
applied  
sciences

Article

Experimental Study of the Volumetric Error Effect on
the Resulting Working Accuracy—Roundness

Michal Holub 1,* , Robert Jankovych 1, Jan Vetiska 1, Jan Sramek 1, Petr Blecha 1, Jan Smolik 2

and Petr Heinrich 3

1 Faculty of Mechanical Engineering, Brno University of Technology, CZ 601 90 Brno, Czech Republic;
jankovych@fme.vutbr.cz (R.J.); vetiska@fme.vutbr.cz (J.V.); sramek@fme.vutbr.cz (J.S.);
blecha@fme.vutbr.cz (P.B.)

2 Faculty of Mechanical Engineering, Czech Technical University in Prague,
CZ 166 36 Prague, Czech Republic; J.Smolik@rcmt.cvut.cz

3 KOVOSVIT MAS Machine Tools, 391 02 Sezimovo Usti, Czech Republic; heinrich@kovosvit.cz
* Correspondence: Michal.Holub@vutbr.cz

Received: 4 August 2020; Accepted: 4 September 2020; Published: 8 September 2020
����������
�������

Abstract: Currently, various types of software compensations are applied to machine tools. Their aim
is to increase the working accuracy of the tools. The improvement in working accuracy is then further
assessed according to the increase in the dimensional and shape accuracy or the surface quality of the
workpiece. This publication describes the effects of the volumetric accuracy of a machine tool on the
working accuracy of a workpiece, where total roundness (RONt) is evaluated in multiple cuts. In the
experiment, two test workpieces are manufactured on a three-axis milling machining centre. The first
is made using a standard machine setup while the second with activated volumetric compensation.
The LaserTRACER self-tracking laser interferometer is used to compensate for volumetric accuracy.
In the second part, verification measurements are performed with a Ballbar, where roundness error
is evaluated according to ISO 230-4. Then two test workpieces are machined, and, in the last part,
measurement is performed on Talyrond 595S roundness measuring equipment. Finally, the results are
analysed and the dependence between the volumetric accuracy, the circularity error of the machine
and the working accuracy of the CNC machine tool is established, represented by the RONt of the
workpiece. This paper presents new and unpublished relations between the volumetric accuracy of
the machine tool and the RONt of the workpiece.

Keywords: machine tool error; workpiece quality; machining accuracy; volumetric error;
circularity; roundness

1. Introduction

The increase of the production accuracy of machine tools is a continuous process with the
involvement of all manufacturers. Production accuracy is a machine feature that is also an indicator of
competitiveness; its continuous improvement is also required by the machine users themselves.

The percentage of quasi-static errors and the resulting accuracy of the three-axis machine tool was
described in 2000 by Ramesh [1]. Here, the percentage was 60–70%. Subsequently, Ibaraki expanded
this hypothesis in his 2010 publication [2] with up to 80% for five-axis machine tools. The increase in
the proportion of quasi-static errors is caused by the kinematic pair of rotary axes of five-axis machines.

There are two options to ensure high geometric accuracy. The time-consuming and more expensive
option uses a mechanically adjusted machine, i.e., no software compensation. This option is offered by
machine manufacturers, especially for their special machines, which are supplied to industries with
extremely high requirements for long-term dimensional stability. Another option is the use of software
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compensation, eliminating the basic sources of machine tool errors. These sources include geometric,
thermal, dynamic and tool wear errors. [3]. Quasi-static errors are defined as errors in the relative
position of the tool centre point (TCP) and the workpiece; these change slowly over time. They are
directly related to the structure of the machine tool itself and can be divided into geometric, kinematic
and thermal errors.

There are several ways of achieving the goal of increasing production accuracy or assessing
machine accuracy. These include the use of commercially available software compensations for CNC
machine tools, supplemented by new, more effective methodical procedures for measurement and
evaluation and the deployment of new measurement technologies. The robustness of a compensation
method, with respect to the human factor, is presented in reference [4]. In reference [5], the effect of
volumetric compensation on the improvement of the geometric accuracy of a small machining centre,
by up to 60%, is presented. The increase of the volumetric accuracy of a five-axis machining centre
using a reconfigurable artefact is presented in [6]. The use of tracking interferometers to assess 2D
geometric errors influenced by temperature change is described in [7]. The utilisation of manufacturing
accuracy data for rotational error assessment is presented in [8], linear axis compensation procedures in
publications [9,10], the use of the Ballbar for machine tool error assessment and compensation in [11], a
comprehensive assessment of measurement methods, overexertion and their effects on large machines
in [12] and the use of on-machine tool measurement in [13]. When assessing the effects of machine
geometric errors on a future workpiece, it is necessary to consider all effects that increase measurement
uncertainty and those that minimise these uncertainties.

Another group is the development of new mathematical models that describe the geometry of
the machine, which specifies the position of the TCP [8]. Publication [14] describes the principle of
weighted multilateration and its influence on the positioning of a point in the machine’s working
space, including its application to the small machining centre presented in [15]. The data obtained
from the measurement can then be used as compensation values sent for further processing of the
CNC program from the CAM. A compensation algorithm for reducing geometric errors by changing
the CNC program is published in [16]. These are mostly designed for basic measuring devices that are
commonly available on the market and have already been established in the field of machine inspection
and diagnostics.

The same is true of temperature models of machine tools and their compensations [17], where the
thermo-elastic behaviour of machine tool structures and their influence on TCP is described in [18].
This area also includes temperature measurements of machine tools [19]. From publication [20], it is
obvious that it is necessary to ensure correct positioning of the temperature sensors in order to obtain
valid data for correction of the measured data. Here, this information was used to verify machine
stability and to correct the thermal expansion of machine components.

Individual measuring devices can also be categorised according to the size of the machine tools.
This classification is divided into small, medium and large CNC machine tools according to the size
of the working space and the loading of the machine from the workpiece [21]. Not all machine
tool sizes can be used with all devices and they should be selected according to the accuracy of the
measuring equipment.

Geometric accuracy is assessed according to ISO 230. These procedures are usually part of
verification when deploying new methods of compensation of machine tools or models to predict
machine accuracy [22]. It is based on the basic methods of compensating for the geometric errors of
the tillage machines summarised in publication [23]. Another standard that can be used to verify the
accuracy of a machine is the tests based on ISO 230-4 that mostly use the Ballbar. Publication [24]
presents a methodology for predicting component accuracy based on circular interpolation and the FE
model. The use of the Ballbar, a measuring device and the circular interpolation test for the diagnosis
of three-axis machine tools is described in [25] and the use of circular interpolation for measuring
the geometric errors of five-axis machines is described in publication [26]. Roundness error has not
been improved.
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The working accuracy of a machine can be verified using ISO 10791-7 of the standardised
component [27]. This workpiece is specified to verify the production accuracy of three-axis kinematics
with the option of assessing several dimensional and shape deviations. Publications [22] and [28]
describe the effect of machine load on the position of the rotary axis, as well as the resulting orientation
errors. When assessing the geometric errors of the machine, it is necessary to consider the machining
forces and heat dissipation in the machine.

This publication is focused on describing the dependence between the volumetric accuracy of
the machine and the resulting working accuracy, assessed on the error of workpiece roundness under
finishing conditions of machining. The dependence between volumetric accuracy and roundness error
is described in publication [29], according to ISO 230-4.

The presented experiment focuses on the verification of the correlation between the volumetric
accuracy of machines and production accuracy. In this case, geometric accuracy is represented by
volumetric accuracy. The measurements of volumetric accuracy are based on the indirect method,
using the self-guiding laser interferometer LaserTRACER. This method is described, for example,
in [3]. In order to assess the influence of volumetric accuracy on the resulting working accuracy, it is
important to observe constant ambient conditions due to the repeatability of the production of test
workpieces. The negative effect of temperature on the change in volumetric accuracy is described
in [30]. Production accuracy is represented in a test workpiece designed to verify roundness error. This
is then verified by the Talyrond 595S measuring device. The roundness results of the workpiece are then
compared to those obtained with the circular interpolation test, according to ISO 230-4. The measuring
device used is the Ballbar QC20-w.

2. Experimental Setup

2.1. The Strategy of the Experiment

The experiment setup is shown in Figure 1. The experiment was divided into two parts. In the first
part, a three-axis machine tool was measured with its basic setup, i.e., without software compensation
of the geometric errors of the machine. In the second setup, volumetric accuracy was compensated
for; no other geometric error compensations were used. It is necessary to monitor the surrounding
environment throughout the measurement process. Monitoring was carried out according to the
procedure described in [20].
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Figure 1. Experiment setup.

In both parts of the experiment, circular interpolation measurements were performed with the
Ballbar QC20-w, RENISHAW (DBB) for machining without DBB1 compensations and for machining
with DBB2 volumetric compensations, according to ISO 230-4 [31]. Volumetric accuracy was measured
with the LaserTRACER, ETALON (LTc) without LTc1 (Figure 1—part of the calibration) compensations
and with LTc2 (Figure 1—part of the cerification) volumetric compensations activated. The next
step was the machining of the test workpiece (WP) without software WP1 geometric compensations
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and with WP2 volumetric compensations activated. In the last step of each cycle, an inspection
of shape accuracy (roundness) was performed using the Talyrond 595S from Taylor Hobson (TH),
again for the workpiece without activated software TH1 compensations and with TH2 volumetric
compensations activated.

2.2. The CNC Machine Tool

The machining of test workpieces was carried out on the three-axis vertical machine tools MCV
754QUICK and KOVOSVIT MAS and the SIEMENS Sinumerik 840D sl control system with the VCS
A3 option (a volumetric compensation system for three-axis machine tools).

Figure 2 is a schematic diagram of the experiment setup on a machine tool showing the workpiece
location in the machine workspace, the position of the measuring devices, the range of circular
interpolation test and the compensated workspace of the machine.
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workpiece machining.

The workspace of the machine and the measured space are defined in Table 1:

Table 1. Measurement range of the MCV 754QUICK machine tool.

Axis Start Axis WS/Start
Measure MS [mm]

End Axis WS/End
Measure MS [mm] Length [mm]

X 0/100 754/550 450
Y 0/0 500/500 500
Z −550/−400 0/0 400

2.3. The Workpiece

The shape and dimensions of the workpiece were chosen to be as consistent as possible with the
parameters of the test, according to ISO 230-4, for the circular interpolation of two linear axes. Three
diameters, 100, 200 and 300 mm, are inspected on the workpiece.
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The machining technology, workpiece material, machining position and clamping method are
identical for both parts. The dimensions of the workpiece and its shape after machining are shown in
Figure 3. The machining parameters are described in Table 2.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 18 
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Table 2. Cutting test parameters.

Cutting Parameter

Speed 200 m/min

Feed 0.1 mm/tooth

Depth 0.02 mm

Width 50 mm

Cutting Tool Spec.

Material Solid carbon

Type Endmill

No. of flutes 4

Diameter 16 mm

Holder ISO40 ER25

Material Spec. Material EN AW-2007

Dimension φ300–150 mm

2.4. Measurement Setting

The following subsections provide basic information about the measuring device used in
the experiment.

2.4.1. Circularity Tests

Two circularity tests were performed based on the principle of circular interpolation, according to
ISO 230-4. The first one for the calibration cycle referred to as DBB 1 and the other for the verification
cycle referred to as DBB 2.

The feed rates were chosen so that dynamic errors from the drives of the machine could not affect
the results of the circularity errors.

In publication [32], the effects of dynamic errors in the workpiece are presented. Specifically, the
effect of the reversal spikes on the Y-axis, which was approximately 120 µm out of a total circularity
error of 143 µm, is described in detail. In this case, other errors are negligible with respect to this error.

Table 3 shows the technical specifications of the Ballbar QC20-w.
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Table 3. Ballbar QC20-w specifications [33].

Item Specification Units

Sensor accuracy (at 20 ◦C) ±0.5 µm
Sensor resolution 0.1 µm
System accuracy ±1.25 µm

Measuring uncertainty (k = 2) 0.7 + 0.003 × L µm
Maximum sampling rate 1000 Hz

The measurement was performed in the centre of the expected machining of the workpiece at
a feed rate equal to the feed rate during machining, i.e., 400 mm/min. Based on the results of the
measurement, the uncertainty values of measuring were then determined for individual diameters.
When entered into the relationship for calculation of measuring uncertainty for 300 mm diameter
DBB1, measuring uncertainty was 0.8 µm, and for DBB2, it was 0.7 µm.

2.4.2. Volumetric Accuracy

The volumetric accuracy of the machine was verified for the calibration cycle (LTc1) and the
verification cycle (LTc2) according to the procedure described in [5]. Intermediate rigid body type 3
(IRB3) was chosen as a kinematic model. During the measurement, 1112 points in measured space
are measured, including reversal measurement. The feed rate of the machine axes was chosen to
be 6000 mm/min in order to minimise measurement time. From the calibration measurement, a
compensation file (volumetric compensation systems (VCS), Siemens) was also obtained and activated
in the machine tool.

Table 4 shows the technical specifications of the measuring device LaserTRACER.

Table 4. LaserTRACER specifications.

Item Specification Units

Resolution 0.001 µm
Measuring uncertainty (k = 2) 0.2 + 0.3 × L µm

Measuring range 0.2–18 m

Ambient conditions were monitored during calibration and the verification measurements. These
are listed in Tables 5 and 6. In the calibration measurements, temperature change on the X-axis did
not exceed 0.3 ◦C, 0.2 ◦C on the Y-axis and 0.6 ◦C on the Z-axis. These conditions can be considered
stable for calibration measurements LTc1 (see Section 3.1). The principle of measuring and determining
LaserTRACER positions (P1, P2, P3 and P4) is described in publications [4,5].

Table 5. Conditions of calibration measurement.

Position of
Measurement

Time of
Measurement

[Min]

X-Axis
Temperature [◦C]

Y-Axis
Temperature [◦C]

Z-Axis
Temperature [◦C]

P1 16 19.8 19.5 20.6
P2 13 19.7 19.5 20.4
P3 9 19.7 19.5 20.3
P4 12 19.6 19.4 20.1
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Table 6. Conditions of verification measurement.

Position of
Measurement

Time of
Measurement

[Min]

X-Axis
Temperature [◦C]

Y-Axis
Temperature [◦C]

Z-Axis
Temperature [◦C]

P1 12 20.9 20.2 22.3
P2 11 21.0 20.3 22.4
P3 8 21.0 20.4 22.6
P4 11 21.1 20.7 21.6

In the verification measurements, temperature change on the X-axis did not exceed 0.3 ◦C, 0.6 ◦C
on the Y-axis and 1.0 ◦C on the Z-axis. These conditions can be determined as an evaluation of the
verification measurement LTc2 of the volumetric accuracy of the machine tool (see Section 3.1).

2.4.3. Roundness Measurement

Verification of production accuracy was performed on the Taylor Hobson Talyrond 595S roundness
measuring instrument (Figure 4), which can be found in the laboratories of the Czech Metrology
Institute (CMI). The technical specifications of the instrument are given in Table 7.
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Table 7. Talyrond 595S specifications [32].

Item Specification Units

Maximum component diameter 400 mm
Maximum component weight 40 kg

Radial limit of error
L [mm] +/− (0.0075 + 0.0002 × L) µm

Axial limit of error
R [mm] +/− (0.0015 + 0.0002 × R) µm

Expanded uncertainty (k = 2) for a sensor range of 0.4 mm U0.4 0.063 µm

3. Experiment Results

This section describes the results obtained by measuring the volumetric and geometric accuracy
of the CNC machine tool and the roundness error of the workpieces. We can describe up to 21
geometric errors of the three-axis machine tool—the geometric error description is shown in Figure 5.
The experiment was carried out according to the procedure shown in Figure 1.
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3.1. Volumetric Accuracy of the Machine Tool

The volumetric accuracy of the machine is evaluated for LTc1 calibration and LTc2 verification.
Within the framework of the performed experiment, geometric errors and volumetric errors (ve)
were found. Figure 6 shows the errors of both the calibration and verification measurements of the
machine workspace obtained with the LaserTRACER. These errors are described according to ISO
230-1 conventions.
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Figure 7 is a graphical representation of volumetric error distribution in the machine workspace.
The results show that volumetric error (ve) decreased significantly, from 49 µm to 14 µm. Furthermore,
the positioning errors on the EXX, EYY and EZZ axes were reduced and the squareness errors of relative
axes EC0Y, EB0Z and EA0Z were significantly reduced. These errors were also reduced in the results
obtained from the circular interpolation test, according to ISO 230-4 (see Section 3.2).
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3.2. Geometric Accuracy

The geometric accuracy of the machine tool was determined by the circular interpolation test,
according to ISO 230-4. The evaluation of individual machine errors was carried out using the software
provided with the Ballbar QC20-w.

In the performed test, geometric accuracy was always evaluated without DBB1 volumetric
compensation but with DBB2 volumetric compensation.

Figure 8 shows the results of the circular interpolation measurements in the XY-plane with a
diameter of 300 mm and a feed rate of 400 mm/min, and Table 8 shows the selected parameters of the
circularity test for DBB1 and DBB2.
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Table 8. Results of the circularity test—300 mm diameter.

XY–300 Circularity
[µm]

Squareness
[µm/m]

Scaling
Mismatch

[µm]

Positional
Tolerance [µm]

Uncertainty
(k = 2) [µm]

DBB1 10.5 22.4 12.3 27.6 0.8
DBB2 4.5 −6.2 −4.0 8.4 0.7
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Figure 9 shows the results of the circular interpolation measurements in the XY-plane with a
diameter of 200 mm and a feed rate of 400 mm/min. Table 9 shows the individual test parameters.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 
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Table 9. Results of the circularity test—200 mm diameter.

XY–300 Circularity
[µm]

Squareness
[µm/m]

Scaling
Mismatch

[µm]

Positional
Tolerance [µm]

Uncertainty
(k = 2) [µm]

DBB1 8.3 10.5 9.6 20.0 0.7
DBB2 3.5 −6.3 −0.9 4.8 0.7

Figure 10 shows the results of the circular interpolation measurements in the XY-plane with a
diameter of 100 mm and a feed rate of 400 mm/min. Table 10 shows the individual test parameters.
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Table 10. Results of the circularity test—100 mm diameter.

XY–300 Circularity
[µm]

Squareness
[µm/m]

Scaling Mismatch
[µm]

Positional
Tolerance [µm]

Uncertainty
(k = 2) [µm]

DBB1 5.7 13.8 7.6 12.2 0.7
DBB2 2.7 4.8 −0.7 4.6 0.7

It can be seen that volumetric compensation is a significant concern when increasing the geometric
accuracy of a machine. Circularity error at a diameter of 300 mm in the XY-plane decreased from
10.5 µm to 4.5 µm. The results shown in Figures 8–10 show that shape accuracy also improved.
However, the above results were realised under unloaded conditions, i.e., without the gravity of the
workpiece and machining forces.

3.3. Workpiece Accuracy

The workpieces were inspected on a Taylrond 595S. They were always measured in seven
cuts (positions), spaced 5 mm apart. A diagram of the measured positions is shown in Figure 11.
The positions of the 100 and 200 mm diameters are identical and marked in blue. The positions of the
measured points on the 300 mm diameter are marked in green. Position 04 of the measured diameters
is representative, and these results are further shown as shapes of the measured RONt.
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The results in Tables 11–13 show the measured values according to the above diagram.
The arithmetic averages for workpieces WP1 and WP2 are calculated to evaluate workpiece RONt and
to allow for comparison with Ballbar results.

Table 11. RONt results [µm]—300 mm diameter.

300 mm Diameter Position [–] RONt [µm]—WP1 RONt [µm]—WP2

01 11.09 6.30
02 11.28 6.12
03 9.97 6.83
04 10.36 5.28
05 9.98 6.19
06 9.44 6.04
07 8.81 6.37

Average 10.13 6.16
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Table 12. RONt results [µm]—200 mm diameter.

200 mm Diameter Position [–] RONt [µm]—WP1 RONt [µm]—WP2

01 9.87 6.36
02 9.97 6.45
03 8.73 5.30
04 9.43 4.49
05 9.01 6.31
06 9.03 6.55
07 9.71 6.51

Average 9.39 5.71

Table 13. RONt results [µm]—100 mm diameter.

100 mm Diameter Position [–] RONt [µm]—WP1 RONt [µm]—WP2

01 6.97 7.07
02 7.59 7.11
03 4.39 5.29
04 5.10 6.34
05 5.22 4.33
06 3.68 4.60
07 4.64 4.41

Average 5.37 5.59

Figure 12 shows the roundness of the 300 mm outer diameter. Here, the average roundness
improved from 10.13 µm to 6.16 µm. Figure 13 shows the measurement result at position 04, according
to Table 11 and Figure 11.
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Figure 12. Evaluation of total roundness (RONt), 300 mm diameter.

Figure 14 shows the roundness of the 200 mm outer diameter. Here, roundness improved from
9.39 µm to 5.71 µm. Figure 15 shows the measurement result at position 04, according to Table 12 and
Figure 11.
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Figure 16 shows the roundness of the 100 mm inner diameter. There was no improvement;
however, the result deteriorated negligibly, from 5.37 µm to 5.59 µm. Figure 17 shows the measurement
results at position 04, according to Table 13 and Figure 11.
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Table 14 summarises the measured results on a machine without load by means of the circular
interpolation test, according to ISO 230-4, and the RONt results measured on a Talyrond 595S instrument.

Table 14. Circularity and RONt results.

Diameter [mm] DBB1/TH1 [µm] DBB2/TH2 [µm]

300 10.5/10.13 4.5/6.16
200 8.3/9.39 3.5/5.71
100 5.7/5.37 2.7/5.59

The comparison of results is also used to determine the ratio between the geometric, volumetric
and working accuracy of the machine. The individual dependencies between the respective parameters
are described in the next chapter.
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4. Discussion

In Figure 18, a dependence can be seen between the roundness error of the workpiece and the
machined diameter for machining circular parts (Figure 18a). Furthermore, with WP2, a relatively
constant value of roundness can be observed for all inspected diameters. With WP1, an improvement
in RONt can be seen with the decrease of machining diameter. Circularity errors DBB1 and DBB2 then
show a linear relationship between the size of the error and the machined diameter. The size of the
circularity error increases with the increase in machined diameter.
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Figure 18. (a) Diagrams of the dependence between machine circularity error and (b) workpiece
roundness error.

Figure 18b shows a graph of the improvement in percentage versus the volumetric accuracy (VA),
circularity (DBB) and roundness (WP) before the volumetric compensation and after the volumetric
compensation of the machine. With outside milling technology and diameters of 300 and 200 mm, a
strong linear relationship can be seen between WP–DBB–VA with determination indexes I2 equal to
0.9998 (300 mm) and 0.992 (200 mm), respectively. On the 100 mm diameter, even a 4% deterioration of
roundness can be seen. This deterioration can be attributed to another type of machining technology
and clearance specification due to system stiffness. A description of this behaviour will be the subject
of further research.

Figure 19 shows the dependence between the squareness measured in the XY machining plane
without load from the Ballbar device (DBB1 and DBB2) and the RONt obtained from workpiece
measurement (TH1 and TH2). A higher correlation rate can be seen for DBB1and TH1. This can be
attributed to a higher squareness error value, which also results in a higher rate on the workpiece.
In contrast, the squareness error of DBB2 was reduced by 72% compared to DBB1. Here, squareness
error does not have such a dominant effect on the resulting RONt, which is also reflected by the
correlation between DBB2 and TH2. The difference between DBB2 and TH2 may be due to the fact
that, with less geometric error, the proportion of the error wedged from the cutting forces increases.
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The acquired knowledge about the behaviour of machine tools in terms of geometric accuracy can
be further used to predict the dimensional and shape errors of workpieces. The results are applicable
to finishing technologies where machining forces are negligible and do not burden the machine with
deformation from static compliance.

5. Conclusions

This paper describes a new, complex approach for verifying the dependence between the geometric,
volumetric and working accuracy of CNC machine tools. The conclusions of this work serve further
research in the dimensional and form deviation prediction of workpieces. The experiment proves that
the resolution of the method corresponds to the requirements for precise production, where deviations
are in the dimension range from 5 to 10 µm.

An improvement in the volumetric accuracy of a small three-axis machine tool by 70% results in
an up to 58% improvement in circularity in an unloaded state, measured according to ISO 230-4, and a
40% improvement in the RONt of the workpiece under finishing conditions of machining.

It is also evident from the results of the experiment that circularity error is significantly affected
by the squareness error of two relative axes in the machining plane, both in the circular interpolation
test of two linear axes according to ISO 230-4 and the impact on the workpiece RONt.

In a small CNC machine tool, including MCV754QUICK, a 40% improvement in RONt can be
achieved through the activation of volumetric compensation. Here, the net measurement time was
50 min. The time it took to position the LaserTRACER, implement the compensations and verify
using the Ballbar QC20-w was approximately 125 min. This is a highly effective way of increasing
production accuracy in terms of machine measurement time, implementation of compensation tables
and verification.

Further research in this area will be focused on the verification of dimensional accuracy under
various machining conditions.

These results have the potential to further streamline compensations, leading to an increase in
production accuracy, and can be used to predict the geometric, volumetric and production accuracy of
machine tools, based on the principle described, for example, in [34,35].
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