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Leonhardstrasse 21, 8092 Zürich Switzerland
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INTRODUCTION
Fluid media is essential for the operation of machine tools. Brinksmeier et al. [1] summarized
the different tasks that the fluid elements perform
in production machines, such as ensuring workpiece quality, reduction of tool wear, and the overall improvement of process productivity. Bryan [2]
pointed out that the supply of the cutting fluid is
one of the external influences causing thermally
induced errors in machine tools.
Current research focuses on the characterization
of the influence of the cutting fluid on the machine
tool accuracy. Mayr et al. [3] compared the thermal response of a machine tool with and without cutting fluid during the rotation of the tablesided C-axis, showing experimentally the influence of the cutting fluid on the thermal behavior. The authors concluded that the cutting fluid
does not avoid the warm up phases in precision
machining and needs to be considered in the design of the numerical compensation strategies.
Pavliček et al. [4] researched how the different
cutting fluid media, oil and CO2 , affects the machine tool errors. For that purpose the authors
designed a measurement device with retractable
cover to protect the sensors against damage during the fluid supply. Hernández-Becerro et al. [5]
concentrated on how the different modes to supply cutting fluid to the working space influence the
thermally induced errors. By means of a precision
level the variations of the tilt error motions of the
Y- and Z-axis were evaluated for the different cutting fluid supply modes. It was concluded that the
bed cutting fluid, which flushes out the chips from
the back side of the bed to the chip conveyor, is
the main thermal error source on the investigated
machine tool.
Indirect measurement techniques captures the
tool center point (TCP) errors as a superposition
of the errors associated to the linear and rotary

axes constituting the kinematic chain of the machine. Ibaraki and Knapp [6] reviewed the different indirect measurement schemes for three- and
five-axis machine tools. Among the different reviewed indirect methods, machine tool manufacturers rely on machining tests in order to assess
the machine accuracy during the manufacturing
process. ISO 10791-7:2014 [7] shows different
examples of test pieces for the evaluation of geometrical errors, by measuring different features of
the workpiece. Other standards describing test
pieces are available, such as VDI 3443 [8] for
milling machines and VDI 5211 Part 2 [9] for 5axis CNC machines. While these machining tests
provide a demonstration of the overall accuracy,
they do not allow to evaluate the position and orientation errors and error motions of the different
axes.
The standardized test pieces are designed to
evaluate the geometrical errors of machine tools.
Current research concentrates on the creation of
new designs of test pieces which are able to assess the thermal errors of 5-axis machine tools.
Ibaraki and Ota [10] extended a previous design of a test piece for the measurement of thermally induced error motions of rotary axes. In
order to measure the thermal effects, three different test pieces were manufactured every 25
minutes. The features characterizing the thermal deviations were measured directly on the machine, under the assumption that the linear axes
have small volumetric errors in comparison with
the rotary axes. Höfer and Wiemer [11] designed
a compact test piece for the evaluation of the
thermally induced translational displacements of
the TCP. The test piece presented several reference surfaces manufactured at the beginning of
the test cycle. The heat input of the system was
the rotation of the spindle as well as several axes
movements. Wiessner et al. [12, 13] proposed
a new thermal test piece design for the thermal

FIGURE 2. Thermal test piece

FIGURE 1. Schematic of linear axes of the machine tool under investigation adapted from ISO
10791-1:2015 [14]
characterization of machine tools with a rotary table. The test piece was conceived in order to provide X-, Y- and Z-displacements as well as one
angular deviation of the rotary table. The results
were compared to R-Test measurements showing
a good correlation.
Figure 1 illustrates the schematic of the linear
axes of the machine tool under investigation,
used for aerospace and power engineering. In
addition, the machine tool has a rotary axis on the
workpiece side and a rotary head on the tool side.
The kinematic chain according to ISO 107911:2015 [14] is: H [w B X b Z Y A (C) t] .
The thermal effect under investigation is the bed
cutting fluid, which is shown in [5] to cause the
most significant thermal errors among the different cutting fluid supply modes.
ENGINEERING OF THERMAL TEST PIECE
As a main design template the thermal test piece
presented by Wiessner in [13] is chosen and
adapted to the machine tool under investigation.
The requirements of the test piece are to capture
the thermal errors on a workpiece in X-, Y- and ZDirection as well as the angular errors A, B and C
by machining geometric features in set time intervals. Additionally the thermal radial growth of the
test piece during manufacturing has to be separable from the thermal deviations of the geometric
features. The machinability and the nomenclature of the deviations on the test piece strongly
depends on the kinematic chain of the investigated machine tool. Figure 2 shows the thermal
test piece with its geometrical features to identify

the thermal deviations of a large machine tool.
For this specific test piece it is decided to generate 156 geometric features, the reference features are depicted in yellow in Figure 2. This
way 12 thermal states of each error can be measured, listed in Table 1. A total of 60 Y-Tracks are
designed to capture the deviations in Y-direction.
The Y-Tracks milled parallel to the Z-axis reflect
the angular deviations in A-direction while the YTracks parallel to the X-axis allow to measure the
angular deviations in C-direction. The 96 facets
are engineered to capture X- and Z-deviation as
well as radial growth. The measurement uncertainty of a coordinate measurement machine
(CMM) consists, according to ISO 10360-1:2000
[15], of a fixed value and a term dependent on the
measured length. Therefore, the reference facets
are located close to the measurement facets in
order to reduced the measurement uncertainty.
This constitutes one of the major modifications
from the previous design of the thermal test piece.
The nominal diameter of the test piece measures
600 mm to cover a large part of the machine table. Due to its thermal expansion coefficient steel
is chosen as material for the workpiece. To avoid
an overdetermined fixture a 3-point fixture is chosen, the additional hole in the center of the test
piece can be used for handling of the test piece.
MACHINING STRATEGY
At the beginning of the cutting procedure the test
piece geometry is roughed, so that all the features
have a finishing allowance of 0.2 mm to the programmed final shape. With this the cutting forces
during the finishing operations are drastically reduced, and moreover the depth of cut at the features on the circumference is kept constant during
the finishing cut leading to constant cutting forces.
For the finishing a 12 mm diameter flat end mill is
used. After roughing and before starting the test,
the machine tool is kept in NC hold for 48 hours to
reach an equilibrium with the environment. When

FIGURE 3. Milling sequence of the Y-Tracks

the test is started the reference surfaces, yellow
areas in Figure 2, are milled. For the manufacturing of each feature only one machine axis is moving at a time, to avoid interpolation errors. Figure 3 shows the milling sequence of the Y-Tracks.
The Y1- and Y2-Tracks are milled, when the B
table is at 0◦ position, for the Y3- and Y4-Tracks
(dashed arrows) the table has to be indexed at
180◦ . This is due the fact that the working space
does not cover the whole machine table. The
Y2- and Y3-Tracks consist of 12 features, which
are milled consecutively at each interval following the red arrow in Figure 3. However, there are
only 6 Y1- and Y4-Tracks due to the limitations of
the working space. Only after milling all the Y1Tracks, the Y4-Tracks are milled in the following
time intervals.
For the facets milled on the circumference of the
test piece, the table has to be indexed in 6.923◦
steps for each interval. Then the tool moves in a
straight path along the Z-axes to mill the X-facet
followed by a movement in X-direction to mill the
Z-facet and another movement in Z-direction for
the second X-facet on the opposite side, these
trajectories are illustrated in Figure 4. To mill the
Z-facet on the opposite side, shown in the top side
of Figure 4, the table is rotated by 180◦ and the
same X-axis movement is performed, again due
to reachability limitations of the machine tool. The
benefit of milling the features on both sides of the
circumference, is that the sensitivity of the thermal error increases and an averaging effect oc-

FIGURE 4.
facets

Milling sequence of the X- and Z-

curs and thus reducing the measurement uncertainty.
As mentioned in the Introduction, the objective
of this test piece is to measure the thermal influences of the bed cutting fluid on the machine
tool. Since the investigations are performed on
a large machine tool, the thermal time constant
are long. Therefore, a relatively long thermal load
case is chosen. The bed cutting fluid is running
for 12 hours followed by another 12 hours of no
cutting fluid, in the same way as described by
Hernández-Becerro in [5]. During the whole experiment, every 2h a set of features are milled.
Besides these short milling operations, no axes
or spindle movements are performed.
EVALUATION
Table 1 shows the identifiable errors of the test
piece on the machine tool under investigation.
The deviation of feature in X direction, ET P X ,
is calculated according to Equation (1), where
F 1 and F 2 are the distance between the reference and measured facets of two diametrically
opposed facets. The nominal value of F 1 and F 2
is the nominal distance between reference and
measurement facets, Fc , of 2 mm. The radial
growth of the test piece, ET P R , is also evaluated
at the same facets, as explained in Equation (2).

∆ET P X =

F2 − F1
2

(1)

TABLE 1. Nomenclature of deviations of the geometrical features on the test piece and measurement uncertainty
Error
ET P X
ET P Y
ET P Z
ET P A
ET P B
ET P C
ET P R

Explanation
Dev. of feature in X-direction
Dev. of feature in Y-direction
Dev. of feature in Z-direction
Dev. of feature in A-direction
Dev. of feature in B-direction
Dev. of feature in C-direction
Radial growth of the test piece

U(k=2)
2.5 µm
1.8 µm
3.3 µm
18 µm/m
2.5 µm

FIGURE 5. Evaluation of workpiece error ET P Z

∆ET P R =

F 1 + F 2 − 2Fc
2

(2)

The evaluation of the deviation of feature in Zdirection, ET P Z , is depicted in Figure 5. Due
to the lack of accessibility of the tool to some
part of the working space, the B-axis needs to
be rotated. This implies that ET P Z is to be measured differently as ET P X , in order to avoid the
affect of error motions of the B-axis in the evaluation. This requires that the measured distance,
Mz between the facets is modified with the radial
growth, ET P R , and Fc according to Equation (3).
∆ET P Z = Fc + ET P R − MZ

(3)

The deviation of feature in Y-direction, ET P Y , as
well as the angular deviations of the features are
measured on the tracks. As shown in Figure 6,
ET P Y can be directly measured on each of the
four tracks. The sign is consistent with the machine tool coordinates (see Figure 1). The design
of the test piece allows the measurement of the

FIGURE 6. Evaluation of workpiece error ET P Y
deviation of feature in C-direction, ET P C . However, due to the symmetry of the machine this
deviation is below the measurement uncertainty
with the used CMM for the evaluation. The magnitude of the B-deviations in combination with the
designed facet length does not allow the measurement of the deviation of feature in B-direction,
ET P B . Nevertheless, the A-deviation, ET P A ,
can be effectively measured with the current test
piece design and are provided by postprocessing
the CMM data, by comparing the angle of the YTracks relative to the angle of the reference plane.
The manufactured test piece is measured on a
CMM, with an MPE of 1.8 + L/300 µm. The tracks
are measured using a continuous zig-zag strategy generating 477 measurement points, while
the distances between facets are measured at the
geometric center of each surface evaluated with
5 measurement points. The measurement uncertainties for the linear deviation are estimated as
combination of the uncertainty of the measured
values. For the angular deviations a Monte Carlo
simulation is performed with uniformly distributed
measurement points on the track. A list of the
measurement uncertainties is given in Table 1.
In Figure 7 the thermally induced linear deviations are depicted. The errors of the TCP in Xdirection and the radial growth of the part is small
in comparison with the errors in the other directions. This is caused by the thermo-symmetric
machine tool design YZ-plane. During the production of the test piece, four different tracks are
produced at each time step which can be used
for the evaluation of the Y-deviations. These four
tracks show similar tendencies and Figure 7 depicts the mean value. The Y- and Z-deviations
react in the first 2 hours to the effect of the cutting
fluid.
The test piece is designed in order to capture angular deviations in A-direction. Because of the
limited stroke of the Z-axis, the B-axis needs to be
rotated 180◦ . This provides two different values
of the A-deviation with opposite signs. The ten-
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FIGURE 7. Measured linear deviations on the thermal test piece

dencies of both angular errors are the same, as
depicted in Figure 8, which suggests that these
errors are mainly caused by the tool-sided error
motions or time-varying position and orientation
errors of the tool sided axes. The difference between them can be attributed to a combination of
the thermally induced error motions of the B-axis
and measurement uncertainty.
CONCLUSIONS
This work has adapted a previously developed
thermal test piece for the evaluation of the thermally induced errors to large machine tools. The
proposed design allows the characterization of
the linear errors and angular deviations in Adirection, which is one of the critical errors in the
researched machine. The thermal piece evaluation shows that the measured angular deviations
A-deviations reach values of 60 µm/m and the linear errors in Z-direction are in the order of 40 µm.
Indirect methods for thermal error characterization cannot fully estimate the different error
sources, namely the time-varying position and
orientation errors and error motions, of a 5-axis
machine tool. The number of measurements
points required for the thermal characterization
is too large to be covered in a sufficiently short
time without exciting the dynamics of the machine. The presented thermal test piece, in a similar manner as other indirect methods, provides

an insight of the magnitude of the TCP deviations. Its easy implementation and its wide acceptance in industry makes the thermal test piece
an interesting alternative for thermal machine tool
characterization, providing a visualization of the
manufacturing errors. In addition this work shows
the effect of the cutting fluid in the accuracy of
a 5-axis machine tool. One application of the
presented machining test is the evaluation of design modifications and validation of compensation
strategies.
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