
 
Abstract— While the performance of a structure can be 

improved via the optimization, another aspect in the design of a 
structure – manufacturing – also needs to be carefully treated. 
Specifically, a structure should be designed in a way that it can be 
easily manufactured via intended techniques. Optimization is an 
effective tool for obtaining high performance structures.  In recent 
years, there has been considerable progress in the optimization of 
cast parts with respect to strength, stiffness, and frequency. Here, 
topology optimization has been the most important tool in finding 
the optimal features of a cast part, such as optimal cross-section or 
number and arrangement of ribs.  

In this study, an optimization process with integrated topology 
optimization has been used very successfully in an industrial Project 
at Uludag University. In this project, the side walls of a large CNC 
portal milling machine made of castiron have been optimized by 
using Ansys software. The goal was to reduce the weight without 
reducing the strength and stiffness for the side walls of CNC milling 
machine. Finally, the objective of light weight structure was 
achieved and its prototype was manufactured successfully. 
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I.  INTRODUCTION 
 

N recent years, machine manufacturers has been actively 
developed for machining and manufacturing of very large 

components such as rotor hub s and support bases for wind 
turbines. For that purpose CNC vertical machining centers 
with traveling portal have been offered by many 
manufacturers in heavy machine industry. In large machines, 
the structural design should be done by considering strength, 
frequency, stiffness requirements and manufacturability. 
Therefore, the design stage has a significant importance.  
There are a need to powerful design tools in the design of 
these machines and their components.  

Optimization methods like topology optimization methods 
which enable a best design within defined boundaries are 
effective tools. The topology optimization method ensures 
that the resulting geometry is developed without any 
restriction emerging from a certain production technology. It 
represents the lowest obtainable mass for the specific 
application.  

In this paper, a topology optimization application on 
various components of a 5-axis CNC milling machine with 
travelling portal is presented, and special attention has to be 
paid to topology optimization of the cast side wall and cast  

  travelling portal of this machine. 
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    In recent years, considerable amount of work is being done    
on topology optimization of cast parts used in various   
industries. Harzheim and Graf [1] studied optimization of cast 
parts using topology optimization. They explain the 
application of original topology optimization codes, which do 
not take manufacturing constrains for cast parts into account. 
They give an overview of the application and experience about 
topology optimization. 
  Hua-wei, Wei, Zheng-xing and Wu [2] introduced 

topology optimization to the large die casting machine 
during the design. The designs obtained by topology 
optimization are compared with the traditional one. The 
maximum stress, displacement and mass are cut down with 
topology optimization.  
    Folgado, Fernandes and Rodruges [3] apply topology 
optimization to three-dimensional structures under contact 
conditions. The introduction of contact condition in the 
topology optimization problem leads to a non-self adjoint 
problem, with the consequent numerical difficulties. 
Numerical examples of structural mechanics and 
biomechanics are presented. 
    Lopez, Stump and Silva [4] introduced topology 
optimization to the three dimensional structures under self-
weight and inertial forces. Some examples of classical 
problems were synthesized and the results were presented 
about topology optimization. The design of a hydro 
generator rotor component subjected to self-weight and 
centrifugal force is shown and discussed after topology 
optimization. 
    In the literature, the topology optimization is also 
applied to non-linear structures. Jung and Gea [5], studied 
on both geometrically and materially nonlinear structure, 
using a general displacement functional as the objective 
function in topology optimization. Numerical results of 
mean compliance design are compared under linear 
analysis, geometrical nonlinear analysis, material nonlinear 
analysis, and combined nonlinear analysis. Kunakote and 
Bureerat [6] study about alternative topology design. They 
introduced the mathematical problem of topology 
optimization. The optimum results show that the GEF 
method is effective and powerful for mass minimization 
topological design problem. 

Topology optimization is used in the design of heavy duty 
machines.  Mirables and Castejon [7] study about design and 
optimization of crane jibs for forklift trucks. Using finite 
element method (FEM), they analyze the crane jibs in terms of 
strenght and stiffness. They study with different load cases 
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and boundary conditions that the structure should bear. 
Boundary conditions can be obtained from normal and 
extreme operation of the crane, with using regulations and 
previous experience. Pinca, Trian and Josan [8] study about 
overhead crane using finite element method. After analysis, 
displacement and tension is researched. 

II. OBJECTIVE AND MOTIVATION 
 

  In this study, the side walls of a large CNC portal milling 
machine made of cast iron have been optimized. The main 
objective of this study was to reduce the weight without 
reducing the strength and stiffness for the side walls of CNC 
milling machine.  
Although the topology optimization has been vigorously 

researched in computer-aided mechanical part design, 
practical applications of topology optimization to mechanical 
part design are inadequate in today’s industries. One of the 
major reasons is that current topology optimization methods 
always have the tendency to generate hollow and framework-
like structures. Generally, these structures are very difficult to 
understand and manufacture at all. Even though casting 
process is a good production process for manufacturing 
difficult features obtained using topology optimization, only 
fewer successful applications on topology optimization of cast 
parts are available. Motivation for this study can be explained 
with such reasons. 

III. DESIGN AND ANALYSIS METHODS 
Though the machine design procedure is not standard, there 

are some well-known steps to be followed; these can be 
followed as per the requirements wherever and whenever 
necessary:  
 Design Description 
 Product Design Specifications 
 Concept Design 
 Testing 
 Detail Design 
 Prototype Manufacturing and Further Testing 
 Refinement and Sales 
 

In this study, all steps above for designing 5-axis CNC 
milling machine with travelling portal is achieved 
successfully. Especially, in all steps between concept design 
step and prototype manufacturing step, many analyses are 
used such as the computer aided design and analysis, and the 
topology optimization which are based on finite element 
method (FEM).  Fig.1 shows design flowchart used in this 
study.  

A. Computer Aided Design and Analysis 
Many engineering problem by using the formulas solution 

of the analytical methods can be obtained.. For Simple or 
simplified designs, analytical methods are useful and give 
good results, but when the problem is a complex structure of 
the system, it is difficult to be expressed analytically 
Therefore, in this case, the finite element method is activated. 
If we briefly describe the finite element method; examined 
infinite-sized drawings, surfaces, materials, the appropriate 
number of practical solutions to the finite element method, 
which is based on dividing the facilitation of account 'finite 

element method is called. 

CAD AND CAE STEPS

NO

CAD
CAE
•Static Analysis
•Modal Analysis
•Topology Analysis

YES

Is design suitable?
•Is stress value lower than limit value?
•Is deformation value lower than limit 
value?
•Is design weight lower than limit cast
weight?

DESIGN FOR CAST

Is design suitable?
(Last control before production)

•Is stress value lower than limit value?
•Is deformation value lower than limit 
value?

NO

PRODUCTION

YES

 
Fig. 1 The flowchart of design steps 

 
In principle, the model is divided into a finite number of 

elements. These elements are connected to each other by 
joints. Solution sensitivity varies with the number of elements. 
FEM software’s researching and development is today used in 
many areas of the. Computer-aided design and analysis 
process for a product is briefly as follows: 
-Modelling 
-Solution 
-Examination of the results 

 

Topology Optimization 
Structural optimization methods help the designer and 

allows designer to reach the ideal design which is different 
from shape optimization. The most important benefit, the 
designer reachs better design at first steps and optimal design 
is remained a later stage. Topology optimization is one of the 
structural optimization methods. Topology optimization can 
be described as the optimization of the outside dimensions of 
the part without any changes to the track are defined as 
evacuation of material from specific areas to increase rigidity.  
Topology optimization is used to determine the basic sketch of 
the new design. This process includes the acquisition of an 
idea about the number and location of all the holes. The main 
aim is to produce parts with minimum material and maximum 
rigidity. Under the same loads and stresses as a result of the 
optimization process evacuated part, decreases the cost of the 
materials used is reduced. This operation is performed 
mechanically many parts of the system are provided a 
significant reduction in the total mass reducing the strength 
and stiffness. 

The Description Of The SAMPLE Structure Component  
The main structure of 5-axis CNC milling machine 

designed in this study consists of machine bed, side walls and 
stable bridge ensuring high rigidity and cutting power (Fig.1). 
In this paper, large cast parts in the machine are considered for 
analysis as shown in Fig.2. Their initial designs are created 
using conventionel engineering knowledge. 
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Fig 2 A view of the designed CNC machine center 

 

 
Fig 3 Assembly of large cast parts in the CNC machine center 

 
Fig.4 shows a drawing for one of side walls. This drawing 

includes a few important dimensions. Total length and height 
of side walls are 13560 mm, 1856 mm, respectively. 

 
Fig 4 3D drawing of the side wall 

 
In Fig. 5, the width, thickness and height of the bridge are 

seen 7842 mm, 1005 mm and 2210 mm, respectively.  

 
 

Fig 5 Dimensions of bridge 
 

Fig. 6 shows the dimensions of machine bed which is one 
of cast parts considered in this paper. 

 
 

Fig 6 3D drawing of machine bed 

IV. RESULTS AND DISCUSSIONS 
 

Initial designs of cast parts given in previous section, are 
analyzed under defined boundary conditions. Firstly, the side 
walls of machine are analyzed using FEM. For the side walls, 
maximum limit values of stress, weight and deformation are 
determined depending on effect of fatigue, manufacturing 
capacity of company and enough rigidity as follows: 
• Maximum von misses stress:  80 MPa  
• Maximum weight: 200000 kg each side wall  
• Maximum deformation: 0.2 mm  

Here, stress and deformation analyses of side wall were 
conducted for different four boundary conditions. After 
material properties (Young's modulus and Poisson's ratio) are 
defined and the proper element types are selected, a finite 
element model is generated for for stress and deformation 
analysis.  

Finally, loads and boundary conditions are applied for 
multiple load cases as shown in Fig.8 and Fig.9. The side wall 
is fixed along the bottom surface of side wall, then it is 
subjected to four single load cases. In this study, the bridge 
weight is assumed as total load.  As the total load is 
transmitted to the side walls by the wheels of travelling bridge, 
the total load is equally shared to four single points defined 
according to position of wheels.  
 

 
Fig 7 Boundary conditions 

 

 
Fig 8 Applied single loads 

 

After first analysis results, it is pointed that the initial 
design of side wall is exessively strength and rigid as seen 
Fig.9. Therefore, this model is analyzed using topology 
optimization. By considering results of topology optimisation 
the side walls are designed again. 

 
Fig 9 Stress analysis results for initial design 

 
The topology optimization results in Fig. 10 show that the 
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percentage of materials to be removed is so high. Since the 
external surfaces of the side walls should remain the same, it 
is decided to remove material from the side walls's internal 
section. The design of the side wall is updated significantly 
again as shown Fig.11.  
 

 
Fig 10 Topology optimization results for initial design 

 
 

The second model of side walls updated is analyzed using 
FEM with previous boundary conditions. The analysis results 
in Table 1 show that the second design is also more strength 
and more rigidity than enough. Therefore, to update the 
second design is required to get lighter design.  
 
 

TABLE 1. OPTIMIZATION RESULTS OF THE SIDE WALL 
 Von Misses Stre  

(MPa) 
Deformation 

 (mm) 
Weight 

(kg) 

Initial Design 3 0.0035 202706 
Second Design 7.1 0.02 45245 
Third Design 50 0.0384 39174 
Final Design 3.3 0.014 50358 
 
 
 
 

 

 
Fig 11 Second design for side wall 

 

At this time, the side wall is designed third part for easy 
casting and installing. Besides, at the internal surfaces vertical 
and horizontal rims are placed in equal intervals as shown in 
Fig.12. The aim of placed rims is to keep strength of side wall 
same while removing material more.  

 
Fig 12 The rims placed on internal surfaces 

 
The third model of side walls uptaded is analyzed with 

previous boundary conditions. As seen in Table 1 and Fig.13, 
the maximum stresses, occurring at the surface, substantially 
increased with decreasing weight. Altough maximum stress is 
less determined limit values of stress before start to design and 
the weight of side wall is reduced 80%, the partner company 
which will manufacture prototype, purposed new changes on 
last design. These purposed changes are due to design 
requirements for manufacturing. The final design is created 
considering these pruposed changes as shown Fig. 14. 
 

 
 

 
 

Fig 13 Stress and deformation results 
 

In final design, rectangular hollows used previous designs 
are removed, the rim thickness at the internal sufaces of the 
side wall is increased and, material removal requiring to 
decrase weight is preferred inside of the side wall. Final 
design that consists of three equal parts is analyzed with 
previous boundary conditions. The results given in Table 1 
show that stress and deformation values are proper in 
compared with limit values. When compared with initial 
design, the weight of side wall decreased 75%.  
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Fig 14 Final design of the side wall 

 
The side walls designed using computer aided design, 

analysis and topology optimisation methods are manufactured 
successfully by Igrek Machine Industry as seen in Fig.15. 
 

 
Fig 15 Final prototype of the side walls in this study 

V. CONCLUSIONS 
 

In this study, an optimization process with integrated 
topology optimization has been used very successfully in an 
industrial project at Uludag University. In this project, the side 
walls of a large CNC portal milling machine made of cast iron 
have been optimized by using Ansys software. The goal was 
to reduce the weight without reducing the strength and 
stiffness for the side walls of CNC milling machine with 
travelling bridge. Finally, the objective of lightweight 
structure was achieved and its prototype was manufactured 
successfully. 
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