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Abstract During the part design process, the main objective
is usually the maximum performance in use. For aircraft struc-
tural parts, the best ratio between mechanical resistance and
weight is sought. However, these objectives can lead to geom-
etries which are complex to manufacture. The DFM method
presented here is based on concepts from morphological stud-
ies and analytic hierarchy process (AHP) to optimize the ge-
ometry of an [-Beam considering its manufacturing process
and use. To do this, all the I-Beam alternatives that fit into the
mechanical environment of the part are listed. Performance
indicators are then defined to evaluate the weight, mechanical
resistance, and manufacturability of each I-Beam. Then, per-
formance indicators are compared and their relative priority
measured on a ratio scale. Finally, the various I-Beam alterna-
tives are compared using a macro-indicator composed of all
the performance indicators in order to find the best geometry
for the part considering its industrial and economic
environment.
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1 Introduction

Aircraft structural parts are designed in order to minimize
the weight while ensuring the mechanical resistance re-
quirements. Material and geometry are updated to obtain
the best ratio between mechanical resistance and weight
[1]. A lot of optimization algorithms have been developed
in the literature to optimize the geometry of stiffened
parts, but they do not take in to consideration the
manufacturing of the computed geometry, usually [2, 3].
Herencia considers that design and manufacturing are un-
correlated and the manufacturing process must be adapted
to the optimized geometry [4]. The problem can evolve if
the economic aspect is taken into consideration. Indeed,
the manufacturability does not affect the inflight perfor-
mances of the part but the cost. To be competitive, de-
signers have to take the manufacturing process features
into account.

This paper presents a method dedicated to the optimization
of structural part, taking into account mechanical and
manufacturing requirements.

The application part is composed of a skin (exterior
skin of the plane) and I-Beam stiffeners arranged in rect-
angular pockets (Fig. 1a). Two main steps are used for the
manufacturing of the part: roughing by forging and
finishing by milling. As forging is used for the roughing,
minor geometrical variations can be permitted if the part
located is the roughing volume of the part (Fig. 1b).
During milling, the cost is directly linked to machining
time. Particularly, the elongation, i.e., ratio between diam-
eter (D) and length (L) (eq. (1)) of the tool impacts di-
rectly cutting conditions. Indeed, if the elongation in-
creases, the stiffness of the tool will be reduced, so cutting
conditions must also be reduced in the machining opera-
tion because vibration can appear due to the less in
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Fig. 1 Part studied a —Pocketon a part

Skin

stability. As a consequence, the cost of the part increases.
Usually, elongation’s value is under 5. In this case, the
elongation needed to machine the initial part in 16.

L
/ tion = — 1
elongation = (1)

In this paper, three objectives are defined for the optimiza-
tion process: to minimize the weight, to keep the maximum
mechanical resistance, and to reduce the manufacturing costs.

The proposed method is developed for a section of the
application part: an [-Beam stiffener. Such feature is common
in aircraft parts because the mechanical resistance is high for a
low weight [5]. The disposition of the stiffeners in patterns
reduces tool accessibility in 5-axis milling. Furthermore, vi-
brations can occur during the machining of the thin walls, and
the generated surface roughness can thus be increased.
According to the first experimental analysis, the area to be
machined inside the I-Beam can be separated in two features:
a lower feature machined in 5 axis with long tools and an
upper feature machined with an angle head (AH).

As long as the geometry of the I-Beams is fixed, the pro-
cess planning department has to find the best machining tool
path while minimizing cutting efforts [6] and avoiding colli-
sions [7-9].

For a complex part, a large amount of time is spent using
particular strategies in order to reach a final geometry close to
the CAD model. Features to be machined, requiring particular
attention, are called masked entities [10] and are usually syn-
onymous with a high increase of the machining time [11]. On
the other hand, if the geometry can be modified, a discussion
between design and process departments is necessary to de-
fine an acceptable variation of the part geometry that keep the
inflight performances and increases the manufacturability of
the part.

In this paper, the dimensions of an I-Beam profile are op-
timized taking into consideration the industrial and economic
requirement of the part using analytic hierarchy process
(AHP) method. The method is based on two concepts: a mor-
phological box, which permits to evaluate a large set of
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solutions, and an AHP method to identify the best solution
according to three different criteria, used in DFM.

First, a literature review is presented on the optimization
methods. Then, the proposed method is described step by step
and illustrated using the dedicated example. Finally, the ex-
trapolation of the method to other types of profiles is
discussed.

2 Literature review

In this part, concepts from design for manufacturing (DFM)
and AHP are presented, and some examples are given.

2.1 Design for manufacturing

At the design stage, the designer must define the optimal ge-
ometry considering every stage of the lifecycle.
Manufacturing requirements are usually not considered be-
cause they do not directly affect the performance of the aircraft
in flight, but they affect the cost of the part at the beginning of
the lifecycle. The DFM concept builds a link between design
and manufacturing.

DFM methods for aeronautical parts can be implemented
as expert system in CAD software to optimize a cost function
made of a sum of manufacturing cost (expressed in $/m* of
panel) and fuel burn cost (expressed in $/kg) to optimize the
design of a fuselage panel [12]. On the other hand, Yin and Yu
optimize the design of an aircraft wing highlighting the Pareto
front that can be determined between the weight and the
manufacturing cost [13].

DFM can be considered as a method to optimize the man-
ufacturability of the design to tend toward a cost-effective
manufacturing process [14] or a decision aid to define the
most effective process. Kerbrat et al. provide a method that
guides the designer to define a process based on machining
and additive manufacturing [15]. In this case, the process is
defined, and the geometry must be optimized to reduce
manufacturing costs, depending on functional requirements.
The importance of those requirements is not the same in the
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decision-making process; thus, the weight is calculated with
the AHP method. Ong proposes an AHP-based DFM method
for designers to evaluate the manufacturability of designs.
First, fuzzy set is used to generate manufacturability indices
for each feature of the part. Then, AHP method is used to
compare and weight features with respect to their functional
importance. Finally, a manufacturability map is proposed for
the designed part [16].

2.2 Analytic hierarchy process

The design of the studied part is complex, because every
steps of the lifecycle must be taken into consideration.
Thus, performance indicators are numerous. The literature
proposes many multiple criteria decision-making methods
and the applications are frequent in DFM. Usually, they
are used to analyze and then optimize the manufacturabil-
ity of designed parts, but none are developed for the pre-
designing step [17].

The AHP method is able to aggregate a set of perfor-
mance indicators in a macro-indicator that reflect the per-
formance preferences of the decision maker in the associ-
ated industrial environment. The way to prioritize the in-
dicators allows adapting the result more finely to the in-
dustrial environment that simplify discussion. Many AHP
applications are implemented in industry [18]. For exam-
ple, applications are found for scheduling to improve the
productivity of a production line [19], for risk analysis to
prevent supply chain crisis [20], or even as a basis for an
algorithm made for resolving the multi-objective facility
layout problems [21]. This method gives the opportunity
to weight the indicators with a single decision maker or in
a group decision-making environment [22].

AHP is a multi-criterion decision method that consists of
sorting and grading a set of alternatives according to pre-
established criteria [23]. In the first step, the decision maker
compares criteria by pairs. Then, knowing the weight of each
criterion, alternatives are compared by pairs to choose the best
of'the set. The coherence of the comparisons is controlled by a
consistency ratio; however, the subjectivity of the judgment
cannot be canceled [19]. Five steps are necessary to perform
the method:

» Step I: Decomposition of the problem into a hierarchical
structure (containing three levels),

» Step 2: Binary comparison of the criteria in level 2 con-
sidering overall focus and calculation of their weight,

*  Step 3: Measurement of the consistency of the judgment,

* Step 4: Binary comparison of the alternatives in level 3
considering each criterion in level 2 and calculation of
their weight,

* Step 5: Calculation of the score of each alternative.

The DFM method developed in this paper uses concepts
from AHP coupled with a morphological study; the next sec-
tion focuses on the presentation of the method.

3 Presentation of the method

First, the method and the profile are presented. Next, a mor-
phological study is used to determine the set of alternatives.
Then, performance indicators are set up and prioritized using
AHP. Finally, each alternative in the morphological box is
compared to the others and the optimal alternative is
highlighted.

3.1 General presentation

To optimize the geometry of an I-Beam, every possible alter-
natives for the profile are tested thanks to a morphological
study [24], then the AHP is used to compare those profiles
and highlight the optimal. Five steps are necessary to perform
this optimization:

» Step I: Parameterization of the profile

*  Step 2: Construction of the morphological box

* Step 3: Creation and harmonization of the performance
indicators

o Step 4: Prioritization of the indicators

e Step 5: Calculation of the macro-indicator

Usually, DFM methods using AHP are created to evaluate
a part design [16] or to select the most effective process [25].
All these applications are applied to part that are already de-
signed. The originality of this method concerns the coupling
between DFM and AHP at the conceptual design stage. The
aim is to give advices to the designer to optimize part profile.
However, this method is influenced by the parameterization of
the profile.

3.2 Parameterization of the profile

The method is developed for an [-Beam profile composed of
three parts: two flanges (upper and lower) and a web. All the
geometrical settings composing the beam are identified (H, 1,
ey, e, I, Tya) (Fig. 2). The output data of the algorithm is the set
of optimized parameters corresponding to the optimal profile.
A morphological box is used to define an exhaustive set of
alternatives.

3.3 ‘Morphological box’
The parameter values are constrained by volumes filled by the

equipments of the airplane. The designer fixes the limits for all
the parameters, which must guarantee that any profile found
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Fig. 2 Parameterization of the part

by the method is usable to the final shape of the part without
major modifications. Then, values taken by each parameter at
the end of the optimization are computed according to an
increment step. The value of the step is determined by the
expected accuracy of the results.

The morphological box is an N-dimensional matrix [S] (N
is the number of parameters: 6 in our case). Thus, each cell of
[S] contains a specific alternative geometry of the I-Beam
profile. For example, the matrix [S] contains 48,125 alterna-
tives (11 possibilities for H, 7 possibilities for 1, and 5 possi-
bilities for ev, eh, r, and 1), according to limits and steps of
the morphological box. Every single alternative is rated using
performance indicators reflecting the objectives of each stake-
holder in the design process. The question is then to find the
best alternative according to design and manufacturing
considerations.

3.4 Creation and harmonization of the performance
indicators

The performance objectives are expressed by numerical perfor-

mance indicators to be compared in order to optimize the profile.
The first step is to decompose the decision problem into a

@ Springer

hierarchical structure [26]. Here, the decision-making problem
contains two levels: the first level contains indicators that express
the stakeholder’s objectives (weight, manufacturability, and me-
chanical resistance). From the manufacturability and mechanical
resistance indicators, a second level of sub-indicators is defined
to allow a finer transcription of the economical and industrial
environment of the part. The weight indicator is accurate enough
and does not need sub-indicators (Fig. 3).

In the following section, each indicator or sub-indicator is
described and the calculation formulas are presented.

3.4.1 Mechanical resistance indicator

The mechanical resistance is the principal function of a structural
part. During flight, the pressure difference between the inside and
the outside of the aeroplane and the flight mechanics generate
complex loading on the structure. The part must be designed to
resist to this loading.

The real loading is too complex to be used for the optimiza-
tion process. So, a simplified model is developed. Such model
must be sufficiently accurate to discriminate profiles and easy to
calculate. Loading can be simplified as compression in the upper
part and tension in the lower part of the profile. Industrial expe-
rience shows that the mechanical behavior of the I-Beam is the
sum of the behavior of two elementary surfaces reflecting com-
pression or tension.

*  Elementary compression surface (Fig. 4a): I-Beam profile
with narrow lower flange equal to 30 times e,

»  Elementary tension surface (Fig. 4b): I-Beam profile with
large lower flange equal to the width of a pocket.

The mechanical resistance sub-indicators correspond to the
quadratic moment (eq. (2)) of each elementary surface calcu-
lated at the center of gravity along the Y-axis.

* I;: Quadratic moment of the elementary tension surface
* I,: Quadratic moment of the elementary compression
surface

for je[1,2], 1j = Jx? ds = [[ x* dxdy (2)

Maximum mechanical resistance is a requirement so these
sub-indicators must be maximized. The mechanical resistance
indicator (I) is a weighted sum of these sub-indicators (eq. (3)).

1= Coeffn X I| =+ CO@ff]z X Iz
With Coeff'|, and Coef t1, the weight of the sub indicators 1,and 1,

(3)
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Fig. 3 Hierarchical structure

3.4.2 Weight indicator

The material cannot be modified, so the weight of the part is
directly linked to the area of the 2-dimensional profile.
Equation (4) presents the formula applied to calculate the
weight of the profile. The maximum performance is obtained
by the lightest part so the weight indicator must be minimized.

W = 2(ley) + (H-2ey)en + 2(r2 (1—9)
+2((1-3))

3.4.3 Machinability indicator

The machinability indicator is defined to ensure that the
manufacturing cost is minimized during the optimization pro-
cess. Two main considerations can be taken into account to
evaluate the machinability of an I-Beam profile: the tool elon-
gation and the wall thickness.

Tool elongation Tool elongation is the ratio between the
tool’s length and the diameter. Cutting conditions must be

a b
—_— —
\ 30 x eh | Width of a pocket |

Fig. 4 Elementary surfaces

chosen to avoid vibrations [27]: the longer the tool is, the
less the stability is. The part must be designed to ensure
that the machining process will be achievable without
generating uncontrolled vibrations in the tool. The tool
elongation (U;) is calculated by a ratio between the
shortest length L (Eq. (5)) and the maximum diameter
(2 xr) necessary to reach every surfaces to be machined.
The security length L, is disregarded (Fig. 5a).

-\’ 2
a = T -+ (h—Eev)
b=rv2

[ =45—a = 45*atan(

L = V2?2 +r1 with e,
2(H—Zev))
c= \/gz + b*—2abcos(3)

(5)

The radius 1, cannot be reached with conventional 5-
axis machining. A 90° angle head, equipped by a ball end
cutter, is necessary. Previously, an elongation sub-
indicator for the tool in the angle head (U,) is calculated
by the ratio between the minimum tool length necessary
and the maximum diameter (2 X r,,). L, is disregarded in
view of the other lengths (Fig. 5b). Equations (6) and (7)
present the formula of the sub-indicators. To prevent vi-
brations, tool elongation must be minimized, i.e., U; and
U, must be minimized.

L
U =— 6
1= (6)
U, =—= 7
2 2rtra ( )
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Fig. 5 Worst cases of tool location

Thin wall thickness The profile is composed of thin walls:
the web and the flanges. The thickness of these walls must be
controlled to minimize risks of bending or vibration during the
machining process. A sub-indicator is defined for each thin
wall (Egs. (8) and (9)). To get the most stable process, the
thickness of the walls (Uz and U,) must be maximized.

€h
Us = 8
3 H—2e, (8)
2ey
Uy =— 9
v )

Machinability sub-indicators reflect risks during the ma-
chining operation. A minimal threshold value is set, to elimi-
nate non-functional machining operations of the optimization
process. Then, the machinability indicator (U) is calculated
from a weighted sum of U; and U, with derived sub-
indicators U, and U, calculated from U; and U, but to be
maximized.

3.4.4 Control of the maximum variations of the indicators

The initial part is designed to present the best ratio between
mechanical resistance and weight. In this optimization meth-
od, the manufacturability of the part is taken into consider-
ation. This new consideration may require a decrease of the
weight or the mechanical resistance indicator. To ensure that
every tested alternative fit to the requirements, a lower bound
is set for the indicator, if the bound is exceeded, the alternative
is no longer taken into consideration. The bound is calculated
as a percentage of the indicators of the initial profile; it is fixed
by the authors at 95%.

@ Springer

3.4.5 Harmonization of indicators

Transformation of indicators The macro-indicator’s value is
calculated by a weighted sum of all the indicators. To get a
coherent weighted sum, every term must be maximized.
However, indicators W, U;, and U, must be minimized, so a
data transformation is performed as shown in eq. (10); derived
indicators (W', U;’,and U,’) to be maximized are defined from
W, Uy, and U,.

i€[1, nb alternatives), Xe{W;U,; Uy}, X; = max(X;)-X; (10)

Normalization of indicators All the indicators (A, I, and U)
are compared and weighted to obtain the macro-indicator,
from a normalization step of indicators. Each indicator is di-
vided by the maximum value reached in the morphological
box. At this point, indicators are created, harmonized, and
normalized. The fourth step of the method consists of using
AHP concepts to determine the weight of the macro-indicator.

3.5 Prioritization of the indicators

Indicators will be compared by pairs to be prioritized.
Comparisons are made numerically: for each pair of indica-
tors, the degree of preference of one indicator is informed
compared to the other. Table 1 present a scale for the prioriti-
zation proposed by Saaty.

Equation (11) presents the matrix [C] built using the values
issued of the comparisons. Each cell C;; corresponds to the
comparison of a pair of indicators {i, j}. C;; is naturally equal
to 1 because an indicator cannot be compared to itself.

(C] Cn)
C, 1 o Chn
= | : A (11)
C, 1/Cy, - 1

The priority vector [P] is calculated from the matrix [C],
which gives the weight of each indicator. This method intends
to an industrial application: the computational resources must
be as low as possible so the priority vector is estimated by a
method developed by Triantaphyllou [29].

When the vector is calculated, the coherence of the com-
parisons must be validated. Indeed, if C, is preferred twice as
often as C,, and if C, is preferred twice as often as Cs, then C;
must logically be preferred four times more than Cs. Various
methods have been developed to estimate the consistency of
the judgment [30, 31]; the authors choose to use the consis-
tency ratio (CR) method developed by Saaty to maintain low
computational resource requirements. It is considered that the
comparisons are coherent if CR is strictly under 10%; other-
wise, judgments must be revised.
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Table 1 Scale for indicator
prioritization [28]

The fundamental scale for pairwise comparisons

Intensity of Definition
importance

1 Equal
importance

3 Moderate
importance

5 Strong
importance

7 Very strong
importance

9 Extreme
importance

Explanation

Two elements contribute equally to the objective

Experience and judgment moderately favor one element over another
Experience and judgment strongly favor one element over another

One element is favored very strongly over another: its dominance is
demonstrated in practice

The evidence favoring one element over another is of the highest
possible order of affirmation

Intensities of 2, 4, 6, and 8 can be used to express intermediate values. Intensities of 1.1, 1.2, and 1.3, etc. can be
used for elements that are very close in importance

To illustrate the adaptability of this method to the industrial
environment, the authors decide to prioritize the indicators for
two industrial cases.

3.5.1 Prioritization of indicators

» Case 1: Strong economic requirements: In this case, the
economic requirement is predominant; to be competitive,
the company must produce the part at the lowest cost.
Machinability plays a strong importance compared to
weight and mechanical resistance, which are of equal im-
portance (Table 2a).

» Case 2: Strong environmental requirements: In the second
case, the goal is to use the lowest possible fuel consump-
tion according to ecological requirements. So, the plane
must be as light as possible. However, the economic en-
vironment is also important to remain competitive, so the
cost must also be controlled. In this case, weight has a
strong effect on mechanical resistance and a moderate
effect on machinability, so machinability plays a strong
importance with respect to mechanical resistance

Table 2  Prioritization of the indicators

(Table 2b). For this application, a decrease of mechanical
resistance is tolerated as long as the threshold for mini-
mum mechanical resistance is not exceeded.

For both cases, priority vectors for the indicators ([P;] [P,])
are calculated and the consistency of the judgment is verified.

3.5.2 Prioritization of sub-indicators

To simplify the example and the result analysis, only one case
is studied for the sub-indicators. Authors choose to assign a
great importance to the machinability sub-indicators U; and
Uj; (tool elongation in 5-axis milling and web elongation)
compared to U, and Uy (tool elongation in the angle head
and flange elongation). The decision maker considers that
these are the most sensitive indicators in order to minimize
the machining time (and thus the cost of the part). On the other
hand, both of the mechanical resistance sub-indicators present
the same importance (Table 3). Then, priority vector for

Area Inertia Machinability Area Inertia Machinability Sum [Py] CR
(a)
Area 1.0 1.0 0.3 Area 0.20 0.20 0.19 0.59 0.20 0.00%
Inertia 1.0 1.0 0.3 Inertia 0.20 0.20 0.19 0.59 0.20
Machinability 3.0 3.0 1.0 Machinability 0.60 0.60 0.63 1.83 0.61
Sum 5.0 5.0 1.6
®)

Area Inertia Machinability Area Inertia Machinability Sum [P>] CR
Area 1.0 5.0 3.0 Area 0.67 0.63 0.67 1.96 0.65 0.32%
Inertia 0.2 1.0 0.5 Inertia 0.13 0.13 0.11 0.37 0.12
Machinability 0.3 2.0 1.0 Machinability 0.20 0.25 0.22 0.67 0.22
Sum 1.5 8.0 4.5
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machinability [P,] and mechanical resistance [Pryq] are calcu-
lated and the consistency of the judgment verified.

3.6 Calculation of the macro-indicator

The decision-making problem presented here contains two
levels of indicators. One level of sub-indicators, used to cal-
culate machinability and mechanical resistance indicators, and
another level of indicators used to evaluate the performances
of the part according to the objectives of each stakeholder.
Dividing the problem into two levels of indicator allows a
finer approach at the prioritization step of the method. AHP
is applied separately to each level, and three priority vectors
are generated (eq. (12)). The machinability and mechanical
resistance indicators are calculated, respectively with Uy, U,,
Us, Uy and [P,] and I;, I, and [Pyr] (eq. (13)). Then, the
macro-indicator, called score, is calculated (eq. (14)). The op-
timal profile presents the highest score.

i Coef fUl
Coef fUZ
Coef fU3

| Coef fys

Coef fl]

[Pul = Coef t,

Pl = | (12)

[ Coef fy
Coef 1
| Coef fy

[Pu] and 1; = [Ili
I

i

] [Pnvr]

3.7 Implementation of the method

The software used is developed with MatLab. Indeed, the
matrix data management seems to be the easiest way to

conduct a morphological study with six variables. All the pos-
sible alternatives are recorded in a six dimensions’ matrix.
Each dimension contains every possible values of a parameter;
thus, the final matrix contains every solutions of the problem.
For each term in the matrix, the performance indicators of the
related profile are calculated. Only the alternatives that respect
the constraint of maximum variations outlined in Sect. 3.4.4
are kept for the optimization. Then, the performance indica-
tors of the remaining alternatives are harmonized (Sect. 3.4.5)
and their scores are calculated in a dedicated matrix.

The optimal profile (i.e., the profile that gets the best score)
is selected and designed automatically by a specific link be-
tween MatLab and Catia software.

The initial profile is inserted in the software to calculate the
maximum acceptable variation but also to determine numeri-
cally the benefit generated by the method. Indeed, the values
of the performance indicators of the optimal profile are com-
pared with the initial values in percentage.

4 Results
4.1 Numerical results

The optimal profiles depending on the case of study are pre-
sented on Table 4. For the case #1 (strong economic require-
ments), the optimal profile has shorter length (1) and bigger
radiuses (r and ry,). Those modifications allow a machining of
the part with a lesser elongation to increase manufacturability
(30%). On the other hand, a reduction is observed on the
mechanical resistance (5%).

For the case #2 (strong environmental requirements), the
same modifications on length and radiuses increase the ma-
chinability; the weight is optimized by reducing the thick-
nesses (e, and e,). To maintain the mechanical resistance,
the global height (h) of the profile is increased. A degradation
of less than 5% on mechanical resistance generates a gain of
almost 10% in weight and 10% in machinability.

Both cases found by the method have different perfor-
mances in accordance to the industrial environment modeled.

Table 3 Prioritization of the sub-

indicators U U U U, Uy U U U  SUM [P] CR
Ul 1.00 300 200 500 U, 049 030 060 036 175 044 682%
U2 033 100 020 1.00 U, 016 010 006 007 039 010
U3 050 500 100 700 U; 025 050 030 050 155  0.39
U4 020 1.00 0.4 100 U, 0.10 010 004 007 031 008
Sum 2.0 100 33 140
1 1, 1 L Sum [P,] CR
1 100 1.00 L 050 050 1.0 050 0.0%
1, 100 1.00 L 050 050 1.0 050
Sum 2.0 2.0
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Table 4 Comparison of optimization results with initial profile

Profile type Initial profile

Case 1 Case 2

*

Design

Mechanical resistance 0.0%
Weight 0.0%
Machinability 0.0%
H
Q.
Variables

—A

-4.37% -3.27%

-0.13% -8.64%

+28.82% +9.91%
H H

ev

eh eh

However, the length (1), the web thickness (eh), and the radius
r have the same value in both cases. Only the height (H), the
flange thickness (ev), and the radius r,, impact the perfor-
mances in the direction of case #1 and case #2.

4.2 Statistical analysis of the results

The maximum variation of the coefficient for the performance
indicators sorts the alternatives in two categories: coherent or
non-coherent, an alternative classified as non-coherent means
that the machining is not possible or is not enough performing
for an acronautical process. On the 48,125 alternatives in the
morphological box, only 533 are coherent. A statistical anal-
ysis is conducted to determine if the distribution of the alter-
natives is compact near the best alternative or if they are uni-
formly distributed on the entire domain of the score.
From Table 5, we can extract that:

» The distribution of the alternatives covers 11.7% (respec-
tively, 15.8%) of the domain of the score ([0,1]) for case
#1 (respectively, case #2).

* The second best score is 1.4% (respectively, 0.7%) lower
than the optimal, which correspond to 6.9% (respectively,
1.5%) of the difference between the first and the last
alternative.

*  Mean and median are close and under the middle of the
interval: 0.52 (respectively, 0.275). The density of alterna-
tives is higher for lower values of the distribution.

* The initial profile is not optimized for those cases of study:
#519 (respectively, #255) with a score of 0.475 (respec-
tively, 0.259). The optimal profile generates a gain of
21.64% (respectively, 42.1%) compared to the initial
profile.

» Itappears that 0.72% (respectively, 1.99%) of the alterna-
tives is on the 10% best scores and 33.45% (respectively,
23.69%) are on the better half of the distribution (Table 5).

This statistical analysis shows that this method generates a
real gain on the performances of the initial profile and the
optimal profile found is allowable compared to the other al-
ternatives. However, to validate the relevance of the approach,
it is necessary to verify if the comportment of the results is the
same of a real aeronautical structural part.

4.3 Extrapolation to a real part

Based on the results of the morphological study, stiffened
skins are designed to control the relevance of the performance

@ Springer
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Table 5 Analysis of the macro-
indicator’s values

Case 1 Case 2
Initial profile Score 0.475 0.249
Rank #519 #255
profiles score Profile #1 (best profile) 0.578 0.354
Profile #2 (second profile) 0.570 0.352
Profile #533 (worst profile) 0.462 0.196
Differences between profiles #1 and #533 (absolute %) 11.7% 15.8%
#1 and #2 (absolute %) 1.4% 0.7%
#1 and #2 (relative %) 6.9% 1.5%
Analysis of the distribution Mean score 0.510 0.253
Median score 0.509 0.246
Middle of the interval 0.520 0.275
Alternatives with a score > 90% of the profile #1 4 11
0.72% 1.99%
Alternatives with a score > 50% of the profile #1 185 131
33.45% 23.69%
Gain generated by the method 21.6% 42.1%

indicators. The profiles found are extruded and positioned in
pockets and a skin is added (Fig. 6).

For each profile studied above, a part is designed. Then,
their performances are calculated as follows:

*  Weight: calculated on Catia V5 for a part in aluminum;

*  Mechanical resistance: both extremities are fully fixed and
a depression of 1 Bar is applied on the skin (Fig. 7a). The
maximum displacement is calculated on Ansys (Fig. 7b);

*  Machinability: the tool path to machine one pocket is pro-
grammed on Catia V5 and the machining time is
calculated.

The results for those cases are described on Table 6:
Table 6 shows that the mechanical behavior for the entire
parts follows the predictions of the indicators developed for

Fig. 6 Aecronautical structural part design based on the results

@ Springer

the method. The difference is reduced for the weight and the
mechanical resistance. This reduction is due to the skin that is
not taken into consideration in the method. For the machin-
ability, the gain is higher than expected:

e On case 1, an increasing of 1.72% on the deformation
allows a decreasing of 40% on the machining time while
conserving the weight.

*  On case 2, the increasing on the deformation is lower
(1.38%) but allows a lighter part (3.12% less). In this case,
the gain on machining time is lower (18.46% less long).

This study shows that the performance indicators are co-
herent with the mechanical behavior of an aeronautical struc-
tural part. Thus, we can consider that the profiles found with
the morphological study match with the expectations.

Finally, we can consider that the model developed for this
method represents the process design.

5 Discussions

The result and the analysis show that this method gen-
erates a significant gain on the performances of the I-
Beam profile. Indeed, the prioritization and the morpho-
logical study allow tending toward the optimal profile
taking into consideration the economical and industrial
environment of the part. Constraints on the performance
indicators insure that the chosen alternative fits to the
aeronautical requirements. The statistical analysis of the
results proves that the alternatives are not uniformly
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Fig. 7 Calculation of the performances of the aeronautical structural parts

distributed on the domain but a few fit most to the
formulated requirements.

6 Conclusion

This paper presents a method to optimize the dimensions
of an I-Beam profile to obtain optimal performances re-
garding the manufacturing stage of the life cycle. A mor-
phological approach is used to generate a range of

Table 6  Performances of the acronautical structural parts

Initial case Case | Case 2
Weight (kg) 6.929 6.967 6.713

0% 0.55% -3.12%
Deformation (mm) 1.1202 1.1395 1.1357

0% 1.72% 1.38%
Machinability (min) 25 min 33 s 14 min 31 s 20 min 50 s

0% —43.18% — 18.46%

alternatives to be tested. Next, performance indicators
are set up and prioritized using AHP concepts to deter-
mine the weights in the decision process. Finally, the
score of each alternative is computed from balanced sum
of the indicators. The optimal alternative presents the best
score at the end of the process. This optimization method
is tested on two industrial cases with different constraints.
In both cases, a benefit is observed using the optimal
profile instead of the initial one. This optimization method
could be improved by creating a link between optimized
macro-geometries using the last stage of the AHP, which
consists of comparing alternatives while considering each
criterion. This method is a flexible tool, helping the de-
signer in optimizing the part, taking into account the in-
dustrial and economic environment. An upgraded method
will be considered, with the opportunity to compare var-
ious optimized macro-geometries and more complex
parts.
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