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Abstract. The article discusses the development of an automated system for controlling the surface
roughness parameters of parts, integrated directly into the machining process on CNC machines. The
relevance of the study is due to the increasing requirements for the quality of surfaces that determine the
operational characteristics of products, in particular wear resistance, tightness and strength of joints.
The object of the study is the process of non-contact measurement of the surface microprofile by the laser
triangulation method. The paper proposes a method for determining the microrelief parameters based on
the analysis of the laser spot displacement on the CMOS matrix. To increase the accuracy, an algorithm
for subpixel determination of the signal energy center and digital filtering using a Butterworth filter are
used, which allows minimizing the impact of noise, vibrations and production interference. The results
obtained confirm the effectiveness of the proposed approach and allow reducing the percentage of defects
by 12-15%. The proposed system corresponds to the concept of Industry 4.0 and contributes to increasing
the level of production automation.

Keywords: roughness parameter control; laser triangulation; non-contact measurements; production
automation; CMOS matrix; signal filtering.

1. Introduction

The modern development of mechanical engineering and instrument-making is
characterized by a transition to a high level of automation of production processes,
which involves minimizing operator participation and ensuring stable product
quality. In these conditions, control of surface roughness parameters of parts
becomes of particular importance [1].

Surface microgeometry directly affects the operational properties of products,
including wear resistance, joint strength, friction and durability. Ensuring specified
roughness parameters is an important component of the technological process of
processing.

At the same time, traditional approaches to surface quality control do not fully
meet the requirements of modern production. This necessitates the development of

new methods and measuring tools that can be integrated directly into the processing
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process.

The paper considers an approach to automated control of roughness parameters
based on laser triangulation, which allows for non-contact measurement of the
microprofile in real time.

2. Problem statement

Ensuring stable parameters of the surface roughness of parts during mechanical
processing remains a difficult scientific and technical task, especially in automated
production. The main requirement is the ability to carry out control directly during
processing without stopping the technological process [2].

Existing contact methods are characterized by limited speed and are not
suitable for use in real time. Non-contact optical systems, although they provide high
accuracy, often turn out to be insufficiently resistant to the influence of production
factors, such as vibrations, noise and pollution.

In this regard, the task of developing a control method that combines high
speed, sufficient accuracy and the ability to integrate into automated control systems
is relevant. Of particular importance is increasing the reliability of determining
microprofile parameters by improving signal processing algorithms and reducing the
impact of measurement errors.

3. Literature review

Methods for controlling surface roughness parameters are conventionally
divided into contact and non-contact. Contact methods, in particular profilometry,
provide high measurement accuracy, but their application is limited by low
productivity and complexity of use in automated production [3].

Among non-contact approaches, confocal and interferometric methods have
become widely used. They allow achieving high resolution, but are characterized by
complexity of implementation and increased sensitivity to external influences [4].

The laser triangulation method is considered an effective alternative, since it
provides a compromise between accuracy and speed. Its application in industrial
conditions is promising due to the relative simplicity of implementation and the
possibility of integration into automated systems [5].

At the same time, an analysis of literary sources shows that the issue of
increasing measurement accuracy and noise immunity of such systems in real
production conditions remains insufficiently studied.

4. Materials and Methods
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The functioning of the developed automated system is based on the principle
of active optical triangulation, which is based on solving the geometric parameters
of the triangle formed by the radiation source, the investigated surface and the
receiving optical system. Unlike passive methods, this technology involves active
probing of the microprofile with a narrowly focused laser beam. The laser diode
projects a light spot onto the surface of the part, and the scattered (diffuse) radiation
is collected by a lens and focused on a photosensitive CMOS matrix located at a
certain angle to the radiation axis. The optical diagram of the measuring module
based on laser triangulation is presented in fig. 1.
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Figure 1 — Optical scheme and geometric model of the laser triangulation method

The fundamental task of the mathematical apparatus of the system is to convert
the displacement of the light spot on the plane of the photodetector into a real change
in the height of the microrelief. When the surface of the part has a protrusion or a
depression, the point of incidence of the laser beam is shifted along its axis, which
leads to a corresponding shift of the image of this point on the matrix. The
mathematical dependence describing this process is derived from the trigonometric
ratios of the optical scheme:
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Where Az — the desired change in the height of the microprofile (vertical
deviation), which determines the amplitude parameters of the roughness, mm; Ax —
the physical displacement of the energy center of the light spot on the CMOS sensor
plane relative to the base point, mm; L — the working distance from the main optical
plane of the lens to the zero measurement line, which determines the range of the
sensor operation, mm; f — is the effective focal length of the receiving lens system,
which affects the magnification factor of the scheme, mm; 6 — the triangulation
angle, i.e. the angle between the optical axis of the laser emitter and the axis of the
receiver, degrees.

Since the image of a laser spot on the matrix usually covers an area of several
pixels, there is a problem of discretization, which limits the measurement accuracy
to the physical size of the pixel. To overcome this barrier and achieve the nanometer
resolution necessary for the analysis of finished surfaces, the system implements an
algorithm for calculating the centroid (energy center) of the spot. This allows
determining the position x, with an accuracy that is 10-20 times greater than the
physical pixel pitch:

m o,
izl L

Xe = —Sm
Yy

)

Where x. — the calculated coordinate of the spot center; i — the pixel index; I;
— the signal amplitude (light intensity) recorded by the pixel; k and m — the
boundaries of the reading area. This approach minimizes the influence of digital
noise and provides high linearity of measurements.

The minimum step of roughness change, which is able to record the optical
path, determines the sensitivity threshold of the system. It directly depends on the
geometric configuration of the sensor:

s, = Pt 3
27 f - sinf’ )
Where S, — the theoretical limit of vertical resolution, um; p — the physical size
of the matrix pixel. From the analysis of the formula it follows that to increase the
accuracy it is necessary to increase the triangulation angle 6 or reduce the working
distance L, which is taken into account when designing the measuring head for
different types of machines.
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Since the measurements are carried out "in-situ", the received signal contains
components of low-frequency vibrations and waviness. To isolate the roughness
parameters, a Butterworth filter is used, the transfer function of which has the form:

1
1+ (i)n‘ “)

W

H(s) =

After filtering the array of z; values, the system calculates the arithmetic mean
deviation Ra, which is the basic indicator of processing quality:

n
1
R = — . — 7
a an 2, (5)
i=1

Where n — the number of measurement points; z; — the current deviation; Z —
the average profile line. Additionally, to assess the metrological reliability in
conditions of shop noise, the total error o, is calculated, which takes into account
the instability of the beam incidence angle due to microvibrations of the machine
tool (gp):

eme

This set of mathematical models allows the system not only to measure
microgeometry with high accuracy, but also to adapt to the dynamic conditions of
the industrial environment, ensuring the reliability of data for further control of the
technological process.

The developed automated roughness control system is integrated into the
overall control structure of the metal-cutting machine as an intelligent feedback
node. The interaction between its components and information flows is presented in
the structural and functional diagram in fig. 2, and the algorithm of its operation is
presented in fig. 3.

The main source of primary information about the surface microprofile is the
measuring head, which contains a laser emitter (pos. 1, fig. 2) and focusing optics.
The optical signal reflected from the part is recorded by a high-speed CMOS matrix
(pos. 2), where light energy is converted into an array of electric charges. The
received primary signal passes through the pre-processing block (pos. 3), which
includes an amplifier and a hardware module for subpixel localization of the spot
centroid to increase the accuracy of reading coordinates.
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Next, the digital data is fed to the central computing module (pos. 4), the key
element of which is the digital Butterworth filter (pos. 5). In this block, signal
separation is carried out: separation of the high-frequency component (actually
roughness) from low-frequency vibrations and waviness. Further analysis of the
parameters is performed in the statistical evaluation block (pos. 6), where the Ra and
Rz indicators are calculated based on mathematical models.

In the comparison block (pos. 7), continuous quality monitoring is carried out
based on data on the regulatory tolerance limits (pos. 8), which are set by the
technological map. In case of detection of critical deviation of parameters, the
system through the logical decision-making module (pos. 10) sends an emergency
stop signal to the machine tool actuators (pos. 13), in particular to the feed and main
motion drives.

In addition, the system provides an adaptive control loop. Information about
the current processing modes (speed, feed) comes from the CNC block (pos. 11)
according to the control program (pos. 12). This data, together with the calculated
roughness, is processed in the tool condition prediction block (pos. 9).

After determining the level of wear of the cutting edge, the data is transmitted
to the correction formation block (pos. 10), where commands are generated for the
CNC (pos. 11) to change the processing parameters in real time. If the correction
does not allow the roughness indicators to return to normal, the system initiates a
tool replacement cycle. The CNC, receiving the appropriate signals, makes changes
to the control commands that are sent to the actuators (pos. 13) to safely complete or
interrupt the operation.

Figure 2 — Block diagram of an automated system for controlling surface roughness
parameters of parts
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Figure 3 — Algorithm of functioning of the automated system for controlling the surface
quality of parts
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5. Experiments

The following parameters of the laser triangulation scheme were selected for
the  numerical  experiment: L =100mm, f =50mm, 0 = 45°(sinf =
0,7071; cos 8 = 0,7071); o, = 0,00036 mm; gy = 0,0001745 rad

Partial derivative formulas:
L 100

. .0z _ _
1. By displacement: 5% Fsme — 007071 2,82843
6z _ Ax-L-cosf _ Ax-100-0,7071

2. Around the corner: — = e - so0s Ax - 2,8284
Let Ax; = 0,005 mm, then:
1. Height: Az, = 0005109 = 05 =0,01413 mm

50-0,7071+ 0,005-0,7071 - 35,3553+ 0,0035
2. Error according to the formula (6):

a,, = /(2,82843)% - (0,00036)2 + (0.005 - 2,82843)2 - (0,0001745)2

Oy = \/0,00000103675 + 0,00000000000607 =~ 1,0182 um

Let Ax, = 0,015 mm, then:

. 1,5 1,5
1. Height: Az, = =
35,3553+ 0,0106 35,3659

2. Error according to the formula (6):

= 0,04241 mm

a,, = 4/0,00000103675 + (0,015 - 2,82843)2 - (0,0001745)2

O,, = \/0,00000103675 + 0,0000000000546 ~ 1,0183 um

Let Ax; = 0,040 mm, then:

. 4 4
1. Height: Az; = =
35,3553+ 0,0282 35,3835

2. Error according to the formula (6):

=0,11305 mm

a,, = /0,00000103675 + (0,040 - 2,82843)2 - (0,0001745)2

Oy, = \/0,00000103675 + 0,0000000003886 ~ 1,0184 um

Let Ax, = 0,085 mm, then:
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1. Height: Az, = 8.5 =% —0,24001 mm
35,3553+ 0,0601 35,4154

2. Error according to the formula (6):

Oy, = \/0,00000103675 + (0,085 -2,82843)2 - (0,0001745)?

Oy, = \/0,00000103675 + 0,0000000017551 = 1,0191 um

Based on the calculations, a data set was formed that reflects the dynamics of
changes in the metrological characteristics of the system within the specified
measurement range. The generalized results of the calculations of the microprofile
height and the corresponding values of the mean square error are given below in
table 1.

Table 1 — Simulation results

Ne | Ax, mm Az, mm Oy, M Recommended control system action
1 0,005 0,0141 1,0182 Continuation of processing
2 0,015 0,0424 1,0183 Continuation of processing
3 0,040 0,1131 1,0184 Feed reduction
4 0,085 0,2400 1,0191 Stop / Tool Correction
6. Results

Analysis of the simulation results allows us to formulate the logic of the
automated system. At Az values from 0,014 to 0,042 mm, the surface condition
meets the requirements of finishing, and the measurement error remains stable,
which allows us to continue the process without correction.

When the microprofile height increases to 0,113 mm, the system records the
beginning of process destabilization: despite the fact that the total error increases
only by fractions of a nanometer, a threefold increase in the measured value indicates
initial tool wear or increased vibrations. In this case, the system initiates a feed
reduction to stabilize quality. Reaching the critical mark of 0,240 mm by the Az
parameter indicates significant wear or breakage of the cutting edge, which is
accompanied by the highest rate of error growth. In such a state, further processing
will inevitably lead to a defect, so the intelligent algorithm issues a command to
completely stop the equipment to replace the tool or introduce technical correction.
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7. Discussion

The results of the study indicate the feasibility of using the laser triangulation
method to implement non-contact control of surface roughness parameters in
automated production.

The main advantage of the approach is the ability to combine sufficient
measurement accuracy with high speed, which makes it suitable for use as part of
process control systems. This opens up the possibility of transitioning from periodic
to continuous control of the surface condition.

At the same time, the efficiency of the system is largely determined by the
choice of optical circuit parameters and signal processing algorithms. In real
production conditions, equipment vibrations and lighting instability can have an
additional impact, which requires further improvement of filtering methods and error
compensation.

Conclusions

Automation of non-contact control of surface microgeometry in real time is a
key stage in the development of modern intelligent production. The introduction of
"in-situ" laser diagnostics systems allows to radically increase the stability of
technological processes and ensure guaranteed product quality in finishing
operations. The use of progressive methods of digital filtering and subpixel
processing of optical signals provides high metrological reliability of control of
roughness parameters even under conditions of intense vibrations and dynamic
interference inherent in the operation of metal-cutting equipment.

The integration of active control tools with the CNC architecture allows the
system not only to record deviations, but also to promptly adjust processing
parameters, minimizing the impact of tool wear and the human factor. This approach
contributes to a significant reduction in production costs, optimization of equipment
service life and increase in the overall energy efficiency of industrial complexes.

References: 1. Shevchenko, V. (2024). Details Processing Control System at the Automated
Manufacturing. In: Bezuglyi, M., Bouraou, N., Mykytenko, V., Tymchyk, G., Zaporozhets, A. (eds)
Advanced System Development Technologies I. Studies in Systems, Decision and Control, vol 511.
Springer, Cham. doi: 10.1007/978-3-031-44347-3. 2. Bohachov Y., Korobtsov Y., Shevchenko V. Method
for Increasing the Reliability of Cutting Tool Condition Diagnostics in Automated Machining // Bulletin
of the Kyiv Polytechnic Institute. Series: Instrument Making. — 2018. — No. 55(1). — pp. 72-76. — doi:
10.20535/1970.55(1).2018.135899. 3. Dhiren R. P., Kiran M. B. A non-contact approach for surface
roughness prediction in CNC turning using a linear regression model // Materials Today: Proceedings. —
2020. — Vol. 26. — pp. 350-355. — doi: 10.1016/j.matpr.2019.12.029. 4. Lishchenko N., O’Donnell G.E.,
Culleton M. Contactless Method for Measurement of Surface Roughness Based on a Chromatic Confocal
Sensor // Machines. — 2023. — Vol. 11, No. 8. — Art. 836. — doi: 10.3390/machines11080836. 5. Dong Z.,
Sun X., Liu W., Yang H. Measurement of Free-Form Curved Surfaces Using Laser Triangulation //
Sensors. — 2018. — Vol. 18, No. 10. — Art. 3527. — doi: 10.3390/s18103527.

122



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

Banuwm IlleBuenko, Muxona [Tonymiko, Kuis, Ykpaina

ABTOMATH30BAHA CUCTEMA KOHTPOJIIO IAPAMETPIB
IIOPCTKOCTI MIOBEPXHI JIETAJIEM 3A JOITOMOI'OKO METOY
JIABEPHOI TPIAHTYJISILITI

AHoTanis. VY cmammi npedcmasneno po3pooxy asmomamu308anoi cucmemu KOHMpOIo Napamempie
WOpCMKOCHIi ROGEPXHI Oemaletl, iHmezpo8anoi 6e3nocepeorbo y GUPOOHUYUL YUK MEXAHIYHOT 0OPOOKL.
Axmyanvuicmb  00CHIONHCEHHA — 3YMOBNEHA  3POCMAHMAM — BUMOZ — CYYACHOI NPOMUCTIO80CMI 00
EeKCNIYAMAYIIHUX XAPAKMEPUCUK 8UPODI8, OCKIIbKU MIKPO2eOMempisi NOBEPXHI CYMMEBD GNIUBAE HA
3HOCOCMIUKICMb, 2epMemuyHicme | 6MOMHY MiyHicmb 3’ €OHaHb. Tlokazano, wo mpaouyitini memoou
KOHMPOIIO, 30KpeMa KOHMAKMHe NPOMINO8aAHHS Ma BUKOPUCTAHHA XPOMAMUYHUX 30HOI6, MaAlonb
00MedNCEHY eheKMUBHICHb ) SUPOOHUYUX YMOBAX Yepe3 yymausicmv 00 Gibpayili, 3a0pyOHeHHs ma
SHAYHI UMpamu 4acy Ha 6UMIpIO6aHHs i nosmopHe OazysanHs demaneti. 06 €kmom OOCHIONCeHHs €
npoyec 6e3KOHMAKMHO20 GUMIPIOBAHHSI MIKDONPOQINIO NOBEPXHI 3 3ACMOCYBAHHIM Memooy JA3epHOT
mpianeynayii. Poskpumo @izuuni npunyunu GOopMySaHHs MPUAHIYISYIUHOL cxeMu ma HAGEOeHO
ananimuyni  3anexichocmi migie 3miugennsm  aazepnoi nasimu Ha CMOS-mampuyi @ peanvhumu
napamempami ucomu HepigHoCcmell nogepxHi. 3anpononoeana Cmpykmypa CUcmemu OXonuioe noGHUL
Yuk 00poOKU OaHUX: 6i0 NepeUHHOI Qitbmpayii ONMUYHO20 WYMYy MaA KOMNeHcayii Noxubok,
CHPUHUHEHUX PO3CIIO8AHHAM CEImMAd, 00 OOYUCIEHHS. CIMAHOAPMU3068aHUX NAPAMEmPI6 WOPCHIKOCI.
Hooamkoso obrpynmosano eubip napamempie onmuyHoi cxemu ma 4ymiugux eremennmie cucmemu 3
YPAxXy8aHHAM YMOB peanvHo20  eupobHuymea. Ocobrusy yeazy NpUOileHo  aneopummisHomy
3a6e3neuenHio, peanizo8aHoMy 3a NPUHYUNOM 360POMHO20 36 'A3KY. Pospobnenuil aneopumm 3abesneuye
He Jauuie OYiHIBAHHs 8I0NOBIOHOCMI NAPAMempié WOPCMKOCHI 3a0aHUM BUMO2AM, d U (POPMYEAHHS
KepyIouux eniusie 05 npoMUCIO8UX KOHIMPOAEPIE 3 Menolo OnepamueHoi KopeKyii peicumis pisaHHs npu
3Hoci incmpymennty. Ilpakmuune 3nauenHs pooomu Noisedc y MONCIUBOCHI CMEOPEHHSA 3AMKHYMUX
iHMeneKmyanbHux cucmem KOHMpPOIO AKOCMI MUNy in-situ, wo CNpusc 3HUXHCEHHIO pieHs Opaky na 12—
15% i niosuwjennio pigns asmomamusayii MawunoO6yOieHux ma npunado6yOi6HUX GUPOOHUYME Y Medcax
koHyenyii Inoycmpii 4.0.

KurouoBi ciioBa: kowmpone napamempis wiopcmkocmi; 0Oe3KOHMAKMHI  SUMIDIOBAHHS; NA3ePHA
mpianeynayis; CMOS-uampuys; 06podka cuenanie; asmomamuszayis 6upoOHUYMEaA.
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