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ABSTRACT: This paper reports the utilization of computer vision and backlight
techniques to determine the surface roughness of a workpiece under a variety of process
parameters. A CCD (Charge-Coupled Device) camera was used to capture the image of
the edge of the workpiece of the turned components using backlight technology to
provide an edge roughness profile. The image was processed using SRVISION software
developed in MATLAB to extract the profile of the workpiece and calculated the
arithmetic average value of roughness (Ra) and root mean square roughness (Rq). The
experiments are carried out with AISI 1045 (medium carbon steel), using various feed
rates and cutting speeds, comparison is then made of the surface roughness values
achieved through the conventional stylus probe method and the image processing
technique. The comparison indicates that the vision method provides precise and
consistent results with a correlation up to 0.99 with the traditional stylus method. The
mean variations in Ra and Rqg between the two methods were just 1.65 and 1.433
percent, respectively. As the vision method is a non-contact procedure, it can be
significant potential for application without damaging the machined surfaces in the in-
process inspection of the components as well as aids monitoring of the components in a
shorter period.

ABSTRAK: Kajian ini menggunakan visual komputer dan teknik cahaya belakang bagi
memperoleh kekasaran permukaan sesuatu bahan pada pelbagai proses parameter.
Kamera jenis CCD (Peranti Terganding-Cas) telah digunakan bagi memperoleh imej tepi
bagi komponen yang dipusing menggunakan teknologi cahaya belakang bagi
menghasilkan profil imej tepi yang jelas. Imej ini diproses menggunakan perisian
SRVISION MATLAB bagi menghasilkan profil bahan dan purata kiraan kekasaran
permukaan (Ra) dan punca purata kuasa dua kekasaran permukaan (Rq). Eksperimen
dijalankan menggunakan AISI 1045 (besi karbon pertengahan), menggunakan pelbagai
kadar suapan dan kelajuan potongan. Perbandingan kemudian dibuat pada nilai
kekasaran permukaan yang diperoleh melalui kaedah prob jarum stilus konvensional dan
melalui teknik pemprosesan imej. Perbandingan menunjukkan kaedah visual
memberikan ketepatan dan dapatan konsisten yang munasabah dengan korelasi sehingga
0.99 dengan kaedah prob jarum stilus tradisi. Purata variasi pada nilai Ra dan Rq antara
dua kaedah adalah sebanyak 1.65 dan 1.433 peratus, masing-masing. Adapun kaedah
visual adalah prosedur tanpa-sentuh, ianya sesuai dijalankan tanpa merosakkan
permukaan mesin dalam proses penilaian komponen, juga membantu mengawasi
komponen dalam waktu singkat.
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1. INTRODUCTION

Turning is a common machining process that removes material from a rotating
cylindrical component using a single-point cutting tool. The turned component has a
certain surface roughness that acts as a significant parameter in the performance of its
work, much like friction, wear, lubrication, electrical and thermal resistance, fluid
dynamics, vibration, and noise. Different parameters such as feed rate, cutting speed,
cutting depth, cutting tool configuration, machine tool, and material of the component all
affect the performance of the required product feature and surface roughness values at an
appropriate cost. Roughness may be evaluated using two basic methods: contact and non-
contact methods. The contact method utilizes a stylus, which is drawn across the measured
surface. The surface waveform is collected through an electronic sensor, commonly a
linear differential variable transformer, that calculates parameters of surface roughness,
like root mean square roughness Rq, average roughness Ra, maximum peak-to-valley
height Rt, etc. The main disadvantages of the stylus device are that: (1) it requires direct
physical contact, (2) it limits the measuring speed, (3) it cannot be used as an online
measurement because the workpiece needs to be withdrawn from the machine for
monitoring, and (4) it has restricted versatility in handling the specific geometric
component to be measured [1].

Non-contact methods may be divided into many categories based on the lighting
system used and image analysis. Several investigations were performed utilizing non-
contact vision methods for the surface roughness assessment. Lee et al. [1] employed
computer vision techniques to predict a workpiece's surface roughness under many cutting
operations. The workpiece surface image was first acquired with a digital camera, and then
the surface image feature was extracted. A polynomial grid was implemented utilizing a
self-organizing adaptive modeling method to create relations between the surface image
characteristics and real roughness of the surface through various turning operations.
Gadelmawla [2] implemented a vision system to capture images for surfaces to be
characterized and software was designed to investigate the captured images based on the
“Gray Level Co-occurrence Matrix (GLCM)”. 3D plots of the GLCMs for different
captured images were implemented, compared, and discussed. Also, several statistical
parameters were calculated from the GLCMs and compared with the arithmetic average
roughness, Ra.

Al-Kindi et al. [3] developed a technique for using computer vision data to achieve
accurate measurement of surface roughness parameters. Stylus-based measurements were
obtained utilizing standard and non-standard roughness parameters and compared to
vision-based measurements. Two light reflection models were adopted and implemented,
namely the “Intensity-Topography Compatible (ITC) model” and the “Light-Diffuse
model”, to explain the obtained vision data and to allow appropriate roughness parameter
calculation. Results revealed that the “ITC model” performed better than the “Light-
Diffuse model”, with notable similar values to those obtained by conventional stylus-
based data of roughness parameters. Zhongxiang et al. [4] employed a method for
determining the three-dimensional roughness of the surface using profile information.
They suggested a three-dimensional measuring technique that was used to investigate
surface roughness components on the basis of the digital image processing technology,
and set up a three-dimensional surface roughness assessment system containing hardware
and software architecture. Fadare et al. [5] developed a computer vision system
appropriate for on-line surface roughness measurement of machined components utilizing
an “artificial neural network (ANN)” depending on a digital image processing of the
machined surface, consisting of a CCD camera, computer, Microsoft Windows Video
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Maker, digital image processing software, and two light sources. The machined surface
images were captured; analyzed and optical roughness characteristics were assessed using
the “2-D fast Fourier transform (FFT) algorithm”. They concluded that the optical
roughness values predicted by ANN were considered to be in good agreement with the
measured values (R?-value = 0.9529).

Shahabi et al. [6] proposed a different method for measuring roughness using a 2-D
contour extracted from an edge image of the workpiece surface. A comparison with a
stylus type device indicated a maximum variation of 10% in the measurement of average
roughness Ra utilizing the visual method. Sridhar et al. [7] used a machine vision method
to determine surface roughness through image processing and backlight technique on the
turned components. The comparison was then made of the surface roughness values
achieved through the image processing technique and the conventional stylus method,
which showed that the suggested method provided close and dependable results similar to
the traditional stylus method. Balasundaram et al. [8] calculated the amplitude and
spacing, in addition to functional surface roughness parameters through the dry cutting of
AISI 1035 carbon steel utilizing machine vision. A “DSLR camera” with high shutter
speed was employed to capture a blur-free image of the workpiece surface profile
perpendicular to the cutting tool. The edge of the surface profile was identified to sub-
pixel precision using the grey level constant moment and the roughness parameters were
calculated using the profile. Srivani et al. [9] presented a methodology to characterize the
nature of the surface using a computer vision system. For further investigations, a
computerized optical microscope was used to collect surface images, and those images
were fed into MATLAB software.

Qingqun et al. [10] suggested a different method of on-line turned surface inspection
by observing the characteristics of the grey value of the surface digital image. The
uniformity of the surface image was evaluated and analyzed by fractal analysis, wavelet
transform, and discreteness analysis of the wavelength of the texture profile. The normal
texture image was extracted from the average wave profile, which indicated the state of
the process and turned surface conditions. The results indicated that the turned surface
condition could be effectively checked on-line. Naresh et al. [11] used the technique of
machine vision to observe the surface roughness when turning composite MMCs. The
machining surfaces were identified during machining operation utilizing machine vision
technology and the stylus probe instrument was used to measure the surface finish of the
machined surfaces. Patel et al. [12] introduced a computer vision system that captured the
surface texture contours of the machined surfaces and extracted images. Using the gray-
level co-occurrence matrix, the texture function parameters were extracted and compared
to various surface roughness parameters reported from a surface profilometer of a contact
form. The image analysis was carried out for the extraction of texture characteristics at
various levels of roughness. The variation between the characteristics of each texture and
the parameter of surface roughness was examined. Multiple regression models were
expanded to estimate individual surface roughness parameter (Ra) estimation and good
recognition of surface roughness degree. The linear detection model was found to have
better output features compared with a nonlinear recognition model. The findings showed
that surface roughness estimation utilizing a linear regression model was a robust method
for non-contact measurement. Patel et al. [13] presented a surface roughness prediction
approach utilizing “Computer Vision”, “Image Processing”, and “Machine Learning”.
Two machine learning algorithms, “Stochastic Gradient Boosting” and “Bagging Tree”
were compared and assessed on the basis of statistical parameters. It was found that
“Stochastic Gradient Boosting” effectively estimated surface roughness for training as
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well as Ten-fold cross-validation. The methods may be utilized for online monitoring of
machined components and good evaluation.

In this paper, a computer vision system for tracking and predicting the surface
roughness of the turned components with different cutting conditions (cutting speed, feed
rate, and cutting depth) utilizing image processing and backlight technique is presented.
The surface roughness values that will obtained by the image processing technique and the
conventional stylus method will then be compared.

2. METHODOLOGY AND EXPERIMENTATION

The average surface roughness (Ra) and root mean square roughness (Rq) are
commonly used as index of measurements to assess a machined surface finish. Estimation
of roughness parameters has a significant role in distinguishing difficulties in industrial
sectors like contact deformation, friction, and tightness of joint contact precision.

2.1 Stylus Method Description

The machining process was performed on a WILTON lathe (model no. 52TL1440-3)
by 18 medium carbon steel AISI 1045 workpieces having a 30 mm diameter and a 300
mm length. The chemical composition and mechanical properties of AISI 1045 material
were measured as shown in tables 1 and 2 respectively.

Table 1: chemical composition of AISI 1045 material

Component c Si Mn P S Cr Fe
Wt % 0.324 0.236 0.578 0.002 0.028 0.103 Residual

Table 2: Mechanical properties of AISI 1045 material

Elastic Modulus  Tensile strength Hardness Yield strength
(Gpa) (MPa) (HB) (MPa)
216 671 170 353

The experiments were conducted using the Taguchi method by changing working
parameters like feed rate, cutting speed, and a fixed cutting depth. The direction of the
workpiece rotation was fixed in a counterclockwise direction. No cooling was concerned
throughout the turning process. Table 3 indicates the amount of the parameters during the
turning cutting process. A stylus device was used as a contact method for measuring the
surface roughness of machined components. It contained a diamond stylus probe that was
moved perpendicularly to the direction of roughness, and a characteristic of surface
roughness was recorded at the other end. Because of its advantages, it is the most widely
used technique and generates an object's profile in a clear direction. Surface roughness
measurements of 18 turned components were performed on the stylus roughness tester
type (SRT-6210).

2.2 Computer Vision System Description

The fundamental components of the vision system designed to capture images of the
surfaces to be inspected consist of two parts: hardware and software systems. The
hardware system consists of four main items: (1) a Sony DSC-WX100 CCD digital
camera with a resolution of 18.2 megapixels, (2) an LED illumination source, (3) a black
tube of cardboard to prevent the effect of environmental light, and (4) a personal computer
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(PC) with MATLAB program for image processing as software. The camera was fixed
using a special frame designed to move horizontally and vertically to ensure that the view
of the camera was always perpendicular to the surface of the workpiece and could scan
any area that needed to be measured. A software system named "SRVISION" was
developed using MATLAB software. It was developed to work on any Windows
environment. The image of the surface that needed to be measured was opened by the
software, and then the variation of the surface profile was plotted and the surface
parameters were calculated. The actual and schematic configuration of the on-machine
measurement system of roughness is shown in Figs. 1 and 2, respectively.

Table 3: Cutting condition values utilized in the experimental work [10]

Workpiece Cutting speed (V) Feed rate Cutting depth
material [rpm] ()] (d)
[mm/sec] [mm]

AISI 1045 140 0.2,0.29,0.39,0.77 0.25

250 0.18,0.36,0.74

650 0.18,0.26,0.36, 0.72

950 0.16,0.22,0.34,0.54

1350 0.15,0.23,0.34

Holder that :
fixed the

Fig. 1: The actual setup of the on-machine roughness measurement system.

2.3. System Calibration

The horizontal and vertical scaling factors were obtained using a standard block with a
length of 2 mm to transform the image dimensions from pixels to real dimensions in
microns; the block was located at the same level as the shaft. The block width (in pixels)
was calculated using the camera calibration toolbox in MATLAB software and the
calibration factors were calculated using the following equation [2]:

_no.of the pixels for gauge block width (length)
"~ actual (standard) width (length) of the block

€y
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Fig. 2: Schematic diagram of the on-machine roughness measurement system [14].

2.4 Measuring Procedure

A procedure for the assessment of surface roughness using the image processing
method is described below:

1- Preparation of specimen: 18 medium carbon steel AISI 1045 components were
turned by adjusting the cutting speed and feed rate. The surface roughness values
were measured by a stylus type roughness tester.

2- Components were put under the “CCD camera” and modified for appropriate
illumination of the LED; the “CCD camera” was focused to get an obvious contour
image of the specimen edge. An image of the contour edge of the component being
turned was captured and stored in the computer using a USB cable.

3- The captured image was converted to a grayscale version to reduce the operating
time of the algorithm.

4- The area to be measured was cropped from the original image, and unnecessary
areas around the shaft edge were deleted.

5- The image stored in the computer was recovered and treated using a median filter
(mask size 3X3) to remove the noise present in the image.

6- The developed SRVISION software, calculated the image gradient in the Y
direction to find the change in the intensity from white to black and found the edge
of the workpiece.

7- Converted the grayscale amount of the image into black and white with a
binarization technique, the limits were applied on the image so that the component
area was black and the rest was white.

8- An algorithm was written for scanning the first row to find the first white pixel in
the profile, then scanning the second row to find the second white pixel. This
method was repeated to find the whole white pixels lying in the image, these pixels
reflected the profile of the workpiece's surface profile.

9- The best fit line was drawn to the contour image to get a mean line of the contour
by least-square fitting.
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10- Assessment of average surface roughness (Ra) and root mean square roughness
(Rg) by image processing technique from the image contour was performed by
subtracting each pixel of the counter profile from the calculated mean line and
using the following relationships:

Ra = %z hi (2)
i=1
i hi
Rq=f|== 3)

where: n is the number of data points, hi is the absolute distance of the i™" point on the
profiling measure from the mean line, and f is a scaling factor.

Figure 3 indicates the different steps of roughness measurement in the SRVISION.
After loading the image into the software, where the software gives the option to choose
the area to measure.

Load Workpiece

Fig. 3: The main interface of software developed (SRVISION).

3. RESULTS AND DISCUSSION

The results of the stylus and vision methods for measured surface roughness are
presented in this section. Additionally, their demand results were compared and discussed.

3.1 Measuring Surface Roughness Using Stylus Method

A stylus instrument was utilized to compare with the values of measured roughness
by the vision system. Every surface was measured 5 times at different positions of the
workpiece utilizing a cutoff of 0.8 mm. The minimum and maximum values of surface
roughness achieved by the stylus method are indicated in Table 4. The variation ARa
between the minimum and maximum Ra values changed between 0.24 pm and 0.844 pm
for the 18 specimens. The maximum variation as a percentage of the minimum Ra value
was 13.22% for each workpiece. The difference ARq between a minimum and maximum
Rq values ranged from 0.13 pm to 1.94 pum. The maximum variation as a percentage of the
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minimum Rq value was 15.36 % for each workpiece. The different values of surface
roughness at the same workpiece were a result of instability in the machining process
performed by the traditional turning machine.

Table 4: Minimum and maximum roughness achieved by stylus device

No. \% f Ra(max) Ra(min) ARa ARa Rg(max) Rg(min) ARq ARqg
[rpm]  [mm/rev]  [um] [um]  [um] [%]  [um] [um]  [um]  [%]
1 140 0.206 6.474 6.026  0.448 7.43 8.291 7.4 0.891 10.75
2 0.2886 7.887 7563 0324 4.28 8.928 8736  0.192 215
3 0.396 9.9 9.362 0538 5.75 13.34 114 194 1454
4 0.77 13.1 12.86 024 1.87 15.45 15.04 041 2.65
5 250 0.182 6.512 6.107 0.405 6.63 7.766 6.957 0.809 10.42
6 0.364 9.909 9.302 0.607 6.53 12.813 12.193 0.62 4.84
7 0.742 10.67 10.152 0518 5.10 12.75 11.24 151 1184
8 650 0.179 6.426 5.946 0.48 8.07 8.353 7.365 0.988 11.83
9 0.256 6.821 6.526  0.295 4.52 7.723 7.154 0569 7.37
10 0.361 8.696 8129 0567 6.98 10.03 9.626 0404 4.03
11 0.732 15.85 15.22 0.63 414  18.351 1795 0401 219
12 950 0.161 4.53 4125 0405 9.82 5.594 4735 0.859 15.36
13 0.22 8.09 7321 0,769 1050 @ 10.11 9.1 1.01 9.99
14 0.335 9.334 8.811 0523 594 11.16 10.27 089 7.97
15 0.541 10.43 9.586 0.844 8.80 12.42 11.76 066 5.31
16 1350 0.147 4.326 3.821 0505 13.22  5.246 5.116 0.13 248
17 0.228 6.633 6.35 0.283 4.46 8.534 7321 1213 1421
18 0.34 10.212 9.659 0553 5.73 11.752 11196 0556 4.73

3.2 Measuring the Surface Roughness Using the Vision Method

Every image of the workpiece was measured 4 times at different positions. Table 5
indicates the minimum and maximum surface roughness values achieved by the machine
vision system. The difference ARa between the minimum and maximum Ra values ranged
from 0.256 um to 1.184 um. The maximum variation for each workpiece as a percentage
of the minimum Ra value was 12.7%. The difference ARq between a minimum and
maximum Rq values ranged from 0.377 pum to 0.973 um. The maximum variation for each
workpiece as a percentage of the minimum Rq value was 10.76 %.

3.3 Comparison of Roughness Values Achieved by Stylus and Vision Methods

The results of measurements of average surface roughness (Ra) and root mean square
surface roughness (Rq) using the suggested method of a vision system and comparison
with the stylus method are shown in Table 6. The results show that the maximum Ra and
Rq differences between the two methods were 3,744% and 3,727% respectively. The mean
and the standard deviation between the two Ra measurements were 1.65% and 1.0%
respectively. Also, the mean and the standard deviation of the difference for Rq were
1.433% and 1.0%, respectively. Figures 4 and 5 show a plot of average roughness and root
mean square roughness respectively found by the suggested vision method (Ra (v)) versus
the average roughness found by the stylus measurement (Ra(s)). The data were fitted with
a linear trend line, and the correlation value was determined in Microsoft Excel using
linear regression. A correlation value would specify a perfectly linear relationship between
the two data groups. The high correlation of 0.99 indicates that the visual method is
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capable of giving dependable roughness values for the measurements obtained in this
study.

Table 5: Minimum and maximum roughness achieved by vision method

No. \% f Ra(max) Ra(min) ARa ARa Rg(max) Rg(min) ARq ARq
[rpm]  [mm/rev] [um] [um] [um]  [%0] [um] [um]  [um] [%]
1 140 0.206 6.326 6.0129 03131 5.21 8.368 7.756 0.612 7.31
2 0.2886 7.869 7.613 0.256 3.36 9.146 8.659 0.487 5.32
3 0.396 9.961 9.581 0.38 3.97 12.834 11.861 0973 7.58
4 0.77 12.956 12.698 0.258 2.03 15.542 14731 0811 5.22
5 250 0.182 6.621 6.265 0.356 5.68 7.856 7.17 0.686 8.73
6 0.364 10.09 9.781 0.309 3.16 12.672 11.981 0.691 5.45
7 0.742 10.679 10.293 0.386 3.75 12.896 12.224 0.672 5.21
8 650 0.179 6.816 6.483 0.333 5.14 7.963 7.214 0.749 941
9 0.256 6.608 6.174 0.434 7.03 8.125 7.643 0.482 5.93
10 0.361 8.924 8.361 0.563 6.73 10.22 9.654 0.566 5.54
11 0.732 15.624 14.865 0.759 511 18.236 17.658 0578 3.17
12 950 0.161 4.621 4.209 0.412 9.79 5.49 5.113 0.377 6.87
13 0.22 7.953 7.521 0.432 5.74 9.981 9.218 0.763 7.64
14 0.335 9.496 8.432 1.064 12.62 10.861 10.159 0.702 6.46
15 0.541 10.51 9.326 1.184 12.70 12.224 11.476 0.748 6.12
16 1350 0.147 4.286 3.843 0.443 11.53 5.012 4.542 0.47 9.38
17 0.228 6.716 6.283 0.433 6.89 7.962 7.105 0.857 10.76
18 0.34 10.246 9.514 0.732 7.69 11.742 10.954 0.788 6.71

Table 6: Comparison between roughness’s achieved by stylus and vision methods

No. \% f Ra(v) Ra(s) ARa ARa Rq(v) Rq(S) ARq ARq

[rpm]  [mm/rev] [um] [um]  [um]  [%] [um] [um] [um]  [%]

1 140 0.206 6.1277 6.282 0.1543 2.456 8.0184 7.8465 0.1719 2.191

2 0.2886 71.7274 7.684 0.0434 0565 8.954 8817 0.137 1554

3 0.396 9.7024 9.67 0.0324 0.335 12.253 12.183 0.0698 0.573

4 0.77 12.727 13.02 0.293 2.250 15.024 15.245 0.2209 1.449

5 250 0.182 6.3845 6.31 0.0745 1.181 7.4028 7.3705 0.0323 0.438

6 0.364 9.9862 9.7 0.2862 2.951 12.278 1245 0.1713 1.376

7 0.742 10.506 10.351 0.155 1497 12.651 1223 04214 3.446

8 650 0.179 6.397 6.337 0.06 0.947 7475 7549 0.074 0.980

9 0.256 6.6552 6.795 0.1398 2.057 7.957 7.875 0.082 1.041

10 0.361 8.6246 8.45 0.1746 2.066 9.9618 9.882 0.0798 0.808

11 0.732 15.157 15343 0.186 1.212 18.08 18.12 0.04 0.221

12 950 0.161 4.487 43375 0.1495 3.447 5.2212 5177 0.0442 0.854

13 0.22 7.7202 7.8 0.0798 1.023 95548 9.68 0.1252 1.293

14 0.335 8.74 9.08 0.34 3.744 10.623 10.715 0.0921 0.860

15 0.541 10.1 10.055 0.045 0.448 11.983 11.89 0.0928 0.780

16 1350 0.147 3.9539 4004 0.0501 1.251 4.8807 5.026 0.1453 2.891

17 0.228 6.4611 6.4 0.0611 0.955 7.4762 7.7656 0.2894 3.727

18 0.34 9.8284 9.964 0.1356 1.361 11.25 11.4 0.15 1.316
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Fig. 4: Comparison between Ra values achieved by stylus and vision methods.
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Fig. 5: Comparison between Rq values achieved by stylus and vision methods.

Also, the comparison plot of estimated average surface roughness values (Ra) and
root mean square surface roughness values (Rq) using the stylus approach and vision
approach are shown in Figs. 6 and 7. It's quite obvious that the estimated values of
roughness by the two approaches are accurate with an R-squared of 0.997.
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Fig. 6: The analogy of stylus and vision values for average surface roughness (Ra).
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Fig. 7: The analogy of stylus and vision values for root mean square surface
roughness (Rq).

4. CONCLUSION

A computer vision system and backlight method for assessing the surface roughness
of turned medium carbon steel AISI 1045 specimens under different machining conditions
were proposed in this study. The computer vision system captured and stored the enlarged
contour edge images of the specimens as they were being turned. SRVISION software was
developed for calculating the surface roughness immediately from the specimen’s contour
image. The advantage of using a backlighting device is that it is not influenced by
industrial environment lighting conditions. The precision of the vision method was
compared with the stylus method for many experiments. Comparison graphs drawn
between the vision and stylus methods demonstrated the percentage error obtained a
maximum variation of 3.75 % and the coefficient of correlation (R?) values were close to
one. Hence the vision method is reliable and appropriate for on-line, non-contact surface
roughness measurement of machined components.
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