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ABSTRACT: The main goal of this paper is to present the benefits from application of 

virtual technology in development of modern CNC machine tools. The use of virtual technology 

in the industry becomes increasingly important regardless if it refers to small, medium or large 

companies which activity could be a development, design, construction or production. Faster 

development of innovative CNC machine tools, shorter processing times, improved surface 

quality of workpieces and higher machine productivity are demands from CNC machine tool 

builders and end-users. Approaches used to meet these requirements are virtual design, virtual 

prototypes and virtual optimization. This paper deals with dynamic modelling and optimization 

of CNC machine tool structure using virtual software environment. The structural analysis of 

CNC machine tools using Finite Element models and their experimental techniques are 

presented. The structure analysis and optimization of CNC machine tool elements are discussed 

by using several examples. At the end of this paper the summary of the benefits and 

disadvantages of using virtual technology in design of CNC machine tools is given.  

KEYWORDS: virtual design, virtual prototype, virtual optimization and simulation, CNC 

machine tool structure, Finite Element Analysis 

 

1 INTRODUCTION  

Intensive requirements and changes on the 

modern global market require faster development of 

new more advanced products. These new more 

advanced products are more complex. This is 

definitely the case with the machine tools. High 

performance fast machine tools are desired in order 

to reduce the machining time and to maintain or to 

improve machining accuracy (Bianchi et al., 1996; 

Becher and Weck, 2020; Weck et al., 2003). Since 

the products complexity increases and the product 

life cycle times are reduced, the realisation and 

testing of physical prototypes become major 

bottlenecks for the successful and economically 

advantageous production of modern machine tools 

(Jedrzejewski and Kwasny, 2001; Radharamanan, 

2002;  Owen, 1997).  

Machine tool builders and end-users demand 

faster development of innovative machine tools, 

shorter processing times, improved surface quality 

of workpieces and higher machine productivity. 

Time-to-market is decisive. In some industries, six 

months in order to appear on the market, could be 

too late and decisive in losing the race for market 

leadership. The machine tool builders can no longer 

afford  time and cost-intensive manufacturing and 

testing of physical prototypes to detect weak spots 

and optimize the design. One of the keys of success 

for machine manufacturers lies in the extremely 

cost-effective virtual technology. In the last decade, 

machine tool builders started to use advanced 

software simulation packages which can accurately 

predict the dynamic behaviour of their prototype 

design variants without physically building any 

part, hence saving time. The design processes of 

modern machine tools use “virtual prototyping” 

technology in order to reduce the cost and time of 

hardware testing and iterative improvements of the 

physical prototype. The “virtual prototype of a 

machine tool is a computer simulation model of the 

physical product that can be presented, analysed and 

tested like a real machine” (Altintas et al., 2005; 

Grajewski et al., 2019) 

Traditional product development has been based 

on the iterative design process, large time 

consumption and expensive physical prototypes. 

Improvements of the capabilities and performances 

of the product were based and depended on trial and 

error method and experience from past product 

design, which leads to expensive and time 

consuming development process.    Fig. 1 shows a 

flow chart of traditional product development where 

all experiments are done on physical systems. The 

iterative process of modifying and improving 

physical prototypes and products is very expensive. 
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Fig. 1 Traditional product development process 

(Fredin, 2009) 

 

If prototyping and testing are done virtually, the 

resource consumption can be decreased. Fig. 2 

shows a flow chart of a product development 

process that uses virtual prototyping. In this case  

the resource-consuming actions are moved outside 

the iterative process. 

The iterative design process can be made with 

very low costs for each iteration. This means that a 

large number of different designs can be evaluated 

automatically and therefore optimal design can be 

found. 

The meaning of optimisation is to find the “best 

design”. To do this, it is necessary to define what is 

“best design”. First of all the objective should be 

defined. A quantitative measure of the performance, 

and some design variables that affect on the 

objective, should also be defined. The need for 

design variables restricts optimization as a tool in 

product development for an already established 

concept. It is not possible to perform optimisation 

studies before an overall description of the 

developed product exists. The early stages in 

conceptual design can use the simulation as a tool in 

the design work, hence reducing the need for 

physical prototypes. This is so-called simulation-

driven design (Lin and Fu, 2006; Trojanowska et 

al., 2017, Weiss et al., 2005). 

When you have to solve optimisation problem, it 

is also necessary to clarify what constraints the 

design variables. A large number of optimisation 

algorithms can be applied to solve the optimization 

problem. All of them are with different advantages 

and disadvantages, depending on the problems 

which have to be solved. 

 All tools which support products development 

and  optimization represent assistance, but not 

replacement of engineering. The decision making 

process still needs to be done by humans. Research 

results given in reference (Fredin, 2009) indicate 

that computer aided optimization mixed with 

classical engineering is the most efficient way to 

design products. 

 

Fig. 2 Product development using virtual optimisation 

(Fredin, 2009) 

 

 

Fig. 3 Comparison of the traditional design process 

and the design process with virtual prototypes 

(Altintas et al., 2005) 

 

In the virtual prototype approach, engineers are 

able realistically to simulate the kinematic, static 

and dynamic behaviour of the whole machine tool 

system, including the cutting operations. Thus it is 

possible quickly to analyse multiple design variants 

until an optimized prototype which satisfies the 
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machining requirements in the best possible manner 

is achieved. The virtual design engineering is 

enabled by the use of high performance computer 

technology and software engineering tools. Iterative 

changing of the virtual model of the machine tool 

during the design process and exercising with 

different design variants until the required 

performances are achieved, significantly reduce the 

whole product development time and costs (Altintas 

et al., 2005; Grajewski et al., 2019). 

. The advantages and the potentials of time 

savings by virtual prototypes are illustrated in fig. 3. 

 

2 FINITE ELEMENT ANALYSIS OF 

MACHINE TOOLS 

The importance of the Finite Element Method 

(FEM) for virtual analyses of machine tool structure 

constantly increasing over the last two decades.  

This method having the advantage of interface 

capabilities with the most CAD packages, Today 

the Finite Element Method (FEM) is the most 

common simulation approach among machine tool 

manufactures and research institutes. The Finite-

Element-Analysis (FEA) is an established tool for 

evaluation of the structural behavior under static, 

dynamic and thermal loads. FEA provides an 

optimal machine design with respect to minimum 

structure mass and highest machining precision. It is 

applicable for 3D CAD models for single 

components, such as columns or spindle housings, 

as well as for assemblies for complete machine 

tools. 

For structural problems the types of analysis can 

be divided into three groups: linear and non-linear 

static analysis, the dynamic analysis and the thermal 

analysis (Cook et al., 1988;  Okereke and Keates, 

2018; Migbar, 2013; Wasik et al., 2018). 

A static analysis calculates the effects of steady 

load conditions on a structure, while ignoring inertia 

and damping effects caused by time-varying loads. 

A static analysis can, however, include steady 

inertia loads (such as gravity), and time-varying 

loads that can be approximated as static equivalent 

loads. Static analysis is used to determine the 

displacements, stresses, strains, and forces in 

structures or components caused by loads that do 

not induce significant inertia and damping effects. 

Steady load and response conditions are assumed in 

static analysis; i.e., the loads and the structure 

response are assumed to vary slowly in respect to 

the time. 

On the other case, the dynamic analysis allows 

the examination of the structure with respect to 

time-varying effects. For machine tools the most 

important aspect is the analysis of normal mode 

dynamics in order to determine the vibration 

characteristics (natural frequencies and mode 

shapes) of a structure or a machine component in 

the frequency domain, as well as analysis of time 

domain response of the machine. 

Apart from the mechanical aspects, the influence 

of heat sources on the machine structure, is another 

relevant topic that can be examined by using the 

thermal Finite- Element-Analysis. In a thermal 

simulation three primary modes of heat transfer can 

be considered: conduction, convection and 

radiation. 

A designer has to deal with all main issues of the 

behavior of a machine tool, with standard modules 

available in most commercial FEM software. For 

the effective use of simulations during the design 

process, Finite-Element programs are often 

integrated into CAD-systems or provide standard 

interfaces, such as IGES, STEP or Parasolid in 

order to transfer existing geometry models. 

 

3 OPTIMIZATION OF A MACHINE 

TOOL STRUCTURE 

The structure of a machine tool has two main 

functions: to hold the components and peripheral 

devices built in the machine and to withstand the 

forces which are produced by the process and from 

the machine motions (López de Lacalle and 

Lamikiz, 2009; Weck, 2006). The development of 

modern high speed machine tools requires light-

weight design in combination with sufficient 

stiffness of the structural components.  

The use of virtual technology in development 

and optimisation of a machine tool structure for the 

mould and die industry is elaborated in the 

following text. The machine is gantry type and the 

starting concept is shown in fig. 4. 

This design locates the most of the machine 

mass in non-moving parts, which enables better 

stiffness and damping, allowing the moving axes 

supported by this structure to have minimum mass. 

On the other hand in closed-loop (gantry) structure, 

forces generated by the process and inertial forces 

are conducted to the ground trough two way bridge 

frame. That kind of structure enables a higher 

stiffness and accuracy at the tool center point (TCP) 

and symmetrical behavior from the influence of the 

thermal and mechanical loads. 

The movable working table (X axis) is integrated 

in the machine bed, which is a solid base of the 

machine structure. So the most crucial part of the 

machine structure is the bridge frame, which is 

mounted on the bed, together with the movable 

outer slide for the Y axis and the vertical slide for 

the Z axis.  
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Fig. 4 Concept for high-speed gantry machine  

 

This design locates the most of the machine 

mass in non-moving parts, which enables better 

stiffness and damping, allowing the moving axes 

supported by this structure to have minimum mass. 

On the other hand in closed-loop (gantry) structure, 

forces generated by the process and inertial forces 

are conducted to the ground trough two way bridge 

frame. That kind of structure enables a higher 

stiffness and accuracy at the tool center point (TCP) 

and symmetrical behavior from the influence of the 

thermal and mechanical loads. 

The movable working table (X axis) is integrated 

in the machine bed, which is a solid base of the 

machine structure. So the most crucial part of the 

machine structure is the bridge frame, which is 

mounted on the bed, together with the movable 

outer slide for the Y axis and the vertical slide for 

the Z axis.  

After the 3D modeling of the structural 

components in CAD system, the FEM analysis 

begins. The development of the machine structure 

and the optimization analysis is done on the 

standalone parts and on the assemblies. For the 

purposes of this paper, only the most important 

analysis for evolution models  and the final version 

of the machine structure are presented. 

The decision-making process in the optimization 

and the elimination of some model variants, is not 

done only from the analysis results, but also from 

the rising level of knowledge for the behavior of the 

analyzed structure. The use of the FEM analysis for 

obtaining the natural frequencies and mode shapes 

and the static analysis for the structure stiffness are 

very useful  for the engineers in order to  realize  the 

machines structures behavior and making future 

decisions in the optimizing process. 

As the lower position of the vertical slide for the 

Z axis and the middle position of the Y axis slide 

are the most critical, the values for the natural 

frequencies and the mode shapes for two 

evolutionary solutions are shown on the figures 5, 6 

and 7. The frequent analysis is performed on the 

assembly of the Y axis slide  and the vertical slide 

for the Z axis. 

 

 
 

Fig. 5 First natural frequency and mode shape, 

 model 1(right) 109.05 Hz, model 2(left) 113.72 Hz  

 

 
 

Fig. 6 Second natural frequency and mode shape, 

model 1(right) 136.44 Hz, model 2(left) 135.35 Hz 

 

 
 

Fig. 7 Third natural frequency and mode shape, 

model 1(right) 182.95 Hz, model 2(left) 160.48 Hz 

 

In order to determine the displacements and 

stiffness at the tool center point (TCP), a static 

linear analysis is performed. A spatial resultant 

force of 1750 N (force of 1000N along each axis) 

that represents the reaction forces from the 

machining process is applied to the TCP. 

Considering that it is a linear analysis, the resulting 

stiffness is determined from the force/displacement 

ratio C=F/δ.  
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Fig. 8  Resulting displacements after applying of force  

For the critical lower position of the vertical 

slide the stiffness for both models are given on fig. 

8: 

Model solution 1 (right): C=1750/15.22=115 

N/μm (deformation δ = 0.01522 mm);  

Model solution 2 (left): C=1750/17.03=103 

N/μm (deformation δ = 0.01703 mm);  

The overview of the analysis results and the 

knowledge obtained during the analysis give the 

basic directions for the optimization of the structure. 

The goal is to achieve bigger values for the natural 

frequencies and static stiffness with simultaneously 

reducing the amount of utilized material by using 

the casting technology. The upper part of the 

vertical slide on both models causes big 

deformation, so it is necessary to be removed. On 

the other hand the outer ribs on the model 2 are not 

appropriate when the casting technology is used. 

The final model for this assembly incorporates 

solutions in order to remove the above mentioned 

lacks. Hence, the upper part of the slide is removed, 

and few holes are applied on the vertical slide. 

Some of the holes are for technological purposes 

and some are for material reducing in order to 

increase the natural frequencies.  But making this 

actions we must be sure that the stiffness is not 

decreased. Fig. 9 shows the frequent analysis 

(natural frequencies and mode shapes) for the 

optimized version of the assembly. 

The values for the natural frequencies are: first 

natural frequency 130.39 Hz, second natural 

frequency 148.79 Hz and third natural frequency 

219.75 Hz. Comparison of the results show that the 

final solution have better values for the natural 

frequencies. But the static analysis will give the 

complete conclusion about the final solution of the 

assembly 

For the critical lower position of the vertical 

slide the stiffness is C=1750/14.3=122.4 N/μm 

(deformation δ = 0.01430 mm). The static analysis 

(fig. 10) also confirms that the final solution has 

better characteristics in terms of static and dynamic 

behaviour.  

 

 

 

 
Fig. 9 Mode shapes of the final design solution 

 

 

Fig.10 Static analysis of the final solution 

 

Another vital part of the machine structure is the 

bridge frame. For faster development and 

optimization in the design phase of the machine 

structure, the bridge is analyzed as standalone part. 

This saves time and enables at an early design stage 

realizing the lacks and avoiding development of bad 

constructive solutions. One of the models for the 

1 

2 

3 
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bridge, optimized in the early design phase is shown 

in fig. 11. The results for the natural frequencies 

are: first natural frequency 62.43 Hz, second natural 

frequency 71.26 Hz and third natural frequency 

116.86 Hz. 

 

 
 

Fig. 11 Mode shapes for the bridge model 

 

The following changes are made in the 

optimization process:  

Increased height  of the base expansion of the 

bridge 

Increased thickness of the base ribs 

Increased height  of the base ribs   

The results for the natural frequencies after the 

changes are: first natural frequency 66.45 Hz, 

second natural frequency 74.22 Hz and third natural 

frequency 125.3 Hz. 

Regardless  the model changes, the mode shapes 

are almost identical.  The only difference is in the 

values for the natural frequencies. Considering 

these rules for changing the values for the natural 

frequencies some of the parameters in the modelling 

process are iteratively altered. These parameters are 

wall thickness, height and thickness of the ribs, base 

dimensions etc. To avoid the negative influence of 

vibration, center of mass of the bridge should be as 

low as possible. This is achieved with decreasing 

the wall thickness and ribs height in the upper 

region of the bridge and also with adding some 

technological holes. On the other hand the bridge 

base parts are increased for obtaining better 

stiffness and lowering the mass center. It is 

important to mention that with decreasing the wall 

thickness from 27 to 22 mm the natural frequency 

decrease minimally 1÷2 Hz,  but  it is accompanied 

with large material mass savings.  

Natural frequencies and mode shapes of the 

optimized bridge model (figure 12) after applying 

the above mentioned directions for optimization are: 

first natural frequency 74.12 Hz, second natural 

frequency 85.02 Hz and third natural frequency 135 

Hz. These results show significant improvement 

obtained by virtual optimization which is done in 

the early stage of the design and development of the 

machine tool structure. 

 

 
Fig. 12 Mode shapes of the optimized bridge model 

 

4 CONCLUSION 

Virtual experiments are often more resource 

efficient than physical experiments, in terms of 

money, time and natural resources. Some conditions 

might not be measurable on a physical system, at 

least not with non-destructive methods. Virtual 

models are controllable and experiments performed 

on them are repeatable, something that cannot be 

guaranteed with physical models. Virtual 

experiments can be carried out in the time frame 

that suits the best to the observation method, 

something that cannot be done with physical 

experiments, where all testing needs to take place in 

real time. Virtual experiments do not break any 

moral rules as might be the case with questionable 

experiments on humans or on vulnerable natural 

systems. Some disadvantages shall also be 

mentioned. All virtual experiments need validated 

and verified models of the system. The performance 

of a simulation model is limited by the computer 

capacity available, something that is very clear 

when simulations need to be done in real-time. 

 An important factor of every simulation is the 

obtained knowledge during building the virtual 

models. This often is not fully recognised. Very 

often the finished model is seen only as outcome of 

modelling. When a virtual model is built, the 

designer learns a lot about the physical 

characteristics of the studied system, as well as how 

it can be optimised, simplified and described as 

clearly as possible. 
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