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Abstract. The support structure of the airplane fuselagetf@ SAE Aerodesign Competition is usually a triisss
structure supports several loads from differenceift subsystems, such as, the undercarriage, entfirust, etc. In
this work, it is purposed a methodology for geniagthe best layout or material distribution of thgplane fuselage
support structure with maxima stiffness using toggloptimization. By using the Matfalsoftware, it was created a
function for the computation of the fuselage suuetoptimal topology based on the magnitude andation of the
several forced applied on the truss. In this wéys function in MatlaB language can generate automatically the
optimal material distribution by considering thadi volume of the airplane fuselage design space.
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1. INTRODUCTION

Topology optimization will be used in this work ftine optimal structural design of the airplane fage with
maximum stiffness for SAE Aerodesign competitiomp®logy optimization can be defined as an optintalcsural
design technique that seeks the best layout oremtivity of the members or elements of a structathermore,
others optimization techniques may also be appgliethe optimal design of the mechanical structusegh as, the
shape and sizing (Bendsoe and Sigmund, 2008).drsliape optimization, only the boundaries or trepstof the
structure are optimized and the geometry of theshd preserved in the design space. For the soptifhization, the
structure parameters, that is, the length, heigtitwidth are optimized during this procedure. Amdmgse techniques,
topological optimization can be considered as tleengeneral structural optimization procedure seé¢he geometry
of the holes, as the boundaries are optimized énsthucture design space (Christensen and Klarb20g9). In the
literature, there are several applications of tieishnique in the structure optimal design, as feingple: in the
generation of the topologies with maxima flexilyiland stiffness (Sigmund, 2001; Nishiwaki et abDP2); in forced
and free vibration problems of the structures (2@§2); in the computation of the optimal topol@gaed the structures
subjected to the plastic strain (Maute et al., 19@maraes et al., 2008); etc.

In the case of the airplane fuselage structurelpnopthe design space is subjected to the sewaadk| such as, the
propulsion force of the engine, the force appligdtite undercarriage on the fuselage and the aeamaignforces
applied by the wings on the fuselage. Usually,ainplane fuselage support structure for SAE Aermmgesompetition
is made of aluminum alloy or carbon fiber bars vahége distributed in order to maximize the stiffne$ the design
space (Megson, 1999; Rodrigues, 2011). For thipqad, the designers use their intuition, experiemzk knowledge
for the creation of the best layout of the fuselagecture truss. However, since the geometry efdésign space is
irregular and there are several forces appliedifferént regions of the fuselage, it is very difit to analytically
predict an optimal fuselage truss able to supp@se loads with maximum stiffness.

In this sense, the objective of this work is to tieetopology optimization technique as a usefgigie methodology
to be used in the layout definition of the airplaoselage truss. Indeed, the topology optimizatidth maximum
stiffness or minimum compliance is a well-estaldidtproblem in the literature which has been studigdseveral
researchers in this field (Sigmund, 2001; Bendsond 8igmund, 2008). Nevertheless, by using the topocél
optimization it is possible to generate automaltjctiie best airplane fuselage support structureégyending on the
loads magnitude applied to the design space aiddlsations. After the computation of the fuselageimal topology,
a re-analysis procedure was also applied in omlestidate the fuselage structure stiffness, thaifithe generated
optimal truss is able to support the loads apmiedtructural design space.
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2. LOADS APPLIED ON THE AIRPLANE FUSELAGE STRUCTURE FO R SAE AERODESIGN
COMPETITION

The figure 1 illustrates the truss of the fuselafjan airplane for SAE Aerodesign competition (Rgdes, 2011).
In the practice, when the airplane is operatings gubjected to the static and dynamic loads whiehapplied on the
fuselage, wings and tail. Actually, all loads apglion the airplane structure are dynamic since vithisrflying these
forces are varying with the time. However, for ttmemputation of the fuselage optimal topology, itl We considered
that all loads are static, that is, they do notethejpon the time. Therefore, the inertia loads lijngon the airplane will
be neglected in this work and the analysis of tlael$ will be done by considering the airplane &tistquilibrium.

Figure 1. Fuselage support truss of an airplan&#&& Aerodesign competition (Rodrigues, 2011).

In a general way, the main loads applied on thglaie structure can be seen in the Fig. (2). Adngrtb this
figure, the vector L represents the lift load agtom the aerodynamic center of the wings of thelaire, T is the engine
thrust, W is the weight of the airplane and the Ehe tail horizontal load. Furthermore, therealse the undercarriage
load which is significant when the airplane lantisfact, when the airplane lands, the reaction laating on the
undercarriage becomes an impact force which canabse damages in the fuselage support truss. Adlethoads
abovementioned will be considered in the modeland the optimal topology design of the airplanesfage truss for
SAE Aerodesign competition.
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Figure 2. Loads acting on the airplane structuregtbn, 1999).
3. TOPOLOGY OPTIMIZATION AS A TOOL DESIGN OF THE AIRPL ANE FUSELAGE

Topology optimization can be defined as a struttdesign tool which generates automatically the sut of
the elements or components of a structure (Sigm2@@]). This procedure must locate the structugeehts that will
be either solid or void. Solid elements have retatlensity equal to 1 (one) and void elements hmelative density
equal to 0 (zero). For example, Fig. (3) showscsarggular cantilever beam discretized by finitaredats. The optimal
topology shown at the same figure is the layouhefbeam with minimal strain energy. In this cake,volume of the
optimal topology is 40% of original design spacéumee (rectangular beam).
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Figure 3. Optimal topology of a cantilever beam.

It has been mentioned that the airplane supparttsire should be stiff when operating. Physicatltg, topology of
an ideally stiff airplane fuselage has minimal istrenergy. It means that the fuselage support tshesild not deform
when the airplane is flying. Mathematically, thipdlogy optimization problem can be written as:

Minimize: C(x)= Zu TKU 1)
Subject to:%x) =f (2)

KU =F 3

0< Xyjn SX<1 4)

whereC(x) represents compliance or strain energy of thesire. Because the airplane fuselage is subjeotedveral
loads, the compliance will be the sum of the stemiargy for each force acting on the truss. ThekbrK denotes the
global stiffness matrix of the finite element madélis the displacement vector afdthe load vector applied to the
structure. During the optimization, the user salgbe optimal topology volum€(x). This parameter divided by the
design space volum¥, defines the optimal topology volume fractiénT he relative density of the structure elements,
X, is the design variable of this optimization perhl
The objective function (1) has been extezigiwised in the topology optimization field (Signair2001). The

reason of this is due to the highly convex natdretrain energy. The optimal topology volume frantif, is an equality
constraint which must be satisfied during the whoi¢imization process. From the equation (3), iexracted the
nodal displacement vector of the structWeto be inserted in the objective function (1). Btpn (4) represents a side
constraint applied to the relative density of ealdment of the structure. The parametgs, usually equals to 0.01, is
the minimal value that can be assumed by the desigiables. The importance of this constraint isatmid a
singularity in the global stiffness mati during the calculation of the displacement vedtbr

For calculation of the sensitivity of the topologgtimization problem, it is necessary to defineatarial model for
the finite elements relative density from desigracep In the literature, the material models moreduare the
homogenization method and the power law (Bendsak Sigmund, 2008). By using this model, the relattop
between the original and modified element stiffr@sdrix is given by:

k = xPk, ®)

where I and k represents the original and modified elers@fihess matrix original and modified respectivahd p is
the penalization power. In the practice, the mate the fuselage structure (carbon fiber) is atrtbpic, however, for
the computation of the optimal topology, it will lmensidered that the truss material is isotropicthis case, the
penalization power is equal to 3 in order to PaisRation be 1/3 (Bendsoe and Kikuchi, 2008). Bygghis material
model and applying the Optimality Criteria to thagtangian of the optimization problem, it can bendestrated that
the strain energy density of the structure is amsor the whole design space (Bendsoe and Kik@€lti8):
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B= Z—A v (6)

where B is the strain energy density, u is nodgpldicement vector of the finite elements from desigace and is the
Lagrangian multiplier has calculated from the aztisolume constraint (2). Once again, since thegtespace of the
airplane fuselage is subjected to several loadsdessary to sum the sensitivities caused by fesch acting on the
truss. The optimal topology of the airplane fuselatructure will be updated by using the strainrgynelensity has
defined in the Eq. (6).

4. NUMERICAL AND STRUCTURAL MODELLING OF THE AIRPLANE = FUSELAGE
4.1 Numerical implementation of the procedure

The topology optimization problem (6) has been asdhin the literature by using either Sequential elin
Programming (Sigmund, 1997; Nishiwaki et all; 20@t)the optimality criteria method (Yin and Anangheesh,
2001). In the Sequential Linear Programming methiogl ,objective function and constraints are estihatsing a first
order approximation of a Taylor series. In thisqadure, the user should choose moving limits faregsing the
values of side constraints applied to relative dgrsf each finite element. However, it is very fditilt to predict
suitable values of these moving limits which proglacfeasible optimal solution (Vanderplaats, 1984).

The optimization problem defined in the Eq. (&sltonly one active constraint (volume constraiB8cause of
this, the implementation of the optimality criterizethod becomes more efficient and simpler tharu&etipl Linear
Programming procedure (Sigmund, 2001; Yin and Amasuresh, 2001). For this reason, the optimalitgréa method
will be used in this work as an optimizer for updgtthe airplane fuselage topology.

The Lagrangian multiplier), to be used in the topology updating scheme isiobtl from the active volume
constraint of the optimization problem:

V(X)- fV =0 (7)

Hence, the value of the Lagrangian multiplleihas obtained from the solution of the Eq. (7) pies the minimum
of the optimization problem stated in the Eq. {his concept will be used in this work in orderd&rivate an updating
scheme of the airplane fuselage topology. Equagmmultiplied by —1 is the gradient of this optiration problem
which represents the steepest descent directiothisncontext, an updating scheme of the relatigasdty can be
defined by (Bendsoe and Kikuchi, 2008):

It = I g7 ®)

which is an usual representation of most numengéimization algorithms (Vanderplaats, 1999). Aligb the Eq. (8)

be the simplest way of updating the design varaghltehas proven be enough efficient for this oftation problem
(Yin and Ananthasuresh, 2001). The index j dentiiesiumber of iteration used in the updating cditreé density and

the parameten is the numerical damping coefficient has used d¢orelase the convergence rate of the procedure.
Unfortunately, the equation (16) does not guarastakle convergence during the optimization sirmeat changes in
the topology can occur. It will be used in this Wwdhne procedure have proposed by Bepedand Sigmund (2008) in
order to stabilize the formation of the optimal atgmy:

max(0001x) —m) < x/** < min(@, x! +m) 9)

where m represents a limit value of the changelative density. The role of this parameter isuwoi@ the formation of
discontinuities in the topology during the optimina (Bendge, 1995). In the Eq. (7), 0.001 and 1 are respelgtithe
minimum and maximum values which the relative dgmnsin assume (side constraints).

The figure 4 shows the steps of the topologyntipation algorithm of the stent cell to be usadhis work. Initially,
all finite elements from structure have relativansiey equal to volume fraction chosen by the usdter, the nodal
displacement field are obtained by solving the gnisim equation (3). These displacements are ursélde calculation
of the objective function (1) and its sensibili§ubsequently, the objective function sensibilityfiitered in order to
avoid the checkerboards patterns in the stent eptbopology (Sigmund, 2001). The Lagrangian muikiph is
determined by using a bi-sectioning algorithm fog search of the volume constraint root and thelégyy of structure
is updated. All subroutines of the flowchart werlemented in MatldbR2009.
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Figure 4. Flowchart of airplane fuselage topologyimization algorithm with maxima stiffness.
4.2 Structural Modeling of the airplane fuselage

The figure 5 shows the geometry, loads and boundangitions from design space of the airplane agelto be
considered in this work. The dimensions of thegtespace are in millimeters. It can be seen tmatgeometry of the
design space is irregular, that is, near from tleation of the engine thrust the area is not regtm. This geometry
was selected in order to reduce the final voluméheffuselage optimal topology to be generatedhis figure, the
vectors T, L, P and C represent the engine thiifistail and undercarriage loads acting on theefage respectively.
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Figure 5. Design space of the topology optimizapiooblem of the airplane fuselage for SAE Aerodesigmpetition.

There are two boundary conditions have appliedhendesign space of the topology optimization pnobtd the
airplane fuselage structure. The middle left edgiede to move in the horizontal direction andltwer right corner is
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supported in both directions, vertical and horiabnThe first constraint is the location of the mmgthrust in the
horizontal direction and the second one was impasetder to guarantee stability for the fuselatyacture. The load
magnitude have applied on the fuselage are describthe Tab. 1. These values were calculated basédlde structural
criteria of the fuselage, wings and tail (Campofre@015). There is a force binary has appliedéléft bottom corner
from design space. This loading simulates the momamsed by the distance between the tail andighé &dge of the
design space.

Table 1. Material properties and load magnitudagatn the design space of the airplane fuselage.

Parameters Values
Elasticity Modulus, E 1.0 Pa
Poisson’s Ratioy 0.3
Engine thrust, T 32.0N
Lift load, L 266.0 N
Horizontal component of undercarriage loag, C 108.0 N
Vertical component of undercarriage loag, C 353.2N
Tail load, P 17.8 N

The material properties of the fuselage structareet used in the topology optimization are desdribghe Tab. 1.
For the computation of the nodal displacementshef design space, it was discretized using quaelrdhffinite
elements with 4 nodes in plane state of stresthisntype of finite element, each node has two eegf freedom, that
is, it can move in horizontal and vertical direogo During the topology updating of the airplansefage for SAE
Aerodesign competition, the Elasticity modulustuf fuselage structure material was normalized(tng).

5. ANALYSIS OF THE RESULTS

The figure 5 illustrates the optimal topology oéthirplane fuselage with maxima stiffness has abthifrom the
procedure above described. It is interesting te mloat the topological optimization technique dlstted automatically
material in the regions where the loads actinghendesign space produce large strain in the steickor example,
close to the points of application of the engineush and the lift load the bars of the optimal togy have small
thickness. On the other hand, in the right edgia@topology the material distribution is more cemicated, that is, the
truss bars have large thickness because the maraased by the tail load is high. In the upper efilgem optimal
topology where the undercarriage load is applieele are two bars connected in order to guarahtestability of the
fuselage truss when the airplane lands.

Figure 5. Optimal topology of the airplane fusel&meSAE Aerodesign competition.

After the computation of the optimal topology oktfuselage, a re-analysis procedure was applieatder to
validate if the generated structure can supportahds acting on the airplane fuselage. First bftla¢ contours of the
optimal topology matrix was generated using thévee Matlall R2009. Hence, the isolines with the same material
distribution generated by the contours represeat ibundaries of the fuselage structure. In the mtep, the
coordinates of the several lines of the fuselaggctire boundaries was obtained by using the fanstavailable in
language Matlab R2009. The vector with the coordinates of the loauies lines was exported for the software
ANSYS® 2014 in order to evaluate the finite elementsysislof the airplane fuselage optimal topology.
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Finally, it was created the truss model of thelaimp fuselage based on the optimal topology isslifiée generated
truss structure is illustrated in the Fig. 6. Farthore, this figure also show the boundaries camditand the loads
have applied on the nodes of the fuselage trusssélfoads and constraints are similar to the desigone used in the
topology optimization procedure. It can be seentia fuselage truss structure used in the re-aisaprocedure is also
similar to the optimal topology of the plane modg&the airplane fuselage discretized with quadeitalt finite elements.
The fuselage truss was created by using beam filéenents with circular section. The bars diametgese
dimensioned using the thickness of the optimal mgpplinks have shown in the Fig. 5. The materiabars is carbon
fiber with Elasticity Modulus equals to 70 MPa. éftthe finite elements analysis of this fuselagsgrmodel, it was
observed that that strains of the links were siffad. 7), that is, the equivalent truss model ® diptimal topology can
be used in the building of the airplane fuselageStaE Aerodesign competition.

 ELEMENTS

o

Figure 6. Optimal airplane fuselage truss for thé& $\erodesign competition.

Figure 7. Strain field of the fuselage truss suigiéto the boundary conditions and loads used nerge¢e the optimal
topology.
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6. CONCLUSIONS

In this work, it was purposed a methodology for ¢idimal topology design of the airplane fuselatjacsure for
SAE Aerodesign competition. The loads to be comeillén the computation of the fuselage optimal togy are the
engine thrust, lift, tail load and undercarriagadoThe boundaries conditions used in modellinthefdesign space of
the optimal topology are similar to the fuselagessrstructure ones. After the generation of ther@bttopology of the
airplane fuselage using quadrilateral finite eleteemith 4 four nodes, it was created an equivafeselage truss by
using beam finite elements with circular sectioenkk, it is possible to build the airplane fuselsigigport structure for
SAE Aerodesign competition using carbon fiber pipes

The results prove that the purposed methodologya@iithe designer to define the best geometryyarugof truss
links. By simulating the finite elements model béttruss, it was verified that the strain and stdsthe structure was
very small, that is, the airplane fuselage is sifitly stiff in order to support all loads. Thereamethodology can also
be applied to others airplane fuselage models,géhéire loads or boundary conditions of the desigcs.
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