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APRESENTACAO

A Engenharia Mecéanica pode ser definida como o ramo da engenharia que aplica
0s principios de fisica e ciéncia dos materiais para a concepc¢ao, andlise, fabricacéo e
manutencéo de sistemas mecéanicos. O aumento no interesse por essa area se da
principalmente pela escassez de matérias primas, a necessidade de novos materiais que
possuam melhores caracteristicas fisicas e quimicas e a necessidade de reaproveitamento
dos residuos em geral.

Nos dias atuais a busca pela redugéo de custos, aliado a qualidade final dos produtos
€ um marco na sobrevivéncia das empresas, reduzindo o tempo de execuc¢éo e a utilizacéo
de materiais.

Neste livro sdo apresentados trabalho tedricos e praticos, relacionados a area
de mecéanica e materiais, dando um panorama dos assuntos em pesquisa atualmente. A
caracterizacdo dos materiais € de extrema importéncia, visto que afeta diretamente aos
projetos e sua execugéo dentro de premissas técnicas e econémicas.

De abordagem objetiva, a obra se mostra de grande relevancia para graduandos,
alunos de p6s-graduacéo, docentes e profissionais, apresentando tematicas e metodologias
diversificadas, em situag¢des reais. Sendo hoje que utilizar dos conhecimentos cientificos
de uma maneira eficaz e eficiente € um dos desafios dos novos engenheiros

Boa leitura

Henrique Ajuz Holzmann

Joao Dallamuta
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ABSTRACT: The landing gear assembly is one
of the most important aircraft systems because it
is the first interface with the ground at the time of
landing, supporting individually great part of the
impact load that is applied on the aircraft at this
instant. Therefore, this system must be provided
with a certain security level to perform such a
task, however without adding too much mass
to the aircraft, i.e. it must be robust enough to
support the referred efforts, without aggregating
mass enough to increase the fuel consumption
to non-acceptable levels. Hence, the structural
optimization is necessary, aiming at minimizing
the masses of the system components. In this
paper, the nose landing gear fork of CESSNA
172 airplane is designed and subjected to a size
optimization (minimizing its mass). From the
free body diagram analytical and computational
calculations (applying the Finite Element Method)
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are performed, the latter method being the basis
for the structural optimization. Based on the initial
design, the results show that the mass has the
potential to be reduced at about 33.13%, making
the component lighter and, therefore, bringing a
reduction in the operational cost of the referred
aircraft.

KEYWORDS: Structural optimization, structural
analysis, landing gear, Cessna.

11 INTRODUCTION

Due to globalization, the international
relations have intensified, and consequently,
the need for faster and more efficient means of
transportation for medium and large distances
has been growing. Consequently, the number
of aircrafts in the Brazilian and global fleets in
the next years tends to increase. For example,
in 2014, there were 15210 registered aircrafts in
Brazil; Six years later, the number has reached
28142 unities, representing an increase of more
than 85%, according to ANAC (2020). In view
of that, the demand for design, manufacturing,
logistics, planning, infrastructure, and other
activities directly and indirectly associated to this
sector tends to follow this behavior.

In this industry, the primary operational
guidelines are safety and economy, which, in
some situations, represent a tough dichotomy.
Therefore, one of the solutions frequently
proposed in this scenario is the optimization. In
order to work at the limit of optimal acceptable
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and feasible solutions, the objective is to keep a safe design observing the current standards
concomitantly with the lowest mass and aerodynamic profile best suited to the function it
performs.

In the context of safety, one of the most critical systems of an aircraft is the landing
gear because it promotes the first interaction with the ground at the time of landing,
supporting individually great part of the impact load applied on the aircraft at this moment.
From this understanding, this system must be provided with an adequate security level
to perform this type of task, however without adding excessive mass to the aircraft, i.e. it
must have the robustness to attend safety/service requirements, without aggregating mass
enough to affect the economy of the operation. According to Federal Aviation Administration
(FAA) (2012), about 55% of aircraft failures occurred in landing and takeoff maneuvers.
From this perspective, the landing gear is the essential intermediation between the landing
and the catastrophe, as mentioned by Currey (1988).

1.1 Background and Fundamental Concepts

The first Cessna 172 was manufactured in 1956, in which the tricycle configuration
represented the improvement of this model compared to the 170. This then new arrangement
of wheels provided greater stability at the time of landing the airplane. The referred model
can be seen in Figure 1.

Nose Main
landing landing
gear gear

Figure 1. Cessna 172. Source: Smith (2010).

This airplane is a light single-engine, equipped with tricycle landing gear, and can
carry four passengers, including the pilot. lts manual also informs that the maximum landing
mass is 1091 kg and its load factor is 3. This model is still used in the most diverse aviation
branches, from agriculture to warlike industry.

1.2 Landing Gear System

This system is commonly classified according to two branches: its localization
related to the gravity center and the number of wheels. Raymer (1989) lists the existing
configurations, highlighting that the most applied one is the tricycle, which has a wheel
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ahead of the gravity center (near the airplane nose, reason why it is called nose landing
gear). The set of two wheels behind the gravity center is denominated main landing gear
(see Figure 1).

The components of a nose landing gear are shown in Figure 2. The role of the
cylinder-piston assembly is to connect the entire system to the airplane structure and damp
the impact of the landing, absorbing part of the energy and transferring part to the airplane
structure. The upper and lower locating cams fit to provide guidance to have the wheel axle
orthogonal to the longitudinal axle of the airplane. The torque arms help the cylinder-piston
assembly to keep the alignment of the fork, while the latter houses the axle and wheel. At a
specific moment of landing, the wheel touches the ground and the load is transferred to the
axle, which propagates it to the fork (the scope of calculation of this paper), transmitting the
efforts to the cylinder-piston assembly and to the torque arms.

Figure 2. Main components of the nose landing gear of a Cessna 172. Source: FAA (2012).

The following formulation is based on the premise that the landing process is
performed on three wheels. This type of landing is characterized by equally distributing the
impact loading from the ground, which can be calculated by Equation 1, according to FAA
(2002):

FMAX=mMAXgFL, 1)
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where m, . is the maximum allowed mass to proceed to a landing process, F is
the load factor, and g is the gravity acceleration. Due to this loading, two main forces arise:
one horizontal F, directed backwards the airplane, another vertical F, directed upwards,
respectively given by Equations 2 and 3, according to FAA (2002):

F,=04F,, )

FV :015 FMAX' (3)

These loads constitute the main input data to the calculation presented in this paper,
which scope is the fork optimization. According to the load path related to the landing process,
the axle provides the input load to the fork. Besides that, the opening width and height are
dictated by the wheel assembly (which includes the wheel, axle, washers, spacers, etc.).

1.3 Optimization

This branch is concerned with exploiting the available limited resources maximizing
the output, according to Haftka and Giirdal (1991). The minimum weight design was probably
applied in large extent by the aerospace industry, where manufacturing cost is not a priority.
While the objective function f(x) is the scope of improvement and can be a measure of
the design effectiveness, the constraints impose limits on quantities related to the design.
Mathematically, Equation 4 gives the standard formulation:

min f(x)

such that p ;(x) = a, J=L...n,,
q,(x)<b, k=1,...,n,,
xiLSxiniU, i=1,...,n,.,

(4)

Where x represents a vector of design variables x, such that i=1,...,n. There are
n, equality constraints pj(x) equal to a constant “a”, n, inequality constraints g, (x) less-than
a constant “b”, and x"- and x" are the lower and upper bounds of the design variable x..
The feasible domain corresponds to the set of design variables that satisfy the constraints
imposed.

Potra and Simiu (2010) introduced a multihazard structural design problem in
nonlinear programming. This was performed for an example of four design variables and
two hazards (strong winds and earthquake). Gandomi et al. (2011) solved mixed continuous/
discrete structural optimization problems by means of a metaheuristic optimization
algorithm, the firefly algorithm (FA). Hasancebi et al. (2013) developed a novel algorithm
employing a numerical optimization technique that uses the echolocation behavior of bats
in seeking a design space for structural optimization. Russo and Rizzi (2014) proposed the
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integration between life cycle assessment tools and a computer-aided methodology, based
on the integration of structural optimization. The life cycle mapping tool was developed to
trace the growth of environmental impacts throughout the product’s life cycle. Zhao et al.
(2017) performed a structural optimization of a downhole oil-water separator consisting of
two series de-oiling hydrocyclones. A combination of methods was made to improve the
geometry and, consequently, the separation performance.

Sandal et al. (2018) presented an approach for sizing optimization (mass
minimization) with the application to jackets for offshore wind turbine, which constraints
were fatigue and ultimate limit states. Bucher (2018) discussed strategies to have a suitable
response surface model, evaluating its quality prediction, and discerning about important and
unimportant variables. Thore et al. (2019) proposed a topology structural optimization with
uncertainty consideration, comparing three solution concepts: Pareto optima, Stackelberg
equilibria, and Nash equilibria. Zhao et al. (2020) introduced a novel approach based on the
graph theory and the set theory aiming at controlling the number and size of interior holes
of the structures.

Therefore, structural optimization plays an important role in the society because it
aims at providing enough safety associated with the lowest possible cost. One of the main
difficulties is often addressed to develop and implement a tailor-made algorithm in order to
reflect the specific circumstances of the design.

21 MATERIALS AND METHODS

The analysis of the fork assumed some premises in order to simplify and turn it
feasible. The main assumptions are based on thermodynamics, manufacturing processes,
and natural principles. Just to mention some of them, the process of deformation is
considered isothermal and isochoric, the material homogeneous and isotropic, and that
Saint Venant’s principle is observed (pertinent concentration factors are taken into account).
The component is made of AISI 4130 steel, normalized at 870°C, exception made for the
region of the holes of the interface with the axle and the holes to assembly the piston-
cylinder assembly, which are suddenly cold when the heating reaches 855°C (quenching
process). The material properties of this component are presented in Table 1.
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Quantity Magnitude Magnitude
Brinell hardness (HB) 'n_: 163 = 241
Ultimate tensile strength (MPa) E 615 % 841
Yield tensile strength (MPa) E 435 8 655
Modulus of elasticity (GPa) 3 205 § 205
Poisson’s ratio % 0.29 ) 0.29
Elongation at break (%) z 27.0 c 20.5
Reduction of area (%) 61.2 63.6

Table 1. Fork material properties (AISI 4130). Source: Matweb (2020).

2.1 Free Body Diagram

This mapping of actuating loads aims at obtaining the input to the analytical
calculation and to the finite element analysis (FEA) conducted to produce the topological
optimization. The specific condition in which this design is executed is the exact moment
of the landing, which can be initially represented by the wheel touching the ground. This
produces the horizontal F, and vertical F,, loads on the wheel, described by Equations 2
and 3, respectively. This action pushes the wheel against the axle (producing contact, shear,
and bending loading), which in its turn acts on the fork (with bending, compression, torsion,
contact, and buckling effects). The latter induces compression, contact, and bending on the
piston-cylinder assembly, being the load transferred to the main structure of the airplane
(transferring torsion, bending, contact, and compression).

The free body diagram of the fork is shown in Figure 3, in which the nomenclature
is understood as follows: variables initiating with letter “R” stand for reaction forces; “F” for
applied loads; “M” for reaction moments; and “T” for applied moments. The main dimensions
of this component are symbolically represented in Figure 4. Complementarily, Table 2 shows
the geometrical and loading magnitudes related to these symbols.

Engenharia mecanica: A influéncia de maquinas, ferramentas e motores no cotidiano p
do homem 2 Capitulo 3



Ty,

Figure 3. Free body diagram of the fork. Source: own authorship (2020).

Figure 4. Main dimensions of the fork. Source: own authorship (2020).
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Table 2. Values of the geometrical and loading quantities. Source: own authorship (2020).

2.2 Analytical Calculation and Finite Element Analysis (FEA)

The classical mathematical expressions from mechanics of materials were used to
perform the analytical calculation for stresses and safety factors. The stress concentration
factor is associated to the mean actuating stress to reflect the stress concentration
phenomenon. The potentially critical infinitesimal elements selected are under plane stress
state. The location followed by the types of actuating stresses are listed: (a) lower holes
(interface with the axle): contact; (b) transition from the legs to the cylinder: bending,
torsion, and compression; (c) upper holes (interface with the piston-cylinder assembly):
compression, bending, torsion, and contact; (d) legs: buckling, compression, bending, and
torsion.

Therefore, the equations applied in this work for the analytical calculation are the
following: contact, bending, torsion, and compression stresses, and critical load from
buckling, which are given, respectively, by Equations 4, 5, 6, 7, and 8. Besides that, it's
considered the wheel doesn’t absorb any part of the load impact.

F
oo =—F5,
4, 4)
O'B—MBy,
1 (5)
z’,:]v?r,
P (6)
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x 2
CRI :KBEZJ ET,
(8)

In which F_ is the contact force and A, is the area of a component projected on the
other. M, is the bending moment, y is the distance between the neutral axle and the fiber
to calculate, and | is the moment of inertia related to the rotation axle. M, is the torsion
moment, r is the radius of the region under torsion, and |, is the polar moment of inertia.
F is the force normal to the analyzed plane and A is the area under compression (which
normal to the plane under analysis is parallel to the compression force vector and opposite
in direction to it). K; = 1 (one end fixed, another free to displace) is the support condition for
buckling, F_., is the critical load magnitude to provoke the buckling phenomenon, L is the leg
length, and E is the elasticity modulus.

These regions present stresses combined such that they should be expressed in
terms of principal stresses to apply a failure criterion. In this work, von Mises theory was
used to calculate the safety factor N (Equation 9) of the infinitesimal elements listed under
this topic based on yield strength S,

N= SY = Sy

Ovu ©)

1
2 2 5
(O'l +O'2—UIUZ)-

Where o, is the von Mises stress, o, and o, are the maximum and minimum
principal stresses, respectively.

Once the analytical calculation was done, a finite element analysis (FEA) was
conducted in COSMOSWorks® software, which results were given in terms of stresses
and displacements. The analysis observed the conditions presented by the free body
diagram, where material parameters were taken from Table 1, and geometrical and loading
parameters were extracted from Table 2.

2.3 Optimization Problem

The problem to solve in this paper refers to a size optimization of the thickness of
the fork legs, intending to minimize the mass of this component. The black-box algorithm
of the software COSMOSWorks® was used for this intent. All the boundary conditions were
inserted on, the objective set to be the minimization of the mass subjected to constraint
of maximum von Mises stress (290 MPa) found in the most critical region of the legs, i.e.
the upper part connected to the cylinder. Due to the fact that the selected manufacturing
final process of the fork is the welding (the cylinder is welded to the legs), after the mass

is minimized, a standardization to the closest upper fraction of denominator 32 of inch is
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made, allowing the acquisition of a standard available thickness, decreasing its cost and

facilitating eventual substitutions.

31 RESULTS AND CONCLUSIONS

The free body diagram shown in Figure 3 and the data contained in Tables 1 and
2 were input for the optimization performed. The finite element analysis performed is
represented graphically in Figures 5 (mesh in the region of the holes that house the axle),
6 (mesh in the region of transition between the cylinder and the legs), 7 (stress in transition
cylinder-legs), 8 (stress filtered equal or greater than 290 MPa), and 9 (total displacement).

Figure 5. Mesh for the transition lower holes-legs of the fork. Source: own authorship (2020).
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Figure 6. Mesh for the transition cylinder-legs of the fork. Source: own authorship (2020).
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Figure 7. Stress in transition cylinder-legs. Source: own authorship (2020).
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Figure 8. Stress filtered equal or higher than 290 MPa. Source: own authorship (2020).
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The last five figures refer to results after the optimization process. The largest and
the smallest sizes of the tetrahedral finite elements used are 1 and 0.2 mm, respectively
(using the curvature-based mesh). Therefore, as can be noted in Figure 8, the stress is not
greater than 290 MPa, except for some singularities in the hole of the cylinder and in the
transition between the cylinder and the legs.

The initial design had an initial thickness of 7.94 mm (5/16 in), which corresponds
to a maximum von Mises stress of 153.36 MPa (safety factor N = 2.84), and to a mass of
2160.51 g. After three iterations, the algorithm returned the optimal output of mass (1444.63
g), corresponding to a thickness of 5.48 mm and to a maximum stress of 290 MPa (safety
factor N = 1.5). In order to use a standard thickness of raw plate, the thickness was then
selected to be 5.56 mm (7/32 in). After performing the simulation for this new thickness, the
maximum von Mises stress found was 284.70 MPa (safety factor N = 1.53), and the final
result for the mass was 1536.13 g, which represents a mass reduction of 33.13% (see Table
3 for further details of other iterations).

Quantity Initial Iteration 1 Iteration 2 Optimal Standardized
Thickness (mm) 7.94 3.97 11.91 5.48 5.56
Stress (MPa) 153.36 410.25 86.35 290.00 284.70
Mass (g) 2160.51 1123.82 3216.96 1444.63 1536.13

Table 3. Optimization iterations for fork. Source: own authorship (2020).

These results address that as the thickness was reduced, the stresses increased
and the mass decreased. Due to the fact that the optimization process has not included
the shape in its work scope, the mass of the fork still has potential for optimization. In view
of this, future improvements of this work can be done by studying a complete topology
optimization of the component.

From all the above, it is concluded that the structural optimization has achieved its
objectives in what refers to the size (thickness), what provided a mass reduction of about
33.13%. In addition, the thickness of the plate was standardized aiming at facilitating the
acquisition of the raw material to manufacture it.
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