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ABSTRACT

The paper presents the test results of the accuracy and repeatability of the three-axis milling plotter with the use
of the LSP 30 Compact laser interferometer. The experiment was carried out using two measurement strategies.
A machine learning (ML) model was developed using feed rate v and the positioning accuracy and repeatability
parameters (4, ATA], R, RTR|, B and B). Due to the nature of the data, a linear regression model was chosen.
A less efficient but more accurate measurement strategy was the 'pilgrim” strategy. Whereas, the linear measure-
ment strategy proved to be more efficient but less accurate. High, constant insolation of the test stand and air hu-
midity influenced the measurement results. The predicted positioning accuracy and repeatability parameters were
determined on the basis of the developed model using first-degree regression equations. Prediction of positioning
accuracy parameters depending on measurement conditions and measurement strategies can be a useful tool to

control or predict the process machine accuracy and the shaped contour accuracy.

Keywords: positioning accuracy and repeatability, measurement strategy, laser interferometry

INTRODUCTION

A main aspect in assessing the dimensional
and shape accuracy of a part is the accuracy of
a CNC machine tool. Accuracy test of numerical
machine tools are based i.a. on the use of laser
systems that enable accurate measurements. The
paper [1] discusses one of the methods of mea-
suring machine tools with the use of laser trian-
gulation technology. Laser triangulation measure-
ment is a laser method of optical displacement
detection. The advantages of this method are: the
possibility of the fine tuning depending on the
machined roughness surface, controlled signal
processing, minimization of machine tool errors
related to additional handling. The disadvantage
of this method is that laser displacement sensors
are subject to a measurement error similar to the
noise that comes from a spot in the reflected la-
ser beam, affecting the measurement accuracy.
In addition, the authors presented the factors in-
fluencing the measurement accuracy with a laser
sensor. These factors included i.a. error due to

triangulation method, machine geometry error,
position calibration error, environmental evalu-
ation error, ignited measurement route (linear,
identifiable or normal).

Another main factor influencing the accura-
cy of a laser interferometer measurement is tem-
perature. In the paper [2], the authors describe
a research methodology detecting errors in the
thermal positioning of the linear axis of a ma-
chining centre with the use of a laser interfer-
ometer. These errors are seen as consequences
of geometrical and thermal errors generated
due to manufacturing and assembly inaccura-
cies. The authors of the paper proposed an ap-
proach to separate the thermal positioning errors
of the machining centre linear axis on the basis
of which a predictive model of positioning er-
ror model was formulated. After conducting re-
search and analysing the results it was found that
the maximum thermal positioning errors of the
Z axis in the cold and warm states were reduced
for 87.09% and 49.87% after the compensation
module was activated. The authors of the paper
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[3] have developed an overview of machine tool
calibration technologies. The review discusses
measurement methods, modelling theories and
strategies for compensating for machine tool er-
rors. The most commonly used method for iden-
tifying these errors is to use a heterodyne laser
system where the wavelength of the laser light
provides a traceable reference of the wavelength.
The authors of the paper noted that an alterna-
tive to interferometric laser multilateration is
use of the GPS systems. To compare the perfor-
mance of the measurement methods, the results
of the GPS measurement were compared with
the results of the laser tracker measurement. The
GPS sensor deviation error was observed which
significantly affected the measurement uncer-
tainties. Comparative studies have shown that
the GPS technology need to be improved and
interferometer systems are still one of the most
accurate methods of calibrating machine tools.

The article [4] presents a method for identi-
fying and compensating geometrical errors of a
three-axis machining centre based on volumetric
measurements of oblique error and positioning
error. A geometric model was created and then
the principle of laser tracker measuring error was
established. The results of experimental studies
showed that the method of errors identification
and compensation is effective in reducing the
volumetric errors of oblique errors. Moreover,
the final volumetric diagonal positioning error
was controlled at about 20 um.

Laser systems, used for CNC machine tools
calibration are also used in positioning studies of
industrial robots. To monitor the final deviations
of the robot, the authors of the paper [5] used laser
tracker and the GPS system. The research shows
that the laser tracker proved to be more accurate
system due to the best sampling rate and measure-
ment accuracy. The GPS system appeared to be
an inaccurate due to a position error of 380 pm.

Due to the high performance, wide working
range and high flexibility, industrial robots are be-
ing increasingly used in the automotive, machining
or aerospace industries. Whereas, the low position-
ing accuracy, resulted from the serial configura-
tion of industrial robots, has limited their further
developments and applications in the field of high
requirements for machining accuracy, e.g., air-
craft assembly. Therefore, the authors of the work
[6] proposed a neural network-based approach to
improve the robots positioning accuracy. The test
results showed that all errors were compensated
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more than from 1.5 mm to 0.5 mm and the robot’s
accuracy increased by more that 77%.

The paper [7] presents research on the volu-
metric positioning accuracy of multi-axis CNC
machine tools using a laser measurement sys-
tem. The volumetric accuracy of machine tools
was significantly improved. Machine tool accu-
racy design methods now include a robust design
method for machining accuracy and static geo-
metric accuracy. A robust machining accuracy de-
sign methods is based on the effective evaluation
of the machine tools volumetric positioning ac-
curacy, and the geometric error elements are used
as analytical variables without directly directing
tolerance calculations. Experimental studies were
based on volumetric accuracy modelling, iden-
tification of geometrical errors elements for the
motion axis, tolerance modelling and a method
for designing the machine tool static geometrical
accuracy. The results of the study show that the
consideration and implementation of the research
assumption improved the volumetric positioning
accuracy of a multi-axis CNC machine tools.

The work [8] presents a method of compen-
sating for the positioning error of the five-axis
machine tools with the use a laser interferometer.
In addition, the relationship between thermal error
and axis positioning error was investigated. The
sold preparation of the test stand increased the ac-
curacy of the obtained measurements. The factors
influencing the measurement were: the laser in-
terferometer uninterrupted operation for 9 hours,
shorter head run setting, air pressure and humidity.
The measurement results showed that the machin-
ing error was reduced by more than 85% and 37 %
with the current error compensation compared to
the lack of traditional error compensation.

The article [9] presents a method of increas-
ing the positioning accuracy of feed kinematic
joints. The authors distinguish two groups of
errors sources in the positioning machine tools:
external and internal sources. External sources
of error include ambient temperature, machine
components gravitation forces, vibration gener-
ated by neighbouring machines. On the others
hand, internal sources are inaccuracies in the
internal structure of the machine tool as well
as geometric and kinematic errors. The authors
proposed a method for correcting machine tool
positioning errors based on an innovative de-
vice to which the measurement of the machine
axis can be referred. This device is made of an
aluminum body on which five rails are attached.
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This device measures machine tool errors at
125 point. The advantage of this method was
that it provided improved positioning accuracy
throughout the entire machine tool working area
and fast accurate measurement.

The paper [10] shows research on the impact
of positioning accuracy given by the CNC ma-
chine tool encoder. This research focuses on the
impact caused by non-compliance with the Abbe
principle on the positioning accuracy of the ma-
chine tool kinematic coupling, both at idle and
trial work. After analysing the measurement re-
sults it was concluded that the encoder position
in relation to the guides plays an important role.
Other condition that depend on the rigidity of
the guiding system are the system type (direct or
indirect) and the rotation torque reduction. Due
to the fact that the sliding conditions on the con-
trolled axis are variable, the application of the
Abbe principle is impossible for the correction
introduction to improve the positioning accu-
racy. The authors emphasized what to pay atten-
tion to during future research — the ball position
in relation to the guide guides and the resultant
force of slip resistance; correct selection of the
encoder position in relation to the measurement
direction and the guides use with appropriate
rigid and low friction coefficient.

The work [11] presents the results of re-
search on the adjustment of machining accuracy
on long-axis CNC machines in order to increase
the positioning accuracy taking into account the
effect of thermal expansion. A laser interferom-
eter was used in the X-axis study. And the results
showed that the X-axis positioning accuracy val-
ues increased after compensating for the error.

The compensation of positioning errors using
a laser interferometer for the Cartesian multi-axis
system (MAS) is presented in work [12]. Mea-
surements were made of geometrical and ther-
mal errors constituting the positioning error. It
was found that error compensation with a laser
measuring system improved the accuracy of the
machine by more than 90%, thereby reducing the
maximum volumetric error. A study emphasized
that all tests were performed at low speed values
due to a higher accuracy of measurements.

In the paper [13] the problem of measure-
ment errors in bidirectional linear positioning of
a three-axis numerical milling machine was in-
vestigated. The results obtained for three linear
axes X, Y and Z with a laser interferometer were
reported. An important aspect of the study was

that the obtained results were compared with
the data specified in the ISO 10791-4 standard:
Conditions for testing machining centres — part
4: Accuracy and repeatability of positioning in
linear and rotary axes.

In a study [14], errors of linear and angular
(pitch) displacement as well as straight-line trav-
el errors for numerical lathes and milling ma-
chines were examined using a laser measuring
system. According to this paper, for the proper
measurement of machine accuracy, attention
should be paid to several factors, including the
type of machining process, preload, hysteresis
of ball and nut mechanisms, positional stability,
encoder efficiency, resonance characteristics of
drive motors, spindles and other systems, as well
as stability and interpolation accuracy. The use
of laser systems enables operation under work-
shop conditions. However, it is worth empha-
sizing that the proper selection of a measuring
system must take into account many important
factors, such as purpose, machine type, desired
accuracy and precision, place of the machine in
the production process, available time, price and
maintenance costs of the machine.

The diagnostics of CNC lathe and milling
machine with an XL80 laser interferometer and a
weather station comprising temperature, humidity
and pressure sensors is investigated in paper [15].
The linear and angular positioning of machine
tools in the X, Y, Z axes was measured. The au-
thors emphasized that incorrect movements of the
laser head could change laser optics, which might,
in turn, be a very time-consuming solution. Con-
sequently, this would lead to repeating measure-
ments in individual axes, whereas any change in
the position of the laser or its optics would require
calibrating the entire measuring system.

A study [16] deals with the evaluation of the
accuracy of positioning of a numerical machine.
A laser interferometer was used to measure the
accuracy of positioning the numerical lathe in
the X and Z axes, and the QC-10 Ballbar test was
employed for general diagnostics of the machine
tool. It was found that the Z and the X axis clear-
ance, reversal errors and radial clearance had the
greatest impact on the accuracy of positioning.
On the other hand, periodic deviations along with
deviations from perpendicularity and straight line
as well as following errors had the smallest im-
pact. According to this paper, the backlash can be
observed as variations in motion radius deviation
outside or inside the arc being performed. This
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can result from the backlash in the drive system
of the machine tool or in the measuring system
or from insufficient rigidity of these systems. In
order to determine the error values for a machine,
it is necessary to refer the results to relevant stan-
dards. When analysing the causes of inaccuracies,
it can be observed that the easiest way to prevent
them is to use compensation of the machine tool
control system, and thus to re-implement the ac-
curacy of positioning and diagnostic tests of the
machine tool.

A study [17] investigates the impact of com-
pensation of CNC machine geometrical errors
on the accuracy of mapping motion with circular
interpolation. The results of accuracy and repeat-
ability of positioning for a three-axis numerical
milling machine using a laser interferometer were
reported. It was emphasized that the main source
of positioning errors were geometrical inaccura-
cies of the machine tool. These inaccuracies re-
sulted from incorrect geometries of the machine
tool components. Therefore, to obtain more accu-
rate measurement results, temperature, pressure
and air humidity were changed.

The paper [18] presents examples of laser
measurement systems used for determining the
accuracy and repeatability of positioning of CNC
machine tools, emphasizing that machine tool
control was a crucial factor in improving the cut-
ting process, increasing product quality and pro-
cess productivity. The quality of components pro-
duced on a CNC machine largely depends on its
geometrical and kinematic accuracy.

A study [19] investigates the kinematic ac-
curacy of a three-axis lathe and thread grinder
using a laser interferometer. The dynamic cali-
bration of these machines was discussed. The re-
sults showed that the errors of lathe positioning
repeatability were so serious that they exceeded
the values recommended by the ISO standard.
This means that the dynamic accuracy of the lathe
was incorrect. It was emphasized that the static
calibration of lathe positioning accuracy was in-
sufficient for effective assessment of the accuracy
of this machine. This demonstrates that both dy-
namic and static accuracy of positioning machine
tools is essential to obtain expected results, and
that studies on the accuracy of machine tools are
of vital importance.

The aim of this study is to investigate the im-
pact of the measurements conditions and the mea-
surement strategy on the positioning accuracy
and repeatability of the three-axis milling plotter.
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MATERIALS AND METHODS
Methodology

The object of the study was the three-axis
CERTUS milling plotter. Its accuracy and re-
peatability of positioning in the Y axis were
measured, particularly the bidirectional accura-
cy of positioning 4 of a numerically controlled
axis A4, unidirectional accuracy of positioning
of an axis (47 and A4|), unidirectional repeat-
ability of positioning (R1 and R|), and reversal
value of an axis B. The measuring length lp was
1500 mm. In accordance with the ISO 230-2
standard and the specified measuring length
value, 11 measurement points were selected.
Values of the parameters were measured with
a step of 150 mm between the measurement
points. The study was conducted using two
different measurement strategies. The ambient
temperature was 24°C and the air humidity was
45%. The tests were performed with the use of
the following:

e [ SP 30 Compact laser interferometer,

e two linear reflectors, one of which was con-
nected to the tool head while the other was at-
tached to the machine table.

The measuring length was selected based
on the range of Y axis movement. The research
plan for assessing the accuracy and repeatabil-
ity of positioning a three-axis CNC milling
plotter is shown in Figure 1. The input param-
eters were measurement strategies and feed
motion speed v, The output values were accu-
racy and repeatability of positioning of a mill-
ing plotter. The number of measurement points
was maintained constant, while the following
were made variable: temperature, pressure, air
humidity, laser head vibration, and laser inter-
ferometer resolution.

The milling plotter is equipped with a
PikoCNCS5.0 control system and has the maxi-
mum spindle speed of 18000 rpm. The maximum
travel of the plotter spindle is 1000 mm for the X
axis, 2000 mm for the Y axis and 200 mm for the
Z axis. The test stand is shown in Figure 2.

Technical parameters of the laser interferom-
eter are listed in Table 1.

Figure 3 shows the strategies applied for
measuring plotter spindle motion using the feed
speed range v, = 1000-5000 mm/min. Figure 3a
shows the linear strategy and Figure 3b shows
the "pilgrim” strategy.
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Figure 1. Research plan for assessing the accuracy and repeatability of positioning a three-axis CNC milling plotter

Figure 2. Test stand

RESULTS AND DISCUSSION

The error of positioning milling plotters con-
sists of many factors. This section provides infor-
mation about the sources of errors regarding the ac-
curacy and repeatability of positioning of the mill-
ing plotter (Figure 4). Factors from three groups of
measurement errors were taken into account when
calculating the accuracy and repeatability of posi-
tioning of the machine tool. They included:

e dynamic errors related to drive and machine
control system,

e kinematic errors related to the elements provid-
ing the working units of the machine tool with the
movements necessary to perform the operation,

e construction errors related to the stiffness,
friction and loads of individual components of
the machine.

Statistical analysis

Measurements were made in accordance
with the procedures specified in the PN-ISO
230-2: 2014 standard: Machine tool testing
rules — part 2: Determination of accuracy and
repeatability of positioning of numerically con-
trolled axes. Each measurement cycle was re-
peated twice and consisted of 11 measurement
points. Results obtained for the linear Y axis are
listed in Table 2 for the following parameters:
bidirectional accuracy of positioning A4, unidi-
rectional accuracy of positioning (forwards 41/
backwards A4]), bidirectional repeatability of
positioning R, unidirectional repeatability of
positioning (forwards R1/backwards R|), rever-
sal value of an axis B, and mean reversal value
of an axis B. The bidirectional accuracy of po-
sitioning 4 of the numerically controlled Y axis
was determined from formula 1:

A=max[y 1+ 2s1; v, +2s]]-
“minly, - 2515y, - 25,11 (1)

where: y_is the bidirectional positioning at a
position, s, is the estimator of the bidi-
rectional standard uncertainty of posi-
tioning at a position.

Table 1. Technical specifications of LSP 30 compact laser interferometer

Permissible ambient temperature range 10-35°
Permissible temperature changes during measurement 2°
Laser type He-Ne
Laser beam diameter 0.8 mm
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Figure 4. Sources of errors regarding the accuracy and repeatability of positioning of a milling plotter [14]

The values of bidirectional accuracy of posi-
tioning of the Y axis, forwards A1 and backwards
A|, are determined from formulas 2, 3:

Ar = max[y? + 2s 1] —min[y? + 2s1]  (2)
Al=max[y| + 2s ] —min[y| + 2sl]  (3)

where: y is the bidirectional systematic position-
al deviation.

The bidirectional repeatability of positioning
R was determined from formula (4):

R = max[R]

; “4)

where: R = R is the bidirectional repeatability of
positioning at a position determined from
formula 5:

R =max[2s1 +2s| + B; R1, R|] (5)

where: B is the reversal value at a position (B.=y_ 1

—,4) R1, R | denote the unidirectional re-
peatability of positioning at a position.

The reversal value B was determined from
formula 6:
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B = max[B ] (6)

Table 2 presents the measurement points in
the Y axis of the milling plotter, applied in the lin-
ear and the 'pilgrim’ strategy.

Table 3 presents lists the parameter values in
the Y axis of the milling plotter in linear strategy.
Table 4 presents lists the parameter values in the ¥
axis of the milling plotter in "pilgrim” strategy.

In addition, as part of the statistical analysis,
four tests were carried out (Shapiro-Wilk, Ander-
son-Darling, Lillefors and Jarque-Bera) to check
the normality of the values distributions of the ob-
tained plotter accuracy parameters obtained with
two strategies. The final stage of the statistical tests
was a comparative analysis of their results. The hy-
pothesis of all statistical tests were as follows:

e H,: the distribution of the data in the sample is

a normal distribution,

e H: the distribution of the data in the sample is
not a normal distribution.

A summary of the normality tests results of
the plotter accuracy parameter values distribu-
tion obtained with the linear strategy was shown
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Table 2. Measurement points in the Y axis of a milling plotter, for the linear and the "pilgrim” strategy

Axis Measurement points
Y o | 150 | 300 | 450 | 600 | 750 | 900 | 1050 | 1200 | 1350 | 1500

Table 3. Lists of parameter values in the Y axis of a milling plotter in linear strategy

Tolerance
Feed rate v, Bidirectional Unidirectional Bidirecti.o.nal Unidirectigrnal Mean reversal
[mm/min] accuracy of accuracy of repggtaplllty of repeg{abﬂﬁy Revergal value of value of an
positioning, A positioning, positioning, R of positioning, an axis, B [um] axis, B [um]
[um] ATA| [um] [um] RIR| [um]
554.8 551.2 214 1.4 11.9 -7.8
1000 553.1 550.6 20.8 11.6 11.8 -7.6
551.2 550.9 21.2 1.3 11.9 -7.8
534.3 525.2 23.8 13.5 13.5 -8.6
2000 533.9 525.1 23.9 13.3 13.4 -8.6
534.1 525 23.6 13.6 13.4 -8.7
523.4 513.5 246 16.1 13.9 -8.7
3000 523.4 513.4 244 16 13.8 -8.6
523.6 513.5 245 16.2 13.8 -8.6
516.8 505.7 254 14.6 124 -8.4
4000 516.7 505.5 254 14.5 12.2 -8.4
516.8 505.8 252 14.5 12.2 -8.3
505.4 500 23.9 16.6 13 -8.3
5000 505.2 499.9 23.8 16.5 12.9 -8.3
505.3 500.1 23.9 16.7 13.1 -8.1

Table 4. Lists of parameter values in the Y axis of a milling plotter in "pilgrim” strategy

Tolerance
Feed rate v, Bidirectional Unidirectional Bidirecti_o_nal Unidirectic_;_nal Mean reversal
[mm/min] accuracy of accuracy of repeatability of repeatability Reversal value of value of an
positioning, A positioning, positioning, R of positioning, an axis, B [um] axis, B [um]
[um] ATA| [um] [um] RIR| [um]
400.6 391.2 18.1 6.7 12.4 -5.8
1000 4004 391.1 18 6.6 12.4 -5.7
400.4 391 17.8 6.6 12.3 -5.7
395.5 388 15.8 7.7 11.2 -5.2
2000 395.6 388.2 15.9 7.7 1 -5.3
395.4 388.1 16 7.8 1 -5.2
393.8 386.9 16.9 9.9 10.7 -4.5
3000 393.8 386.7 16.7 9.8 10.5 -4.4
393.7 386.7 16.8 9.8 10.7 -4.5
388.7 383.1 215 12.7 10.6 -4.2
4000 388.8 383.2 214 12.5 10.6 -4.2
388.6 383.1 215 12.4 10.4 -4.3
376.5 381.2 21.9 13.4 10.4 -4.3
5000 376 381.3 21.8 13.5 10.2 -4.2
376.4 381 21.9 13.5 10.2 -4.4

355



Advances in Science and Technology Research Journal 2025, 19(1), 349-362

Table 5. Summary of the normality tests results of the plotter accuracy parameters distribution obtained by the

linear strategy

Tolerance [um] Shapiro-Wilk Anderson-Darling Lillefors Jarque-Bera
A 0.13 0.191 0.294 0.621
ATA] 0.011 0.015 0.057 0.387
R 0.015 0.009 0.005 0.338
RTR| 0.071 0.118 0.144 0.543
B 0.12 0.175 0.433 0.502
B 0.041 0.042 0.072 0.409

Table 6. Summary of the normality tests results of the plotter accuracy parameters distribution obtained by the

‘pilgrim” strategy

Tolerance [um] Shapiro-Wilk Anderson-Darling Lillefors Jarque-Bera
A 0.017 0.017 0.037 0.416
ATA| 0.1 0.138 0.02 0.577
R 0.006 0.004 0.013 0.381
RTR| 0.025 0.036 0.087 0.445
B 0.004 0.02 0.022 0.241
B 0.007 0.04 0.002 0.384

in Table 5. On the other hand, a summary of the
normality tests results of the plotter accuracy
parameter values distribution obtained with the
"pilgrim” strategy was shown in Table 6. Table 7
shows a summary of the statistical analysis results.

Table 5 presents a summary of the normal-
ity tests results of the plotter accuracy parameter
values distribution obtained with the linear strat-
egy. Values marked in red mean values less than
o = 0.05. If the p-value is less than 0.05, then the
null hypothesis should be rejected. This means
that the distribution of the data is not normal.
The rejection of the null hypothesis occurred for
three-axis plotter accuracy parameters: ATA4|, R
and B during the application of the Shapiro-Wilk,
Anderson-Darling and Lillefors tests.

Table 6 presents a summary of the normal-
ity tests results of the plotter accuracy parameter

Table 7. The statistical analysis results

values distribution obtained with the pilgrim’
strategy. Values marked in red mean values less
than a = 0.05. If the p-value is less than 0.05,
then the null hypothesis should be rejected. This
means that the distribution of the data is not nor-
mal. The rejection of the null hypothesis occurred
for three plotter accuracy parameters: A4, R, RTR|,
B and B during the application of the Shapiro-
Wilk, Anderson-Darling and Lillefors tests.

Figures 5-7 present histograms showing the
frequency of occurrence of the positioning accu-
racy of the milling plotter values in the statistical
sample obtained by the linear strategy. Figures
8—10 present histograms showing the frequency
of occurrence of the positioning accuracy of the
milling plotter values in the statistical sample ob-
tained by the pilgrim’ strategy.

Parameter | Obs. Min Max Mean S.td'. a W A? D JB JB

deviation critical
A 505.2 554.8 526.533 16.802 0.909 0.486 | 0.169 | 0.954
ATA| 499.9 551.2 519.027 18.656 0.837 0.916 | 0.216 1.898
R 20.8 254 23.72 1.465 0.845 1 0.267 | 2.167

15 0.05 5.991
RTR| 11.3 16.7 14.427 1.934 0.892 0.565 | 0.192 1.223
B 11.8 13.9 12.88 0.754 0.907 0.501 0.155 1.378
B -8.7 -7.6 -8.32 0.351 0.876 0.739 0.211 1.788

356




Advances in Science and Technology Research Journal 2025, 19(1), 349-362

a) b
2.5 ) 25
2 2
g [y
5
215 Fs]
&
Z 1 E 11
= =
= 0.5 E 0.5
. 0
5021 505.2 505.4 516.7 516.8 523.4 523.6533.9 534.1 534.3 551.2 5531 499.9 500 500.1 505.5505.7505.8 $13.4513.8 525 525.1525.2550.6550.9
Bidircetional accuracy of positioning A , pm Unidirectional accuracy of positioning ATAL, pm

Figure 5. Frequency histograms of the milling plotter accuracy parameters values distribution obtained by the
linear strategy: a) bidirectional accuracy of positioning, b) unidirectional accuracy of positioning

35
a) b)
25 "
L 2.5
g- 1.5 g’
s 2 1s
z 1 =
3 3
= 0s
0s
0 ' 0 - -
20.8 21.2 21.4 23.6 23.8 23.9 24.4 24.5 24.6 25.2 254 11.3 11,4 11,6 13.3 13.5 13.6 145 146 16 16.1 16,2 16,5 16.6
Bidircctional repeatability of positioning R, pm Unidirectional repeatability of positioning RTR |, pm

Figure 6. Frequency histograms of the milling plotter accuracy parameters values distribution obtained by the
linear strategy: a) bidirectional repeatability of positioning, b) unidirectional repeatability of positioning

N as B s
4
2 3.5
7 §
o 34
gu‘ -g 25
s £ ;]
5 2 s
0.5 14
Al
I B N B N NN ENENN 0 o N N N N

0
11.8 119 12.2 124 129 13 13.1 134 135 13.8 139 20.8 -8.7 -8.6 -84 -8.3 -3.1 -7.8 -7.6

Reversal axialvalue B, pm Mean reversal axial value B, pm

Figure 7. Frequency histograms of the milling plotter accuracy parameters values distribution obtained by the
linear strategy: a) reversal axial value, b) mean reversal axial value

by

a
) 2.5 25

2 2 .
2. 1.5 4 E' 1.51
o
& I £ 14
3 =
& 2

0:5 | 0'5 5

0
376 376.4376.5.385.6 388.7388.8 393.7 393.8 395.4 3955 395.6400.4400.6 0 381581.2381.3383,1383.2'386.7386.9 388 385.1385.2 391 3911 391.2

Bidirectional ofp ing A, pm Unidirectional y of positioning ATAL, pm

Figure 8. Frequency histograms of the milling plotter accuracy parameters values distribution obtained by the
"pilgrim’ strategy: a) bidirectional accuracy of positioning, b) unidirectional accuracy of positioning

357



Advances in Science and Technology Research Journal 2025, 19(1), 349-362

Wiy

b) 25

Relative frequency
- o

e
w

R, pm

bility of positi

(5]

Relative frequency

W

158159 16 16,7 165 169 17.8 18 18.1 21.421.521.8 2[9

1.5
1
0 T

66 67 7.7 7.8 98 99 124125 127134 135
Unidirectional repeatability of positioning RTR |, pum

Figure 9. Frequency histograms of the milling plotter accuracy parameters values distribution obtained by the
"pilgrim” strategy: a) bidirectional repeatability of positioning, b) unidirectional repeatability of positioning

-
-~

s 9
It n L n

Relative frequency

=]
w

o||I|||III

102 104105 106 10.7 11 11.2 123 124

Reversal axialvalue B, pm

Relative frequency
=]

1.5 4

I
O.S-I
0 -

-5.8 5.7 53 -52 4544 -43 42’
Mean reversal axial value B, nm

Figure 10. Frequency histograms of the milling plotter accuracy parameters values distribution obtained by the
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Verification of the values distribution normal-
ity for each positioning accuracy parameter of the
milling plotter showed that for the linear strategy
the results distributions of the 4, RTR| and B pa-
rameters most closely resemble the normal dis-
tribution, which means that a significant part of
the observations were centred around the mean.
However, the results distribution of the 414, R
and B parameters showed asymmetry. The valu-
es distribution for the R parametr is right-sided
asymmetry. The values distribution for the 414
parameter is left-sided asymmetry.

For the "pilgrim’ strategy, the scores distribu-
tion for the 474 | most closely resemble the nor-
mal distribution, which means that a significant
part of the observations were centred around the
mean. The result distribution of the 4, R, R1R|, B
and B parameters showed asymmetry. The values
distribution for the 4, RTR| and B is right-sided
asymmetry. The values distribution for the R and
B parameters is left-sided asymmetry.

Verification of the value distribution normali-
ty for each parameter confirmed the results agree-
ment of the four distribution normality tests.

Due to the nature of the input data in form of
the feed rate parameter and the output data in form
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of positioning and repeatability accuracy parame-
ters, a predictive model was selected that best fits
the optimal single value of the input quantity. In
order to check relationship between the v, param-
eter and the 4, AT4], R, RTR|, B and B parame-
ters, a test was performed. The Pearson’s correla-
tion coefficient was used in the test. The results of
checking linear correlation between the feed rate
parameter and the plotter accuracy parameters are
shown in Figure 11.

In the linear strategy the matrix is symmet-
ric. Each pair has a correlation coefficient ranging
from -1 to 1. There is a significant negative corre-
lation between the feed rate parameter and the 4,
ATA] and B milling plotter accuracy parameters.
The R and RTR| parameters show a positive cor-
relation with the feed rate parameter. This means
that R and RTR| parameter values are correlated
with the value preceding it. A positive correlation
means that one value could be predicted from an-
other based on the data. A complete linear corre-
lation between the 4 and A1A4| parameters is also
noticeable. The relationship between feed rate
parameter and the plotter positioning accuracy
and repeatability parameters varies for different
parameters. While the v, parameter increase, the
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Figure 11. Correlation matrix in strategies: a) linear, b) "pilgrim”

values of the 4, A14] parameters decrease and
the R, RTR|, B and B parameters increase.

When it comes to the 'pilgrim” strategy the
matrix is symmetric. There is also a significant
negative correlation between the feed rate param-
eter and the 4, ATA| and B milling plotter accu-
racy parameters. The R, RTR| and B parameters
show a positive correlation with the feed rate
parameter. This means that R, RTR| and B pa-
rameters values are correlated with the value pre-
ceding it. A positive correlation means that one
value could be predicted from another based on
the data. A complete linear correlation between
the 4 and 414| parameters is also noticeable.
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The relationship between feed rate parameter and
the plotter positioning accuracy and repeatability
parameters varies for different parameters. While
the v, parameter increase, the values of the A4,
A1A4] and B parameters decrease and the R, RTR|
and B parameters increase. This may have an im-
pact in production applications where the feed
rate needs to be controlled or predicted based on
the accuracy and repeatability results of a milling
plotters positioning.

Figures 12—14 shows the results of the accu-
racy parameters dependence of the milling plotter
as a function of the feed rate. Figure 12 shows
the changes in the unidirectional and bidirectional
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Figure 12. Positioning accuracy of the milling plotter: a) bidirectional accuracy, b) unidirectional accuracy
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Figure 13. Positioning repeatability of the milling plotter: a) bidirectional repeatability,
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positioning accuracy of the milling plotter as a
function of feed rate obtained by linear and "pil-
grim” strategies. Figure 13 shows the changes in
the unidirectional and bidirectional positioning
repeatability of the milling plotter as a function of
feed rate obtained by linear and "pilgrim” strate-
gies. Figure 14 shows the changes in the reversal
and its mean value of the Y axis of the milling
plotter as a function of feed rate obtained by lin-
ear and ‘pilgrim” strategies.

Figure 12 shows that as the feed rate v, in-
creases, the bidirectional and unidirectional po-
sitioning accuracy of the milling plotter decrease
in both measurement strategies. Figure 13 shows
that as the feed rate v ", increases, the unidirectional
positioning repeatability of the milling plotter de-
creases. In addition, as the feed rate v, increases,
the bidirectional positioning repeatability of the
milling plotter increases. Figure 14 shows that as
the feed rate v, increases, the axial return value
obtained by the linear strategy increases. In the
‘pilgrim” strategy, the axial return value param-
eter decrease as the feed rate v, increases. The
average axial return value obtained by the linear
strategy decreases with the increase of the feed
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The measurement carried out in accordance
with the linear strategy was based on a single raid
of the plotter’s measuring head to a specific mea-
surement point. Whereas, in the 'pilgrim” strat-
egy, the plotter head moved to one measurement
point 4 times.

Numerical modeling of the milling plotter
accuracy parameters using Machine Learning
Models

Based on the obtained experimental studies,
numerical modeling of the milling plotter posi-
tioning and repeatability parameters was carried
out using machine learning. Due to the charac-
teristics of the data, one regression method was
chosen — linear regression. To choose a candidate
for parameter optimization, the above-mentioned
method was tested. The following metrics were
used for comparison: R? (coefficient of deter-
mination), the mean squared error (MSE), root
mean square error (RMSE), The mean absolute
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Figure 14. Reversal value of the milling plotter axis: a) reversal value, b) mean reversal value

Table 8. Summary of linear regression metrics for the tested accuracy parameters of the milling plotter

Metrics Parameter [um] _
A ATA| R RTR| B B
R? 0.959 0.904 0.485 0.753 0.046 0.13
MSE 19.034 22.462 1.537 1.449 0.83 0.142
RMSE 4.363 7.243 1.239 1.2034 0.911 0.378
MAPE 0.587 0.989 3.962 5.196 5.047 3.177
Cp 2
AIC 16.177 21.246 3.596 3.3 0.516 8.29
SBC 15.395 20.465 2.815 2.519 -0.265 9.071
PC 0.095 0.223 1.199 0.577 2.225 2.03
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percentage error (MAPE), Cp, AIC, SBC and PC.
A summary of the metrics is shown in Table 8.
Table 8 shows that the linear regression model
achieved the best R2 score of 0.959 for the 4 pa-
rameter, an MSE of 0.83 for the B parameter, an
RMSE of 0.378 for the parameter B, an MAPE
of 0.587 for the A parameter. The Cp metric is a
good fit for the studied model. In addition, the best
AIC score of 8.29 and SBC 0f 9.071 was recorded
for the B parameter and the highest accuracy of
the PC metric of 0.095 was recorded for the 4
parameter. On the basic of the linear regression
results, regression equations were determined for
all tested parameters. The changes in A parameter
for the feed rate V= 5000 mm/min and the linear
strategy were determined from the formula 7:

A4=0.56183 - (k,"v) (7)
A =10.56183 — (0.00146 min - 5000 mm/min) =
= 554.8 um (8)

Changes in the remaining parameters were de-
termined in the same way. The relationship between
the positioning accuracy and repeatability param-
eters of the milling plotter and strategy is complex
and varies for different parameter. Given labora-
tory practice, it may be most useful to determine
all the factors that affect the measurement accuracy.
It should be emphasized that the more accurate the
factors analysis influencing the milling plotter posi-
tioning accuracy measurement, the more accurately
the machine error is determined and the more effec-
tively errors in the execution of shape contours can
be minimized. This could have implications in in-
dustrial applications where the shape contour accu-
racy needs to be controlled or predicted based on the
measurement conditions, strategy and the accuracy
and repeatability of numerical machines.

CONCLUSIONS

Experimental studies focused on the evalua-
tion of the impact of measurement conditions and
measurement strategies on the positioning accu-
racy and repeatability of the three-axis milling
plotter. The results of this study have led to the
following conclusions:

e the test stand was exposed to sunlight during the
tests. The recorded air temperature was 24 °C
and the air humidity was 45%. Environmental
factors slightly affected to the plotter positioning
accuracy. Significant changes in air temperature

and humidity may lead to differences in the plot-
ter tested accuracy parameters values,

e the laser interferometer, the measurement
strategies, position calibration were additional
factors affecting the values of the tested accu-
racy parameters,

e the linear measurement strategy proved to be
less accurate but more efficient. Whereas, the
"pilgrim” measurement strategy turned out to
be more accurate strategy. In the linear strat-
egy, measuring head only hovers over the
measuring point once during a single mea-
surement. In the “pilgrim’” strategy, measuring
head only hovers over the measuring point
four times. The measurement repeatability at
the single point increases the measurement ac-
curacy and reduces the possibility of measure-
ment error occurrence.

The linear regression model achieved the best
R? score of 0.959 for the 4 parameter, an MSE
of 0.83 for the B parameter, an RMSE of 0.378
for the parameter B, an MAPE of 0.587 for the
A parameter. The Cp metric is a good fit for the
studied model. In addition, the best AIC score of
8.29 and SBC 0f 9.071 was recorded for the B pa-
rameter and the highest accuracy of the PC metric
0f 0.095 was recorded for the 4 parameter.

The conducted research provides valuable
cognitive conclusions allowing for the assess-
ment of cause-and-effect relationships between
the measurement conditions and measurement
strategies and the positioning accuracy and re-
peatability parameters of the milling plotter. This
information is needed for optimizing process and
can significantly contribute to improving the effi-
ciency machining process, the accuracy of shaped
contours and the numerical machines accuracy.
By understanding how measurement conditions
and measurement strategies affect positioning ac-
curacy, manufacturers can make informed deci-
sions to enhance the overall efficiency and pro-
ductivity of the machining process.

Acknowledgments

This work was prepared within the project ti-
tled Internationalization of the Doctoral School of
Lublin University of Technology — IDeaS of LUT
financed by the National Agency for Academic
Exchange (NAWA) from the STER program — In-
ternationalization of Doctoral Schools, hereinafter
referred to as the “MicroGrant”.

361



Advances in Science and Technology Research Journal 2025, 19(1), 349-362

REFERENCES

1.

Ding D., Ding W., Huang R., Fu Y., Xu F. Research
progress of laser triangulation on-machine measure-

ment technology for complex surface: A review.
Measurement 2023; 216: 1-13.

Xiaopeng Y., Teng H., Xiaohu W., Liang M., Guofu
Y. Study on approach for decoupling and separating
the thermal positioning errors of machining centre
linear axes. The International Journal of Advanced
Manufacturing Technology 2023; 128: 1139-1153.

Gao W., Ibaraki S., Domnmez M.A., Kono D.,
Mayer J.R.R., Chen Y-L., Szipka K., Archenti A.,
Lineras J-M., Suzuki N. Machine tool calibration:
Measurement, modeling and compensation of ma-
chine tool errors. International Journal of Machine
Tolls and Manufacture 2023; 187: 1-34.

Lin Z., Tian W., Zhang D., Gao W., Wang L. A method
of geometric error identification and compensation of
CNC machine tools based on volumetric diagonal error
measurements. The International Journal of Advanced
Manufacturing Technology 2022; 124: 51-68.

ZhuZ.,Tang X.,Chen Ch., PengF.,YanR., Zhou L., Li
Z.,Wu. J. High precision and efficiency robotic milling
of complex parts: Challenges, approaches and trends.
Chinese Journal of Aeronautics 2022; 35(2): 22—46.

LiB., Tian W., Zhang Ch., Hua F., Cui G., Li Y. Po-
sitioning error compensation of an industrial robot
using neural networks and experimental study. Chi-
nese Journal of Aeronautics 2022; 35(2): 346-360.

WuH., Li H., Sun F., Zhao Y. A status review of vol-
umetric positioning accuracy prediction theory and
static accuracy design method for multi-axis CNC
machine tools. The International Journal of Advanced
Manufacturing Technology 2022; 122: 2139-2159.

Liu L., Ma Ch., Wang Sh. Data-driven thermally-
induced error compensation method of high-speed
and precision five-axis machine tools. Mechanical
Systems and Signal Processing 2022; 138: 1-35.

Stoica A., Stan G., Drob. C. Increasing the posi-
tioning accuracy of the feed kinematic linkages of
CNC machine tools through the calibration method.
International Journal of Modern Manufacturing

362

Technologies 2022; XIV(2): 245-250.

10. Stan G., Stoica A. Influence of the positioning ac-
curacy given by the positioning encoder of the CNC
machine tools. IOP Conference Series: Materials
Science and Engineering 2021; 1182: 1-6.

11. Moldovan S., Cosma A., Nasui V. Experimental
research about positioning correction of CNC ma-
chine with X-axis up to 120000 millimetres using
laser measurement equipment. MATEC Web Con-
ferences 2017; 94: 1-8.

12. Echerfaoui Y., El Ouafi A., Chebak A. Laser inter-
ferometer based measurement for positioning error
compensation in Cartesian multi-axis systems. Jour-
nal of Analytical Sciences, Methods and Instrumen-
tation 2017; 7: 75-92.

13. J6zwik J., Mazurek P., Wieczorek M., Czwarnowski
M. Linear positioning errors of 3-axis machine tool
2015: 86-94.

14. Begovi¢ E., Planci¢ ., Ekinovié¢ S., Ekinovi¢ E. La-
ser interferometry - Measurement and calibration
method for machine tools. 3rd Conference “MAIN-
TENANCE 2014“B&H, Zenica 2014: 19-28.

15.J6zwik J., Kuric 1., Semotiuk L. Laser interferom-
eter diagnostics of CNC machine tools. Communi-
cations-Scientific Letters of the University of Zilina,
Zilina, Slovakia 2014; 16(11): 169-175.

16.Miko E., Maj P. Examination of positioning ac-
curacy and diagnostics of CNC lathes. PAK 2013;
59(6): 558-561.

17.Majda P.: The influence of geometric errors com-
pensation of a CNC machine tool on the accuracy
of movement with circular interpolation. Advances
in Manufacturing Science and Technology 2012;
36(2): 59-67.

18. Kuric 1., Durica I., Maduda M.: Accuracy monitor-
ing and calibration of CNC machines. Scientific
Bulletin, Serie C, Fascicle: Mechanics, Tribology,
Machine Manufacturing Technology 2010; XXIII:
113-118.

19. Castro H.F.F., Burdenkinb, M.: Calibration system
based on a laser interferometer for kinematic accu-

racy assessment on machine tools. Inter. Journal of
Machine Tools & Manufacture 2006; 46(2): 89-97.



