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“SIX SIGMA” AIDED DESIGN OF A FUSELAGE COMPOSITE PANEL

Six Sigma Method (SSM) is included in the “Robust Bsign” context and allows to reduce the sensitivityo external fac-
tors during design and manufacturing phase and dung the product lifecycle, too. Organisations like 8y, Honda, Lockeed
Martin, Motorola, Toshiba proved to be interested n this method but, only in 1979, Motorola first tok into account this me-
thod for industrial problems, with the aim of improving product quality and reducing manufacturing cogs. ‘Six Sigma’ ability
of meeting customer requirements (in terms of costnd quality) and its intrinsic property of identif ying and quantifying de-
sign parameters influence on final product performace, makes such method a valid and powerful tool falesigners.

In the paper at hand, a design evolution for a comgsite fuselage panel is presented applying SSM. Atst, basing on
a Safety Margin optimized panel, the influence ofhe design parameters variation was estimated, assumg, as constraint,
a deviation of the Safety Margin confined within +86. The most critical parameters resulted: the ply hickness, thematerial
allowable strain, the lamina Young moduli along themain plane directions, the shear and Poisson modis. By randomly va-
rying these parameters, the FE models of novel palse differing from the optimized one, were generat and, through the
MSC\Nastran code, linear static and buckling invesgations were performed. Predicted stress field anthstability loads were
used to compute the Safety Margin, thus achieving aormal distribution. Finally, allowed variation ra nges of above men-
tioned parameters were found out, by verifying thatthe standard deviations fall within assigned SafgtMargin range (i.e.
within £5%). The most critical parameter, both for the stress field generated and for the allowable stability load was the ply
thickness, whose allowed excursion proved to be timarrowest one.

Keywords: “Six Sigma”, composite, margin of safety, mean valyeleviation standard

PROJEKTOWANIE SAMOLOTOWEGO PANELU KOMPOZYTOWEGO Z ZASTOSOWANIEM
METODY ,,SZESC SIGMA”

Metoda ,Sze&¢ sigma” (ang. Six Sigma Method, SSM) zawarta w koekicie ,Projektowania Wytrzymatej Konstrukgji”
pozwala zredukowa wrazliwo$¢ na czynniki zewrgtrzne w okresie projektowania i wytwarzania oraz palczas eksploataciji
produktu. Takie koncerny, jak: Sony, Honda, LockeedMartin, Motorola, Toshiba wykazywaly zainteresowarie ta metod,
lecz dopiero w 1979 r. Motorola jako pierwsza uznat t¢ metode za odpowiedny do rozwigzywania probleméw
przemystowych w celu poprawy jakdci produktu oraz zmniejszenia kosztéw produkciji. Zcblnos¢é metody ,Sz&¢é sigma” do
zaspokajania wymaga klientéw (w kategorii ceny i jakosci) oraz jej wewngtrzna wiasciwo$é rozpoznawania i oszacowania
wielkosci wplywu parametréw projektowania na koacowe wigciwosci produktu czyni z niej wazne i potezne narzedzie dla
projektantow.

W pracy zaprezentowano przebieg projektowania komppytowego panelu samolotu z wykorzystaniem metody z85¢
sigma”. Najpierw, bazujac na panelu zoptymalizowaym ze wzgtlu na margines bezpiecaestwa, zostal oszacowany wptyw
wariacji parametrow projektowania przy zatozeniu wartosci odchylenia tego marginesu nie wkszej niz 5%. Najbardziej kry-
tycznymi parametrami okazaty se: grubosé warstwy, dopuszczalne odksztalcenie materiatu, mody Younga warstw wzdiuz
gtéwnych kierunkéw ptatu, modut §cinania i Poissona. Poprzez zmiany losowe tych paretrow wygenerowano modele MES
nowych paneli, r&zniace sg od zoptymalizowanego, oraz przeprowadzono linioweadania statyczne oraz badania wyboczenia
z pomoe kodu MSC/Nastran. Wygenerowane pole nazen i obcigzenie wyboczeniowe zostalyayte do okreslenia margine-
su bezpieczastwa, osijgajace w ten sposob rozktad normalny.

Na koniec zostaly okrélone dopuszczalne zakresy zmian vizgj wymienionych parametrow poprzez weryfikacg odchyle-
nia standardowego w zakresie zalmnego marginesu bezpiecfstwa (+5%). Najbardziej krytycznym parametrem, zardwno
dla wygenerowanego pola napzen, jak i dla dopuszczalnego obaizenia wyboczeniowego byla grub& warstwy, dla ktérej
dopuszczalne odchylenie okazatogsby¢ najmniejsze.

Stowa kluczowe: “Sze$¢ sigma”, kompozyt, margines bezpiecaestwa, wartoé¢ srednia, odchylenie standardowe

INTRODUCTION

The new generation of aeronautical structures @mposite structure for envisaged weight and copsum
characterized by light materials and high perforcean tion cut down [2]. Due to their intrinsic naturéetin-
[1]. According to this trend, design efforts leaduse vestigations on buckling and strength behaviour of
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composites follows approaches generally differeminf reliability design requirements and information abo

traditional ones [3]. In this scenario, criterialealto design parameter “quality”.

highlight and quantify design parameters influence

final product performance, play a fundamental role,

allowing for compliance to customer requirementSGEOMETRY DESCRIPTION AND MODELLING

Within the quality optimization field, many grougke  gTRATEGY

Sony, Honda, Lockeed Martin, Motorola, Toshiba were

interested in the Six Sigma Method (SSM), belonging The considered structure is a composite stiffened

to “Robust Design” typology and relating the Safetpanel as in Figure 1 and about this one a streaigth

Margin of a structural component to the variatidn o2 buckling analysis have been conducted. In faut, f

some design parameters; Six Sigma originated &t a 8 weight saving purpose the added load capability

of practices designed to improve manufacturing probefore the ultimate strength of a composite pasel i

esses and eliminate defects, but its applicatios wiindamental. A fuselage composite stiffened panel,

subsequently extended to other types of busipess- by a FEM approach with real industrial requirements

esses as well [3-5]; in Six Sigma, a defect isragfias under Alenia Aeronautica S.p.A. property, has been

any process output that does not meet customeifispediesigned.

cations, or that could lead to create an outputdbas The composite panel is a “stiffened” panel ands it i

not meet the customer specifications [6]. In a nfiamu  composed of 3 omega profile (Fig. 2) stringers with

turing context the method is able to focus the jpilgg ~ a reinforcing rule for the structure along the lengide,

of a process to meet the customer need but inigrdesand of 2 frames along the shorter side in a peipand

context, as presented in this work, it means tifyér lar direction to the stringers. Panel dimensione: ar

standard deviation, of each considered design parard270 mm x 674 mm and 0.184 mm thick.

ter, fall within assigned Safety Margin range (iéthin After defining geometry a FEM modelling has been

+5%). In this context the SSM is a sound oppotjuni created using cquad4 elements composed of 4 nodes

to solve the problem, so that this approach isumed and widely used for this type of approach becadse o

in a “Robust Design” concept to optimize structurathis type of element is able to support in planeds,

parameters during a composite structural design ifiending and shear loads while strain shear outaofep

proving the manufacturing process and reducingscosts not considered. So that, this model has a FEghme

So that, SSM in a composite design concept leadsifg as follows: 20784 nodes and 20940 elements

show the variation range of each structural paramtet as shown in Figure 1. For our purpose, in ordeoto-

have a desiderate output as presented in this work. ~pare main results, always the same element n. 16584
To solve this problem it is common use to introduc€Fig. 3) between the 2 frames, has been considEred.

a safety coefficient in structural design variathef, this panel a composite material (CFRP) has beed use

from this point of view, a “Robust Design” leads toccomposed of 13 plies with the following angular se-

deterministic hypothesis connected to variationsngu quence: 45/-45/90/0/45/-45/0/-45/45/0/90/-45/45

a lifecycle as aging of material. This is connedtedn in degree with the following material property aste

increasing uncertainty and a probability of struatu Table 1.

failure apart from an increasing manufacturingarep

ing and maintenance costs. So that, it is important TABLE 1. Panel material property

know and foresee structural performances for ai opfABELA 1. Wiasciwosci materiatu panelu

mum design concept [7, 8] and this work focuses ti ith ‘ E, E G, . y

aspect. Through a probabilistic approach, based [on*" ! 22 2 o 12

SSM, by MSC Nastran solver and MSC Patran pre-pp&t:84 115002 7000 3200 3500 | 03

processor, a strength and a buckling FEM analysis | ™" | N/mm® | N/mm? | N/mm?® | pstrain

a fuselage composite stiffened panel, composed Lof

2 frames and 3 stringers, have been conductedn@uri

the design phase, target structural parameterse@ss-

sary condition for the application of SSM, havesibe

defined. With a random parameter variation (skip p

thicknessthy,, the allowable values, , the lamina flux (26.5 N/mm) on the shorter side. In order to have

Young modulusky, and By, the shear modulug,, a static determinate structure, boundary conditions
and Poisson modulug,,, in a defined range, the nor-the panel have been applied. On the longer fralet isi
mal distribution of Margin of Safety by strengthar  the FEM model (Fig. 1) the left node has been hinge
sis and eigenvalues found by buckling analysigees and the right node has been embedded while alang th
tively, have been computed. In this way, the maoist ¢ four sides of the panel simply supported nodesehav
cal design parameters have been determined and, bgen included. In the following, two analysis, sgth
those ones, the SSM has been applied, determiniagd buckling, shall be presented.

A common fuselage panel is simultaneously loaded
by distributed compressive load and also by shesat;|
|So that the following panel has been loaded byra-co
pressive load (50 N) on the longer side and byemish
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Fig. 1. FEM meshing of the panel
Rys. 1. MES siatki dla panelu

Fig. 2. Omega profile stringer
Rys. 2. Podhmica o profilu omega

Fig. 3. Node n.16584
Rys. 3. Wzel n.16584

STRENGTH ANALYSIS

At first, a strength analysis on the panel, using E
FEM approach by a static linear analysis, through t

After this, the related Margin of Safety (MoS) have
been evaluated for the element n. 16584 considering
MoS = 154 as target value reference for the application
of SSM.

In this analysis what is the influence of design pa
rameters, in allowed variation range, on the Mo§& pe
turbation for a Robust Design, is the main purp&e.
that, in order to apply the SSM, design paramdtave
been evaluated to determine which of these ones are
critical for the MoS target value. In Table 3 aidedi
variation range for each parameter is shown.

TABLE 3. Panel design variation for strength analysis
TABELA 3. Zmiany parametrow projektowania panelu dla
analizy wytrzymatosciowej

Mechanical parameters Variation range
E,,, N/mm? 110000+120000
E,,, N/mm? 6000+8000
thyg,, Mm 0.175+0.187
&1 ustrain 3500+4100
G,,, N/mm? 2500+3900

According to a statistical approach in order to
change randomly each of six parameters, by means of
a numerical tool, a variation range has been defiSe
that, 100 linear static analysis have been runetmh
parameter, so for 6 of these ones 600 SOL 101 sisaly
have been computed. This computational effort, @:co
ing to the statistical approach, has been fundashént
order to have a more and more real result. Theappl
tion of SSM is based on the requirement that stahda
deviation g has to fall within1/12 of the requirement
width as target Margin of Safety (MoS) for our posp.
Before applying the method the target value of
MoS =154, found for optimized panel, has been de-
fined. From this target value upper and lower kit
respectively154+5% and 154-5%, according to this

Nastran SOL 101, has been conducted. The design psmula A:M: 0.1, have been computed in
1.54

rameters of the panel for the strength analysisirare

Table 2.

TABLE 2. Panel design parameter for strength analysis
TABELA 2. Parametry projektowania panelu dla analizy

wytrzymatosciowej

Mechanical parameter

b

Design paramete

E;,, N/mm? 115000
E,,, N/mm? 7000
thy;,, MM 0.184
Eq1» Ustrain 3500
Gy,, Nimm? 3200
Vir 0.3
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order to verify the process capability in termsbhahd-
width requirements. Standard deviatien has to fall
within 1/12 of the requirement widthy, so finding the
following reference value for the method applicatio

0’:%:0_008. So that, a numerical tool has computed

the MoS for each of 100 random value related to six
design parameters (in all 600 values); then the MoS
mean valuey and standard deviatior have been

estimated, in order to check if the process isreent
(x=154) and is capable o< 0.008) so determining

what design parameters are critical for a Robusidve
concept, purpose of this work.

The tool, in Visual Basic language, selected the pl
sequence and selected 100 values for the considered
design parameters, automatically changes the vaue
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the .bdf file and then generates other 100 .bd&fthat value. As during the strength analysis, by randomly
can be analyzed by Nastran solver. By this proeeduwarying, in an allowed range, design parameterg (pl
for each of six parameters, in a more restrictetyea th, , E, G;,) as shown in Table 5 mean value and

where the method is applicable, from 100 MoS valuegiangard deviation have been computed. By a biech f

the mean valuey, the standard deviatior and nor-

mal distribution have been computed (Table 4).

TABLE 4. Panel variation range and Six Sigma requirements

for strength analysis

TABELA 4. Zakres zmian parametréw panelu oraz wymagania

metody ,Sz&é sigma” dla analizy wytrzymato-

sciowej
Mechanical Variation range \f\l/laﬁﬁg St _devia— Sriéqsdigza
parameters (M.S.) tion ments
E. N/mm? 114500+115500, 1.544 0.00568 yes
E,,, N/mm? 6500+7500 1.543 0.006765 yes
thy,, mm 0.183+0.185 1.543 0.00957 no
£, pstrain 3790+3810 1.544  0.00492 yes
Gy, N/mm? 3000+3400 1.544 0.00747 yes

Only v,, is always centred (mean value 154)

and capable (standard deviation=0) and so it does

not influence the panel design.
By the analysis of results it is evident thgt, E,,

and G, have a smooth influence on mean vajueand

300 runs (100 for each parameter) have been caediuct
so that, normal distribution has been found out.ifAs
the strength analysis with MoS target value, in the
buckling analysis the target Eigenvalue As=1.0182.
By this value the standard deviation shall fallhiwitan
assigned eigenvalues rangd £¥5%), so that, from this
target value upper and lower limits, respectively
10182+5% and1.0182-5%, according to this formula
_107- 097
1.02
verify the process capability in terms of bandwidth
requirements. Standard deviatien as in the strength
analysis, has to fall within1/12 of the requirement
width, so finding the following reference value fibre

method application,g:é:o_oog. In the following
12

= 0.1, have been computed, in order to

the parameter variation range and, respectivelyanme
value and standard deviation.

1.00+000
9.82-00
8.67-001
8.00-001
7.33-001
G.67-001
6.00-001

standard deviatiory so that, they are not too critical
for the application of the SSM and for a Robustiges

On the other hand, plthy;, results critical, in fact, for
this parameter, even if the allowed variation raige
very small and the process is centred (mean
valueu = 154, however, standard deviation value is not
acceptable(og =0.009574 000§ and so, the process

may not be considered capable.

Fig. 4. Buckling analysis for optimized panel

5.33-001
4.67-001
4.00-001
3.33-001
2.67-001
2.00-001
1.33-001
G.67-002

0.

So that, during the design process, this parame?yrsl 4. Analiza wyboczenia dia zoptymalizowanegoeha

shall be relevant for the panel and, on that one, i
a Robust Design design concept efforts shall be fo-
cused.

BUCKLING ANALYSIS

In order to determinate the instability behavicafr,
ter the strength analysis, on the composite stfflen
panel, a buckling analysis has been conducted, too
Buckling analysis is based on the Eigenvalues caapu
tion, through SOL 105 Nastran solution, for the gdan
area between the two frames as in Figure 3. S that
design parameter effects, in termstbf;,,, E,, G,

influence, has been evaluated. At first, on th#é-op

mized panel, a buckling analysis has been conductec
considering the lowest Eigenvalue found in the area
between the two frames as in the Figures 4 andyb5.
the analysis, eigenvalue for optimized design diordi
is A=10182 and, for our purpose, this is the target

1.00+000
§.83-001
8.67-001
8.00-001
7.33-001
6.67-001
6.00-001
5.33-001
4.67-001
4.00-001
3.33-001
2.67-001
2.00-001
1.33-001
6.67-002

ig. 5. Buckling analysis for optimized panel (jpartar)
Rys. 5. Analiza wyboczenia dla zoptymalizowanegogha (szczeg6t)

Kompozyty 10: 4 (2010) All rights reserved
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TABLE 5. Panel variation range and Six Sigma requirements shown that the ply thickness of the skthgkin, is the

for buckling analysis . . o
TABELA 5. Zakres zmian parametrow panelu oraz wymagania most |mport§mt design parameter because it mfmnc.
metody ,Sz&¢ sigma” dla analizy wyboczenia the method in terms of mean value and standarcadevi
tion and it does not respect the SSM requirements i

Mechanical |\, iation range Meanvalue| ~St. | SixSigma | terms of capability process. The target value for t

parameters (eigenvalue) deviation) requirements 1 ethod application isMoS= 154 for the optimized

E,, N/mm? | 114500+115500  1.018 0.008 yes panel. Randomly varying parameters, by a numerical
thys,, MM | 0.182+0.184 1.016 0.014 no tool, MoS have been computed and for each design
Gy, N/mm? | 31003300 1.018 0.0001 yes parameter has been verified if the standard dewiati

value falls within assigned Margin of Safety (MoS)
range (MoS+5%). With respect to other parameters

during strength analysis (., E;, G, &
E,. Vip) ply th,, is the critical parameter on the MoS

By buckling analysis plythy,, is the most critical
design parameterf;; in a more restricted range is

compliant to the requirements with a low standagd d

viation, as forG,, that in a restricted range respects th@nd for this reason, on that one, efforts shafoased.

requirements with a standard deviation very low al;or the buckling analysis in terms of computed rige

shown in Table 5. Forthy,, even if in a small value, according to the target valyg=10183, the

range0.182:0.184mm, through buckling analysis, a too ¢Mtical parameter is stilthy,, in fact, even if in a re-

high standard deviation value has been found. §g tpstricted variation range, it does not fall withissaned
for a composite stiffened panel design, duringnsfiie  fange (A £5%). Results show what is the panel sensitiv-
analysis and buckling analysis, this one is the tmoy and provide indications for a design improveinen
critical design parameter as presented duringrthesi For the two analysis (strength and buckling) fHy,,

tigation. has been critical for the design; from this poihview
In a Robust Design concept, aim of this work, plyhe result acceptability confirms the correct apgto
thy,, IS the design parameter to be optimized to havd this leads to further application of the method
a performance improvement. A future application could deal with a study ontiff-s
ened composite panel with a different lay up seqeien
to show different behaviour on a design parameter.

CONCLUSIONS AND FURTHER STEPS Other studies could be interested to a post-bugklin

) o .. analysis or to a mixed load conditions on the panel
In this work a Six Sigma Method (SSM) application

has been presented in a design approach.
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