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Abstract 

The structural stiffness of a machine tool is one of the main criteria that establishes 
its ability to produce accurate precision components. High stiffness is required 
both statically and dynamically each affecting different aspects of the machming 
process. 

The need for high static stiffness arises from the requirement to produce parts 
to a desired size and shape [l] and although finish machining often takes place 
with small depths of cut and correspondingly light cutting forces, the resulting 
deflections can still be excessively large if the machme has inadequate static 
stiffness. The resulting deflection can thus produce out of tolerance work-pieces. 
The need for high dynamic stiffness results from two separate aspects of the 
machining process. In the first case inadequate dynamic stifhess will result in 
poor quality surface finish of the machined parts due to relatively low levels of 
vibration occurring during finish machining operations. In the second case low 
dynamic stiffness can have more serious consequences when under heavy 
machining conditions the resulting vibration might be sufficiently high to cause the 
process to be terminated in-order prevent possible damage to the machine. 

Traditionally machme tool structures were designed from experience with 
limited aid from manually carried out calculations using classical theory for such 
as beam bending, twist and shear. With the advent of powerful desktop computers 
and the associated Finite Element Software, at costs that are within the grasp of the 
typical machine tool manufacturer, it is now possible to determine the structural 
stiffness values for maclvne tools to a h g h  order of accuracy and in a relatively 
short time scale. This paper outlines the static and dynamic structural analyses of a 
vertical milling machine that were to be subsequently validated against measured 
results [2, 31. 
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432 Laser Metrology und Muchiize Performance VI 

1 Introduction 

For a thorough understanding of the behaviour of a machine structure it is 
necessary to analyse both it's static and dynamic characteristics. Tlus is best 
achieved by the use of Finite Element techmques which involve the sub-division 
of the main structural members into sufficient numbers of small individual 
elements whose interactions with each other are determined by the construction of 
a stiffness matrix [4]. 

1.1 Elements 

The types of elements that can be used for the analysis can be shell, beam or solid 
and choice of appropriate element type depends upon the nature of the main 
structural member. 

In this case the elements were generated automatically using a feature of the 
FEA software. 

1.2 Model considerations 

Appropriate material characteristics were allocated to each structural member to 
specify such as it's Young's modulus, density and poisson's ratio. 

A damping value was set for the structure as a percentage of critical damping 
for the materials concerned based on values measured experimentally. Individual 
damping factors could not be set for the various components thus a single overall 
value was used for the entire structure. 

Full translational and rotational constraints were set at the underside of the six 
machine foundation connectors on the assumption that they were sat on a concrete 
foundation that was significantly stiffer than the machme structure. 

1.3 Types of analyses 

Three types of analyses were used, static, modal and frequency response. 
The static analyses was carried out with loads applied and deflections 

calculated in the machine 'X', 'Y' and 'Z' axis directions respectively. 
The modal analyses determined the frst three modes, calculating the natural 

frequencies and the corresponding modal shapes. 
Frequency response curves were calculated for the structure up to 200 Hz for 

loads applied in the X', 'Y' and 'Z' axis directions respectively. 
The frequency response curves calculate the deflections that result at specified 

positions on the structure due to the applied loads throughout a specified frequency 
range. The measured position in t h~s  particular analysis was at the centre of the 
face of the machine spindle nose. 

For the static and frequency response analyses the loads were applied at the 
face of the machme spindle in the 'X', 'Y' and 'Z' directions respectively. 

The modal analyses did not require loadings to be specified, since modal shapes 
and frequencies are dependant only upon the machme structural characteristics and 
the applied constraint conditions. 
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Laser Metrology and Machine Performance VI 433 

2 Machine configuration 

2.1 Overall structural layout 

The construction of the main machine basic structural members was as shown in 
Figure 1, with each individual component being made from either cast iron or a 
welded steel fabrication. 

For the purposes of h s  analysis the structural members are assumed to be 
rigidly connected to each other at each joint interface. In practice this was only the 
case for the static members, whereas the moving members were supported on 
linear ball guide-ways. Effectively the stiffness of these units has been assumed to 
be infinite in these analyses. 

The six foundation connectors attached to the base as shown, supported the 
machine on a concrete foundation. 

SPINDLE MOTOR 

SPINDLE CARRIER 

SPINDLE 
HOUSING 

MACHINE 

SADDLE 

FOUNDATION 
Z CONNECTOR 

MACHINE COORDINATE AXES 

<X 

Figure 1 : Three axis machining centre structural configuration 

                                                             Transactions on Engineering Sciences vol 44, © 2003 WIT Press, www.witpress.com, ISSN 1743-3533 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 



434 Laser Metrology und Muchiize Performance VI 

2.1 Individual structural components 

Each of the six main structural components was modelled in a 3D solid modelling 
software package using dimensional information obtained from the corresponding, 
original manufacturing drawings. 

All significant features were modelled in detail as shown in figure 2 and figure 
3 below in order to maintain overall accuracy of results. Cosmetic features with no 
obvious contribution to stiffness were omitted. 

For the steel fabrications the welds were modelled as if continuous and with 
full width penetration of each plate. 

LINEAR GUIDE-WAY RAIL SUPPORT FOR THE SADDLE 

Figure 2: Machine base fabrication 

SINGLE 
PLATE 
TRANSVERSE 

DOUBLE SKIN MEMBERS 
LONGITUDINAL BOX SECTIONS 

Figure 3: Machine base fabrication (underside view) 

2.2 Model assembly 

After each component had been modelled separately an assembly model was 
constructed from the individual members to give the machine configuration as 
shown in figure 1. 
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3 Loads and constraints 

3.1 Loads 

For both the static and dynamic analyses the loads were applied to the face of the 
spindle nose as shown in figure 4 below in the 'X', 'Y' and 'Z' directions 
respectively. 

In the static analysis the load applied in each case was 10,000N along the 
respective axes. 

For the dynamic analyses the value of the applied load was 10,000N peak to 
peak, applied along each axis respectively and varying sinusoidally throughout the 
specified frequency range. 

3.2 Constraints 

The model was constrained in the same manner as the machine is intended to be, 
by specifying no movement to take place at the underside surface of the foundation 
connectors, either translational or rotational. 

LOADS APPLIED TO - --- 

FACE OF SPIN1 

MEASURE POII 
FOR DYNAMIC 
ANALYSIS 

qT USED 

EACH FOUNDA' 
NNECTOR 

TION 

Figure 4: Applied loads and constraints 
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436 Laser Metrology und Muchiize Performance VI 

4 Analyses 

4.1 Static 

The static analysis calculated the magnitude and direction of the deflections of the 
structure due to the applied loads and thus enables the static stiffness of the 
machine to be determined. 

4.2 Modal 

The modal analysis calculated each natural frequency within a specified range and 
also the modal shape corresponding to each frequency. The resulting information 
from th s  analysis can be used to determine where any particular weaknesses lie 
within the structure and where to carry out remedial work to improve the design. 

4.3 Dynamic 

The dynamic analysis calculated the frequency response curve for the structure in 
the specified direction of the applied load up to a specified frequency thus enabling 
the dynamic stiffness of the machine to be determined. 

5 Results 

5.1 Static deflections 

The figures below show the static deflections of the structure due to the applied 
loads &h the corresponding static stiffness values shown in table 1. 
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Figure 5: Deflection due to load in 'X' direction 
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Figure 6:  Deflection due to load in 'Y' direction 

WliUUOW U - S T A T I C  - Z 

Figure 7: Deflection due to load in 'Z' direction 

Table 1 : Static stiffness results 

Stiffness (Nlmicron) Load Direction 
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438 Laser Metrology und Muchiize Performance VI 

5.2 Modal shapes and frequencies 

The figures below show the first three modes of vibration and the corresponding 
natural frequencies. 

Dspocerner~i Mog 
Deformed Or~ymol Model 
!OX D~sp  + l  .000GE+00 
x o l e  1.9810E+02 
Mode l, +!.7815E+Gl 
Principal Unitsz 
rnll~mefer Newton Second 

MODE I 

Figure 8: Mode 1 (48 Hz) 

Mode 1 - mainly a rocking and bending motion of the column in the 'Y-Z' plane 
causing vertical movement of the spindle 
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--., 

Figure 9: Mode 2 (53 Hz) Figure 10: Mode 3 (83 Hz) 

Mode 2 - mainly a roclung and bending motion of the column in the 'Y-Z' plane 
causing horizontal movement of the spindle. 
Mode 3 - mainly due to twisting of the column in the 'X-Y' plane causing 
horizontal movement of the spindle. 
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Laser Metrology and Machine Performance VI 439 

5.3 Frequency response 

The figures below show the frequency response curves for the 'X', 'Y' and 'Z' 
directions respectively. 

Figure 11 : Frequency response due to 'X' direction force 

Figure 12: Frequency response due to 'Y' direction force 

Figure 13: Frequency response due to 'Z' direction force 

The above graphs show clearly that the highest deflections occur at frequencies 
which correspond to the natural frequencies obtained in the modal analysis results 
shown in figures 8, 9 and 10 for the first, second and third modes respectively. 
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6 Conclusions 

The use of Finite Element Analysis as a tool for determining the static and 
dynamic stiffness characteristics for a machme tool structure can be seen to have a 
number of advantages in terms of time and accuracy of results over more 
traditional methods such as using classical theoretical calculations etc. 

This paper shows that it is now possible to carry out exhaustive analyses of 
relatively complicated machme tool structures by use of desktop computers and 
the appropriate software. The depth of analyses gives access to information that 
will allow the machine tool designer to optimise structures with respect to weight 
and size such that maximum stiffness and minimum mass can be achieved, thus 
improving component precision in terms of size, form and surface finish whilst at 
the same time maximising metal removal rates. 

7 Acknowledgments 

The support from EPSRC (EPSRC Grant: GR 1 R 35186 l 01 and EPSRC Grant: 
GR /R 1340 1 l 0 1) and industrial partners is acknowledged by the Ultra Precision 
Engineering Centre. 

References 

[l]  Ford D.G., Postlethwaite S.R., Blake M.D., The identification of non- 
rigid errors in a vertical machining centre, Proc Instn Mech Engrs V01 
21 3 Part B, 1999 

[2] Widiyarto M.H.N., Evaluating the Structural Dynamics of a 
Vertical Milling Machine. Proceedings of the sixth International 
Conference on Laser Metrology and Machine Performance, 2003. 

[3] Widiyarto M.H.N., Frequency response measurements and modal 
analysis of a Vertical Milling Machine. Internal UPEC report, 2003. 

[4] ProIMechanica-Using Structure with ProIEngineer, Parametic 
Technology Corporation. 

                                                             Transactions on Engineering Sciences vol 44, © 2003 WIT Press, www.witpress.com, ISSN 1743-3533 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 


