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Abstract: Reliable measurement of surface roughness (Ra) is extremely important for quality control
of production processes. The cost of the equipment and the duration of the measurement process
are very high. The aim of this work is to develop a device for non-destructive measurement of
specific roughness levels on stainless steel using computer vision. The device should be structurally
simple, affordable, accurate, and safe for practical use. The purpose of the device is to effectively
detect the level of roughness of the treated surface obtained by the water jet cutting process. On the
basis of the obtained results, it is possible to adjust the parameters during the cutting process. The
principle of operation of the device is based on measuring the intensity of the visible spectrum of the
light reflected from the surface of the sample to be measured and correlating these values with the
values of the measured roughness. After testing several variants of the device, the so-called vertical
measurement variant was developed using the following equipment: violet light LED, optical filter
and light splitter, USB 2.0 web camera, Arduino microcontroller, personal computer, and LabView
programming interface.

Keywords: computer vision; optical measurement; reflection; stainless steel; surface roughness

1. Introduction

Control of surface quality is becoming increasingly important, especially in the pro-
duction of precise elementary parts [1]. The task of production is to create surfaces that
provide satisfactory machinability at minimum cost. The control of surface quality includes
the determination of micro- and macro-geometric characteristics, i.e., roughness of the
treated surface [2,3]. The criterion for determining the degree of roughness for a particular
type of machining is given by the corresponding standard.

Machining quality is determined by two fundamentally similar meanings. The first
meaning is that the quality refers to the machined surface obtained by removing material
using various machining processes, such as laser machining [4,5], milling [6,7], drilling [8],
or some other advanced processes [9]. Another meaning is that quality refers to the work
and represents a set of indicators that determine its value and utility. The manufactured
part consists of several machined surfaces, each of which can be manufactured using
different technology. The geometry of the machined surface results from a combination of
three elements:

Surface roughness, which refers to high-frequency irregularities on the treated sur-
face [10]. It is caused by displacement marks, reflections of the profile of the tool tip, traces
of abrasive particles, etc.

Surface waviness, which represents medium-frequency irregularities on the treated
surface [11].
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Surface shape, which represents the general shape of the surface if roughness and
waviness are ignored [12].

In addition, the physical and mechanical properties of the surface layers after pro-
cessing are determined by consolidation, depth of consolidation, distribution and degree
of consolidation, structure of the consolidation layer, and residual stresses. The concept
of surface integrity, originally defined for grinding operations, can be extended to other
finishing operations and includes six different groups of key factors: visual, dimensional,
residual stress, tribological, metallurgical, and other factors [13-16]. It should be noted that
all parameters in the material removal process have a direct impact on the integrity of the
machined workpiece surface [13,17,18].

Today, process-independent and in-process measurement systems are used to mea-
sure the roughness parameters of the machined surface [19]. When using out-of-process
measurement systems for roughness measurement, the cutting process must be interrupted
at the desired time, and then the value of the roughness parameter must be measured.
Process sensors can be classified according to various criteria: direct or indirect, contact
or non-contact, and intermittent or continuous [20]. Various principles can be used for
measurement: mechanical, optical, electrical, pneumatic, etc. Accordingly, the types of
sensors for measuring the roughness of the treated surface can be mechanical, optical,
electromagnetic, capacitive, piezoelectric, frequency, electromechanical, or a combination.
The problems faced by researchers on this subject are varied. Thus, we find systems that
perform roughness measurements with an insufficient measurement range, i.e., with a
narrow range of the obtained data [21,22]. Moreover, the inaccessibility of the measurement
poses a very large problem. Such a problem occurred, for example, when measuring the
roughness of the wheels of moving trains, which produced loud acoustic noises the source
of which had to be determined [23]. Generally, various approaches to this issue were ex-
plored, but due to their precision and measurement range, i.e., expensive instrumentation,
they encountered difficulties [24].

The most commonly used method to evaluate the texture of the treated surface is
a probe that is mechanically passed over the surface. The field of surface evaluation
techniques is continually developing, and non-contact methods are most commonly used
for on-line evaluation of the treated surface [25,26]. Again, the optical probes used vary.
Depending on chromatic confocality, they can be intended for transparent or non-breathable
materials [27,28].

Laser triangulation is one of the simplest non-contact measurement methods. It is
based on the fact that the degree of reflection from the processed surface depends on its
roughness [29].

In various machining processes based on material removal, specific qualities of the
machined surface are obtained. Accordingly, a distinction is made between fine machining
processes, such as grinding or scraping, again focusing on the creation of appropriate
models of the output characteristics of the process, in this case, surface roughness. These
models can be mathematical, i.e., based on artificial intelligence [30,31]. In addition to these
precise technologies of cutting processing, some processing where such low roughness
is not achieved finds its share of attention. These certainly include machining with an
abrasive water jet, which is most commonly used when working with difficult-to-machine
materials where thermal treatment of the surface should be avoided [32,33]. The chal-
lenge is to obtain, in the most economical and productive way, information about the
quality of machining from the aspect of roughness. This is certainly achieved through
the formation of appropriate models of the behavior of the treated surface as a function
of variable parameters, on the basis of which appropriate optimization of the process is
carried out [34,35].

One of the most common problems in measuring the roughness of surfaces is that
a classical device with a measuring probe cannot reach the surface on which the level of
roughness needs to be determined. Problems arise due to the overall dimensions of the
device with the tentacle, as well as various films that hinder the movement of the tentacle.
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The device presented later in this paper provides a quick and effective way to determine
the level of surface quality. The disadvantage of the previously mentioned measurement
variants is the installation cost itself, which is several times higher than the device proposed
in this paper. The paper presents the approach of surface measurement after water jet
treatment on an austenitic steel. However, the application range of the device is wide.
Accordingly, it is possible to perform measurements on a variety of materials; for example,
to determine whether they are metallic, non-metallic or, wooden [36], it is only necessary
that a certain degree of reflection is observed.

It should also be noted that the daily development of appropriate coatings, i.e., films
used to treat surfaces after machining, affects the change in roughness, i.e., the quality of
the surface [37]. Accordingly, this device can quickly detect the influence of certain coatings
that have been used on the surface, as well as various thermal treatments [38].

The general purpose and goal of this research is to create a new prototype device that
will quickly and efficiently contribute to the detection of the quality of the treated surface
from the aspect of roughness. In addition, the authors would like to show that it is possible,
even with very modest resources, to develop an adequate device for the rapid detection
of surface roughness. Here, the emphasis is primarily on non-contact measurement of
inaccessible surfaces.

The novelty of the research is a device that works on the principle of optical reflection
of light, where the detected image is measured in bits as a unit to define the image quality
of the corresponding surface. The bits defined in this way are indirectly translated into a
size that defines the roughness of the machined surface, which is micrometers.

2. Experimental Setup

The paper describes an optical method for measuring the roughness of the treated
surface on samples that were cut with a high-pressure water jet. After cutting the samples,
the roughness of the treated surface was measured using a Mitutoyo SJ301 (Kanagawa,
Japan) device (Figure 1).

Figure 1. Surface roughness measurement with portable tester Mitutoyo SJ] 301 SurfTest.

The measured roughness was compared with the light scattering of an optical rough-
ness meter. These are determined classes of light intensity with regard to the roughness of
the treated surface.

Figure 2a shows the principle of light reflection from smooth surfaces, where reflection
occurs at the same angle of incidence. In the case of a rough surface (Figure 2b), the light is
scattered at other angles.
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Figure 2. Light reflection: (a) smooth surface and (b) rough surface.

In order to avoid the problems caused by the variable distance as well as by the
construction design, a vertical orientation was applied. In addition, when the light is
collimated, there is no need to fix the exact distance from the observed sample. This design
of the device offers the possibility to divide the light beam with the help of a splitter.
This uniform division of the light beam in the amount of 50% is possible if the splitter
is placed at an angle of 45° in relation to the horizontal. In this case, half of the light is
transmitted to the sample, while the other half is reflected. The amount of this reflected
light is 25% less than the light source, since the sample cannot be considered to act as an
ideal mirror. The reception of this light is accomplished by an optical sensor located on the
side. This type of design is the most expensive and also the most effective. In experimental
measurements, the distance of the device does not affect the amount of light detected by the
sensor because the influence of the angle of incidence is avoided in a vertical orientation.
It should also be taken into account that the light source is extremely bright because the
light beam must pass through the splitter twice. If this is not ensured, there is a possibility
of a loss of light intensity of 75% (Figure 3).

uv
source

Sensor

/‘%4

17
LA A
workpieces

AN

Figure 3. Vertical orientation of optical measurement.

2.1. Construction of the Device

During the construction of the housing for accepting the device, it is necessary to
ensure sufficient distance between the device and the sample to further implement it
through the assembly line. The housing of the device was designed in Solidworks and then
fabricated from acrylonitrile butadiene styrene (ABS) using a 3D printer. Figure 4 shows
the two main parts. The larger part is intended for the Arduino microcontroller, the signal
lamp, and the beam splitter. The smaller part serves to hold the USB camera. In addition, it
is necessary to have the LabVIEW software installed on the computer and to be connected
to the web camera.
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Figure 4. Prototype design of a box fabricated on a 3D printer, with a lens holder at an angle of 45°.

2.2. System Main Elements
2.2.1. Light Source, Lens, and USB Camera

Regarding the light source, we must emphasize both the magnitude of the intensity
and the type of wavelength. The wavelength has a great effect in terms of accuracy or
resolution, as well as the safety of the device itself. It is important to note that some
wavelengths are harmful and can have undesirable effects, such as ultraviolet light. The
following equipment was used:

Purple LED (SSL-LX5093VC), Lumex Opto/Components Inc (Carol Stream, IL, USA):
This source produces 2200 mcd and A = 550 nm at an operating current of 20 mA (Figure 5a).

¢)

Figure 5. (a) Led SSL-LX5093VC, (b) Thorlabs beam splitter EBS1, and (c) USB camera.

The Thorlabs (Newton, NJ, USA) EBS1 50:50 (at 45° angle of incidence) beam splitter:
operating in the visible (450-600 nm) spectrum (Figure 5b).

USB digital microscope KLN-J200 (Kalinu Technology CO., LTD, Ningbo, China):
2.0 Mpx, usb 2.0, zoom 25x-200x, focus manual (0-85 mm), image resolution from
320 x 240 to 1600 x 1200, video resolution 640 x 480 (Figure 5c).

The lens is semi-conducting and must be positioned at a precise 45° angle, as the
reflected light must fall on the camera as much as possible.

The difference between the presented device and the existing ones is that it uses a
fast optical measurement of light reflection from the surface compared with mechanical
(measuring probe). In addition, compared with optical measuring devices, the developed
device uses a wavelength of 550 nm LED.

2.2.2. The Procedure of Image Detection and Analysis

A combination of multiplication methods was used for image analysis, i.e., defining
classes for the roughness value Ra. The flowchart shows that the algorithm first captures
the image, then converts the raw image into gray scale, defining the appropriate level of
values in terms of light intensity. After that, an area predefined by the user within the
image is viewed; this is the ROI (region of interest), which can be a square area or a line,
and its appropriate type is selcted by the user on the basis of the application interface.
The intensity values within this area are then averaged, and that average intensity is then
correlated to a specific class of Ra, defined by the numerous measurements of test samples
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with known values of surface roughness for device calibration. If the light intensity is
outside the defined classes, the algorithm indicates an error, i.e., an unknown value of the
roughness parameter. This is shown in the flowchart in Figure 6.

. Picture
Turn On » Drivers ractivem Camera [—shap®
(RGB)
act'\\.‘ate4 ‘
picture procesing
Y
; ROI type of Picture
— Arduino - choose yp [“choose|
T (position) ROI (grey)
‘_ activation | "
turning picture procesing
A\ l
2| Purple Picture & E
2| LEDon ROI |
savLing results
Ra class
Savin Results » Graphs
LEDs on & P

Figure 6. Application flowchart.

The mathematical algorithm itself is not defined, and the principle of operation of this
device is to control the hardware units, in this case, the LED lamp, through software. For
the realization of this control, the software package LabView is used, which operates on the
principle of graphical programming and uses various icons and connectors on the basis of
which the front panel, i.e., the virtual device, is defined. The front panel obtained in this
way essentially simulates an instrument. Further connection of the injector units is carried
out through the block diagram, which is an integral part of this device.

2.3. Application User Interface (UI)

The interface is adapted to the user, who can very easily perform measurements
(Figure 7). The measurement is performed in several steps. The first step is to place the
device directly above the surface of which the roughness is to be measured. Once the
positioning is completed, the indicator marked “ON" is pressed in order to start the light
source. Then, the indicator labeled “Snap” will be used on the virtual instrument and a
recording is captured. When recording, it is necessary to select the ROI (type and position),
which is defined in green in the third window. On the user interface, there is also a window
called “Live Image”, which allows the user to see a potential image before capturing the
recording. At the very end, the “Process” button is activated, and the image is processed,
that is, the detected value of Ra is determined and displayed.
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Figure 7. User interface.
After obtaining the Ra class results, the user can see the graphical results on the
“Graph” tab and save all the results (image (RGB and gray), intensity value, and graph) by
pressing the “Save” button on the main “Image” tab (Figure 8).
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RGB - bit RGB Light intensity
i /I Red [N
L 7 Green |NA
180
170-] 4 _Blue _- 1
E g ol 114.45
& £15 ]
E 140- 109.99
0y 192,95
120+
110
100- B
Gray — bit only image Light intensity
180~ 7|1, RGE ]
i 411, Gray RO1 ERNG
! /11, Gray Full |G
= 160 -] -
% 0 120.77
&
140 175.44
-~ 138.80
Intesity 120 i |
Gray 8 — bit only ROI — Surface Gray 8 — bit only ROI — Line
2000 -
1750 -|
1500 -1
., 1250~
& 1000~
= 750+
e
250-
0 50 100 150 200 250 300
Intesity |

Figure 8. Graph results in the “Graph” tab.

3. Results of Measurements

The machine used was Teen King 1530 (Foshan City, Guangdong, China), dimensions
of the work table 3000 x 1500, the cutting speed was 22-35 mm/min, the water pressure
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was 3000-3500 bar, and the mass flow of Barton Garnet abrasive was 0.32-0.5 kg/min.
These parameters were varied during the experiment and are the most important for the
cutting quality, the cutting speed being the most influential parameter.

The corrosion-resistant austenitic steel (AISI 316L) was used as the machining material
(Table 1). The large thickness (30 mm) of the plate affected the efficiency of cutting, and
accordingly, the structure of the water jet was modified by adding abrasive material
particles (Barton Garnet Mesh No. 80).

Table 1. Sample measurement results.

Sample  Measured Measurements with a Camera C1 (Bits) Mean
No. Ra, pm M1 M2 M3 M4 M5 M6 M7 Value
1 3.74 158.15 161.88 156.74 162.18 155.86 161.67 161.15 159.66
la 3.71 170.31 178.35 167.81 168.85 160.24 180.96 171.41 171.13
2 5.23 159.41 158.79 156.66 156.76 155.16 161.90 161.78 158.64
2a 4.64 166.54 163.36 164.41 167.81 168.08 167.89 164.71 166.11
3 4.41 168.23 166.37 166.41 169.77 162.47 161.66 168.09 166.14
3a 5.25 161.39 162.02 163.78 157.72 162.25 156.41 163.25 160.97
4 7.07 149.50 150.34 154.91 154.08 146.78 143.05 150.52 149.88
4a 5.82 162.36 161.49 159.91 160.59 159.09 162.69 159.00 160.73
5 5.83 172.71 172.12 171.62 165.56 173.88 174.15 176.50 172.36
5a 6.12 165.32 163.09 168.17 161.01 164.87 169.62 169.81 165.98
6 5.61 166.28 172.80 166.66 170.01 165.86 163.60 163.26 166.92
6a 4.95 173.99 175.44 169.10 178.27 170.32 171.61 170.24 172.71
7 6.42 149.11 145.29 151.28 150.14 154.73 152.07 147.45 150.01
7a 5.37 165.07 161.76 166.23 162.69 169.22 169.02 164.87 165.55
8 13.52 137.28 141.38 144.45 135.12 139.78 144.89 140.04 140.42
8a 16.03 13591 137.42 127.80 139.34 143.22 142.17 139.48 137.91

Table 1 shows the results of measurements with the Mitutoyo SJ 301 SurfTest device
(Ra, pm), as well as measurements with cameras (C1, bits). The roughness values for one
interval were measured twice, where the repeated measurement is represented by the prefix
“a”. The values from M1 to M7 are repeated measurements aimed at the same surface, in
order to show the measurement error, which is approximately 2%, and was determined on
the basis of Equation (1).

n N
A=) |C1’7C1’ /n-100% (1)
inn Cl

where C1 is each individual measurement,

- Clis the mean value of individual (n) measurements,
- i=1,23.7.

Considering the measurement results, the following light intensity values for the
following roughness classes were adjusted in the application:

1st class: 145 > I (bits) > 135 for Ra > 12.5 um,

class: 155 > I (bits) > 145 for Ra: 6.3-12.5 um,

class: 185 > I (bits) > 155 for Ra: 3.2-6.3 um,

class: 205 > I (bits) > 185 for Ra < 3.2 um,

class: I (bits) > 205 or I (bits) < 135, Ra: unknown (error).

The maximum roughness value is defined according to the characteristics of the
profilometer, which works on the touch principle, and for which the usual value for the
maximum possible measured size is approximately 15 pm. Accordingly, the presented
device was tested and resulted in a surface quality of greater than 12.5 um, which can be
considered as very rough machining in mechanical engineering. The detection of even
greater irregularities would not be useful because one would then enter the realm of
undulations.
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A roughness of less than Ra = 3.2 um can generally not be achieved with water jet
processing technology. The AISI 316L steel that was tested has a very high profile thickness;
therefore, it is very difficult to achieve such a good quality of the machined surface while
still maintaining an economical cutting. It can be assumed that all surfaces that have more
than 205 bits would have better reflection and lower roughness.

Some problems that may occur during measurement should also be mentioned. If a
layer of water and/or dirt is minimal and is evenly distributed over the entire surface
in the form of a film, the measurement results likely would not deviate significantly, i.e.,
they would remain in the same class of roughness as if the surface were completely clean.
However, any non-uniformity and a larger amount of cutting products would certainly
affect the reflection band.

In addition, the results will be affected by the material of the surface that is being tested,
and it is necessary to determine the level of reflection for each new material. Materials for
which this method does not work are those that do not produce surface reflection when
illuminated with photons, thus preventing the camera sensor from reading them. These
include paper, rubber, leather, glass, etc.

Statistical Analysis of Optical Measured

Data processing was performed in the Statistica program and the Student’s distribution
was used. Since the number of tested samples was less than 30, this statistical method of
data processing is proven to be the most applicable.

From the box and whisker plot, it can be seen that the rougher the processed surface,
the greater the intensity of reflected light, i.e., the less light reaches the camera sensor
(Figure 9). It is also observed from the mean +/—1 standard deviation that 66% of the data
do not overlap with other roughness classes; thus, we can say with a certainty of 66% that
this method is sound (Figure 10). Using a better camera (higher resolution) and higher
quality optics would produce better and more accurate results.

Box & Whisker Plot

o Mean
L MeansD
7 = T
Ledt _6'3;1153 s Ra>123 I Mean=3D196xSD

Range of surface roughness [um]

Figure 9. Box-and-whisker plots of the range of light intensity and surface roughness.
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Ra 3.2 - 6.3 = 77x5 normal (x; 165.5797; 5.834)
Rz 6.3 - 12.5 = 14x5 normal (x; 149.5464; 3 4842)
Ra> 12.5= 14x5 normal (x; 139.1629; 4. 4206)
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Figure 10. Histograms of multiple variables.

From the graphs, it can be observed from the normal natural Gaussian distribution
(center and area of the square) that there is no overlap among the measured data of the
surface roughness of the different classes (the square accounts for 66% of the data). For
Classes 2 and 3, this discrepancy is obvious, which shows that this method is best for
measuring roughness for these classes. There is only some slight overlap in the data at the
edges, so we can say that the percentage of accuracy is higher, for these classes. In addition,
the distance between Classes 1 and 2 is smaller and there is more overlap at the edges, but
with a better camera (higher resolution) the edge overlaps would decrease.

4. Conclusions

After the final tests and measurements of the test samples, the device for determining
the degree of roughness using computer vision has shown that it is possible to build a
very affordable device (up to EUR 150) that, with the development of software solutions
and under certain production conditions, can replace very expensive and sophisticated
devices.. For the sake of comparison, the basic model of the device Mitutoyo SJ 301 costs
approximately EUR 3000, and the Taylor and Hobson—Surtronic S100 (Leicester, UK), for
example, is even more expensive, at approximately EUR 5000.

The computer vision system allows the user to perform checks and measurements in
the production facility without disturbing the production process.

The presented measuring device has its advantages, which are reflected primarily in
the fact that it does not require a large financial investment, is very easy to use, and does
not require any long-term training. It is also possible to perform a quick test immediately
after cutting the piece to determine to which class the quality of the cut belongs and to
make corrections to the cutting parameters, such as reducing the cutting speed, increasing
the pressure, correcting the abrasive flow, etc.

During tests and measurements, the system shows certain deviations in different
series of measurements, which are not negligible. It showed the highest precision when
measuring samples with a roughness level between 3.2 and 6.3 um. Difficulties occurred
with the sample with roughness greater than 12.6 pm and less than 3.2 um.

The direction of future improvement of the device is moving towards the installation
of a better camera with a better resolution (more than 8 MP), then better optics that
would reduce the variations of the light intensity during the measurement, as well as the
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application of new measuring templates that would enable a more accurate positioning on
the sample. On the basis of this, it would be possible to define a larger number of roughness
classes, focusing on lower values and a quality level below N8 (Ra < 3.2 um).

The presented device should be very interesting in the industrial sector, where its
application is expected. For practical application of the system in production, additional
tests on a larger number of samples and provision of the necessary improved equipment
are required.
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