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Abstract: The accuracy of a machine tool is a result of many 

factors. It significantly depends on its design features. 

Therefore, designing a machine tool requires experience in 

this field and knowledge of the values of static and dynamic 

parameters, which the design should have. Such data are 

usually the know-how of the manufacturer of machine tools 

and are not available to companies which start such works or 

wish to construct a machine tool for their needs. The article 

presents the results of FEM analyses of four heavy-duty 

planer mills regarding static stiffness, dynamic stiffness and 

the frequency and form of free vibrations. The article relates 

these properties to the mass and dimensions of the working 

space of the machine tool. A coefficient has also been 

proposed to describe the relationship between these quantities. 

This is a unique approach proposed by the author.The analysis 

results presented show which machine tool properties can be 

expected depending on the size of the machine tool. The 

presented set of results is unique due to the number and size 

of machine tools. It can be used to compare similar designs 

and to support the design and optimisation of new designs. 

The results can also be used at the design stage to assess the 

expected accuracy of the machine tool. 

 

Key words: vibration, static stiffness, Finite Element 

Method, CNC machine tool, heavy machine tools. 

 

1. INTRODUCTION  

 

The machining of large-size components, such as 

vehicle frames, machine tool bodies, carriage covers, 

etc., requires the use of cutting machines with large 

machining areas. The greatest technological 

possibilities in this respect are currently offered by 

milling machines. In these cases, however, they must 

be heavy-duty planer mills because, due to their 

design, they offer the largest machining areas. A 

large machining area requires a much larger size of 

the machine tool. You have to add the space required, 

for example, for tool changing or moving the table 

with the workpiece, so that the tool can reach its 

extreme points, and the space resulting from the 

machine tool support structure itself. This is why 

heavy-duty planer mills are built, whose overall 

dimensions reach up to several metres, and the weight 

is counted in hundreds of tons. Such large overall 

dimensions increase the risk related to the correct 

design, manufacture and consequently achievement 

of the required machining parameters by the machine 

tool. It must be stressed that the accuracy of a 

machine tool should be at least a class higher than the 

accuracy of the workpieces machined on it. This 

causes an additional difficulty in designing a machine 

tool. Such machine tools are usually produced in 

single units or at most in small series. The lead time 

is usually limited to several months. All this makes it 

uneconomical and impossible to make a prototype 

and test it, as is the case with machine tools of normal 

dimensions and series production. At the same time, 

it can be noted that in the case of small machine tools 

[1] the construction of a prototype and conducting 

physical tests in search of weaknesses of the structure 

and its optimisation are currently also limited, and the 

tests are transferred to virtual space, where it is 

possible to analyse various variants of structure 

loading, including the simulation of cutting 

processes. Due to the overall dimensions of heavy 

machine tools, such issues are disproportionately 

more complicated, and design errors can result in 

costs, the magnitude of which can cause great 

financial difficulties for the manufacturer. For this 

reason, manufacturers of heavy machine tools usually 

rely on proven solutions. However, one should be 

aware of the fact that an increase in the cutting 

parameters, increase in the mass of the workpiece, 

increase in the kinematic and dynamic parameters of 

the machine tool enforces the necessity of checking 

the hitherto applied design form. Therefore, taking 

into consideration the time and costs of tests, it is 

most justified to transfer the physical tests to the 

virtual space of the machine tool model. Figure 1 

shows the advantages and time saving potential of 

virtual prototypes developed in [1] and updated for 

the case of heavy machine tools. 

As noted by the authors in [1,2] virtual design 
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engineering is made possible by the use of high-

performance computer technology and software tools. 

It should be noted that in the case of FEA analysis of 

heavy machine tools, the performance requirements 

of workstations are many times higher due to several 

or several times larger virtual models. 

With regard to heavy milling machines, virtual 

models are primarily tested to assess static stiffness, 

dynamic stiffness and vibration. Thermal tests are 

carried out less frequently. This type of testing is 

mainly relevant for HSM (High Speed Machining).  

In this case, thermal problems are compounded by the 

high kinematic parameters of the main and feed 

drives. 

The article focuses on the first group of issues, as 

only one of the analysed machine tools was intended 

for HSM machining. 

 

 
Fig. 1. Comparison of the traditional design process with a virtual prototype based on the literature [1]  

and completed with data on heavy machine tools 

 

It presents the results of FEM analyses of four heavy-

duty planer mills, different in terms of overall 

dimensions, the form of the supporting structure 

bodies and the material of the main elements of the 

supporting structure. 

 

2. MATERIALS AND METHODS 

 

2.1 Characteristics of heavy machine tools 

Heavy-duty planer mills have two design solutions. 

The difference is that the supporting structure can be 

fixed or movable (Gantry type). The supporting 

structure consists of two columns and cross rail. In 

most cases this is a fixed part of the machine tool. 

(Figure 2(a)). In this case the movement in the 

direction of the X axis is performed by the table of 

the machine tool. There are also design solutions 

where this part performs a feed motion along the X 

axis and the table is stationary (Figure 2(b)). In this 

case, it is possible to reduce the space occupied by 

the machine tool by almost half. This is because the 

table does not have to move the entire length of the 

workpiece to process it. 

An example of this design solution is the milling 

machine A shown in Figure 3(a). The cross rail and 

the columns are characterised by dense ribbing. 

For this reason and due to large overall dimensions, 

the bodies of the cross rail and the columns are 

usually cast in cast iron. An additional advantage of 

using cast iron is its very good vibration damping 

properties and the possibility to manufacture 

relatively complex shapes in this technology.  

 

 
a) 

 

 
b) 

Fig. 2. Supporting structures of heavy-duty planer mills: a) 

milling machine with fixed frame, b) milling machine with 

movable frame (Gantry type) 
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The casting process for cast iron bodies of supporting 

structure of heavy-duty planer mills (Figure 2) is 

characteristic due to the very large dimensions of the 

bodies. Moulds and cores are made of furan self-

hardening masses. The moulding process uses 

moulding boxes with dimensions of e.g. 8000 x 

2000mm and moulding pits with maximum 

dimensions of 20 000 x 4000 x 2000mm. Model units 

are made on the basis of technological documentation 

from wood or wood-based materials and plastics. In 

some cases polystyrene models are also used. Cast 

iron is melted in cupolas or induction furnaces, and 

the moulds are filled with liquid metal from vats with 

a capacity of 15 tons. The cooling process takes up to 

several weeks. Next, the bodies are cleaned and 

subjected to the process of annealing and 

stabilisation. Finally, selected body surfaces are 

machined by milling and grinding. 

The supporting structure provides support for one or 

two railheads that move along the Y axis of the 

machine tool. The positioning of the guides and their 

type, number and size depend on the design of the 

milling machine and its intended use (roughing or 

shaping). For example, in the case of milling machine 

D (Figure 3(d)) there are two guides. Roller guides 

were used here because of the high dynamics of the 

railhead motion. In milling machine B (Figure 3(b)), 

one hydrostatic slideway and two rolling guides are 

used. In both milling machines B and C, one of the 

guides was placed in the upper part of the rear wall of 

the cross rail (Figure 3(c)). 

The railhead of a heavy-duty planer mill is the 

supporting structure for the ram moving in the Z axis 

of the machine. Therefore, it should be highly rigid. 

In the case of milling machines for HSM machining, 

it should also be characterised by the lowest possible 

weight due to high feed rates and high acceleration. 

In the case of machine D, for example, the combined 

weight of the railhead and ram is approximately 5 

tonnes, its maximum speed is up to 40m/min and 

accelerations reach 5m/s2. The railhead can consist of 

cast-iron bodies (milling machine D) or welded steel 

bodies (milling machines B and C). The ram 

movement is realised along rolling guides (milling 

machine D) or with the use of hydrostatic guides 

(milling machines B and C). The choice of the type of 

guides depends on the nature of the load intended for 

the machine tool (e.g. roughing or finishing) and the 

machining parameters. The ram is usually made of 

steel, due to the need for maximum rigidity, while at 

the same time having a relatively small cross-section 

in relation to the length of the stroke. Very often the 

ram is a monolithic, hollow, rectangular steel block. 

There are also other solutions and, for example, in the 

case of milling machine D the solution was adopted, 

in which the ram was made as a welded subassembly 

with a regular octagonal cross-section. In this way, 

high rigidity of the ram was achieved, while at the 

same time its weight was relatively low. In the case 

of heavy machine tools, polymer concrete is not used 

as a material for supporting structures, despite its 

very good damping properties [3,5]. This is due to the 

high loads coming from the structure's own weight 

and large overall dimensions. However, hybrid 

bodies are sometimes used, which combine the 

strength of a cast iron or steel body with the good 

damping of a polymer concrete filling [14,15]. 

 

2.2 Models of heavy-duty planer mills 

Simulation studies of heavy machine tools usually 

concern the evaluation of static and dynamic 

stiffness. Static stiffness is calculated from the 

displacement of the attachment point of a tool loaded 

with a static force in the selected direction (Figure 4). 

 

 
a) 

 

 
b) 

 

 
c) 
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d) 

Fig. 3. Structural design of the analyzed heavy-duty planer 

mills, with the following designations: A, B, C, D 

 

The most common load directions are those of the 

machine coordinate system. The dynamic stiffness is 

calculated in a similar way, but harmonic loads for 

the resonant frequencies of the machine tool are 

included in the calculation. 

In both analyses, the displacements at the tool 

mounting are determined and related to the assumed 

load. Such analyses are often the starting point for 

analyses aimed at optimising the design 

[6,10,11,20,21,22] and for evaluating the operational 

properties of the machine tool and their impact on 

machining accuracy [12,19]. 

 

 
a) 

 

 
b) 

Fig. 4. Boundary conditions assumed for the FEM 

simulation: a) location of ram loading, b) locking points of 

all degrees of freedom 

Static and dynamic stiffnesses significantly determine 
machining accuracy. They include the structural 
rigidity of the bodies and the contact rigidity of the 
mating elements [7,8,17]. The first of these is due to 
the design form, dimensions and material of the body 
(Table 1).  The most commonly used are steel, grey 
cast iron and modified cast iron.  

 

Table 1.  Material properties for numerical analysis 

Property 
Structural 

steel 

Gray cast 

iron 

Young’s Modulus, 

MPa 
2∙105 1.1∙105 

Poisson’s Ratio 0.3 0.28 

Density, kg/m3 7850 7200 

Logarithmic damping 

decrement 
0.002 0.003 

 

In contrast to the strength simulation of FEM, in the 

simulation studies of machine tool stiffness there is 

the problem of appropriate input data concerning the 

contact stiffness of the interacting elements. An 

additional difficulty is the non-linear nature of the 

contact stiffness. With respect to model tests, this 

requires non-linear analyses to be carried out, which 

significantly increases calculation time and 

computational power requirements. 

Knowledge of the natural frequencies and the 

corresponding vibration modes of the components 

directly connected to the tool or workpiece is very 

important for correct machining. The vibrations 

generated during machining mainly affect the surface 

quality of the workpiece. They also determine the 

stability of the machining process and the possibility 

of applying the cutting parameters required for the 

assumed machining performance. This is particularly 

important in the case of the milling process, due to 

the discontinuity of machining and dynamic changes 

in cutting force [1,9]. 

Dynamic analyses of machine tools require the 

assumption of structural damping coefficients. This 

damping is not constant, but depends on the vibration 

frequency. Therefore, based on literature data [4] and 

studies carried out to date [16,18], the stiffness 

damping coefficients β and mass damping coefficients 

α were determined as a function of frequency.  

Discrete FEM models of heavy machine tools were 

developed based on 3D design documentation. In 

order to carry out FE analyses effectively, it was 

necessary to introduce many simplifications. 

Therefore, those elements and components which 

were not important from the point of view of the 

assumed purpose were removed from the model. The 

geometry of the structural elements was also 

simplified in a similar way. Good effects, from the 

point of view of process efficiency, were obtained by 

replacing solid models with plate or plate-body 
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models. This was made possible by the geometry of 

the bodies, an example of which is shown in Figure 5. 
 

 
                 a)                                   b) 
Fig. 5. Cross-sections of example bodies of heavy machine 

tools: a) column, b) cross rail 

 

3.  RESULTS AND DISSCUSION 

 

The objective set by the author was to compile the 

simulation results of analyzed heavy-duty planer mills 

in the context of their dimensions (Figure 6) and weight. 

The analysed machine tools are constructions of various 

purpose and from various manufacturers. This type of 

comparison is not encountered in the literature, 

therefore the content included below is unique. 

 

 
a) 

 

 
b) 

 
 

 
c) 

 
d) 

Fig. 6. Comparison of dimensions of machine tools 
 

The positions of the railhead on the cross rail in terms of 

table width are related to machining and are therefore the 

most important in terms of the FEA analysis results 

achieved at the design stage. Of less importance is the 

machine tool test results obtained in the end positions, as 

no machining is carried out there. The stiffness of the 

machine tool also changes depending on the advance of 

the rams, therefore two extreme positions, i.e. minimum 

and maximum advance, were adopted for the analyses 

(Figure 7). For the FEA analyses of the milling machine, 

the X direction was taken as the table travel direction, Y 

as the railhead travel direction and Z as the ram travel 

direction (Figure 2). A force of known value was applied 

each time at the tool head mounting point and the 

displacements in the direction of its action were read. 

Based on the results obtained, static stiffness indices were 

calculated (Figure 8). The milling machine should have 

similar stiffness in the X and Y directions. However, the 

stiffness in the Z direction will always have the highest 

value due to the axial load on the ram, which has a much 

higher susceptibility in the other directions. 

The highest value of static stiffness was found for 

milling machine C, with the ram inserted. The extension 

of the ram obviously causes a decrease in stiffness. 

Therefore, on the basis of the results obtained from the 

FEM simulations and the changes in the position of the 

rams adopted for the simulations, an assessment was 

made of the effect of advancing the ram by one meter 

on the decrease in static stiffness. The results of the 

analyses carried out are shown in Figure 9. Based on 

them, the highest decrease in stiffness was found for 

milling machine C, i.e. for the same milling machine for 

which the highest static stiffness was recorded earlier. 
 

 
                  a)                                           b) 

Fig. 7. Selected ram positions: a) inserted, b) extended 
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a) 

 

 

 
b) 

Fig. 8. Comparison of static stiffness of milling machines 

depending on the position of the ram and the direction of 

the load: a) ram inserted, b) ram extended 

 

Increasing the static rigidity of the structure can be 

achieved by increasing the cross-sections of the 

individual bodies, by changing the wall thickness, or 

by changing the material from which they are made.  

In the latter case, the possibilities are limited to two 

materials, i.e. cast iron or steel. Cast iron is generally 

used for the bodies of heavy machine tools. The ratio 

of the static stiffness to the mass of the supporting 

structure bodies (including the mass of the rams and 

railheads) gives some information on which of the 

structures is closer to the optimum, i.e. in this case, 

the one characterised by the lowest possible mass and 

the maximum possible static stiffness. 
 

 

 
Fig. 9. Comparison of the milling machine static stiffness 

gradient with respect to 1m ram movement 

However, this approach does not take into account the 

size of the working area of the machine tool, from 

which the span of the supporting structure and the 

height of the columns result. It is known that with 

increasing the span of the supporting structure and the 

height of the columns, the mass of the machine tool 

increases and its static stiffness decreases. Therefore, 

the Ω ratio is proposed, the value of which results from 

the product of the static stiffness and the ratio of the 

area under the cross rail (product of the value of the 

clearance between the columns and the distance from 

the spindle face to the table plate) to the mass of the 

supporting structure. It should be noted that CAD 

models were used to calculate the mass of the structure 

and only those components which have an influence 

on the static stiffness were assumed. Therefore, the 

masses of the main and feed motion drive systems 

have been omitted. In the case of machine C, the mass 

of one of the headrails was also omitted, so that the 

results obtained could be compared with those of the 

other milling machines (Figure 10). 

The question arises as to the physical meaning of Ω 

and how it should be interpreted? When designing a 

machine tool, the designer selects the workspace in 

relation to the assumed maximum dimensions of the 

workpiece. The larger the workspace is, the larger the 

dimensions of the supporting structure's elements 

should be, in order to ensure adequately high static 

stiffness. At the same time, as the cross-section of the 

support structure increases, its mass increases. If, at 

the design stage, it was assumed that the Ω-ratio was 

to reach the optimum value, then the criteria for 

optimisation would be maximisation of the 

machining area size, with simultaneous minimisation 

of the support structure mass and maximisation of the 

machine tool static stiffness. Therefore, assuming that 

the Ω-ratio is calculated as outlined in the previous 

paragraph, the designer should be concerned with 

maximising its value. 

 

 

 
Fig. 10. Comparison of Ω ratio depending on load 

direction for ram in extended position 

 

In the next step, the machine tool models were 
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subjected to dynamic analyses. Firstly, a modal 

analysis was carried out, and in the next one - an 

analysis of the harmonic response [4]. The analyses 

were carried out for the previously assumed positions 

of the rams. Figure 12 summarises the results of the 

first three natural frequencies. On the other hand, 

Figure 11 shows the first forms of natural vibrations. 

In each of the analysed cases, only those modes were 

taken into account which concern the support 

structure and may have an impact on the machine tool 

properties during machining. Thus, vibration modes 

concerning components such as ball screws, drive 

motors, supports, etc., whose vibrations do not affect 

the cutting tool, have been omitted from the figure.  

 

 
a) 

 

 
b) 

 

 
c) 

 

 
d) 

Fig. 11. Overview of the first three natural vibration modes for milling machines A,B,C and D respectively 
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For all milling machines, the determined natural 

frequencies are similar. It should be noted, however, 

that in the case of milling machine C both railhead were 

taken into account in the FE analyses. Therefore, despite 

the much higher static stiffness found earlier, the natural 

frequencies are lower compared to the other milling 

machines. For all milling machines, it is also apparent 

that there is no significant effect of changing the ram 

position on the first three natural frequencies. 

The analysis of the harmonic response was performed 

for a force of 5 kN and a range of the first natural 

frequencies of the analysed machine tool. Analysis of 

the results of the structure's response to harmonic 

loading indicates a significantly lower dynamic 

stiffness, determined for resonant frequencies in relation 

to the static stiffness (Figures 14 - 17).  In some cases, 

this stiffness is 20 times lower than the static stiffness. It 

can also be observed that the dynamic stiffness is lowest 

for all milling machines in the X direction for rams in 

extended positions. In three out of four cases, the 

highest vibration amplitude was found for the extended 

ram, with a resonance frequency of about 50Hz. 

Insertion of the ram results in an increase of up to five 

times the dynamic stiffness (milling machine C). As 

with the static stiffness, the highest stiffness was also 

found in the dynamic stiffness in the Z direction. 
 

 
a) 

 
b) 

 
Fig. 12. Comparison of the natural frequencies of the 

milling machines for the following positions of the ram: a) 

ram in inserted position, c) ram in extended position 
 

The lowest dynamic stiffness was found for machine A 

(Figure 13), despite the fact that in the case of static 

stiffness its results were not the worst. This is a result of 

the largest advance of the ram in relation to the other 

machine tools and its relatively small cross-section, 

which is confirmed by the results obtained for the 

inserted ram, which are comparable with the other 

milling machines. The highest dynamic stiffness is 

shown by machine tool C, which also showed the best 

static properties. Its dynamic stiffness is at least twice 

that of the best of the other milling machines. This 

confirms the suitability of this machine tool for the 

roughing operations for which it was designed. 

The results obtained show a certain range of resonant 

frequencies typical of heavy-duty planer mills.  It can 

therefore be assumed that the development of a 

structurally and dimensionally similar milling machine 

in accordance with the knowledge of engineering 

should produce results in a similar frequency range. 
 

 

 
Fig. 13. Comparison of dynamic stiffness of milling 

machines depending on the position of the ram and the 

direction of the load 
 

 
a) 

 

 
b) 

Fig. 14. Results of harmonic response of machine tool A: 

a) ram in extended position, b) ram in inserted position 
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a) 

 

 

 
b) 

Fig. 15. Results of harmonic response of machine tool B: 

a) ram in extended position, b) ram in inserted position 

 

 
a) 

 

 

 
b) 

Fig. 16. Results of harmonic response of machine tool C: 

a) ram in extended position, b) ram in inserted position 

 

 
a) 

 

 
b) 

Fig. 17. Results of harmonic response of machine tool D: 

a) ram in extended position, b) ram in inserted position 

 

4. CONCLUSIONS 
 

Analysis of the results shows that it is very difficult to 

determine which milling machine is best. For reasons of 

machining accuracy, the static stiffnesses in the X and Y 

directions should be similar. This is confirmed by the 

simulations carried out. This is particularly evident for 

the rams in the extended position. Machine tools B and 

C are characterised by the highest static rigidity. At the 

same time, however, they have the greatest decrease in 

static rigidity with the extension of the ram. This is due 

to the different ram and railhead designs. In these two 

cases, the designs are very similar. The Ω ratio proposed 

for the evaluation of machine tools has a very similar 

value for all heavy-duty planer mills in the X and Y 

directions.  However, significant differences can be seen 

in the Z direction. From the comparison thus presented, 

it can also be concluded that machine tools A and D 

have the best static stiffness ratio in relation to their own 

weight and the size of the machining space. The 

simulations carried out show a significantly lower value 

of the dynamic stiffness measured for resonance 

frequencies to the static stiffness. It is therefore very 

important to know these frequencies and to avoid them 

during machining.  

The article shows that numerical methods make it 
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possible to assess the operating properties of a machine 

tool already at the design stage. The evaluation of static 

and dynamic stiffnesses, combined with the knowledge 

of the required machining parameters, gives the 

possibility to evaluate the expected accuracy of the 

machine tool.  A comparison of results for several 

different machine tools of the same type is rather 

uncommon in the literature.  Therefore, it can serve as a 

reference for newly designed heavy-duty planer mills. 

The results show what static stiffness and resonant 

frequencies we can expect for heavy-duty planer mills. 

The importance of dynamic analyses in the assessment 

of machine tool properties should also be emphasised.    

The summary of results presented in the article showing 

the change in static stiffness in relation to the ram travel 

over a length of one meter can be regarded as original. 

As can the proposed ratio of the supporting structure 

based on the static stiffness, the mass of the structure 

and the size of the space directly in the gate clearance, 

which can be used to compare different machine tools. 
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