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Abstract

The industrial production of parts with precision holes for various applications requires high manufacturing
accuracy. The dimensional verification of precision holes with complex geometry remains a critical challenge in
modern manufacturing, particularly in ensuring reliability and process efficiency. Existing CMM procedures are
largely optimized for circular holes and lack validated methodologies for complex-shaped apertures. A newl
methodology for assessing the dimensional accuracy and inspection efficiency of epicycloid-shaped holes using
CMMs is proposed: manufacturing surface samples with epicycloid-shaped holes using a Water Jet machine,
conducting measurements on a ZEISS CONTURA CMM, optical validating measurement accuracy using
microscopy on a Keyence VHX system and processing data through image segmentation of the hole, analyzing
results and establishing dependencies of measurement accuracy and time on operational parameters. The
dependencies of the mean deviation of epicycloid-shaped hole dimensions on the stylus movement speed and the
number of measurement points have been established. Key findings indicate that stylus speed significantly
influences measurement accuracy, while the number of probing points plays a secondary role. To address the
limitations of conventional evaluation techniques, a new geometric complexity coefficient is proposed to quantify
deviations from ideal shapes. This coefficient comprehensively characterizes deviations from the ideal geometric
shape and includes the length of the curve forming the hole. The proposed methodology enables the optimization
of measurement parameters for complex-shaped holes and improves inspection efficiency on industrial production
lines. This approach contributes original insights into the metrological assessment of non-standard geometries,
addressing a significant gap in existing literature.

Keywords: coordinate measuring machine, dimensional metrology, precision hole, accuracy and duration,
measurement optimization.

1. Introduction

The quality of manufacturing many parts across various industries is determined by the
geometric accuracy of precision holes: for bolted/riveted joints [1], splined connections [2],
separation and filtration surfaces [3], and holes in rifled weapons barrels [4], as well as various
technological equipment.

Numerous studies confirm that the precision of hole manufacturing directly affects the
reliability of structural connections and technological efficiency of the equipment [5, 6]. In
aviation, the reliability of bolted and riveted connections is partially determined by the
geometric accuracy of hole manufacturing [1, 7]. Similarly, in industrial engineering, holes are
used as anchor points for mounting parts [8]. The quality of separation of particles of loose
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materials is also determined by the accuracy of manufacturing holes of sifting surfaces, their
geometric shape and periodic placement [9].

Holes with the standard (regular) geometric shape, for example round holes, do not always
satisfy the requirements of modern technological equipment. The use of holes of complex
geometry (CG) in the form of squares, hexagons, cycloidal shapes, etc., allows to expand the
potential capabilities of the equipment. One of the advantages is the possibility of increasing
the contact area in the case of a connection, which improves the reliability of the equipment.
An example is holes for spline joints in the form of: square spline fitting, triangular spline
fitting, involute spline joint [2]. Another solution is the use of sifting surfaces with holes in the
form of an epicycloid [10] or a Cassini oval shape [11] for the separation of loose materials,
which can significantly (up to 100%) increase the completeness of the separation of particles
due to the integration of irregularities on their surface. The accuracy of holes CG in press
matrices also determines the quality of the final products of the raw material processing:
granules, pellets, efc. [12, 13]. However, despite their growing importance, metrological
methodologies for such shapes are insufficiently explored.

Work in this area is focused on improving manufacturing accuracy and measurement
techniques through various approaches: optical systems [14], coordinate-based methods [15],
hybrid optical-touch probes [16], ultrasonic sensors [17, 18], including using machine vision
technologies [19].

Measuring techniques using the coordinate measuring machines (CMM) have become
widespread in production lines. This method is based on spatial identification of the coordinates
of an array of points on the test surface and subsequent data processing [20, 21]. The advantage
of coordinate measurements is not only the direct measurement of individual (specified) points,
but also the comparison of the obtained actual data with the original ones (e.g. CAD drawing)
and the calculation of the necessary accuracy parameters (relative deviation, spatial placement
of surfaces, etc.). Contact [22] and non-contact (optical) sensors [23, 24] can be used as a
measuring element in a CMM.

Research and practical experience have allowed CMM manufacturers to create appropriate
recommendations for the measurement method of hole sizes [21, 25], which relate only to the
measurement of circle-shaped holes. Even modern CMM ZEISS CONTURA [25] offer only
generalized guidelines for circular holes (for diameters <8 mm/8-25 mm — maximum stylus
speed 3/5 mm/s; minimum number of points — 145/425; maximum tip diameter — 3 mm),
without any validated procedures for CG holes.

One of the factors that ensure the accuracy of the measurement process is the magnitude of
the error. Calibration of the measuring system allows you to reduce the magnitude of the error,
for example, associated with mechanical wear of the measuring tip. The error in measuring the
dimensions of parts by the CMM depends on the following factors: the state of the measuring
system (reference system, accuracy corrections, etc.) [26], the state of the mechanical part of
the measuring equipment (ensuring straightness and perpendicularity of the stylus movement,
wear, etc.) [27], the influence of the external environment (temperature, humidity, vibrations,
etc.) [28], the dynamic load of the measuring stylus (deformation or vibration of the rod) [29],
the state of the measurement object (surface defects, shape deviations, roughness, etc.) [30],
technological measurement modes (measurement plan, stylus speed, number of measurement
points, stylus tip size, etc.) [31]. However, these are typically analyzed under assumptions of
simple hole geometries.

To determine the error, it is necessary to conduct multiple experiments under the same
conditions for one sample with one CMM. However, it should be noted that these results are
subjective in relation to the type of sample. Their use is not universal and may be unjustified
for other parts. This encourages the search for relative parameters that will allow for a
comprehensive characterization of the shape of a hole CG during the measurement process.
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The operating parameters of the CMM have a significant impact on the magnitude of the
measurement error. Stepien, K. et al. [32], Gapinski, B. et al. [33] distinguish the following:
the speed of the measured stylus tip, its dimensions (diameter), the number of measurement
points, data processing parameters.

The time spent on identification is also a competitive indicator of measurement accuracy,
which in general characterises the efficiency of the hole measurement process [34]. Minimizing
measurement time is essential in industrial (mass) production of parts and technological lines
with a significant number of operations, directly affecting economic profitability.

A critical synthesis of the reviewed sources indicates that most studies on hole quality in
composites and alloys prioritize machining parameters rather than formalized metrological
workflows [6, 7]. Optical approaches, including multi-camera and binocular-vision methods,
attain high accuracy on circular apertures but their performance degrades on curved or
epicycloidal profiles due to segmentation and edge-localization uncertainty [8, 19]. CMM
remain the industrial reference, yet probing small radii and concave arcs tends to increase
inspection time and uncertainty [20, 26, 32]. Hybrid tactile—optical systems enhance flexibility
and traceability, but their implementation requires complex calibration and still lacks
standardized integration in production environments [16]. Accordingly, the motivation of this
work is to establish a structured, decision-driven measurement methodology that couples CMM
probing with optical validation and formalizes parameter selection and feedback to meet both
accuracy and throughput targets.

In light of the above, we conclude that there are no: - validated CMM-based measurement
strategies for holes CG; studies on the influence of stylus speed and probing strategy on
measurement accuracy; -methods to compare results across different CG profiles.

The aim of the research is to develop a methodology for measuring holes of complex
geometry using CMMs, which includes optical validation, statistical data processing with
optimisation for accuracy and measurement time, which fills a gap in standardised procedures
for metrology of complex shapes.

To operationalize this aim, we adopt a modular workflow that integrates sample fabrication,
standardized CMM setup and probing under controlled parameters, optical validation with
automated image processing, computation of measurement characteristics, and regression-
based modelling, with decision nodes enforcing accuracy and throughput requirements. This
organization supports traceability and reproducibility in line with accepted practices in
coordinate metrology [20, 26].

2. Methodology and materials
2.1. Materials

The object of the study was samples of perforated surfaces with holes in the form of an
epicycloid, which is formed by the movement of a circle around a fixed circle (Fig. 1). A similar
epicycloid shape, for simplification in practical serial production, can be decomposed into
several curves of circles (10 pieces), which are interconnected (Fig. 1). Also, to determine the
effect of a complex shape on the measurement process, the dimensions of typical round holes
were investigated (R = 2.5/3/3.5mm).

The selected test geometry (Fig. 1) belongs to the family of planar cycloidal curves, which
are characterized by periodic arrangement of local elements and symmetry with respect to the
centre of the hole. These properties make the epicycloid a representative geometry for a broader
class of complex contours, including algebraic and transcendental curves commonly found in
engineering applications (Fig. 2).
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Fig. 1. Scheme of epicycloid-shaped holes.
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Fig. 2. Examples of algebraic and transcendental curves forming hole profiles: epitrochoid k=3 (a); deltoid k=3
(b); hypocycloid k=6 (c); nephroid k=2 (d); Cassini oval (e); Reuleaux triangle (f).

We will adopt the following terms in relation to the test holes (Fig.1) in accordance with the
ISO 12181-1 [35]: 1, r2 — radiuses of circle: d,, J, — negative/positive local deviation.

For the production of precision holes CG, methods of cutting with an abrasive water jet
under high pressure abrasive water jet (AWJ), were used. Industrial production of holes has
significant advantages over manual in terms of duration, labor intensity, and quality [36].

The advantages of this method over others are [37]: the absence of additional equipment, the
economic advantages of small-scale production, minimal deformation due to the low
temperature and low pressure of the working jet, and the ability to process large parts.

The operating parameters of the machine are adopted in accordance with the machine
operating instructions and the results of known studies [37, 38]: program pressure - 2500 bar;
bulk material flow rate - 70%; compensation — 0.85 mm; head speed 500 mm/min, abrasive -
Garnet mesh 80 E+. The sheet material chosen is steel S235JR with a thickness of 1 mm.

As a result, samples of perforated surfaces with epicycloid-shaped/round holes with a
separation diameter of 5, 7 and 9 mm were manufactured (Fig. 3).

Fig. 3. General view of test samples of surfaces with holes of complex geometry.
2.2. Measuring equipment

To study the process of measuring the dimensions of precision holes, the CMM ZEISS
CONTURA was used, which works according to the corresponding algorithm: probe and stylus
calibration (determine the actual diameter of the stylus tip, orientation and length of the stylus);
alignment process (transform the measurement coordinate system from the absolute coordinate
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system or machine coordinate system of a CMM to part/workpiece coordinate system); design
of a measurement strategy (reduce the distance of CMM axis movement, shorten the
measurement time); data analysis (process data, in term of spatial coordinate points on a surface,
from measurements); test and improvement of the measurement program (checking the correct
operation of the program and the required results); measurement report design (determine the
type of format of the report of a measurement to show).

The main measuring element of the CMM is a stylus with a tip in the form of a sphere. When
measuring the dimensions, stylus touches the surface of the plane it will measure, fixing the
coordinates of the specified points relative to the adopted coordinate system. For the studies, a
stylus with parameters was selected: length 22mm, tip diameter 0,5mm.

The main technical characteristics of the CMM are as follows [39]: controller Type ZEISS
C99m, Type according to ISO 10360-1:2000 — moving bridge CMM, relative humidity 40 % —
70%, ambient temperature 17 °C - 35 °C, operating mode — motorized / CNC, Sensor mounts
— fixed installation, software — ZEISS CALYPSO, travel speed — motorized (axes) - 0 to 70
mm/s, acceleration (vector) — max. 1.85 m/s?, measuring speed — max. 150 mm/s.

Regarding the measurement error for this CMM, we have [39] the length measurement error
(ISO 10360-2) for 18 - 22 °C: Er=1,5+L/ 350, where L — measurement length, mm. It should be
noted that the presented determines the permissible maximum error for a specific stylus with a
length of 60 mm and a ball diameter of 8 mm [40] and is also valid for the following
configurations: ¥3x33mm; P5x50mm; P8x14mm; B12x92mm.

The adopted alignment of the measuring equipment with ISO specifications (measurement
error length, stylus parameters, number of points and measurement speed) allows for successful
integration of the results into other CMMs [20, 40], e.g., Mitutoyo CRYSTA-Apex, Leitz
Reference CMMs.

When calibrating the CMM, a calibration sphere was used, around which, at the
recommended 25 points (from ISO 10360-2), measurements were performed with a stylus. The
results were consistent with those allowed by the CMM specification, taking into account the
measurement conditions [41]. The processing of measurement data is carried out using the
Gaussian method, which has proven its adequacy [42]. Therefore, data processing was turned
on and simultaneously excluded as an influence factor.

2.3. Methodology

The flowchart (Fig. 4) integrates sample fabrication, CMM setup and calibration, probing
under defined parameters, and optical validation based on microscopy and image segmentation.
The methodology incorporates modular computation of measurement characteristics,
regression modelling, and sensitivity analysis of convex and concave arcs. Two decision nodes
ensure compliance with accuracy and throughput requirements, while iterative feedback
enables adaptive optimization. This representation emphasizes the structured and modular
nature of the method, consistent with recent developments in vision-assisted metrology [43,
44].

According to the tasks of research on the CMM, the mode parameters varied: stylus speed
v=0.8/0.6/0.4/0.2 mm/s; the number of measurement points »n =200/300/400 pieces. The
variation ranges were selected according to the recommendations of the CMM manufacturer
and data of preliminary studies.

The criteria for effectiveness were the actual deviation from the nominal (CAD drawing)
and the measurement time. The deviation of the entire hole was determined as the arithmetic
mean of 10 curves (5 convex + 5 concave).
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Fig.4. Flow chart of the proposed methodology for dimensional inspection of epicycloid-shaped holes.

An important stage of the study was the comparison of the results obtained from the CMM
with a more accurate measurement method - microscopy. At this stage, the dimensions of holes
CG were measured using a Keyence VHX 5000 Verl.5.1.1 microscope with next parameters:
shutter speed — auto 70, gain — present 0dB, Epi-illumination — on, scale width — 1 pm.
Microscope was calibrated to ensure the required measurement accuracy.

To enhance methodological rigor, a dedicated validation protocol was implemented. First,
all CMM-based measurements were systematically cross-verified with optical microscopy data
acquired on the Keyence VHX system, providing an independent reference under ISO 10360
conditions. Second, the CMM calibration was performed with a certified reference sphere in
accordance with ISO 10360-2, and compliance with the permissible error range was confirmed
prior to each experimental series. Finally, reproducibility was assessed through repeated
measurements under varied probing parameters (stylus speed and number of points), which
demonstrated stable deviations across repetitions. These procedures collectively ensured
traceability, ISO conformity, and experimental repeatability of the developed methodology.

The typical functionality of processing programs used with microscopes is not capable of
measuring holes CG, in our case epicycloid. Dividing the test hole into curves (parts of circles)
allows the use of radii (diameters) in the functionality of these programs.
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For a complete analysis of the accuracy of CMM measurements under different operating
conditions, it is necessary to have information about the deviation of the hole edge points from
the CAD drawing. The image obtained from the microscope requires additional processing. To
determine the deviation, we will carry out: sectorization of the image taking into account
convex and concave circles (Fig. 5 a, b), uniform division of the curve of each sector into points
and determination of the deviation, statistical processing using the Gaussian method and
averaging over each sector, averaging data over the entire hole. Positive experience of dividing
the image into sectors of round holes, further processing in the sector and averaging over the
entire hole is given in [15]. Examples of the obtained hole images and their sectorization are

presented in Fig. 6.
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Fig. 5. Stages of the measurement process algorithm for the CMM: measurement plan of convex and concave
parts of the hole circles (a, b); parameters during stylus calibration (c); visualization of measurement results (d).
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Fig. 6. Microscopy of holes and their sectorization by individual curves of circles (nr. 1...10).

The root-mean-square roundness deviation was determined by the equation [45]:

AR, = /% 2" Arde, (1)

where Ar; is the local roundness deviation, 8 is the instantaneous angle in the roundness profile.
The obtained measurement data from CMM and microscopy were compared with each other,
determining the absolute difference and percentage:

€ = ARpmicro — ARpcvm, € = AR"MNO%, ()
ARpcMm

where ARy micro— deviation of the dimensions of the entire hole obtained using microscopy,
ARy cuMm — deviation of the dimensions of the entire hole obtained using CMM.

A significant parameter that affects the productivity and quality of measurement is the length
of the measurement object [46]. Measuring holes of complex geometry involves an increased
curve length compared to the length of the curve of a typical circle.

The coefficient of variation (Cy) is an important parameter that defines the level of stability
and accuracy of the measurements [47]:

Cy\= (%) -100%, 3)

where: o — standard deviation; 1 — average measurement value.

To account for the complexity of the hole geometry relative to the basic geometry (circle,
rectangle, equilateral triangle), we introduce the corresponding geometry complexity
coefficient K., [48]. The value of this coefficient equals the ratio of the curve length, which
forms a hole CG, to the circumference length of the basic round hole [48]:

ch = Lep/Lc: (k% (7'10.’1 + Tz“z))/ZﬂR, (4)

where L,,— length of the epicycloid curve (hole CG); L.~ length of the circle (basic hole); & —
epicycloid multiplicity (k= 5); r;, r> — radius of the convex and concave curves, respectively;
a1, o2 — the angles that define the boundaries of the convex and concave curves, respectively.
The use of this parameter makes it easier to analyze the measurement process data and provides
a comprehensive assessment of the level of geometric complexity of the object. The K
coefficient serves as a complementary metric to ISO-based evaluations, offering a quantitative
measure of intrinsic geometric variability in closed-loop profiles.

The proposed methodology can be successfully adapted to other CMMs or optical systems,
provided that they meet key metrological requirements. Specifically, the CMM must support
programmable point acquisition with controllable stylus speed and sufficient probing resolution



Metrol. Meas. Syst., Vol. 32 (2025), No. 4
DOI: 10.24425/mms.2025.155810

for non-circular contours. The optical system used for reference validation should offer a
comparable level of magnification, field flatness, and pixel resolution to enable reliable
segmentation and edge detection. Compatibility with ISO 10360 (for CMMs) and ISO 25178
(for surface imaging) ensures methodological consistency across platforms.

3. Results and discussion

The use of the developed method allowed us to obtain the dependence of the deviation (ARy)
of the sizes of epicycloid-shaped/round holes on the stylus speed and the number of
measurement points (Fig. 7, Table 1, 2). The obtained deviations of the curves (Table 1) that
form the hole of the epicycloid (k = 5)/round shapes, and their arithmetic mean is the deviation
of the dimensions of the entire hole.

The results of the analysis of dependencies (Fig. 7, Table 1, 2) showed that the influence of
the number of measurement points on the deviation value has a negligible effect (up to 3.1%).

Analyzing the results of measuring typical round holes (Table 2), we can note a slight
variation in the values of the average deviation (A = ARxcrmax - ARnCMmin = 3.5-10.6 um). The
coefficients of variation of the data obtained are quite stable (up to 5%). This indicates the
following: a) the influence of measurement modes on the accuracy is insignificant; b) the
adequacy of the manufacturer's algorithms for compensating for deviations in the measurement
process and recommendations for technological parameters, such as the speed of probe
movement and the number of measurement points.

a) b) ¢)
RG] 284.5 ARscxa[m] 5315 ARicw[um]
300\ b71.5 550 '49048
280]\ 25 500 460.1
260 256 -
240! A% 232.7 450 &
2401 - . j ~ l39x.7
2 — 400 »\
2207 219.8 o 368
2001 0.8 350 0.8
200 06 200 6
300 0.4 300 ; [l
int - v [mm/s] : 0.4 v [mm/s]
n [point] 200°0.2 n [point] 405702

Fig. 7. Dependences of the deviation (ARncmm) of the sizes of holes on the stylus speed v and the number of
measurement points #: (a) epicycloid-shaped hole (R = 2.5 mm; 7| = 1.07 mm; > = 1.65 mm; C, = §,5%);
(b) epicycloid-shaped hole (R = 3.5 mm; 1 = 1.5mm; r, = 2.35 mm; C, = 11.6%); (c) epicycloid-shaped hole
(R =4.5mm; r; =3.5mm; = 8.2 mm C, = 15.7%).

The statistical justification for the study is presented in Table 3 and Fig. 8. The statistical
data confirm and quantitatively assess the previous qualitative trends. For round holes, the
average deviation monotonically decreases from 10.5 to 9.5 um with increasing speed; the
dispersion is small (SD = 0.1 um; CV = 1%), indicating high repeatability of contact probing.
For epicycloidal holes, the absolute deviations are larger and the dispersion is higher
(SD=1.7-2.4 pm; CV =0.3-0.6%), which corresponds to the more demanding surface
geometry. ANOVA reveals statistically significant differences between speed levels for both
geometries (Table 2): F(3,8)=25.6, p=0.0021 (round); F(3,8)=158.4, p<0.0001
(epicycloidal). The corresponding effect sizes (#?) are large, =~ 0.91 and = 0.98, respectively,
indicating that stylus speed is the dominant factor influencing 4R, variability under the tested
conditions, while the probing density (fixed at n = 300 points) does not significantly change the
result.
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Table 1. Patterns of change in the deviation of the curves forming an epicycloid-shaped hole (k= 5, R = 3.5 mm,
r1 = 1.5 mm, , = 2.35 mm).

_:; ey Deviation [pum]
3 et E- convex curves concave curves The
Nr. % E é = | circle |circle | circle [circle | circle | circle | circle | circle | circle | circle | entire
a — 2 % 1 3 5 7 9 2 4 6 8 10 hole
% 2 An Ar;3 Ars Ary Ary Arz Ary Ars Ars Aryg | ARncw
1| 02 |200 | -80.5 | 67 105 |[-35.7| 62 |-189.5 | 963 |-899.9 |1887.4 | 260.7 | 368.4
2 | 02 ]300 |-82.1 [70.3 | 117.7 |-32.3 | 63.9 |-200.7 | 956 |-901.7 [1875.4 | 254.3 | 369.4
3 ] 02 |400 | -80.5 | 71.1 | 130.1 |-34.5] 59.3 |-191.6 | 106.2 |-908.5 |1886.3 | 251.2 | 371.93
4104 |200 | -91 81 161 |[-50.1 | 69.5 |-224.9 |103.9 |-932.5 |2051.3 | 340.3 | 410.55
5104 |300 |-89.4 | 828 | 181.7 |-53.3 | 67 |[-2239 | 95.7 |-939.9 |2106.6 | 333.9 |417.42
6 | 04 |400 | 90 |81.3 |178.1 | -52 | 65.7 |-2153 | 87.3 | -938 |[2172.2 | 330.1 421
7 1 0.6 | 200 | -96.6 | 944 | 2189 |-61.6 | 81.3 |[-239.6 | 119.5 |-913.9 |2547.7 | 392.2 | 476.57
8 | 0.6 | 300 | -97.6 | 96.7 | 2354 |-63.6 | 82 |-235.6 | 96.3 |[-920.1 |2511.2 | 403 |474.15
9 1 0.6 |400 | 96 |964 |2414 |-652 | 79.6 |-2253 | 96.4 |-924.1 |2581.6 | 385.3 | 479.13
10 | 0.8 | 200 |-103.3 |106.2 | 282.8 |-65.5| 92.4 | -236 39.7 | -884.7 | 2807 | 447.7 | 506.53
11| 0.8 | 300 |-106.5 |{108.3 | 279.4 |-63.1 | 91.5 |-210.5 | 64.5 [-903.2 |2880.8 | 423.1 | 513.09
12| 0.8 | 400 |-106.5 |109.8 | 318.6 [-62.3 | 92.8 |-222.7 | 55.9 |[-896.3 |2914.4 | 435.2 | 521.45
Table 2. Patterns of change in the duration (tm) and deviation (ARcu) of the typical round holes.
Ny, |Stylus speed v|  Number of R =2.5 [mm] R =3.5 [mm] R=4.5 [mm]
[mm/s] points n [pes.] | ARycy [pm] | tw [s] | ARwear [pm] | tw [s] | ARncyr [pm] | tw []
1 200 29.2 10.80 28.7
2 0.2 300 28 82 10.50 114 28 148
3 400 26.8 10.30 27.4
4 200 25.5 10.20 26,3
5 0.4 300 26.4 41 10.20 57 27 74
6 400 26.9 10.10 27.3
7 200 26.2 9.80 25.5
8 0.6 300 26.4 28 9.80 38 26.7 48
9 400 26.2 9.50 26
10 200 25.1 9.50 25.2
11 0.8 300 25 20 9.50 28 26.1 37
12 400 25.5 9.20 25.8
Standard deviation SD, [pm] 1.45 - 0.48 - 1.01 -
Coefficient of variation CV, [%] 4.9 - 4.8 - 35 -

These findings align with recent metrology studies showing that traversal/scanning speed
materially affects contact-based measurement performance (profilometry and CMM), and that
replicate-based ANOVA is an appropriate method to evidence significance in dimensional
metrology datasets [32, 49].

Taking into account the significant change in the duration of the measurement of round holes
by varying the modes and the insignificant change in the deviation of dimensions, we can assert
the expediency of using the mode: v = 0.8mm/s, n = 400 pcs.

A different trend is observed when studying holes CG. The stylus speed of the probe has the
greatest influence in the epicycloid holes, which is: 23.2-24.8% (for hole R =2.5mm), 37.5-
40.2% (for hole R = 3.5mm), 64.1-67.2% (for hole R =4.5mm). There is also a difference in
the deviation value for convex and concave curves, where the latter exceed: 0.93-1.6 times (for
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the hole R =2.5mm), 5.5-8.5 times (for the hole R =3.5mm), 1.8-2.5 times (for the hole
R =4.5mm). In our opinion, the change in the magnitude of the impact on the measurement
accuracy is associated with the difference in the curvature (radius of rounding) and the length
of the curves of the corresponding arcs or the measurement path. For practical use of the results,
a regression equation was obtained that characterizes the change in the deviation of the
epicycloid-shaped hole from the significant parameter - the stylus speed:

ARpcym = —0.057X2 + 0.301X, + 0.3102, (5)

(R*=0.997) (for the hole R = 3.5mm).

As aresult of the analysis, high values of the coefficient of variation (C, = 8.5-15.7%) of the
obtained data of the average deviation for holes of complex geometry were established. This
proves the influence of measurement modes on accuracy indicators.

The above parameters, which characterize the difference from the correct geometry (in our
case it is a circle), must be taken into account in the process of measuring holes CG.

The results of the next stage of research are presented in Table 4 in the form of a more
accurate measurement method for experimental holes - microscopy.

Table 3. Statistical summary of deviations 4R, for round and epicycloid holes (R = 3.5 mm, n = 300 pcs.)

Stylus DeVlﬁilt.lﬂn M‘ea.n Stal-ldi.ll‘d Coefﬁ.cle.:nt ANOVA | ANOVA
Geometry speed v (repetitions) deviation deviation | of variation F p-value
[mm/s] [nm] ARy [pm] SD [pm] CV [%]
10.4
0.2 10.5 10.50 0.1 0.95
10.6
10.2
0.4 10.1 10.2 0.1 0.98
Round 10.3
hole 0.7 25.6 0.0021
0.6 9.8 9.8 0.1 1.02
9.9
9.6
0.8 9.4 9.5 0.1 1.05
9.5
367
0.2 369.5 369.4 2.35 0.64
371.7
415
0.4 417.6 417.4 2.35 0.56
Epicycloid 419.7
hole 474.8
0.6 472 474.2 2.4 0.51
476.8
511
0.8 514.2 513.1 1.71 0.33
513.9

158.4 <0.0001
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Fig.8. Boxplot of deviations 4R, for round (a) and epicycloiod (b) holes grouped by stylus speed v (R = 3.5 mm).

Table 4. Microscopy of epicycloid-shaped holes.

Hole Average deviation [pm]
size | circle | circle | circle | circle | circle | circle | circle | circle | circle | circle |The entire hole
[mm] 1 3 5 7 9 2 4 6 8 10 AR micro
R Art | Ar Ars Arr Aro Ar Ars Are Ars Ar1o [nm]
2.5 35.1 |206.3 78 150.2 71.4 | 276.8 | 281.5 | -283.5 | 281.6 | 324.2 191.84
3.5 25 163 -12 -50.1 69.5 135 -172 -157 | 2051.3 | 340.3 317.52
45 | -959 | 37.1 | -121.5 | -204.3 73.8 76.2 | -301.8 | 82.18 379 | -294.6 206.49

Sectoring of curves and identification of local deviations from the CAD-drawing on the
image allowed to establish the corresponding deviations and calculate the average deviation for
the entire hole (AR micro)-

Comparison of the aperture deviation obtained by microscopy with the deviations obtained
with CMM (for 13 different modes) allowed us to determine the absolute and relative difference
between the methods (Fig. 9, 10).

b)

Fig. 9. Accuracy of hole measurements on the CMM compared to microscopy, depending on the number of
measurement points and the stylus movement speed: (a) hole R = 2.5 mm (k&=5, »; = 1.07 mm, », = 1.65 mm);
(b) hole R =3.5mm (k=5, r1 = 1.5mm, r, = 2.35 mm); (c) hole R =4.5mm (k= 5, r1 = 3.5mm, , = 8.2 mm).
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Fig. 10. Measurement accuracy and duration of hole dimensions on the CMM across different modes
(R=3.5 mm).

Using the obtained data, the measurement process modes were ranked according to the
accuracy criterion (difference between the methods). One of the options when using CMM is
the automatic identification of the time spent on the measurement process, which was indicated
according to the modes in the studies of epicycloid-shaped holes (Fig. 9, 10) and standard round
holes (Table 2).

The analysis of dependencies (Fig. 9, 10) showed that the measurement accuracy decreases
by 25.3%-37.6% when using the mode with the highest (in the experimental range) stylus
measuring speeds (0.8 mm/s). However, as noted earlier, the recommendations of the CMM
manufacturer are limited by the limit values [25]: the maximum probe measuring speed
(v=3 mm/s) and the minimum number of measurement points (145). The second important
criterion is the measurement accuracy, which, as can be seen from the data (Fig.10),
significantly depends on the selected mode. According to the studied modes, the change in
measurement time on a given CMM occurs by 4.6 times. This significantly differs from the
stable measurement time of typical round holes (Table 2).

The agreement between CMM results and optical microscopy (Fig. 9, 10) substantiates the
validity of the developed approach. The consistent convergence of both methods across
multiple repetitions confirms that the methodology is not only robust against parameter
variations but also reproducible under industrially relevant conditions. This dual verification
provides strong evidence of methodological soundness.

As we can see, the lack of scientifically based recommendations and limited data from CMM
manufacturers regarding the modes of the process of measuring holes CG leads to a loss of
accuracy and an increase in the duration of measurement. This significantly affects the
technological and economic efficiency of manufacturing of parts with precision holes.

To confirm the results, additional studies were conducted to measure the sizes of epicycloid-
shaped holes that have a different standard size (for sifting surfaces - the main separation
diameter or radius R). Using the developed methodology, size deviations were obtained
depending on the main hole size (R) and the stylus speed (Fig. 11). At the same time, the number
of measurement points, as an insignificant factor, was fixed at n = 300 points.

Analysis of the results (Fig. 11) shows that despite the increase in the size of the hole, the
identity of the change in measurement accuracy depending on the stylus speed remains. Varying
the main size of the hole leads to a change in the deviation of the hole by 3.3-80.5%, which
indicates a difference in the measurement path or the length of the hole contour curve.



S. Kharchenko et al.: IMPROVEMENT OF THE PROCESS OF MEASURING THE DIMENSIONS OF PRECISION HOLES ...

a) b)
VOFg]mf 5] ARnemm[pm] Vo[lgmfs]

264.6 '
300.3
335.9
3715 0.6

L4071

4428

0.6

0.4 478 .4

514 0.4

0.2 : . :
25 3 35 4 45 0.2
| _ Rfmm] | 2.5 3 35 4 45
1982 2377 2774 3149 3523 . Rmm]
Ly [mm] 1982 2377 2774 3149 3523
Lep[mm]

Fig. 11. Dependences of the efficiency of the hole measurement process on its main size (R) and the length of the
contour curve (L), the stylus measuring speed (v): accuracy (a), duration (b) (K, = 1.26; n = 300 points).

To be able to disseminate the research results, it is necessary to move from absolute to
relative parameters of holes that comprehensively characterize the shape of complex geometry.
Taking into account the research data, such parameters were the length of the hole contour curve
and the geometry complexity coefficient, which were obtained for the experimental holes (Fig.
11). For a given hole geometry (Fig. 1), the value of the geometry complexity coefficient K., is
in the range of 1.24 ... 1.26.

The presented data form (Fig.11) is more universal, because it can be used for
recommendations on the modes of the measurement process on the CMM of holes with any
geometry that differs from the correct shape (circle, triangle, rectangle). A comprehensive
representation of the complexity of the hole shape involves characterizing: the measurement
path as the length of the curve L., and the complexity (curvilinearity) as a coefficient K.,. The
results demonstrate that increasing stylus speed has a stronger negative impact on accuracy than
reducing the number of points, indicating that optimization should prioritize stable motion over
point density. These findings provide a foundation for minimizing inspection cycle time without
significantly compromising precision. Future work will include a quantitative cost-efficiency
model that accounts for equipment wear, computational load, and operator time to support
practical implementation.

Although the present study is focused on holes with epicycloid-shaped profiles, the
developed measurement methodology can be effectively applied to other geometries as well
(Fig. 2). The similarity in metrical characteristics, particularly the variability of curvature and
closed-loop periodicity, supports the applicability of the proposed method and its potential to
improve measurement quality for such shapes using CMMs.

With regard to the industrial validation of the developed methodology, it should be noted
that additional measurement uncertainty may arise due to adverse high-throughput conditions,
including thermal drift, structural vibrations, operator variability, efc. A positive aspect of the
proposed measurement concept is its modular nature, which allows for integration into
inspection systems equipped with compensation algorithms for mitigating adverse influences.

4. Conclusions

1. This study presents a validated methodology for the dimensional inspection of holes with
complex geometry, using a CMM and microscopy for cross-verification. The main components
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of the developed methodology include: fabrication of perforated surface samples with
epicycloid-shaped holes using a Water Jet machine; measurement on a ZEISS CONTURA
CMM under predefined operating parameters; verification of measurement adequacy through
microscopy with a Keyence VHX system and data processing with hole image segmentation;
analysis of results and determination of the relationship between measurement accuracy and
duration with CMM operating parameters; identification of complex parameters characterizing
the hole geometry.

2. The influence of stylus speed and probing density on roundness accuracy and
measurement time was systematically evaluated. It was shown that increased stylus speed
significantly affects measurement error, whereas the number of probing points has a secondary
influence, enabling process time reduction without compromising precision. The ranking made
it possible to establish the regularity of the change in the measurement accuracy and duration
for 12 CMM measurement modes, providing recommendations for the industrial use for
measuring holes of complex geometry.

3. Statistical evaluation with repetitions and ANOVA confirmed a significant influence of
probe speed on roundness deviation (p < 0.05). It was also found that circular holes have high
repeatability (CV = 1%), while epicycloidal holes have greater variation (CV up to 0.6%) due
to their geometric complexity.

4. A novel metric, the geometric complexity coefficient, was introduced to characterize the
internal geometric variability of closed contours. This coefficient serves as a supplementary
criterion to ISO-based form deviation assessments and supports enhanced analysis of complex
shapes beyond standard circular features.

5. The modular structure of the methodology ensures its adaptability to other ISO-compliant
CMMs and optical platforms, with future work planned for cross-system validation under
industrial conditions. These findings contribute to the advancement of geometric inspection
strategies for complex-featured components and offer a pathway toward standardized
dimensional control beyond circular geometries. Moreover, the methodology has undergone
explicit validation through cross-verification with optical microscopy, ISO-based calibration
procedures, and reproducibility testing under varied measurement modes. These elements
confirm that the proposed approach yields traceable, standardized, and reliable results, thereby
enhancing its practical applicability for industrial inspection systems.
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