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Abstract. One of the major elements when performing a design for manu-
facturing and assembly methodology is the cost modelling method. A proba-
bilistic cost approach is introduced herein for the series production of a
composite wing structure. The proposed methodology should be able to capture
changes in the design, the materials and the fabrication processes. Critically, the
assembly strategy of the product should also be included to enable realistic
multi-disciplinary trade-off studies among several potential build philosophies of
the wing structure at the early phase of the design. Furthermore, uncertainty
related to the various input parameters, i.e. production, process and cost
parameters due to incomplete knowledge, can be considered. Thus, the main
effort of the present work is to set up the framework of this methodology, to
develop the appropriate cost approach in order to capture manufacturing and
assembly costs and further to establish a sensitivity analysis module in order to
clarify the dominant cost-drivers of the product. To deal with the uncertainty,
Monte Carlo simulation is implemented while Spearman’s correlation coeffi-
cients are evaluated and used to perform the sensitivity study. The efficacy of the
suggested methodology is demonstrated by comparing a traditional wing design
against new more integrated manufacturing techniques, e.g. the co-curing pro-
cess, for a simplified wing configuration.
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1 Introduction

Concurrent engineering is increasingly the preferred approach to product development
as a way of shortening the development time of the product. Its main characteristics can
be summarised as working within multi-disciplinary teams and implementing in par-
allel from the very early stages of the product development. Design for manufacturing
and assembly methods (DFMA) are essential features of the concurrent engineering
approach and have developed and evolved over the past years. There are several
available commercial DFMA methods [1] of qualitative and quantitative types, e.g. the
Hitachi Assembly Evaluation Method [2], or the Boothroyd-Dewhurst DFMA
approach [3], respectively. All these techniques help to develop a structured
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environment in which to evaluate designs in terms of manufacturability and assem-
blability, to explore feasible manufacturing/assembly solutions, to identify
fabrication/assembly constraints of the draft designs, to estimate the cost implications
when selecting a specific route, and to report to the design team areas for further
improvements to the design. There are many challenges associated with these tasks,
particularly when techniques are put in place for the development of aerospace com-
ponents made of composite materials. A distinctive characteristic of processes for
composite materials is that they are mainly additive processes while the material
properties of the structure are determined as the part is manufactured. Furthermore,
manufacturing and assembly processes for composite materials are relatively new
compared to the processes used for the metallic materials and the processes lack in
maturity, commonality and standardisation among different manufacturers. On the
other hand, composite materials offer an overwhelming number of manufacturing
routes to fabricate a given product making classification difficult. Considering at the
same time strict aerospace requirements such as the demand for rapid one-way
assembly, introduction of low cost flexible tooling and automation, quality assurance
and control and tight tolerances of the aircraft components, the establishing of a robust
and intelligent DFMA method is particularly challenging.

The main effort of the present work, as a first step toward the implementation of a
DFMA methodology is to set up the framework of the cost methodology, that is, to
identify and develop the appropriate cost approach. The aim is to capture manufac-
turing and assembly costs as well as to identify the cost-driver parameters at a phase in
the design process when relatively little information is available. It should be stated that
several cost modelling approaches exist for the cost estimation of aircraft component
[4]. However, most of them lack a module that can deal with the uncertainty introduced
in the input variables mainly due to the incomplete knowledge in the early stage of the
design.

Thus, a process-based cost estimation method (PBCM) [5] is adopted and imple-
mented. Recurring and non-recurring costs are estimated by placing an emphasis on the
reasonable allocation of non-recurring cost over time as well as among the several
operational steps of the candidate processes. Time equations are developed for every
process step based on simple analytical equations correlating some basic process
parameters with specific design variables. Process plans are developed for fabrication
and assembly processes related to the composite components. Finally, to deal with the
uncertainties of the input variables, a Monte Carlo simulation is implemented giving
additionally the opportunity to perform a sensitivity analysis by evaluating the
Spearman’s rank correlation coefficients to identify the most important parameters or
the so-called cost drivers. Having identifying cost drivers, more effort in their mod-
elling can be devoted in order to improve the accuracy of the cost estimation. An
illustrative, simplified example is performed to demonstrate the efficacy of the sug-
gested methodology comparing a traditional wing design against new fabrication
techniques that composite material offers, i.e. towards more integrated designs with
fewer parts.
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2 Cost Modelling Method

Several cost estimationmethods have been developed for the estimation ofmanufacturing
and assembly costs for aircraft structures, among them one can identify analogous,
parametric, activity and technical based methods [4]. Every method has advantages and
disadvantages and should be carefully selected to fit the purpose. In the present work, a
bottom-up approach is selected, i.e. a process-based cost method (or technical cost
modelling approach)which is suitable formaking trade-off analysis at the early stageof the
design process, capturing differences in various designs and build philosophy strategies of
a wing structure [5]. The method is based on the estimation of the recurring and non-
recurring cost for every operational step of a manufacturing/assembly process. Material,
labour (direct) and energy costs are considered as recurring costs in the present costmodel.
Non-recurring costs are the capital recovery of the machines/equipment/tooling/fixtures
necessary for the production, maintenance costs of thosemachines and tools as well as the
floor-space costs to accommodate the production.

The major steps to estimate the manufacturing and assembly costs are the identi-
fication of the operations related to the preferred processes, the estimation of the cycle
time of each process in relation to the design, industrial and process parameters, the
determination of the appropriate number of resources, e.g. number of tools, based on
parameters such as the cycle time of every operation and finally the calculation of the
costs using appropriate cost parameters.

2.1 Process Based Cost Model

In PBCM, the total manufacturing cost per component (or the total assembly cost per
product) can be derived into the sum of the recurring and non-recurring costs by

CTotal ¼ CMaterial þCLabour þCEnergy þCEquipment þCTooling þCBuilding ð1Þ

To calculate each of these elements of per piece cost, the annual cost of each
element is divided by the target annual production, PV. The process of interest,
especially fabrication/assembly processes for carbon fibre reinforced plastic (CFRP)
materials, can accommodate several operations/stages in order to be performed and be
completed. Thus, the annual costs for each element are the sum of that element’s costs
calculated for each stage of the manufacturing/assembly process.

For the recurring costs, the unit method [6] is implemented. For the non-recurring
costs, i.e. cost to buy and maintain machines/equipment, tools/fixtures, or cost to
accommodate the production i.e. floor-space cost, the time value of money is con-
sidered, and the annual worth value is computed by summing the capital recovery
(CR) and the annual operating and maintenance costs (AOC) of the asset given by:

AC j
asset ¼ CRj

asset þAOC j
asset ð2Þ

where asset = machines, tooling and building. The capital recovery is composed by the
sum of the products of the initial investment, P with the capital recovery factor (A/P, i,
n) and the salvage value, Sn after n years with the sinking fund factor (A/F, i, n).
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Usually, the annual operating and maintenance costs of the asset are expressed as a
percentage of the capital recovery (a1.CR), where a1 is in [%].

It should be highlighted that the resources needed to achieve the annual production
volume is of high importance. Thus, the number of parallel lines NPLj (or the number
of machines) necessary to achieve the effective annual production volume PVeffective

j is
calculated by the ratio of the required time per year to produce PVeffective

j parts divided
by the annual uptime of the plant, its formulation is given by:

NPLj ¼
sj
UTj

non� dedicated
sj
UTj

l m
dedicated

(
ð3Þ

If the machine/equipment is dedicated to the fabrication of a part of interest then the
value of Eq. (3) is rounded up to the next integer value. If the machine/equipment is not
dedicated to a part of interest then a real value is calculated by Eq. (3). If the machine is
shared among several operational steps or among the production of several parts, e.g.
an autoclave to cure composite parts, then, in Eq. (3), sj becomes the sum,

P
s, from

all the operations with which the machine was involved. Concerning the
tooling/fixture, the number of tools necessary to run the production for a specified
program life time TPL is given by:

NT ¼ max
PVj�

effectiveTPL
TTL

& ’
; BSj:NPLj
� �

 !
ð4Þ

The first part in the max-function indicates the number of the tools that are nec-
essary to produce the production volume for the lifetime of the project. The second
term indicates the necessary number of tools to achieve the annual target production
volume. The maximum between these two quantities is the necessary number of tools
for the lifetime of the project. Where PVeffective

J* is the effective production volume for
the stage of the process that the tool actually wears and TTL is the useful tooling/fixture
life in [hits]. Tools are always considered to be dedicated to the part production.

2.2 Monte Carlo Simulation and the Rank Correlation Coefficient

A Monte Carlo (MC) simulation method is selected to deal with the uncertainty related
to the input parameters. Design, industrial, process and cost parameters are considered
as random variables in an attempt to express the degree of confidence for their value at
the early stage of the design. MC is quite straightforward in its application. It is based
on the random sampling of the vector of the input variables. Sample values for every
random variable are formed and repetitive simulations performed through the devel-
oped process based on the cost model. A sample of values of the desired output
parameter, e.g. the total cost, is obtained and statistically analysed further. A major step
in implementing the MC method is the random number generators. MC analysis is
implemented using VBA into Excel spreadsheets and thus the respective generators are
used while several distributions for the input variables are given.
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Further, sensitivity analysis is performed estimating the Spearman’s rank correla-
tion coefficient, see e.g. [7]. The Spearman’s rank correlation coefficient is a non-
parametric measure of a monotonic relationship between pair data. Its formulation is
given by

rs ¼ cov rgX ; rgYð Þ
rrgXrrgY

ð5Þ

Where rgX, rgY stand for the ranks of two samples Xi and Yi, cov(rgX,rgY) is the
covariance matrix of the rank variables, and rrgX, rrgY are the standard deviations of the
rank variables. Thus, the closer rs to ±1 the stronger the monotonic relationship
between the two variables. Herein, Xi corresponds to the industrial, process and cost
input variables, while Yi is the total cost (manufacturing and assembly cost).

3 Case Study

Advanced composite materials are relatively new materials, introducing specific
advantages in the design of aircraft components and thus resulting in better perfor-
mance and lighter structures. An area of particular current interest is in more highly
integrated solutions, e.g. by using co-curing technique where the cycle time for the
assembly can be reduced or eliminated. There may also be structural benefits (e.g.
through a reduction in fastener count). Although these advantages clearly point towards
the use of a DFMA approach, it is not obvious that the integrated design with the fewer
parts will actually lead to a more economical solution overall. Therefore, there is a need
for a trade–off study to be made investigating manufacturing and assembly costs, based
at the same time on quantitative results. The probabilistic approach described in Sect. 2
is implemented to investigate a traditional design approach against the new capabilities
of integration that a composite material offers.

3.1 Concepts

The two sample configurations of this analysis are depicted in Fig. 1. The case study
concerns a simplified wing structure of approximately 4 m length with 1 m chord line.
For simplicity, which will be very often the case in the conceptual design phase, only
basic parts are considered in the analysis and presented in Fig. 1.

The baseline concept comprises of two spar beams in “C” shape, one J-nose upper
cover, a lower panel and a trailing edge cover.

The joining method of the parts is assumed to be mechanical fasteners, while all the
laminates are considered monolithic. There are six interface areas (two on the suction
side, i.e. upper spar flanges with the J-nose; and four in the pressure side of the wing,
i.e. lower spar flanges with the J-nose, lower panel and trailing edge cover).

For the integrated concept, there are two spar beams in “L” shape, a J-nose upper
cover with co-cured T-returns, a lower panel and the trailing edge cover. The joining
method is assumed as structural adhesive bonding of the “L” spars to the T-returns with
mechanical fasteners for the lower flanges of the spars to the mating parts.
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For both configurations, the most widely used process in the manufacturing of
aerospace components is considered, that is, hand lay-up of carbon/epoxy prepregs on a
mould, bagging and then using autoclave for curing. Additional plies for specific areas
are considered for drilled mating surfaces.

It should be mentioned that co-curing is a technique where more complex, inte-
grated components made of composite materials can be manufactured. Therefore, a
more advanced tooling strategy is needed. The philosophy presented in [8] is adopted
for the J-nose with the T-returns. In summary, it is assumed that five lay-up tools, one
for the J-nose skin and four ‘half’ tools for the T-returns, and further four curing tools
(caul plates) are employed. For both configuration, a manual assembly, typical for
aerospace structures, is adopted.

3.2 Scope of the Model

The scope of the developed model is to estimate both manufacturing and assembly
costs for the two concepts and further to compare and identify any benefits of using one
concept over the other in terms of cost.

3.3 Manufacturing and Assembly Process Plan

Having determined the scope of the cost model, the first step of the methodology is to
identify the necessary process steps for the fabrication of every part as well as the
processes for the final assembly. Process flow diagrams are developed. They are
depicted in Fig. 2 for both configurations. In this diagram, for every process step,
recurring and non-recurring costs are indicated, while the type of the production system
to be installed is also defined, e.g. cure system/metrology system, etc. It should be
highlighted that the difference in the manufacturing process plan for the J-nose
(baseline concept) and the co-cured J-nose is depicted by the additional red boxes in

Fig. 1. Baseline (left) and Integrated (right) concept geometry
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Fig. 2. The granularity of the process plan is quite important and can be condensed as
the design progresses mature and information becomes available.

Regarding the assembly process plan, similar diagrams are developed, including
process steps such as shimming, drilling, deburring and sealing. The assembly dia-
grams accumulate almost 100 operations for the baseline configuration, while 67
operations are needed for the integrated concept.

The cycle time for every process step is estimated based on specific design and
process parameters, e.g. part area or the lay-up rate.

Further production parameters are set up, such as the programme lifetime, the
working days per year, the number of shifts per day, the paid hours per shift, the paid
breaks, and the target annual production volume.

In total 66 input variables, namely industrial, process and cost parameters, are
considered to be random, assuming a normal distribution with coefficient of variation
ranging from 10% to 30%, depending on the confidence of the modeller in their actual
values.

4 Results and Discussion

Results of the probabilistic analysis are presented in Fig. 3. MC was set up to perform
5,000 iterations. The mean values of the total cost of each concept (baseline or inte-
grated) is presented with respect to the target annual production volume, the two
continuous lines. Additionally, plus-minus one standard deviation of the total cost is

Fig. 2. Fabrication process flow for both concepts (black characters: all parts except J-nose & T-
returns, black & red characters: J-nose & T-returns)
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presented in the graphs with the error bars. For clarity and to be able to visually
compare the curves in Fig. 3, the annual production volume in the graph starts from 10.
As expected, in this case the cost for one product per year is extremely high - almost
£0.4 M. Typically, aircraft production volumes go into the hundreds and thus 100
products per year is assumed as a target volume in this work.

From Fig. 3, it is clear that the most beneficial concept in terms of cost is not an
easy answer and is highly dependent on the target annual production volume. More
specifically, observing the mean value curves for low production volume of less than
20 products, the baseline concept offers a more attractive solution. This is due to the
overwhelming manufacturing costs in the low production volumes, due to the instal-
lation of all production systems. Considering that the fabrication of the J-nose & T-
returns is more complex and thus more expensive, the baseline concept turns out
cheaper for low volume production.

This trend changes when production volume is 20 to 40 products per year. Both
concepts result in quite similar costs. For production volumes greater than 40 products
per year, the integration concept seems to be the best approach because assembly cost
is the major driver.

The total cost exhibits a rather small variation with a coefficient of variation of
approximately 7%, although most of the input parameters are assigned a coefficient of
variation equal to 20%-30%.

Finally, the identification of the cost drivers is performed by estimating the rank
correlation coefficients as described in Sect. 2. Part of the matrix is presented in Fig. 4.
Input variables are listed in the first column and they are correlated with the manu-
facturing cost of the main components as well as the assembly cost of overall product
and the total cost.
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Fig. 3. Total cost (manufacturing and assembly costs) per product for the two concepts with
respect to the target annual production volume
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Note that when the rank correlation coefficient value for an input variable results in
a value close to unit, it means that the input variable is quite critical, highlighted with
red colour in Fig. 4. Rank correlation coefficients greater than 0.2 are assumed as
critical cost drivers in this exercise. The identified critical cost drivers of the integrated
concept along with their rank correlation coefficient are presented in Table 1. It is
obvious from Table 1 that although 66 input parameters were initially assumed, only
10 of them significantly contribute to the manufacturing/assembly costs. From Table 1
(and Fig. 4), the influence of direct labour rate is considerable and should therefore be
modelled as accurately as possible. This was expected due to the high emphasis on
manual activities considered both for fabrication and assembly processes. Moreover,
the total cost of the integrated design concept is mainly driven just by two input
parameters, namely by the labour rate and the cost of the curing system (the autoclave).

Having this information, critical input parameters can be modelled more accurately.
Therefore, iterative loops of refinements can be performed as the design of the product
progress, resulting in more reliable cost estimations. By assuming that a more intensive
investigation for cost data is conducted, and by reducing the coefficient of variation of
the input variables of Table 1 to their half, the statistics for every main component cost

RVs
Manufacturing 

cost (J nose)
Manufacturing 
cost (FW spar)

Manufacturing 
cost (A  spar)

Manufacturing 
cost (Lower 

cover)

Manufacturing 
cost (Lower 
cover flap)

Assembly cost Total cost

11.070.041.021.031.031.090.0etartseretnI
98.019.066.037.076.017.087.0tceriD-etarruobaL
20.040.010.010.010.010.010.0-etarecapsroolF
10.010.010.000.010.000.010.0tsocyticirtcelE
10.000.000.010.000.000.020.0etarrettucCNC

Clean tool surface rate 0.00 -0.01 -0.01 -0.01 -0.01 0.00 -0.01
Release agent applica on rate 0.01 -0.01 -0.01 0.00 -0.01 0.00 0.00

00.010.010.0-00.000.000.000.0etarnoitacilppamihS
Hand lay-up prepreg rate 0.11 0.06 0.20 0.12 0.19 0.00 0.08

Fig. 4. Spearman’s rank correlation coefficient for a subset of the random input variables for a
target annual production volume equal to 100 (integrated concept)

Table 1. Critical cost drivers along with their rank correlation coefficient

Critical RVs J-nose
Man. Cost

FW spar
Man Cost

Aft spar
Man Cost

Lower cover
Man Cost

TE cover
Man Cost

Assy
cost

Total

Labour rate 0.78 0.71 0.68 0.73 0.68 0.91 0.89
HLU prepreg rate - - 0.20 - - - -
CNC cutter - 0.25 0.27 0.23 0.27 - -
Autoclave - 0.36 0.4 0.29 0.40 - 0.21
CNC milling mach. - 0.2 0.24 - 0.24 - -
CNC drill - 0.25 - - 0.26 - -
Crane - - - - - 0.28 -
Metrology system - - - - - 0.20 -
AS4-12 k/8552 UD 0.26 - - - - - -
Assembly fixture - - - - - 0.21 -
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for manufacturing/assembly and overall product cost are estimated once more.
Implementing this iterative loop, it was found that the associated uncertainty for the
total cost is reduced almost proportionally with refinement on the critical input
parameters.

5 Conclusions

The development of a cost tool is perhaps the most crucial element of a DFMA
methodology. A process-based cost methodology has been developed to translate
changes in the design, manufacturing process plan and the build philosophy of a
product into cost. Furthermore, in order to deal with the uncertainty in the input
parameters, which can be quite common in the conceptual phase of the design when
detailed info is often missing, a Monte Carlo analysis has been implemented. Spear-
man’s rank correlation coefficient has been evaluated to identify cost drivers and
critical input parameters.

The approach has been implemented to estimate manufacturing and assembly costs
of a simplified composite wing structure and to compare two different approaches,
namely a baseline concept of a traditional design consisting of several parts versus
integrated solutions based on co-curing techniques for composite materials. The
selection of a specific concept, baseline or integrated one, is dependent on the annual
production volume. The most important finding, however, of this analysis is the
identification of the critical cost drivers. Having identified the critical input parameters,
iterative loops of refinement can be performed as the design of the product progresses
to estimate more reliable costs. The associated uncertainty is reduced almost propor-
tionally with the refinement of the critical input parameters. It has been found that the
variability on the total cost drops by half, if the variability in the critical parameters is
reduced to their half.
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