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Abstract: The paper presents a practical application methodology in FEM analysis for the mechanical parts
design. The procedure uses the CATIA CAD-CAE environment, where the 3D model preparation is simple and
fast. The necessary calculations for the analyzed part are made using the finite element method. The purpose of
this approach is to determine the resulting stresses under a loading case. Also, in the paper are presented many
theoretical aspects in the FEM field of interest.
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1. INTRODUCTION

The finite element method (FEM) is one of the most used methods that are available in
our days for different calculations in the field of engineering. This method and the programs
based on it become fundamental components in the computer aided design systems. They are
indispensable in all engineering activities where high performance is required.

The main purpose of this paper is to present a practical application using the finite
element analysis to elaborate a correct, adequate and efficient calculus model to improve the
mechanical components design.

The topics in the paper vary from theoretical aspects to a practical problem of the
finite element modeling and analysis, with many explications, helping the reader to

understand the problems and to draw clear and convincing conclusions.

2. THE FINITE ELEMENT METHOD - BASIC CONCEPTS

One of the major advantages in the finite element method is the simplicity of its basic
concepts. It is very important that the FEM user learn and correctly understand these
concepts, because they include certain hypotheses, simplifications and generalizations.

In order to obtain a higher efficiency, the concept of structure is used in a more
general and simpler way than usually. In FEM, a structure means an ensemble of bars, plates,

shells or solids.



Using a CAD-CAE system it is possible to replace the real external forces by efforts
(forces, accelerations, torsion moments, masses etc.) to which they are statically equivalent,
but this equivalence is not allowed in the theory of elasticity.

To perform a finite element analysis, the user must develop a calculus model of the
analyzed structure. These models are only approximate mathematical models of the structure.
There are no algorithms and general methods for developing a unique model that
approximates, with a known error, the real structure. Generally, several models, all of them
correct, but with different performances, can be elaborated for the same structure. The
development of a model is based on the intuition, experience and imagination of the user. The
model should efficiently synthetize all the available information about the analyzed structure.

This model consists of lines, planes or curved surfaces and volumes, created in a 3D
CAD environment. In this stage of development, the model is continuous, with an infinite
number of points, as the real structure. The main goal of FEM is to obtain the finite element
mesh, transforming the continuous structure into a discrete model, with a finite number of
points.

This operation is done using a mesh for the model, which is correct from an
engineering point of view, the knowledge of stresses and displacements in a certain number of
points inside the structure is normally enough to characterize the mechanical behaviour of the
structure.

The finite element method defines these unknowns only in the nodes of the model and
calculates their values in these points. That’s why the meshing process must be performed in
such a way as to have a number of nodes large enough in the areas of great interest in order to
achieve a satisfactory approximation for the geometry of the structure and for the boundary
and loading conditions. Thus, the mesh of the structure has a major importance in the FEM
analysis.

The points defined in the mesh are called nodes. The primary unknowns of FEM are
defined in nodes, and their values are the analysis results. These unknowns identified in the
nodes can be displacements (displacement model) or stresses (stress model).

For the displacement model, it can be admited that the deformed shape of the structure
under a certain loading case, is defined by the displacements of all the nodes with respect to
the initial node net. Each node may have a maximum of six components of the displacement,
called nodal displacements in a coordinate system: three linear displacements and three
rotations. Some nodes are constrained and thus their displacements are zero or known by
imposed values, so they should not be calculated anymore.

The meshing process divides the model into a certain number of quadrilateral or

triangular fragments, called finite elements. These elements are assembled together in
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common nodes, also called vertices. The FEM study the finite element as a single piece in
interaction with the other elements only in nodes. Thus, the study of the real structure is
replaced with the study of the ensemble of finite elements obtained by meshing, in an
idealization of the real structure.

For better results, the process should be adequate to the purpose of the analysis,
implying the respect for some important rules regarding the meshing process and the
elaboration of the model, and, also, to use adequate finite elements. The dimensions of these
elements can be as much as small, but should be always finite, they cannot tend to zero.

Unfortunately, a general finite element with universal use wasn’t yet conceived. In this
way, the finite element must be designed in all details: geometrical, mechanical, mathematical
etc., a very hard task, but most of modern CAD-CAE systems are automatically resolving it
with a little intervention from the user.

The mesh of a structure can include elements defined for different types of analysis,
as: linear elastic, nonlinear, heat transfer, fluid mechanics, electromagnetism etc.

In the finite element method practice, the role of the material’s characteristics is very
important. Thus, the material attached to the finite element can be homogeneous, isotropic or
with a certain anisotropy.

Each finite element is an ensemble of conditions and hypotheses and should be used
with care and only after a complete study of the environment where is functioning the real
structure: loadings, stress type, interaction with other elements etc.

3. ADVANTAGES, DISAVANTAGES OF THE FINITE ELEMENT METHOD

As advantages of the FEM can be counted:

e General use: this is a numerical method used for solving problems in mechanics of
deformable bodies, fluid mechanics, heat transfer, biomechanics etc. The loading case can be
static, dynamic, nonlinear, time dependent.

e Litheness: to solve a problem with this method, the user is free to elaborate the
calculus model to meet his requirements. After this elaboration, often it is very simple to
modify it, the goal being the obtaining an enhanced variant of the initial model.

e Simplicity of the basic concepts: The method doesn’t require the user to possess good
knowledge of mathematics, just an engineering background. The basic concepts, presented
above, are easily to understand for a correct use.

e Existence of the FEM computer programs: the use of the finite element method
requires a huge amount of numerical calculations, impossible to be solved by man. For this

reason, many companies implemented in their CAD-CAE systems procedures for FEM

253



calculations. Also, there are some FEM specialized programs, offering the user a good percent
of stability and safety.

e Pre- and post processing facilities: The use of the computer programs reduce the time
of work, enable automatic meshing and verification of the model. The results obtained from
the FEM can be presented as images,tables, listings, drawings, diagrams, animations etc.

The FEM has few disadvantages, like:

e The method is approximate: the analysis is not performed on a real structure, but on a
model of it. All the results (stresses, strains, displacements etc.) are approximated and the user
cannot precisely estimate the difference between the obtained results and the real ones
because it appears a percent error, also difficult to know.

e The calculus model is subjective and arbitrary: the user is free to elaborate the model
without restrictions, but he is not sure about the correctness of the model, or about the
efficiency of the analysis that uses it. Sometimes, it is a good practice to validate the results
by experiments on real structures.

e The FEM programs are complex and expensive: the available FEM programs are very

complex, with many options and results offering capabilities, that’s why their price is high.
4. THE PRACTICAL APPLICATION

In this application it will be presented a FEM analysis of a support type part, having
the draft design shown in figure 1:

In both modeling and analysis processes it is used the CATIA program. Thus, after the
solid modeling in the CATIA Part Design module, the user applies on the part a material
(steel), having the following physical characteristics: Young modulus (2x10'' N/m?), Poisson
ratio (0,266), density (7860 kg/m’) and Yield strength (2,5x10% N/m?).
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Fig. 1. Support type part
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After that, in the CATIA Generative Structural Analysis, the user establish a Static
Case type analysis and defines the node and finite elements net, in a process called
discretization. In this process it is higly recommended to edit the default net parameters,
defining the new finite element size (5 mm) and type (linear), the absolute sag (1,25 mm)
between the model and the real part etc. To do this, the user must double-click the subelement

“OCTREE Tetrahedron Mesh”, found in the specification tree, as shown in figure 2:
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Fig. 2. The discretisation process of the part

In the next stage, the part will be constrained, using the Clamp constrained, applied on
the two support surfaces, shown in figure 3. The specification tree is completed with the

subelement "Clamp.1". The dialog window contains in the "Supports" field two faces, marked

on the part model.
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Fig. 3. The application of the Clamp constraints

On the part’s superior and functional surface it is applied a 3000 N distributed force,
perpendicularly oriented on the surface, in the opposite direction of Z axis. Thus, in the
specification tree becomes available the subelement "Distributed Force.l", the force is
simbolized by four arrows on the surface, it’s value and orientation, the coordinate system
where it was created, all these parameters can be specified in the corresponding fields of the

dialog window from the figure 4:

255



Finite Element Model .1
MNodes and Elements

= E

&b OCTREE Tetrahedron Mesh.1 : Partl M Brbedfore
=y = o Supparts %
-5 Properties.1 :
| 2 Bl e
f‘@ Materials.1 Type [dobal -]
I"@A Static Case [ cisplay locally
=~ | Restraints.1
% Clamp 1 — Force Yeckor
Loads.1 " e Marm I 3000
%‘. Distributed Force.1 2 % [on
&% Static Case Solution.1 @2 ¥ BO| &
#-dJ1 Sensors.1 | ET

Fig. 4. The distributed force application
After the constraints and loading case establishment, the next stage is the analysis
calculus, launched by pressing the “Compute* icon. As a result, the dialog window with the
same name is opened (figure 5), where the user selects the “A/l* option, followed by the

update of the subelement “Static Case Solution”.

of x| E Computation Resources Estimation =] =]
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Fig. 5. Launching the calculus stage Fig. 6. Calculus resource estimation

If the user unchecks the "Preview" option, the analysis time is shortened by not
displaying the information window "Computation Resources Estimation" (figure 6). However,
this window has an important role in very complex analysis processes, because it offers
informations about the calculus time and the necessary space on disk.

Once the calculus is finished, the user has at his disposal some tools from the "/mage"
toolbar to visualize the results. The specification tree is completed with different subelements
depending of the inserted images. By default, the last added is the active one, by deactivating
the previous others. In figure 7 is shown the specification tree containing a list of three images
(and also results) and their icons, as part of the subelement “Static Case Solution”.

% Static Case Solution.1
5{, Yon Mises Stress (nodal values).1
Pl Deformed Mesh.1
& Stress principal tensor symbol.1

Image =
-y

Fig. 7. The Image toolbar and the list from the specification tree
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In the following figures (8 ... 11) are presented four image-results, corresponding to
the calculus applied on the analyzed mechanical part. It is important to precise that the
deformations are graphically represented in an exaggerated way to simplify the drawing

conclusions stage.

Fig. 9. The Deformed Mesh result
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Fig. 10. The Stress Principal Tensor result Fig. 11. The Estimated Error result

To find the maximum and minimum tensions (stresses) appeared after the analysis, the
user must activate the "Von Mises Stress" result and, from the "Analysis Tools" toolbar,
applying the "Information" tool, the program opens an information window with the same

name, shown in figure 12.
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Fig. 12. The extreme values displaying for stresses

In the above figure, near the information window is presented the stresses values

palette for the "Von Mises Stress" result. The smallest values for the stresses are in the lower
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section of that palette, and the highest ones in the upper section. Also, these two extreme
values are shown in the information window.

After the analysis ends, the user should compare the yield strength value for the
choosen material with the maximum value resulted in the "Von Mises Stress" result. Thus,
that last value is almost ten times smaller (2,36x10" N/m? vs 2,5x10® N/m?), so a conclusion

can be drawn: the mechanical part rezists to the considered loading case.
5. CONCLUSION

Using the values resulted from the analysis, the user finds out if the part can support
the loading force. In this case it does and no geometrical changes should be done, but there
are situations which impose some modifications in the shape of the part body.

The finite element method is a useful analysis tool for engineers and researchers who
can study the behaviour of a structure (distinct parts or assemblies) in a virtual way, without

building it.
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