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Thermal errors evaluation of two 5-axis machine tools with thermal test pieces is 
presented. The measurements of two thermal testpieces are performed on-machine 
with a touch trigger probe. The thermal deformations in X-, Y-, Z-, and B-direction as 
well as thermal material expansion errors of the test piece can be calculated. A 
comparison with coordinate measuring machine results and an R-Test shows a good 
conformity of the evaluated thermal errors. The on-machine measurements can be 
performed automatically and provide fundamental knowledge for thermal 
characterization of the machine tool, this lays the basis for autonomous 
manufacturing. 
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1 Introduction 

In the past years 5-axis machine tools became more important in industrial ap-
plications for precision manufacturing of complex workpieces. This is driven es-
pecially by the requirements of aero-space industry and mold and die manufac-
turing. With the help of precise 5-axis machine tools, new products and opti-
mized machining strategies became possible. For example, workpieces can be 
machined on up to five sides without additional clamping and the inclination of 
the tool can be optimised to current cutting conditions. The accuracy of 5-axis 
machine tools depends mostly on the geometrical position and orientation er-
rors and the error motions of the machine tool axes. Mayr et al. *1+ described 
the thermal influences on position and orientation errors and motion errors of 
machine tools. 

E.g. standards like ISO 10791-10 *2+ evaluation of thermal distortions, ISO 
13041-8 *3+ for turning machines and ISO 230-1 *4+ for geometric accuracy of 
machines deal with the evaluation of errors of machine tools under no load or 
finishing conditions, which can be detected by measuring devices. To evaluate 
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machine tools with chipping loads, test pieces were developed from which ex-
amples are given for NC machine tools in ISO 10791-7 *5+. Several facets and 
segments are featured on the workpieces. Besides ISO other societies like the 
German NC Gesellschaft *6+ or the Association of German Engineers (VDI) *7+ 
developed test pieces for machine tools.  

Up to now there is no standard for thermal test pieces, despite the fact that 
these are crucial for industrial improvements concerning thermal issues on ma-
chine tools. Currently new test pieces, which are able to capture the thermal 
errors of 5 axis machine tools are in development. A geometrical test piece de-
sign was extended by Ibaraki and Ota *8+ to measure thermally induced errors 
by motions of rotary axes. Three different test pieces were manufactured every 
25 minutes in order to measure the thermal effects directly with a touch probe 
system on the machine. Höfer and Wiemer *9+ developed a compact test piece 
for the evaluation of the thermally induced translational displacements of the 
tool centre point (TCP). The test piece consists of several reference surfaces and 
the thermal load was induced by rotation of the spindle as well as several axes 
movements. Given the fact that shop floors do not have the possibility to test 
their machine tools regularly for thermally induced errors with special measur-
ing equipment, a high demand for a simplified measurement procedure is 
claimed by Wiessner et al. in *10+. The proposed analysis method of thermal 
errors on machine tools with a thermal test piece in combination with an au-
tomatic on machine measurement as explained in this paper, is not only a 
change for industry to evaluate their machines fully autonomously without ex-
pensive measurement equipment but also a next step to new standardization in 
this field. 

2 Experimental Setup 

2.1 Thermal test piece and test cycle 

The thermal test piece, shown in Figure 1 and described in detail in *11+, has 9 
functional surfaces in orthogonal to Z to determine the deviations in Z-direction 
and the B-respectively A-axis errors. For the X- and Y-deviations as well as the 
thermal material expansion error of the test piece itself, 36 facets are milled on 
the outer cylindrical face with a distance of 97.5 mm to the centre. Two nomi-
nal parallel and opposed facets are needed to measure the errors in different 
directions. This enables the evaluation of 9 deviations in two axes directions. 
One of the 9 deviations in each direction is used as reference which leads to 8 
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available points in time which is in conformity to a four hours warm-up cycle, 
described in ISO 230-3 *12+, and a four hours cools down cycle. The test piece is 
pre-milled to keep the cutting forces low and during the test cycle the function-
al facets and surfaces are milled by the sequential movement of one axis at a 
time. To mill the facets the test piece is positioned by the movement of the 
C-axis. In each milling step the Z-surface is machined first by moving the tool in 
X-direction, followed by a movement in Y-direction for milling the X-facets and 
a movement in Y-direction for milling the Y-facets. The thermal test piece is 
fixed on the machine tool table by three screws supported with precision 
washers. 

 
Figure 1: Thermal test piece with highlighted functional surfaces according to *11+ 

The used test cycle includes a 4 hour warm up phase and a 4 hour cool down 
face, one set of deviations each hour is milled. The thermal load is induced into 
the machine structure by the rotary axis of the machine tool. In each hour of 
the warm up cycle the table rotates at maximum speed. During the cool down 
phase the machine is in NC-hold. 

2.2 Machine tools under investigation 

Thermal errors of two different 5-axis machine tools are evaluated by machin-
ing a thermal test piece. The different kinematic setups of the vertical machin-
ing centres with two rotary axes located on the workpiece side are schematical-
ly illustrated in Figure 2 a) and b).  
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The machine tool shown in Figure 2 a) can be described in accordance with 
ISO 10791-2 *13+ as: V *w C2’ A’ X‘ b Y Z (C1) t+ 

Further on this type is called machine tool A/C. This machine tool is located in 
an air conditioned lab. The machine tool has only one coolant circuit for the 
A/C-axis unit and the main spindle in this sequence. The coolant temperature is 
controlled to follow the ambient air temperature. The maximum speed of the 
C2-axis of machine tool A/C is limited to 60 rpm. 

a) b) 

  

Figure 2: Schematic of 5-axis machine tool a) A/C, adapted from *11+ b) B/C, adapted from *14+ 

The kinematic chain of the second vertical machining centre can be described in 
accordance with ISO 10791-2 *13+ as: V *w C2’ B’ b *Y1 Y2+ X *Z1 Z2+ (C1) t+ 

For simplicity this type is called machine tool B/C. The linear axes of this ma-
chine tool are arranged in a box in box design. The rotary axes, B and axis C2, 
are driven with direct drives. The machine tool B/C has two closed cooling cir-
cuits, one is used for the rotary and swivelling axis and one for the main spindle 
and the linear axes. The C2 axis of this machine tool can be used in turning 
mode with a maximum rotational speed of 1’200 rpm. The coolant flow is con-
trolled to the machine bed temperature. In contrary to machine tool A/C this 
machine tool is located in a standard non air conditioned shop floor.  

2.3 Measuring devices 

Three types of measurements are used to evaluate the machined test pieces, 
respectively the machine tool errors. On-machine (OM) measurements, coordi-
nate measuring machine (CMM) measurements as well as R-Test measure-
ments. The on-machine (OM) measurements are performed with a touch trig-
ger probe. A repeatability of ±1 μm is guaranteed at a probing velocity of 
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480 mm/min by the manufacturer. Measurements are performed with a prob-
ing velocity of 200 mm/min, a probe length of 50 mm and a probe tip diameter 
of 6 mm. In addition to the touch trigger probe the machine repeatability of 
±2 μm has to be added which results in a total error of ±3 μm for this meas-
urement. To verify the OM measurements a CMM is used to measure the func-
tional faces of the test piece with maximum possible accuracy. The CMM used 
for the results in this paper is located in an air conditioned measuring room, 
controlled to 20 ± 0.5°C. According to ISO 10360-2 *15+, the used CMM is spec-

ified with a maximal permissible error (MPE) of 1.2 μm+ L 400⁄ . 

To verify the thermal investigation by test piece the discrete R-Test is performed 
on both machine tools. With a precision sphere eccentrically mounted on the 
machine table, four linear probes mounted in a sensor nest and clamped into 
the spindle. The R-Test was set up as explained by Ibaraki and Knapp in *16+. 
The uncertainty of the R-Test can be estimated as ±2 µm, according to Gebhardt 
*17+. The evaluated errors are defined as shown in table 1. 

Table 1 Overview of thermally induced errors *11+ 

Thermally induced position and orientation errors of a vertical C-axis 

𝐸 [μm] Thermal error in X-axis direction 

𝐸 [μm] Thermal error in Y-axis direction 

𝐸 [μm] Thermal error in Z-axis direction 

𝐸 [μm/m] Thermal error in B-direction; squareness of C to X 

𝐸   [μm] Radius error of the table 

Unwanted thermally induced errors on test piece 

𝐸   [μm] thermal material expansion error of the test piece 

The symmetric design of the thermal test piece, enables to evaluate the ther-
mal errors in a non-air conditioned environment, assuming that the environ-
mental temperature is sufficiently stable during the measurement. 

3 Results 

The evaluation of machine tool A/C is shown in Figure 4. Results of the OM 
measurements are in good agreement to the R-Test measurements and the 
CMM measurements of the thermal test piece. Solely in the cool down phase 
the curves slightly differ, influences of geometric errors of the C2-axis can ac-
count for these dissimilarities. The difference of the R-Test and test piece 
measurements in Ey can be explained by the position depended thermal errors 

of the rotary axis, as explained by Wiessner et al. *11+. For better comparison 
errors ER T and ETTP, in Figure 4 d), the reconstructed temperature change is 



6  Evaluation of thermal errors of 5-axis machine tools by on machine measurements of a thermal test piece 

 

depicted. This temperature can be calculated by material constants of machine 
table and test piece together with radial position of the measured data points, 
according to *11+. It is a fact that especially on large workpieces with large 
thermal material expansion coefficients the temperature change of the work-
piece has a significant impact and cannot be neglected. The environmental 
temperature is measured during the procedures and shown in Figure 4 d). The 
temperature is stable around 23 ° ±1 °C and an influence of those temperature 
variations on the length measurements cannot be observed.  

The OM measurements on machine tool B/C, seen in Figure 5, are as well in 
good agreement compared to the results of the CMM measurements of the 
thermal test piece. As a consequence of the thermally symmetric design of ma-
chine tool B/C the deviations in X-axis direction are negligible small. This can be 
seen in the measurements of E  in Figure 5 a). The changes in the environmen-
tal temperature are higher as for machine tool A/C but as a result of the two 
efficient cooling circuits, these effects are not observably influencing the ther-
mal errors. The general agreement between CMM and OM measurements is 
due to the fact that the design of the test piece minimized the influence of the 
geometrical errors from the machine tool.  

In addition to the errors shown in Figure 4 and Figure 5, E  was analysed for 
machine tool A/C, seen in Figure 3. As a result of the thermal test piece diame-
ter of 200 mm the measurement uncertainty of E  is rather big. Nevertheless a 
clear trend is visible and the results of the OM measurements are in agreement 
with the R-Test measurements. 

 
Figure 3. Error EB on machine tool A/C, the measurement uncertrainty is illustrated by the light red 

surface and the error bars respectively 

The evaluation of machine tool B/C revealed a thermally stable behaviour in 
B-direction, therefore measurements are not shown. 
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Figure 4. Evaluation of machine tool A/C with test piece and R-Test: a) Thermal error Ex b) Thermal 
error Ey c) Thermal error Ez d) Temperature change of the test piece (OM and CMM) as well as the 

machine table (R-Test). The measurement uncertrainty is illustrated by the light red surface and the 
error bars respectively. Additionally the environmental temperature is illustrated in d). CMM and R-

Test measurements are published in *11+ 
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Figure 5. Evaluation of machine tool B/C with test piece and R-Test: a) Thermal error Ex b) Thermal 
error Ey c) Thermal error Ez d) Temperature change of the test piece (OM and CMM) as well as the 

machine table (R-Test). The measurement uncertrainty is illustrated by the light red surface and the 
error bars respectively. Additionally the environmental temperature is illustrated in d). CMM and R-

Test measurements are published in *11+ 
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4 Conclusion and Discussion 

The results of R-Test, CMM and OM measurements are generally in good 
agreement with sufficient low measurement uncertainties. Only exception is 
the discrepancy between R-Test and test piece measurement results of E  for 
machine A/C Shown in Figure 4 b). An environmental temperature influence on 
the measurements could not be observed. The machine tool was before start-
ing the observation several hours in NC-hold. Also an influence of the environ-
mental temperature during the OM measurements cannot be observed. Subse-
quent facts can be stated: 

 The proposed test piece can be measured by on machine measurement 

 With an automatically tool and work piece changer a thermal analysis 
and compensation of a machine tool can be done completely autono-
mous, using an adequate adapter 

 If the thermal error is dominant, even errors in B- respectively 
A-direction can be evaluated 

 The thermal test piece still lacks of E , the facets are too small for a  
feasible analysis 

 Machining and analyses of the test piece takes roughly 8 hours and 30 
minutes with the chosen test cycle 

 A feasible thermal analysis of machine tools is shown with the proposed 
thermal test piece and measuring methods for industry are presented, 
that enable the next step towards new standards in this field for evalua-
tion of machine tool capabilities 
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