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Currently, emphasis is placed on the ever-higher accuracy and
speed of measuring the geometric accuracy of CNC machine
tools. Achieving the highest possible accuracy is often time-
consuming, which results in higher financial costs.

The purpose of this study was to verify the suitability of the
dynamic measurement of the position CNC machine based on
laser interferometry using angular optics concerning static
measurement. In the case of both measurements, a
commercially available laser interferometer XL-80 was used.
First, a static measurement was performed on the horizontal X
axis, then a set of dynamic measurements was performed, and
the last static measurement was evaluated as a control. The test
therefore assesses the accuracy of dynamic position
measurement in accordance with ISO 230-2 parameters. The
advantage of dynamic measurement is the provision of a more
realistic and detailed view of CNC machine tool errors thanks to
the high resolution of the measurement itself. At the same time,
this research opens another unexplored area of mutual
synchronization of data obtained from the CNC machine and
data from the reference method.
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1 INTRODUCTION

Machine tools are an essential part of the modern production
process for machining various materials with ever-increasing
precision requirements [Schwenke 2008, Luo 20024],
productivity [Sarvas 2024], automation [Bloss 2007], process
monitoring, multiaxis machining, loT integration and other
[Soori 2023].

Mechanical accuracy and automation speed are based on design
quality, manufacturing accuracy, assembly quality, and control
quality. While numerical compensations represent a more cost-
effective approach to increasing the geometric accuracy of a
machine [Holub 2022, Zhang 1985, Zhang 2023] and working
accuracy of the machine [Holub 2020].

New procedures, hardware and software enable developments
in measurement techniques. One of the innovative approaches
is the so-called on-the-fly measurement [Schwenke 2009] which
increases the efficiency and accuracy of data acquisition and
analysis. These methods enable adjustments and calibrations in
shorter / real time, thereby significantly improving
measurement processes [Budzyn 2018, Budzyn 2021, Holub
2017].

Dynamic / continuous measurement is enabled by devices such
as XM60 (free run mode) (RENSIHAW, UK), Laser TRACER (on the
fly) (Hexagon, SE). These measuring devices are significantly
more expensive than the commonly used laser interferometers
of the XL-80 type, which are among the most frequently used
interferometers by manufacturers and service providers of CNC
machine tools.

Interferometric measurements are based on the Michelson
principle. The emitted light is divided into two beams depending
on the polarization: measurement and reference. A detector in
the laser head detects the phase difference with the returning
laser beams. Depending on the configuration of the
optomechanical components, the measured displacement
distance can be applied to calculate various parameters of the
machine tool [Budzyn 2021]. Laser interferometry has a wide
range of applications in diagnostics and in the case of examining
the precision of CNC machine tools [Begovic 2014, Castro 2008,
Elmelegy 2023, Lingeswaran 2017, Marek 2023, Zhang 2015].

This article is focused on verifying the possibility of using the XL-
80 laser interferometer for dynamic measurements, focused on
angular and straightness measurements. In the case of these
errors, it is not necessary to know the exact position of the
machine axis due to continuous changes in uniform deviations.
It is important to describe the position error introduced due to
the triggering of the position depending on the method of
synchronization of the scanned information from the laser and
the position of the machine obtained from the linear encoder of
the machine. As a trigger, the signal from the CNC program
(asynchronous action) and further via OPC UA communication
was tested [Holub 2022], which has a great potential for a rapid
data publication [Reddy 2023].

2 DEMONSTRATOR

The position accuracy was performed on the MCV 754 Quick
(KOVOSVIT MAS, CZ). It is a three-axis vertical machining centre
with a C-frame shape. The machine is equipped with a cross table
(axis X, Y) and a spindle (Z) with travel on a stand. The kinematic
chain of this machine, from work piece to tool, is W-X-Y-Z. The
machine uses a Siemens control system Sinumerik 840D sl. The
machine tool has integrated OPC UA (Open Platform
Communications Unified Architecture). This integration
facilitates real-time monitoring, control and data acquisition
across different machine tools.

In the Tab. 1 are shown technical parameters of the milling tool,
those are declarable based on the standard I1SO 230-2:2014 [ISO
230-2]. The size of the workspace is defined based on the Fig. 1.

500 T

500

e
\ y
.
50?)\ 1000

Figure 1. Workspace of the MCV 754 Quick

A e 754500500

Table 1. Selected machine parameters
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3 METHODS

The calibration laser XL-80 (Renishaw, UK) based on the principle
of laser interferometry is designed to provide excellent stability
of measurements and, due to mobility, provides quick
diagnostics for checking CNC machine tools. This device provides
measurement of various parameters such as measurement of
position, straightness, perpendicularity, flatness and so on. The
test is based on the principle of angle optics measurement in the
X-axis  positioning  measurement  configuration. The
measurement uncertainty can be estimated according to the
following equation [Renishaw 2013]:

Uk=2) = 0.2pm+ 0.3 X L pm/m (1)

The geometric accuracy tests of machines refer to the
verification of dimensions, positions, and shapes and the mutual
movement of components that will affect the accuracy of the
machine's work and are defined in [ISO 230-1:2012, ISO 230-
2:2014]. Standard measurement based on laser interferometry
takes place using a static method, schematic diagram in Fig. 2.
The optical assembly consists of a He-Ne laser, an
interferometer, and a reflector. The reflector is fixed to the
spindle. In the assembly, the interferometer is a moving
component fixed to the machine axis in position S (starting point
of measurement). From point S, it moves back to position 0 to
define backlash. Subsequently, the axis moves and gradually
stops for 5 s at predefined distance intervals (16 positions), until
it reaches the end at point F. The axis then performs a reverse
movement, when, as before, it records the position data at the
defined positions for 5 s. The measured position based on laser
interferometry was compared with the read position in the
machine. A different value in the resulting positions is
considered an error.
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Figure 2. Schematic diagram of the static measurement
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Figure 3. Schematic diagram of the dynamic measurement

On the contrary, dynamic measurement differs from static
measurement by continuous data collection. The idea was based
on the same concept as static measurement when backlash was
defined before cycle measurement. The interferometer does not
stop during measurement, the axis was constantly in motion
during individual measurements of different axis speeds. Due to
software limitations, the data readout sampling frequency had
been experimentally determined to be 100 ms. At a lower
sampling rate, the commercial laser showed considerable
instability. The dynamic measurement scheme is shown in Fig. 3.
The measured position based on laser interferometry was
compared with the read position in the machine. A different
value in the resulting positions is considered an error. And in the
end, the time saving between the static and dynamic
measurement method was compared.

4 DATA SYNCHRONIZATION

The software applied for external laser control was used through
the LabVIEW development environment. Renishaw has released
an SDK (Software Development Kit) for this laser control option,
which acts as a library that allows direct communication with the
laser (functions to connect and disconnect the laser, drivers and
read data). Fig. 4. shows a block diagram of the measurement
setup connection and a measurement flow chart.
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Figure 4. Diagram of the dynamic measurement

The software allows to choose the type of measurement
between static or dynamic measurement. It also allows to
choose the number of measurement cycles, whereby one
measurement cycle means the measured position in the forward
and backward directions. Another parameter is the sampling
frequency (sample period) of data collection. The triggering of
individual cycles itself was defined in the machine tool program.
The developed software displays current information about the
scanned data in graph form. The horizontal X-axis represents
time [s], where the start is to and every other value is +dt (sample

period). The vertical Y axis represents the deviation [um].

In the pilot dynamic measurement, the synchronization of data
collection by the laser and the movement of the machine axis
was performed manually, where the operator manually turned
on the laser measurement and then started the movement of
the machine axis. However, this method of synchronization has
not been proven due to the effect of the imprecise delay of the
movement of the machine axis relative to the start of data
collection. And thus, it was not possible to clearly define the
exact beginning and end of the measurement cycle based on the
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reading frequency of the laser. This fact is proven by the results
in Tab. 2, where three independently consecutive
measurements of M1, M2 and M3 (Position deviation) at axis
speeds of 1000 [mm/min], 3 000 [mm/min] and 6 000 [mm/min]
too large deviations of position between individual
measurements occur. Fig. 5 shows a comparison of the time
record for the evaluation of time savings during dynamic
measurement. The position deviation for each axis positioning
speed was determined based on the number of data received at
each speed of the axis, which is shown in Tab. 2. In this case, it is
also necessary to point out that it is not possible to obtain the
exact corresponding deviation in a specific position. Deviation
can only be assigned to a specific position based on the time
trace. Therefore, for the need for a detailed investigation of the
deviation of the position, it is necessary to know the exact
position of the reading of the measured value with respect to the
position of the axis of the machine. To gain awareness of the
current state, it is important to obtain information at least every

5 mm.

- 48 42 21 447

- 27 41 36 150 150
- 38 39 13 76 76

Table 2. Position deviation of pilot dynamic measurement
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Figure 5. Schematic diagram of time savings during dynamic
measurement

The subsequent synchronization of the CNC machine tool and
the laser interferometer during the measurement was solved by
a signal brought from the digital output of the machine to the
input of the laser interferometer. For dynamic measurement, it
was necessary to design a method of data collection so that the
recording of data from the PC and the positioning of the axis are
synchronized, according to scheme, see Fig. 6. A program was
written in the CNC machine to position the interferometer
(optical component) so that the X-axis moves towards the
reflector by 20 mm after starting. At this point, the measurement
of the position of the interferometer in the positive direction of
the Y axis was started. Acceleration of the movement of the axis
to the desired speed during the measurement is neglected due
to the noticeably short start-up distance.
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Figure 6. Schematic diagram of data synchronization

Based on this data synchronization, static and dynamic
measurements were compared to each other to verify the time
savings and deviation value. A static measurement M1 was
performed first, then three dynamic measurements Mpl, Mp2,
and Mp3 with axis feed rates followed of 2 000 [mm/min], 6 000
[mm/min] and 10 000 [mm/min]. At the end of the
measurement, a static measurement M2 was performed again
as a measurement control. The static measurement consisted of
five measurement cycles where position values were recorded
from sixteen positions. The dynamic measurement was carried
out equally in five working cycles, and each cycle is repeated five
times, from which the average value is subsequently calculated.
The results of the measurements are shown in Tab. 3, 4. The
results show that the achieved position accuracy in comparison
of both methods turned out in this case to be comparable with
a negligible difference. The position deviation in the first static
measurement reached a value of 53.1 um and in the final static
measurement 56.6 um, in both cases the standard deviation is
equal to 0.5 pum. Dynamic measurement of the position
deviation reached values from 53.60 um to 55.98 um. Their
standard deviation was on average 0.53 um in the first and third
dynamic measurements, but in the second dynamic
measurement it reached a value of 0.80 um, which could have
been caused by the influence of the surrounding environment in
the production hall. The advantage is the considerable time
saving of dynamic measurement compared to static
measurement. A comparable time saving of 35 s is evident in the
comparison of static and dynamic measurement in the case of
the same axis feed speed of 2 000 mm/min. In the case of a feed
speed of 6 000 mm/min, there was a time saving of 109 s, and at
a feed speed of 10 000 mm/min, the time saving of dynamic

measurement compared to static measurement is up to 124 s.

- Ms1 0.5 162

53.1
Table 3. Results of the static measurement

Ms2 56.6 0.5 162
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1 53.60 0.61

2 53.77 0.53

3 54.27 0.52 127
4 54.36 0.42

5 54.86 0.61

6 54.88 0.87

7 57.74 0.95

8 54.97 0.84 53
9 55.28 0.66

10 55.16 0.69

11 54.97 0.52

12 55.04 0.51

13 55.10 0.45 38
14 55.72 0.57

15 55.98 0.58

Table 4. Results of the dynamic measurement

The graph shown in Fig. 7 describes the resulting interval of the
position deviation of the dynamic measurement where it
compares the results of the static and dynamic measurements
as follows. The red points show the mean position deviation
values of the first and second static measurements. The interval
shown in yellow is defined based on the standard deviation of
the resulting position of the static measurement. Dynamic
measurements of the mean positions deviation values are
shown in blue. Based on their standard deviation, they meet the
criterion of occurrence of a value in the static measurement
interval. The results of this measurement confirm the ability of
dynamic measurement to maintain position measurement
accuracy comparably successfully than static measurement.
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Figure 7. Interval of the position deviation

Of the environmental conditions, it is particularly important to
emphasize the effects of temperature fluctuations on the object
of measurement, the measuring system and the clamping
components. Therefore, during the measurements, the current

® Mean position deviation [um] o

temperature of selected components of the CNC machine tool
was monitored in detail by external sources at individual points
of the (mean of 526 values) and compared with the current
temperatures obtained directly from the machine before and
after the measurement on the X-axis linear scale. The minimum
and maximum temperature were also recorded on the X-axis
linear scale. It follows from the data that the temperature
gradient up to 1°C was not exceeded, therefore the data can be
considered valid, see Tab. 5 and 6.

0.16

Table 5. Machine axis temperature before and after the measurement at
individual points

Table 6. Machine axis temperature before and after the measurement
obtained directly from the CNC machine tool

5 DISCUSSION

This study investigated the uncertainty of the dynamic
measurement relative to static measurement of position
accuracy using a conventional laser interferometer. For this
purpose, the synchronization of dynamic measurement data was
also investigated using the LabVIEW development environment.
While previous studies dealt with the dynamic measurement
methodology itself [Budzyn 2021], they have not explicitly

9 10 11 12 13 14 15 16 17

interval - @ interval +

focused on determining the dynamic measurement's
uncertainty using angle optics. This study proves that the
dynamic measurement of the position of the linear axes of the
CNC machine using angle optics and the commercially available
device XL-80 from the company (Renishaw, UK) is able to
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compete with the currently standard static measurement not
only in measurement accuracy but also in a much shorter time.
The advantage of laser interferometry and its dynamic
measurement is a higher sampling frequency based on
continuous data collection, as it provides detailed information
about the current state of the machine. The laser interferometer
provides a suitable sampling frequency for this purpose, even if
it reaches the manufacturer's stated sampling frequency of 60
ms, based on testing, a value of 100 ms was determined to
maintain the stability of the measurement. However, the main
issue remains the synchronization of position data between the
CNC machine itself and the laser interferometer. To be able to
synchronize the measured data from both entities, it is first
necessary to test different communication platforms that will
meet the sampling frequency criterion. The subject of testing will
be OPC UA platforms (Siemens, DE), where the highest sampling
frequency is the same as a laser interferometer — 100 ms.
Furthermore, the S7comm protocol (Siemens, DE), which
achieves a sampling frequency of 10 ms and the highest sampling
frequency possible using Edge Computing in combination with
Python. However, further studies are needed to confirm the
functionality of the proposed platforms.

6 CONCLUSIONS

The implementation of devices based on the principle of
nanotechnology into CNC machine tools to speed up the current
methods of measurement processes plays a significant role in
this area. Their benefit is obtaining essential information about
the behaviour of the CNC machine, able to meet the production
requirements regarding machining accuracy.

This article discusses the evaluation of the dynamic
measurement of the position accuracy of a CNC machine tool
with respect to the current static measurement of the position
accuracy. The calibration laser system XL-80 based on the
principle of laser interferometry from Renishaw was applied as a
measuring device for data acquisition. To verify the initial
accuracy of the position, a static measurement was performed,
followed by a set of consecutive dynamic measurements. Finally,
to verify the accuracy of the position, a final static measurement
was performed. Based on both static data, the position accuracy
error interval was determined based on the standard deviation,
in which the occurrence of dynamic measurement values can be
expected. From the conducted study, the comparable time
saving of the dynamic measurement is 124 s shorter than the
static measurement due to the parameters of the test CNC
machine.

The results of the measurements based on the current, static
solution and the dynamic result show mutual comparability of
the results, therefore a further procedure in solving this problem
in the field of large machine tools is assumed, where significant
time savings can occur when measuring position deviation. At
the same time, thanks to the simplicity of dynamic
measurement, its application is a promising benefit for common
industrial applications both in the production and in the

industrial sphere.
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