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Abstract A methodology to estimate the cost implica-

tions of design decisions by integrating cost as a design

parameter at an early design stage is presented. The model

is developed on a hierarchical basis, the manufacturing cost

of aircraft fuselage panels being analysed in this paper. The

manufacturing cost modelling is original and relies on a

genetic-causal method where the drivers of each element of

cost are identified relative to the process capability. The

cost model is then extended to life cycle costing by com-

puting the Direct Operating Cost as a function of

acquisition cost and fuel burn, and coupled with a semi-

empirical numerical analysis using Engineering Sciences

Data Unit reference data to model the structural integrity of

the fuselage shell with regard to material failure and var-

ious modes of buckling. The main finding of the paper is

that the traditional minimum weight condition is a dated

and sub-optimal approach to airframe structural design.

Keywords Cost modelling � Manufacturing cost �
Life cycle cost � Airframe design � Optimisation

List of symbols

Ai cross section area of the part i

b stringer pitch

bred width of the chemi-milled pockets

Cm;f or a
i material, fabrication or assembly cost for the cost

element i

cm;f or a
i material, fabrication or assembly cost coefficient

for the cost element i

E Young’s modulus

F chemi-milling correction factor for the local

buckling coefficient

Gi
m material cost function for the cost element i

k radius of gyration

KF flexural buckling coefficient

KL local buckling coefficient

KR rivet buckling coefficient

KS shear buckling coefficient

H stringer height to stringer pitch ratio

h stringer height

LF frame pitch

Li length of the part i

n weight factor for DOC computation

ni number of parts of type i

p loading intensity

ppockets total perimeter of the chemi-milled pockets

q shear flow

rf or a
i fabrication or assembly rate coefficient for the

cost element i

rp rivet pitch

T ratio of stringer thickness to thickness of the

chemi-milled pockets

t0 initial skin thickness
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tb skin thickness of the panel with no chemi-milling

tred thickness of the pockets after chemi-milling

tremoved thickness removed by chemi-milling

ts stringer thickness

tsheet sheet thickness

uf or a
i fabrication or assembly utilizationfactor for the

element i

W weight of the panel

r applied compressive stress

rF flexural buckling stress

rL local buckling stress

rVM von Mises equivalent stress

s applied shear stress

sB buckling stress in pure shear

1 Introduction

As the design influences between 70 and 85% of the total

life cycle cost (LCC), i.e. cost of developing, producing,

using and retiring a product, designers are in a position to

substantially reduce it (Asiedu and Gu 1998). There is

therefore a need to develop methodologies to estimate the

cost implications at the early design stage.

Three different cost estimating methods are usually

identified: analogous, parametric and detailed. Analogous

models estimate the cost by analogy with an existing

similar product. This method requires an expert judgment

and a complete familiarity with the product but is very

good for new products (Asiedu and Gu 1998). Parametric

cost analysis is a mathematical approach to cost analysis

that uses non-cost parameters to estimate the cost to bring

forth, sustain and retire a product. It consists in the

development and application of equations or cost esti-

mation relationships (CERs) that describe relationships

between cost, schedule and measurable attributes of sys-

tems (Dean 1995). This method has also been applied to

estimate the cost of the design process itself (Roy 1999).

Considerable effort is involved in the collection of data

and generation of equations but when the CERs are

available, estimates can be produced rapidly. Neverthe-

less, this method is not very good for product utilizing

new technologies. Finally, the detailed method consists in

estimating the direct costs of a product or activity using

estimates of labour times and rates, material quantities

and prices. This method, which gives the most accurate

estimates, is the most time consuming and costly

approach and it requires very detailed knowledge of the

product. Activity-based costing (ABC) is a detailed

method, which evaluates the cost of a product from a

decomposition of the work required into elementary tasks,

operations or activities. Usually used as part of total cost

management, this method has also been successfully used

at the design stage for prediction purpose (Pantelakis and

Baxevani 2002; Ben-Arieh and Qian 2003; Feng and

Song 2003).

Research work on product acquisition cost, as part of the

LCC, is abundant in literature. In this context, multidisci-

plinary design optimisation (MDO) models no longer focus

only on optimising aerodynamic performance or minimiz-

ing structural weight, but are now turning towards other

objectives such as minimizing manufacturing cost

(Kassapoglou 1999; Bao and Samareh 2000; Wang et al.

2002; Rigo 2003).

The impact of design on direct operating cost (DOC) is

also documented in the literature. For example, in the field

of aeronautics, works concerning analyses of the return of

investment of the airline in relation with the variation in the

acquisition cost due to a design modification (Marx et al.

1995), analyses of the influence of manufacturing tolerance

on aircraft DOC (Curran et al. 2003) or parametric studies

to understand the impacts of new technologies on devel-

opment, production, operation and support costs (Collopy

and Horton 2002) can be cited.

Unifying the design tools for optimisation across mul-

tiple analytical disciplines is very important. In this

context, generic frameworks for cost estimation in product

design have been developed (Weustink et al. 2000; Koonce

et al. 2003). Generally, to produce an estimate, a work

breakdown structure (WBS) tree of the product is built and

the manufacturing cost is computed according to the

information related to each cost element. Appropriate

estimation methods and cost relationships are chosen

depending on the information available at each particular

design stage.

However, there has been very little published work in

the linkage and simulation of accurate cost estimation and

detailed structural requirements. Consequently, the present

paper describes initial findings of a research study on the

integration of cost estimating into the aircraft design

process. The aim of the project is to develop a generic

methodology for total cost modelling that will facilitate

the design integration of the aircraft as a complete

system. The cost model is developed on a hierarchical

basis, focusing first on the manufacturing cost analysis of

representative fuselage panels. The model can be subse-

quently extended in two major directions by including

operation and maintenance costs to predict the total LCC

and/or by adding other subsystems to finally analyse the

cost of the entire aircraft. Within this framework, the

implications of any change in the system definition are

directly reflected on the cost. Therefore, the model has to

give realistic estimates of the effects of design and

process changes. By coupling the cost analysis with a

structural analysis, it is then possible to optimise the panel
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not only for weight, which is the common practice in

aircraft design, but also for cost.

2 Development of the manufacturing cost model

The manufacturing cost model is developed using the

genetic-causal method as described by Curran et al. (2006),

where each cost element is computed in relation to its main

cost drivers, these being linked to particular genetic iden-

tifiers relating to materials, processes and forms. The cost

elements can be anything that incurs a cost such as a part or

an assembly operation. The objective is to define averaged

cost equations that depend on the design parameters and

that do not require detailed analyses at each manufacturing

step. The model can be viewed at different levels of

aggregation, from raw material to parts and assemblies.

The idea is to follow the material transformation route from

its beginning, with the advantage that the cost of bought or

semi-manufactured parts can be integrated at the appro-

priate aggregation level. The methodology implies that the

system has to be divided into different part families for

which specific cost equations can be developed. For each

parts family, the manufacturing cost is decomposed into

three components: material cost, fabrication cost and

assembly cost. As the cost model is to be coupled with a

structural model, these two analysis disciplines have to use

the same design variables.

Data have been collected in the form of bills of material,

engineering drawings and engineering process records for

the panels that comprise the main fuselage of a regional

passenger jet. Using regression analyses, cost equations are

determined from these data for each parts family. The

statistical significance is poor for some of the equations but

it can be improved when more data will be available. The

generic part families appearing in a typical stringer-skin

panel are the panel itself, which forms the skin of the

aircraft, the stringers and the frames that support it in the

longitudinal and lateral directions, and the shear cleats that

are present at the stringer-frame junctions.

Generic equations for the material cost (Eq. 1), fabri-

cation cost (Eq. 2) and assembly cost (Eq. 3) are given

hereafter; the exponent m refers to material, f to fabrication

and a to assembly. Square brackets are used to specify the

dimensions of the different variables in the equations. It is

worth noting that the fabrication costs only include the in-

house labour costs. This means that for several parts, the

material costs also include fabrication costs. For example,

relative to the particular industrial data available, the

material cost for the skin panel already includes the cost of

rolling. Likewise, the stringers’ material cost already

includes the cost of the extrusion process. The rivets are

standard commercial parts, which are received in their

manufactured state. From a costing point of view, the rivets

are part of the material costs.

Cm
i unit currency½ � ¼ Gm

i Li;Ai; . . .ð Þ
� cm

i unit currency=mm;mm2; . . .
� �

ð1Þ

Cf
i unit currency½ � ¼ rf

i unit currency=unit time½ � � uf
i

� cf
i unit time½ � ð2Þ

Ca
i unit currency½ � ¼ ra

i unit currency=unit time½ � � ua
i

� ca
i unit time½ � ð3Þ

In Eq. (1), the dimension of the material cost coefficient ci
m

changes according the dimension of the material cost

function Gi
m, which depends on various geometric variables

according to the part concerned, as exemplified later in this

paper.

The most efficient way to measure a labour cost is to use

a standard labour time cf or a
i ; which can then be multiplied

by an utilization factor uf or a
i and a rate (cost/unit time)

rf or a
i to obtain the final cost as illustrated by Eqs. (2) and

(3). Rates and utilization factors are very important

parameters of the cost model but they are also very difficult

to estimate. Rates are highly linked to the process. They

usually include labour cost but also part of tooling cost,

consumables and overheads. The standard time is the time

to make a part in theory but it takes longer in reality.

Therefore, utilization factors account for the actual period

during which the tools have to be considered to be used,

they include such things as learning curves, breaks, etc.

Utilization factors are determined by the company

efficiency.

The cost coefficients ci
m, ci

f and ci
a, which appear in Eqs.

(1–3), are detailed in the following sections. For proprie-

tary reason, the costing equations have been scaled. No

particular currency is given but the unit of cost is chosen to

be the cost of one representative rivet. Concerning the

labour time, the unit time is the autoriveter time to place

one rivet.

2.1 Material cost

Ideally, the material cost should be the cost of the raw

material before any transformation but according to the

industrial data available the model has been built using the

term ‘‘material cost’’ for the cost of the material as bought

by the factory. This means that the material may have

already been transformed. For example, the material cost

for the stringers is the cost of extruded aluminium while the

material cost for the cleats is the cost of a piece of metal

sheet. Therefore labour and energy have been expended

and are included.
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Three categories of raw material are analysed: skin sheet

(thickness C2.5 mm); sheets (thickness \2.5 mm) used to

make frames, cleats and other reinforcing parts; extrusions

used to make the stringers. According to the definition

commonly used (ASM 1990), all our aluminium flat

products are sheets (thickness between 0.15 and 6.25 mm).

Nevertheless, the decision to adopt the above criteria to

separate skin and sheets was made for reasons of clarity

because large skin sheets have a peculiar cost matrix which

is not self evident. The skin cost is used for the skin itself.

The sheet cost is used for the frames, cleats and other

reinforcing parts. The extrusion cost is used for the

stringers but can also be used for frames if extruded frames

are preferred to sheet metal frames.

2.1.1 Skin

The material cost data collected for skin is shown in Fig. 1.

This figure represents the cost by unit area as a function of

the thickness. No logical relation can be found on this

figure. After a discussion with the industrial partner and

looking at the global matrix of data available there, it

seems that no logical relation can be extracted even if a

larger set of data is used. For confidentiality reasons, the

whole set of data has not been provided. It was composed

of a matrix giving the cost of aluminium plate per unit

weight as a function of the thickness and width of the plate.

This cost distribution is maintained by the supplier and is

probably linked with commercial reasons. However it is

found that different widths are associated with different

process lines and each line is treated separately by the

producers, the cost matrix reflecting the cost incurred for

each line including spoiled runs, etc.

A logical cost distribution would be the following: cost

per unit weight increases when the width of the plate

increases as the tools needed for rolling become greater.

Thinner plates become also more expensive per unit weight

because they need more precision to make them and more

time. This evolution is not respected in the confidential cost

matrix provided by the supplier, reinforcing the fact that

the cost actually incurred and the price spent to purchase a

product are to be differentiated. Cost and price are usually

difficult to correlate as the later is a function of the market

trends and commercial relationship between the buyer and

supplier.

Following the above discussion and the difficulty in

finding a coherent relation between the skin sheet dimen-

sion and its cost, it has been decided to introduce the data

explicitly in the spreadsheet. The program determines the

appropriate value according to the initial thickness of the

plate before chemi-milling, the final thickness being

obtained by this process. Indeed, only several plate thick-

nesses are usually available on the market and there is no

need to find a relation covering a whole range of contin-

uous thicknesses, still this represents a challenge to

scientific cost modelling.

Practically, the amount of material to be taken into

account corresponds to the final size of the panel at which

6 in. (152.4 mm) have been added to both width and length

to allow for handling during chemi-milling.

2.1.2 Sheets

The material cost for sheets is presented in Fig. 2. By

regression analysis, a linear characteristic that intercepts the

cost axis at the origin has been fitted to the data. The data

points on Fig. 2 cover four different aluminium tempers

(2024-O, 2024-T3, 7075-O and 7075-T6). Nevertheless, a

single linear equation is sufficient to represent the general

sheet cost. This is confirmed by the R-squared value, which

reveals how closely the estimated trend line is from the set

of data, predicting 95% of accuracy.

Equation (4) gives the cost of one square millimetre of

sheet as a function of its thickness; being a straight line

passing through the origin, this is equivalent to a cost per

unit volume or unit weight for sheet material.
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cm
sheet unit currency=mm2

� �
¼ 2:303 � 10�3tsheet mm½ �

ð4Þ

For each frame or cleat, the size of the sheet actually

required corresponds to the envelop size of the deployed

part plus an additional 15% area. The cost function Gsheet
m ,

appearing in Eq. (1) for a sheet metal part, is then the

surface area of this envelop with an additional 15%.

2.1.3 Extrusions

The cost driver for extrusion is the shape factor, which is

defined as the ratio between the weight and the perimeter

(ASM 1988): the higher this factor, the more complex the

extrusion. This means that the extrusion rate is lower and

that the cost of the dies is higher for a high shape factor,

leading to an increase in the process cost.

Data were collected for all of the stringers used for the

typical regional aircraft studied here. The majority are Z-

and T-stringers although L- and V-stringers are also used.

The shape of the stringers was rather constant and there

was not a lot of variation in their perimeter. Therefore it

was not possible to find a relation between cost and the

shape factor as expected. The only interesting relation that

can be built with the available data is related to the weight

of a unit length of extruded material, this means that the

cost can be linked to the cross-sectional area of the stringer.

For larger cross-sections, more material is needed to obtain

one unit length of extruded material.

Figure 3 shows the material cost equations for the

stringers. Two equations are proposed. Equation (5) is valid

for T-stringers and includes L-stringers, both being made

from 2024 aluminium alloy. Equation (6) is valid for Z-

and V-stringers that are both made from 7075 aluminium

alloy. The disparity is quite large for V-stringers but they

are not widely used, V-stringers representing less than 5%

of the total usage.

cm
T�stringer unitcurrency=mm½ � ¼ 5:969 � 10�3Astringer mm2

� �

þ6:530 � 10�2 ð5Þ

cm
Z�stringer unitcurrency=mm½ � ¼ 4:238 � 10�3Astringer mm2

� �

þ5:954 � 10�1 ð6Þ

The length of material to be considered for the costing and

represented by the function Gi
m in Eq. (1) corresponds to

the length of the panel for a long stringer or to the frame

pitch for an inter-window stringer; plus an excess amount

of 15% in each case.

2.1.4 Rivets

The material cost for the rivets depends on the rivet’s size

and type (protruding head or countersunk). As the size of

the rivets is not taken into account in the structural model,

only an average cost is computed for each type of rivet.

Protruding head rivets are used to rivet cleats to frames and

stringers. Their cost has been chosen to be the reference

cost in this paper and its value is 1 (unit currency/rivet).

Countersunk rivets are used to rivet frames and stringers to

skin. They are more expensive than the protruding head

rivets, at a cost of 1.3 (unit currency/rivet). The number of

rivets is computed by dividing the length of the part by the

rivet pitch for frames and stringers. For the cleats, a fixed

number of rivets per part is assumed.

2.2 Fabrication cost

The general expression for the fabrication cost is given by

Eq. (2). The fabrication cost coefficients are presented in

this section for each parts family. Rates and utilization

factors reflect those provided by the industrial partner. The

model is essentially based on labour hours so that the rates

and utilization factors do not influence the results when

times only are compared. Nevertheless, in order to compute

the total cost and to perform the optimisation analysis,

material, fabrication and assembly costs have to be sum-

med, requiring assigned rates and utilization factors.

The fabrication cost is linked to the process, the initial

shape of the material and to several features as detailed in

the sections below for each parts family. It also includes

treatments cost such as painting, anodizing, etc. in the

present model.

2.2.1 Skin

The chemi-milling cost model is developed on the basis of

the operations performed during the process. The chemi-
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Fig. 3 Material cost for stringers
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milling cost is a function of the surface of the skin to be

treated because it is related to the amount of maskant and

etching product to be used, and to the cleaning time, etc.

The second parameter is the perimeter of the pockets,

which is proportional to the time needed to prepare the skin

for chemi-milling. Finally, the number of chemi-milling

steps and the amount of material to be removed at each step

are also cost drivers; the first because it induces handling

cost and the second, because it is linked to the chemi-

milling time and amount of etchant necessary.

For consistency with the rest of the cost model, the

equations are written in equivalent standard times.

The process can be divided in two types of operations: the

basic operations associated to the process and the actual

process operations. Equation (7) concerns the basic opera-

tions and is composed of three terms. The first one stands for

the application of the maskant, the second one for the

scribing of the pattern and the third one for handling, cutting

and stretching operations. Equation (8) is the equation for the

process itself. The first term represents the handling cost,

which is proportional to the number chemi-milling steps and

to the surface area of the panel. The second term stands for

the chemi-milling itself and depends on the total amount of

material to be removed, and the third term concerns the final

cleaning operations. The skin area that appears in all of the

equations accounts for the excess amount of material needed

for handling, except for the last term in which the final size of

the panel is considered for cleaning.

cf
skin�basic unit time½ � ¼ 1:524 � 10�4Askin mm2

� �
þ 3:261

� 10�3ppockets mm½ � þ 56:4

ð7Þ

cf
skin�process unit time½ �
¼ number of steps � 2:452 10�5Askin mm2

� �

þ 9:464 � 10�6tremoved mm½ � � Askin mm2
� �

þ 1:087 � 10�4Askin final mm2
� �

ð8Þ

Finally, the total fabrication cost for the skin is given by

multiplying the standard times by the appropriate rate and

utilization factors as stated by Eq. (9), which derives from

Eq. (2).

Cf
skin unit currency½ � ¼ rf

skin unit currency=unit time½ �

�
�

uf
skin�basic � c

f
skin�basic unit time½ �

þ uf
skin�process � c

f
skin�process unit time½ �

�

ð9Þ

2.2.2 Stringers

The fabrication cost for stringers is based on the length of

the stringer. The independent term that appears in the

model accounts for the work that has to be done to profile

the ends of the stringers. Much machining work is done

after extrusion but it cannot be represented in detail by the

simple structural model, the equations proposed here are

kept simple and tend to represent a mean stringer. Treat-

ment operations such a cleaning and painting are also taken

into account in these equations.

Two equations were identified: one for T-stringers (Eq.

10) and one for Z-stringers (Eq. 11) as illustrated in Figs. 4

and 5. The length of the stringers in these equations reflects

the 15% excess needed for machining.

cf
T�stringer unit time½ � ¼ 2:283 � 10�2LT�stringer mm½ �

þ 151:73 ð10Þ

cf
Z�stringer unit time½ � ¼ 1:008 � 10�1LZ�stringer mm½ �

þ 67:455 ð11Þ

2.2.3 Frames

The fabrication cost for frames is proportional to the

number of lightening holes, which is proportional to the

length of the frame in this model. Actually, machining
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Fig. 4 Fabrication cost for T-stringers
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work is also important for the frames but is not represented

in the framework of the structure-cost optimisation process

as the structural equations are not linked to these features.

An additional cost driver could also be the number of

stringers as a hole has to be machined for each stringer in

the present configuration. This has not been taken into

consideration yet.

All of the frames in the data set have the same length so

the number that appears in Eq. (12) is simply an averaged

value.

cf
frame unit time½ � ¼ 7:731 � 10�1Lframe mm½ � ð12Þ

2.2.4 Cleats

A single type of shear cleat is used in the structural model

and a single value for the cost of making cleats is con-

sidered (Eq. 13). Again a detailed model for machining and

bending should give a reasonable cost for each form of

cleat but this is not required in combination with the simple

structural model.

cf
cleat unit time½ � ¼ 30 ð13Þ

2.3 Assembly cost

The assembly process considered here concerns riveting

only but other assembly processes such as welding can be

introduced in the general framework of the model for trade-

off purposes. In this paper, the assembly is based on the

number of rivets to be introduced. Two phases are deter-

mined for the assembly process. The first phase, which is

referred to as drilling and set up, includes drilling, dis-

mantling, deburring and countersinking as well the time to

prepare the parts and locate them together. The preparation

time is included as an average: if the total number of rivets

is higher, the total preparation time will be more important

as well. At the same time, the number of rivets will be

higher if the size of the parts increases, which is compatible

with an increase in preparation time. The second phase is

the riveting process itself.

The total number of rivets for a frame or a stringer is

computed by dividing the length of the part by the rivet

pitch. For T-stringers, the number of rivets has to be

multiplied by two as there are two flanges to be riveted. For

each cleat, four rivets have to be considered, two for riv-

eting to the frame and two for riveting to the stringer.

2.3.1 Manual riveting

As explained, different operations are necessary for manual

riveting. First the parts are put together and drilled. The

drilling also includes operations such as dismantling,

deburring or countersinking. The cost of these operations is

higher for the cleats, as can be shown by comparing Figs. 6

and 7. The parts are then riveted together. Figure 8 shows

the results of the regression analysis for manual riveting. In

this case, no difference is made between frames, stringers

or cleats.
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Fig. 6 Set up and drilling for frames and stringers
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Fig. 7 Set up and drilling for cleats
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Fig. 8 Manual riveting for frames, stringers and cleats
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The cleats are always riveted manually. For the frames

and stringers, it is supposed in this model than the rivets at

their intersection are put manually as well as one or two

rivets at mid-distance between two frames for Z-stringers

or T-stringers, respectively.

The standard times to be introduced in an expression of

the type of Eq. (3) for each manual assembly step are

summarized by Eqs. (14–16).

ca
set up and drilling for frames or stringers unit time½ �
¼ 2:839 � nholes for frames or stringers ð14Þ

ca
set up and drilling for cleats unit time½ � ¼ 3:698 � nholes for cleats

ð15Þ

ca
manual riveting for frames; stringers or cleats unit time½ �
¼ 2:220 � nrivets for frames; stringers or cleats ð16Þ

2.3.2 Automatic riveting

For the automatic riveting, the machine drills, dismantles,

deburrs, countersinks and rivets. The automatic riveting

labour time has been chosen as a reference time for the

model and is then equal to 1, as shown in Fig. 9 and Eq.

(17).

ca
automatic riveting for frames or stringers unit time½ �
¼ 1:0 � nrivets for frames or stringers ð17Þ

2.4 Validation

The model has been verified by estimating the cost of four

of the panels (panels 1–4) that had been used to define the

set of equations presented in this paper. To validate the

model, two more panels (panels 5 and 6), which were not

included in the first set of data, have been analysed. The

rates and utilization factors used in the equations developed

above are:

rf
skin ¼ 29:5½unit currency=unit time�;

rf
stringers; frames or cleats ¼ 35½unit currency=unit time�;

ra
stringers; franes or cleats ¼ 24½unit currency=unit time�;

uf
skin�basic ¼ 1:38; uf

skin�process ¼ 1:13;

uf
stringers; frames or cleats ¼ 1:45 et ua

stringers; frames or cleats ¼ 1:18:

Table 1 summarizes the characteristics of the different

panels as well as the errors between the model estimations

and the industrial data. The cutouts are either windows or

doors. The cost of these parts are not computed by the

model but it is important to take them into account to

compute the actual length of the stringers as well as the

number of stringers parts for one stringer location.

Two types of errors are computed for each panel: the

global error, which is the error between the total estimated

cost and the total actual cost, and the cumulative relative

error, which is the sum of the absolute values of the relative

error of each cost element. The second value reflects a

more detailed analysis of the errors. Indeed, by computing

a cumulative relative error, an underestimated value for a

cost element is not balanced by an overestimate for another

cost element, as it would be the case for the global error.

The cost elements considered here are the same as in

Figs. 10, 11, 12, 13, 14 and 15, i.e. the material and fab-

rication costs for each parts family and the material (rivets)

and labour costs relating to the assembly. It can be con-

cluded from Table 1 that the model gives relatively good

estimates. The total cost is generally underestimated but

the global error is never greater than 10% and the cumu-

lative relative error remains less than 13% for every panel.

It is worth noting that the errors for panels 5 and 6, which

were not included in the initial set of data, are also small

and comparable to the errors for the other panels. These

results are sufficiently good to validate the cost equations

for these types of panels.

Figures 10, 11, 12, 13, 14 and 15 show the results of the

model compared to the data for each cost element. The

reference value is the total actual cost of the first panel

which represents a cost of 100%. All the other results have

been scaled according to this value. The purpose of

showing these graphs is to compare the estimates with the

data and to identify the causes of error for each cost ele-

ment. It is obvious from the graphs that the fabrication cost

for the stringers is underestimated for most of the panels,

except for panels 5 and 6. The total assembly cost is also

underestimated for the majority of them, except for panel 4.

These two cost elements are responsible for most of the

error and could be better estimated with more detailed cost

equations. For all the parts families, the material cost is

smaller than the labour cost, except for the skin itself, and

y = 1.000x

R2 = 0.6731

0

1000

2000

3000

4000

5000

6000

0 1000 2000 3000 4000

Number of rivets

S
ta

n
d

ar
d

 t
im

e 
[u

n
it

 t
im

e]

Fig. 9 Automatic riveting for frames and stringers
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Table 1 Characteristics of the

panels for validation
Panel number

and type

Panel size

(m x m)

Number

of frames

Number

of stringer

locations

Number of

cutouts

Global

error (%)

Cumulative

relative

error (%)

1 – T 4.9 9 2.2 12 13 0 -0.47 4.98

2 – T 4.7 9 2.2 6 13 0 -9.46 12.78

3 – Z 4.9 9 2.2 10 12 6 -3.86 5.60

4 – Z 4.7 9 2.2 5 12 6 -1.30 12.55

5 – T 3.3 9 2.2 8 13 0 -2.15 6.10

6 – Z 3.3 9 2.2 8 12 4 -6.92 11.19
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Fig. 10 Manufacturing cost for panel 1
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Fig. 11 Manufacturing cost for panel 2
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Fig. 12 Manufacturing cost for panel 3

0%

10%

20%

30%

Skin Stringers Frames Cleats Assembly

Actual Material Estimation Material

Actual Labour Estimation Labour

Fig. 13 Manufacturing cost for panel 4

0%

10%

20%

30%

Skin Stringers Frames Cleats Assembly

Actual Material Estimation Material

Actual Labour Estimation Labour

Fig. 14 Manufacturing cost for panel 5
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Fig. 15 Manufacturing cost for panel 6
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is usually well predicted. The fabrication cost for the

frames is always overestimated while for the cleats both

overestimates and underestimates appear according to the

panel. Nevertheless, referring to Table 1 and to the com-

ments made above, the total estimated cost is well

predicted and the model is validated for the purpose of this

research.

2.5 Life cycle cost modelling

The cost model can be extended to life cycle costing by

computing the DOC that is associated with the cost of

transporting a given weight of aircraft structure during the

aircraft’s life span. For commercial transport applications,

the DOC is a function of the acquisition cost, fuel burn,

maintenance, crew and navigation, and ground services. In

particular, a detailed LCC analysis should also study the

impact of factors such as damage, reparability, inspect-

ability, robustness, etc. on the total cost.

As this work is concerned with linking and trading off

structural efficiency with manufacturing cost, all DOC

drivers can be said to be fixed apart from the acquisition

cost and fuel burn, the neglected elements being said to be

of much less importance to the structural airframe designer.

Acquisition cost is driven by the cost of investing money to

pay for the cost of the aircraft amortized unit manufacture,

plus a profit margin, and can again be simplified and

stripped of overheads and contingency to be a function of

the cost of manufacture for design trade-off purposes. Fuel

burn is a function of the specific fuel consumption and the

cost of fuel and therefore can be said to be a function of

weight in the current context.

The DOC function that is used for optimisation pur-

poses later in this paper is summarized by Eq. (18).

Although profit is a more obvious objective function,

DOC can be more readily assessed as one form of an

objective goal. It is composed of two terms: the acqui-

sition cost (AC) and the fuel burn (FB), the acquisition

cost being the manufacturing cost (MFC) multiplied by a

weight factor n. For the majority of the flight sectors, the

acquisition cost contributes two to four times more than

the cost of fuel burn to the DOC. In keeping with the

panel sizes addressed in the paper, it was shown that a

50% weighting for acquisition cost and 15% weighting

for fuel burn is reasonable for the DOC split for an

aircraft in the regional aircraft sector (Curran et al.

2006). Consequently, the factor n was determined by

fitting the cost results for a panel traditionally optimised

for weight and the above mentioned percentage. The fuel

burn was taken to be 300$/kg for this fitting, which is

seen as a typical value. Finally, a value of n = 5 was

obtained.

DOC ¼ FBþ AC ¼ FBþ n �MFC ð18Þ

2.6 Structural analysis

The structural analysis is of a semi-empirical nature and

utilizes various reference data from the Engineering Sci-

ences Data Unit (ESDU) to predict the loads at which a

given panel will fail. The structural analysis for inverted

T-stringer panels has been described by Curran et al.

(2006). The present paper focuses on Z-stringer panels with

chemi-milled pockets. The equations are similar to those

presented for T-stringer panels except that the buckling

coefficients have to be adapted and that two different

thicknesses have to be considered to account for the effect

of chemi-milling. The panel modelled is shown in Fig. 16,

where b is the stringer pitch, h the stringer height, t0 the

initial sheet thickness, tred the thickness of the pockets after

chemi-milling and ts the stringer thickness. It can be loaded

under uniform compression with loading intensity p com-

bined with a uniform shear flow q. Failure modes

considered are flexural buckling (long-wave), local buck-

ling (short-wave), inter-rivet buckling (buckling of the skin

between rivets), and material failure based on the allowable

stress of the aluminium alloy material. Note that local

buckling is not permitted, i.e. no post-buckled design is

considered in the present study. Explicit formulae are

derived for each of these modes, to facilitate their use in

combination with cost formulae in a cost-weight optimi-

sation process. Such formulae are inevitably an

approximation to the real behaviour of the panel [as might

be obtained, for example, by a full numerical analysis or

Finite Element Analysis (FEA)] but are regarded as ade-

quate at the current stage of the work. Furthermore, the

intention is to develop a design tool which is both

straightforward to use and readily programmed. Geometric

constraints are applied in the subsequent optimisations to

avoid unrealistic designs.

For flexural buckling the panel is assumed to be simply-

supported at the frames, and wide enough so that there is

no interference between adjacent stringers. Euler’s for-

mulae then gives for the flexural buckling stress rF:

0.5 h

b 

h

0.4 h

ts 

tred
t0 

Fig. 16 Modelling of the Z-stringer panel for structural analysis
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rF ¼
p2E

LF=kð Þ2
ð19Þ

where E is the elastic modulus, LF is the frame pitch and k

is the radius of gyration of the stringer with its attached

skin. This formula is conveniently rewritten:

rF ¼ KFE
b

LF

� �2

ð20Þ

in which the flexural buckling coefficient KF can be

expressed as an explicit function of the shape ratios

h=b; tred=t0 and ts=tred:

Regarding local buckling, the buckling stress rL for a

panel with no chemi-milling and with uniform skin thick-

ness tb, is given by:

rL ¼ KLE
tb

b

� �2

ð21Þ

Values of KL are taken from data in the ESDU Structures

Series (ESDU 1971b, Data Item 71014). This set of data

takes into account the interaction between the stringer and

the skin, which if omitted, would have led to some

significant error. A polynomial approximation is used to

represent the local buckling coefficient in the present

analysis. A fourth-degree expression is found sufficient to

give accuracy within 3% in the region of interest. For a Z-

stringer panel with a flange length equal to 0.4 the stringer

height, as represented in Fig. 16, the expression is a

function of the shape ratios H ¼ h=b and T ¼ ts=tb and is

given by:

KL ¼ 4:2859� 5:8779 H þ 0:6816 T

þ 5:0983 H2 þ 3:4008 HT þ 0:8709 T2

� 5:3247 H3 þ 2:1289 H2T � 1:5436 HT2

� 0:2972 T3 ð22Þ

To introduce the effect of chemi-milling, local buckling

was calculated by means of the program in ESDU Data

Item 98016 (ESDU 1998). This program is based on a finite

strip method, enabling a chemi-milled pocket to be

accurately modelled in the cross-section of the panel. The

model also represents the rivets connecting the stringers. It

was anticipated that the relatively greater thickness of the

skin under the stringers would have a positive effect on the

stiffness of the rivets in the skin, thereby compensating to

some extent for the reduction of thickness in the chemi-

milled pockets. A representative Z-section stringer was

chosen, and calculations made for various depths of chemi-

milling. The local buckling stress of the chemi-milled

panel was expressed as a multiplication factor F on the

buckling stress of the same panel with a uniform skin

thickness equal to the thickness of the chemi-milled

pockets (tb = tred in Eq. 21). For incorporation into the

spreadsheet, a quadratic function was found to provide a fit

to the calculated data, given by the following formula:

F ¼ 1þ 0:155 1� tred

t0

� �
þ 1:309 1� tred

t0

� �2

ð23Þ

within the range 0.25 B tred/t0 B 1.0 and based on a panel

with bred=b ¼ 0:85: Note that while the factor F is greater

than 1, the net effect is, of course, a reduction in the local

buckling stress as a result of chemi-milling. Nevertheless,

Eq. (23) shows that the thickness of the unmilled skin

under the stringers is effective in limiting the extent of this

reduction. Further calculations have since been made for

different ratios of width of chemi-milled pocket to stringer

pitch (bred/b [ 0.85), showing gradually reducing values

of the factor F with increasing values of this ratio as

expected. However, the effect of this on the optimised

panels was judged to be quite small. The simplified

approach adopted here for the buckling of the chemi-milled

panels has been verified by a more detailed analysis of the

panels, coming out of the different stages of optimisation.

It was shown that the difference between the spreadsheet

formulae (Eqs. 22 and 23) and the results of the program in

ESDU Data Item 98016 (ESDU 1998) was less than 4%,

which is satisfactory for the present purpose.

For local buckling under combined compression and

shear, the well known parabolic interaction formula is

used. Buckling occurs when:

r
rL

þ s
sB

� �2

¼ 1 ð24Þ

where r and s are the applied compressive and shear

stresses, respectively, and sB is the buckling stress in pure

shear:

sB ¼ KSE
tred

b

� �2

ð25Þ

where a representative value of the buckling coefficient is

taken to be KS = 4.83 (ESDU 1971a, Data Item 71005).

For the inter-rivet buckling stress rR the usual empirical

formula (ESDU 1962, Data Item 02.01.08) is used:

rR ¼ KRE
t0

rp

� �2

ð26Þ

in which KR = 1.23 is taken for conventional countersunk

rivets and rp is the rivet pitch.

For the material stress limitation, an appropriate value of

allowable stress is used when the panel is loaded under

pure compression. Note that this is simply a cut-off value,

i.e. at this stage no consideration is given to a reduction in

the (tangent) modulus with the approach of yielding. The

stress levels in this study are low enough to make use of a

reduced modulus unnecessary. However, this is readily

incorporated without departing from the intention of
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employing explicit formulae for all failure modes. Under

combined compression and shear, the von Mises equivalent

stress rVM is used:

rVM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ 3s2

p
ð27Þ

This is again related to the allowable compressive stress of

the material.

3 Optimisation

The goal of the optimisation process is to link together the

structural analysis and the cost analysis in order to define

the design configuration that meets the structural require-

ments while minimizing the cost to the airline operator.

3.1 Optimisation method

The various formulae for cost estimation and structural

analysis presented in the previous sections have been

incorporated into a Microsoft ‘‘Excel’’ spreadsheet. The

structural analysis simply ensures that the panel continues

to withstand the load applied to it. Due to the explicit

nature of both sets of formulae, effective use could be

made of the ‘‘Solver’’ optimisation routine in Excel, which

employs a generalized reduced gradient method. Formulae

for the different modes of failure developed in the struc-

tural analysis serve as constraints in the optimisation

(together with certain other constraints arising from the

limits of validity of the local buckling data).

3.2 Definition of the objective function

There are various ways of driving the design process to be

mindful of cost, but this is generally achieved through the

formulation of a holistic objective function that is multi-

disciplinary in nature. In this context, the DOC as defined

by Eq. (18) can be used as an objective function to reflect

both manufacturing cost and weight penalty. It is supposed

that a marginal saving in the DOC of the aircraft (i.e.

saving directly attributable to the design of the panel) is

made up of a saving in manufacturing cost offset against a

fixed cost penalty for any increase in structure weight.

However, pure profitability would be more accurate while

possible consequences of changes in the design for dura-

bility or maintenance costs are not considered at the present

stage. It is also assumed that any weight increase is mar-

ginal and does not imply reduction in performance of the

aircraft. It should be noted that additional fuel costs are

paid for over the life of the aircraft, whereas manufacturing

costs are met at the outset.

For comparison purposes, a classical weight optimisa-

tion is also performed. A detailed analysis is then necessary

to compute the weight of the panel, obtained by summing

the weight of each part. For the panel, the actual geometry

after chemi-milling is taken into account. The weight of the

frames is calculated taking into account the actual size of

the frames and removing the amount of material corre-

sponding to the holes. The weight of the rivets is computed

on the basis that the amount of material added due to the

rivets (weight of the rivet minus the weight of the material

removed for the hole) is 2 g. This is a good approximation

when considering the rivets used for this type of panel. The

weight of the stringers is computed from their length and

cross-sectional area.

A previous analysis of T-stringer panels has shown that

the choice of objective function is crucial (Curran et al.

2006). Very different results for the design parameters

were obtained according to the objective function, and the

minimum weight condition was found not to be the optimal

solution from a minimum life cycle cost point of view.

3.3 Application to a chemi-milled panel

The present application concerns the optimisation of a Z-

stringer chemi-milled panel. The active design variables

are chosen to be: stringer pitch b, stringer height h, initial

sheet thickness t0, thickness of the pockets after chemi-

milling tred, stringer thickness ts and rivet pitch rp. The last

parameter is chosen because it makes a major contribution

to the cost of manufacture while the other five parameters

are primary variables in the design of a stringer-skin panel,

as well as having significant influence on the manufactur-

ing cost. An appropriate part of the frame and cleat weight

is included in the total weight of the panel. The frame pitch

(LF = 406 mm) is not varied during optimisation. For the

present study the panel is loaded in compression and shear,

at a structural index value p=Lf ¼ 0:5 N
�

mm2; with q ¼
p=5: For this application, a fixed cost penalty of 1:2 �
105 unit currency=kg½ � has been adopted. A minimum value

of 1.27 mm for t0 is imposed as a constraint, representing

the minimum skin thickness necessary for riveting.

To compute the number of frames, the panel length is

simply divided by the frame pitch while dividing the panel

width by the stringer pitch gives the number of stringers. It

is assumed that there is one cleat at every frame–stringer

junction. Ideally, these figures should be rounded to the

closest integer value as the quantity of each type of part has

to be represented by an integer. Nevertheless, the use of

integers in combination with the ‘‘Solver’’ routine in Excel

led to the appearance of local minima during the optimi-

sation process. For this reason, the decision to keep

unrounded numbers for this analysis has been made. The
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investigation of optimisation routines specially dedicated

to accept integer variables will be considered in future

applications. To ensure that the global minimum is found,

optimisations starting with different initial values of the

design parameters have been performed.

Table 2 shows the results of the optimisation for weight

or DOC, with and without chemi-milling. Comparing the

optimisation for weight and for DOC, it can be concluded

that, as for the T-stringer panel application (Curran et al.

2006), there is an improvement in DOC for the minimum

DOC condition over the minimum weight condition. This

is due to the important manufacturing cost saving having a

reduced number of larger-area stringers, a larger rivet pitch

and a slightly thicker skin. Indeed, comparing the two last

rows of Table 2 for example, it can be seen that the panel

optimised for DOC has a stringer pitch almost tripled, a

skin thickness doubled, and a stringer thickness and rivet

pitch more than doubled compared to the panel optimised

for weight. For this example, the manufacturing cost is

reduced by 44% while the weight and fuel burn only

increase by 29%. Similar conclusions can be made com-

paring the two first rows of Table 2. Globally, the total cost

improvement corresponds to 34% of the DOC for the

chemi-milled panel and to 15% of the DOC for the panel

without chemi-milling. It is emphasized that these per-

centages relate strictly to that part of the DOC directly

attributable to the design of the fuselage panels, and do not

relate to the total DOC of the aircraft.

Comparing the results with chemi-milling and without

chemi-milling in Table 2, it can be concluded that the

chemi-milling process is necessary to obtain the optimal

panel, either when optimising for weight or for DOC, but

optimisation for weight requires more chemi-milling than

optimisation for DOC. Nevertheless, the improvement in

DOC between the panel with chemi-milling and the panel

without chemi-milling, in both cases optimised for DOC, is

only 1.5% and this value is very sensitive to the fuel cost.

This statement means that chemi-milled panels do not

show a substantial advantage on a DOC basis when only

static strength (material allowable stresses and buckling) is

taken into account. In practice, the advantage is likely to be

more discernible in their crack-stopping properties in fati-

gue resulting from repeated cabin pressurization. It can also

be concluded from rows two and four in Table 2 that with

no increase in DOC, the chemi-milling process can make

the fuel burn go down, the aircraft being more environ-

mentally efficient. Indeed, looking at the panels optimised

for DOC, the chemi-milled panel is 7% lighter than the

panel without chemi-milling, the slight increase in manu-

facturing cost being compensated by the reduction in fuel

burn.

The assumption on which Eq. (23) is based

ðbred=b ¼ 0:85Þ is correct when optimising for weight but

not when optimising for DOC, for which the value should

be 0.95. As stated above, an improved formula for local

buckling, including the effect of the bred=b ratio, has been

developed. The maximum difference between the two

formulae being only 0.2%, it has been decided to retain Eq.

(23) in the spreadsheet.

4 Conclusion

The main finding of the paper is that optimising the

design according to DOC rather than structural weight can

result in reduced manufacturing costs that lower the air-

craft DOC despite the extra cost incurred when the fuel

burn penalty is taken into account. An original technique

for modelling manufacturing cost using the genetic-causal

approach has been used to facilitate the optimisation

process and the impact of including manufacturing con-

siderations has been highlighted in comparative results. It

has been shown that an effective design optimisation can

been achieved by linking manufacturing costs models

with structural analysis models through shared design

parameters.

Structurally improved buckling coefficients to account

for the actual geometry of the panel in case of chemi-

milling have been defined. When analysing the impact of

chemi-milling, it has been shown that the thickness to be

removed by chemi-milling is less when optimising for

minimum DOC rather than for minimum weight and that,

even if this process increases the total manufacturing cost,

chemi-milling has a slightly favourable impact on the total

DOC compared to a configuration without chemi-milling

when optimised for DOC.

Table 2 Design parameters and cost results after optimisation

Optimised for b
(mm)

h
(mm)

bred

b t0
(mm)

tred

(mm)

t0 - tred

(mm)

ts
(mm)

rp

(mm)

W

(kg/m2)

DOC

(unit

currency/m2)

FB

(unit

currency/m2)

MFC

(unit

currency/m2)

With

chemi-milling

W 57.15 18.93 0.83 2.71 1.26 1.45 1.01 57.98 8.539 2908.7 9 103 1024.7 9 103 376.8 9 103

DOC 155.79 14.44 0.95 3.81 2.57 1.24 3.98 101.97 10.757 2168.3 9 103 1290.8 9 103 175.5 9 103

Without

chemi-milling

W 63.58 19.03 – 1.56 1.56 0 1.25 34.46 8.909 2528.6 9 103 1069.1 9 103 291.9 9 103

DOC 173.37 17.05 – 3.05 3.05 0 3.32 85.80 11.483 2201.5 9 103 1378.0 9 103 164.7 9 103
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The work presented is part of research in progress whose

further developments will include the analysis of manu-

facturing and material alternatives in order to trade-off the

cost implications for acquisition cost and maintenance.
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