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 A B S T R A C T  

This article presents a process of developing a computational model of a light 
construction vertical lathe. The model is made using the finite elements method. 
Due to the complexity of the machine tool and the optimization of the 
computation time superelements have been used in the model. The application of 
this method has reduced the computation time allowing the analysis of many 
variants of the mutual position of the machine components. The results of the 
analyzes led to the indication of weak links of the machine tool. After the 
improvement of the machine tool construction the movement of the tool tip and 
the workpiece was much smaller. 
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1. INTRODUCTION 

 
The use of advanced simulation tools in the process of 

developing modern technological machines is a standard 
procedure. Those producers who want to play a significant 
role on today's market have to optimize their constructions. 
The process of designing a modern machine, along with 
simulation analysis, allows the avoidance of making 
expensive preliminary prototypes often containing erroneous 
solutions. Despite the undoubted advantages of such an 
approach, professional programs used to conduct simulation 
analyzes of complex machine tool models are extremely 
expensive. Not all companies are able to invest considerable 
funds in the process of computations. Moreover, the 
development of effective and reliable calculation models 
requires knowledge and experience. 
 
2. COMPUTATIONAL MODEL 
 

Thanks to the new, better optimized software, a design 
department can indicate the weak links of the machine tool. 
The use of dynamic analyzes and the use of dynamic models 
of the cutting process in machine tool models [1, 3, 5, 15] 

gives the opportunity to determine maximum parameters of 
the technological process in which a virtual machine can 
work. 

This approach to the design process has been applied in 
the case of designing a modern lightweight vertical lathe, 
which an illustrative geometric model is shown in the figure 
below (Fig. 1.). 

 
Fig. 1. Geometrical model of a light weight vertical lathe 
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The design is based on welded steel profiles. A proper 
rigidity and stability of the machine tool is to be achieved by 
filling the profiles with concrete mass. The development of 
the method of proper modeling of this type of connection is a 
separate issue and has been raised by many authors [4, 8, 10, 
11, 16, 20]. The outer dimensions of the lathe are 1000 mm 
wide, 1600 mm long (without chip conveyor) and 2250 mm 
high. In the initial phase of the work, our task was to 
determine the weak links of the analyzed machine tool. For 
this purpose, it was necessary to build a computational 
model of the analyzed lathe prepared for the FEM software 
which in this case was Midas NFX. The first step was to 
simplify the geometric model to a form in which unnecessary 
elements - not affecting the technological process will not 
increase the dimensionality of the computational model (Fig. 
2). Therefore, the casing and feeder were removed. The 
screws and their holes were also removed. The screw 
connections were replaced with welded contact. 

 

 
Fig. 2. Geometrical model of a lathe after simplifications 

The process of developing a computational model was 
based on the finite elements method. In this method, the 
dimensionality of the model affects the effectiveness of 
obtaining results. Authors decided to use superelements [12, 
14, 17, 18, 19]. The contact layer of the model, in other 
words, the elements responsible for the movements of 
individual machine parts, were replaced by superelements 
with reduced dimensionality. The method of determining the 
parameters of such elements has been described in several 
works [2, 6, 7, 9, 13]. Generally, the determination of 
substitute stiffness of superelements is based on Hertz's 
theory. In the software used by the authors of this work, the 
best results are obtained by using substitute elements in the 
form of rods with analytically determined stiffness. In the 
machine tool model, superelements replace bearings, roller 
guides, and ball-screw mechanisms. 
The use of replacement elements significantly reduced the 
dimensionality of the model (number of nodes). Due to the 
specific construction consisting of thin-walled profiles, the 
size of a single finite element is small, which leads to a large 
model (Fig. 3) despite all simplifications. 

 
Fig. 3. A meshed model with constraints and loads 

The developed model consisted of 2,72 million nodes and 
4,52 million finite elements. The figure above (fig. 3.) shows 
constraints and loads applied to the model. 

The feet of the machine tool are fixed. The load was 
derived from the forces of gravity and additionally from the 
load resulting from the cutting process. The forces simulating 
the cutting process have values determined on the basis of 
experimental research. These forces are applied to the tool 
and to the workpiece. Their values that correspond to rough 
turning process (experimental data) are presented in the 
table below (Table 1). 

 
Table 1. Forces applied to the model 

Direction Fx Fy Fz 

Cutting tool -2384N 1294 N -2395N 

Workpiece 2384 N -1294 N 2395 N 

 
3. STATIC ANALYSIS 
 

The first step was to perform a static analysis including 
only gravity. The following figure shows the displacement 
graph (Figure 4). 

In Fig .4, a significant displacement of the upper part of 
the structure is visible. After observing significant 
displacements, stress and strain diagrams were analyzed. 
The authors concluded that the angle beams that are the 
basis of the structure are too weak. The displacements of the 
working part exceeded 0.3mm. The design department of the 
manufacturer required some time to change the structure of 
the foundation. Our team decided not to waste time and to 
subject the construction to further analyzes without the 
angle beams of the foundation. 
The next study was carried out on a model with no 
problematic basis (Figure 5). 

The model without susceptible elements of the 
foundation consisted of 4.49 million nodes and 2.66 million 
finite elements. In the next stage of the research, the model 
was loaded with the force of gravity and by the forces 
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simulating the cutting process (Table 1). As a result of the 
calculations, a displacement graph was obtained as shown in 
the figure below (Figure 6). 

 

 
Fig. 4. Displacements after gravity applied to the model 

 

 
Fig. 5. Meshed model without its base beams 

 
The graph above shows a significant relative 

displacement of the tool tip and the workpiece. Both the 

workpiece and the tool branches are too susceptible – in both 
cases displacements are over 0.2 mm. Finding the reasons for 
this condition – the machine subassemblies responsible for 
excessive displacement under loads required in-depth 
analysis of deformations in the contact zone. 

 

 
Fig. 6. Displacements after applying gravity and forces to the 

model without base 

 
Three main reasons for significant displacements were 

found. The first concerned the mounting plate of the tool 
head. It turned out that the plate has a significant undercut 
necessary to avoid collision with the bearing node of the ball 
screw mechanism responsible for horizontal movement of 
the head support. This design causes considerable system 
susceptibility. The deformation plot for this part of the 
structure is shown in the figure 7. 

The second problem is the spindle bearings. The forces 
act on the workpiece along the Z axis in a downward 
direction (the same as gravity). The bearings should be 
arranged in a way that they are stiffer in the opposite 
direction to the largest force. The upper spindle bearing node 
consisted of a set of three angular contact bearings, two of 
which were directed in the wrong way, which caused the 
spindle assembly to be too susceptible. 

The third problem is the considerable load on the front 
profiles caused by the mass of the tool head assembly and the 
spindle exposed beyond the outline of the structure. Welding 
of the ribs or reinforcement of the front profiles were 
suggested. The second proposal was to redesign the structure 
so that the spindle was supported by an additional leg. The 
deformation plot of this fragment of the structure is shown in 
the figure below (Figure 8). 
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Fig. 7. Strains in the upper part of analyzed lathe 

 

 
Fig. 8. Strains in lower part of analyzed lathe 

4. MODIFIED MODEL 
 

The report from the analyzes was provided to 
manufacturers design team which introduced changes to the 
lathe model. The base structure has been strengthened by 
welding the ribs in the form of plates carrying loads from the 
front vertical profiles towards the front feet. The spindle 
bearing system has been changed, the main drive motor 
mounting has been redesigned. The tool head has been 
attached to a much larger plate. The corrections introduced 
into the supporting structure are shown in the figure below 
(Fig. 9.). 

As in the case of the first study, we also started the 
analysis from gravity loading of the model. The following 
figure presents the displacement graph (Figure 11). 

The second version of the computational model (Figure 
10) consisted of 4.21 million nodes and 2.51 million finite 
elements. 

Comparing the graph above with one for the first model 
(Figure 4), a big improvement is noticeable. The 

reinforcement plates significantly stiffened the base angle 
beams. 

 

 
Fig. 9. Modifications in geometrical model 

 

 
Fig. 10. Mesh of a second version model 

The displacements of the upper ends of the structure 
pillars decreased from approx. 0.26 mm to approx. 0.08 mm. 
Due to such a large improvement in further research, the 
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authors decided to include the basis in the model. For this 
reason, the comparison of the results of the first and second 
versions cannot be done directly - one should check the 
displacements with respect to the specific point chosen. 
 

 
Fig. 11. Displacements after applying gravity force to the second 

version model 

 
In the next study, a load simulating the forces generated 

in the cutting process was applied to the model beyond the 
force of gravity (Table 1). The graph below presents the 
displacements graph (Figure 12). 

The maximum displacement of the tool tip in this case 
was 0.18 mm, the maximum displacement of the workpiece is 
0.19 mm. Referring to the first version, it should be noted 
that the improvement is significant. The displacements of the 
tool tip and the workpiece are smaller in this case than 
before, despite the inclusion of a susceptible base in the 
construction. 

 
5. SUMMARY 

 
The developed computational model of a vertical 

lightweight lathe allowed to detect structural defects at the 
design stage. The initial analyzes carried out concerned the 
issues of static simulations. The research was aimed at 
verifying the initial assumptions. Subsequent works will be 
conducted based on the computational model already built. 
Due to its specificity, i.e. the use of thin-walled profiles in the 
construction, the model requires significant mesh resulting in 
a large model. 

Dynamic machine properties should also be analyzed. 
The application of the finite element method in combination 
with the dynamic cutting force model will give the possibility 
to obtain stability lobes graphs. These charts give the 
opportunity to determine the technological parameters of the 
designed device. The design team thus has the ability to 
select the components of the machine and modify the 
structure to optimize its parameters. This approach enables 
the company to be competitive on the market. 

 

 
Fig. 12. Displacements in second model after applying gravity and 

loads 
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