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AUTOMATED SYSTEM FOR CONTROLLING
THE SURFACE ROUGHNESS PARAMETERS OF PARTS

The article presents an automated system for monitoring the surface roughness parameters of parts using
the optical method of confocal chromatic sensing with on-site measurements.

One of the most important parameters of parts is reliability and accuracy. These parameters directly depend on
the surface roughness parameters, so it is important to process parts with the specified parameters that will meet the
purpose of the part. There are many methods for measuring roughness parameters, most of which involve removing the
part from the machine between operations, which introduces some of the errors associated with part installation into
the machining process. In addition, conventional methods and portable devices for measuring roughness parameters
are often impossible to use for measuring parts of small dimensions and complex geometric shapes.

The method of chromatic confocal sensing, which is based on the use of the phenomenon of light dispersion, i.e.,
reflects the dependence of the refractive index on the medium or frequency of light, is used in this work. The optical
system is based on the design of a confocal chromatic microscope. The ray tracing method was used to determine
the focal lengths for different light wavelengths passing through the objective. After passing through the lens, white
light is decomposed into a spectrum, with each wavelength focused at a certain distance from the lens to form a set of
monochromatic images. The Lagrange multiplier method was used to develop and visually interpret the mathematical
relationship between focal length and light wavelength. Thus, using the method of confocal chromatic sensing, it is
possible to measure the surface geometry and calculate the roughness parameters based on the measurements. The
paper also presents and describes a block diagram of the algorithm for controlling the roughness parameters, a block
diagram of the algorithm for measuring the roughness parameters, and a block diagram of an automated system for
controlling the roughness parameters of the surface of parts.

An automated system for controlling the surface roughness parameters of parts by the optical method, with
on-site measurements, will increase the measurement accuracy and production productivity.

Key words: CNC machines, automated production, surface roughness parameters, in-situ measurements,
chromatic confocal sensing method.

Introduction. Roughness refers to the any functions may have a high roughness parameter,

microgeometry of a solid and determines the nature
of the interaction between a device part and other
parts in the machine tool system. This is an important
indicator in the product specification, determined
by the degree of deviation of the actual surface
profile at the base length from the theoretical smooth
surfaces of a given geometric shape. Roughness
determines the wear resistance and strength of a part,
the tightness of joints, chemical resistance, and the
appearance of the part. Depending on the conditions,
the appropriate roughness parameter is assigned. For
example, for friction parts, this parameter should be
minimal, as high roughness will accelerate wear in
the contact areas. At the same time, surfaces that do
not have contact with other surfaces or do not perform

since additional processing is unnecessary [1].
According to research, surface roughness
measurements can be divided into two types:
contact (profilometers and profilographs) and non-
contact (optical, pneumatic, ultrasonic, electrical,
and temperature). Optical methods are most often
used because they provide high measurement
speed and high resolution. Measurements can be
carried out with preliminary removal of the part
and its installation in the measuring device, but
such methods are undesirable because they increase
equipment downtime and therefore reduce production
efficiency, while at the same time introducing errors
in the installation of the part during subsequent
processing. Therefore, in-situ measurement methods
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are increasingly used, i.e., measurements do not
require part removal and are performed directly in the
machine tool holder [1].

Formulation of the problem. To measure the
roughness parameters using traditional methods, it is
often necessary to remove the part from the machine
between operations, which can cause some errors and
inaccuracies in the part processing process. At the
same time, portable devices for measuring roughness
parameters are unsuitable for measuring parts of
small dimensions and complex geometry.

The purpose of the article. The aim is to develop
an automated system for monitoring the surface
roughness parameters of parts using the optical method
of confocal chromatic sensing, with measurements
carried out on site. The advantages of such a system
will be that measurements will be carried out on-site,
which will reduce the impact of installation errors on
the accuracy of the part as a whole, and the use of the
optical method will increase measurement accuracy,
reduce production costs, and increase its productivity
by reducing the number of defective parts.

Presenting main material. Roughness is a set
of irregularities that form a real surface relief that
differs from the specified one, with a relatively
small step on the base length. It is formed as a
result of processing: protrusions and depressions
are formed, the surface layer of the material is
strengthened or destroyed, and internal stresses
occur. Roughness directly depends on the method
of machining the part, the cutting modes, the
overall stiffness of the machine-tool-part system,
the materials of the part itself and the cutting tool,
and the heating. The roughness index affects the
performance characteristics of machine parts and
assemblies — friction, wear resistance, tightness,
fatigue life, corrosion resistance, tribological
characteristics, heat transfer, adhesion, contact
pressure, aerodynamic characteristics, and electrical
contact. Therefore, machining parts with specified
roughness parameters is very important.

In accordance with DSTU ISO 4287:2012,
roughness parameters are determined by six
indicators, they are divided into 3 types: height, step
and height-step.

The altitude ones include the following: Ra is the
average arithmetic deviation of the profile within the
base length; Rz is the sum of the average absolute
values of the heights of the 5 largest protrusions
and depths of the 5 largest depressions of the profile
within the base length; Rmax is the distance between
the line of profile protrusions and the line of profile
depressions within the base length [2];
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The following are considered to be step
parameters: S is the arithmetic mean of the step of
profile irregularities along the vertices within the base
length; Sm is the arithmetic mean of the step of profile
irregularities within the base length;

Only one parameter belongs to the height-step
parameters: #p — the ratio of the reference length of
the profile to the base length.

In foreign literature, you can also find many other
roughness parameters such as: Rq is the root mean
square value, or the root mean square value of the
deviations of the profile height from the midline;
Rvi is the maximum depth of depressions below
the midline within the reference length; Rpi is the
maximum height of peaks above the midline within
the reference length; Rsk is the asymmetry, or the
measure of asymmetry of the profile relative to
the midline; Rku is the kurtosis, or the measure of
sharpness (or tailing) of the profile relative to the
midline [3].

There are many methods for estimating surface
roughness. There are two ways to assess roughness:
qualitative and quantitative.

Qualitative assessment is often used in production
conditions. For this purpose, the so-called standards
are used — specially made surface samples with a
pre-measured and specified roughness. The surface
roughness is assessed by visual comparison.

Quantitative methods for assessing roughness are
performed in two ways: contact and non-contact [4].

Contact methods include those that use special
devices such as profilers and profilometers.

There is also a method of casts used to assess
roughness in hard-to-reach areas.

Non-contact methods include: temperature,
pneumatic, ultrasonic, but such methods allow to
determine the roughness only indirectly, so there are
a number of optical methods that allow to accurately
determine the surface roughness, these include the
method of light and shadow intersection, interference,
raster, laser scattering, and chromatic confocal
sensing, the latter has a number of advantages over
other methods, so it was used in the study.

The chromatic confocal sensing method is based
on the use of the phenomenon of light dispersion.

The advantages of this method are as follows:

This method can be used to measure any
surface: mirror, curved, inclined (up to 82°), rough,
transparent, etc;

The measurement by this method does not form
shadow zones, which allows you to evaluate not
only the roughness parameter, but also the surface

topography;
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Taking into account the fact that the light
wavelength can be divided many times, this method
has a very high resolution (up to 1 nm), which depends
on the resolution of the spectrometer and the accuracy
of the lenses in the optical system;

As long as the measurements are performed
within the permissible range, a certain wavelength
will always be focused on the surface of the part;

The optical system and the controller can be
connected via fiber optics, which allows for remote
measurements;

The accuracy of the confocal chromatic sensing
method is not affected by external interference, such
as changes in temperature, light, or electromagnetic
interference;

This method can also be used to measure the
thickness of thin transparent films on the surface of
parts (up to 6 layers);

This method can also be used to measure the
roughness of surfaces inside holes [5];

In addition, this method achieves a high frequency
of data acquisition (up to 70 kHz).

To build the optical component of the system for
confocal chromatic sensing, we need: a full-spectrum
white light source, for which we decided to use
LEDs, since they consume little energy and have a
long service life, a 50:50 beam splitter, which was
used as a translucent mirror, two apertures, and an
HPCS300 minispectrometer. The advantages of this

spectrometer are the ability to connect both via USB
and RS285 protocol, which allows for remote and
online measurements [6, 7].

We also used a plan apochromatic microscope
objective with a twenty-fold magnification and a
numerical aperture of about 0.75 (Fig. 1), made under
patent of March 17, 1998, No. 5 729 391, inventor Itoe
Ito, Kawasaki, Japan, assignee of Nikon Corporation,
Tokyo, Japan [8].
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Fig. 1. Plan apochromaticmicroscope objective [8]

Fig. 2 shows the schematic arrangement of the
elements of the optical component of the roughness
parameters control system.

The principle of operation of the optical component
of the roughness control system: the light source 1,
which contains a spherical mirror, focuses the light so
that it passes through the input aperture 2 with a hole

Fig. 2. Schematic arrangement of elements of the optical component of the system
for controlling roughness parameters: 1 — light source; 2 — inlet aperture;
3 — beam splitter 50:50; 4 — microscope objective; 5 — surface under study;
6 — outlet aperture; 7 — collimator lens; 8 — spectrometer objective
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size of 1 mm. After passing through the aperture 2,
the light passes through a translucent mirror, which
serves here as a beam splitter 3 50:50 and enters the
lens 4, after passing through the lens, the light is
decomposed into a spectrum and only one wavelength
is focused on the surface under study 5, the focused
light is reflected back and after passing through
the lens 4 enters the beam splitter 3, from here the
reflected part of the light returns back to the source 1,
and part enters the direction of the output aperture 6.
Its role is to filter out the unfocused wavelengths and
let only the focused light pass through. The filtered
light enters the collimator lens 7 and then enters the
spectrometer objective.

The tracing method was used to calculate the focal
lengths for different wavelengths. A collimating lens
consists of two surfaces on which light is refracted
and a medium in which light passes. Studies [9] have
shown that the nature of refraction and transmission
of a light beam in different media can be described
mathematically.

The refractive matrix describes how a light wave is
refracted at the boundary of two media (for example,
air-glass), and is written in the form of a matrix % :

o

where: D, — is the force of one refractive surface,
which is calculated as:

Dl = il 5 (2)

R
where: n, — the refractive lindex in the second
medium (or in the medium of beam transmission);
n, — refractive index in the first medium (or medium
of incidence); R — surface radius.
The transmittance matrix describes how a light
wave behaves in a homogeneous medium, we write

it in the form 3:

1 0
T |:d21/nt1 1:| ’ ®

where: d,, — distance between the point of incidence
of the beam on the first surface and the second.

Since the lens consists of two surfaces and amedium,
the system matrix A, which describes the nature of the
light wave passing through the bulk lens, will consist
of two refractive matrices and one transmission matrix,
and will have the following form:

1 -D 1 o1 -D
Ay =R IR, :|:0 1 1:||:d /n I:HO ]2} (4)
21/

After mathematical transformations, this matrix is
written in the following form:
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where: d, — lens thickness, mm; n, — refractive index
of the lens.

The determinant of this matrix is always equal to
one |A,|=1. Additional studies have also shown that

. n n
the matrix term -g,, = ——L = + -2
fo i
F, F;
i 11
) m %)

Fig. 3. Focal lengths of lenses

So, to calculate the focal lengths for different
wavelengths for a lens, you need to calculate the
matrix A,

A16,1 = 9{IGSIGISER153|5149{I4S]4139‘{13:613129{I2Sl2]l!}{ll x
><311109:{1031099{93989?83879?73769{6SGSER53549{43439?33329?23219{1
Calculations have shown that different focal

lengths of the light wave passing through the lens
correspond to different focal lengths:

Table 1
Table of fixed values of the function f(},)
M am | 380 | 435 | 490 | 580 | 700
fi(%) mm | 6.648 | 6.782 | 6.881 | 6.993 | 7.091

Accordingly, by interpolating using the Lagrange
multiplier method, we obtain the function of the focal
length f; versus wavelength A; (Fig. 4).

f.(4)=-4.114" +16.311,° - 22.26 4> +13.56.4, +3.91. (6)

Figure 5 shows the algorithm of the roughness
control process. The algorithm for measuring the
roughness parameters is as follows: first, the user
enters the base length or roughness class at the setup
stage. After that, the corresponding measurement
modes are read from the microcontroller memory.
Next, the LED and spectrometer are powered on.
Before starting roughness measurements, the sensor
will first measure the received spectrum to make
sure that it is within the extreme focal lengths. If
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Fig. 4. Dependence of the focal length f; on the wavelength A,

the sensor is too close or too far from the surface
of the surface to be examined, the positioning error
will be estimated and the distance will be corrected.
Otherwise, the mechanism will start moving along the
surface to be examined. After the movement starts,
the measurement of the spectrum reflected from the
surface begins. During the measurement, the program
works in a loop, constantly recording the obtained
peak value of the spectrum and checking the condition
for the end of the measurement. The exit condition
is the end of the base segment. And when it occurs,
the command to stop measurements and movement
is executed, then the power of the spectrometer and
LED is turned off. After that, the computer analyzes
the data, displays the calculated roughness parameters
and profilogram or records them in memory.

The algorithm for calculating the roughness
parameters is shown in Fig. 6. First, the file is
opened, the condition of opening and file integrity
is checked. If the file is okay and not empty, the
file is read and converted first to an array of type
String, then to a list of type double. At this stage,
the obtained values of the light wavelength are
converted to the distance between the lens and the
surface using the mathematical model (6). After
that, the selected input parameters are checked and
compared with the measured data. If the measured
profile length is greater than the base length, it is
reduced to the base length, and if it is the other
way around, a request to change the base length is
displayed. The next step is to build a graph within the
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roughness

No The end of the
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“ -
~.
Continue moving
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e LED Turn off the power of
the spectrometer and
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Measure the spectrum v
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roughness parameters
. ; i ‘
7=4904 10 nm? /
[ .
\ / Display of results

Adjust the distance to
the surface

Fig. 5. Block diagram of the algorithm
for measuring roughness parameters

—

Start the movement

base length. Next, the average line is calculated and
plotted, relative to which the roughness parameters
will be calculated. The next step is to calculate the
parameters Ra and Rz and, after checking whether
they are within the normal range, the corresponding
results are displayed.
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Fig. 7. Block diagram of the automated system
for controlling the surface roughness of parts

The block diagram of the automated system for
controlling the surface roughness parameters of parts
is shown in Fig. 7.

Block 1 is the optical component of the automated
system, which includes a white light source, a lens, a
beam splitter, an aperture, and a spectrometer. The latter
has a minimum integration time of 50 ps, which allows
measurements with a frequency of up to 20 kHz. The
speed of the caliper movement is set depending on the
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oriented roughness class or on the base measurement
length (0.25—4 mm/s). During the measurement, the
spectrometer measures the spectrum of the returned
light and records the peak value of the spectrum at
each moment of time in the memory (Block 2). Upon
completion of the measurement, the recorded values
are transmitted via a wired or wireless communication
interface (Block 3 and Block 4) to a computer (Block 5).
The latter calculates the roughness parameters and,
using the comparison unit (Unit 6), evaluates whether
the measured roughness parameters correspond to the
specifiedones. Thelaststepistodisplaytheresults(Block7).
There is also a feedback between the spectrometer and
the computer, which allows the computer to give a
command to start and end measurements.

Compared to the profilograph, the chromatic confocal
sensing method has an average error of about 5%. This
makes it possible to measure the surface roughness with
high accuracy with a Ra parameter of 0.2-0.7 [6].

Conclusions.

1. Based on the analysis of the state of the art
and a review of existing solutions, it was decided
to develop an automated system for monitoring the
surface roughness parameters of parts using the
optical method of confocal chromatic sensing. The
advantage of this method is that it is non-contact, has
high accuracy and speed of measurement;

2. Based on the analysis of sources and the method
of confocal chromatic sensing, an automated system
for monitoring the parameters of surface roughness of
parts by the optical method was developed, elements of
the optical component of the system were selected, and
the focal lengths for different wavelengths of light for a
flat-apochromatic lens were calculated using the tracing
method, which showed that the difference in focal lengths
for wavelengths of 380 nm and 700 nm is 0.45 mm;

3. Basedonthe calculation of focal lengths for different
light wavelengths using the Lagrange interpolation
formula, a mathematical model (6) was developed that
established a nonlinear relationship of the focal length f;
on the wavelength A, passing through the lens;

4. Based on the design of a confocal chromatic
microscope, a structural diagram of an automated system
for monitoring the parameters of the surface roughness
of a part by the optical method was developed, which
will allow measurements to be made in-situ, that is,
without removing the part from the part holder;

5. On the basis of the developed mathematical
model, an algorithm for the process of controlling
and measuring roughness parameters was developed,
which will allow measurements to be carried out in an
automated mode, that is, in conditions of "unmanned
production”.
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Meabanuyk B.I1., llesuenko B.B. ABTOMATHU30BAHA CUCTEMA KOHTPOJIIO IIAPAMETPIB
IMOPCTKOCTI TOBEPXHI JIETAJIEN

Y cmammi npeocmaeneno agmomamusosany cucmemy KOHMPONIO NAPAMEMPIE WOPCMKOCMI NOGEPXHI
demainetl 3a OONOMO20K0 ONMUYHO20 Memo0y KOHGOKAILHO2O XPOMAMUYHOZO 30HOVEAHHS 3 NPOBEOEHHAM
BUMIDIOBAHb HA MICYI.

Oonumu 3 Haneaxciugiwux napamempis Oemanel € Haodinicms ma moynicmo. Lli napamempu
be3nocepednvo 3anexcamov Gi0 napamempie WOPCMKOCMi NOBEPXHi, MOMY 6ANCIUEO Nposecmi 0OPOOKY
Odemaetl i3 3a0aHUMU nApamempamu, ujo 6y0yme 6i0nogioamu npusHaverHio oemani. Icnye bazamo memoois
BUMIDIOBAHHSA NAPAMEMPIB WOPCMKOCMI, OilbUICMb 3 HUX Nepeddayaoms 3HAMms 0emaii 3 8epCmany Mixc
onepayiamu, 6 pe3yromami 4o2o 6 npoyec 0opodOKu 0emaii 6HOCUMbCA YACMUNA NOXUOOK, Wo No6 A3aui i3
yemanogkoio demani. Taxooxc, 36Udaiini Memoou ma nOPMamueHi npuraou O1s GUMIPIOGAHHS NAPAMEMpIe
WOPCMKOCMI 4aACTNO HEMONCIUBO BUKOPUCTNAMU O SUMIPIOBAHHA 0emaneli Maiux posmipie ma CKAAOHUX
2eoMempudHUx Gopm.

B pobomi euxopucmanuii mMemoo XpomMamuuHo20 KOH@POKANLHO2O 30HOVEAHHS, WO 3ACHOGAHUU HA
BUKOPUCMAHHI  A8UWA OUCnepcii ceimna, moomo 8i000paxdcae 3aieHCHICIb NOKA3HUKA 30TI0MIEHHS 610
cepedosuwya abo yacmomu ceimaa. OnmuyHa cucmema cmeopeHd HA OCHOBI KOHCMPYKYII KOHQOKANbHO2O0
Xpomamuyno2o Mikpockona. Memoo mpacysanns npomenie 06y GUKOPUCAHUT 3 MEMOIO BUSHAUEHHS (DOKYCHUX
giocmanell O/ PI3HUX O0BNHCUH C8IMI080I X8Ull, Wo nNpoxoosimv uepes 00 'ekmus. llicia npoxodicenus
00 ’exmugy oOine ceimno po3Kiadacmovcs 6 CHeKMp, NPU YbOMY KOICHA O0BIHCUHA CEIMN080T X8UTT (hOKYCYEMbCSL
Ha nesHitl i0cMaHi 8i0 00 €Kmugy ma Ymeopioe HAOIp MOHOXPOMAMUYHUX 300padceHb. Memoo MHONMCHUKIG
Jlazpanoica 6ys uxopucmanuti 0iist po3pooKy ma 6i3yanbHol iHmepnpemayii MamemamuyHoi 3a1eHCHOCIE MidiC
GoKYCHOI0O 8IOCMANHHIO MA D08HCUHOIO C8IMNI080I Xeui. Taxum YuHOM 3a OONOMO20H0 Memoody KOHPOKAIbHO2O
XPoMamuyHo20 30HOY8AHHS MOJICHA GUMIPIOBAMU 2e0Mempiio NOBEPXHI Ma HA OCHOGI 6UMIPIOGAHb PO3PAX)Y6AMU
napamempu wopcmxocmi. Taxooc 6 pobomi npeocmasneni ma OnuUcawi ONOK-cXema ancopummy npoyecy
KOHMPOIIO NAPAMempIi6 Wopcmkocmi, O10K-cXema anzopummy npoyecy UMIpIO8aHHs NApamempie WopcmKoCmi
ma ON0K-cxema agmomMamu306aHoi cucmemu KOHmpOo0 napamempie WopcmKoCmi nogepxmi demaell.

Aemomamuzosana cucmema KOHMpOIIO NAPAMEMpie WOPCMKOCMi NOGepxXHi Oemalieti ONMUUHUM MEMOOOM,
3 NPOBEOCHHAM BUMIDIOBAHb HA MICYi, 003601UMb NIOBUWUMU TMOYHICb BUMIPHO8AHL MA NPOOYKMUBHICHb
BUPOOHUYMEA.

Knrouosi cnosa: sepcmamu 3 YIIK, agmomamuszosare upooOHUYmeo, napamempu wopcmrocni no8epxHi
Odemanetl, BUMIDIOGAHHA HA MICYI, MeMOO XPOMAMUUHO20 KOHPOKATbHO20 30HOYBAHHSL.
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