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Abstract 
 

The accuracy of parts manufactured on machine tools is influenced by various 

sources. This article illustrates how the dynamic behaviour of the machine tool 

and the geometric accuracy of the cutting tool corrupt the accuracy of a sample 

part. Both effects are repeatable and can therefore be compensated. 

     Efficient manufacturing requires high acceleration and deceleration of the 

machine tool feed axes. The corresponding forces in combination with the 

compliance of the machine structure lead to deviations at the tool centre point. 

These deviations arise outside of the position feedback loops and are therefore 

not compensated. However, the effect can be measured and subsequently 

compensated by the CNC. 

     The geometric accuracy of the tool has a significant influence on the 

accuracy of manufactured parts. Therefore, radius compensation in combination 

with tool measurement is widely used for cylindrical mills. To improve the 

accuracy of free-form surfaces milled with ball nose or torus cutters, enhanced 

tool compensation is necessary, as the shape of a spherical milling tool deviates 

from the ideal form. The effect of tool form error can be compensated by the 

CNC based on the measured tool form and the surface normal vector of the 

contact point, provided by the NC program. A procedure that is capable of 

performing a tool calibration process on the machine tool is presented. The 

achievable improvement of workpiece accuracy is demonstrated based on 

experimental cutting results. 

 

 

1 The test workpiece 
 

The test workpiece (see Figure 1) has an aspherical lens form. 
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Figure 1: The test work piece 

 

The aspherical part of the lens is milled with a spherical end mill. The shaft of 

the test workpiece is manufactured with an interpolation turning process. 

Interpolation turning allows a turning process on a milling machine. It is an 

alternative process to circular milling and often has advantages in terms of 

surface quality and/or productivity. 

 

 

2 Influence of dynamic machine tool deflections 
 

Efficient manufacturing requires dynamic acceleration and deceleration of the 

machine tool feed axes. The involved forces slightly deform the machine. This 

typically results in deviations at the TCP. Besides deformation in axis direction, 

the dynamic acceleration of an axis due to mechanical coupling can also cause 

deformations in directions that are perpendicular to the direction of acceleration 

[Bringmann, 2009], [Nguyen, 2013]. This applies in particular if the feed forces 

do not act in line with an axis’ centre of gravity. The mass and inertia then cause 

pitching movements during the braking and acceleration phases (see Figure 2). 

 

 
Figure 2: Deformation of a machine during acceleration 
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The resulting TCP position errors are proportional to the acceleration of the 

moving feed axes (Figure 3). The errors also depend on the arrangement and 

stiffness of the guideways, the position of the feed-force application point and 

the position of centre of mass as well as the distance between the resulting pivot 

point and the tool centre point. The position encoders do not recognize these 

deviations. The feed axis servo control therefore cannot react to them. 

 

 
Figure 3: TCP error due to acceleration 

 

With the interpolation turning process, the cutting speed is governed by the feed 

of the axes, especially for external machining. During the machining of the test 

part’s shaft, the centripetal acceleration is 12 m/s
2
. This acceleration deforms the 

machine and leads to an enlargement of the manufactured cylinder. Due to the 

inhomogeneous stiffness of the machine, the enlargement is significantly larger 

in X direction (Figure 4 left side). 

 

2.1  Compensation through CTC 

Since the effect is repeatable and proportional to the acceleration, which is 

known by the control, it is possible to compensate it. With its CTC function 

(Cross Talk Compensation), HEIDENHAIN offers a control option for 

compensation of acceleration-induced position errors at the TCP. The software 

TNCopt supports an automated measurement procedure to parameterise the 

function. It uses a grid encoder for the measurement at the TCP. Activating CTC 

reduces the deviations of the shaft from over 45 µm to about 10 µm. 
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Figure 4: Deviation at the shaft, without compensation (left), with CTC (right) 

 

 

3 Influence of geometric tool errors 
 

The effective sphere radius of a spherical milling tool that is used to mill the 

aspherical part of the lens deviates from the ideal form. The tool tip radius varies 

with the latitude angle (Figure 5).  

 

   
Figure 5: spherical milling tool with radius error 

 

These deviations can originate from the production process of the tool (a more 

accurate tool being typically more expensive), but are also distinctly affected by 

tool wear. During the milling of the test part described above, the contact point 

of the tool to the workpiece varies with respect to the tool. This leads to the 

reproduction of the tool form error on the manufactured surface. This effect is 

repeatable and can be compensated under the prerequisites described in the 

following section. 

 

3.1  Compensation of geometric tool errors 

The control needs additional information to be able to compensate the geometric 

tool errors: First, the surface normal vector and second, the tool radius deviation. 
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     To enable three-dimensional tool radius compensation the control has to 

know in which direction to compensate the tool radius error. This is solved by 

an NC syntax enhancement for straight-line blocks that includes the surface 

normal vector N of the work piece at the contact point to the tool (Figure 6). A 

tool orientation vector T specifies the tool orientation. The required NC syntax 

is typically generated by CAM systems. 

 

 
 

LN  X+31.737  Y+21.954  Z+33.165 

NX-0.5446390 NY+0.0000000 NZ+0.8386706 

TX+0.5363647 TY+0.1736482 TZ+0.8259293 

F1000 M128 

Figure 6: Surface normal and tool orientation vector and according NC syntax 

 

The second necessary type of information is the radius deviation of the tool as a 

function of the latitude angle. With a suitable tool presetter or with a (laser) tool 

setting system in the machine the data for this table can be measured directly. 

However, a different approach is shown here. 

 

3.1.2  Indirect measurement of geometric tool errors 

 

An interesting alternative to direct tool-form measurement is the measurement 

of form error of the prefinished workpiece with a 3-D touch probe. A 3-D touch 

probe is more common than a tool-setting system capable of form error 

measurements. In addition, other effects, like tool deflection due to cutting 

forces, can be compensated in this way if the cutting conditions do not vary 

between prefinishing and finishing. To allow an accurate measurement in any 

direction, the touch probe can be calibrated on a precision sphere with an 

enhanced touch-probe calibration cycle.  
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Figure 7: Touch probe calibration procedure 

 

For the aspherical lens form, 14 test points along the radius of the lens were 

chosen and measured in the respective surface normal direction. The touch 

probe program writes the measured deviations in the tool-form compensation 

table. The part is subsequently finished with the tool form compensation active.  

 

 

 
Figure 8: Form deviation of workpiece without (left) and with tool form 

compensation (right) 

 

Figure 8 shows that the form deviation of the aspheric lens can be reduced from 

nearly 30 µm to under 10 µm. 

 

 

4 Conclusion 
The deflection of a machine tool during acceleration phases is inevitable. It 

could be shown on an example part that these deflections can be compensated. 

This makes it possible to manufacture parts that are more accurate without 

changing the machine mechanically or increasing the machining time. 

     A high form accuracy of tools is associated with higher tool costs, and even 

those tools wear and lose their accuracy. Three-dimensional compensation of the 
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tool form makes it possible to manufacture accurate free form parts even if the 

tool form accuracy is limited. 

     The compensation functions are under ongoing development to improve the 

ease of use and the accuracy. Current work concerns the improvement of 

assisted measurements and parametrisation for CTC. For example, to simplify 

the measurement of multidimensional position dependencies and force coupling 

between different machine axes. 

 

 

References 
 

B. Bringmann, P. Maglie: A method for direct evaluation of the dynamic 3D 

path accuracy of NC machine tools, CIRP Annals - Manufacturing Technology 

58 (2009), pp. 343–346, 2009 

 

M. H. Nguyen, S. Weikert, K. Wegener: Measurement and simulation of 

acceleration correlated position errors in machine tools, Proceedings of the 2013 

LAMDAMAP Conference, pp. 199 – 208, 2013. 

 

S. Thoma, T. Haas, H. Nguyen, S. Weikert, K. Wegener: In- and Cross-Talk 

Evaluation of Different Machine Concepts, Laser metrology and machine 

performance XI: 11th International Conference and Exhibition on Laser 

Metrology, Machine Tool, CMM & Robotic Performance, Lamdamap 2015, pp. 

160 – 169, 2015 


