringer-skin panels with in-built gaps of known size, and both stringers
and skin close to nominal.

(d) Variants of a single curved stringer of the wing cover in (b), each with a

different design of the stringer and skin.
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(e) Flat stringer-skin panels with multiple stringers per panel, and designed-in
profile variation such that the variation of adjacent stringers interacts in pre-

defined ways.

3.1.2 Work alignment

The use of assemblies as outlined above is summarised in Table 3-1. In addition
to analysis by the stated methods, practical limitations of each test conducted are
discussed in the respective chapter section.

Based on the sheer volume of physical test results studied in this work, the order
of steps has been altered slightly from the outline above. Demonstrations of
model use will be shown and discuss before presenting physical results. Utility of
the applications demonstrated is ultimately predicated on the adequacy of the
models; however, the reader will hopefully appreciate the general usefulness of
the analysis applications and discussion presented, even before showing the

results of verification work.
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Table 3-1. Configurations studied, their uses, and corresponding research RQs. All analysis covers RQ1 and RQ?2.

Single flat Subscale wing Flat stringers stricrzlur(;/rfkin Multi stringer /
stringer panel and spacers geris skin
assemblies
Test model Test effect of
Main purpose Basic model Advanced model Test model, limitations in boundar
test/demo demo dry/wet separation production icary
: conditions
scenario

Variation spectrum RQ1 | RQ2 RQ1 | RQ2 RQ1 | RQ2 RQ1 | RQ2
3’; Linear part + hard
T P RQ1 | RQ2 RQ1 | RQ2 RQ1| RQ2 RQ1| RQ2 RQ1| RQ2
c |contact
<

Adhesive flow RQ1 | RQ2 RQ1 | RQ2 RQ1 | RQ2 RQ1 | RQ2 RQ1 | RQ2
> Physical test RQ1 | RQ2 RQ1 | RQ2 RQ1 | RQ2
3
= |FEA RO1 | RQ2
2 | Monte-Carlo
©
43 variation analysis RQ3 RQ3
c
o
§ Gap health check RQ4
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3.2 Variation-spectrum-based assembly requirement estimation

An intuitive approach put forward by researchers previously mentioned
(Favreliere, 2009; Huang et al., 2014) is that, once geometrical variation is
decomposed into modes, it is possible to translate these in terms of assembly
requirements. The viability of such a concept has been explored for the stringer-

bonding application, using spectral analysis.

This is not only of interest from an academic and theoretical standpoint: on the
contrary, it is easy to imagine prescribing amplitude/range geometry
requirements based directly on assembly simulation, or embedding profile
variation filters into inspection procedures and manufacturing process evaluation.
A simple spectral analysis also makes sense as a heuristic for diagnosis of

assembly fitness.

In this case, stringers will be analysed, being generally the stiffest (and thus more
potentially problematic) component. A simple Fourier decomposition of the profile
deviation will be used, and an external pressure requirement will be derived for

each mode.

Use of Fourier transform for closure analysis of long stringers offers two
advantages:

= Simplicity and ease of understanding: a peak at one frequency can directly be
translated in terms of scale, and resolution needed for inspection and
manufacture.

= Homogeneity: each valley-to-valley interval within a given component is the
same, which will be shown to allow each component to be translatable into a

single pressure value.

The Fourier transform has previously been used for sample generation within
ADCATS simulation of sheet metal joining (Bihlmaier, 1999); though in this case,
the assembly was studied by means of finite element analysis, and unilateral

contact was not considered.
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3.2.1 Assumptions

1.

Behaviour of components other than the stringer (skin and adhesive) are
neglected.

Tangential displacements (in the plane of the assembly interface) are
negligible; the only focus is out-of-plane deviation.

3. Variations across the stringer cross-section, as well as torsion, are negligible.

Stringers can be simplified as nominally straight, since variations occur over
a short range compared to nominal curvature/twist;

Small displacements: part behaviour is in the elastic regime and can be
linearised;

Effects can be superposed with a reasonably small loss of accuracy;

Forces are exerted only normally to the assembly interface;

Behaviour is constant throughout the stringer length (no changes in
crossection and no noticeable impact of the boundary conditions at the

stringer edges).

3.2.2 Basic derivation

Consider a nominally straight slender stringer with a uniform cross-section,

exhibiting a shape defect in the form of a perfect sine wave, with a single spatial

frequency f = 27! (1 being the wavelength) and amplitude a «< A (Figure 3-1).

The small amplitude is necessary in order for the small displacements and

pressures-normal-to-the-interface assumptions to hold, and for the stringer to be

modelled as a straight beam.
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i Stringer centre must deflect down to substrate

Equivalent beam problem

Pressure per length = Pw|

\jllllllllllllll%

e e e _

W

Figure 3-1. One wavelength of a component of the variation of a stringer (top);
pressure and deflection considerations with symmetry to neighbouring

wavelengths (middle); and resulting double-cantilevered beam model (bottom)

If such a stringer is placed on a nominally flat target skin surface, before any force
is applied, the interface gap will be a sine curve offset from the skin, with value O
at the stringer profile minima and maximal gap values 2a. In addition, the stringer
will be tangent to the skin at the initial contact points. Furthermore, if the stringer
is several wavelengths long, symmetry can be assumed, with adjacent waves
resisting each other’s boundary displacement. Thus, one can model the problem

as the deflection of a double-cantilevered beam.

For the initial naive approach, the wave closure pressure is defined as the
uniformly applied downward pressure that would cause the local stringer
maximum to deflect back to the target skin, without further contact considerations.
Using the analytical equations for nominally straight slender beams (available in

e.g. Roark's Formulas for Stress and Strain, 6th ed., Young and Budynas,
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2002)il "and assuming flexure only, the uniform pressure requirement is easily

derived.

Maximum deflection of a uniformly loaded double-cantilevered beam occurs at
the middle point along the length, L = 1/2, and (for the single-wavelength beam

presented earlier) isk™:

Pwa* (3-1)

[max deflection] = §(L/2) = 2a = 384E]

where P is the uniform pressure applied, w is the flange width (therefore Pw is
the load per unit length); E is the material modulus of elasticity, and I is the
second moment of inertia of the area of the stringer cross-section relative to the

plane perpendicular to the pressuret.
Solving equation (3-1) for P, and substituting 1 = f~1:

768El ot (3-2)

w
The modelling of variation as a sine is now extended to the full range of variation
of the beam-like component, modelling it as the sum of a number of sines of
spatial frequency f; and amplitude a;. The deviation from the ‘flat’ nominal, which
as modelled is equated with the deflection under external pressures, is, then,

expressed in line with a Fourier Transform:

nsf TLSf
_ 1 _ 1 L (3-3)
6(L) = - o + ) ajcos(2nfiL + @;) = > o + ajcos(ZnA—j + ;)
j=1 j=1

where ¢; is a phase offset, and as a result the corresponding variation component

has a local minimum at position L = 4;(1/2 — ¢;(2m)™"). If the values for the

il Although the solutions to particular load cases can be found in such reference manuals, any
practitioner, and many undergraduates, should be able to derive them on pen and paper from the
basic equations for stress and strain, given some time, by applying basic concepts of
[anti]lsymmetry, equilibrium of forces/moments, and polynomial integration.

XX As stated in footnote xviii, this can be derived from the equations for beam stress and strain
using pen and paper, but is also available in manuals (e.g. Young and Budynas, 2002, p.193).

X4 Later in this chapter, the subscript flex will be used to specify that this pressure is calculated
without accounting for shear. The subscript flex + shear will be used when shear is included.
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parameters in equation (3-3) are calculated through the Fast Fourier Transform
(FFT) of a number N, of points equispaced along the length of the stringer, then

the frequencies f; and the number of frequencies ng; are further subject to:

— 71 , = j
fi=jL (therefore 4; = L/j) (3-4)

ngy = 2ftoorog2N=1 (equals N, /2 if N, is a power of 2)

The deviation corresponding to a, is constant along the length of the stringer; it
thus can be compensated by a rigid motion and could be omitted from further
analysis. Alternatively, it can be retained with f, = 0, which will equally result in

no additional pressure requirement when applying equation (3-2).

When the closure pressure in (3-2) is extended to the entire spectrum under
consideration as presented in (3-3), and through the assumption of linear
superposition, this translates to a total pressure requirement P, which should

enable pushing the stringer to the nominal profile.

Nsf Nsf
768E1 (3-5)
j=0 j=0

It becomes clear that the value P is heavily dependent on any correlation between
a; and f;. Although intuitive expectations and observations in the literature point
to a decrease in amplitude for short-range variation, that is, da/df < 0, the type
of law that this follows (which is not clearly stated in previous work reviewed)

could have a large impact on assembly feasibility.

As an example, consider the cases: a; x fj‘1 (‘hyperbolic’), and a; o« exp(—f;)
(‘exponential’), such that the sum of all components’ amplitudes, Z;.lifl a; , is the

same for both cases. The amplitude and pressure values for a range of
frequencies are presented, in a generic, normalised case, in Figure 3-2 and
Figure 3-3. (The parameters are genericised such that (1,1) is crossed by the
‘hyperbolic’ spectrum). A hyperbolic-type spectrum will result in very high closure

pressures from the shorter-wavelength components; meanwhile, an exponential-
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type spectrum will contain variation components that become irrelevant

(assembly-requirement-wise) at short enough rangesl,

Spectral variation cumulative amplitude

§ 8.00E+00

©

£

o

.

S 4.00E+00

[y

=]

2

-

€ 2.00E+00

[A]

2 / =@==exponential spectrum
1]

E === hyperbolic spectrum
S 1.00E+00 ! ! : !

Spatial frequency‘,ﬂl/ij(normalised) 8 16

Figure 3-2. Variation amplitudes resulting from two different idealised
distributions. Although the final cumulative value is the same, the ‘exponential’

relation is biased towards longer wavelengths (i.e. lower spatial frequencies).

Cumulative closure pressure
flexure only
1.64E+04

=8==cxponential spectrum
4.10E+03 +———— )

=8==hyperbolic spectrum
1.02E+03

2.56E+02

6.40E+01

1.60E+01

4.00E+00

Closure pressure, #(normalised)

1.00E+00 } } } {
8 16

Spatial frequency‘,ql/.ij(normalised)
Figure 3-3. Closure pressure scores that would result from the amplitudes and

frequencies in Figure 3-2. Note the logarithmic scale which allows better viewing

of order-of-magnitude differences.

X1 For a = agexp(—yf), where y is a real-number coefficient, the maximum component-
associated pressure Pi would occur at = 4/y. This can be calculated by simple differentiation of

(af*).

99



Of course, this is not fully descriptive of the industrial reality. In practice, there will
be no need to remove absolutely all the geometric variation, as all joints have
some variation tolerance. Therefore, as long as the variation amplitude decays
‘fast enough’ with spatial frequency, the specific relationship with wavelength is

largely non-critical.

3.2.3 Restriction of spectrum’s wavelength

Given a dense point sample from stringer inspection, it would be possible to
obtain a variation spectrum covering hundreds of wavelengths, down to the mm
range. As pointed out above, such a level of detail is unnecessary given that
these variation components will not only be very small in amplitude, but also well
out of the scope of the assumptions outlined initially (the stringer will indeed not
be a slender beam over such short distances). What's more, short-enough
wavelengths (in the mm range) cannot realistically be expected to be inspectable
with typical contact-based instruments such as gauges and touch-probe CMMs,
since variation over such ranges will be filtered out as depicted in Figure 3-4 (see

for example Arenhart, 2010).

Roughness is filtered out by probe

......
.....
.....
....

......
. .
o .

CMM probe tip Surface inspected eyt -

Figure 3-4. Example of short-range variation filtering by

contact-based measurement.

Therefore, a number m,, of wavelengths, the shortest in the initial analysis, will

be left out of further steps, such that
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Tlsf

Z aj < Tspectrum « Tjoint

j=mgg

(3-6)

where Tj,;,; is a design tolerance range for assembly joint variation (typically in
the order of 0.05 mm to 0.10 mm), and Tspecerum IS @n arbitrary small spectrum

accuracy tolerance value.

For clarity, subsequent analysis in this chapter will still use the nomenclature from

equation (3-3), without noting m explicitly.

The spectral reconstruction, with increasing accuracy (but diminishing returns) as

shorter frequency components are added, is illustrated in Figure 3-5.
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Figure 3-5. Example of stringer reconstruction accuracy gain as the number of
frequencies increases. Note the diminishing returns, with the first few frequencies

already achieving a fairly close (sub-0.01 mm) match.
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For future uses in this work, a value of 0.01 mm will be used for Tgpectrym- This
value is in the order of the accuracy achievable by mid-large volume
measurement instruments, such as a CMM’s Maximum Permissible Error (MPE),
and smaller than the typical resolution of other instruments such as slip and feeler

gauges.

3.2.4 Limitations and corrections
3.2.4.1 Localised variations

The usefulness of Fourier Transform analysis is predicated on the periodicity and
stationarity of the dataset provided (see, for example, Huang et al., 1998, p.905).
This is a condition not necessarily met by manufactured parts, especially given
how many parts are indeed not periodical or uniform in design. For instance, a
stringer for a wing panel, with varying curvature through its span, may be very
variable in areas that necessitate extensive forming, but achieve nominal
curvature around other more flat, straight areas. This is in addition to how stringer
nominal cross-sections are not necessarily constant (although, in many cases,

they do vary very little).

A local deviation will express itself in the spectrum as a peak at one spatial

frequency, plus multiple secondary peaks at higher-frequency (stiffer) harmonics.

3.2.4.2 Boundaries

The assumption on closure behaviour is based on local boundary conditions

given by:

= | ocalised contact between adherends;

» Interaction of adjacent segments of stringer.

However, this is not the case where some fixturing is in place. Typically, this will
occur near tooling pins, locating fingers/boards, and at the stringer ends (where,

in addition, there is no such “adjacent segment of stringer” on one side).

It must be noted, further to this, that simulations for comparison with the spectral
approach can become unreliable in the vicinity of boundary conditions, due to the

difficulty in modelling them. For example, modelling a stringer as a simply-
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supported slender beam may be a reasonable analytical approach, but in reality
the stringer ends will be able to move normal to the plane, resulting in
considerable simulation inaccuracies whenever there is variation close to them.
In this case, however, the validity of the spectral approach is not undermined, as
the “float” provided by the real typical boundary conditions is actually closer to
the assumptions for the proposed spectral analysis.

3.2.4.3 Variation shape

The calculation proposed does not check whether each individual component of
the variation spectrum accurately describes the deflection behaviour. Sure
enough, the deflection behaviour of a uniformly loaded double cantilever (as
described in Figure 3-1 above) is not described by a sine, but by a polynomial.

The deflection of such a beam (of total length 1) at a length position L, accounting

for flexure only, is given by equation (3-7)0;

L20-1? _ 32020-L7 o)
2451 ¢ 1

Spoty (L) = Pw

where the term to the farthest right results from substituting the value of P as in
equation (3-2). This has the effect of modelling deflection at L as relative to the

maximum deflection (2a at L = 1/2).

The difference between the sine and polynomial cases becomes obvious when
studying a simple deflection case (Figure 3-6). Under the external pressure
which, according to the calculation presented above, would just close the gap, a
stringer presenting shape variation as per the polynomial formula closes
perfectly; in contrast, a stringer variation described by a sine, with the same

amplitude, does not close fully>il, Rather counterintuitively given the deflection

Xl As stated earlier in note, this results directly from the basic formulas for stress and strain. A
motivated highschooler with knowledge of polynomials also may obtain this expression by using
the boundary conditions and conditions of maximum deflection.

il The assembly simulation was performed using the method presented later in this chapter,
subsection 3.3.3. Dry component: Linear model with contact search by quadratic programming
(QP). This was done without consideration of adhesives, and using the analytical flexure
equations for a slender beam to generate the part compliance model (compliance matrix).
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outcome, the gap in a sine shape is actually slightly less deep than the
polynomial;, however, this makes sense when considering the closure process:
as the parts are pushed together, the current effective length over which the sine-

shaped gap occurs becomes shorter due to contact, thus ‘stiffening’ the gap.
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Figure 3-6. Comparison of closure (flexure only) of a truly sinusoidal beam
geometry (single Fourier component) and a geometry based on beam deflection,
under the same pressure of 1 MPa. Note that the slightly bigger overall gap in the

polynomial geometry actually allows it to close better.

The spectral analysis for this case (Figure 3-7) illustrates the inadequacy of the
purely sine-based concept: the polynomial-shaped variation is given a higher
pressure score pre-deflection (i.e. is expected to be somewhat harder to push
down to nominal) due to how the function generates multiple harmonics. The
spectrum does correctly reflect which stringer has the larger residual gaps post-

deflection, but this is because the one with polynomial shape has practically
achieved zero gap.
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Figure 3-7. Spectral analysis (16 biggest wavelengths) of the Figure 3-6 scenario.
Note the lone red circle at (541.8, 1) in the top graph, indicating the pure, one-
component sine shape. Also note how the ‘impure’ sinusoidal is initially (wrongly)

calculated as harder to close (bottom graph).

This result further emphasises the need to consider contact. An even more
important lesson, however, is that there is a level of uncertainty associated to
describing a gap with only two descriptors (amplitude and length). Either the
shape must be captured, or uncertainty from shape considerations must be taken
into account. In the example presented, the difference between the final gaps is
actually smaller (in amplitude) than that between the final (pressed) gaps,

although the location of such deviation is displaced.

Note that the same can be said for cases with lack of periodicity: in Figure 3-8,
the same waves occurring over half the stringer are shown not to close any worse
(though more irregularly), but the resulting spectrum, presented in Figure 3-9, is

higher-energy than that for perfectly periodic variation shown earlier Figure 3-7.
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Figure 3-8. Closure issues brought about by local conditions: Note the different

profile near the transition from no-gap to gap condition, where the gap is
propagated to a previously gap-less area, and the slight variation in closure near
the part edge due to the boundary condition allowing part rotation.
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Figure 3-9. Spectra for the geometries in Figure 3-8. The spectrum is much more
irregular (larger harmonics) than for the case of waves all over the part, and the
estimated closure pressure is higher than in that case too.

3.2.4.4 Adapting the spectral components to flexure-based deflection

Given the mismatch between sine components and the expected behaviour of a
stringer, it is useful to explore the effect of a modified spectrum on the calculated
pressure requirements. This has been implemented through an iterative process
which takes each component of the sine-based spectrum starting with the lowest
spatial frequencies, replaces it with a polynomial of the same wavelength and
amplitude, and updates the remaining (higher-frequency) components with the

harmonics of the updated component. The process flow is summarised on Figure
3-10.

For the purpose of variation mode implementation, a single polynomial ‘wave’
may appear repeatedly, just like the periodically repeating values of a sine. The
local minimum may not be at L = 0. Therefore, the deflection function in equation

(3-7) is offset along the stringer length,

32(L - Lwav)z(Lwav +A- L)Z

(3-8)
14

Spoly L)y=a

with auxiliary variable L, representing the length position at which the ‘wave’

starts (i.e. local minimum). This variable is defined in expression (3-9):
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Lyay = Nyapd + Lwav,O (3-9)

with n,,,,, being the number of repeat of each wave, and L, o representing the
length offset for the start of the first wave. From the physical meaning of the
follows that the maximum value of L,,,,, will be equal or less than the total length

Lgtringer Of the stringer modelled. Therefore, n,,q, € [0, Lstringer/A]-

The value of L4, is calculated from the phase offset ¢ since they share their
physical meaning:

e 1 ;
Lavo = A% (5= =3) (3-10)

Then the polynomial expression for deformation can be made periodic, by
rearranging the terms in (3-8) so that (L — L,,,,)/A is used as the independent

variable and using an auxiliary function to implement the periodicity from (3-9):

2 2
6poly 4 a, @, L) =32a (Lfrac 4 o, L)) (1 - Lfrac “4 o, L)) '

L -
Livac(A, @, L) = frac (z + % _ 0.5) (3-11)

frac(x) = x — floor(x)

It is now possible to iteratively convert the variation spectrum from a Fourier
transform, into one that reflects the beam deflection shape™™. The process is

summarised in the flowchart in Figure 3-10:

1. The regular Fast Fourier Transform is calculated for the stringer profile
variation 6 (L), yielding a spectrum with parameters {/1]-, a;, (pj} ,J =0..n4 0N
accordance with egs. (3-3), (3-4).

2. Each mode k with nonzero frequency (k = 1) will be adjusted sequentially,
starting with the longer wavelengths (that is, from k =1 until k = ng).
Because as and when the new modes are generated, they are subtracted
from the variation; the use of this residual variation (which changes at each

step k) will be denoted by applying the superscript res, k, to § and to 4;, a;,

XV |n the context of this algorithm, the left pointing arrow « represents a value assignment.
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;. Furthermore, the residual variation is initialised as §"**°(L) « &(L) before

starting the iteration k = 1.
a. A new component is generated based on the polynomial behaviour of
the stringer, such that the wavelength and phase offset are the same
as for the sine-shaped original component j = k. For clarity, the

subscript j = k will be used instead of j to identify the parameters used.

res k

i. The amplitude a;_;" is adjusted to account for harmonics, so

that the sine variation component k is fully removed from

res, k

subsequent steps. The adjusted value is equalto a;Z;" /c, where

c is the amplitude of the first non-constant Fourier component of
the polynomial component. For the polynomial component as
presented in (3-7), it was found that ¢ ~ 0.9855.

ii. The new component &, is generated using the expression

from (3-11) and the adjusted amplitude as per step i above:

res,k resk res,k
Spotyk < 619013/(11 —k 1A= [CPj= 'L)-

b. The new component is subtracted from the stringer (residual) variation,
obtaining an (updated) residual variation, "% « §7esk"1 —§, .
c. The regular Fourier transform is calculated for the newly-obtained

residual, resulting in a new set of values {1;°**,aj***,¢7***} and the

process is repeated for the next k.
3. The zero-frequency component, corresponding to k = 0, is calculated from
the final residual deviation value, 6,4y,

overlooked in the spectral closure analysis, and thus the method tolerates the

o < 67" This component is

variation that was flushed into the k=0 component due to lack of
antisymmetry of the new modes.
4. The variation can now be expressed as the summation of the modes

calculated, as per (3-12):

6(L) - polyo + ZnSf 6poly,k(L)

6p01y0 + Znsf Spow(/—tresk resk/c (p}:es k,L) c= 0.9855

(3-12)
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) Stringer variation

5Tes0 o § Initialise residual
variation

fOI‘k =1 ...nsf
/—Lres,k res,k res,k Spectrum of residual
W e variation
res,k
resk _J=K 8™ Generate polynomial

Spofyjk(_ap(ﬂy(’lhk * ¢ ‘qof=k) componentk

sresk  sresk-1 _ g - Update residual
pocy, variation

if k = ng; update k « k + 1

Constant offset

6 component

Doly.0 sresnsy

5 Polynomial-based
Opoty i} spectrum of variation

Figure 3-10. Procedure for adapting the Fourier transform of stringer variation to
shapes based on flexural-deflection.

The impact of this reconstruction will be seen in the comparative studies between

spectral analysis approaches, in Appendix |— Test of the spectral pressure score.

3.2.4.5 Incorporating shear

Due to the way beam stiffness scales with length, variation appearing over a
shorter range is worth special attention as more difficult to mitigate. On the other
hand, shorter lengths of beam should not be modelled as flexure-only, with shear

becoming a bigger contributor to the deflection behaviour.

Without considering any shape effects and using the same closure requirement
as for flexure-only (midpoint of the wave pushed without contact), the pressure
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inclusive of shear, (Phex+shear) CaN be formulated just like it was done for the

pressure considering flexure only, Pq.y, as presented in earlier in equation (3-2).

Returning to the expression for maximum deflection of a double-cantilevered

beam under a uniformly distributed load (equation (3-1)), and including shear:

Pw* N PwA? (3-13)
384E] ' 8k, jpq, GA

[max deflection] = §(1/2) = 2a =

where kg qr is the cross-section’s shear factor™l relevant to the direction of
deflection, G is the material shear modulus, and A is the area of the stringer cross-

section.

Solving for the pressure again (this time noted as Phextshear)

768EI 4 1
Pﬂex+shear = 48F1 5 le = Pflex 48E] 5 (3-14)

1+— 14—
w ( kshearGA kshearGA

The difference comes, thus, from the 4851

f? term added to the divisor.

shear

Interpretation of this term’s implications are fairly intuitive: shear becomes more
relevant as a contributor to stringer deflection as the spatial frequency f
increases. For large enough values of f (that is, over short enough lengths), the
pressure requirement will be substantially reduced compared to that calculated

from flexure alone.

One can easily estimate the variation wavelength at which shear becomes

48EI

relevant, based on the denominator (1 + —
shear

f?). For this work, an arbitrary

criterion will be used that shear is negligible when ﬂfz < 0.1 « 1, and that

Kshear

it dominates (flexure is negligible) when 4881

f?=10> 1. In the case of

shearGA

1 The deflection due to shear can be calculated trivially by integrating the pressure load over
half the double-cantilevered beam length (see, for example, Young and Budynas, 2002, p.166).

kil For the cases studied, the shear factor will be approximated as the ratio of the area of the
cross-section of the web to the total area of the cross-section; this is typical engineering practice
(see, for example, Young and Budynas, 2002, p.166).
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shear-dominated deflection, the pressure requirement from eq. (3-8) would be
simplified, scaling with the 2" power of the spatial frequency (instead of the 4™):

shear —

16kspeqrGA af? (3-15)
w

The impact of considering shear, and the three modes (flexure-dominated, mixed,

and shear-dominated) are illustrated in Figure 3-11. The figure is based on

genericised values such that the flexure-only score P; is 1 when 4; is 1, and a

48EI
kshearGA

value = 0.05 is used so that the changing impact of shear is visible. The

vertical dashed lines mark the domain where both flexure and shear have a

noticeable impact (the arbitrarily defined 0.1 < %A{Z < 10).
shear

L64E+04 Cumulative closure pressure (hyperbolic spectrum)

4,10E+03

1.02E+03

2.56E+02

6.40E+01 -

Flexure + Shear

i

Cumulative closure pressure, P
(normalised)

1.60E+01 =fli—Shear Only e
1
==fe=—Flexure Only !
4.00E+00 - ! |
| 1
1.00E+00 5 : : : A
1 2 4 8 16

Spatial frequency, 1/4;(normalised)

Figure 3-11. lllustrative closure pressure scores for a hyperbolic spectrum
(amplitude proportional to wavelength). Accounting for shear reduces the scores

for higher frequencies.

48E]

For the cross-sections and materials studied in this work, the value of has

shear

been found to be between 0.4x10* and 1.2x10% Thus, the spatial frequency
interval where both flexure and shear are relevant is approximately between
0.001 mm* and 0.01 mm?' (wavelengths between 600~1000 mm and
60~100 mm, depending on the specific cross-section). The higher-frequency end
of the interval is small enough that the slender beam consideration is not valid
anymore, and typical variation amplitudes will be very small anyway. The upper

end at 600~1000 mm wavelengths, however, is relevant: typical sources of
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variation, e.g. forming processes and inspection fixtures, will introduce variability
at or below this scale. Therefore, limiting the assumption to stringer flexure will
also limit the accuracy of the model, by overstating stiffness noticeably and

oversimplifying shorter-range (stiffer) variation components.

3.2.5 Conclusions

The spectrum-based approach presented in this chapter is, in principle, a
tempting solution for lightweight diagnosis of assembly fithess. On the other hand,
it suffers from obvious limitations due to the number of simplifications used,
including neglect of part inhomogeneity and local deviations and difficulty in
incorporating realistic part behaviour, as well as disregarding parts in the
assembly other than each individual stringer in isolation. In addition, it offers no
predictions of what the final assembly will actually look like. The lack of meaning
of the analysis is illustrated through a deep dive into the simulation and physical

test results, provided in Appendix | — Test of the spectral pressure score.

In spite of these objections, however, the modal decomposition approach stands
to offer a ‘quick and dirty’ verdict on individual parts given enough inspection data,
or alternatively, given sufficient background investigation, could support definition
of acceptance heuristics beyond a ‘maximum-gap-to-tool’ policy. If found
sufficiently capable, thus, spectral analysis could provide a very low-cost solution

to quality control based on process parameters.
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3.3 Semi-analytical model

Note: prior publication

Parts of the methodology description and discussion in this subsection has been

published in the paper by this thesis’ author and co-supervisors:

Coladas Mato, P., Webb, P., Xu, Y., Graham, D., Portsmore, A. and Preston, E.
(2019) ‘Enhanced bondline thickness analysis for non-rigid airframe structural
assemblies’, Aerospace Science and Technology, 91, Elsevier, pp. 434-441.
(DOI: 10.1016/j.ast.2019.05.024)

This subsection provides further discussion on compliance matrix derivation,
adhesive flow modelling, and model integration, while leaving out the prior art
discussion (which has been covered in the literature review).

3.3.1 Assembly model summary

The assembly setup, as found during the adhesive bonding process, is made up

of the following elements:

= Adherends (the solid parts being joined);

» Hard tooling such as ‘female’ outer mould tools or bonding tables;

= Pressure application medium (in this work, a vacuum bag and a pressure
differential will typically be assumed);

= Bonding consumables such as breather fabric and flash breaker tape;

=  Bondline with uncured adhesive.

These are modelled in the following way:

» The mechanical behaviour is of each separate adherend is linearised, and
their interaction is simplified as taking place through direct hard contact;

= Hard tooling is modelled as any other solid parts;

» The pressure application media are simplified as a uniformly applied pressure.
No phenomena like bag wrinkling or bridging, nor the effect of pressure-
redistributing tooling like pressure intensifiers, have been considered in this
application;

= Additional bonding consumables are disregarded, both in terms of mechanical

loads (weight and pressure redistribution effects) and of impact on bond
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quality due to e.g. volatle gas evacuation or adhesive flow
obstruction/facilitation;

» The bondline dimensional change (‘squeeze’) due to bonding pressure is
modelled separately from the solid parts, using a simple analytical flow model.
The final bondline thickness is added to the gap between the adherends which
has been calculated separately.

Through these modelling simplifications, the system can be formulated as the
combination of a contact problem solved by Quadratic Programming (QP),which
will be presented in section 3.3.3; and a flow problem approximately solvable with
a closed-form expression, which will be presented in section 3.3.4. The different

components of the model and their integration are summarised in Figure 3-12.

The separation of the aspects of assembly into ‘dry’ (part deflection and
interaction) and ‘wet’ (adhesive flow) is a key simplification which enables the
simple simulation, as it reduces the problem into a static optimisation and a
closed form dynamic equation, thus limiting need for iterations and removing the
need to consider timesteps. It also allows model accuracy verifications via FEA
to be performed much more straightforwardly, since no fluid-structure interaction
(FSI) is needed. The potential limitations of the dry/wet separation are discussed
in Section 6.2 Research limitations.
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Figure 3-12. Top-level summary of the assembly modelling approach

3.3.2 Assembly interactions separation

Figure 3-13 illustrates the composition of the thickness of the uncured bonded
joint. The bondline thickness of the joint will be determined by two separate
mechanisms: the ability of adhesive to flow, and the deflection of the adherends;
both of which are driven by the external pressure. By basic fluid dynamics (and
as explicitly formulated later in Section 3.3.4 and Appendix A) the resistance to
flow of the adhesive will increase as the bondline becomes thinner; therefore, the
external pressure will be reacted where the adherends are brought closest
together. Thus, the bondline thickness is separated into two components: a wet
component for minimum bondline thickness, and a dry component for adherend

separation left after discounting the wet component.

The interaction between adherends prior to the formation of the bonded joint,
which consists of the transmission of pressure through the uncured adhesive, is
approximated as a contact interaction at the regions of lowest adhesive thickness,
since these are where the adhesive resists flow the most and becomes highly
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pressurised. Thus, the ‘dry’ component is approximated as the clearance
between the adherends when pushed against each other as shown in Figure
3-13.

ADHEREND

ADHEREND

Figure 3-13. Separation of the uncured bonded joint into dry and wet components.
(Pictorial representation not reflective of scales or likely variation modes.)

3.3.3 Dry component: Linear model with contact search by quadratic
programming (QP)

The dry assembly has been modelled by part linearisation and modelling of the

hard contact into a quadratic equation. The contact solution follows prior art

applied to automotive sheet metal (Lindau et al., 2016), with the node interactions

reframed to better reflect the assumptions of the bonding problem. The solution
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is reformulated below for the benefit of the reader. Solution of the contact problem

starts with the following simplifications:

1. The individual assembly parts satisfy the small deformations hypothesis,
which justifies the application of the principle of superposition and hence
linearisation;

2. External forces are applied normal to the nominal surface at each positionbvil;

3. Adhesive behaviour has been accounted for in the wet component (as
presented in Figure 3-13) and will be ignored for the determination of the dry
component of the bondline thickness. The adhesive will, however, transmit
the reaction forces and act as a lubricant which eliminates any friction

between parts from tangential displacements.

contact pair i

Part B

()TG})E{O (Fgonmct Part A

"
F;
Figure 3-14. Part interaction based on node pairs with normal reactions only. The

negative gap presented in the illustration signifies part penetration.

Through assumptions 1 and 2, only the interactions normal to the nominal mating

surface (that is, only normal forces and displacements) are considered, as
represented in Figure 3-14. Thus at node i, the force F[ is parallel to the vector

normal to the surface 7,; and similarly, the position )7{ Is a deviation from nominal

that occurs normal to the surface only as per equations (3-16) and (3-17).

il Alternatively: the effect of any forces not normal to the nominal interface surface is negligible.
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S 3-16
k= Ff; = (Fix Fiy Fiz) (3-16)

= N 3-17
X, = Xify = X Xiy, Xiz) (317

where the subscript i denotes the node in question, and subscripts x, y, z mark

each cartesian component of the force or displacement.

A linear model for any change in the positions of a part’s nodes, AX, under

external forces F (all normal to the nominal surface) is constructed based on the
compliance matrix U:

AXl U1 UlN Fl
| S | T (3-18)

AXN UNl UNN FN
This is achieved by extracting the compliance matrix from a subset of N nodes in
a finite element mesh, which is the usual procedure when using the Method of
Influence Coefficients (MIC) and similar to the superelement-based procedures

developed within ADCATS work (Bihimaier, 1999; Merkley, 1998).

The contact problem is formulated by considering the points interfacing between
two linearised bodies A, B. The gap between them is also linearised, and a single

normal 7; is picked at each contact pair i, such that the scalar value of the gap is

positive, (X), = (Xp—4 — Xa—p), > 0, when there is clearance. With this, the

change in the gap, AX;, as a result of applied forces E{, F_B) is:

— — (3-19)
AXg = AXp_g — AXy_p = Up_pFp — Up_gFy

where the first term of the subscript indicates the part studied, and the second
term is the part it interfaces with; therefore for example, Ug_, is the compliance

matrix of the nodes of B that form a contact pair with nodes in part A.

The forces at work in the assembly are either external forces Féxt, or internal

forces which (given assumptions 2 and 3 above) are solely from contact. Thus

F) —_ Fext + FCOTLtaCt (3-20)
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Consider deflection due to internal forces Fcontact that arise due to contact. These

will be applied on both parts, due to action-reaction. Thus at each contact pair i:

contact — contact — contactsy. (3'21)
(757), = - (7)< 7,

And the vector of gap dimensional change is expressed as:

AXg = AXE , — AXS 5 (3-22)
AXG = UB_Angt - UA_BFAext + (UB—A + UA—B)W

When looking at the above with algorithmic implementation in mind, this

effectively means that the forces are being applied sequentially, as Fecontact js

initially unknown:

Xgmal _ I:(Xénlt _ Xémt) + UB_AF§Xt — UA—Bfot] +

+(Ug_p + Uy_p)Feontact (3-23)
Xgmal — W + UGFcontact

The simplified version of equation (3-23) uses an interim value for the gaps

Xxge contact “which only accounts for the external forces. It also consolidates the

compliance of multiple parts into a single compliance matrix Ug:

Xgo contact _ [(Xllgmt _ X/ll‘nlt) + UB_Angt _ UA_BFAext] (3'24)

3-25
Ug = (Ug_a + Up_p) ( )

The unilateral contact condition is enforced by quadratic programming (QP), by
solving a problem resulting from the Hertz-Signorini-Moureau criteria (Lindau et
al., 2016; Wriggers, 2006, p. 71)

— _ 3-26
1. (X;); = 0, Vi — no penetration ( )

, , , 3-27
2. (Feontacty, > (, Vi — no “pull” reaction during cure (3-27)

From inequations (3-26), (3-27) and as X? Feontact gre column vectors of positive
values,

(X_’G)Tpcontact >0 (3-28)
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The definition of X_)G in Eq. (3-23) is substituted in Eq.(3-28):

(XEO contact)T Fcontact 4 (Fcontact)T UGFTntac—f >0 (3-29)

Further, either the contact force or the gap will be zero at each contact pair, which

is expressed by the third Hertz-Signorini-Moureau criterion:

X, ’ i 3-30
3. (XG)i(Fcontact)i =0, vi ( )

Thus, the quadratic inequation (3-29) can be turned into a convex minimisation
problem which looks for

Feontact — gromin(func),
gmin(func) .

T T
func = ( X1 contact) Fcontact 4 (Fcontact) U, Feontact

with Feontact gg the independent N-dimensional variable.

In this implementation, the problem has been solved with quadratic programming
(QP) using MATLAB’s quadprog function, which offers pre- and post-
processing, algorithm selection and convergence parameter control with little

user effort.
The problem is reformulated for input to the function as

func = l(pcontact>T (ZUG)Fcontact + X(r;w contacthontact
2 )

—UgFeontact < yno contact (3-32)
subject to . —e
(O)le S FCOntaCt

and the input to MATLAB is (with each variable/ parameter appearing in the same
order):

F contact = quadprog(2*U G, X G nocontact, -U G, X G nocontact,
(1,[],zeros(N,1),[])

with the [] empty square brackets denoting the absence of equality constraints

or upper bounds for Fcontact,

The algorithm used to determine the contact force of the problem was

quadprog’s default interior-point convex optimisation algorithm.
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From the resulting value of Feontact it is then straightforward to use the linear

models in (3-18) and (3-19) to calculate the individual part positions, as well as

)TG’ which is the parameter of most interest in this study.

It must be noted that the formulation presented herein, and applied throughout
this work, requires matching superelement meshes at both sides of an interface,
such that contact pairs are clearly defined. This is similar to the work developed
in ADCATS (Bihlmaier, 1999; Merkley, 1998); later research by the Chalmers
group addressed this by implementing automated contact pair search methods
(Lindkvist, Warmefjord and Soderberg, 2008). For the purpose of this thesis, all

meshes have indeed been built with matching nodes.

3.3.4 Wet component: Minimum bondline thickness by squeeze-flow

Though it may be tempting to assume hot-setting adhesives flow freely and fully
accommodate any part deflection, this is not strictly true. This is for two reasons:
first, adhesives will usually contain a medium, such as a carrier film or glass
beads, which effectively behaves as incompressible and limits the minimum
interface gap achievable (Figure 3-15); secondly, viscous resistance to flow
increases sharply as the adhesive layer is squeezed and becomes thinner,
increasing the tendency to have some adhesive left, even under large pressures,

by the time cure is complete.

Squeeze flow modelling in planar bondlines has not been widely documented.
After all, the bondline geometry and process window tend to be simple enough to
characterise the behaviour empirically (as indicated, for instance, remarks in the
introduction to Hubert and Poursartip, 1998). There is no clearly established
consensus on how to characterise the flow properties of an adhesive, if at all.
Further, the magnitudes of interest change from application to application, with
porosity and ability to apply the adhesive receiving more attention than the
evolution of bondline dimensions. Two examples of empirical flow
characterisation for commercial use products are the “area increase” used by 3M
(3M, 2009) and some final bond thickness assessments presented by Henkel
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(Henkel, 2005). In both cases, the planar dimensions of the initial bond (which
equation (3-33) farther below will show to be highly influential) were not disclosed.

_a v A SRS # - & e o P’ > AT Y
A Pt 3 .3 > X - . A ¥
. B &% AL ’ oY :

Figure 3-15. Clse—up f a b-d-ﬁ'dli'r-ie(s AF163-0.6K) released from the adherends,
resulting from tests carried out within this work. The knit carrier is only visible

within the original uncured area (marked by the dashed line).

However, there have been some more detailed efforts to model such flow in
dominantly-viscous materials (Smiley, Chao and Gillespie Jr, 1991) including
cases where the focus was not bondline thickness, but other quality criteria such
as porosity (Chester and Roberts, 1989). The packaging industry has seen more
recent study to support process parameter optimisation for adhesive dosage

control (Morris and Scherer, 2016).

The flow was modelled as described in the references in the paragraph above.
The basic assumptions are:

(@) The uncured adhesive behaves as an incompressible, purely-viscous
Newtonian fluid;

(b) Each layer of carrier fabric acts as a solid boundary and the layers of adhesive
under and above it act as different flow domains;

(c) Both adherends can be approximated as flat and parallel for flow purposes;
(d) The problem is quasi-steady, and dominated by viscous forces with a very low
Reynolds number; thus, effects of inertia and accelerations are negligible (quasi-

static force equilibrium applies);
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(e) Flow only takes place in the cross-section plane without any longitudinal
component;

(f) Adhesive flows freely once squeezed out from between adherends.

The general concept and dimensions are captured in Figure 3-16. Thickness of

a single squeezed bondline at a time t, thus, can be idealised as

1
by (t, bo) = (3-33)

t 2P 1
\/(fon KOG RS

where 1 is the adhesive kinematic viscosity, P = P,yternar — Po 1S the manometric
pressure applied, b, = b;:(t = 0) is the initial bondline thickness, and w is the
bond width. The width of the bondline is assumed to remain constant and equal
to a starting value w (which is given by the adherend width, i.e. the stringer foot
flange) at all times. For the benefit of the reader, the step by step derivation of
this closed-form solution is presented in Appendix A — Derivation of the 1D

squeeze-flow closed-form solution.

LILTTL L LLLTTLL

Adherend
N & = Adhesive -
« 1 - :
> £ e [ Carrier |
Py_ &= by(0) —_P Pam MM layers| o Adhesive =
< | A N carrier layers | Carrier |
p- 4 W (npum + 1) adhesive layers | Adhesive R

Adherend

PTLAATIT S

external

external

Figure 3-16. Squeeze-flow with a single domain (left) and multiple domains (right)

An additional result of interest comes from the pressure distribution along the

cross-section (with x representing the distance to the centre of the cross-section):

—b, 2 3-34
o) = Py + 6n(b—3“)wz(1_(wi/2) ) (339
1t

This result implies that (a) there is no meaningful adhesive flow unless external

pressure is successfully applied; (b) the adhesive pressure which reacts the
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external loads is not homogeneous, and therefore is not necessarily equivalent

to contact within each cross-section.

The total bondline thickness for n;;,, layers of film adhesive with carrier will thus

be, as per Figure 3-16,

Nrim+1 Nfilm (3-35)
byona = Z byt (t’ boj) + Z bcarrierk
j=1 k=1

Note that since the adhesive is assumed to be distributed evenly at both sides of
the carrier in each film layer, not all flow domains will have the same starting
thickness. Domains adjacent to an adherend will contain adhesive from a single

film layer, while domains between layers of carrier will be initially twice as thick.

)

b = bo,pyer ) E{LNpipn + 1} (3-36)
% 2boygyer otherwise

with bolaw representing the initial thickness of adhesive on each side of a film
layer’s carrier. The carrier thickness b, iNitial adhesive thickness bosayers and

nominal thickness of an adhesive film layer as-applied b,ong (nfim = 1,t = 0) are

thus related:

3-37
byona (nfilm =1t=0)= Zbolayer + bearrier ( )

so for a typical 0.25 mm thick film adhesive layer, where the thickness of the
carrier, b.grrier, 1S 0.05 mm, the value of bolayer will be 0.01 mm.

The only term dependent on the adhesive properties, as seen in equation (3-33),
is (fotn‘ldt) which is a function of the rheology curve for the specific temperature

cycle encountered. The evolution of the viscosity with time is highly dependent
on the heat rate (Préau and Hubert, 2016), which can be difficult to predict and
control for industrial equipment and large assemblies, and even idealised test
data is not always provided by suppliers. For the current study, this information
is estimated based on the data in literature and experimentally observed

minimum bond thickness.
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3.3.4.1 Integration with the calculated dry gap

The estimated value byonq(Nfim,t) of the minimum bondline thickness is
incorporated to the interface gap as extra thickness on one of the adherends for
the purpose of modelling. This is done in one of two ways, depending on the

boundary conditions (Figure 3-17):

a) If the parts are free to float to each other, the minimum bondline thickness
value is calculated from the mean contact pressure from the dry step, and
added uniformly to the gap once the deflection due to external and contact
forces has been calculated.

b) If distance between the parts is controlled by non-adhesive features (such as
tooling, spacers, or part features directly in contact), the bondline thickness is
subtracted from the gap prior to solving the dry contact problem; it is then
updated based on the average contact pressure from the dry contact, and
added back. This may need iterative adjustment (Figure 3-18).

a) Parts able to float relative to each other

Datums fixed for FEA purposes

Minimum bondline thickness is added to gap left after
deflection is accounted for in “dry” step

b) Part features limiting deflection Features determine constraints
= for FEA

Minimum bondline thickness is part of maximum gap —
discounted from gap that can be closed in “dry” step

Figure 3-17. Dry/wet separation based on simplified boundary conditions.

Although the iterative solution for case b) might seem unwieldy, the one assembly
modelled that fell under this type converged within 0.01 mm in a single step (that
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is, the QP dry assembly had to be performed only once). This may be due to the
high external pressure applied, which meant the bondline thickness was

insensitive to variations in the cure parameters.

Parts float
relative to
each other?

Calculate minimum
bondline thickness b,
based on P

external

Dry assembly, Dry assembly,
final
X;

] Initial gap = x™it — p,
dry gap dry gap Xg”"ﬂ' Ll pond

Calculate average Calculate average
contact pressure P, contact pressure P,

Calculate minimum Update minimum
bondline thickness b, bondline thickness b,,,,
based on P, based on P,

7 Convergence
_vfinal
Total gap =X, + byonq reached?

Figure 3-18. Integrating the dry and wet bondline thickness contributors based on
boundary conditions.
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3.4 Chapter summary

This chapter presents the two methods proposed for non-rigid bond variation
analysis: an estimator of assembly pressure requirements based on Fourier
Transform, and a semi-analytical model that accounts for part deflections and
adhesive flow.

These two methods offer different values:

» The spectral analysis works towards dimensionality reduction, with the
possibility of translating any given stiffener into one numerical value with
physical meaning.

o Such simplification is not without shortcomings, which are discussed in
detail, and tentative solutions developed.

» The semi-analytical model combines non-rigid part deflection with adhesive
flow for the first time to the best of the author’'s knowledge; indeed, as shown
by the literature review, this is also one of the few instances in which an
assembly model is created that accounts for the mechanics of joint formation
at all.

o The model combines methods developed for spot weld modelling,
where each part in the non-rigid assembly is linearised and their
interaction turned into a computer-friendly optimisation problem; and
the adhesive flow is approximated with a closed-form solution to a
planar case.

o Both ‘building blocks’ are linked by equating hard contact reaction
forces with the pressure within the adhesive associated to squeeze-

flow.

The semi-analytical model will be applied to a series of panel assemblies, where
long, slender stiffening elements are bonded to skins. As a supplement to this,
detailed application of the spectral analysis to these assemblies can be found in

Appendix | — Test of the spectral pressure score.
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4 METHOD DEMONSTRATION

4.1 Monte-Carlo assembly simulation for a simple scenario

A simple demonstration of the concept of assembly simulation for tolerancing has

been developed, using simplified geometries and variation profiles.

The following elements are illustrated: generation of virtual parts based on
(arbitrary) variation data; virtual assembly of said parts; diagnosis of conformance
based on the virtual assembly results; and analysis to link the conformance/non-
conformance to the presence of certain modes of variation. The relationship
between these is summarised in Figure 4-1. (Tolerance synthesis, already

present in the literature, is not included in the demonstration.)

—

\/\f_‘ /\_/ —_—— T
I Variation modes Virtual imperfect Tolerance analysis
parts (will results comply?)

| + amplitudes

1

1

Al Assembly model Simulate Variation regression (what
1

1

1

1

1

(only dry — QP) assemblies modes drive compliance?
1 ]
|

Tolerance synthesis

(reallocate tolerances)

Figure 4-1. Process flow for the generic demonstration.

4.1.1 Setup

A stringer is pressed on to a stiff, nominally flat skin. The stringer is pinned on
tooling lugs (non-structural) situated at both ends and is assumed to behave as
a simply-supported beam. In all cases, a single layer of adhesive film has been
assumed, 0.250 mm thick before cure, with 0.050 mm carrier thickness, average

viscosity during cure 50 Pa-s, and 1200 s cure time.

Part variation is modelled as a linear combination of three modes: a whole-length
warp, mid-range waves, and shorter-range waviness, with fixed phase (Figure

4-2). Variation amplitude was modelled as uniformly distributed for each mode,
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with a maximum value inversely proportional to the spatial frequency (longer
range waves result in bigger deviations); that is,

6(L) = Z %sin(ZnLL)-kn; k,~Unif(—1,1) (4-1)

2Lty
n=127 stringer

With a value of the maximum amplitude, a,, of 1 mm, the maximum variation

amplitudes ao/n for modes n =1, n=2, n=7 are, respectively, 1.000 mm,
0.500 mm, and 0.146 mm.

(Note that the power law a,, « 1/n matches general observations from literature,
as well as in-house measurements which showed approximately a,, < 1/n" , with
Y € (0.7,1.3).)

The stringer modelled was based on the ‘Thick’ stringer from the flat test panels,
with length Lgiinger 2167 mm, inertia I 274000 mm*, and 512 equidistant nodes
under the cross-section symmetry plane. The bonding pressures considered
ranged from 0.01 MPa to 0.5 MPa,; this goes from a representative large external-

weight pressure to mid-low autoclave pressure (5 bar).

%7 = 2/7 Lstringfr

T~ ~L 7 ~——

Ay = Lstringer

Iy

»
P

A= ZLstringer
1 a OC\

(shorter-range variation
is shallower)

'y
v

Variation component
N

0 1/4 1/2 3/4 1
Length position, L/Lgtringer

Figure 4-2. Variation components for a generic case as per expression (4-1).

130



Assembly scenario

External forces

R A A
2 / -

b |

Perfect target skin Imperfect stringer
Pinned/doweled ends Perfect rigid tool

Figure 4-3. Scenario for the assembly, with the stringer approximated as simply

supported (pictured).

4.1.2 Analysis

A test group of 1000 imperfect stringers were randomly generated (Figure 4-4
shows representative examples) and virtually bonded to the stiff plate, using an
array of representative external downward pressures. The lowest pressure used
was 0.01 MPa (corresponding to application of substantial weight e.g. by stacking
bags of shot adding up to about 400 Ib [180 kg]); the highest pressure was
0.5 MPa [5 bar], representative of an autoclave cycle. Figure 4-5 illustrates the
evolution of the final geometries of the same examples as the pressure increased.
The example stringers are the same as in Figure 4-4; it can be seen that the red
stringer (which exhibited substantial maximum profile variation, but with long
wavelengths) resulted in a much flatter bondline compared to the other examples,

even under the lowest pressure case.
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Figure 4-4. Samples and extremes of the stringer profiles generated.
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Figure 4-5. Final joint geometries: extremes and examples. The example colours
correspond to the example initial variations in Figure 4-4.
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The resulting interface geometries were evaluated using two scores based on a
quadratic loss function: S,,, 44, €valuating the average final gap depth
(Eq. (4-2)), and Sy4p ver €valuating the gap depth standard deviation (Eq. (4-3)).
An optimal bondline, in this case, will be as thin and uniform as possible, with no

other considerations e.g. build stresses.

For ease of interpretation, both loss-of-quality scores are calculated such that, for
a value of 1, the Root Mean Square (RMS) value of the respective metric (gap
depth or gap depth variation) exceeds a typical allowable tol([metric]); that is,

the condition Sicriterion) > 1 implies nonconformance. When deviation from mean

Is considered, this is the same as evaluating the standard deviation (STD).

_<M

2
4-2
avg gap — tOl(XG) ) ) tOI(XG) = 500 |J_m ( )

STD(X;)

2
_ (2 2\e) ) _ (4-3)
Savg gap <t01(varXG)> H tol(varXG) 50 pum

As a supplement to the soft loss functions, an additional criterion has been used
based on the rigid interpretation of tolerances: a rejection score S,,4x gqp Which
takes a value 1 (‘reject’) if the interface gap exceeds tol(X;) in any spot, and

0 (‘accept’) otherwise. This results in a step function

_ {1 if max(TG) > tol(Xg) (4-4)

Smax
gap )
0 otherwise

Given a characterisation of part variability, then, it is possible to use the stochastic
simulation to identify the technical risk (in this case, understood as the probability
of rejection) associated to each assembly process. Histograms for the scores

Savg gap @NA Sgap var Of the simulation results in one of the assembly cases are

presented in Figure 4-6, showing the expected fraction and reason for rejection.

In addition, the quality loss scores offer simple dependent variables to support
linear regression based on contribution from each source of variation (or, in this

case, each variation mode). This supports root cause analysis for quality loss.
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Figure 4-6. Histogram of the Taguchi-type scores for 1000 simulated cases. Note

the fat tail of the distribution for the variation score S ., yar-
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As an example, a linear fit with second-order components was conducted, using
the simulation results. The model is presented in eq. (4-5), and includes linear
and quadratic terms including interference of the modes. The resulting
coefficients from a least-squares regression are presented in Figure 4-7 for

Sg

parameters, the highest values are by far those of y,,, corresponding to the

ap var» Which is the score leading to noncompliance. Among all mode-related

(squared) third, short-wavelength component; this highlights that the longer
waves are largely non-critical. Thus, the quality assurance requirements could be
relaxed for these, while profile tolerances over a short range need further
attention. This must be accounted for in design of the conformance checking
process; in this case, for instance, clamping forces would be permissible and

strongly bear into the final joint geometry.

Scriterion = @ + ( z Bnkn> + Z )/m,nkmkn (4-5)
n=1,2,7

n=1,2,7
m=1,2,7
Fitof S
gap var
T T T T T T T T T T
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@ I 0.05 MPa
— 21 7
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Figure 4-7. Regression coefficients for the variation components considered,
against the gap variation score. The high and low pressure results are separated

for visibility (note the difference in scale between both graphs).
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In addition, the evaluation can be extended to different assembly conditions. This
is demonstrated in Figure 4-8, where the evolution of quality metrics against
external pressure is presented; in this case, a form of diminishing returns can be
observed, whereby the already-compliant assemblies (i.e. the lower percentiles
of quality loss) don't become significantly more compliant through further

pressure increases.
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Figure 4-8. Evolution of quality loss scores as external forces increase.

4.1.3 Practical prospects

Though this is a simple example, there is nothing preventing this approach from
being applied to larger problems. It is possible to use other input variables, e.g.
multiple process parameters affecting variation; other evaluation approaches,
e.g. go/no-go or unprocessed geometrical outcomes; and other analysis
approaches, e.g. ANOVA or Bayesian modelling. Indeed, there are plenty of
analysis tools commercially available which can support such statistical
treatment, even if there is no commercial integrated package (as far as the author

knows) which would support pre- and post-processing of the scenarios
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considered herein, with tolerancing based on variation modes. (Research
applications, however, have been reported; additionally, study of some other
assembly inputs, such as weld spot sequence, is well supported in some

commercial packages.)
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4.2 Mid-scale demonstrator simulation

As a supplement to small-scale physical demonstrators, a larger assembly,
representative of a mid-scale wing panel demonstrator (as seen in Figure 4-11),
also has been simulated. The geometry is based on a simplified section of a
commercial narrowbody aircraft wing (Figure 4-9).

LRETEAINNED oy

Figure 4-9. Example narrowbody passenger jet; the wing panel segment modelled

is highlighted. Source for original: flickr.com, San Diego Air and Space Museum.

The analysis focusses on the impact of different assembly pressures and
boundary conditions (single- or double-side pressure application) on the resulting
bondline thicknesses and associated quality.

4.2.1 Geometry overview and modelling
4.2.1.1 Components

The panel corresponds to the forward (leading edge), inboard (wing-root
adjacent) section of a lower wing cover panel. The segment covers six rib bays
and thus seven rib planes have been considered; these have been simplified as
parallel and equidistant. Six equidistant, constant-section stringers are
considered, with a cross-section simplified as constant based on averaged values
from a typical passenger jet. The material properties used are those of a generic

aerospace alloy, E = 70 GPa, v = 0.33.
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4.2.1.1.1 Stringers

The stringer cross-section geometry and separation (Figure 4-10) were
generated to be representative of the ranges found in commercial aviation. The
stringer separation was designed as measured over the skin surface, i.e. it is a
geodesic and not a linear distance. Note that real stringers would rarely be
constant in cross-sections; it is more likely that they would include grow-outs
(local foot flange widening) to accommodate installation of ribs, as well as local

thickening of one side of the web which tunes the panel’s torsional response.

25mm
7mm [
80mm 45mm
7mm
| 7mm| |
160mm 30mm

Figure 4-10. Generic stringer dimensions used. The skin curvature is omitted.
The properties of the stringer geometry are collected in Table 4-1.

Table 4-1. Properties of the cross-section of the mid-scale demonstrator stringer.

Second moment of inertia of the area of the cross-section, /1000 [mm?] | 235

Area cross-section, A [mm?] 973

Foot flange width, w [mm] 80

Cross-section shear factor, kg, eqr 0.324
4.2.1.1.2 Skin

The skin has double curvature with through-span variation. For simplicity,
constant curvature is assumed at each rib plane (enforced through use of a “loft”
shell creation tool) and three tangent, constant-curvature segments make up the
aft edge of the panel. These reflect the almost single-curved stretch at the very

root of the wing, as well as the aggressive curvature in the first few inboard rib
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bays. These control segments were designed such that the arc-length between
accommodated stringers would correspond to the stringer separation in Figure
4-10.

The forward (leading edge) area has been widened to reflect attachment of the
front wing spar. This area is not too critical to the analysis at hand, given how no
stringers attach to it. In practice, a productionised wing panel would have to be
attached to the front wing spar; this may require further consideration of variation
of the leading-edge surfaces.

The wing thickness has been simplified as a uniform 10 mm. In a real scenario,
local thickening would be expected around spar and engine attachments. In such
an event, thickness transitions may result in profile variations in the skin bonding
interface that are too steep for the stringer to be formed to match; this would result

in in-built gaps.

4.2.2 Modelling assumptions

Given the large size of the assembly, a reduced mesh density has been used for
this application. The generic nature of the design justifies the lack of highly
detailed modelling: this application should yield mostly qualitative insights, rather

than specific quantitative ones.

Roughly equally-spaced nodes were used, with one node at each stringer cross-
section and similarly one skin node between nodes in neighbouring stringers
(Figure 4-11). Control segments on the CAE model itself were procedurally
gueried, using a custom script to calculate the dimensions of the patch

represented by each node.
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® Primary datum - fixed
‘ © Secondary datum — allows spanwise sliding
® Tertiary datum — allows planar sliding

Figure 4-11. Assembly points of interest and boundary conditions. Directions are
indicated: fore/aft (FWDJ/AFT), inboard/outboard (IBD/OBD). Stringers are
numbered FWD-AFT, ribs IBD-OBD.

The interaction, as with all other scenarios, was modelled only normal to the
nominal interface surface. Due to the high aspect ratio, it would always be a
reasonable simplification to assume that the stringer-skin (IML) and tool-skin
(OML) interfaces are the same surface; any profile mismatches, even ones due
to nominal thickness transitions, would simply be washed into the initial gap

values. In this case, no nominal profile mismatch has been assumed.

The stringers were modelled with a single compliance matrix (which is fairly
sparse since pushing one stringer does not directly cause another one to deflect).
Each stringer was modelled with 15 nodes per rib bay, all in a single row
coinciding with the middle of the cross-section; therefore, stringers 1-3 had 90
nodes each, while much-shorter stringer 6 had only 15 nodes. The skin was
modelled with a total of 900 nodes, of which the first 405 matched the stringer
node locations; the remaining 495 only interfaced with the bonding tool (which is
approximated as perfectly rigid and therefore required no model generation) on
the other side. The distribution of the points used to generate the data for these
nodes is presented, on top of renderings of the FEA models in Figure 4-12.
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points 406-900

S3

s1 points 181-270 =

points 1-90

S2 S4 g5  points 391-405
points 91-180  points 271-345 points 346-390

Figure 4-12. Node numbering sequence for mid-scale assembly compliance matrix

generation. S1...S6 designates each stringer and the associated interfacing nodes.

The FE model required to generate the compliance matrix used beam elements
B31, with approximate length 60 mm. The FE model for the skin used quad shell
elements S4R, with typical size about 40 mm x 60 mm. The skin mesh can be
seen in Figure 4-12. Both for the stringers and for the skin, the boundary

conditions were as given by the datum feature structure presented in Figure 4-11.

The compliance matrices of the skin and all joint stringers are represented in
Figure 4-13 and Figure 4-14 respectively, with the node numbering following the
sequence presented two paragraphs above and in Figure 4-12. It is easy to note
(1) the matrix symmetry; (2) the generally higher compliance of the skin; (3) the
material continuity, expressed as smoothness where nodes are spatially close;
(4) the low maximum compliance of the shorter stringers. In reality, the higher
compliance of long stringers is not real once the nature of the assembly, based
on local interactions, comes into play; instead, each of multiple sub-waves, as

given by the interface gap geometries, would be concerned.
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It should be noted that, due to the simplified modelling of the stringers (with only
one, centred node at each cross-section), the impact of skin deflection is likely to
be overestimated by the model. This is because the chordwise distance for the
skin to deflect will always be modelled as between web positions. If, on the
contrary, there was any consideration for foot flange nodes, the effective distance
between unrestrained (contact-free) skin nodes would be reduced; in this case,
the ability of the skin to deflect would be diminished, much like in the multi-stringer
flat panel trials presented later in Section 5.3 Multi-stringer assembly trials.

Output node Compliance
100 200 300 400 500 600 700 800 900 (mm/N)

100
0.6

200
300 04

8 400
E 0.2

-é' 500

o

600

700

800

900 0.4

Stringer-interfacing Non-stringer-interfacing

Figure 4-13. Compliance matric for the mid-scale demonstrator skin.
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Figure 4-14. Compliance matrix for the mid-scale demonstrator stringers.

4.2.3 Variation generation
4.2.3.1 Stringers

Variation was generated modally based on a generic distance between press-
forming and contact inspection points, in addition to shorter-range components.
There is little point in modelling very long-range variation components, as those
have been shown to be corrected with minimal external forces (including the
part’s own weight — so that such variation would not even be inspectable to begin
with). Each stringer was given only two generic variation modes with maximum
amplitude 1 mm: k cos[2n(y — ymin)A 1], with wavelengths A,, A, such that for

stringer i of length Lgringer,i:

| .
b = mas {800 mm, ey 1)

Y (4-6)
Api = l'l/6 ;

kl,i! k2,i ~ Unlf(—l, +1)

144



Note that the definition of the amplitude means that the phase of each mode may
be reversed; beyond this, however, there are no further phase variables. The
relative simplicity of the variation design is intended to avoid an explosion in the
number of combinations variables, which would in turn necessitate a very large
number of assembly simulations for the design space to be well explored. Even
so, there are 12 variables (one per amplitude per stringer) for the stringers alone,
which would result in 212 = 4096 two-level combinations and 3'2 = 531441 three-
level combinations; this makes it seemingly impractical to prepare an analysis

over the whole design space.

4.2.3.2 Skin

The skin was deformed in a slightly more complex way, given its 2D nature (as
opposed to the 1D stringers) and more detailed knowledge of the inspection
process. Skins are typically inspected while constrained by placing weights on
top of them, and residual deformation is not recorded (provided it does not exceed
given allowables) since the checking process is manual and operator-intensive.
Thus, a hybrid mode+load approach was used, with neither the residual variation

nor the highly-multivariate load data being recorded for further analysis:

1. Create a random distribution of weights, based on representative limits of
120 Ib-f per weighted spot and a set of designated weight-bearing positions;

2. Deform the skin according to the weight distribution, as per its calculated
compliance matrix;

3. Apply a mode-based variation.

The residual variation was generated by linear combination of three longitudinal
flexure modes and two torsional modes, all modes exhibiting a random, uniformly-
distributed amplitude k~Unif(—1,+1) [mm], independent of all others. The

definitions are provided in Table 4-2.
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Table 4-2. Residual variation modes for skins.

Mode Expression Wavelength(s) 4
Longitudinal flexure _ 1
) k sm[2n(y — Ymin )A ] Ymax — Ymin)
Longitudinal flexure (Ymax = Ymin);
’ Kk cos[27(y = Ymin )A1] e
(2) (ymax - ymin)/z
X — Xmin Ymax — Ymin):

sin [27‘[(}/ - ymin)/l_l]

Longitudinal torsion | k o Jx
max min (ymax - ymin)/z

4.2.3.3 Fixturing after deformation

A rigid fixturing step was added after the shape deformation, so as to ensure the
datum points (which have compliance 0 in this model) did not need to deflect.
This fixturing step was based on the simplification of the skin as contained in the
horizontal XY plane, and any in-plane deviation of the datum points as

negligiblel>Vil,

For this simplified geometry, the fixturing was implemented as follows:

1. Primary datum to nominal (translation);

2. Secondary datum to nominal (rotation);

3. Tertiary datum to nominal (rotation — skin only).
This is implemented with the routine (4-6), where the datum points are designated
A, B, C respectively, and using an auxiliary reference frame (x’,y’, z) resulting
from rotating the original (x,y,z) about the vertical axis and based on the
nomenclature in Figure 4-15.
Within the procedure in (4-7), the subscripts (A), (A,B), (A,B,C) indicate the datum
points that have been fixed (and thus the part coordinates have been updated
for); p represents any point in the part (inclusive of datum points); and the left
pointing arrow « indicates value assignation within the algorithmic

implementation.

il Recall that the deviations are assumed to be small, and normal to the interface surfaces only.
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y(B)-x(A)

. transform coordinates: 0= atan(x(B)_x(A))i

x'(p) = xcosO + ysinO
y'(p) = —xsinB + ycosO

. offset for A: za(p) < z(p) — z(A) (4-7)

. offset for B: za g(p) < za(p) — za(B) * x’(p)/x,(B)

. offset for C: zag o(p) < zas(P) — zas(C) * 7 '(p)/y, ©

i Q ® Primary datum

< © @ Secondary datum
i ~. @ Tertiary datum

1 ! Y o

i © ~_B
PRI\ KP . %,

= S T XB) Ty

Figure 4-15. References for fixing the midscale assembly skin datums to nominal.

4.2.4 Assembly scenarios

As indicated in section 4.2.3 Variation generation, it is impractical to generate a

comprehensive set of variable combinations. Typical alternatives would include

conducting a pre-screening experiment to rule out interactions, followed up with

a fractional factorial design; as well as a Latin Hypercube Sampling (LHS) which
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ensures all potential levels are sampled uniformly. For a large number of
variables though, it must be accepted that a certain level of loss of confidence in
the results is inevitable. An experiment by LURPA researchers on regression of
assembly quality (Andolfatto et al., 2013) found that there was a minimal
difference in performance between LHS and random uniform sampling. In the
case referenced, a 17-input-variable neural network (11 location variables and 6

shape variables) was trained based on 10000 cases.

Given the similar number of variables in the case at hand, and in conjunction with
pragmatic consideration of computing time, as well as the fact that no specific
guantitative recommendations will be supported, it was decided for 10000
geometry combinations to be generated. Each of these geometry combinations
would be virtually assembled in 4 situations, using two different pressure levels
(representative out-of-autoclave and mid-pressure autoclave) and boundary
conditions (typical single-side pressure bagged against female tool, and two-side
envelope-bagged). The values are summarised on Table 4-3. In all cases, the
parts are considered restrained at the designated datum points. This situation is

not fully realistic and is discussed among the model limitations.

Table 4-3. Assembly conditions for all part combinations

‘Low’ level ‘High’ level
Pressure | 0.8 bar 3.0 bar
Boundary | Bagged to female OML tool, Envelope bagged, resting on
condition | pressure on IML side only female OML tool, pressure on
both sides
4.2.5 Results

The maximum bondline thickness values are presented in Figure 4-16. As the
phase of the modal variation components was left invariant (beyond a m radians
shift when the amplitude was negative), the values of quantiles of variation at
neighbouring locations remain highly correlated; for this reason, the overall
spatial distribution of the maximum thickness values retains much of the initial

sinusoidal shape.
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A clear shift can be seen in the behaviour of stringers 2 and 3 in 2SP (especially
under out-of-autoclave [O0A] pressure), past a certain length position. Similarly,
stringer 6 benefits from 2SP much more than stringers 4 and 5 (which are
otherwise very similar). This corresponds to a situation of interference between
adjacent stringers, which will be explored more in detail in Section 5.3: when a
stringer is placed between two others, the variation of these neighbouring
stringers tends to prevent the skin from deflecting under the central stringer to
close the interface gaps. In contrast, where stringers 2 and 3 have no adjacent
stringer (because stringers 1 and 2, respectively, are shorter), the skin becomes
much freer to deflect, immediately increasing the benefit from a 2SP concept.
Likewise, stringers 1 and 6 always benefit from a 2SP condition because it is on

one edge of the skin.
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Figure 4-16. Maximum bondline thicknesses across all simulated cases per

stringer, pressure and boundary conditions, and length position.

In a fashion similar to the initial notional experiment presented earlier in

Section 4.1, assembly fithess was evaluated using a generic, Taguchi-inspired
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loss function. In this case, the evaluation was performed globally as well as
piecewise per stringer; with soft tolerances™™ as follows:
tol(Xg) = 500 um

(4-8)
tol(varX;) = 100 um

Since the shape of the residual gap is highly consistent, and as no consideration
is made for adhesive thickness, there is a very strong direct correlation between
high loss Sg,g gap @nd high loss Sy, e as evidenced in Figure 4-17. The figure
also evidences the beneficial quality impact of pressure increase (AC) or two-
side-pressure bonding (2SP). A real scenario with richer modes of variation,
including localised effects, can be expected to show less correlated values, while

still maintaining the quality gains from pressure and boundary condition changes.
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E 3 RS § i E A AC, 2SP
a a 4 a 4
< ] ]
w» (,)“ o
2 2 2
0 0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6
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Figure 4-17. Scatter plot of the two continuous quality loss criteria for each
stringer, clearly showing the strong correlation.

b As defined when first introducing this set of loss functions, a value of Siyiterion; @bove 1 would

mean rejection of the assembly; the difference with a hard tolerance is that there is a quality loss
even when within tolerance.
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This is much stricter than the S,,, 44, Criterion, where local high values are
partially compensated by the lower ones elsewhere. The fact that the hard
criterion is stricter than the others can be further seen comparing Figure 4-18 and
Figure 4-19, especially looking at the rejection of full panels: while over 90% of
the panels in the worst-performing assembly condition (OoA, 1SP) exceed the
tolerances somewhere, leading to rejection according to Sy, 4x gap, @ Mere 17 out
of 10000 simulated panels are globally unfit by the S, 44, Criterion — even as
stringers 1, 2 and 3 still show substantial noncompliance rates. Such a difference
highlights how specific engineering criteria must be weighed carefully for high-
value products such as the panels modelled here. In this case, for instance, a
locally thicker-than-desirable bondline could still be permissible if the load could
be expected to be partially redistributed to neighbouring stringers — as indeed is

the case with bonded structures.

Fraction of rejects (max bondline)
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0.6 0.6
0.4 0.4
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gl [ | 0
51 52 53 54 55 56 panel 51 52 53 54 55 56 panel

Figure 4-18. Rate of rejection by the S,y 4qp Criterion for each

stringer and the complete panel.
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Fraction of rejects (RMS bondline)

] OoA, 18P ] OoA, 2SP
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Figure 4-19. Rate of rejection by the S,,,4 44p Criterion for each

stringer and the complete panel.

4.2.5.1 Effect of the different assembly conditions

Further to the compliance rates, thanks to the use of loss functions, it is possible
to study how the different conditions change the distribution of quality, with much-
reduced dimensions compared to the whole geometry. In this case, the effect of
any change is obvious from Figure 4-20. By examining global quality indicators
under different scenarios, the non-linear mechanics of the assembly problem
become obvious: as the gap-closing capability is increased (be it through higher
bonding pressures or more efficient boundary conditions), the distribution of
guality loss becomes denser towards 0 values, as well as increasingly truncated.
In the extreme case of single-side, low pressure, a barely-truncated distribution,
very close to a normal (as it is given by the combination the uniformly distributed

random variation for six stringers) is still recognisable. Meanwhile, in the opposite
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extreme case of two-side high pressure, all assemblies have reached near-zero

loss and the histogram turns into a single spike.

The rejection rate and quality loss distributions allow at-a-glance diagnosis of the
benefit of a 2SP assembly setup: though not quite as effective as a substantial
increase in bonding pressure (0.3/0.08 = 3.75, almost four-fold), it succeeds in
limiting notional rejection rates and quality loss to a large extent. When weighing
these and other manufacturing options in a cost model, the value of discrete
manufacturing solutions, such as geometry control improvement targeted at
specific stringers, or use of local pressure intensifying equipment, can be better

ascertained.
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Figure 4-20. Distribution of the values of quality loss S, gop bY RMS gap, for the

entire bonded panel in each condition. Note the differences in vertical axis scales.

1 Two caveats are in order here. First, most loss values are still non-zero (though very small)
and the histogram shape is determined by a prescribed fixed bin size for easy comparison
between plots. Second, and more importantly, it must be recalled that the adhesive viscosity will,
contrary to the simplified modelling assumptions, partially oppose stringer deflection when gap
closure is in such an advanced state; thus, slightly more spread should be expected in a real
assembly.
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4.3 Interface gap health check on-the-fly

In an ideal world, all parts fed into a process would be such that compliance is
ensured, and part geometry would be known prior to starting any assembly
process. However, due to imperfect processes and controls for manufacturing,
the current situation can diverge considerably from this ideal scenario. Indeed,
assembly interface management often necessitates corrective action by
shimming and fettling (adding packers or trimming material). This is often
deployed on a trial-and-error basis, or alternatively resorting to on-the-spot
measurement (Maropoulos et al., 2013).

Because of this, pre-assembly fit measurements can be necessary to obtain
confidence of the result, or to tune the input parameters (e.g. shim thickness).
However, due to the combination of large assembly forces and variable gap
range, a mere dry fit under hand pressure (or otherwise under substantially less
than assembly forces) can spectacularly fail to capture the final assembly unless
further processing, via heuristics or calculation, is incorporated. Meanwhile,
emulation of actual assembly forces may obscure valuable geometric data

(Hammett, Baron and Smith, 1999; Lindau et al., 2012), or simply be impractical.

During manufacture of the curved test panels presented later in Section 5.2
Curved test assemblies, a pre-assembly fit was performed. The fit involved
measuring the stringer-skin gaps in two different states: unloaded stringers, and
lightly loaded (20 kg) stringers. In both cases, tooling pins were in place, and the

skin was constrained to the bonding tool by vacuum.

Figure 4-21. Skin and stringer, weighted down onto the bonding tool during the

dry fit. Note the tooling pins.
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4.3.1 Gap check and diagnosis workflow

The overall flow of information is presented in Figure 4-22.
1.

Place the parts on the bonding tool; apply the tooling pins and position the
weights.

Perform gap measurements at selected positions, using a manual gauge; log
these in an excel sheet in a predefined structure. The number of points and
gauge resolution should be such that the process does not become too
onerous for shop operation.

A custom MatLab script reads the gap values and uses them as geometry
inputs for an assembly simulation (including data fit with thin plate splines).
The results for the assembly simulation are plotted, allowing straightforward

comparison with established tolerance bands.

Store values

i
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Interpolate
Virtually assemble

Gap, pressed (6bar)
Gap, dry fit measurement|
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Figure 4-22. Gap prediction process. Measurements fed into a spreadsheet are

quickly processed by a MatLab script which in this case outputs a simple graph.

Steps 3 and 4 were implemented reactively when initial measurements yielded

gap values an order of magnitude larger than notional tolerances. This initially

triggered study of different mitigation approaches, including application of

additional layers of adhesive tape, increase of bonding pressure, and running a

verifilm cycle ahead of bonded assembly. The assembly simulation results
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provided reassurance that the original assembly plan would yield a satisfactory
bond.

4.3.2 Results

In all five cases studied, the simulation results confirmed that the planned
externally applied pressure of 6 bar would satisfactorily reduce variation such that
a single layer of adhesive could provide for the volume of the whole bondline.
Local thickness maxima, all within acceptable bounds, were also highlighted.
Results for an illustrative case are presented in Figure 4-23. These are both for
an artificially dense (interpolated, points) and originally sparse measurement data

(solid line).

In order to enhance insights into bonding capability, a hypothetical “out of
autoclave” option (0.8 bar) was included in the simulation. The results for both
this reduced pressure and the actual 6 bar pressure are included in the Figure
4-23 example, this clearly conveys the phenomenon of ‘diminishing returns’
whereby a substantial increase in pressure (7.5-fold, from 0.8 to 6 bar) does not
result in a proportional increase in deflection — despite the fact that the bondline
has not been completely flattened.

By virtue of the very short cycle time for these coarse simulations, there is no
practical limit to the combinations of pressures and adhesive layers (within the
bounds of a typical manufacturing process) that could be evaluated in a quick
environment. Provided the right material and process qualification are in place, it
would be perfectly feasible to use the data fit to select the combination of
parameters that minimises bonding cycle time/cost while maintaining suitable

geometric control.
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Figure 4-23. Plots of pre-assembly measured and post-assembly predicted
interface gaps and of predicted stringer deflection. The red plot corresponds to
the pressure actually used and brings bondline thickness under 0.5 mm
everywhere. The deflection graphs highlight the smoothness of the deflection

(material continuity) and the diminishing returns of a pressure increase.

4.3.3 Practical limitations

The shortcomings of the particular application case are worth highlighting. These
are representative of a real manufacturing scenario, and to some degree
intrinsical to the situation of use.
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Inspection capability: gap checks only reach the edge of the stringer, and thus
risk missing variation across the stringer cross-section.

Inspection resolution: the instrument used had a rather coarse resolution of
0.05 mm, and a high minimum measured value of 0.20 mm. This resulted in
short-range irregularities (visible as a “jagged” profile in the predictions) and
also in perceived shorter ranges for gaps, which thus increased the effective
stiffness. This can be avoided in production in the event that a more
automated system be implemented (using embedded metrology, fast
contactless measurement systems, or feeding inspection data from previous
steps).

Modelling limitations: the modelling boundary conditions overestimate the
constraint placed near the part ends (the pins were applied by hand pressure
and thus hardly a ‘pin’ condition, as seen in Figure 4-24); as a result, the model
risks yielding highly unrealistic results close to the datum areas. This is
especially the case in the event of encountering substantial deformation next
to the tooling hole areas (which was not the case in the practical example).
Simplified boundary conditions restricting 6 degrees of freedom are, however,
necessary for the linear model.

Figure 4-24. Closeup of the main datum hole location during prefit, with skin and

stringer clearly sticking out away from the target position.
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5 PHYSICAL DEMONSTRATORS

5.1 Flat test assemblies

Note: prior publication

Analysis and discussion pertaining to this test have been partly published in the

paper by this thesis’ author and co-supervisors:

Coladas Mato, P., Webb, P., Xu, Y., Graham, D., Portsmore, A. and Preston, E.
(2019) ‘Enhanced bondline thickness analysis for non-rigid airframe structural
assemblies’, Aerospace Science and Technology, 91, Elsevier, pp. 434—-441.
(DOI: 10.1016/j.ast.2019.05.024)

This subsection provides further discussion on inspected part geometry, as well
as violations of the adhesive flow assumptions and lessons learned, while

omitting the model enunciation (which has been provided earlier).

As a first verification of model validity, results from a bonding development test
assembly were used. This assembly consists of very simple geometries and
boundary conditions, which are not quite representative of a real production
scenario but are easy to control and model. This case assembly was used to
verify functionality of the simplified dry contact model compared to FEA, as well

as test the validity of the adhesive flow assumptions.

5.1.1 Stringer-skin assembly for model validation

The dry model presented previously will first be validated against the FEA results
of a stringer-skin assembly. A bonding scenario with variation occurring over
multiple ranges has been used for validation. This consists of a thin (5 mm) flat
skin plate, and flat stringers bonded on top of it. Stringer profile variation was
emulated by introducing shims of controlled thickness at variable intervals (Figure
5-1).

A physical assembly demonstrator was manufactured which supports this study.
The skin plates were gap checked against the table prior to bonding using a
0.05 mm feeler gauge, with no gaps detected. Given the skin flatness and high

stiffness of the bonding table used, the skin was modelled as an encastred plate,
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and the shims as pad-ups integral to it — that is, no relative displacement of the
shims and skin, and no flow of adhesive below or above the shims either.

pinned node
at shim corner

Figure 5-1. Assembly and subset of nodes considered for
verification against FEA

Each stringer is of a constant cross-section and both parts were made of
representative aerospace aluminium alloy. Two cross-sections were considered:
‘Thick’ (with a 12 mm-thick foot flange) and ‘Thin’ (with a 4 mm-thick foot
flange)>l, These two cross-sections represent extremes of the stiffener

dimensions (and compliance) in a representative target structure. The

i The cross-sections differed also in other dimensions, with the ‘Thick’ section being overall
taller and thicker. However, foot thickness becomes particularly relevant later in the analysis.
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mechanical properties of both stringer variants, also used for the spectral

analysis, are summarised in Table 5-1.

Table 5-1. Nominal mechanical properties for each stringer type.

Stringer series A ‘Thick’ B ‘Thin’
Second moment of inertia of the area

of the cross-section, 1/1000 [mm?] 21 122
Area cross-section, A [mm?] 1470 590
Foot flange width, w [mm] 83 83
Foot flange thickness 12 4
Cross-section shear factor, kspeqr 0.254 0.205
Material modulus of elasticity, E [GPa] 72 72
Material shear modulus, G [GPa] 27 27
Material Poisson’s ratio, v 0.3 0.3

In total, for the physically realised assemblies, four different shim thicknesses
were used, creating a 4 x3x 2 (gap depth®il x wavelength x stiffness)
experiment matrix (Table 5-2). This would support a study of geometrical shape
variation criticality based on two descriptors: depth and span (length). This study

does not consider twist or in-plane deviations.

The pressure used for the physical assemblies was 6 bar applied through vacuum

bagging and autoclave cure.

il Although a different number of adhesive film thicknesses was used across tests, this matched
the shim thickness based on the nominal thickness of 0.125 mm for a single cured film layer.
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Table 5-2. Experiment matrix corresponding to the initial assembly trials. Note

there is mechanical interference between gaps within the same gap depth.

Cross-section Gap span Gap depth Numb_er of adhesive
(mm) (mm) film layers
A (‘Thick’) Short (417) 0.20 1
A (‘Thick’) Mid (667) 0.20 1
A (‘Thick’) Long (917) 0.20 1
A (‘Thick’) Short (417) 0.30 2
A (‘Thick’) Mid (667) 0.30 2
A (‘Thick’) Long (917) 0.30 2
A (‘Thick’) Short (417) 0.40 3
A (‘Thick’) Mid (667) 0.40 3
A (‘Thick’) Long (917) 0.40 3
A (‘Thick’) Short (417) 0.50 4
A (‘Thick’) Mid (667) 0.50 4
A (‘Thick’) Long (917) 0.50 4
B (‘Thin’) Short (417) 0.20 1
B (‘Thin’) Mid (667) 0.20 1
B (‘Thin’) Long (917) 0.20 1
B (‘Thin’) Short (417) 0.30 2
B (‘Thin’) Mid (667) 0.30 2
B (‘Thin’) Long (917) 0.30 2
B (‘Thin’) Short (417) 0.40 3
B (‘Thin’) Mid (667) 0.40 3
B (‘Thin’) Long (917) 0.40 3
B (‘Thin’) Short (417) 0.50 4
B (‘Thin’) Mid (667) 0.50 4
B (‘Thin’) Long (917) 0.50 4
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Figure 5-2. Test panel with both ‘Thick’ and ‘Thin’ stringers.

5.1.2 Dry model validation against FEA results

As a first verification of the semi-analytical model, comparison was established
with results from conventional Finite Element Analysis (FEA) with Abaqus. No
adhesive was considered in this case as the focus of the verification was on part
deflection and contact enforcement (dry part). This also had the effect of
increasing the maximum deflection achievable, and thus improving detectability

of deviations.

Results for deflection were obtained for two models in each case: FEA with a fine
solid mesh (C3D8 elements), and the proposed QP-based method using a
stringer compliance matrix obtained from the same mesh. The boundary
conditions for the stringers were set by limiting displacement in three nodes, such
that a total of six degrees of freedom would be restricted before accounting for
contact. Two of the pinned nodes coincided with the middle of the inner edge of
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the outermost shims; the approach can be seen in For the FEA simulation in
Abaqus, the interaction between the stringer and skin/shims was modelled as
hard contact with no friction. A typical element size of 3 mm was used, but this
was made smaller at the bonding interfaces in order to accommodate multiple

elements through the foot flange thickness. The shims similarly called for smaller

elements. Details of the meshes can be seen in Figure 5-4.

/—| Lateral (width direction) displacement is not allowed

No displacement allowed Displacementalong length is allowed
Rotation is allowed Rotation is allowed

Figure 5-3. Boundary conditions applied to three nodes on the stringer symmetry
plane (lateral view). The nodes are offset from the stringer ends by one shim width.

Section A ‘Thick’

Node used as ‘hinge’ :
matching stringer node is
in pin condition

Section B ‘Thin’

Shim (additional layer of elements

Figure 5-4. Details of the stringer and base plate with shims.
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For the QP model, each stringer was reduced to (128 x5) =640 nodes
equidistant on the foot (Figure 5-1), with matching nodes on the skin and shims.
By assuming the skin panel to be perfectly flat and the table infinitely stiff, the
need to model the assembly jointly (including skin-tool contact and impact of one
stringer on the rest of the panel) was effectively removed. Thus, each stringer’s
deflection was modelled separately. This resulted in much smaller matrices and

faster calculation times.

The results were extracted for nodes at two positions on the stringer foot flange:
middle, and matching the node closest to the edge in the simplified model. A
small subset of the results (0.5 mm shim with the highest and lowest pressures)
is shown in Figure 5-5; there is very good agreement between the FEA and QP
results (solid and dashed lines), except for moderate deviations in the deflection
achieved where there is no adherend contact in a span between shims, as well

as for the foot flange edge (red lines) of the ‘Thin’ stringers.

The root-mean-square (RMS) difference between the QP and FEA results
generally stay below 5% of the initial gap as shown in Figure 5-2. The only
substantial divergence was when dealing with a thin foot flange; in this case, the
failure of the coarse node grid to properly account for the stringer edges resulted
in inaccurate modelling of the contact interactions, and flange deflection was
overestimated (“edge” red lines in Figure 5-6). This can be easily improved by
adding more nodes in the width of the stringer flange, demonstrating the validity

of the proposed semi-analytical model.
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Figure 5-5. Part deflections as obtained by FEA and by the proposed method, for
0.5 mm gaps with no adhesive, under the maximum and minimum pressures

considered.
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Figure 5-6. RMS deviation between all QP and FEA simulations performed (dry

component only)

5.1.3 Physical test results and reliability of flow modelling
assumption

The dry component simulation of the proposed model has shown good
agreement with FEA results. The remaining work is to verify that the adhesive
flow assumptions hold satisfactorily, to be tested with the physical assembly
demonstrator shown in Figure 5-2. The intention of this test is not to verify the
exact minimum-bondline-thickness achieved. Rather, the objective is to validate
the model simplification of the dry/wet separation, where adhesive behaviour is
only relevant for calculation of a minimum bondline thickness (wet component).

If this is the case, it is reasonable to use 1DSF, and (fotn‘ldt), along with the

other film parameters, can then be calculated through material characterisation
(e.g. using a rheometer as in (Préau and Hubert, 2016)), or the expected
minimum-bondline-thickness can be determined though process-specific tests
that replicate the pressure and thermal cycle. In either case, one should confirm
the actual thermal cycle in the joint, especially in large assemblies where the part
and tooling’s thermal mass may result in large deviations across the structure
and from the nominal. Usual industry practice includes attachment of multiple
thermocouples to ensure the structure has undergone the correct treatment.
Closer scrutiny of the adhesive model and properties may be in order if other

outcomes, such as spew fillet volume and void formation, are also of concern.
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The tests used the same skin-shims-stringers arrangement presented above, but
incorporating adhesive outside the shimmed areas. Trials were conducted with
1, 2, 3, or 4 adhesive film layers. The number of layers is the maximum that would
not overfill the artificial gaps according to manufacturing best practice, based on
a nominal cured layer thickness of 0.125 mm. Two panels were manufactured

using the same process and different shim thickness.

The first panel comprised a skin plate with two ‘thick’ and two ‘thin’ stringers, one
of each with 0.2 mm shims (1 film layer) and other with 0.3 mm shims (2 film
layers). The parts were bonded using an epoxy adhesive with scrim carrier (Cytec
FM94-0.06K). The assembly was encapsulated in a vacuum bag and cured at a
representative autoclave pressure of 0.6 MPa. The heat cycle comprised heating

at a 2°C/min rate, holding at 120°C for an hour.

The second panel was the same as the first, but with 0.4 mm and 0.5 mm thick
shims (3 and 4 adhesive film layers, respectively). Because of the large amount
of adhesive in this panel, and because flash-breaking tape had been applied at
the stringer edges, this panel yielded geometry results clearly in violation of the
adhesive flow assumption; these will be briefly discussed below, but comparison

with the simulation results is not presented.

The bonded assemblies were simulated with the QP model as described above.
For the minimum bondline thickness, constant viscosity n=50 Pa-s, total squeeze
time t=1200 s, initial per-layer thickness by,=0.10mm, and carrier thickness
bearrier=0.05 mm was assumed. With w=83 mm, this results in minimum

thickness values of 0.081 mm and 0.146 mm for 1 and 2 layers, respectively.

There were concerns about tracing each individually numbered stringer to a
particular assembly. However, the stringers had been machined to a tight profile
tolerance of 0.2 mm in the bonding surface; simulation of assembly for parts with
such small variation were found yield minimal (<25 pym) deviations from nominal.
This was further confirmed by a batch of simulations using the geometry values
from post-machining inspection (Figure 5-7) of the stringer foot. Because of this,
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the results from assembly simulation of nominally-flat stringers are considered
just as valid for the purpose of model validity verification.

Figure 5-7. CMM inspection of one of the stringers, ahead of surface treatment and

bonded assembly.

The cured assemblies were sectioned into ~200 mm segments at regular
intervals between the shims, at locations adjacent to the shims and where
minimum bondline thickness was expected. The bondline thickness was
assessed via optical microscopy, with three spots measured at each cross-
section (Figure 5-8). For the 0.2 mm and 0.3 mm shims, the longitudinal section
distribution is presented in Figure 5-9 and Figure 5-10 for the ‘Thick’ and ‘Thin’

stringers, respectively; along with example results (simulated and measured).

The results show consistent behaviour of the adhesive under each stringer at
high pressures, with small variability among the measured thicknesses, with
standard deviations below 0.020 mm and numerical results in the range of the
1DSF preliminary sizing (Table 5-3). However, there exist divergences between
stringers which are likely not fully explained by slight differences in effective heat
rates, with the thin stringers obtaining more variable bondlines.
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Table 5-3. Measured minimum bondline thicknesses: standard deviation (STD) and

root mean square (RMS) difference to the 1DSF prediction.

‘Thick’ stringer ‘Thin’ stringer
Adhesive layers [Shim (mm)] STD RMS STD RMS
(mm) (mm) (mm) (mm)

[0.2] 0.007 0.008 0.012 0.024

2 [0.3] 0.012 0.016 0.018 0.023

Position from stringer centre web (mm)
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Figure 5-8. Section taken from a 'Thin' stringer, with microscopy locations marked

30 4Cr



Bondlines: simulation vs. measured (thick stringer)
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Figure 5-9. Bondline thicknesses predicted by QP+1DSF and measured (small and

large markers, respectively) for the ‘Thick’ stringers under 0.6 MPa, using the

thinner shims.

Bondlines: simulation vs. measured (thin stringer)
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Figure 5-10. Bondline thicknesses predicted by QP+1DSF and measured (small

and large markers, respectively) for the ‘Thin’ stringers under 0.6 MPa, using the

thinner shims.

Meanwhile, the second panel with thicker shims resulted in bondline thicknesses
which are totally inconsistent with the model and with initial expectations; the

cured bondlines were largely thicker than the shims used, and in some cases a
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large amount of stringer twist appeared which had not been present before cure
(Figure 5-11).

Measured bondlines with thicker shims, >2 adhesive film layers
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Figure 5-11. Bondline thicknesses obtained when applying too much adhesive.
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The artificial gaps are unrecognisable and substantial variation is generated in the

bondline.

5.1.4 Main outcomes

The flat panels confirmed that the general behaviour of the stringers in a bonding
application is as modelled. The tests also provided confirmation of how and when

the adhesive behaviour is captured by the modelling approach.

The sparse demonstrator measurements don'’t allow one to draw conclusions on
the accuracy of the stringer deflection model. However, the FEA simulations
carried out provide suitable confidence in the accuracy of the linearisation for

simulating the dry assembly problem.

The minimum adhesive thickness for the thinner shims show the merit of the
minimum adhesive thickness and dry/wet separation assumptions. In addition,
the slightly different results for the thick and thin stringers are consistent with the
limitations of the adhesive flow model. The results for the thicker shims, which
were completely unrelated to the simulation outcomes, indicate the risks

associated to overfill of the bonded joint.
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These tests are limited in scope, not only because of the gap geometries
considered but also because of the simple geometry and boundary conditions

(which essentially resulted in no appreciable skin deflection and no interaction
between stringers).
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5.2 Curved test assemblies

Further trials were conducted which aimed at de-risking mid-complexity structural

components. These were based on the same wing archetype as Section 4.2,

coupling skin thickness transitions with a combination of curvature and twist in

the parts (Figure 5-12). Variations on the original design would serve to test the

boundaries of model validity (as well as the overall behaviour of the adhesive

joint), covering the following aspects:

= Shape variation in the skin in addition to the stiffener;

= Different stiffener cross-sections (and especially different foot flange
thicknesses);

» Realistic manufacturing variation (e.g. from imperfect forming processes);

= Geometries with and without nominal in-built interface gaps/steps.

The tested designs include:

1. Legacy design with stepped interfaces;

2. Reworked legacy design with a smooth curved interface;

3. Reworked legacy design with some stringer foot thickness transferred to the
skin;

4. Reworked legacy design with some stringer foot thickness transferred to
doublers;

5. Reworked legacy design with a high-stiffness stringer.

The assembly combinations and part descriptors, inclusive of stringer section
properties are provided in Table 5-4 to Table 5-7. In order to preserve sponsor
proprietary information, only basic geometry values are provided. The analysis is

based on the properties of an aerospace alloy, E = 72 GPa, v = 0.33.

The manufacturing and inspection processes for the parts involved are detailed

in Appendix C — Curved assembly trial component manufacture.
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Figure 5-12. Curved bonded parts’ overview (top) and general length dimensions
of the skin (bottom). Shell-based models; thickness is not rendered. The doubler

was modelled as the foot flange of a stringer.

Table 5-4. Reference of curved skin-stringer combinations.

Case | Description Stringer Skin

1 Legacy, faceted A (Legacy, standard) | a (Faceted)
inner surface

2 Smoothly curved | A (Legacy, standard) | b (Smooth curvature)
inner surface

3 Smoothly curved B (Thin foot flange) ¢ (Smooth curvature,
inner surface, skin thickened under stringer)
reinforced with a
pad-up

4 Smoothly curved B (Thin foot flange) b (Smooth curvature)
inner surface, Adds 3 doublers, each
doublers 1.2 mm thick

5 Smoothly curved C (Stiffest b (Smooth curvature)
inner surface, representative
stiffer stringer profile)
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Table 5-5. Test matrix of curved skin-stringer

combinations. *=includes doublers

tringer A B C
Skin standard | thin foot | stiffest
a - faceted 1
b - smooth 2 4* 5
C - padup 3

Table 5-6. Curved stringer types assembled and their section properties.

Stringer | Description Foot 2"d moment Area of Shear
thickness | of area of the | the cross- | factor,
Cross- section, A | Kghear
section, I
A Average 7 mm 2.17x10° mm* | 878 mm? | 0.256
representative
cross-section
B Thinned foot 3 mm 1.43x10° mm* | 574 mm? | 0.392
flange
C High stiffness | 12 mm 2.74x10° mm* | 1469 mm? | 0.254
section
Table 5-7. Skin types assembled.
Skin Description Minimum Maximum
thickness thickness
Representative faceted profile | 6 mm 10.5 mm
b Smooth curved profile based 6.5 mm 10.5 mm
on a
c Smooth curved profile based 6 mm 10.5 mm
on a, with pad-up under (10 mm under | (14.5 under
stringer stringer) stringer)
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5.2.1 Assembly

The parts were pre-assembled in a dry-fit operation as presented in Section 4.3
(Figure 5-13); once the pre-fit was used to de-risk the assembly, they were
adhesively bonded with a single layer of adhesive (which from the prior
experience, presented in Section 5.1 Flat test assemblies was expected to
provide sufficient bondline filling), under 6 bar [0.6 MPa] of autoclave pressure.
The reduction in mating gaps from even the light loading of the pre-fit was
substantial, with widespread reduction as can be seen on Figure 5-14 and Figure

5-15. The heat cycle was the same as for the initial flat panels.

Figure 5-13. Wedge-shaped slipgauge used for dry-fit gap measurements.
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Figure 5-14. Evolution of skin-stringer gap before and after loading during dry-fit.
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Figure 5-15. Evolution of the skin-stringer relative twist before and after loading

during dry fit.
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5.2.2 Model generation

Only interactions normal to the nominal interfaces were modelled, in line with the
simplification presented in the methodology in section 3.3.3. Although the
nominal stringer and skin bonding surfaces are not exactly the same (especially
so in the case of assembly 1 with the faceted skin), the normals were simplified
as being parallel between stringer and skin at each point. The stringers and
doublers were simplified as 64 length positions, with 3 nodes equidistant at each
cord (for a total of 192 nodes); the skins were simplified as nodes matching the
stringer mesh, plus 4 extra nodes at each chord position (for a total of 448 nodes).
When accounting for skin-tool interaction, this results in a total number of contact
pairs (and therefore, number of tows/columns of the gap compliance matrices) of
(192+448) = 640 for the skin-stringer assemblies, and in (192*4+448) = 1216

contact pairs for the skin-doublers-stringer assembly.

For the purpose of determining the compliance matrix, the parts were modelled
as quad shell elements (S4R) of approximate size 30mm x 30mm in all cases,
with constant thickness sections for the stringers and doubler(s); thicknesses
were spatially mapped for the skins based on the nominal design. The
compliance matrices are represented as surfaces in Figure 5-18; which highlights
the differences in stiffness across different part designs, as well as the disparity
in compliance of the different component types (with the stringers being upwards
of an order of magnitude stiffer than the skins). For all part meshes, the boundary
conditions reflected the datum features: the main datum hole was modelled as
pinned with no rotation around the length axis, and the slot was allowed to move
tangent to the bonding surface in the length direction, as well as rotate around
any axis. The mesh and boundary conditions used for compliance matrix

generation are illustrated in Figure 5-16 and Figure 5-17.

The assembly simulations were carried then out with the following simplifications:

= Pressure for adhesive flow calculation was modelled uniformly as the average
contact pressure (even squeeze throughout the bondline[s] for each

assembly);
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» Part deviation was generated as the combination of the CMM results in the
flat state, and the gap values on the profile checking tools in the formed state.
The procedure is described in Appendix B — Approaches to data fit.

» Pressure and interaction at the tooling lugs was neglected; in fact they were
not even included in the linear model. This is accordance with the
considerations around the locally unrealistic nature of the boundary

conditions.

Stringer/doubler
interface

DATUM HOLE
Nao displacement permitted
No rotation around length axis

DATUM SLOT
Displacement permitted along length axis
All rotations permitted

points 1-64

e

__~ points 65-128
___— points 129-192

T points 193-256

points 385-448
points 257-320

points 321-384

Figure 5-16. Mesh, boundary conditions, and location of linear model nodes in

curved assembly skins.

DATUM HOLE
No displacement permitted
No rotation around length axis

DATUM SLOT
Displacement permitted along length axis
All rotations permitted

points 1-64

/

- points 65-128

points 129-192

Figure 5-17. Mesh, boundary conditions, and location of linear model nodes in

curved assembly stringers.
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Figure 5-18. Compliance matrices for skins (top) and stringers (bottom): note the

order-of-magnitude higher compliance of the skins, and the substantial variation

within both part groups.

5.2.3 Results

Given the unique opportunity to test the health-check tool presented by this set

of assemblies, the analysis diverges from the other tests. In the case of the

aforementioned health checks, it makes little sense to attempt a detall

guantification of error given the limitations of the shopfloor-based dry fit checks

(rather, it is the location of maxima, and the rough height thereof, that is relevant):

Rather poor resolution in the measurement (0.05 mm gauge graduations —

with a minimum graduated value of 0.20 mm, and anything less being

recorded as zero);
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= Uncertainty due to the heavily manual component, with plenty of user ability
to wiggle/squeeze the wedge-shaped slipgauge further in or out of the gap

while maintaining full contact between the gauge and adherends;

= Itis further acknowledged that any deviations/gaps away from the part edge
can in no way be detected by filler or slip-gauges. As such, a decision was
made to neglect the part curvature (in the pressed skin or bonding tool),
resulting in an underestimation of the initial stringer-skin gap of around 50 pym
under the stringer middle. The curvature was accounted for in the nominal
bonding tool geometry, according to the principle shown in Figure 5-19 and

equation (5-1), and quantified in Figure 5-20.

The prediction errors are summarised in Figure 5-21. The simulations proved less
than capable for this set of tests, with RMS errors and standard deviations
generally above 50 ym and thus hardly usable for the sub-mm tolerances
required. In general, disagreement between both simulations was considerable,
with the one that used gap checks as inputs generally exhibiting more error.
However, there was good agreement between simulations, prominently, in the
case of the legacy ‘faceted’ assemblyil where the nominal geometry mismatch

dominated the fit-up gap.

R R .
nominal
concavity

[ w -

Figure 5-19. Convex skin-stringer interface due to wing curvature.

il Simulations of the assembly with doublers also agreed, but only because both expected
highly uniform final bondlines (Figure 5-36).
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Assuming a constant radius of curvature R in the bonding tool and/or skin, and
given foot flange width w, the maximum mismatch between the foot and skin

bonding surfaces due to concavity can be shown to be, by basic trigonometry,
nominal concavity = R —/R? — (w/2)? (5-1)

typical values of which are presented in Figure 5-20.

Bond concavity vs curvature
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Figure 5-20. Effect of skin curvature on bondline geometry against stringers of

nominally straight cross-section.

Note that even though the spatial density of the dry fit measurements was higher
than for the forming process, the latter can be considered to be more reliable as
they were carried with more time and higher-resolution tools, outside a production

environment.

The resulting bondline thicknesses were assessed, as for the initial flat trials, via
microscopy of sections. The section positions along the cross-section are

provided in Figure 5-22.
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Figure 5-21. Errors in prediction of the residual gaps. The bottom graph compares

both simulations (from gap checks and part measurements).

Figure 5-22. Cut locations: naming convention through each cross-section.

The section-based thickness measurement is at the root of suspected errors in
assessment of the legacy ‘faceted’ assembly, due to the different section plan:
given the higher expected variability of the bondline, a specific, more ambitious

section plan was used. This plan, in addition to cross-sectional sections, also
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contemplated a number of lengthwise cuts (Figure 5-23) with denser microscopy
measurements. Some of these measurements were taken at the very edge of the
foot flange, with the unwanted effect that a small remainder of the naturally
occurring corner radius was also measured. This had the effect of inflating the
edge bondline measurements (Figure 5-24). The suspect measurements are
indicated with empty markers in Figure 5-26. Subsequent project prioritisations
precluded remeasurement or rework of the sections, preventing improvement of

this dataset.

|

(395) (120) L (360) _, (120) (480) | (120) (120) 1 (140) 4
I I k B 1 <

Figure 5-23. Longitudinal cuts in the ‘faceted’ assembly. All distances in brackets

are approximate, in mm.

Thickness seen from
the side (span) cut

Thickness seen from_~
the cross-section cut

Figure 5-24. Error incurred when measuring bondlines from an edge section left:
schematic; right: example macrograph). The bondline thickness as viewed from
the side (span) is inflated compared to that from the cross-section (chord) due to
the slightly rounded corner in the adherend.

For the purpose of description in this case, and as the interpretation needs to be
at least partially qualitative due to the sparsity of the results, the measured
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bondline thicknesses have been characterised in terms of ‘overall thickness’,
‘twist’, and ‘convexity’ as per Figure 5-25 and the equation triad (5-2). Note that
the ‘overall thickness’ and ‘twist’ can also be estimated in the pre-assembly state

from dry-fit measurements alone, since they are given solely by b,, b, and w.

concavity (>0)

twist (>0) ‘overall’ thickness, b, o1

Figure 5-25. Geometric variables used to ease representation.

boverann = (ba + b¢)/2
twist = (by — be)/w (5-2)

concavity = bg — boyeran = bg — (bg + be)/2
The results are now presented for each assembly archetype:

5.2.3.1 Assembly 1: Legacy — faceted interface

The baseline skin option yielded, as predicted by both simulations and basic
(rigid) analysis of the interface, the largest residual gap. Both the coarse gap
check- and detailed measurement-based simulation located the highest gap in
the same area, coinciding with the vicinity of one of the facets. The results of both
simulations (Figure 5-27) show fairly good agreement in the position and
magnitude of residual gaps. The results also are consistent (all limitations

considered) with the measured bondline thickness, as seen in Figure 5-26.
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However, the minimum bondline thickness was overestimated by the simulations.

Causes for this are discussed through the section.
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Measured bondline thickness

Figure 5-26. Measured bondline thicknesses for the legacy geometry assembly.
Empty markers (for the A and C lines) correspond to values that are suspect due

to lateral measurement as per Figure 5-24.
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Figure 5-27. Simulation results for the legacy geometry assembly. The main peaks
at length positions 200 mm, 750 mm, 1300 mm and 1600 mm are captured, though

slightly overestimated.

5.2.3.2 Assembly 2: Curved interface

In spite of the similar initial variation in the stringer, and the superficially

comparable dry-fit gap compared to the previous assembly, the final result was
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very different — reflecting the match between the nominal interface geometries.
This was generally well captured by both the coarse and detailed simulations.

A discrepancy arises, however, in the form of sharply increased bondline
thickness towards one of the longitudinal ends, which is predicted by the
simulation but never encountered in the real case. The likely explanation for this
is the unrealistic boundary condition, already discussed earlier, whereby datums
are very constrained in order to enable the compliance matrix to be generated.
This effects manifested themselves often enough (though always confined to a

small area) that it will not be explicitly mentioned henceforth.

Greater-than-modelled complexity of the adhesive flow is also revealed in the
through-section bondline thickness variation; thickness measured under the foot
flange edges is greater than at the middle, but by less than 50 ym. This means
that:

= There wasn’t a unitary ‘minimum’ bondline thickness;

= Although the stringer cross-section was able to deform to partially adopt the
curvature of the skin and tool underneath, it was prevented from fully doing
so (even though in a dry state it should have been more than capable of
achieving the full chordwise deformation).

In this case, due to the thickness bondline under the centre web, the expected
effect is the following: pressure loss is lower under the stringer centre, and as a
consequence more adhesive squeeze-out would occur for the quasi-steady
condition to be fulfilled and force equilibrium to be retained. This again agrees
with the differences between ‘thick’ and ‘thin’ stringers observed in the initial flat

panel tests.
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Figure 5-28. Measured bondline thicknesses for the curved-interface assembly.
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Figure 5-29. Simulation results for the curved-interface assembly. The gap-check
simulation is inaccurate due to local measurement inaccuracy, while the one from

part measurements results in a "flat" bondline.

5.2.3.3 Assembly 3: Pad-up and thin flanged stringer

As expected intuitively, and as foreseen by the simulations, the thinner stringer
enabled manufacture of a smoother adhesive joint according to the bondline
measurements. However, there was a substantial divergence towards the very
inboard and outboard stringer ends: the bondline is much thicker right under the
web area, but substantially thinner elsewhere. This is explained by a local convex

dish or ‘bump’ caused by the press-forming process (Figure 5-32), and
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undetected by the gap checks confined to the edges; the adhesive was easily
squeezed into such a large gap, leading to underfill in the vicinity. The principle

is outlined in Figure 5-33.
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Figure 5-30. Measured bondline thicknesses for the pad-up-and-thin-stringer
assembly. Empty markers at the edges (line B) are values attributed to local
stringer defects.
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Figure 5-31. Simulation results for the pad-up-and-thin-stringer assembly. Both
the large residual gaps from gap checks, and the artificially flat minimum bondline,

are present.
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Figure 5-32. Manufacturing defect at the end of thin-flanged stringers, introducing

during forming.
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Figure 5-33. Flow of adhesive through the bondline length due to local defects.
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5.2.3.4 Assembly 4: Doublers and thin flanged stringer

The outcome of this test was much in line with the previous iteration, achieving
much smoothness of the bondline thanks to the use of multiple highly-compliant

parts instead of monolithic components.

In addition, the test presented an interesting opportunity to confirm the pressure-
driven nature of the adherend interaction, as multiple bondlines had to cope with
localised curvature (in the form of ‘bump’ stringer form defects on one side, and
tool/skin curvature on the other). Both these variations, rather than just resulting
in a local gap/increased thickness in the immediately interfacing bond, actually
propagated through the whole stack of components (note the range in the values
in Figure 5-35). Thus:

= All bondlines at the stringer ends are substantially thicker under the stringer
middle, and thinner at the edges, which is consistent with the effect on flow of

the local dishing as described in Figure 5-33;

= All bondlines, not just the lowest doubler-skin one, consistently exhibit higher
thickness at the middle than at the edges. Interestingly, the compounded
value of this convexity effect is about 100 ym — in contrast with the expected
50 ym from the skin/tool curvature alone. A possible explanation is that, in
addition to the rigid convexity from the tool, deflection of the stringer flanges
may have resulted in extra convexity; this would be consistent with the results

for the ‘thin’ stringer in the initial flat panels.
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Figure 5-34. Measured bondline thicknesses for the doublers-and-thin-stringer
assembly. Different interfaces are not differentiated as values are generally
similar. Empty markers at the edges (series B) are for the bondline between the

stringer and the topmost doubler at the edge defect location.
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Figure 5-35. Sum of measured bondline thicknesses at each cross-section location
for the doublers-and-thin-stringer assembly. Empty markers at the edges are for

the edge defect location.
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Figure 5-36. Simulation results for the doublers-and-thin-stringer assembly.
Different interfaces are not differentiated as values are generally similar. Note

limitations as in Figure 5-31.

5.2.3.5 Assembly 5: Curved interface - Thick stringer

In spite of the substantial increase in stiffness associated with the thickest cross-
section, this test yielded results similar to the second one by virtue of the nominal
match between interfaces. This is again a result reflected by the simulations. (It
is worth recalling that as these tests used carefully reworked components, the
manufacturing accuracy was better than what one might reasonably expect in a
busy production environment; it would be a mistake to take this result as a blanket

demonstration of manufacturing capability.)

More important, however, is how the stiffness of the foot flange bore on the
interaction with the adhesive and bondline convexity. As the foot flange of this

stringer is too thick to experience any significant deformation,

» |ts cross-section remains unchanged and provides no reduction in the
convexity of the interface gap; consequently, the middle-edge difference in

bondline is greater than for the cases with baseline stringers;
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= As a result, owing to the lower pressure loss near the stringer middle, the

squeeze is accelerated, causing the final bondline to be thinner than for the

case with curved skin interface and baseline stringer.

0.250

0.200 +

0.050 4

Measured bondline thickness

0.000

5- max profile

_.0.150 |
£
£
0.100 |
4

T
200 400 600 800 1000
Length position (mm)

T T
1200 1400 1600 1800

Figure 5-37. Measured bondline thicknesses for the thick stringer assembly. Note

the consistent convexity.
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Figure 5-38. Simulation results for the thick stringer assembly.

5.2.3.6 Comparative summary

A summary of bondline overall thickness, twist and concavity is displayed for all

assemblies in Figure 5-39 to Figure 5-44. This provides an opportunity for at-a-

glance appraisal of each concept’s ability to mitigate part variation. The impact of

design decisions regarding matching surfaces is also very visible: by removing
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nominal steps from the bonded details, substantial reductions in the peak
bondline thickness were achieved (see ‘1-faceted’ peaks in Figure 5-39 and
Figure 5-41).

Once the nominal interface surfaces were in agreement, the changes in gap
closing capability (due to different stringer cross-section) seemingly had a much
lesser effect (see ‘2-curved’, ‘3-padup’, ‘5-max profile’); however, this can be
safely attributed to the detailed work done in this case to generate good quality
parts. Parts manufactured to loose tolerances are likely to behave differently. This

may be traded with the fact that it is generally easier to reliably form stiffer parts.

Finally, although a laminate concept did not fail to keep bondline thicknesses
relatively in control, it fared the worst of all non-faceted concepts (see ‘4-
doublers’); this can be attributed to how individual bondlines still suffer from
boundary condition effects, while additionally stacking up the variation across all
layers. As a result, the top surface of the stringer foot (which would usually
interface with other stiffening elements in a real component) exhibited substantial

misalignment from the skin, and varied in height substantially.

Overall bond thickness range (mm)

[1] facetted
0.25

5 fil
[5] max profile 2] curved

—4=—>Single bondlines

~i—Combined bondlines (minus edges)

Minus edges

[4] doublers " [3] padup

Figure 5-39. Final bond thickness range for the curved test assemblies.
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Overall bond thickness extremes (mm)
[1] facetted

[5] max profile

[2] curved
—4— Max - single bondlines
=== Min - single bondlines
4= Max - Minus edges
= Min - Minus edges
[3] padup

[4] doublers

Figure 5-40. Final bond thickness extremes for the curved test assemblies.

Bond twist range (arcmin)

[1] facetted
8.00

6.00

[5] max profile 4.00 | —+—Single bondlines

[2] curved
—li—Combined bondlines
(minus edges)
Minus edges
g .
[4] doublers [3] padup

Figure 5-41. Final bond twist range for the curved test assemblies.
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Bond twist extremes (arcmin)

[1] facetted
4.00

——Max - single bondlines
== Min - single bondlines

== Max - Minus edges

[5] max profile [2] curved
== Min - Minus edges
====Max - Combined bondlines
(minus edges)
—®—Min - Combined bondlines
(minus edges)
[4] doublers [3] padup

Figure 5-42. Final bond twist extremes for the curved test assemblies.
Bond concavity range (mm)

[1] facetted
0.50

0.40 |

0.30 |

[5] max profile 050 2] curved —4—Single bondlines

== Combined bondlines
(minus edges)

Minus edges

[4] doublers [3] padup

Figure 5-43. Final bond concavity range for the curved test assemblies.
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Bond concavity extremes (mm)

[1] facetted
0.40
—&—Max - single bondlines
0.30
0.20 ====Min - single bondlines
[5] max profile 0.10

[2] curved -&—Max - Minus edges
== Min - Minus edges

=== ax - Combined bondlines
(minus edges)

=0 Min - Combined bondlines
(minus edges)

[4] doublers " [3] padup

Figure 5-44. Final bond concavity extremes for the curved test assemblies.

5.2.4 Main outcomes of the curved assembly test

The results for thin or multiple adherends confirm the prominent role of adhesive-
borne and -transmitted pressure in determining the geometry of bonded joints.
This goes beyond the basic concern of delivering pressure and also affects the
distribution thereof.

The bondline results provide further confirmation of the increased complexity of
squeeze-flow for cases where cross-sections are not flat and parallel, including
global curvature, cross-section deformation, and local shape defects. In all cases,
the effect is consistent with the adhesive flow mechanisms at the foundation of
the model.

The tests were successfully used as the testbed for a quick health-check tool fed
with easily-retrievable manual check data from a pre-fit operation. Qualitative
results of the coarser simulation match the results, though they also confirm
limitations linked to boundary condition assumptions and measurement

resolution.

Finally, trouble experienced throughout assembly realisation emphasise the need
for tight control of the manufacture and inspection process, inclusive of never-

removed part identity markers, unified reference frames, first-article-inspection,
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and first-inspection-evaluation (i.e. signing off the inspection procedure, and
redesigning it if necessary, based on the outcomes from the first attempt).

200



5.3 Multi-stringer assembly trials

An extra set of tests was commissioned with the Advanced Manufacturing
Research Centre with Boeing (AMRC). The tests seek to cover the factors not
involved in previous project-aligned tests (Table 5-8): the effect of different
boundary conditions, and the impact of stringer variation on skin deflection.

The tests consist of bonded assembly trials of nominally flat stringers on skins.
The manufacture of these skins is purposefully varied by tampering with the
machining clamping scheme, so as to obtain localised variation. Assemblies are
bonded with two different boundary conditions: bagging the panel on to a thick
metallic plate, and envelope bagging (similar to the double-pressure assembly
concept successfully tested within the PABST programme and further in SAAB

development).

Lessons learned from the prior demonstrators are applied in the work definition,
including indelible marking of parts (rather than labels), first article inspection,
strict definition of metrology output formats, and explicit requirement for thorough
documentary evidence of each manufacture and inspection step to enable

traceability.
Given the limitations of prior tests, the two distinctive requirements are:

1.The setup must permit use of different boundary conditions, and it should be
possible to replicate the same distribution of geometric variation in different

boundary conditions.

2.The setup must contain multiple stringers, with control over the distribution of
part variations, such that effect of stringer interaction on skin deflection can

be observed.
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Table 5-8. Assembly aspects addressed by previous tests. The shading indicates

whether prior tests addressed each element, and the text describes how.

Factor

Flat assembly tests

Curved assembly
tests

Impact of part cross-
section stiffness

2 cross-sections

3 cross-sections

Impact of stringer flange
stiffness

2 flange geometries

3 flange geometries

Defect (unloaded gap)
depths

Controlled through built-
in defect

Observed,
uncontrolled

Defect (unloaded gap)
spans

Controlled through built-
in defect

Observed,
uncontrolled

Adhesive flow behaviour

Impact observed,
uncontrolled

Controlled regime
assured

Designed-in gaps

Built-in defects

Setup with machined
stepped interface

Naturally-occurring gaps

Flat parts, tight
tolerances

Variation from forming

Different boundary
conditions

Rigid skin tool, single-
side pressure

Rigid skin tool, single-
side pressure

Multi-part assembly
(series)

Flat skin and underlying
tool contribute minimally
to variation

Curved stringer-skin-
tool stack

One setup with
doublers

Multi-part assembly
(parallel)

Flat skin conforms to
underlying tool,
minimises stringer
interaction

Single stringer

Key

Satisfactorily addressed

Observed but
uncontrolled

Not addressed earlier

Series assembly: stack of parts transmitting pressure
Parallel assembly: multiple stringers transmitting same side pressure on skin

202




Furthermore, the usual representative assembly parameters and part geometries
were been desensitised and simplified to enable economical manufacture by third

parties without confidentiality concerns. This includes:

» Change of adhesive (using available stock of aerospace-use film; a roll of 3M
AF163-0.6K from an old project was used)

» Reduction in pressure (mitigating any potential hard-to-characterise tooling
deformations, and further demonstrating OoA curing with later developments
in mind)

= Constant T-section stringers, producible from standard extrusions of 6000-
series aluminium alloy (this results in a section less stiff than the stiffeners

studied previously)

In addition, a set of verifilm trials (non-adhering bonding mockup) was performed
prior to actual bonding trials. The non-adhesion was achieved by sandwiching
each layer of adhesive tape between two layers of unperforated nylon release
film. Such process, as presented earlier at the end of Section 1.3, allows easy
assessment of bond quality by contact-based measurement or visual
examination of the cured adhesive. It also makes it possible to reuse parts for
assembly tests with minimal need for cleanup. The verifilm process was
instrumental to generating like-for-like assembly data for different boundary
conditions and equal input geometrical variations, as well as increasing the

volume of assembly data without prohibitive part manufacture costs.

5.3.1 Trial structure
5.3.1.1 Part manufacture and measurement

Stringers and matching skins were machined from near-final shape stock
material, and subjected to highly accurate (probe CMM) measurement. An
irregular clamping scheme plus overclamping was used with stringers so as to

add controlled profile variation (Figure 5-47).

A detailed description of the manufacturing and inspection carried out is

presented in Appendix D — Multi-stringer assembly manufacture.

203



5.3.1.2 Verifilm trials

Bonded assemblies were carried out with a layer of non-adhering release film
between the adhesive and adherends, thus preventing actual bonding. The cured
bondline thickness was measured. By repeating this with different boundary
conditions, the effect of a double-side-pressure concept can be captured.

5.3.1.3 Bonding trials

Bonding proper was carried out after the verifilm trials, repeating a selection of
verifilmed configurations. The bonded assemblies were sectioned at multiple
locations along the cross-section, for microscopy-based measurement of the

cured bondline thickness.

5.3.2 Assembly definition
5.3.2.1 Assembly concept

The assembly consists of 3 stringers bonded onto a skin, as presented in Figure

5-45 and Figure 5-46, for two purposes:

» Addressing the effect of stringer variations’ interaction.

= Economy of assembling multiple stringers on one skin plate, and reducing the

plate manufacturing steps.

Figure 5-45. Multi-stringer panel concept: isometric view.
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The assembly components were made from a 6000-series alloy (E = 70 GPa,
v = 0.33), which offered low cost and short procurement lead time. Because the
tests do not involve service loads but rather much lower ones, the validity of the

results is not jeopardised by this material change.

5.3.2.2 Part geometry

Skin: uniform thickness based on representative wing cover skin. Width based

on representative wing cover stringer separation.

Stringer: T section based on a baseline from a representative wing cover. Crown

cap is removed and the mid web shortened, and the web widened, resulting in:

*» Reduced stiffness (40% relative to baseline);
» Increased stability of the part in the bonding process;
= Highly economical manufacture, as the revised geometry can be machined

from standard extrusions with a minimal number of operations.

76.2mm=3"
6.35 mm = 3/8”

40 mm

120 mm I 5 mm |

360 mm ' ogmm

65 mm (tooling tab length)
<=

1950 mm (problem area length)

2030 mm (tooling hole distance)

= Figure 5-46. Multi-stringer assembly part dimensions.

The cross-section properties of this stringer design are summarised in Table 5-9.
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Table 5-9. Stringer cross-section properties for the multi-stringer assembly.

Second moment of inertia of the area of the cross-section, 1/1000 [mm?] | 80
Area cross-section, A [mm?] 614
Foot flange width, w [mm] 76.2
Cross-section shear factor, kg,eqr 0.414

5.3.2.3 Variation dimensioning

Variation has been incorporated through uneven fixturing and clamping of the
stringer extrusions during foot machining, resulting in localised, differently-

spaced hotspots of variation (Figure 5-47, Figure 5-48).

Skim stringer surface

\ 300 450 600 150

i =L =i
¥

Add spacers at machining specialist’s discretion Clamp positions
o ———————— e — e — T —

Defect depths depending on clamping force & spacing, material stress relief
Order of ~0.1 to ~1.0mm

Figure 5-47. Schematic of added-variability part manufacture. Distances are in mm.

| | |

[ 1 = =

Qut-of-plane deviation e -

Short Mid Long

Figure 5-48. Variation ranges in the stringer profile.

Variation was added such that gaps appeared at varying pitches, representative
of the typical capability of legacy inspection methods, as well as of distances
between transversal stiffeners (e.g. wing ribs). Incidentally, this distribution is
such that inverting the orientation of a stringer will bring the zones with lack of
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material neatly out of phase with a non-inverted stringer. The implications and
usefulness of this phase mismatch for testing are discussed farther below.

For stringer deflection sizing, a half-stringer was simulated (minus tooling tabs)
with symmetry condition in the web mid plane. The mesh was made of tetrahedral
C3D10 elements, of approximate size 3mm x 3mm x 3mm. The minimum
expected restriction to displacement was applied at discrete points of the foot
bottom, under the mid web at the length positions corresponding to ‘wave’
beginning and end. These were fixed, leaving the rest of the flange free to deflect.
The load consisted of 0.1MPa pressure (corresponding to the maximum
1 atmosphere achievable by vacuum bagging) applied to the surfaces of the web
and foot flange top. The arrangement and a snapshot of the results are shown in
Figure 5-49 and Figure 5-50, respectively. The resulting deflections are included,

alongside the other stringer sizing considerations, in Table 5-10.

& No displacement permitted under web

middle at ‘wave’ limits

Symmetry constraint at web mid plane Ne
0.1 MPa pressure

Figure 5-49. FEA model used for stringer variation sizing.

Vertical deflection, mm

+2.645e-02
-5.740e-02
-1.413e-01
=2.251e=01
-3.090e-01
-3.928e-01

-4.767e-01
-5.605e-01
-6.444e-01
-7.283e-01
-8.121e-01
-8.960e-01
-9.798e-01

Figure 5-50. Deflection (x100) of the nominal stringer design from a starting flat
condition, based on contact at the segments between local waves.
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Table 5-10. Summary of initial target stringer variation wavelengths.

Variation size Short Mid Long

Wavelength 300 mm 450 mm 600 mm

Practical Resolution of Lower-bound Impact of local

significance of inspection during | distance failure of a typical

wavelength forming between aircraft | forming inspection
ribs fixture

Maximum 0.08 mm 0.31 mm 0.90 mm

deflection of

stringer mid web

under 0.1 MPa

The gap depth will be formulated in terms of inspectability and model

representativity:

1.1t must be observable, which in this case means gaps must be large enough

that deflection can be detected by industrial-use measurement equipment.

2.1t must be such that part deflection is smaller than or comparable to gap
magnitude. If a gap is too small compared to the maximum deflection
achievable, the gap will be fully closed by a fraction of the total load applied,
and inspection will yield little useful information for the purpose of model

validation.
3.1t should be small enough that the hypothesis of small deformations still holds.

By changing the stringer orientation, it is possible to have adjacent stringers
generate different boundary conditions for skin deflection. Generally, if for a given
length position there is a skin-stringer gap at one stringer only, the skin will be
effectively stiffer. If, on the other hand, all stringers are not in contact with the skin
at the same length position, the skin can easily deflect and close the existing gap
by single-curvature bending. Stringer orientation is subsequently noted as (-) and
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(+), with (+) indicating a match between the skin and stringer holes and slots (the

datum hole is always closest to the short gap)P,

The possible stringer gap distributions (illustrated in Figure 5-51) are, thus:

* No interference — Stringer variations in phase with each other through the
length;

= Slight interference — One stringer at the side having variation out of phase
with the other two;

= Maximum interference — Stringer at the middle out of phase with the other

two, resulting in double-curvature deflection of the skin at every gap.

These three setups cover the whole 2 x 2 x 2 (left x middle x right) test cube of

stringer orientations, once symmetries are taken into account (Figure 5-52).

Maximum skin deflection for double-side-pressure bonding in the cases with
interference (slight or maximum) was initially estimated with a FE model of the
skin (minus tooling tab area). The mesh was made of quad shell (S4R) elements,
of approximate size 20 mm x 20 mm. Similar to the approach taken for the
stringer deflection, the points corresponding to the edges of each stringer flange
at wave beginning and end were prevented from moving normal to the bonding
surface. The location of these points changes depending on the stringer layout;
shows the mesh and point distribution for the slight-interference case (one side
stringer flipped). The external load consisted of 0.1MPa which, in accordance
with the double-sided pressure scenario, was only applied to areas of the skin
that may interface with a stringer with no contact — that is, within the area of each
wave only, since the pressure would come from both sides of the skin everywhere
else. The results of this deflection simulation are shown in Figure 5-54 and Figure

5-55 for the scenarios where there is some interference between stringers.

vl A special case (0), introduced further below, had no pre-deformation added to the stringer.
The machined (0) stringers still had local variation due to the clamping scheme, but much smaller
than in the pre-deformed stringers.
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mid stringer

. = No interference
. = Slight interference

= Max interference

(-) () - (+)
(+) =+ -

(+)=(-)=() (4= (= (4)

Figure 5-52. Test cube for stringer layout, based on a constant distribution of

geometrical variation.

The gap depth needed, then, would result from adding the maximum expected
stringer deflection and (if viable) a value larger than the either the slight-
interference or maximume-interference skin deflection. This allows observing the
impact of different variation scenarios that could happen in practice. (There is no
point in performing tests in different conditions if the outcomes will be identical

due to ‘overkill’ or overengineered external forces.)
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‘wave’ locations (is otherwise negated

Displacement not permitted
along length or width direction

No displacement in thickness direction,
at stringer ‘wave’ limits
(stringer orientation sensitive)

Pressure only applied at stringer

by contact or envelope bag pressure)

Figure 5-53. FEA model setup used for skin deflection sizing. Pictured: slight-

interference scenario (-)=(-)—(+).

The built-in gaps, then, can be of five types (summarised in Table 5-11):

1.
2.

5.

Always closed under pressure;

Closed under pressure in any envelope-bagged configuration (but not
otherwise);

Closed under pressure, only when envelope bagged and not in the max-
interference configuration;

Closed under pressure, only when envelope bagged in the no-interference
configuration;

Never fully closed under pressure.

Clearly the most interesting are types 2 to 5, as they will show different behaviour

in different configurations. In addition, type 5 is probably not necessary, as type

4 will also behave differently in all configurations. However, the representative

skin displays such a large deflection, when subjected to the typical loads, that the
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no-interference and slight-interference setups would close gaps much larger than

any representative geometric error. Thus, the desirable and viable options for

geometrical variation are reduced to types 2 and 3.

Once the skin and stringer deflections are compounded, it becomes clear that

most gaps need to fall under 2 due to the sheer scale of the combined gap

closure. This is, however, not the case for the mid and long gaps, which can be

dimensioned to be type 3 when placed in the middle of a skin.

This, then, gives a rationale for the target geometrical variation (or built-in

assembly gaps):

= Short gap of type 2 (full closure whenever envelope bagged)

= Mid and long gap of type 3 (no full closure in one high-interference envelope-

bagged scenario)

= Table 5-11. Correspondence of gap types by closure, used to downselect

geometric variations acceptable.

preferrable. Thick solid line marks types finally downselected.

Limited gap closure (empty cell) is

Achieves closure under under boundary condition... (EB = envelope

bagged)
Bagged to table | EB EB EB
Gap type max interference | slight interference | no interference
1 X X X X
2 X X X
3 X X
4 X
5
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Skin deflection with
slight interference
(mm)

0.00 | 0.00 | 0.00

Deflection, mm
(magnitude)
+2.900e+00 0.01 | 0.01 | 0.01
+2.659e+00
+2.417e+00
+2.175e+00 0.55 0.57 0.89
+1.934e+00
hee
+1.450e+
115306100 0.02 | 0.03 | 0.58
ey
+7.251e-

e les0 0.02 | 0.02 | 0.32
+2.417e-01

+0.000e+00 0.76 | 0.32 | 0.02

0.77 | 0.32 | 0.01

0.01 | 0.01 | 0.29

0.02 | 0.01 | 0.29

1.29 | 0.46 | 0.29

2.20 | 0.85 | 0.04

1.78 | 1.04 | 0.58

0.02 | 0.01 | 0.01

0.00 | 0.01 | 0.00

Figure 5-54. Sample of skin deflections (FEA results) for the slight interference

scenario (-)—(-)—(+). Greyed-out, not bolded readings are for non-gap areas.
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Skin deflection with
maximum
interference (mm)

0.00 [ 0.01 | 0.00

Deflection, mm
(magnitude)
+1.220e+00 0.01 | 0.01 | 0.01
L
+1.017e+
+9.153e-01 R % 0.84 | 0.58 | 0.84
+8.136e-01
+7.11%e-01
+6.102e-01 - R 0.61 | 0.07 | 0.61
+5.085e-01
+3.051e-01
+3.051e-

15 03de-01 0.38 | 0.04 | 0.38
+1.017e-01

+0.000e+00 0.00 | 0.04 | 0.00

0.00 | 0.03 | 0.00

0.35 | 0.04 | 0.35

0.36 | 0.04 | 0.36

0.00 | 0.02 | 0.00

0.00 | 0.10 | 0.00

0.59 | 0.58 | 0.59

0.01 | 0.01 | 0.01

0.00 [ 0.00 | 0.00

Restricted deflectionin middle

Figure 5-55. Sample of skin deflections (FEA results) for the max-interference

scenario (-)—(+)—(-). Greyed-out, not bolded readings are for non-gap areas.
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Table 5-12. Overall dimensions of controlled gaps.

Variation size Short Mid Long
Wavelength 300 mm 450 mm 600 mm
Gap type (as per Table 5-11) | 2 3 3

Target size of local gap 0.10 mm 0.50 mm 1.50 mm

In addition to the study of interference situation, it is desirable to add an extra
case where only one part is substantially deformed, while the others are close to
nominal. This represents a scenario where a stringer clamp would be misplaced,
causing a mismatch between the stringer and skin in an otherwise accurately-

machined product.

Thus, in addition to the stringers with profile variation, some parts without
intentional variation (denoted “(0)’) were manufactured and included in the
assembly tests. This serves three purposes pertaining to the activities outlined

above:

= To have some control parts to ascertain the extent to which profile variation is
actually controlled (quantifying machining variation and inspection noise);

= To have some controlled, ‘flat’ parts for assembly (quantifying bond variation
and inspection noise);

= To allow replication of some assembly scenarios where a single substantially

deformed part is placed between much-less-deformed ones.

The preliminary set of arrangements is summarised in Table 5-13. The parts
required are summarised in Table 5-14. In total, 12 stringers and 4 skins are
required, corresponding to a set of 1 skin and 3 stringers per bond trial. All bonded
assemblies are a repeat of a verifilm test. This provides a reference of the error
(if any) that the verifilm approach may yield as compared to the conventional (and
more wasteful due to the one-time use of parts) bonding approach. The extreme
interference cases (maximum [+-+] and none [+++] receive more attention than
the medium interference case [++-]; the one-bad-stringer case [0+0] is the one
that covers most cases due to part usage considerations, but also because it
provides a reference of bonding capability for a near-nominal component.
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Table 5-13. Summary bonding scenarios. The letters are unique assembly

identifiers.
Bagged to table (1SP) Envelope bagged (2SP)
One bad stringer [A] Verifilm [E] Verifilm
©0)-(+)-(0) [H] Bond [L] Bond
No interference [B] Verifilm [F] Verifilm
H-H-¢) [J] Bond
Slight interference [1] Verifilm [D] Verifilm
() -H-0)
Max interference [C] Verifilm [G] Verifilm
H-(0-() [K] Bond
Total Verifilm x4 Verifilm x4
Bond x2 Bond x2

Table 5-14. Summary of parts manufactured for test.

Shape & Amount

Numbers (identifiers)

Stringers | Nominally flat, (0) x4 |01, 02, 04, 05

Intentional variation, (+)/(-) x8 | 03, 06, 07, 08, 09, 10, 11, 12

Skins All same, nominally flat x4 | 01, 02, 03, 04

With the nominal geometries, stringer defect sizes, and number of parts required

finally established, the components were manufactured and inspected, and the

assembly work was carried out. This is documented in Appendix D— Multi-

stringer assembly manufacture.

217



Table 5-15. Characteristics of each test assembly.

Stringer arrangement Boundary
condition [ cyre type
0+0 | +++ | ++- | +-+ | 1SP | 2SP
A v v Verifilm
B v v Verifilm
C v v Verifilm
D v « | Verifilm
E v v | Verifim
F v + | Verifilm
G v + | Verifilm
H v v Bond
| v v Verifilm
J v v Bond
K v v | Bond
L v + | Bond
Total | 4 3 2 3 6 6

5.3.3 Model generation

The compliance matrices for the linear models were generated from shell meshes
of the parts. Quad elements (S4R) of approximate size 20 mm x30 mm were
used. The boundary conditions were minimally applied to restrict six degrees of
freedom without overconstraints, and coincided with the parts’ tooling datum

holes.

= Stringers: the datum hole was pinned and prevented from rotating along the
length axis, while the slot was allowed to rotate freely and also slide along

the length direction. Each stringer was modelled as a total of 192 nodes,
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with three longitudinal rows of 64 equispaced nodes each, distributed along
the cross-section (one row under the web middle and the two others, w/10
away from the flange edge). Presented in Figure 5-56.

= Skins: like for the stringer, the datum hole was pinned and prevented from
rotating along the length axis, while the slot was allowed to rotate freely and
also slide along the length direction. The other non-reference holes (though
still used to attach stringers) were allowed to deflect during compliance
matrix generation. The nodes in the areas of the skin that interface with the
stringer feet (S1, S2, S3) matched the stringer nodes. The skin was
modelled with a total of 960 nodes, of which 576 interfaced with a stringer on
one side and the bonding tool on the other. Presented in Figure 5-57.

= Bonding table: though initially modelled as a thicker version of the skin for

sizing during the design stage, the table finally used for manufacture was
more complex to allow manipulation. It consists of a fabricated steel frame
with a relatively thin steel plate bonded on top and is addressed more in
detail in subsection 5.3.3.1 Bonding table compliance.

The gap matrix was then defined as

Strgrs—Skin in—
U g USkm Table

UG — Strgrs—Ski-n Str-grs—Skin (5_3)
Strgrs—Skin ySkin-Table
Skin—Table Skin—Table

Strgrs—Skin ySkin-Table (ySkin—Table

with the submatrices UStrgrs—Skin » USkin—Table » UStrgrs—Skin

capturing, respectively,

the compliance of the gaps between stringer-skin contact pairs, the compliance
of the gaps between skin-table contact pairs, and the change in gaps between

stringer-skin contact pairs as a response to forces in skin-table contact pairs.

i S1 S2 s3
Ustrgr1 + Usy Usy Usy
Strgrs—Skin __ S1 S2 S3 -
UStrgrs—Skin - USZ UStrng + Usz Usz (5 4)
S1 S2 s3
Ug3 Ugs Ustrgrs + Uss
pSkin-Table _ 'UStrgrs—Skin T_ _ySkin (5-5)
Strgrs—Skin — | ¥ Skin—Table - $1,52,83

Skin—Table

USkin—Table = [Uskin T UTablel (5-6)
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Here, S1, S2, S3 in represent the areas of skin which lay under, and interact
directly with, each stringer, as presented in Figure 5-57. Uglfgz,sg is obtained
trivially from Ugy;,, by taking the values corresponding to input nodes 1-576 and

output nodes 577-960.

DATUM HOLE
No displacement permitted

No rotation around length axis

DATUM SLOT

Displacement permitted along length axis
All rotations permitted

points 1-64
points 65-128

points 129-192

Figure 5-56. FEA mesh, boundary conditions and point location for stringer

compliance matrix generation.

As the stringers have 192 nodes and the skin and table have 960 nodes, the gap
consists of a total of (192x3 + 960) = 1536 nodes; consequently, the gap depth
is a (1536x1) vector; Ug is a (1536%1536) matrix, and the part interaction forces,
which is the unknown of the contact problem solved by QP, is a (1536x%1) vector.

An example of Ug is represented in Figure 5-62.
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DATUM HOLE
\I No displacement permitted

No rotation around length axis

DATUM SLOT
Displacement permitted along length axis
All rotations permitted

points 577-960

- 51

S3 points 1-576

Figure 5-57. FEA mesh, boundary conditions and point location for skin

compliance matrix generation. S1, S2, S3 mark the stringer interfacing areas.

5.3.3.1 Bonding table compliance

The bonding table is wide enough to fit three skins in the course of any cure cycle;
thus, three different areas with different compliance matrices need to be
modelled; in practice, the two lateral areas are a mirror of each other, so only two

FEA models were required.

The table was meshed to match the skin nodes, with fifteen longitudinal rows of
64 equispaced nodes each, distributed along the cross-section. The mesh was
allowed to be coarser and less structured away from the skin locations, since it
was only the local behaviour that was of interest (Figure 5-59).

The material is a generic steel (E=200 GPa, v=0.3); the whole table (Figure 5-58)
features 3 longitudinal and 5 transversal stiffeners, each with a box-girder section
(45 mm x 45 mm, 6 mm thickness) and a top plate 6 mm thick. The boundary
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conditions were set by modelling these stiffeners (integrated as ‘stringer’
engineering features) as fixed, but permitting rotation (Figure 5-60).

Figure 5-58. Left: Bonding table’s CAE model (Abaqus) with the plate modelled as

a shell and the top of the box beam frame (bonded to the plate) as ‘stringer’
features. The hatched area illustrates the position and area of a centered

assembly. Right: position of three assemblies on top of the table.

Mesh reflects bonding interface

Mesh reflects bonding interface

Middle beam

Skin on middle Skin on side

(half table modelled)

Figure 5-59. FEA meshes for the compliance matrix of the bonding table at two
skin positions.

222



TABLE BEAMS (‘stringer’ engineering feature):
Rotation permitted
No displacement

45
6 —
mm
45
mm
TABLE BEAM
SECTION

Figure 5-60. Boundary conditions and box beam section for the bonding table.

The resulting compliance matrices (Figure 5-61) reflect the effect of table stiffener
distribution: the table is much stiffer right in the middle than at lateral positions.
This will result in a 1SP condition that is not quite single-sided pressure, as the
table does not act quite as a rigid substrate, and instead can be expected to

transmit pressure to the skin (much like in a 2SP scenario, but to a lesser degree).

Compliance
Table side (1) Table middle Table side (2) (mm/N)

<10 <10* <10* <107

5 5 5
%4 4 > 4 8
o 3 3 E 3
§2 2 g 2
: i
Q1 1 1
© 8

0 0 0
1500 1500 i 1500

1000 1 - 1000, & ‘ 1500 1000 1900

Input node 4 1000
5

500
Input node i Input node

> 500 500
0o Output node g Output node

Longitudinal stiffener locally Jagged profiles due to
minimizes deflection transversal stiffeners

Figure 5-61. Compliance matrices of the three areas in the bonding table used. The
horizontal axes indicate the node positions.
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Input node Compliance of the panel assembly gaps Compliance
200 400 600 800 1000 1200 1400 (mm/N)

200
400
600
800
1000
1200
1400

Skin to bonding table

Output node

0.05

o

-0.05

Stringers to skin
Figure 5-62. Example gap compliance for a three-stringer panel on rigid table. The
compliance matrix of the table has, globally, small enough values that the

visualization would be the same when using actual values for Up,pe-

5.3.3.2 Compliance matrix corrected for variation

Because the material missing from the stringer foot was not a negligible amount
(roughly up to 1.5 mm from a 5 mm initial value), there was a concern that the
stiffness matrix of a nominal stringer may fail to adequately capture the actual
stiffness of the deformed stringers. To this effect, an updated stringer compliance
matrix was generated by mapping a deformed stringer’s foot thickness to the
mesh. The increase in compliance was found to be generally at or below 10%
(humps at height ~0.1 as seen in Figure 5-63), save for peaks near the stringer
ends; this approximately matches the decrease in I from removing 1.5 mm from
the foot. Simulations were carried out with and without the updated matrix,
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showing the expected loss of accuracy one may expect from worst case profile

variations v,

) Change (/1)in [0
compliance

0.4 ~

(1]
0

2 03 o 06
g S |
g 02 S
o ‘o 04 ‘
gl X £ 0.05
= ;8
E 0~ h’ - o c 02 ——J#/
° ' = .
2, ~ 0 * _
c 0.1+ o
(1] o — /]
6 5

0.2 - I

o2 // 0 0.05
0.3~
V4 " 100
0.4 0 ———
m T T T ) 50 100 — Output node BN
® 50 100 150 200 & 200 200
Input node Input node

Figure 5-63. Relative increase in compliance from the nominal to the warped
(selectively machined foot) stringer. The colour scale saturates below -0.1 and

above 0.15 to enable visualizing the majority of the data.

5.3.4 Simulation results

Based on average results for the vacuum pressure achieved as recorded by the
oven used in curing, a uniform pressure value AP of 0.087 MPa was used (in the
one- and two-side pressure configurations) for the assembly simulations. These
have been performed using uniformly the compliance matrix corresponding to
nominal dimensions (Figure 5-64), as well as the one accounting for loss of
material (Figure 5-65).

Although the results are qualitatively similar between the nominal-U and
deformed-U simulations, there are noticeable quantitative differences with extra
deflection in the deformed-U simulations, up to 50 ym in magnitude. This is
especially noticeable in the foot flanges in the larger gap area. Note that, although
the difference in compliance was up to 10%, the final deflection of the stringer

with the deformed-U consideration was not 10% larger. This is because the skin

vl This is very much a worst case scenario and hardly relevant for production purposes of this
kind of geometry, given that sub-mm machining tolerances are the norm. It would, however, be
plausible to encounter a combination of manufacturing deviations which amount to a similar
fluctuation in mechanical behaviour. Some prior work referenced (Stricher, 2013) addresses
some of the issues pertaining to accounting for part variation in assembly mechanics modelling.
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(and table) also contribute to gap closure, and because the unilateral contact
condition adds a self-limiting aspect to part deflection.

For all following discussion, the simulation results used are from the second case
(modified stringer compliance matrix). The results are identified by the assembly
letter as presented in Table 5-13 and With the nominal geometries, stringer defect
sizes, and number of parts required finally established, the components were
manufactured and inspected, and the assembly work was carried out. This is
documented in Appendix D— Multi-stringer assembly manufacture.

Table 5-15.

226



Assembly simulations with nominal Uginger

A c D
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Figure 5-64. Final expected bondline thickness for all assemblies (indicated with
their letter identifier A-L), with nominal compliance matrix for all stringers.
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Assembly simulations with updated Uginger

A B C D
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Figure 5-65. Final expected bondline thickness for all assemblies (indicated with
their letter identifier A-L), where the stringers with machined-in profile variation
have an updated compliance matrix.

5.3.5 Data fit and results comparison

In each case, the measurement results were used to fit a surface using a thin

plate spline (no smoothing) with a centre at each measured point. The values at
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the simulated nodes were calculated by interpolation on these surfaces. In order
to account for model inadequacy (chiefly from the modelling limitations
enunciated in Section 6.2.1 Violation of assumptions and general limitations, in
addition to straight up comparison of the simulation and measured values, a
Bayesian Markov Chain Monte Carlo correlation was performed, and is presented
at the end of this subsection (5.3.5.3.2 Regression accounting for categorical
variables). (The justification and procedure for this are laid out in Appendix H —
Model calibration). Such correlation showed that deviations present were
consistent with the adhesive-modelling limitations highlighted, and that spread
was satisfactorily small once sources of uncertainty were numerically accounted

for.

5.3.5.1 Bondlines (verifilm — contact measurements)

The results extracted from the verifilm trials were qualitatively in good agreement
with the simulations (i.e. the thickest-bondline areas were where expected, and
reacted to boundary conditions as expected though with varying proportionality).
The comparison of the simulations with the final bonded geometries yields very
similar results as for verifilm. The results are not identical, which can be at least
partially attributed to the difference in measurement technique. Nevertheless, the
same conclusions apply: modelling the adhesive flow as quasisteady and

confined to each cross-section results in both local and global errors.

An issue found was that the final gap variation under each stringer was higher
than expected; this misprediction is consistent with the limitations of the quasi-
steady 2D adhesive flow assumption (as the not-fully flattened stringer areas
were actually subject to hydrostatic pressure from the adhesive, rather than zero
pressure as presumed by the dry contact problem). Equally consistent with
adhesive modelling limitations is the fact that the minimum observed adhesive
thickness exhibited variation across samples, with the nominally flat stringers
(serial numbers 01, 02, 04, 05) ostensibly yielding higher minimum thicknesses.
This is related to how the adhesive was able to flow in multiple directions (not just
within the cord cross-section) under the purposefully warped stringers, thus

becoming much thinner at areas of concentrated pressure.
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Bondline thickness variation prediction error
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Figure 5-66. Heatmap of prediction error for the bondline variation. Plots enclosed
in rectangles correspond to the bonded assemblies (H, J, K, L), the rest to verifilm.
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Figure 5-67. Bondline thickness: simulation prediction against values derived

from measurement. The red line is a least-squares linear regression.

An important fact to be borne in mind when examining these results is that the

final range of thicknesses is rather small; this makes

any discrepancy between

the measurement and the simulation look disproportionally large. In reality, these

differences (even when unexplained by known model

compared to the initial fit-up gaps.
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Figure 5-68. Gap reduction: simulation prediction against values derived from

measurement. The red line is a least-squares linear regression.

A potentially better way of presenting the results, then, is to look at how well the

simulation predicted gap closure. A side-by-side example of both comparisons is

presented in Figure 5-69: although the magnitude of the scatter is similar, the gap

reduction shows much better correlation than the bondline thickness, since the

variation takes place over a longer range.
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This approach would, however, potentially be too flattering against very large
gaps which are closed by low pressuresVl. For this reason, it will only be
presented as a supplementary analysis in a later subsection (5.3.5.3.1 Maximum

gap height).
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Figure 5-69. Linear regression of simulations against measurements for the

same assembly, in terms of final gap (left) and gap reduction (right).

5.3.5.2 Difference between contact and optical measurements

As outlined in the test design section, four of the assembly arrangements were
carried out both in the verifilm and actual bonding condition. One would have
expected the results in both conditions to be closely aligned in each arrangement,
especially given how verifilm is a commonplace geometric verification technique

for bonded structures.

However, some differences are observable. Most prominently, thickness
measurements from micrographs occasionally display local, spurious dips or
rises — ostensibly due to plasticised metal being smudged over or back from the
adhesive. Bondline thicknesses measured from micrographs were also, on
average, less than the values resulting from the verifilm phase. Prominently, the

morphology of the bondline peaks changes: sharp local increases in the verifilm

il Recall that generally there is little merit in simply predicting that two parts will be pushed
together, as was indicated during test assembly design. It is predicting residual gaps that can be
hard (and valuable).
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thickness (measured by micrometre) are replaced by shallower, often more

rounded maxima in the micrographs of bonded sections. Three hypotheses are

advanced to explain this pervasive discrepancy:

(a) There is an unremoved metal burr from sectioning that is not only generally
repeatable, but also (positively) correlates in size with bond thickness, thus
deflating the peak height measured from bonded sections;

(b) Despite the care placed in manual measurement of the verifilm strips,
creases of the release film found at the thickest areas (propitiated by the
formation of voids, as visible in Figure 5-70) inflated the micrometre
measurements.

(c) The verifilm/bonding process suffers from a degree of inherent geometric
variability —from minute changes in part pose and layup, or due to thermal
cycling of the parts and tooling — which only becomes apparent upon close,
thorough, precise inspection; the effect would be small enough to raise no
industrial concerns until the limits of the process were tested in this work.

In this particular case, the verifilm results always overestimated the peak
thickness. With the main worry being excessive bondline thicknesses, the
test would still have served its purpose of flagging up “bad” assemblies prior

to permanent bonding — albeit potentially with some false positives.

Figure 5-70. Top view of a cured adhesive strip in a low adhesive pressure area.

The image was sharpened to highlight the voids and wrinkles in the release film.
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5.3.5.3 Overall simulation-measurement comparison
5.3.5.3.1 Maximum gap height

Given the core industrial concern around excessive bondline thickness and/or
excessive bondline variation, a key question for the assembly simulation to
answer is: how thick does the bondline get over a given distance? As long as this
is answered in a satisfactorily accurate manner, a good understanding of the
assembly quality (in a geometric sense) can be formed. From this point of view,

the exact shape and thickness distribution is not critical.

With this in mind, an analysis of the reduction in height of each profile wave has
been conducted. The waves are the long-, mid-, and short-range variations
introduced in the test design and manufacture chapters. Within each stringer and

wave, the gap height (pre- and post-assembly) was calculated as
Xewave = [max (Xgmal) - min (X(];Lnal)] , tolL € (Llwr,wave , Lupr,wave) (5-7)

where Ly wave and Ly, wave are (respectively) the lower and upper length
position boundaries of each wave, as given by Table 5-16 and Figure 5-71. Note
that the wave lengths considered for maximum height calculations are 150 mm
wider than the nominals set for manufacture (as marked in Figure 5-71 for
reference); this is because the initial nominal values referred to inter-clamp

distance for manufacturing purposes.

Note that the definition in (5-7) will effectively discount whatever minimum
bondline thickness has been achieved, and thus this gap height metric ignores
the result of quasisteady 2-D adhesive flow. It still will be affected by adhesive

model inaccuracies related to adhesive pressure redistribution.
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Table 5-16. Limits for each stringer profile wave.

Wave Liwrwave | Luprwave | TOtal length
(mm) (mm) (mm)
Long 75 825 750
Mid 825 1425 600
Short 1425 1875 450
L=75 mm
Long’ gap Q‘*ﬁ 600 mm | 750 mm
%%
\\
L=825mm
Ett\{\}:tb{\}:
Mid’ gap *@ﬁ 450 mm | 600 mm
AN
L=1425 mm
33\3\
Short’ gap ;&% 300 mm | 450 mm
L=1875 mm

Figure 5-71. Stringer profile gap locations and lengths (mm). “O”

and “I” indicate primary and secondary datums respectively.

Shaded areas mark each segment deformed during manufacture,

while the wider distances correspond to the lengths counted as

each ‘gap’ for gap height calculation purposes.

Figure 5-72 and Figure 5-73 give a view of the sheer scale of the deflections

achieved relative to the initial gaps. The general behaviour is the same between

the simulations and physical tests. However, the residual (sub)gap heights

achieved do not quite match the simulated values; this is patent in Figure 5-74,
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where deflection prediction errors are shown (with positive errors meaning a
higher-than-predicted gap). Although the prediction error is kept mostly below
0.100 mm (which is a typical manual gauge resolution), this nevertheless results
in large relative errors. Particularly large relative errors are encountered under
nominally flat stringers (left/right in assemblies A, E, H, L) which exhibited fairly
shallow profile variation to begin with; and in the ‘Short’ gaps (which are always

the shallowest in a stringer).
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Figure 5-72. Predicted changes in wave height under each stringer. Total bar height equals the initial (unpressed) gap height.

The white segment corresponds to the final gap. The colour bar is the height reduction.
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Figure 5-73. Measured changes in wave height under each stringer. Total bar height equals the initial (unpressed) gap height.
The white segment corresponds to the final gap. The colour bar is the height reduction.
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Figure 5-74. Absolute error in gap reduction prediction, by stringer and assembly. A positive value means the deflection was
overestimated; that is, the measured gap height was larger than expected.
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Figure 5-75. Error in the predicted deflection, relative to the initial gap height. Note the higher scale in A and E side stringers is

due to the much shallower initial gaps (as they were not pre-deformed during manufacture).
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5.3.5.3.2 Regression accounting for categorical variables

The theoretical-practical justification, as well as the specifics of the method, are
addressed in Appendix H — Model calibration. The detailed tabulated results are

also presented in the appendix.

The process is as follows (Figure 5-76):

1. Specify a probabilistic model linking the observations (demonstrator
measurements) with the prediction inputs: these include the simulation
results, and additional variables such as node location and assembly type,
which can be categorical. The link includes uncertain parameters (i.e.
variables which are modelled according to a random distribution). These are
the values that will be fit to the model using observational data.

2. Generate an initial ‘guess’ as to the values of the uncertain parameters.

3. Perform a random walk through the (highly-multivariate) parameter space
whereby, for each parameter.

a. anew value is generated according to a specified priorbovil;

b. the likelihood of the observed data given the parameters is
calculated;

c. the new parameter value is accepted randomly, with a chance
determined by whether it improves the likelihood of the observed data
relative to the previous iteration (thus the process is a Markov chain)

4. After a large number of iterations, once the random walk has converged, all
the values traversed for each parameter form a distribution for its respective
value.

5. The mean of each distribution is the expected value for its corresponding
parameter; meanwhile, inferences on the confidence in the value can be

made based on the dispersion of the distribution.

il The priors used are non-informative, i.e. they are chosen so that their dispersion is high
(reflecting little initial knowledge) so as not to bias the model results.
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Figure 5-76. General flow of the Bayesian Markov Chain Monte-

Carlo approach.

The regression conducted accounted for the following aspects:

= Bondline measurement uncertainty (including bias due to release film in the
verifilm strips and unremoved metal burr in the bond sections);

= Location of the bondline under an area of initial stringer-skin contact, as well
as location along the stringer cross-section (edge or middle);

= Bonding condition (Single- or double-side pressure);

= Stringer position with regards to stringer interference.
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These were incorporated into the regression model as

bobs = bsim X pboundary conditions T astringer location T Emeasurement error (5'8)

which thus links the observed (measured) bondline thicknesses b, to the values

predicted by the simulation, by;,,. Details of the definition and calculation of the

values of each parameter p, §, ¢ are, for the reader’s convenience, provided in

Appendix H — Model calibration.

The regression indicated the following:

The generic section burr thickness that best explains the verifilm-bond
discrepancy reduces the visible bond thickness by 36 ym (with a 5 ym wide
95% confidence interval).

In relation to adhesive flow modelling simplifications, the bondline thickness
away from the highest pressure areas (where there is contact between
substrates already when building up the assemblies) is on average thicker
than explained by the simulation, by at least 19 um, with 97.5% confidence.
However, the extra deflection at the stringer edges is better accounted for by
the simulation, and a correction of 8 um or less (with 97.5% confidence) is
sufficient.

The bondline thickness is generally overpredicted by the simulation. The
overprediction was proportionally most dramatic for the middle stringer in the
slight-interference assembly; this was to be expected given the complex skin-
stringer-adhesive interaction.

Once this overprediction is scaled for and corrections for boundary conditions
are included, the residual normally-distributed prediction error has a most
likely standard deviation of no more than 24 ym (97.5% confidence). This is a
reasonable uncertainty given typical part manufacturing capabilities, with

feasible tolerance ranges in the hundreds of microns.
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5.3.1 Main outcomes of the multi-stringer test

An innovative test assembly design has been developed which allows testing of

bonding in different boundary conditions by “letting the part become the fixture”,

achieved through permuting variation and orientation of multiple stringers on a

skin they are bonded to. The multi-stringer assembly helps cover the hitherto-

unaddressed variation aspects of stringer-skin variation:

Different boundary conditions;
Variation of parts (stringers) interacting with each other via a common element
(skin) in a parallel assembly;

Baseline nominal®iil ys, non-nominal initial interface gap geometries.

This provides confirmation, via both physical demonstrator and simulation, of the

following:

It is possible to markedly increase bonding capability by choosing boundary
conditions such that all elements are free to deflect — in agreement with the
prior art on bonding for fuselage (Land and Lennert, 1979) and wing covers
(Hart-Smith and Strindberg, 1997).

The bonding capability derived from skin deflection is heavily dependent on
the local boundary conditions conducive to adherend proximity/contact.
Interface gap combinations requiring deflection with a double curvature, or
over a very short range, may still be not possible to mitigate even if the skin

is allowed to deform.

A statistical model fit shows that the systematic discrepancy between the

simulated and measured results is consistent with the limitations of the adhesive

flow model.

il This needs a qualifier: “as close to nominal as reasonably practical”’
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6 RESULTS DISCUSSION

6.1 Research achievements

6.1.1 Performance against FEA (dry component)

Preliminary verification of the dry aspect of the model against a commercial
software package (Abaqus) showed close agreement, except in the extreme case
of a thin flange modelled too coarsely (section 5.1). It was shown that, by refining
the model to better capture the full dimension of the flange, agreement was

improved in this extreme case as well.

6.1.2 Performance of the adhesive modelling (wet component)

The ability to predict minimum bondline thickness is less promising. However, this
was expected from the beginning; it is acknowledged that only preliminary sizing
can be supported by the simplified adhesive modelling approach. The two primary

reasons are presented below.

6.1.2.1 Rheological property knowledge

The term (fot“‘”*n‘ldt) is the only one, in the 1-dimensional squeeze-flow

equation (3-33), that is not directly controlled/known through the input geometry
and controlled assembly conditions. However, this actually comprises multiple
factors in the form of multi-parametric curing dynamics and rheology, in addition
to the temperature throughout the curing process. While the adhesive properties
need dedicated testing to ascertain, the temperature is not easy to log and control
in the oven- or autoclave-based cure processes; adherends and tooling act as
heat sinks, while bonding consumables act as insulators and the sheer part sizes

and geometries make it difficult to obtain completely homogeneous heat transfer.

6.1.2.2 Oversimplified flow conditions

As addressed in the analyses of physical demonstrators in Section 5, the flow of
adhesive between adherends is not the simple symmetrical, one-dimensional
case modelled. In reality, the flow is not only different across different cross-
sections, but also is not confined to each cross-section; rather, adhesive flows

from fully- to partially-filled interface gaps (explaining the thickness beyond
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uncured film dimensions at some areas) in response to pressure differences (as
evidenced by local porosity). The impact of these effects is well observable in the

physical bondlines obtained from the bespoke assembly tests.

Furthermore, the adherends, contrary to the modelling assumptions, are neither
completely flat nor parallel to each other; this was observed in all physical tests.
The limitation is intrinsic to the simplified modelling approach, which stops short
of performing any Fluid-Structure Interaction (instead, the contact pressures from
the dry assembly are fed into the flow model, but without any iteration or local

reformulation).

6.1.3 Practical use/application

Three uses have been shown, spanning the whole development cycle:

6.1.3.1 Preliminary design tolerancing

Both a small-scale and representative near-full-scale case have been studied and
analysed to estimate rates, and detect sources, of non-conformance, for notional
values of variation and tolerances. Such analysis supports initial tolerance
definition and manufacture process selection / requirement definition before any

component needs to be fully designed and the procurement process started.

6.1.3.2 Assembly concept trade study

Medium- and representative near-full-scale demonstrators have been evaluated
(along with physical replications for one of them) showing the implications of
different assembly conditions for joint geometry variation control. The predictions
are soundly in line with the qualitative expectations from reports in the literature.
Thus, this application directly informs assembly design and process requirement,
supporting trades such as higher part quality for gentler assembly conditions and

vice-versa.

6.1.3.3 On-the-fly virtual dry fit

Product realisation has also been addressed by simulating assembly (or rather,
a dry fit check under full bonding pressure) based on measurements taken on the
shopfloor, and input through a simple spreadsheet interface. It would be a small
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leap to integrate this in production using automated measurements (or even quick
manual measurements, as it was the case here, provided the manufacture rate
is low enough). This has the three beneficial effects of increasing overall
confidence in the final result, snagging rejects that may have slipped through
previous quality checks, and (not demonstrated here due to low manufacture
volume and tight schedules) allowing individual tuning of assembly conditions
(e.g. by detecting critical spots that may require extra adhesive or pressure-

intensifying tooling).

6.1.4 Systematic test assembly

An important step in testing the validity of the modelling approach followed, is the

deliberate inclusion of part interactions (or “stringer interference” as it has been

referred to in this work) into test design. This has been achieved by a natural

extension of typical ‘small variation’/‘large variation’ design criteria for assembly

and inspection problems, where:

1. Individual parts contain different variation sizes;

2. Interference is generated by interaction of the variation different parts
through the common part in a serial assembly;

3. The interference itself is also encoded in terms of different ‘sizes’ or

magnitudes.

6.1.5 Model calibration

The model limitations and general inadequacy™ ™, as well as the uncertainty due
to measurement, have been incorporated into the final model assessment
through a hierarchical model fit (performed by Bayesian Markov Chain Monte
Carlo). This fit is a departure from usual model comparisons, which rarely stray
from zero-order deviation measures (e.g. RMS error, bias, or rate of false
rejections). Here, quantitative assessments of the impact of different sources of

uncertainty are provided. These uncertainties come from

il This is not to qualify the model as inadequate. Here “inadequacy” refers to inaccuracy of the
model associated to simplifications and unknowns; the term is presented in appendix subsection
H.1 The model calibration paradigm.
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= Specific modelling inadequacies identified;
= Generic modelling inadequacies;
= Measurement uncertainties identified;

» Unidentified sources of uncertainty.

In particular, adhesive modelling inadequacy has been found to have an impact
which agrees with the expectation based on study of the boundary condition
violations. Likewise, reference measurement data, as well as measured data
broadly speaking, show the measurement uncertainties to be well understood

and small compared to the geometry variation range.

Lastly, unexplained model inadequacy is small, translating into a standard

deviation of only tens of microns.

250



6.2 Research limitations

The work and results presented are encouraging and represent a step change in
terms of understanding of bondline geometry. However, there are a few caveats

to application of the methods developed.

Although these should be apparent from the modelling assumptions and from the
problems encountered during physical testing, it is worth re-stating the limitations
to applicability explicitly.

6.2.1 Violation of assumptions and general limitations

The boundary conditions for adhesive flow have been found to be critical in fidelity

of the squeeze-flow model:

= 2D flow: Bondline thickness prediction will become less accurate close to big
interface gaps and part edges, where the 1D assumption is overly
conservative. In these areas, the bondline will be thinner than predicted, as
the adhesive is able to flow more easily than in the 1D scenario.

» Restricted squeeze-out: If very large amounts of adhesive are applied, or if

adhesive outflow is restricted e.g. by applying flash breaker tape to part
corners, the assumption that squeezed-out adhesive does not interact with
the bondline will be violated. If this is the case, not only will the bondline
become thicker: pressure will be redistributed between the adherends, and
the “dry” modelling of adherend interaction will no longer be a reasonable

approximation.

The linearity assumption can be violated in more than one way, in which case
local or global inaccuracies will appear:

=  Plastic deformation: in some cases when there is actual hard contact

(without adhesive mediating) between adhesive layers, the contact
pressures may far exceed the yield strength of the material. This would
result in additional deflection, dimensional changes of the part, and a
redistribution of contact pressures. The dimensional impact of such a

situation, however, would be very small and local. It must be noted that the
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meshes demonstrated in this work are likely too coarse to properly reflect
such high stress concentrations in the first place.

» Finite (not small) deformation: in some cases, it is possible that large-

amplitude, long range variation can be encountered, which does not respect
the hypothesis of small deformations, resulting in calculated deflections
which do not correspond to reality. The loss of accuracy from violation of the
small deformations hypothesis, and the acceptable limits, have not been
assessed. As a mitigation, it is recommended that any part measurements
not be conducted in a free-state configuration, but under limited loads (e.g.
1% of the expected assembly loads), thus eliminating the longest-range
deformations. Incidentally, this aligns quite closely with current industrial

practice.

6.2.1.1 Estimating inaccuracies in adhesive modelling

The wet/dry model separation disregards the effect that adhesive flow may have
in the areas of parts which may not be coming down to the minimum bondline
thickness. In practice, although the resistance to flow may be comparatively little
in the areas when there’s a larger interface gap, it is not zero, especially once all
the interface gap has been filled by squeezed adhesive. Indeed, all the test
assemblies examined showed some squeeze-out in the vicinity of the thickest
bondline areas; the adhesive thus expelled from between the parts here, even if

not much, must have exerted some resistance.

An exercise estimating the minimum reaction pressure in gap areas (which would

be out of contact in the ‘dry’ assembly model) is presented below.

The geometry changes leading up to the final cured geometry (prior to pressure
release) can be traced more in detail as the following steps, which are depicted
in Figure 6-1:

0. The adherends and adhesive are located in a ‘stress-free’ state (weight

loads only).
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1. Pressure is applied quickly, leading to elastic deformations in the part which
lead to a static equilibrium. The adhesive is too viscous to exhibit significant
dimensional changes at the end of the stage. This can be modelled as the
‘dry’ assembly, with the adhesive transmitting the calculated contact reaction
forces.

2. Adhesive starts flowing in the ‘dry’ contact areas; it gets both squeezed out
and into gap areas. Thus, gaps start getting filled. Squeeze-flow pressure
outside contact area from the previous step is disregarded for now.

3. All bonding interfaces are now wet with adhesive. With no gaps left to fill,
adhesive is squeezed out throughout the bondline. As the adhesive is now
pressurised everywhere and not just in the minimum-gap areas, the reaction
forces no longer correspond to the ‘dry’ case. Adherends’ deflection thus

varies to accommodate the new reaction forces.

0. Position parts 1. Deflect parts (dry)

-

| Bonding pressure Adhesive [ Adherend 1‘ 1‘ Reaction forces

Figure 6-1. Steps leading to the final bondline geometry (side view of a simplified

bondline). Deflection in one adherend only is depicted.

Consider a snapshot of the start of step 3. Initially, according to the simplification
of step 2, the reactions on the substrates are dictated only by the squeeze of the

thinnest areas of the bondline, which reached equilibrium at step 1; thus,

thickness change rate b is (at least momentarily) uniform at each interface.
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Disregarding geometry variations across each cross-section of the bonded area,
the total pressure force (per length) over each cross-section is (Morris and
Scherer, 2016)

dF _winb (6-1)

dL 4p3
Consider a simple bond geometry of constant width w, and that the heating is
homogeneous such that the viscosity n is also the same throughout the bond.
According to (6-1), and given the assumption that squeeze rate b is (as stated
above) uniform at the beginning of step 3, the force per length at each cross-

section will be inversely proportional to the cubed thickness of the flow domain:

af 1 (6-2)

FTRE
The minimum bondline thicknesses encountered in this work have fluctuated
between some 80 um and 170 um (for a single layer of film adhesive). After
discounting 50 ym corresponding to knit carrier, this makes for a flow domain
thicknesses in the 30~120 um range. A representative maximum
expected/permissible deviation in bondline thickness, Ab (associated to a typical
tolerance range — or, indeed, to some of the variation ranges seen in this work)
would be in the order of 100~150 pym. Thus, the maximum acceptable bondline
thicknesses observed could be 100~150 ym more than the minimum!.

It is then possible to estimate the ratio of the maximum to minimum squeeze

reactions, which will be referred to as y:

- (dF :
. mln( /dL) B ( min(b) )3 (6-3)

- max(dF/dL) ~ \min(b) + max(4b)

Some ratios of minimum-to-maximum squeeze forces are presented in Table 6-1
and Figure 6-2. In general, the ratio ¥ presented in (6-3) can be kept below 10%,

unless there is a generally thick bondline with small variation (in the cases

X1 Note that the individual flow domains will be a fraction of the total adhesive thickness; however,
proportionality of the ensuing discussion still holds if considering a single flow domain.
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tabulated, this would correspond to min(b) = 120 ym, max(4b) = 100 ym). More
generally, if a maximum acceptable ratio ¥,,,, IS defined, and directly as a
consequence of expression (6-3), a minimum acceptable geometric ratio is
defined:

max(4b) 1/,

= Irbmax

(6-4)
min(b)

-1

max(4b)

min(b)

If Ymax = 10%, this yields > 1.154. This is represented in Figure 6-2.

Table 6-1. Some representative ratios y of squeeze forces as given by equation

(6-3) depending on minimum flow domain thickness and maximum variation.

min(b) 30 pm 75 pm 120 pm
max(4b)
30 \° 3 120 \°
150 um —_ | = — | = - | =
H (30+150> 0.005 (75+150> 0.037 (120+150) 0.088
30 \° 75 \° 120 \°
100 um = = - | =
H (30+100> 0.012 (75+100> 0.079 (120+100) 0.162

These results highlight the kind of case where the dry/wet separation may be

grossly inappropriate. A larger minimum bondline thickness will normally result

from:

= Relatively low bonding pressure 4P (e.g. O0A);

=  Short cure times;

= High adhesive viscosity n (e.g. paste adhesive);

= High bond width w (e.g. with laminate skins).
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Figure 6-2. Squeeze force ratios y for a bondline thickness minimum/range space.
Note even though the colourscale plateaus (from 0.15 onwards) under the solid
black line, the monochrome area under the line actually contains growing values;

it reaches an extreme value of 0.42, at the (150, 50) lower right corner.

Lower bondline variability can result from substrates which are thin (and thus of
reduced stiffness, so they can be pressed into shape easily) or manufactured to
a high precision; or from high bonding pressures.

When the adhesive reaction forces away from the minimum thickness are
sufficiently large, a significant fraction of the force which the dry/wet model
concentrates in bondline thickness minima will actually shift to thicker-bondline
areas. This will have the effect of undoing some of the adherend deflection, and
enlarging the interface gaps. As a result, dry/wet separation will not be realistic
when modelling a bondline that is overall thick, but requires tight control of

variation. Careful consideration of the particular assembly characteristics should
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be exerted before modelling any scenarios which risks a substantial redistribution
of contact pressure due to adhesive flow.

A perk of the nature of the inaccuracies expected from dry/wet separation is that
there is a negative feedback effect with gap closure: for large gap variations, the
model holds thanks to the small i values; as the variation becomes smaller, the
model becomes less accurate and the real variation can be expected to be larger
than calculated. From a quality assurance standpoint, in the case where a
pass/fail approach is involved, this fact would only be a minor nuisance: it would
be possible to estimate the value of i for the limit case of a narrow fail (or narrow

pass), and use it as a quantifier of model reliability.

6.2.2 Scope limitations

The focus of this work is assembly of non-rigid (also termed flexible, compliant,
or deformable) components. Rigid motion considerations have been given
minimal thought. Therefore, other methods may be better suited when
considering bonding of structures where all parts do not match the definition of
“non-rigid” used here; that is, if the deformation of all parts under reasonably
expected assembly loads is negligible compared with the tolerances

encountered.

The applications shown focussed on the bondline thickness calculation. Little
effort has been put in extending the simulation to calculate springback. This is
because, unlike in prior art where the final shape was the main variable of
interest, here we are most concerned about geometry of the joint. It would be
relatively simple to perform such extension, by reversing the external force
application and adding the equations for elastic deformation of the bondline.
However, the boundary conditions assumed are at risk of yielding unrealistic

results when global shape is concerned.

Modelling of the adhesive comes with some strong assumptions:
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» Fluid behaviour: only a viscous, Newtonian fluid scenario has been

captured. Although analytical solutions have been developed for other
cases, the validity of these has not been tested in the present work.

»= Boundary conditions: in addition to the case of excess adhesive restricting

outflow, it is also possible that the assumption of parallel flat plates be
violated. This will occur, for example, in the event of stringer twist, or when
bonding thin adherends (which can deflect at the edges where adhesive
pressure drops). In both cases, pressure in the adhesive will be
redistributed, increasing under the areas of the adherend that are closest,
and working to restore the flat/parallel situation. However, the degree to
which this will occur has not been assessed and is indeed not accounted for
anywhere in the 1D model.

= Adhesive flow properties: it must be noted that only generic datasheet

rheology data has been used, further supported by empirical results in a
limited set of conditions. If adhesive contribution to thickness is actively
incorporated in the design space (i.e. if the designer is given freedom to
tweak the heat/pressure cycle to tune geometric and mechanical
performance outcomes), the model would benefit from crisper data obtained

from dedicated tests.

Boundary conditions as modelled (with displacements set to 0 at datum points)
are not realistic, even if they are a necessary simplification for the purpose of
obtaining a linear model. Indeed, the tooling lugs which were assumed pinned
were actually relatively free to float, and were observed to float during pre-fit of
the curved panel tests. In practice, for large parts, the impact of this is negligible
(as part interaction and bonding pressure provide the dominant boundary
condition). However, values near part edges should not be assumed to be as

accurate as the rest.

Pressure application has been assumed to be uniform and normal to the parts’
external surfaces, without any consideration of local tooling application (e.g.
clamps, pressure intensifiers) or manufacture errors such as a bag being too tight.

The accuracy of the simulation when these conditions are present has thus not
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been assessed. In particular, no methods have been studied to quantify the
contribution of bag tension (which would result in tangential forces).

Thermal expansion/contraction has been assumed to play a negligible role. This
may not be a reasonable assumption in the event that materials with very different
coefficients of thermal expansion be bonded (for example, aluminium and CFRP).
This will often not be the case, as it would result in unacceptable build stresses

and assembly deformation.

6.3 Further work

A number of technical/practical shortfalls have been highlighted, which, though
not precluding usefulness or completely undermining the results’ validity, do

reduce reliability and narrow the scope of application.

6.3.1 Boundary conditions and adaptable offset

The assemblies simulated did not incorporate any clamped or otherwise highly-
restrained datum; as such, part interaction was the main (indeed, the only) driver
of shape change. Some DoF had to be restrained at discrete datum locations to
obtain a suitable linear model; however, this results in unrealistic modelling near
said datums (as, in reality, the datums were free to move). The effects of the
inaccuracy will remain local, as long as there are not high reaction forces in the

area resulting from initial interference of the profiles.

A potential fix for the cases in which the boundary conditions result in large
modelling inaccuracies would be to iteratively update the datum positions through
an offset normal to the bond interface. This step could be performed based on
the (fictive) reaction forces and torques at the boundaries, until such reactions

are smaller than an arbitrary tolerance.

6.3.2 Enhanced adhesive modelling

One of the sources of discrepancy between the model and physical results is the

substantially simplified adhesive behaviour. Simplification is needed for the
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simulation to be over after a single instance of the iterative contact solution;

however, this comes at the cost of overlooking complex bondline geometries.

A suitable approach is needed to generate smooth minimum-thickness
distributions accommodating local conditions, including tailored adhesive volume
(be it custom paste dispensing or varying number of adhesive film layers; in this
work, each assembly has used the same number of film layers throughout).
Further, it would be possible to build up a more detailed model based on a few
inputs and an array of different models or a database of representative fluid
dynamics simulations, accounting for factors such as dry-fit reaction forces,
shape of the deformed dry gap at each cord, and geometry at adjacent cord

positions.

Similarly, additional adhesive considerations may be integrated; for example,
bondline thickness distributions and reaction forces could be used to predict void
formation, which was observed in some of the tests at spots with large separation

of the adherends.

6.3.3 Automated model generation

The current solution involved manual coding of each simulation and adaptation
of some common functions for part model generation from a FE mesh. However,
better integration with CAE environment would be possible, utilising mesh

interrogation and manipulation capabilities; the following aspects could be added:

» Automated generation of matching meshes (or near-matching nodesets from
fine-enough initial meshes);

= Automatic nodeset decimation to achieve a user-requested problem size;

= Automatic generation of the linear gap compliance matrix based on user-input
or auto-generated assembly chains;

= Allocation of surface area values to each modelled node, be it based on
secondary geometric references (as in the work undertaken) or on

computational geometry techniques such as a Voronoi tessellation.
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7 CONCLUDING REMARKS

7.1 Summary of the work

Adhesive bonding is a highly capable technology for joining aerospace structures.
Control of the thickness of bonded joints is critical to mechanical performance
and manufacturability; however, current understanding of it is limited and

empirical.

This work presents what is, to the author's knowledge, the first attempt at
variation analysis of joint geometry in bonded assembly of nonrigid skin-stiffener

structures:

* A method based on spectral analysis, which has been found to offer limited
information due to multiple limitations.

= A semi-analytical method based on numerical calculation of part deflection
with contact enforcement, coupled with analytical estimation of the minimum

adhesive bondline thickness.

Bondline geometries have been studied for several representative skin-stiffener
physical tests with a variety of assembly conditions and part geometries. This
includes design and realisation of a cost-effective assembly arrangement,
comprised of three stiffeners on a skin, which supports systematic investigation

of bonding capability in multiple boundary conditions.

The variation analysis methods proposed have been compared qualitatively and

guantitatively with the measured results.

= It has been found that deviations are largely consistent with the major
simplifications in modelling of the adhesive flow under conditions of part cross-
section deformation or local over/under-fill of the gap at the beginning of the
bonding cycle.

» Principles of the adhesive modelling inaccuracy have been presented, and

preliminary quantitative bounding of the model applicability shown.
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The analysis methods have been further applied to notional assemblies for
stochastic variation; as well as for health checking small assemblies based on

ad hoc interface gap measurements during pre-fit.

Practical and model limitations of the work have also been presented, inclusive

of the underlying mechanics and estimated quantitative implications.

7.2 Future research prospects

7.2.1 Expansion for springback

The simulations have shown good agreement with practical results for calculation
of the joint geometry. Although bondline thickness is the critical characteristic
studied, it is only logical to expand the quality prediction to the next step, either
simply by releasing the pressure and evaluating the stress-free resulting
geometry, or applying the same functional-fit approach which has informed this

work.

The choice of boundary conditions is a challenge for this application: with the
adherends not floating relative to each other anymore, any mismatch next to a
datum is likely to result in a substantial loss of accuracy. It may well be that a
linearised model, as used for assembly simulation, does not perform adequately.
However, a full FEA procedure may incur satisfactorily short computation times
for springback calculation, since there will be few or no non-linearities stemming

from contact between parts.

7.2.2 Expansion and integration with stress / F&DT analysis

The joint geometry prediction effort stemmed from concerns around mechanical
performance. It is a small leap to use it to also inform the stress criteria and

analysis of the bonded structure. The avenues for this are twofold:

» Use of predicted geometries to generate likely scenarios to evaluate the
impact of bondline variability; given known or reasonably-assumed part
variation, the study variable space (in terms of amplitude, range and shape)
would thus be reduced, and analysis and coupon testing would better capture

the performance of assemblies expected from manufacture.
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» Residual stresses would result directly from a springback calculation; though
coarse, these values would directly support stress analysis by indicating what

fraction of the total joint or adherend strength is used up by the assembly.

7.2.3 Developing readiness for industrial use

A fundamental limitation of the work developed so far is lack of automation. Each
assembly studied was modelled and coded manually, and given a few ‘dials and
buttons’ and a common structure to support experimentation and interrogation.
Also crucially, inputs were generated in a way that facilitated academic
discussion, but not necessarily the most convenient for industrial practice. For
instance, deviation modes on their own may mean little, whereas variability of
manufacturing steps is easier to grasp, and more straightforward to control. Thus,
better adaptation for, and integration with, the actual industrial process, are

needed.

7.2.3.1 Integration with design

The design-support applications have been demonstrated successfully, but are
currently only modifiable through code or (large, and thus hardly manually fillable)
input tables. A fundamental step change would be to package these into an

easily-redeployed application. This could be done by:

= Creating a standalone app of limited scope (which is supported by numerous

existing computer-programming tools), probably using a small number of pre-
generated models. This stands to offer a quick solution for an industry user,
allowing for cheap, widespread deployment, as well as fuller intellectual
property ownership.

» Integrating the algorithms developed in an existing CAT suite that already

supports part deflections, such as RDnT, 3DCS or AnaTole/AnaToleFlex.
Aspects likely to require incorporation are area-based assembly forces, input
of shape or spatially-mapped deviation; and creation of a non-zero-size joint
(corresponding to the bondline). Alternatively, an add-on could be created for
a FEA/CAE suite.
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= Creating a dedicated CAT programme from scratch, ensuring the appropriate

capabilities are supported. For this option to be viable at all, substantial

industry demand would need to be confirmed.

7.2.3.2 Integration with production

A small-scale, reduced-scope demonstration has been presented of how
assembly simulation can use coarse measurement data, taken in a shop
environment, to support quality assurance. The application was based on manual
gap measurements and the decision supported was just “go ahead with no
process changes”. However, some adaptations and advancements can easily
result in the transition to a fully industrialised system, achieving powerful
synergies within the context and philosophy of digitisation and Industry 4.0:

= Automated simulation workflow, comprising the use of inputs from

measurement data, be it from part measurement or in-process gap
measurements (e.g. from embedded sensors or noncontact pre-fit
measurements) as well as postprocessing;

» Use of the simulation results to guide assembly decisions, such as part

matching, customised adhesive dispensing, and positioning of pressure-
intensifying tooling, be it in a completely automated way or providing advice
to specialists through a user-friendly interface;

» Passing the simulation results downstream to support other processes, such

as complementing NDT results, gap management (through adaptive
shimming, trimming, or part matching) for later assembly steps, and for further
data processing (such as generation of neural-network-based predictive
models, or customised stress analysis in the event that extraordinary

circumstances demand it).

7.3 Concluding remarks

This work presents an effort to enhance design and manufacturing wisdom in
aerospace bonding, by adapting analytical tools from other fields. This is

complemented by a detailed look at the joint formation mechanics, which both
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informs analysis of the model limitations, and provides a better insight into the
physical results observed.

It is hoped that this will be only one of many ongoing and upcoming attempts to
generate a new, deeper understanding of the airframe adhesive bonding process.
This is a very capable assembly technique which has hitherto been marred by a
largely empirical, ‘just works’ knowledge and process generation, with
development cycles that are lengthy and costly as a result. Yet the operational
and environmental benefits offered by bonding are too good to forgo without a
serious attempt at addressing the development limitations. It is expected that by
implementing suitable analytical methods, which can support both the design and
manufacturing stages, it will be possible to make the benefits of adhesive bonding

more readily accessible to airframe platforms and manufacturers of all sizes.
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APPENDICES

Appendix A — Derivation of the 1D squeeze-flow closed-
form solution

The following is adapted from the thorough explanation of the initial model setup in
two of the references used (Morris and Scherer, 2016; Smiley, Chao and Gillespie Jr,
1991). The literature surveyed did not spell out the path from the fundamental
equations to the final result; thus, the intermediate steps have been traced and are
laid out in this appendix for the reader’s benefit. Each individual step is not carried out

in detail, but all combinations of boundary conditions and equations are made explicit.

A.1 Assumptions
The assumptions are as laid out in the section in the main body of the thesis:

(a) The uncured adhesive behaves as an incompressible, purely-viscous Newtonian
fluid.

(b) Each layer of carrier fabric acts as a solid boundary and the layers of adhesive
under and above it act as different flow domains.

(c) Both adherends can be approximated as flat and parallel for flow purposes.

(d) The problem is quasi-steady, and dominated by viscous forces with a very low
Reynolds number; thus, effects of inertia and accelerations are negligible (quasi-static
force equilibrium applies).

(e) Flow only takes place in the cross-section plane without any longitudinal
component.

(f) Adhesive flows freely once squeezed out from between adherends.

(Assumption (e) is reasonable only if the length range A over which gap variations
appear is much greater than the cross-section flow domain width w; thatis, 1 > w. As
seen in the experimental section of the thesis, this is not always true, which will result

in a more complex flow pattern.)
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Figure A-1. Flow dimensions, loads and reference frame
(thickness by, exaggerated for clarity).

A.2 Starting equations

From the assumptions above and applying continuity (conservation of mass and

momentum):
byt .
f v(x,z)dz = by x Vx € (—w/2,+w/2) (A-1)
0
0vx  dv; _ (A-2)
0x dz
2
_ap 0 (A-3)
dx 0z2
_or _, (A-4)
0z

with the following boundary conditions:

dv )
——(z=by) = 0 (A-3)

vx(Z = 0) = Ux(Z = blt) =0 (A'G)

p(x=1w/2) =P (A7)



v,(z = by) = b.lt ; 1(z=0)=0 (A-8)
by (t = 0) = by (A-9)

in addition to symmetry around x = 0.

Additionally, by force equilibrium (given the quasi-steady, low-inertia assumption), the

external and internal forces on each cross-section™ are balanced such that

w/2
| pax = Pesternar w (A0
—w/2
Equation (A-1) is especially worth highlighting, as it is marks the difference with a
Hagen—Poiseuille flow (which is pressure-driven through a channel with time-
independent cross-section). The equation is linked to how the fluid is displaced along
the x direction and out of the flow domain by the downward displacement of the top
boundary. This means that the volumetric flow is not uniform at each x section (as it
would in a textbook Hagen-Poiseuille), but rather increases constantly, from no flow

atx = 0, to maxima at x = +w/2.

Further to the above, it is worth noting that w is constant and equal to the smallest
adherend’s width; P.,ternai» Po @re assumed constant in time and space (which does
not necessarily reflect all bonding cycles and tooling); and b, is constant over x owing

to the assumption of flat parallel plates.

A.3 Deriving the bondline evolution

The equations in the prior section will allow solution of the squeeze-flow problem for
viscous flow between flat parallel boundaries within each slender 2D cross-section.

First, by integrating (A-3) and applying the boundary conditions in (A-6):

—1 dp

Lo (A-11)
7 37 e =)

Ux

M 1t is evident that due to the existence of adherend deflections, there will also be forces transmitted
between neighbouring cross-sections. These are neglected in the flow modelling — a necessary
assumption for reaching a closed-form solution without needing fluid-structure interaction (FSI).



Combining (A-11) with the flow due to squeeze (A-1) yields the pressure head:

o _ 12n De X (A-12)

By integrating the pressure head from (A-12) and with boundary condition (A-7), the

pressure at an x position is obtained:

_ b, owy? A-13
p—Po—6nb—13t(x —(5)) (A-13)

The velocity profile can be cleared by substituting the pressure head from (A-12) into

(A-11), although this is not a necessary step for bondline calculation:

v =6 —= 7 (b, — 7) x (A-14)

With (A-13) and force equilibrium (A-10), the instantaneous gap closure rate is cleared:

— (Pexternar — Po) b_13.t (A-15)

b,, =
1t T] WZ

Finally, integrating (A-15) and with the starting thickness boundary condition (A-9), the

closed-form solution is reached:

_1/
2(P —Py) (* _ 1) 2 A-1
by (t) =< exte;’;;l - fo n ld“’b_g) (A-16)

A.4 Useful results of pressure and velocity distribution

By substituting the instantaneous gap closure rate from (A-15), some of the other
variables can be made time-independent. Thus, the pressure distribution (A-13)

becomes

3 X \?
_ = _ _ A-17
p= PO + 2 (Pexternal PO) (1 (W/Z) > ( )

and the maximum pressure in the bondline, at x = 0, is Py + 3/2 (Poyternat — Po)-



Similarly, the x-velocity profile (A-14) becomes

(Pexternai — Po) 2z (blt —z) X

(A-18)
n w?

Uy =—6

which, through conservation of mass (A-2) and boundary condition (A-6), gives the z-

velocity

v, = — 6 (Pexternal - Po) 2 (1 b 1 > (A-lg)

w3 2 3%

The pressure and velocity are represented in Figure A-2.

Since P,,ierna @Nd P, do not change during the curing cycle, (A-17) means that the
pressure distribution will remain constant throughout the process until gelation is
complete, with the rate of thickness reduction 5,, evolving to adjust. Thinner bondlines
offer rapidly increasing flow resistance (note the cubic term in (A-15)), therefore the

bondline thickness exhibits markedly asymptotic behaviour as cure time increases.

N

flow magnitude

v, profile

Adhesive pressurei

Figure A-2. 1D flow regimen in a single domain (thickness b;; exaggerated for visibility).






Appendix B — Approaches to data fit

Very often, geometry data does not become available in a format that exactly
accommodates pre-prepared meshes. This can be caused by procedure
limitations (e.g. need for part fixturing which prevents inspection of some points),
capability limitations (e.g. imperfect accuracy of measurement instrument
positioning), or other practical considerations such as need to reuse sparse

measurement data for dense mesh simulation.

When this was the case, geometries have been interpolated (and occasionally
extrapolated at part edges) through numerical techniques which respect the
consideration of geometric continuity. Incidentally, this is not the first thesis work
that addresses the issue of data fit, and in this case the solutions used have been

almost the same (Matuszyk, 2008), though in this case smoothing has been used.

B.1 1-D cubic spline

For cases where a single node was considered at each part length position
(rather than modelling several points across the cord), a cubic spline was used.
By definition, the spline satisfies the consideration of continuity and smoothness
and follows all the inspected points. Cubic splines have been found to be robust
to profile measurement error (Arenhart, 2009) and provide better (in this context,

smoother) interpolation when compared to other options such as Gaussian filters.

The spline fit was carried out through the spline function in Matlab.

B.2 2-D thin-plate spline

To fit points scattered along more than one dimension on a surface, the fit was
carried out using the tpaps ([x;vy], z, 1) function in Matlab. This generates a
surface through a linear combination of radial basis functions (RBF) ¢ (x, y) such

that for a function centred around (x;, y;):

VIl



r?logr, if  1,>0

di(x,y) = {0 i (B-1)

=0

with 17 = (x — xj-)2 +(y- yj)z; the value of ¢ associated to (0,0) is displayed in
Figure B-1.

The surface is expressed as

2%, y) = Bo + Bax + B2y + Tajo;(x,¥) (B-2)
and the function minimises the deformation energy function R(zﬁt), while passing

the control points exactly:

] aZZfL't aZZfit aZZfit
R(wa)=jH< - ) + 2( T ) + < 57 )

This energy consideration being the reason for the name “thin plate”, which refers

dxdy (B-3)

to the mechanical behaviour of a plate held at the knots {(x;,y;)}.

The coefficients are determined by solving the linear system
FAHEH
[P 0l\p 0351 (B-4)

with

Kij=¢i(xp,y)

1 1 - 1 (B-5)
P=|x1 X, - Xy
Yi Y2 VIN

B.2.1 Additional smoothing

In one case, it was known that inspection data had been rounded prior to
reporting, thus generating an artificially jagged dataset. In this case, the third
parameter was changed and tpaps ([x;y],z,p_smooth) With pgnooen € (0,1)
was used instea