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ABSTRACT: The technique used for topological optimization and structural analysis in the present research paper is
numerical methods. The finite element analysis of the problems is done by the software package known as ANSYS
which is purely based on numerical technique.

The present paper consists of optimal topology, compliance value, deformed shape, displacement and von-Mises stress
of the structures such as column, beam, short beam and flat plate with a central circular hole using optimality criterion
approach through ANSYS.
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. INTRODUCTION

This paper presents the optimal topology of the linear elastic structures such as a column, beam, short beams and a flat
plate with a circular hole at its centre. For the above mentioned structures the plane state of stress is considered. The
topology optimization and structural analysis is performed using ANSY'S software package. The software is based on
mathematical calculations. The numerical technique used in the software is optimality criterion approach. The above
mentioned problems are considered to be linearly elastic isotropic structures. In this research paper the parameters
obtained for the above mentioned structures are optimal topology, compliance, deformed shape with undeformed edge,
displacement and von-Mises stress.

Bendsoe and Kikuchi 1988, Optimal shape design of structural elements based on boundary variations results in final
designs that are topologically equivalent to the initial choice of design, and general, stable computational schemes for
this approach often require some kind of remeshing of the finite element approximation of the analysis problem. The
computation of effective material properties for the anisotropic material is carried out using the method of
homogenization. Computational results are presented and compared with results obtained by boundary variations [1].
Suzuki and Kikuchi 1991, Shape and topology optimization of a linearly elastic structure is discussed using a
modification of the homogenization method introduced by Bendsoe and Kikuchi together with various examples which
may justify validity and strength of the present approach for plane structures [2].

Haftka and Gurdal 1991, The field of structural optimization is still a relatively new field undergoing rapid changes in
methods and focus. Until recently there was a severe imbalance between the enormous amount of literature on the
subject, and the paucity of applications to practical design problems. As a result of the growing pace of applications,
research into structural optimization methods is increasingly driven by real-life problems. Often they do not have any
access to the source program, and even more frequently they have only scant knowledge of the details of the structural
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analysis algorithms used in this software packages. Therefore the major challenge faced by researchers in structural
optimization is to develop methods that are suitable for use with such software packages. Another major challenge is
the high computational cost associated with the analysis of many complex real-life problems [3].

Many approaches follow a sequential approximate optimization (SAO) approach to build and solve a series of
approximate optimization sub-problems [3].

Philip A. Browne 2013, in structural design, topology optimization can be regarded as an extension of methods for size
optimization and shape optimization. Size optimization considers a structure which can be decomposed into a finite
number of members. Each member is then parameterized so that, for example, the thickness of the member is the only
variable defining the member. Size optimization then seeks to find the optimal values of the parameters defining the
members [4].

X. Huang, Y. M. Xie 2009, according to them; as a result, one will obtain a structure with the highest stiffness for a
given volume while the displacement of a certain node does not exceed a prescribed limit [5].

Hui Zhang & Xiong Zhang & Shutian Liuln 2008, presented that the load surfaces are formed by the connection of the
real boundary of elements and the pressures are transferred directly to corresponding element nodes [6].

Gunwant et al. 2013, presented that the topological optimization capabilities of a commercially available finite-element
solver ANSY'S have been employed through APDL (ANSYS Parametric Design Language) to find the optimal layout
of material in the continuous elastic isotropic structures. Common continuum structures configurations have been
selected for topology optimization. The structures are modeled in ANSYS assuming that there is a plane state of stress
in each model [7].

Chaudhuri (1993) proposed a completely sequential scheme for optimal design in parametric nonlinear problems [8].
The topology optimization attains the goal to find the optimal topology of the material used such as global stiffness and
it is performed when the parameter volume reduction is taken to be constraint.

In this work, maximization of static stiffness has been considered. This can also be stated as the problem of
minimization of compliance of the structure.

The optimality criterion (OC) method require a penalization scheme such as SIMP (Solid Isotropic Material with
Penalization) for evolving true, material and void region in the design domain.

1. MATERIALS AND METHODS

For the present investigation the material has been taken as the 2-dimensional structures and the method used is
optimality criterion method to get the final topology and structural nodal analysis of the structures keeping the
structures stable or not undergoing fracture and plane state of stress is considered for all the mentioned problems
(structures). For this a software package ANSYS is used which performs optimization and analysis using optimality
criterion approach and some FEM equations.

2.1 Topology Optimization

Topology optimization method is a technique to find out optimal material distribution within predefined design domain.
It can give the best conceptual design that can satisfy all design requirements. Topology optimization problem includes
objective function, design domain and design constraints. Objective function represents the goal of the optimization
method which is to be minimized or maximized [9].

2.2 Solid Isotropic Material with Penalization (SIMP) Method:

It is also known as the power-law approach, in which the material properties can be expressed in terms of the design
variable material density using a simple “power-law” interpolation as an explicit means to suppress intermediate values
of the bulk density. This method has been presented by Bendsoe. The SIMP material model where material properties
are assumed constant within each finite element discretizes the design domain with the design variables being the
element densities. At each point of the design domain, the material properties are modeled as the relative material
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density raised to some power times the material properties of solid material. Dadalau et al. [2008] presented a new
penalization scheme for the SIMP method [10].

2.3 The Optimality Criterion approach

The discrete topology optimization problem is characterized by a large number of design variables, N in this case. It is
therefore common to use iterative optimization techniques to solve this problem, e.g. the method of moving asymptotes,
OC method, to name two. Here we choose the latter. At each iteration of the OC method, the design variables are
updated using a heuristic scheme. OC method was analytically formulated by Prager and co-workers in 1960. It was
later developed numerically and become a widely accepted structural optimization method (Venkaya et al. 1968). OC
methods can be divided into two types. One type is rigorous mathematical statements such as the Kuhn-Tucker
conditions. The other is algorithms used to resize the structure for satisfying the optimality criterion. Different
optimization problems require different forms of optimality criterion.

This paper considers the maximization of static stiffness through the inbuilt topological optimisation capabilities of the
commercially available FEA software to search for the optimum material distribution in two plane stress structures.

The optimum material distribution depends upon the configuration of the initial design space and the boundary
conditions (loads and constraints).

The goal of the paper is to minimize the compliance of the structure while satisfying the constraint on the volume of the
material reduction.

Minimizing the compliance means a proportional increase in the stiffness of the material. A volume constraint is
applied to the optimisation problem, which acts as an opposing constraint [11].

2.3.1 Element Type

Selection of element type is one of the most important features in topology optimization through ANSY'S. Topological
optimization in ANSY'S supports 2-D and 3-D solid elements. Sigmund and Clausen [2007] suggested a new way to
solve pressure load problems in topology optimization. Using a mixed displacement—pressure formulation for the
underlying a finite element problem. By this technique the model can be discretized into following element type:

(@). 2-D Solids: Plane 82

(b). 3-D Solids: Plane 95

Plane 82: This is an 8-node element and is defined by eight nodes having two degree of freedom at each node. The
translations of elements in the nodal x and y- directions shown in Fig-1(a). The element may be used as a plane element
or as an axi-symmetric element. The element has plasticity, creep, swelling, stress stiffening, large deflection, and large
strain capabilities [12].

o = 28
P ™ Y
x AL o Z/Lx‘u
= 01 M J Tri-option '
(d) Quad and tri elements (b) 3 D rectangular element

Fig- 1: (a) Plane82 element with quad and tri options and (b) Rectangular domain meshing

Solid95: This element type has quadratic displacement behaviour and is well suited to model irregular meshes (such as
produced from various CAD/CAM systems). The elements are defined by 20 nodes having three degrees of freedom at
each node: translations in the nodal x, y, and z directions as shown in figure-1(b).The elements also have plasticity,
creep, swelling, stress stiffening, large deflection and large strain capabilities.

In the present paper structures are considered to be 2 D, so here plane82 8-node type element is taken for discretization.
To visualize, more the volume of material, lower will be the compliance of the structure and higher will be the
structural stiffness of the structure. For implementation of this, APDL codes for various beam modeling and topology
optimization were written and run in ANSYS [12].
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1l. PROBLEM FORMULATION

In this section, the paper presents to carry out topology optimization of the 2-dimensional structures. The structures
with the Young’s modulus (E) as 210 GPa and the Poisson’s ratio (v) of 0.3. All the four structures are considered to be
linearly elastic isotropic material. The structures are solved for different individual loading and boundary conditions.
The constraint parameter volume fraction is 50% for all the given four structures.

3.1 Column (Model 1): The design domain of square column of unit dimensions and the 1000 N load is applied on
three points of the top of the design domain and the base is fixed, as shown in Figure-2(a).The properties for given
problem are E=2.1E5 MPa and Poisson’s ratio is 0.3 for volume fraction of 0.5.

3.2 Model 2: Example 2 is a stiffness topology optimization problem for a beam structure of dimensions 100mm x
50mm which is simply supported by both ends and 10 MPa pressure load is vertically applied on the upper edge as
depicted in Fig-2(b). The computations are performed in the domain with 1.25 square element edge length (four-node
plane stress elements).

(a) Problem with BCs Model-1 (b) BCs & Loading Conditions for Beam (c) BCs & Loading for Short Beam

3.3 Model 3: In this example, a three point supported short beam of dimensions are in the length-breadth ratio of 2:1
subjected to the three point loads on the top edge is optimized and analyzed. The admissible design domain,
boundary conditions, and initial load conditions are shown in Fig-2(c). The point loads are of magnitude 1000 N.
The design domain is discretized by 0.025 square element edge length.

(d) Problem with Boundary Conditions and Loading Conditions for Flat Plate with Central Circular Hole

Fig-2:Design domain of(a) column (model 1) problem, (b) beam (model 2), (c) three point supported short beam (model 3) and(d) Geometry and
boundary conditions of elastic plate with central elliptical hole (model 4)

3.4 Model 4: In structure 4, the topology optimization and nodal analysis of a rectangular plate with a central circular
hole of dimensions 400mm x 100mm with central hole of diameter 10mm under transversely downwards static load at
right end of top edge of magnitude 1000 N has been analyzed using optimality criterion approach in ANSYS. In the
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fig-2(d) centre of plate depicts a fixed circular hole, taking hole as constraint in all DoF (considering it as fixed for
some purpose).

(AVA RESULTS

In this section the optimal topology and structural analysis of the structures are obtained using Optimality Criterion
Approach in ANSYS. Further the graphs are plotted between iteration and values of compliances for all the structures.
The results of nodal solution for the structures are shown in the table-1 given below.

4.1 Optimized Shape:

Figure-3(a), shows the topologically optimized shape through ANSYS for a Simple Column (Model 1). Figure-3(b),
shows the topology optimization through ANSYS obtained for the beam (structure 2) under the given boundary
conditions which is obtained by using optimality criterion approach.Figure-3(c), represents the topologically optimized
shape as obtained for the three point supported short beam (model 3) and three point loads are applied on top edge is
obtained by using optimality criterion using ANSYS.

(@) Optimal Topology Model-1 (b) Optimized topology of Beam in ANSYS (c) Optimal Topology of Short Beam

(d) Optimal Topology of Flat Plate in ANSYS

Fig-3: Optimal design for (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4 using optimality criteria approach

Figure-3(d) shows the topologically optimized shape through ANSY'S for an elastic plate with circular hole in its centre
(model 4) under given boundary conditions.
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4.2 Compliance:

300 - 80 -
@ ¥ 60 -
£ 200 - =
= = 40 -
€ 100 - 5
8 8 20 -
0 T T 1 0 ' ' '
0 10 20 30 0 10 _ 20 30
Iteration Iteration
(a) Graph Plot for Column (Model 1) (b) Graph Plot for Beam (Model 2)

For structure 1, the initial value of compliance was 254.908 Nmm and the final value as obtained after 28 iterations is
107.223 for 6400 number of elements. A reduction of 147.685 from its initial value. Variation of compliance with
iteration is shown in the graph-4(a) below. Vertical axis represents the compliance and the horizontal axis represents
the iteration. For structure 2, the initial value of compliance was 62.1095 Nmm and the final value as obtained after 26
iterations is 17.1153 Nmm. A reduction of 44.9942 from its initial value. Variation of compliance with iteration is
shown in the graph-4(b) below. Vertical axis represents the compliance and the horizontal axis represents the iteration.

400 - 1500 -+
g 300 $1000 -
S 200 - %
g £ 500 -
0 T T T T T T T T 1 0 T T T T T T T T 1
0 2 4 6 8 1012 14 16 18 0 5 10 15 20 25 30 35 40 45
Iteration Iteration
(c) Graph Plot for Short Beam (Model 3) (d) Graph Plot for Flat Plate with Central Circular Hole (Model 4)

Fig-4: Compliance versus lteration plot for (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4 using optimality criteria approach

For structure 3, the initial value of compliance was 379.61 Nmm and the final value as obtained after 16 iterations is
104.25. A reduction of 275.36 from its initial value. Variation of compliance with iteration is shown in the graph-4(c)
below. Vertical axis represents the compliance and the horizontal axis represents the iteration.
For structure 4, the initial value of compliance was 1220.9 Nmm and the final value as obtained after 39 iterations is
489.87. A reduction of 731.03 from its initial value. Variation of compliance with iteration is shown in the graph-4(d)
below. Vertical axis represents the compliance and the horizontal axis represents the iteration.

4.3 Structural Analysis

4.3.1 Nodal Solution using ANSY'S

The structural analysis has been also done for the above mentioned structures. The table-1 given below shows the
displacements and stresses for all the four structures. From the figure-5: (a), (b), (c) and (d) we can see the deformed
shapes with undeformed edge for the above mentioned problems and given boundary conditions.
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(a) Deformed Shape of Column (b) Deformed Shape of Beam (c) Deformed Shape of Short Beam

Fig-5(a) represents deformed Shape for structure (1) and bottom & top edge ot the column shows boundary condition
and applied load on three points respectively. Fig-5(b) represents deformed Shape for the beam simply supported at
bottom ends and pressure load applied on top surface of the beam. Fig-5(c) shows deformed Shape for 3 point
supported short beam at bottom and three point load applied on top edge.

(d) Deformed Shape with Undeformed Edge for Central Circular Hole Plate

Fig-5: Deformed shape with undeformed edge representation for (a) Model 1 (Column), (b) Model 2 (Beam), (c) Model 3 (3 Point Supported Short
Beam) and (d) Model 4 (Flat Plate with Central Circular Hole) using optimality criteria approach in ANSYS

The representation of deformed shape with undeformed edge of the flat plate having a circular hole in its centre is
shown in the Fig-5(d).

Numerical values obtained for displacements, stresses and von Mises stress for above mentioned four structures by
using Optimality Criterion Approach in ANSYS is shown in table given below.

Table -1: Structural Analysis with Nodal Solutions (Displacements &Stresses)

Sno Model Displacements Sresses
e X Y Vector Sum X Y XY Von- Mises

1. Column 0.007965 | -0.040846 | 0.041346 19804 | 31164 20970 118603

2. Beam 0.003351 | -0.024934 | 0.024934 129.00 | 383.617 882.988 | 2008

5
3. Short 0.003428 | -0.005109 | 0.045978 15705 | 26227 57361 130086
beam
4. Plate 0.11898 | 0.014616 | 0.545497 598.35 | 474.86 222.83 2171

From the table-1, the structural analysis of all the above mentioned four structures is given which are obtained using
optimality criterion approach in ANSYS. The von Mises stress is needed to the designer for better design.

V.  CONCLUSIONS
The optimized shapes, deformed shapes with undeformed edge, compliance value, displacements and stresses of all the
models mentioned above are obtained using optimality criteria in ANSYS which is the method of topological

optimization and nodal solution. Also the compliance obtained from optimality criterion approach using ANSYS and
minimized during iterations till convergence occurs. Thus ANSYS is an effective tool for topological optimization&
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nodal solution and the results obtained by ANSY'S are effective and quick. For further work structural analysis has been
done such as maximum displacements and von Mises stresses are obtained for the above mentioned structures. The
following conclusions can be drawn from the above analysis of the mentioned all four structures:

D).
).
3).

(4).
(5)-

ANSYS provides a very suitable way of determining optimal topology, compliance, deformations, displacements
and stresses induced in any body.

ANSY'S obtained results are comparable to the analytical results in case of nodal solution of the structures and they
can be used for the simulation of complex geometries.

As compared to the analytical method which only gives the numerical value of stress, ANSYS gives a more
intuitive feel to the designer by displaying stress contours throughout the design of the structures.

As the compliance value of structure is minimized the structure gets more stiffened.

As expected, the maximum deflection occurs when the analysis is done for the optimal topology of the structures.
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