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Abstract: This paper presents for the first time the concept of Measurement Assisted Assembly (MAA)
and outlines the research priorities of the realisation of this concept in industry.ddiidies a paradigm
shiftin assembly for high valuand complexproducts and encompassbke development and use of novel
metrology processes for the holistic integration and capability enhancement of key assembly and ancillary
processesA completeframework forMAA is detailedshowing howthis can facilitate a step change in
assemblyprocess capabilityand efficiency for largeand complex productsuch as airframesvhere
traditionalassemblyprocesses exhibit the requirement for rectification and rework, use inflexible tooling
and are largely manual, resulting in cost and cycle time presSuresoncept oMAA encompasses a
range of innovativaneasuremerassistedporocesses which enable rapid garpart assembly, increased

use of flexible automation, traceable quality agsae and control, reduced structure wegyhd improved

levels of precision across the dimensional scalefull scale industrial trial of MAAtechnologieshas

been carried outn anexperimentahircraft wing deronstrating the viability of thapproachwhile studies

within 140 smaller companies haveghlighted the need for better adoption of exisfimgcess capability
andquality control standardg he identified researcipriorities for MAA include thedevelopment of both
frameless and tooling embeddadtomated metrology network&ther research priorities relate to the
development ointegrated dimensional variation managem#rgrmal compensation algorithras well as
measurement planning and inspectbgorithmslinking design to measurement apicess planning.

1 INTRODUCTION progress has been matbeautomatedrilling operationg7-
10] current production solutions rely on costly and

The assembly ohigh quality large scaleand complex inflexible gantry based machines.

structuressuch asairframes typically involves fixturing
large flexible components within assembly tooliwich The asembly tooling which is used to control the form of
controls the shape of the emerging structure. Gaes assemblies igypically a heavy steel structure built on a
as®essedusing slip gauges and other manual inspectionconcrete foundation. This monolithic tooling igery
techniques and components are shimmed or fettled t@xpensive to manufaai, has long lead times and has little
ensure that interface tolerances are maintained. Holes arability to accommodate product variation and design
then drilled through the components and they are fastenedhangeg11]. Assemblytooling acounts for approximately
together[1]. The ekamplesand case studypelowrelate to  10% of the total manufacturing casftan airframe12].

the assembly of a civil airaft wing box although many of
the methods described have applicability in applications a
diverse as spacecraft and wind turbines.

fRampup in production volume, component variability
issues inherent in the move tmmposite structures and
pressure on established manufactures from low wage
The development of interchangeable partsch facilitated economies are all increasing the requirement to overcome
rapid assembly in many industrig®, 3] has not been the issues described above and improve production
possible in large scale assemblyThe combination of efficiency[13, 14]. Additionally, increasing fuel costand
demanding interface tolerances and large flexibleCO, emission reduction targets require significantly
componentias pevented interchangeabilityneaning that  improved performance from new aircraft which means that
components often have to be fettled or shimrf¥@dwhile excess weight must be removed and aerodynamic profile
patterns © holes used to fasten components together haveolerances tightened.

to be drilled through the stack of components within the

assembly[5]. The demandfor enhancegbroductioncapability,efficiency

and praluct performance are capturedfiwe objectives for
Up to 40% of the total manufacturing cost of an airframe isthe next generation of large scalessembly processes:
incurred during assemblywith drilling a significant

contributor to assembly timg6]. Although significant



1 Part-to-part assembly An assembly process wheat 1 Active tooling is a form of assemblyooling which
component forming is conducted prassembly utilizes actuated component pioks to adapt to
allowing a rapid onavay assembly proceg45]. The feedback from sources such as dimensional
move to composite structures makes this more difficult measurement of the tooling and thermal measurement
as composite components generally have more  of the componentsit therefore does not rely on
dimensional variability. inherent dimensional stability tbe maintained for

1 Low cost flexible tooling and automation Expensve prolonged periods$o provide an accurate location for
bespoke assembly jigs and gantry based automation componentsindcan enable reconfigurable tooling
should be replaced by reconfigurable tooling and{ Closed loop controlusedto improve the accuracy of

standard industrial robagtadditionally the requirement flexible automation systas such as industrial robots.

for assembly tooling may beeduced through the All high accuracy automation systems use some form

adoption ofdeterminate assemblies. of closedloop control with encoders located on the
1 Traceable quality assurance and control Traceable axis of movement. An assembly machine is galhe

measurements, tolerance analysis and machine only considered to be using MAA when an external
capability studies should be applied to ensure that the  metrology system is used to provide closed loop
assembly is built right first time and with improved control.

accuracy of aerodynamic profiles.

1 Elimination of excess weight Fettle and sim 3 PART-TO-PART ASSEMBLY
allowances should be removed and improved accuracy’artto-part assembly,where all component formingis
should reduce the factors of safety required. conducted prassembly allowing a rapid oiveay

f More accurate aerodynamic profiles: Reduced assembly processhis is conventionally achieved using
tolerances are likely to be required in order to improveinterchangeable parts. Due talemanding interface
aerodynamic performance. This will plaeelditional ~ tolerances and large flexible componetitis has not ben
demands on the requirements for garpart assembly possible for aerospace structures. Predictive processes

and traceable measurement. provide an alternative approach to achieving -pafart

. ) ) assembly. These processes involvdirst measuring
In the following sections Measurement Assisted Assemblycomponents to predict how they will interface with each

(MAA) is first defined and it is then shown how MAA can  other and then forming bespoke interfaces so that they are

achieve each of the above objectives able to fit together withouéxcessivegaps or interference
2 MEASUREMENT ASSISTED and will acheve the requirg assembly form.
ASSEMBLY Predictive processefl6] could in theory be used to form

all interfaces including both direct surfatesurface
contact between components and Holéole interfaces
where fastnergoin components.

Measurerent Assisted Assembly (MAA)denotes a
paradigm shift in assembly for high valaad complex
products andencompasseshe development and use of
novel metrology processes for the holistic integration andif predictive processes were fully implemented in this way
capability enhancement of kegssembly and ancillary thenit would be possible to achiewm assembly where the

processes.This definition of MAA places in context way in which components 6sta
previously reported MAA method$4]. Typical MAA  form of the assembly without requiring asseyntaloling to
processes include: control it.

1 Predictive processes (fettling,shimming [16] and Suchdeterminate assembli@se common where small, stiff
drilling) in which component measurements are usedinterchangeable components are used, for example engines,
to adaptivelyf or m ¢ o mp o n e rotthatdheyi nane thely Aawveessarted to replace tooling built structures for
fit to one another before physically assembling them.lower accuracy areas of aircraft structures sucloeating
This essentially means using measurements to facilitat&eatsinside the cabin of the Boeing 77%7]. Analysis of
the automation of fitting processes which would the application of determinate assembly to more demgndi
conventionally be manual and highly skilled craft areas of aircraft structures using predictive processes,
based processeh. also allows thebespoke interfaces referred to as Measurement Assisted Determinate Assembly
to be formed prior to assembly as opposed to(MADA), has shown that this would requirdesign
conventional fitting whi orodificadiolsitoe aircraftnstrugtardsfas well Bgimpraved p a
to each other during assembly. measurement capabiliti¢$5].

1 AssembleMeasureMove (AMM) [15] processes I . . .
where a component is positioned approximately in anPamaI implementation of predictvprocesses to achieve

assembly, the position of the component is measurecPa.rt'to'.Ioart component location (With.O.Ut any feFt"”g or
and then it is moved towards its specified position. shimming) followed by inassembly drilling is achievable

This process may be iterated a number of times beforegisé?%::;ﬁ)net dticewgﬂggr{if\znde;nr?er\];;rataegs;nn:&e 'Ssilrj]smal
the component is withinits specified position; 9 y Y 9

alternatively ©6real ti me aS”C*M*ep qgeaereOLHWdéOthqe&035&%%5&9&80”\/3”3%;% t o

! o . drillin iCh requires an aesstruc sassem
otracko the component in ta{%er gri incg ?o?d('ab(grrhéles and remove swarf before final



assembly and fastening. Using orbital drilling it is however For each design
potentiallypossible & achieve finished holes within a ene Start
way assembly proce$$§].

Tolerance Analysis &
Optimization for ICY-DA

The design for manufacture decision procéésstratedin
Figure 1, involves multple design configurations being
generated which each involve breaking the complete
structure into discrete components and-asbemblies at
different areas of the structure. For each dediglerance

analysis and optimizatiofil9, 20] is used to determine

Select IC
DA for this
design

achieve assembly
tolerances?

which assembly paradigms are achievable \itsference o ————
given first to a conventional determinate assembly of Optimization for MADA
interchangeable parts (ICY DA), then to MADA, theg |
build with interchangeable (ICY) parts, nexredictive Multiple Structure
. o L s s ) Can MADA Select
fettle/shim & drilling with injig assemblyfollowed by pe- Designs e e MADA for ||
assembly predictive fettle/shim and-jig drilling and lolerances? {his design
finally MAA with bespoke intedfices formed ijig. The l
progression from most preferable process to least preferabl :
. . Determine Tolerance Analysis &
process represents an increasing amount of componel optimum Optimization for Jig Build
forming taking place during assembly and increasing assembly
reliance on assembly tooling. paradigm for
each design
Can jig build Select jig
‘ maintain tolerances build with
without shimming ICY parts for

Select Optimum or fettling? his desi

Design
considering ease
of:- Tolerance Analysis &
e Structural Optimization for pre-
Efficiency assembly predictive fettle/
o Component shim & drill with in-jig
Fabrication assembly
s Assembly
. R|gg|ng Select pre-
* Equipping assembly
be predicted to allow™YEg | predictive

fettle/shim &
drill with in-
lig assembly,

pre-assembly fettle/
shim & Dirill?

Tolerance Analysis &
Optimization for pre-
assembly predictive fettle/
shim & in-jig drilling

elect pre-
assembly
predictive
fettle/shim
with in-jig
drilling

be predicted to allow™YE
pre-assembly fettle/

elect MAA with in-!
jig measurement
and drilling

Figurel: Build Paradigm Selection

Tolerance analysis ofrredictive processesMADA etc.)
must includethe uncertainty of measurements as a source
of assembly variatiof21] which can be determined for
complex measurements using separate measurement
simulation[22]. At this stage in the design process however
it may be more efficient to include typical known
uncertainties for standard MAA processes within the
tolerance analysis software. These standard uncertainties



may be dependent on a few parameters which can be easiljhe dependence on toolimgay be reducedy using MAA
defined such as component size and opsgatmperature  processs to locate components and/or features, and by
range. verifying structures independently of the fixtulidhe extent

to which verification can be made independent of the
fixture may however bémited since while the structure is
in-fixture many critical features will be occluded liye
fikture and when the structure is removed measurement
activities will add to process time while it wik that stage

be too late to perform #fixture correctons to the structure.

The definition and verification of standardized methods for
tolerance analysis of MAA processes is currently lacking
from the state of the art although the case study presented
this paper provides an initial reference for this.

4 LOW COST FLEXIBLE TOOL S AND
AUTOMATION The longterm goalis to move away from fixturduilt

The requirement for lost cost flexible tools and automationstructures towards determinate assembly where only simple
is generally divided into assemblyooling (jigs and  Wwork holding is required This would negate the
fixtures) and automation (machines androbots. requirement for accurate fixturing and the tooling would
Reconfigurable tooling has the potential to increasemerely provide spport for the componentst is however
flexibility and reduce cost for assembly tooling by utilizing likely that as the need for aerodynamic performance
standard parts which enable a streamlined design proces#nprovements drives down tolerances there will be a
economies of scale in production, modification in use andcontinuing requirement for at least some accurate fixtures

reuse of componentdMoving from bespoke automation
towards the use of standard urstirial robots will reduce

nonrecurring costs since the capital costs of bespoke

in the build process

The continuing need for toolingcombined with an
increased accuracy requirement and move towardtitelig

machines are considerably higher than standard roboti,configurable structures presents major challenges for the

while also increasing flexibility. Increased huraabot
interaction will also enable this flexibleutomation to be
implemented in a wider range of applications.

traditional passive tooling approachilhe application of
active tooling may overcome these challenges but success
will depend on the ability to measuraccurately and

The ways in which reconfigurable tooling, industrial robots directly the key characteristics of the tooling or even of the

and humarmachine cooperation might be utilized within
large scale assemblyand the challenges involvedre
discussed below. It should also be notedhét point that

structure being assemble®ue to the large number of
occlusions within assembly tooling during the assembly
process it is extremely difficult to rasure the key

there is some 0\/er|ap between assemb|y too"ng and;haracteristics using the current state of the art large

automation systems, for example whdreth robots and
active tooling may utilize closed loop control with
coordinate measurement instruments providing feedback.

4.1. RECONFIGURABLE TOOLING

Recorigurable Tooling is centrally concerned with
replacing traditional jigs and fixtures with a suite of tooling

building blocks that can be reconfigured to adopt produc
variants and new products. Currently, tooling acts as g

quality gate for the assemb]g3]; holding the components
in place during the build, and in many caties completed
assembly is subsequently checkesing the tooling; n

these instances the tooling can be thought of as a-larg

scalesecondarygaugemeasurement

Although reconfigurabletooling systems arewidely used
for medium scale assembly and systentsrided for large
scale assembly ammmmercially availabl¢24, 25] theyare
currently difficult to employ in largescale assemblies.
Tooling needs to be seto positional tolerances of
approximately 0.25 mrover tens of metreghis requiresa
high levelof stability. Traditional tooling consists of heavy,

steel welded structures with key interfaces ground and the

global structure stress relieved. Hoonfgurable toolingis

to mimic the passive tooling philosophy of traditional
tooling it needs to replicate this stabiliyhile using lighter
component members and potentially stressdieving
fastenersThis stabilitywill need to lat for yearsto ensure
confidence.

volume measurement instruments such as laser trackers and
photogrammetryThermal gradients within the production
environment alsanean that uncertainties of measurement
may be too high

An alternative approach to providing dimensional feedback
for active tooling is to embed measurement within the
tooling using networks of interferometeran approach

tWhich has been referred to ietrology Enhanced Tooling

or Aerospace (META)26]. A similar approach has been
successfully demonstrated using an arrangement of several
hundred fibrecoupled interferometers shariagsingle laser
source to monitor particle detectors within the Large

®Hadron Collider at CERN27-29] with a total system cost

equivalent to a single laser track&mbedded metrology
tooling avoids issues with occlusions preventing direct
measurement of key characteristics by allowing optical
measurements to propagate within the tooling structure its
self. This will also allow localized environmental control of
the opical pathwayswithin the tooling for laboratory
accuracy without the cost of controlling large production
environments.

4.2. FLEXIBLE AUTOMATION

The advantages of utilizing flexible automation in the form
of standard industrial robots have been clear for nyaays
[12]. A number of factors however make the adoption of
standard robots in large scale assembly difficult, these
factors include:



1 High accuracies required rfodrilling, fettling and instruments and acceptance of products where the

component location operations measurement results fall withinspecification limits
1 Large numbers of unique operations (tolerances) Instument capability is determined by
§ Many concurrent activities, many of which are manual, €nsuring instruments are calibratednd by performing
being carried out within a confined space. gauge repeatability and reproducibility (Gauge Ré&R)

] ) . ] studies [39] to ensure that the ratio of measurement
Accu_rames required for drilling, fettling and component variability to product tolerancg RIT9 is less than 10%
location vay between 0.2 mm and 0.02 mm which cannot 40]. This approach does not provide a known level of

be achieved by even the highest accuracy industrial robotgtatistical confidence that out of toler pars will not be
[30] and is a major challenge even with external positionalcceptedsince uncertainties arising from sources such as
feedback The accuracy of industrial robots can be the temperature and calibration reference standard are not

improved using both localized sensors and globalpygperly consideredfurthermore it isoften impractical to
referencing. Different processes require  different cnieve £/T ratio of less than 10%.

approaches. ] ] )
A more rigorousapproach @ quality control described

For drilling holes global referemy can provide useful \ithin the ISO Geometrical Product Specification standards
positional feedback31] to enable holes to be positioned to s the use obDecision Rilesfor Proving Conformancd41].

approximately 0.2 mm relative to datums a few metreSaccording to this approach every measurement must be
away. The use of localized measurement Instrument§ccompanié by an evaluation of its uncertainty. A
located on the end effector has also been demonstrated {Qnformance zone isthen determined by offsaty

enable drilling of holes with improved accurd@y]. specification limits towards the nominal value of the

For component placement local vision seestan be used ~dimensionby the measurement uncertainty. This approach
to first measureholes or edgeso be aligned and then to 9ives a statistical confidence that out of tolerance parts will
bring components together relying on the repeatability ofnot be acceptedWhen evaluating the uncertainty of
the robotic systenid3]. For the patterns of interference fit Measurement lia sources a evaluated such as the
fasteners which are commonly used in aerospaceincertainty of the reference standard used for calibration,
assemblies it may be more relevant to mimic the manuaf€peatability of the measurement, uncertainty of the product
alignment of components; where vision is used to get hole§émperature etc. these are then combined usinaihef
approximately aligned and then tapered pins are inserte@ropagation of uncertaintyo give a single combined
through holesin order to bring components into more uncertainty42-44].

accurate alignment. The compliance required for such arcase study work with140 small and medium sized

operation can be implemented in @botic system using  companiesvithin the South West of England betwe201.0
force feedback34, 35]. and 2012 found that nat single companyvas applying

The challenge of programming robots to perform manydecision rules for proving conformandespite the fact that
unique operations requires efficient effie programming. ~ this approach has beémthe ISO and British standards for
This is dependent on more accurate robotic systems sinc&ell over a decade.

currently high accuracy robotic operations often require ossemply fixtures are used to control the form of structures
manual correction during initial setup which would not be qyring assembly as described above. Feety the fixture
feasible for thousands of unigwperations each of which is js then also used as an inspection gauge where checks such
to be carried out once on each aerospace assembly. as the free rotation of location pins and insertion of slip

Improved humamobot cooperation and safety mechanisms gauges are used to determine whether components are
will enable greater use of robots within an environmentlocated correctly with respect to the fixtuiehe problem

where large numbers ofconcurrent activities, many of With this approach is that since the fixture is used as an
which aremanual, are being carried out within a confined 8ssembly tool as well as an inspection gauge it cannot be

space. cared for in the way that a gauge should be. The rigors of a
production environment mean that the fixture may be
5 TRACEABLE QUALITY AS SURANCE damaged and recalibration of thixtfire is normally a
AND CONTROL major disruption to production.

Quality assurancg(QA) involves ensuring processes are A further issue with the use of fixtures as gaugéhat it is
capableof providing confidencehat quality requirements  often difficult to assign valid uncertainty estimates to
will be fulfilled while quality control (QC) involves measurement made in this wayne solution might be to
ensuring that quality requirementre being fulfilled, carry out direct measuremie of the structure using
typically by final product inspectionsQuality control  framelessmeasurement system such as a laser tracker
involves explicitverification, ensuring that a product meets however, as discusd in section 4.1 a better solution to
specification; validation is also implied since the product measurement within assembly tooling may be to embed
specification shuld be validated so as to ensure the productinterferometers within the tooling structure which will
requirement$36]. allow cotinuous monitoring within the fixture using a

Establishedquality control methods, includingsix sigma highly accurate and traceable measurement system.

[37, 3], involve product measuremenusing capablé



Currently all uncertainty evaluations for large industrial therdore achieve the same level of strength to weight
structures are incomplete as they do not fully account forperformance as an interchangeable part.

temperature effectsTemperature effectsare often the This imoroved performance can be achieved u le
dominant source of uncertainty and lead to two major error P P St

sources; errors in optical measurement systeime to _Part Pr<_adictive Fettling (WPPRVhere measurements of an
refractive index changes; and errors in the measurand dulé]terfac!ng part are used not only fettle _the actual

to thermal expansioThe current state of the art involves !nterfacmg surfaﬁe but also remove material around_ lthe
compensatig optical instruments for the temperature at amterfaqe zone t ergfore removing any excess material as
single point andnaking an estimate for the uncertainty due ShOV.V” |nF|ggre2 using the example of rib foot fettling for

to changes in temperature throughout the working volume?" aircraft wing
This approach is valid but to improve accuracy it will be
necessary to compensate for tenapere throughout the Material removed Material removed
working volume and uncertainty estimations could be
improved with a more rigorous consideaattiof refractive
index changes.

Where there is a more fundamental shortcoming in the stat .

of the art is regarding the consideration of therm Ril!clg:)ot RFigtgggt Adagﬂ;n'a:ggtttled
expansion in the measurand (the structure being measured
Geometric product specifications give dimensions of
products assuming that the product is at a uniform
temperature of 2. For large assemblies it is not possible
to control the temperature dfe structure and it is therefore |t js generally notpractical to carry outhis type of more

current best practice to measure the temperature of th@omplex machining when fettling components within an
structure and scale dimensional measurements using thgssemply. If predictive poesses are used to determine
known coefficient of thermal expansion for the material. fettling dmensions at the component manufacturing stage
The problem with this approach is that the temperatag  then it does become possible to remove weight in this way
vary by several degrees over large structures and thjthout adding to process time. For example measurements
differing rates of thermal expansion which result can induceggyld be made of composite wing covers and spars as they

bending and twisting which can ma_gnify the thermal errors.|eave the autoclave and this inforfoat sent digitally to
Model based nteods are required to evaluatthe  machine tools producing metallic rib feet.

uncertainty due to thermal xgansion and facilitate )
compensation for these errors. As traceable quality assurance and control becomes

increasingly established this will enable factors of safety to

Traceable quality assurance and control will involve first he reduced leading to further reductions in structure mass.
continuously measuring structures throughout the assembly

process using instruments for which rigorous uncertainty/ CASE STUDY: ALCAS RIB FOOT

calculati_ons are availabl&tructure temperature must qlso FETTLING

caied ou wmchaceouns or thomal expancion and 112, AT Low Cost AroSctues (LCAS)
e A o aceeahott o e o o ainer ving by 20% wihou ncreasing e cost o
Incorporating hese. measarements mads during assemblnUaion ateral wing box was assermbled by Aitus in
in_to tolerance analysis modeleplacing nomin_al _v_alues_ resin infusion moulding teclgue with a single sided
with measured values and component variability with mould tightly controllingthe aerodynamic profileor outer

measurement uncertaintwill provide an estimate of _the mould line(OML) and theinner profile or inner mould line
final assemblytolerancesdased on the latest data available (IML), which interface with the spars and ridsosely

arjd with knpwnstatlstlcal conﬁgjencmtervals[Zl]. Th|s controlled using a vacum bag.
will enable informed and possibly automated decisions to
be taken rgarding rework ensuring that this always takes
place at the earliest opportunity but only when required.

6 ELIMINATION OF EXCES S WEIGHT

Assemblies which are made up of parts which are not
interchangeable not only require additional finishing
operations but they ra also normally heavier since
additional material is required for fettle allowanded of
which is not normally removedpr shims. Predictive
fetting can however remove the requirement for any
fettling allowance to remain on the finished part and

Figure2: Whole-Part Predictive Fettlingp Reduce Weight of
Predictive Fettled Parts
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Figure3: Major Components of the ALCAS Lateral Wing Box

A predictive fettling processwas used to maintain the
interface between the ribs and the upper
Measurements of the covéviL, taken whi
OML was held to nominal using a handling fixtureere
used to generate maaing paths for the fettling of theb

feet. The machining of the rib feet was then carried out

after the ribs were assemblagsing a standard -éxis
industrial robot mountedn a gantryover the wing box to

carry out machining using a novel combination of adaptive

robotc control [46] and adaptive machining47, 48§].
Measurements of an initial roughing cutade by a

photogrammetry systemvere used to apply corrections to
the finishing cutDrilling of holes through the cover and rib
feet was carried out after the cover was assembled and i |

therefore parto-part hole assemblyas not required.This
assembly sequence is illustratedrigure4.

I Measure upper cover IML I |Spars set in main assembly jigl

Lower cover assembled to
spars

v

Ribs assembled to spars and
lower cover

Create machining paths for rib
foot fettling

L 2

IDatum robot to spars and fettle rib feet]

v

Upper cover assembled to spars and
ribs

v

| Drill through upper cover and rib feet l

Figure4: Assembly Sequence for Cover InterfAdanagement

7.1. DATUM STRATEGY

Datums wereequiredto transfer IML measurements tbife
cover onto the assembly to control rib foot fettlinghe

cover.
e ﬁg%reS:CRfB Mrétilbs G}rﬁnsformed as Rigid Bodies

assuming that as the cover deformaghRI1Z will behave as

an independent profile which rotatesid translates as a
rigid body, as shown iirigure 5. Dating is carried out in
two phases, in the first phase the primary wing datum or
Wing Coordinate SystenfWCS) is referenced. In the
second phase of datuminmeasurements of the spar
interface regionincludedin the measurements each RIZ

are used taransformthe data can be so that the cover
maintains contacwith the sparsThe complete datuming
and measurement process is showhigure6.

Rib profiles

Deformed
. profiles

Reference Photogrammetry

Measure Cover to Assembly at each RIZ

Locate cameras to WCS
using primary cover using primary datums on
datums on OML wing box

v v

Measure datum points on
spars

Locate Tracker to WCS

Measure RIZ profiles on
cover IML

L 2

Transform IML coordinates to give rib
foot fettling control points

v

Carry out Adaptive Machining with
ARC on rib feet

Figure6: Datum and Measurement Process

The critical step in the datum process is the transformation
of the IML coordinates to give rib fodittling control
points. This is where the relative heights of the points on
the cover IML which will interface on the spars are
compared with the corresponding points on the spars to
determine how the cover will deform as it is clamped onto
the spars. Té information describing this deformation is
then also used to transform each control point simulating
therigid body transformation of each RIZ.

For each RIZij there is a reference point on the leading
edge sparl() and trailing edge spaf), each ofhese points

is measured on the cover IMC)Y and on the spafS). Each
point has arx, y andz coordinate so that, for example, the x
coordinate of the leading edge spar interface point on RIZ
1, as measured on the cover is denoted; by

IML data consisted of approximately 1,200 three Each RIZ also &s a numberj) of rib foot fettling control

dimensionalcoordinates Additional complexity arose as

points (R), each of these points is measured on the cover

the cover as expected to deform as it was clamped to thelML (C) and transformed ready for fettling)(so that thex
spars. This deformation was simplified by breaking the coordinate of the second point on the first RIZ, as measured

|l ML down into a number of

ori tife covet is @enoted By &y orzgenerellfRcx( R1 Z0 s )



The xdirection distance of a given poifRcyx from the adaptive machining ARC involves a robot moving to a
trailing edge reference point belonging to the same RIZ iscontrol point in its program using its internal encoders, the
given by position of the end effector being more accurately measured

_ using photogrammetry49] and this measurement being
% = Rop ™ Tiex (1) used to correct the position of the controlmdiefore the

. . . ) ) robot carries out an operation without further feedback
The distance in the-direction from the points measured on fom the photogrammetry systeff#6]. The positional

the cover IML and the corresponding points on thg leading.q rection stage of ARC is an iterative process repeated
and trailing edge spars are denotgdand g respectively  yntj| the control point § within tolerance. Adaptive

and given by machining involves initial material removal or roughing

DL =L, - Lg, (2) cuts followed by measurement of the cut surfaces which is
used to correct the cutting path for subsequent material

DT =T (3) removal[47].

i ciz ~

T

Siz
ARC is normally used to carry out drilling where for each
In order to reference alR profile measured on the cover hole a single control point is correctdéor position and
IML to the spar datums the coordinates must first besurface normality before the drilling tool makes contact
translated in the-direction bygd and then rotated by the with the part. In the case of rib foot fettling approximately
remaining angledy) so thatl;., is equal toL;; as shown in  ten control points were required for each rib foot and the

Figure7 and given iy robot was then required to carry out continuous machining

o - on a path through all of these points. The robot therefore

g, = arcta amg (4y  moved through these points with the cutting tool detached
-1 9 .

G Hex ™ Tiex from the end effector and positional feedback from the

photogrammetry system applied to each in turn. The cutting
tool was then attached befomachining was carried out.
This process was used to make the roughing cuts on the rib
feet.

The actual cut surfaces on the rib feet were then measured

RIZ Measurement using the same photogrammetry system as used for the
Primary Datums/ |4 1 Al Points ARC. The deviations from nominal were recordedheT

On OML I //: ARC process was then used in the same way as described

§ M—/—rSparlnteﬁace above to correct the path for the finishing cut but the

14 deviations measured on the roughing cut were used to apply

. A L an additional correction. In this way the final cut was made

; / using a combination ARC and adaptive machining.
i 5 ‘VT’E; Tests were carried out to determine the accuracy of the
¥ X process with the photogrammetry system referencing a

local datum approximately 50 mm from the machined
surface. This involved machining test pieceich were
subsequenyl measured on a coordinate measurement
machine (CMM). Results indicated an accuracy of
approximately 0.1 mm at a 95% confidence levEhe

i E ]T{ ZEE actual rib foot fettling was carried out with datums located
on the spar flanges and therefore an additional unogrtai
x of measurement affected the accuracy of the machining
process. Measurement system tests were carried out with
Figure7: Control Point Transformation Parameters datum and instrument positions representative of the actual

fettling process, a laser tracker was used as a reference

Assuming that small angle approximations are valid : . .
. ! A . standard with high accacy measurements made using
translations in the x and y directions can be ignored and thé

z-coordinatesof the transformed coordinates are therefore Mmultilateration[50]. These showed that thehen fetting
given by rib feet close to the center of a rib relative to the spar

flanges the wuncertainty of measurement at a 95%
Ry, = Rg;, - DT, - X, Gang, (5) confidence level is appraxiately 0.2 mm.The combined

fettling process positional capability, given by the root of
the sum of the squares of machining accuracy and

measurement uncertainty,d224 mm
7.2. THE ROBOTIC FETTLING PROCESS

Rib foot fettling was carried ouusing a standard-&xis 3. ) TOLERANCE ANAL_Y_SIS_
industrial robotto carry out machining using a novel An analytical model of the variation in the assembly
combinatim of Adaptive Robot Control(ARC) and processwvas created which considered the uncertainty in the



measurement of the cover IML and thettling process The constant gap caused by the end mill cutter making
positional capability The key characteristics of the approximations of the curved surface of the cover can be
assembly are the gaps at thetokcover and spato-cover calculated from the radius of the cover surface and the
interfaces. Figure 8 illustrates the parameters in the diameter of the cutter. If a 40 mm diameter cutteused
analytical tolerance model. It is assumed that the cover is irand the minimum radius of the IML is assumed to be 8 m
contact with the spars and the ribs remain fixed to the sparthen from geometry we can say tidawill be 0.025 mm.
throughout the process. The spar flanges define a nomin
x-y plane from which the noimal scanned height of the
cover IML (S, and the pminal position of rib foot after
fettling (F,) are defined. The uncertainties$yandF, are Applying equation( 8 ) we can say that the maximum gap

a{’he combined fettling process positional capability is 0.224
mm as described above.

given byUs, andUF, respectively. condition at a 95% confidence levés,
G, =23/0.05° +0.224 +0.025 mm

5 =0.48mm
o]

) 7.4, RIB FOOT FETTLING RESULTS AND

L CONCLUSIONS

S‘ ,\\ ML i The calculated maximum gap condition was just within the
d 0.5 mm specificationPost process measunents using slip

X-Y PLANE gauges confirmed that the gap was maintained within

specification. The largest source of variability is the
uncertainty of measurement for thephotogrammetry
system the process capability could therefore be improved
by using a laser tcker to carry out the measurements used
for adaptive machining to approximately 012

8 AN INTEGRATED APPROA CH TO
RIB DIMENSIONAL VARIATIO N
MANAGEMENT

Increasedcomplexity of decision making processes and
If the spars are higher than the ribs this would create gaps alata management will be involved in using measurement
the ribto-cover interface and similarly if the ribs are higher assisted assembly techniques to bring about-tpgrart
than the spars this would create gaps at the-tspeover assembly, dw cost fexible tooling and automation,
interface. Since the sp&r-cover gap is more tightly traceable qualityassurance and control and tHeneation
toleranced it was aéded to specify the fettled position of of excess weightThis complexity will require an integrated
the ribs to be lower than the expected cover position by ampproach which starts daog the initial selection of
amount equal to the combined process variation so that thetructure designs and continues throughout the production
cover would always contact with the spars, therefore process.

SPAR

Figure8 : Diagram of Wing Box Assembly

F =S, - JUS+UF?-C (6) This integrated approach is illustrated Rigure 9. In this
integrated dimensional variation managemefi2?]
approach there are two domains; the design and process
planning domain where different structures and assembly
processes are investigated within a 3D CAD based
environment; and the manufacturing executable (MES)
The maximum gap at the given confidence level would thendomain where measurement data is captured, model based

where C is the gap caused by thestraight line
approximation of the curved surface created by passas of
endmill cutter

be compensations are made, decision rules are applied to the
data and it is used to control automat&ystems carrying
— 2 2
Grax =Sy - Fy +4US, +UF; (7 out predictive fettling and drilling operations, as well as to
inform production managers of quality metrics for the
Substituting(6) in (7) gives product.
G, =2QUS? +UF? +C (8) Step one is the first step within the design and process

planning domain, it is where the structure design auitii b

The uncertainty in the measurement of the cover Ivg,  Philosophy are selected, this step is detailed above in
and the fettling process positional capabilifff, are the ~ Section 3 andrigure 1. Step two continues on from this to
key process variabilies. The upper cover was measured '€fine the structure design applying DfM principles. Step
using a laser tracker, thencertainty of measuremecould three then takes the final structure design andgdssa

therefore be simulated using established technifies3] ~ detailed assembly process around it. At this stage it
and wa found to be approximately 0.05 mm. becomes possible to carry out accurate tolerance modelling



including simulation of measurement uncertainty for MAA 9 RESEARCH PRIORITIES
processesStep four is the final stage in the design and
process planning domaitthis is where the algorithms are

defined whichprocess metrology data during production.

This will include the integration of ~muiensor automation. If thisincreasedlevel of measurement is to

g‘oena:sg:ggti r(;ts n?ggsirrg?rl]ecnot?piﬁnza;c?gznwiﬂI:ss l:gmzfr dinresult in reduced coghen the acquisition of metrology data
P 9 Ond its subsequent processing must be automated.

when fatling or shimming is required and when quality Automated metrology networks consisting of either

e e oqeMeless oplcal hatuments or metrlogy embeddet
machinery performing predictive fettling and drilling Wlth.m tooling will be reqjlr.ed 0 carry out measurement
operations Environmental gompensatlon techniques are necessary .to
) allow the operation of automated measurement networks in
Steps 5 to 7 are carried out duringpguction within the  real factory environmentg&rameless networks are likely to
manufacturing executable domairThis involves the include instruments such as laser traskerand
algorithms developed in Step 4 running ri@aktime on photogrammetry cameras. Target recognition, tracking of
automation systems to carry out quality assurance/contromultiple targets across the field of view for multiple
and to drive MAA processes. instruments, thermal compensation and data fusion must all
be automatedThere is also a specific requirement for more

The solutions described abowwolve an increase imsing
metrology datao characteriseomponents, partially built
assemblies, tooling andenhance the capability of

geSiQ" a:'l" ! 1 e Design & Build accurate measuremeott hole positions on large structures.
D:::ﬁ:is: anmies Philosophy Selection For metrology embedded within tooling new types of
(CATIA/DELMIA) instruments shodl be developed which enablew cost

interferometer networks to directly reference the key
characteristics of active tooling and structures fixtured
within the active tooling.

2

DfM Structure Refinement

An integrated dimensional variation management approach
will also be required in order talesign for manufacture
within a metrology assisted assembly systdém reduce
measurement uncertaingnd to facilitate the complex data
processing required for MAA Specific areas for
development includethe definition and verification of
standardized methods of carrying out tolerance analysis for
MAA processesmeasurement uncertainty evaluation and
compensation algorithms for optical asirements; thermal

3 Detailed Assembly Planning and
Tolerance Modelling

4 Definition of Metrology Driven
Algorithms

Manufacturing

Executable . > expansion modelling and compensation for large structures;
Domain e s i and digital tools to enable simulation models developed
and Thermal Measurements . . .
(MES) during design and process planning to seamlessly develop
i into algorithmsto drive manufacturing execution systems
Contl , (MES). Such MES systems should be capable of
iteration ©Model based Error Compensation . . . . .
throughout and Uncertainty Evaluation incorporating data from disparate sites to allow predictive
assembly forming processes.
- Figure 10 illustrates he way in which the various
7 Decision Rules & MAA Process technologies discussed above are dependent on one another

Control

andcan contribute to bringing about the objectives defined
in the introductionThis roadmap also gives an approximate
Figure9i Integated Dimensional Variation Management indication d the time frame over which thesevelopments

can be expected, assuming that sufficient research effort is
applied in the areddentified. Key areas for research where
additional effort is requildare identified with a star.




Figure10i Research Priorities Roadmap for MAA












