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Abstract

A dimensional management procedure is developed and implemented in this work to deal
with the identification of the optimum hole diameter that needs to be pre-drilled in order
to successfully join two subassemblies in a common hinge line interface when most of
the degrees of freedom of each subassembly have already been constrained. Therefore,
an appropriate measure is suggested that considers the assembly process and permits the
application of optimisation algorithms for the identification of the optimum hole
diameter. The complexity of the mechanical subassemblies requires advanced 3D
tolerance analysis techniques to be implemented and the matrix method was adopted. The
methodology was demonstrated for an industrial, aerospace engineering problem, i.e. the
assembly of the joined wing configuration of the RACER compound rotorcraft of

AIRBUS Helicopter and the necessary tooling needed to build the assembly. The results



indicated that hinge line interfaces can be pre-opened at a sufficiently large size and thus,
accelerate the assembly process whilst the suggested methodology can be used as a

decision making tool at the design stage of this type of mechanical assembly.
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1. Introduction

Predicting the effect of dimensional and geometric variation in an assembly, due to the
inevitable manufacturing and assembly errors, has become an important aspect for the
fabrication of high quality products. Any rework or redesign of the product in the
production phase can introduce considerable cost. Applied researchers and practitioners
have therefore become increasingly interested in quantifying variability in pre-specified
product key characteristics early in the design process, before most of the product cost
has been committed. For example, in the aerospace industry, 80% of the product cost [1]
is dedicated by decisions made at early stages of an engineering project. The importance
of dimensional control to reduce assembly variation and thus, the cost in the next
generation of civil and military aircrafts has been highlighted in the open literature, e.g.

in [2].

Given the complexity of products in the aerospace and automotive sectors, three-

dimensional (3D) tolerance analysis methods have become popular to control and manage



variation. 3D tolerance analysis permits to consider dimensional and geometric tolerances
as well as their interaction in the 3D space [3]. The majority of the studies completed over
the last thirty years have focussed on the development of models to represent and
propagate tolerances. According to [3], typical 3D tolerance techniques are the vector
loop method [4], the matrix method [5, 6], the unified Jacobian-Torsor method [7] and
the T-map model [8]. Each method has specific benefits and limitations. A comparison
of the various 3D tolerance methods can be found in [3, 9, 10, 11, 12] whilst a useful
review on the tolerance analysis methods is given in [13]. Additionally, computer aided
tolerance (CAT) tools [14] have been developed to deal with those types of problem.
Moving forward, stream of variation [15] has been introduced to manage and reduce
variation in multi-stage manufacturing processes, using state space models to capture
variation propagation, as well as various concepts adopted from the control theory and

optimisation field.

It is highlighted that, although the development of tolerance analysis methods is an
important element in a dimensional management methodology, the appropriate
implementation of these methods to analyse real and complex applications is an equally
important activity. The complexity of the product and the Assembly Key Characteristics
(AKCs) under investigation introduces factors that need to be closely analysed. For
example, the establishment of appropriate measures to accurately quantify the predefined

AKC and enable the assessment of complex mechanical assemblies. Few works in open



literature implement 3D tolerance analysis techniques for the dimensional management
of actual aircraft assemblies, which is the main interest of this work. More specifically, a
dimensional management methodology was proposed in [16] to solve over-constrained
assemblies, for example assemblies in which several AKCs [5] compete with each other.
Thus, 3D tolerance analysis was performed for a wing spar assembly by implementing
the matrix method, whilst a framework was developed to include the cost implications of
the selected assembly processes. In [17], in-process assembly measurement information
for predicting dimensional variation was suggested. A wing box was analysed whilst CAT
simulation models were updated with measurement data to improve the assembly
predictions of the product. Therefore, a framework was established by linking several off-
the-shelf numerical tools, to implement the suggested dimensional management
methodology. In [18], the statistical tolerance analysis of a tail beam of an aircraft was
performed considering the effect of free form surfaces. The commercial software eM-
Tolmate of UGS® was used to build the tolerance model and further to carry out Monte
Carlo simulation verifying the thickness of the adhesive gap between the mating parts
comprising the tail beam. Finally, in [19], a simplified wing box was analysed using the
stream of variation methodology in the frame of a Smart Factory environment. Common
to all the listed works is the fact that the AKCs under investigation primarily concerned
gaps between mating parts and therefore, simple measures were established to quantify

them, e.g. the distance between two points or surfaces.



To further the effort of the previous studies, the main focus of this work is to suggest a
dimensional management methodology that tackles the problem of projected errors
introduced by manufacturing, and assembly errors in the parts or subassemblies to predict
the optimum size of a pre-drilled hole at a hinged interface between two sub-assemblies.
As presented later in this work, this is a complex, robust optimisation problem to be
solved which seeks the Chebyshev centre [20] in the presence of variation. Through valid
engineering judgment, the problem is transformed into a typical optimisation problem for
which the worst-case scenario is sought. The problem is thoroughly presented in section
2. The suggested dimensional management methodology is developed in section 3 based
on homogenous transforms [21]. The formulation of the appropriate AKC to enable the
implementation of optimisation techniques is crucial to the proposed methodology. In
section 4, the suggested methodology is applied to the RACER joined wing configuration
[22] to address the important and novel challenge of successfully building this particular
type of assembly. Results and useful conclusions related to the proposed methodology

are finally presented in section 5 and 6 respectively.

2. Problem specification

When considering complex products, it is possible to encounter the assembly scenario in
which two large subassemblies are built separately before being mounted independently

to a primary structure and finally, joined together at a common hinge interface to form



the final product (or another larger subassembly). One such aerospace example is the
assembly of the joined wing configuration [23] within the novel RACER helicopter,
which is the latest generation of compound rotorcraft from AIRBUS Helicopters, as
shown in Fig. 1. RACER is a prototype compound rotorcraft and thus, only one aircraft
set of wings wings will be produced. Focusing on the example of Fig. 1 and without loss
of generality, the two wings subassemblies are built separately [24]. Next, they are
mounted on a special tool that replicates the wing to fuselage interface, known as the
matched tooling. The final product is formed by joining the Upper Wing (UW) and the
Lower Wing (LW) subassemblies together on the wing to wing interface in a hinge joint

[24].

The critical aspect of this assembly consists of the strict requirements related to the
location of the wing to wing interface, with respect to the wing datum reference system,
which ensures the successful connection of the two wings. For both wing subassemblies,
five out of six degrees of freedom have already been constrained before their final
assembly whilst the tolerance associated to the position of the wing to wing interface is
generally in the order of hundreds of microns. This, as opposed to a conventional fixed

wing assembly, imposes a very difficult constraint to satisfy and hence, to build the wing.
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Fig. 1: (a) RACER rotorcraft [24] (b) joined wing assembly overview [24]

To manage the inevitable manufacturing and assembly errors, the common practice would
require the hinge line to be drilled during the final assembly stage when the two wing
subassemblies are brought together. However, this practise can introduce critical
drawbacks; including, the excessive cycle time of the drilling process, the introduction of
significant drilling forces, the elevated temperatures of the drilled parts due to mixed
stacks and the additional costs related to the design and manufacture of dedicated tools to
ensure the dimensional accuracy of the product whilst being drilled. An appealing
alternative to the abovementioned assembly plan would be to pre-drill the mating parts at
the component machining stage with an appropriate size of pre-final-size bore. It is clear
that the optimum size will be less than the final size of the bore in order to accommodate
the various sources of uncertainty but large enough to accelerate the drilling process and
avoid some of the listed drawbacks. The main issue, however, is to accurately define the

optimum size of the hole to be pre-drilled.



In the general case, there will be a male and female lug mounted on each subassembly
respectively whilst their connection is realised by the hinge joint. A simple representation
of a generic hinge at a single lug joint in the varied form is depicted in Fig. 2a. For
simplicity, only the highlighted portion of the female lug in Fig. 2a is considered in the
analysis. This is because it is assumed that the bore in the second flange of the female lug
is controlled, relative to the first, by a few, tight machining tolerances. The sum of these
machining tolerances will be significantly smaller than the sum of tolerances effecting
the misalignment of the male lug relative to the female lugs. For reference, the overall
width across the outside faces of the female lug, i.e. the length of bore to be produced, is

approximately 42mm.
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Fig. 2: (a) Simplified hinge joint at the varied form and (b) hole realisations due to

Surface 3

different assembly varied forms



The pre-bored hole diameters in both male and female lugs needs to be sufficiently
undersized so that a clean hole can be drilled through both parts, regardless of the lug
misalignment of the two subassemblies at the final assembly stage. However, two
unfavourable scenarios could be encountered. If the hole diameter before boring is too
large, the final drilling process may not remove material through the entire length of the
hole, as depicted in Fig. 3a. The existence of empty spaces can create wobbling for any
inserted pin, increase component wear rates and thus reduce the life of the lug component.
The second case is to produce a hole with a smaller diameter, as in Fig. 3b. This means
that more material will need to be removed, increasing the assembly duration and the
transfer of thermal energy to the structure; which is typically avoided where possible. The
optimum size of the hole to be predrilled comprises the AKC of this work and is depicted

in Fig. 2a.

Female Lug Female Lug

Male Lug Male Lug

e Empty space .

—————— Excess
- T . material

Excess
material

Empty space

(@) (b)

Fig. 3: Simplified representation of misaligned male lug showing a) oversized b)

undersized pre-bored hole diameter



3. Proposed dimensional management methodology

Quantifying the required size of the pre-bored hole is a complex, 3D problem that is not
easily solved using traditional, one or two-dimension tolerance stack-ups. An appropriate
measure has to be established to quantify the specified AKC. Therefore tolerance analysis
should be applied using a 3D tolerance method. Herein, homogenous transformation
matrices (HTM) have been employed to quantify the impact of variation on the objective

of this work [5].

3.1 Assembly Key Characteristic

An accurate measure to represent the specified AKC would be to superimpose all of the
circles (or ellipses) created at surfaces 3 and 4 from the drilling process in a common
plane, e.g. on surface 3, for all of the possible permutations of the assembly in the varied
form. This is represented in Fig. 2b for 3 random realisations. The inscribed circle that
stays inside the intersection of all of these circles from the different alignment conditions
would give the centre and the diameter of the undersize hinge bore and is presented with

the dashed circle in Fig. 2b.

In terms of mathematical modelling, the specific problem can be classified as a geometric
optimisation problem. More specifically, it belongs to the centering problem known as

the Chebyshev centre problem [20].



Fig. 4: Chebyshev centre of a polyhedron

That is, let C € R? be bounded by the linear constraints, as in the simplified example
shown in Fig. 4. The Chebyshev centre of the polyhedron C, x. is defined as the point in
C that is farthest from the exterior of C, or equally it is the centre of the largest circle that

lies inside C. Following [20], the formulation of the Chebyshev centre problem is given

by
maximise R 1)
subjectto g;(x,R) <0 i=1,..,m

where R is the radius of the inscribed circle; x.. is the Chebyshev centre, and g; are the
inequality constraints that bound the space in which the centre will be located. For the
problem at hand, and due to the variation introduced in the assembly, the boundaries are
constructed by the intersection of the most extreme circles (or ellipses) in Fig. 2b. It is
worth noting that the closed boundary is formed by different realisations of both types of

holes, i.e. the hole at surface 3 and the hole at surface 4 projected onto surface 3. Although



the mentioned optimisation problem would give the exact value of the specified AKC,
the extreme constraints are not known a priori. A variation propagation analysis should
be performed and all of the possible (and mainly the most extreme) realisations of the
assembly should be identified and simulated in order to find the necessary constraints, g;,
that lead to the optimum solution. This is however, a very demanding computational task.
Furthermore, the constraint functions are not expressed in an explicit mathematical form.
For example, using the equation of the circle (or ellipse), but rather they are only
expressed point-wise, simulating the drilling process. This is because the drill bit is
always perpendicular to surface 1 of the female lug, but not to the two other surfaces of
the male lug. Therefore, holes at surface 3 and 4 are not the mathematical projections of
the hole in surface 1 to the respective surfaces and thus a simple mathematical expression
is not possible. This imposes additional difficulty to set up the optimisation problem given
by Eq. (1).

In order to circumvent the difficulties and accelerate the calculations, an engineering
solution is proposed and the AKC is established by defining an efficient measure, trading
reasonable computational effort against the accuracy of the result. The computation of
the AKC is simplified by considering the centre of the bore in the male lug to be always
as per the nominal position. The proposed measure is defined as the minimum distance
of the centre of the bore (at nominal position) to the points forming the intersection of the

superimposed circles (or ellipses) on surface 3. A simplified representation of the measure



is depicted in Fig. 5 and is indicated as Mkc. In this simplified description, the measure
Makc gives the minimum distance between the centre of the bore at nominal position to
either of the points 1,2,3 and 4 respectively. It is obvious that this measure underestimates
the specified AKC as depicted in Fig. 5 and for this reason is an approximate measure.
However, aircraft assemblies generally involve tight tolerances and the varied form of the
mating components will not be as exaggerated as depicted in Fig. 5. Therefore, the
accuracy of the suggested measure is expected to be adequate. Furthermore, the
underestimation of the pre-bored hole diameter will always result in the less critical,

unfavourable scenario of Fig. 3, i.e. the removal of the excess material in Fig. 3b.
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Fig. 5: Measure Makc specification

The measure Mg is defined by



Myxc = min {min [diag (\/ﬁ)] , min [diag (W)]} (2)

Where S and S’ are m x 3 matrices containing the coordinates of the points that form the
two different types of circles (or ellipses) on surface 3 in Fig. 2. As it will be
demonstrated, the defined measure in Eq. (2) is a direct function of the variables that
describe the variation of the features inside their tolerance zones. Therefore, an
optimisation problem can be formulated to identify the worst-case scenario and therefore

the optimum pre-bored hole diameter to be calculated.

3.2 Matrix method

Having specified Makc, assembly models are developed using homogeneous transforms

to calculate this measure. The HTM, ”T} from the frame i to the frame j is given by

C[npi ny
T = [ };J pjl (3)
0 1

where the leading superscript n indicates nominal form and ”R} is the 3x3 rotation matrix

and ”p]i- the 3x1 translation vector. Variation can be introduced by considering the

differential homogeneous transformation matrix (DHTM) defined by



0 -6, &6, dx
86, 0 —&6, dy
—56, 86, 0 dz
0 0 0 0

DTj = Iyxs + (4)

where 66, 66,,, 66, are small rotations and dx, dy, dz are small translations with respect
to frame j, representing variation from the nominal form. The mathematical expression
of an assembly model describing the varied form of a product with respect to a global

coordinate system that consists of N frames is given by

vrglobal — npGlobal . pr . "Tl.pT,. . "TN-1.pT, (5)

Where rglobal nrl - nTN=1 and DTy, DTy, ..., DTy are the HTMs and the associated

DHTMs related to the location of the frames 1, 2, ..., N respectively.

To calculate the measure Mk, the points forming the matrices S and S’ in Eq. (2) should
be expressed in a common coordinate system. HTMs similar to the ones given by Eq. (5)
are used to perform this coordinate transformation. Assembly models of Eq. (5) are
functions of the DHTMs and therefore, the measure Mk is also a function of the
components that introduce variation to the assembly. It is important to mention that the
components of the DHTMs in Eq. (4) need to satisfy specific constraints to represent a
particular tolerance zone according to the common industrial practise i.e. the GD&T
format [25]. Following [6], [26], a similar approach was implemented in this work to

determine these dependencies.



3.3 Optimisation set up

The problem described in section 2 can now be formulated as an optimisation problem.
The design variable vector consists of the various components of the DHTM participating
in the assembly models and are denoted as X. The optimum pre-bored hole diameter can
be calculated as a by-product of the solution of the following optimisation problem:

minimise  Mygc(X)
subjectto h;(X) <0 i=1,..,m

(6)

where Mukc(X) comprises the objective function given by Eg. (2) and h;(X) are
inequality constraints that the design variables X need to satisfy to preserve the assigned
tolerance zones at the various assembly features. The objective function is a non-linear
function with respect to the design variables. Several state of the art algorithms [27] exist
to solve the non-linear constrained optimisation problem in Eq. (22) such as gradient-
based methods e.g. Sequential Quadratic Programming (SQP) [28] or random search
methods e.g. Genetic Algorithm (GA) [29]. In this work, both a GA and a SQP method

were adopted and implemented using the optimisation toolbox of MATLAB [30].

4. Case study

The case study concerns the joined wing configuration of the RACER compound
rotorcraft, depicted in Fig. 1 and is reproduced in Fig. 6. Applying the dimensional

management methodology described in section 3, the first step is to assign appropriate



frames to the various interfaces of the joined wing structure as shown in Fig. 6. All of the

frames are expressed with respect to the aircraft global coordinate system.

FUW & FLW:
Wing to Wing interface

D: UW Structure to

z

L
H: LW Structure

Global Coordinate System to Fuselage Module

Fig. 6: Datum reference frames used within the analysis for the Matched Tooling, UW

and LW structure [24]

The coordinate system for the main body of the matched tooling is at location A. Frames
were assigned to the interfaces between the matched tooling and the UW and LW
subassemblies at locations D and H respectively. It should be noted that the interfaces D
and H correspond to wing to fuselage hinge joints and thus the UW and LW
subassemblies are free to rotate with respect to the x axis of the respective frames. Those
joints give the opportunity to wash-out part of the variation in the z-direction with respect

to the global coordinate system, reducing the tolerance stack-up at the wing-to-wing



interface. This is taken into account in the analysis of this case study by nesting an
additional optimisation problem inside the main optimisation problem. Furthermore, two
separate frames are established at the wing-to-wing interface at point F. That is, the
frames FUW and FLW for the UW and LW subassemblies respectively. In the nominal

form of the joined wing, those two frames coincide as depicted in the detail of Fig. 6.

Frame 3 on
Surface 3

Surface 1

Surface 3 Surface 4

Frame 40 at

Frame 4 on Surface 4

Fig. 7: Identifying datum reference frames 1, 3, 4, 40 and K [24]

Additional frames need to be established in order to model and quantify the AKC as
depicted in Fig. 7. Frames are established at the nominal centre of the hinge bore on
surfaces 1, 3 and 4, identified in Fig. 7, for the nominal form of the assembly. A frame is
also defined at the centroid of the surface 4, at point 40, in order to take into account

geometrical tolerances related to surface 4. Finally, from the interchangeability (ICY)



drawings [31], the position of the parent component of the female lug is dependent on
another additional datum feature. The positional variation of this feature affects the wing-
to-wing connection and thus, the specified AKC. A frame on the datum feature, identified
by point K is depicted in Fig. 7, is included to account for this variation.

From geometrical consideration of the varied form of the assembly, the specified
measure, Makc, can be proved to be a function of three HTMs, namely, vTglobal
vrglobal gng vrélobal | Agsembly models, as a chain of frames, are built to represent the

HTMs VvTglobal  vrSlobalgng vrGlobaliy the varied form of the assembly. The HTMs of

interest are given by

leGlobal — nTAGlobal . n 54 . DTD . TRUW . nTPpUW . DTFUW .n 1FUW (7)
and

ngclobal — nTAGlobal . n IfI4 . DTH . TRLW . nTI{‘iW . DTFLW . n ;«*LW (8)
and

vpGlobal _— nppGlobal , nA |, . . nmH . . M FLW |,
T, = Ty b "DTuTriw * "Trow " DTriw * "Tao " " DTao

©)

n
. Tfo

All the HTMs on the right hand side of the Eq. (7)-(9) can be rewritten using



; -1
nTjL — (nTiGlobal) . nTleobal (10)

where {i,j} corresponds to {A,D}, {D,FUW}, {FUW, 1}, {AH}, {H,FLW}, {FLW,3},
{FLW,40} and {40,4}. Therefore HTM "T§!°P3! represents the location (position and
orientation) of the main body matched tooling with respect to the global coordinate
system. HTMs "T§!°Pal and "T§'°Pal describe the location of the interfaces between the
matched tooling and the UW and LW subassemblies respectively, with respect to the
global coordinate system. HTMs "TS%Pa and  “T&'oP3! describe the location of the hinge
bore in the UW and LW subassembly at the wing-to-wing interface with respect to the
global coordinate system respectively. HTMs “Tglobal - nrSlobal = npGlobalgng nGlobal
describe the location of the hole features on surface 1, 3 and 4 and the surface 4 with

respect to the global frame respectively. The abovementioned HTMs are extracted from

the CAD model.

The variation related to the interfaces of the wing and captured in the ICY drawing was
introduced in the assembly models of Eq. (7)-(9) by considering appropriate DHTMs.
Therefore, DT and DTy correspond to the variation introduced by the concentricity of the
fuselage lugs at the interface between the matched tooling and the UW and LW
subassemblies respectively. The geometric tolerance (GD&T) zone applicable at these
interfaces is cylindrical as the wings both meet the fuselage at sliding hinge joints.

Therefore, the tolerance zone is a cylinder with a diameter influenced by the sum of



diameter tolerance on the circular feature in the joint, such as the bushes and pin. DTgyw
is related to the positional tolerances of the hinge line in the UW subassembly and the
feature at point K, depicted in Figure 6. DTgyyy is related to the variation of the hinge line
for the LW subassembly. The tolerance zones applicable at locations FUW and FLW are
cylinders of fixed length given that the joints are pinned, to create a hinge, and that the
axial translation is limited by the female lug width. DT, is related to the profile tolerance
of surface 4. Values for all the tolerances are summarized in Table 1. It is highlighted that
the values of the components of the DHTMs representing cylindrical and planar tolerance

zones in Table 1 were calculated based on [6].

Finally, Tryw and Tgrrw in Eq. (7)-(9) are related to the correction in terms of rotation
about the x-axis, with respect to the frames at D and H respectively, that can be applied
to the assembly models in order to wash out part of the variation due to the hinge joints

at those points. The transforms Tgyw and Trpw are given by

0 0 0 0
0 cos@" —singf" 0
Tryw = : )LC/W l;CW (11)
0 sin6y cos 6,/ 0
0 0 0 1



0 0 0 0
0 cosOi —sin" 0
T = x x 12
RIW=10  sin@MW  cosOMW 0 (12)
0 0 0 1

where Y% and 61" are variables that need to be specified. To find those rotations, an
optimization problem is solved for every realization of the assembly, in the varied form,
in which the distance between the points FUW and FLW at the wing-to-wing interface is

minimised and the matrices in Eq. (11)-(12) are calculated.

Table 1: Sources of variation related to the interfaces of the matched tooling and the

UW and LW subassemblies

Location GD&T Tolerance zone Value Units
D, H concentricity cylindrical 0.1 mm
FUW, FLW  positional cylindrical 0.2 mm
K positional cylindrical 0.4 mm
40 profile planar 0.2 mm

5. Results and Discussion

The optimisation procedures detailed in section 4 were applied to calculate the measure

Mkc. Results are presented and compared with a crude simulation approach in Table 2



under the heading ‘One-piece’. Additionally, the computational time needed to obtain the
results using a typical computer is detailed in Table 2. In order to accelerate the crude
simulation approach, the design variables were forced to be at the extremes of each

tolerance zone.

Table 2: Hinge bore diameter in mm for the modular and one-piece matched tooling

One-piece Modular

D [mm] CPUtime[min] D [mm] CPU time [min]
GA 21.325 1260 20.490 1440
SQP  21.325 7 20.494 10

Crude 21.320 more than 60,000 20.429 more than 60,000

For reference, the nominal hinge bore diameter is D=21.876 mm. Implementing the
suggested dimensional management methodology, the worst-case scenario results in a
pre-bored hole diameter 0.556 mm smaller than the nominal diameter (crude approach).
This means that, in order to account for the variation in the various interfaces of the wing
assembly indicated in ICY drawings, the pre-bored hole diameter should be drilled equal
to 21.320 mm (crude approach). The comparatively large size of the optimum, undersize

hole diameter indicates that (a) the manufacturing and assembly tolerances throughout



the structure are well controlled such that the potential variation at the hinge joint is
limited; and (b), that the assembly process can be accelerated whilst avoiding all the

drawbacks listed in section 1.
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Fig. 8: Convergence of the (a) SQP and (b) GA algorithm for the ‘One piece’ case study

Comparing the optimisation algorithms with the crude simulation approach, both
algorithms were able to find similar results. Results in Table 2 illustrate agreement at least
at the first decimal place of the calculated diameter values. Both GA and SQP were able
to find a value equal to 21.325 mm, very close to the benchmark approach. However, for
SQP, the whole process was iterated a few times in order to have an indication about the
robustness of the identified minimum. After some experimentation, the best output was

achieved by setting the initial design point equal to zero whilst the convergence of the



algorithm is presented in Fig. 8. Regarding the GA algorithm, the population size was set
equal to 250 and a limit up to 1000 generation was applied. The algorithm chooses parents
for the next generation in proportion to the fitness scores (objective function value) of the
individuals in the current population; whilst children are generated based on elite,
mutation and crossover selection. The convergence of the GA algorithm is presented in
Fig. 8. Considering the CPU time of running those algorithms, it is obvious that the SQP
algorithm gives the fastest calculations, finding the minimum in only 7 minutes whilst the
crude simulation approach needed more than one month to search the design variable
space and identify the result. However, Table 2 illustrates that unless a strategy is devised
and implemented to deal with the convergence of the SQP method to a global minimum,
then the use of GA is a good compromise between the speed of the calculations and the

ability to find values close to the minimum.

An interesting occasion was encountered during the preliminary design stage of the joined
wing configuration in which it was debated whether the matched tooling configuration
could be designed either as a one-piece tool, i.e. the case study presented in section 4, or
as a modular version made from three different pieces. For the latter case, the obvious
benefit to this opportunity is that the individual wing structures would be independently

assembled using an exact replica of the fuselage hinge hardware.

The suggested methodology described in section 3 was implemented once more by taking

into account the additional sources of variation introduced by the new interfaces created



when splitting the matched tool in to three, modular pieces. Results are presented in Table
2 under the heading ‘Modular’. The pre-bored hole diameter was calculated equal to
20.429 mm (crude approach). This reduce the pre-bored hole diameter by 1.447 mm
compared to the nominal size of the bore. The comparison between the results in Table 2
for the modular and the one-piece matched tooling indicates a difference in the pre-bored
hole diameter of approximately 1 mm. The difference in diameter is considered to be
small when reviewed in terms of drilling process time and therefore, the modular matched
tooling could potentially be used to assemble the joined wing, despite the additional

variation that is inserted into the tolerance chain.

6. Conclusions

A dimensional management procedure was developed to deal with projected errors and
successfully join two subassemblies in a common hinge line interface. The optimum pre-
bored hole diameter was specified by establishing an appropriate measure that considers
the assembly process and permits the application of optimisation algorithms. Therefore,
the robust optimisation problem of finding the Chebyshev centre, in the presence of
variation, is transformed under valid engineering judgment into a typical optimisation

problem for which the worst-case scenario can be identified.

The methodology was demonstrated for the joined wing configuration of AIRBUS

Helicopters’ RACER compound rotorcraft. The study revealed that the bores at the hinge



line interface of the two wing subassemblies can be pre-opened at the machining stage of
the interfacing parts by approximately 0.6 mm smaller than their final nominal size, in
order to accommodate variation due to manufacturing and assembly uncertainties.
Therefore, a much better starting point is identified for the final drilling of the hinge line
interface whilst a considerable reduction drilling process duration at the final assembly

stage is expected.

Finally, the methodology was successfully applied to confirm the decision on the tooling
configuration as presented in section 5. The additional uncertainty introduced by splitting
the matched tooling into a modular tool only reduced the optimum pre-bored hole size by
1mm compared to the one-piece configuration and therefore the best option can be

selected based on more quantitative evidence rather just on engineering judgement.
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