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Abstract. The paper presents the comparative test between computational algorithms, linear scanning trajectories and
target positioning to identify the distance between centers of cylindrical fasteners installed in a flat test board through
the analysis of a three-dimensional point cloud matrix. The scanning point cloud is generated experimentally in an
automated way using a 2D laser scanner sensor attached to a 7DOF industrial robotic manipulator. The manipulator
performs linear movements in the Y direction, with determined steps and no overlapping of scanned regions in two
different way, while the sensor captures the distances in the X and Z direction between its sensor region and the
surface in front of it. Four computational algorithms were tests to extraction of center position and distance between
centers. To evaluate the methodology created, a three-factor factorial experiment was designed to prove the
effectiveness of the method and select the best configuration of techniques to minimize the measurement error. The
results show that the methodology was able to estimate the distance between centers and the best set of identified
factors presented a median error around 0.04mm and variability of 0.18mm, proving the effectiveness of the method.

Keywords: Automated inspection, point cloud, industrial robotic manipulators, 2D laser scanner, 3D scanning, design
of experiments (DoE).

1. INTRODUCTION

Surface scanning has proved to be viable as an industrial inspection technique because it allows the measurement of
dimensional parameters without the need for contact with the part and because it is more easily automated. With the
miniaturization of the scanners sensors and the increase of the processing capacity of the industrial controllers, it is
already possible to incorporate these sensors into the effectors of manipulators in operation in the industry, adding in its
operation the dimensional measurement function without prohibitively affecting yours working time cycle.

In the literature, it is possible to identify some works within the theme of scanning inspection. In Lavrinov and
Khorkinn (2017) and Di Angelo et al. (2019) point cloud generated by 3D scanning are used to identify dimensional
parameters of products. Lavrinov and Khorkinn (2016) discusses the calibration of 2D scanner sensors by triangulation.
In Chu et al. (2018) a 2D scanner similar to the one used in this work is used, but the handling platform has 2DOF
(Degree of Freedom) with linear axes, being the article focus the 3D object reconstruction. A 6DOF industrial robotic
manipulator with a 2D scanner is used in Phan et al. (2018), and the focus of this article is the generation of the robot
manipulator trajectory in order to cap the entire topology of the surface, there is a concern with scan overlay control to
generate a consistent model. A 6DOF industrial robotic manipulator is also adopted in Rao et al (2018) but is using a
structured light scanner for dimensional measuring. In Zhang et al. (2017) 2D scanner is embedded in a quadruped
robot for identifying human beings, with the point cloud formed by the reading scanner and pan-tilt variation provided
by the robot.

Several applications are studied in this area, as in medicine (Haleem and Javaid, 2018); high-voltage tower
inspection by drones (Vifia and Morin, 2017), mobile-based robotics (Cao et al., 2009) and (Huhle et al., 2011);
autonomous cars (Wang and Liu, 2016); inspection of road defects (Yamada et al., 2014), among others.

This work aims to validate the use of 3D scanning with a poor cloud of points to identify the distance between
centers of cylindrical fastener installed in a flat plate. It uses a point cloud generated experimentally in an automated
way by the integrated operation of a 2D scanner and an industrial robotic manipulator. In the two adopted scanning



Santos, K. R. da S.; Carvalho, G. de M.; Tricarico R. T.; Ferreira, L. F. L. R.; Villani, E.
Automatic Inspection of Cylindrical Fasteners Using 2D Laser Scanner for Robotic Cell

strategy, there are no overlap of scanning regions which causes a loss of information from the point cloud compared to
real surface. Four computational methods are used to identify the desired dimensional parameters, and they are
compared with a measurement of the test board made in a CMM (Coordinate-Measuring Machine). It is also
investigated whether the scanning position of the target to be identified has influence on the dimensional parameter to
be found.

2. METHODOLOGY

The test bench is the same as described in (Santos et al., 2018) which briefly consists of a 7DOF industrial robotic
manipulator model Kuka LBR IIWA 14 820, a distance measuring sensor model OCP662P0150E from the
manufacturer Wenglor, a 2D laser scanner sensor Model LLT26-100 from Micro Epsilon Manufacturer. Such sensors
are attached of the robotic manipulator handle through a specially designed effector, as show in Fig. 1a, 1b and 1c.

g

Figure 1. (a) Experimental Assembly; (b) and (c) 2D laser scanner fixed into robotic manipulator (Santos et al.,2018).

All devices communicate to a desktop computer with Intel® core i7-7740X processor with 32Gb RAM through the
TCP/IP protocol. A software developed in Labview® is responsible for coordinating the operation of all the equipment
to perform the routine of surface scanning, generating a three-dimensional cloud point matrix that is analysed by the
software to extract the desired dimensional information. In Figure 2d and 2e can be seen the visualization of the point
cloud matrix generated from test board scan after data processing. The test board was a flat plate with twenty-seven
fasteners fix in it, arranged in nine rows and three columns, as is show in Fig. 2a. The scanning was done by line, as
show in Fig. 2b. In Figure 2c is show scan reference system and the identification number of the fasteners in the
specimen. The position of the scanning reference system was chosen non-symmetrically to specimen in order to show
any influence of the scan position on the test results.

Figure 2. (a) real test board; (b) real scanned specimen; (c) real scanned specimen with scanning reference and fasteners
identification; (d) and (e) scan data visualization.
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The point cloud obtained by the scanning does not fully reflect all the dimensional characteristics of the specimen,
since there are read error from the surface capture by the 2D laser scanner, deviations caused by mechanical vibration of
the effector/robot assembly and unseen regions of the surface by the sensor (shading regions). Figure 3a shows the 2D
scan with its projection of the laser line on the target surface with its projection angle (Fig. 3b) and sensor receiver
return angle (Fig 3c). These angles, depending on the topology of the target surface, cause shading regions not seen by
the sensor.

Shadowing of

the laser line Shadowing of the
receiver

Figure 3. (a) 2D laser scan with its laser line projection signal transmission and reception; (b) Shadowing of the laser
line caused by transmission angle; (c) Shadowing of the receiver caused by reception angle (MICRO-EPSILON, 2008)

In this work we opted to carry out the top view scanning of the fasteners with linear movements of the robot in a
single pass, therefore without overlapping scanned regions. The scanning methodology is as follows:

1. the 2D laser scanner is positioned perpendicular to the test plate at a known distance in the sensor reading
range (Fig. 4a), using the "Static Methodology ” explained in (Santos et al., 2018);

2. the robotic manipulator performs small linear motion with a set distance (step) in the Y direction;

3. when the robot finishes the movement (step), it sends a message to the desktop computer that stores the 2D
scanner's reading. The 2D scanner measures the distances between itself and the surrounding surface in Z
direction along a line, around 80.0 at 143.5 mm, dividing this line into up to 640 points in the X direction.
Therefore the sensor sends a vector of 640 points (X, Z);

4. when the desktop computer finishes storing the 2D laser scanner information it sends a message to the robot to
perform a next move, returning to step 2, or if this is the last step, the operation is terminated, and a file is
generated containing the 3D point cloud with collected data.

Due to the known shape of the fastener and its susceptibility to the shadowing errors already reported, in order to
reduce this error, a variation of the scanning operation was developed. In scan operation, after performing half of the
total scanning steps, the robotic manipulator performs a rotation of his pose in 180 degrees in the Z axis of the scanner
sensor at point X = 0. This causes the projected laser line to remain in the same position as before rotation, but the
scanner receiver is in a better viewing position of the fastener. This operation was called Scanning Pose Rotation (SPR).
After rotation, the scan operation continues until the remaining steps are completed. The scan operation without SPR
can be seen in the photos sequence of Fig. 4a, 4b and 4c. The scan made with SPR can be seen in the photos sequence
of Fig. 4a, 4b, 4d and 4e.

With the point cloud captured, the analysis software developed in LabView performs a set of filtering and math
operations, so that it is possible to transform the data into a three-dimensional matrix where the index of each field
represents its dimensional position (XY Z) in space and the value of the field can assume binary values, 0 if it is free, or
1ifitis full. The conversion operations are basically:

- identification of the measuring range for each X-axis data vector (maximum and minimum values);

- identification of a measurement range common to all X-axis data vectors (maximum value of the set of
minimum values, and minimum value of the set of maximum values) and calculation of X Span;

- identification of the measurement range of the Y axis data vector (maximum and minimum value) and
calculation of Y Span;

- identification of the measurement range of the Z data matrix by identifying the maximum and minimum value
between all Z values and calculation of the Z Span;

- creation of a three-dimensional matrix with X, Y and Z lengths calculated by dividing their respective Spans by
the chosen resolution of the matrix (in this case 0.1mm);

- identify in the original data (point cloud) the values of Z for each set of X and Y values represented by the
index of the three-dimensional matrix (approximation by the nearest value);

- populate the three-dimensional matrix cells with value 1 if Z value represented by its index in the three-
dimensional matrix is equal or less than Z value found in original data for a given set X and Y value
represented by its index. Otherwise populate with value 0.
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Figure 4. (a), (b) and (c) — sequential photos of scan operation without Scan Pose Rotation (SPR); (a), (b), (d) and (e) -
sequential photos of scan operation with Scan Pose Rotation (SPR)

As this three-dimensional binarized matrix it is possible to generate two-dimensional images by capturing matrix
data with the same index, X or Y or Z. And then, it is possible to use computational vision techniques, such as blob
detection, to separate the fasteners regions that are of our interest, Fig. 5b. After separation of the interest data, the
various images extracted in the Z direction are analysed (Fig. 5c) and their edges are extracted (Fig. 5d). As the
fasteners are concentric cylindrical structures (Fig. 5a), in order to identify their central position, in each Z-cut image
the best fit of a circumference is realized (Fig. 5e). By doing circle best fit in all Z-cut images of the fastener, we now
have a set of circles representing the fastener, but which may diverge from their central position as a result of noises and
reading errors picked up during the scanning, this error is show in Fig. 5f. Doing its edge extraction (Fig. 5g) generating
circles with approximation errors (Fig. 5h).

Figure 5. (a) real fastener (b) scan data visualization of fastener; (c) slice Z in 4.0mm of the fastener scanned; (d)
extracted border of the slice fastener scanned; (e) circle best fit in slice fastener scanned; (f) slice Z in 6.5mm with
error; (g) extracted border of the slice scanned with error and noise; (h) circle best fit in slice with error and noise.

The LabView function used to best fit of a circumference in Z-cut image was the “IMAQ Fit Circle 2 VI”. This
function finds the circle that best represents a set of points and returns the radius, perimeter, and area of the circle. This
function requires a minimum of three points. The resulting circle may take into account only a subset of the points you
provide due to outlier analysis perform. The residual analysis is also made by function that returns the least square error
calculate of the fitted circle over every given radial point used.

As the center of the fasteners is unique and we have several circles representing it, some computation methods have
been tested to extract this value, they are:

- Best Fit Center Point (BFA): in this method all border points are extracted from all cut-Z images and merged
into a new image. From this image is realized a new circle best fit generating a unique circle in which its center
and considered the center of the fastener.

- Best Fit Center Point with Selection (BFS): this method is the same that previous one, but only borders of
selected circles image are used.
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- Average Center Point (AVA): average of the center values of all circles finding;
- Average Center Point with Selection (AVS): average of the center values of circles selected according to low
error by diameter criteria.

The selection criteria used in the BFS and AV'S methods were:

- best fit circumference that present least square error less than 40mm, and;
- best fit circumference that present ratio between points used (not discarded by outlier analysis) and total points
greater than 0.6 (60%).

The cut-off values of the two criteria were chosen empirically. The first criterion allows us to evaluate the
dimensional error between the set of points and the best fit circumference. The second criterion allows us to evaluate
how closely the set of points are organized in circular form. If the point organization is a perfect circular shape, the
IMAQ Fit Circle 2 function will not exclude any points and the second criterion will have a maximum value of 1.0
(100%). If the organization of points is very different from a circle, several points will be classified as outliers and the
second criterion will have low value (less than 1.0).

3. THE EXPERIMENT

In order to prove if it is possible to identify the distance between centers of cylindrical fasteners installed in a flat
test board with the apparatus developed it was adopted a Design of Experiment (DoE) methodology. The goal is to
evaluate what would be the influence of each factor and what would be the best setting that minimizes measurement
error.

The experiment develop is a three-factor factorial design, in which the factor and levels are list in Table 1.

Table 1. Experiment Factor and Levels

Factor and Levels of the Experiment
Factor Level 1 Level 2 Level 3 Level 4
Computational Method (A) BFA BFS AVA AVS
Fasteners Position (B) Otol 1to2 2t00 -
Scan Method (C) 0 (w/o SPR) 1 (w/ SPR) - -

The selected levels are the variations that the factors may have, which have been tested to verify their influence. The
four computational methods developed, the position of the fasteners relative to the scan reference used to measure the
distance between centers, and the scanning method with (w/) and without (w/0) pose rotation are tested.

Tests were performed using the methodology already commented and its results were compared with the
measurement of the test board in a Coordinate-Measuring Machine (CMM) model Crysta-Apex C 7106 manufactured
by Mitutoyo.

The statistical model of the test is presented in Equation 1:

Yijk = p + Ai + Bj + Cx + (AB)jj + (AC)ik + (BC)jk + (ABC)ijk + Eiji 1)

Where:
i: i-th factor level {i = 1, 2, 3, 4} - (Computational Method);
j: j-th factor level {j = 1, 2, 3} - (Fasteners Position);
k: k-th factor level {k = 1,2} - (Scan Method);
I: I-th experimental replicates {I = 1,2, ..., 9};
yijui: distance error between CMM and experimental measurement;
p: overall mean of y;
A effect of the i-th factor level (Computational Method);
B;: effect of the j-th factor level (Fasteners Position);
Cy: effect of the k-th factor level (Scan Method);
(AB);;: effect of the interaction of the i-th factor level (Computational Method), and the j-th factor level (Fasteners

Position);
(AC)ik: effect of the interaction of the i-th factor level (Computational Method), and the k-th factor level (Scan
Method);
(BC)jk: effect of the interaction of the j-th factor level (Fasteners Position), and the k-th factor level (Scan
Method);

(ABCQC)jj: effect of the interaction of the i-th factor level (Computational Method), the j-th factor level (Fasteners
Position), and the k-th factor level (Scan Method);
Eijw: random error.
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For the generation of the required experimental data, the test plate (Fig. 2a) was scanned row by row individually,
with the laser scanner positioning being done as shown in (Fig. 2c) using the two scanning methods with Y-direction
movements with 0.1mm pitch totaling 200 steps (20mm scanning). Eighteen point cloud files were generated and
treated by the analysis software. The value of 0.1mm was used as the resolution of the converted binarized three-
dimensional matrix, since the resolution of the readings obtained from the 2D sensor scanner in X-direction varied
around this value. Upon completion of the developed software analysis routine, it is returned the results of the central
position of each fastener calculated by the four computational methods developed. With the central position of each
fastener, the distance between centers of each pair of fasteners is calculated. With the CMM measurement of each
fastener position, it is possible to calculate the error between the CMM measurement and the experimentally generated
one. The observed variable in ANOVA test is the distance error between CMM and experimental measurement.

4. RESULT AND DISCUSSION

The results obtained from the experiment are summarized in Table 2.

As the nine lines of the test board were scanned, this represents nine replicates of factors level set were made to
evaluate the accuracy of each method. The results correspond to the distance error between CMM measurement and
those who calculated by mentioned computational methods, with and without scan pose rotation, and with fasteners
position classified.

Table 2. Experimental results for find distance between centers fasteners

Distance Between Distance Error Between Centers [mm] (CMM - CM.SPR)
Centers Computational Method (CM)
Position | CMM BFA BFS AVA AVS

ROW | casteners | [mm] [ W/ SPR | wio SPR | W/ SPR | wio SPR | w/ SPR | wlo SPR | W/ SPR | wio SPR

Oto1=>]19,981| 0,237 0,179 0,274 0,181 0,252 0,237 0,264 0,236
L1 [1to2=>)19,928| 0,079 -0,026 0,069 -0,041 [ 0,048 0,041 0,058 0,059
210 0=>]39,909| 0,316 0,153 0,342 0,140 0,300 0,277 0,321 0,294
Oto1=>]19,764| 0,302 0,213 0,321 0,250 0,334 0,257 0,350 0,306
L2 |[1t02=>]19,885| -0,039 -0,117 -0,017 | -0,113 | 0,011 -0,111 0,248 -0,094
2t00=>]39,646| 0,264 0,097 0,305 0,137 0,349 0,149 0,599 0,213
Oto1=>]19,813| 0,235 0,146 0,201 0,172 0,321 0,157 0,307 0,174
L3 [1to2=>]20,105| 0,067 0,029 0,092 -0,026 | 0,050 0,105 0,095 0,106
2t00=>]39,918| 0,303 0,175 0,293 0,146 0,371 0,263 0,403 0,281
Oto1=>]19,849| 0,160 0,154 0,181 0,183 0,256 0,258 0,243 0,269
L4 [1to2=>)|20,072| 0,146 -0,028 0,259 0,027 0,120 0,035 0,400 0,059
2t00=>]39,920| 0,305 0,126 0,440 0,210 0,376 0,293 0,646 0,328
Oto1=>]19,892| 0,153 0,070 0,165 0,093 0,156 0,188 0,186 0,210
L5 |1to2=>[19,998| 0,096 -0,036 0,063 -0,033 [ 0,115 -0,126 0,120 -0,060
2t00=>]39,890| 0,250 0,034 0,228 0,060 0,272 0,063 0,307 0,150
Oto1=>)19,810| 0,154 0,098 0,151 0,101 0,258 0,227 0,232 0,161
L6 [1to2=>)20,128| 0,145 0,140 0,306 0,051 0,051 0,114 0,352 0,111
2t00=>139,938| 0,299 0,239 0,458 0,152 0,309 0,341 0,585 0,272
Oto1=>]20,072] 0,313 0,195 0,319 0,182 0,398 0,230 0,407 0,246
L7 [1to2=>]19,772] -0,019 -0,052 0,033 -0,089 | 0,055 -0,031 0,095 0,008
2t00=>]39,842| 0,292 0,141 0,352 0,093 0,454 0,198 0,504 0,255
0to1=>]19,869| 0,264 0,149 0,222 0,128 0,198 0,163 0,238 0,180
L8 [1to2=>)19,941| 0,116 -0,002 0,193 0,008 0,104 -0,026 0,267 -0,026
2t00=>]39,811| 0,379 0,146 0,414 0,136 0,301 0,137 0,504 0,154
Oto1=>]19,861| 0,091 0,063 0,120 0,087 0,083 0,127 0,084 0,123
L9 |[1t02=>]20,139| 0,284 0,139 0,286 0,169 0,228 0,094 0,238 0,102
2t00=>139,997| 0,374 0,202 0,405 0,256 0,310 0,219 0,320 0,223

The following acronyms are used in Table 2:
w/ SPR: with Scan Pose Rotation.
w/o SPR: without Scan Pose Rotation
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The statistical software R is used to analyse the data obtained from the experiment. A first analysis is made by
drawing a box plot by combining all levels of the experiment factors (Fig. 6). It provides an estimation of the quality of
set of factors.

By analyzing the boxplot graph, it is possible to observe the median and dispersation of the errors according to the
desired analysis parameters. We can see that the smallest median of the errors (close to zero) were reached with the
following parameters: - AVA.1t02.0; AVS.1t02.0; BFA.1t02.0; and BFS.1t02.0. The sample BFA.1t02.0 have the
lowest variability among the samples with the best results. The worst result (median near 0.5) was achieved by
AVS.2t00.1, that have also the worst variability.
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Figure 6. Box Plot of Distance Error by factors Computational Method, Fasteners Position and Scan Pose Rotation

The analysis of variance, ANOVA (Montgomery, 2013), is applied to confirm the influence of the factors on the
achieved accuracy. Results are presented in Fig. 7.

Df Sum Sg Mean Sg F wvalue Px (>F)
a 3 0.2107 0O.¢ 688 1.57e-06
b 2 1.5733 0.7 739 < 2e-16
c 1 0.7810 O. 873 < 2e-16
a:b 6 0.0515 O. 306 0.256
a:c 3 0.03%94 0. .001 0.115
b:c 2051385 Bk .538 4.55e-05
a:b:c 6 0.0234 0. .593 0.736
Residuals 192 1.2614 O.
Signif. codes: 0 ‘***’ 0.001 ‘“**’ 0.01 “*’ 0.05 '.” 0.1 ' ' 1

Figure 7. ANOVA results

It is analysed the three factors and its interactions. The Df (Degrees of Freedom) is defined by n — 1, where n is the
total number of levels in the factor, as described previously. The P-Value (Pr) represents the minimal confidence level
that is necessary to reject the null hypothesis that is all experimental mean of levels in a factor statistically have the
same mean value. ANOVA results show that factors A, B, C and the interaction between factors B and C (BC)
influence the experimental error, because its P-Value is much smaller than 1% (0.01), which is the confidence level
used in this work. It clearly shows that the three factors are a relevant to influences the experimental error.

To analyze the influence of the levels on each factor found by ANOVA, in Fig. 8 boxplot graphs were placed for
each of them. Also was made a Tukey test for analysing the difference between pairs of levels. The results are presented
in Fig. 8e. In this test, comparisons between levels with P value less than 1% (0.01) will be considered statistically
different.

Considering the significance level of 1% (0.01), the Turkey test (Fig. 8e) and box Plot graphs (Fig. 8a, 8b, 8¢ and
8d) shows us that:
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- the Computational Methods AVA, BFA and BFA are statistically equal and the AVS method differs from the
others and it presents worse behaviour (greater variability and median) that can be observed in the box plot Fig.
8a. In Figure 8e the lines marked in blue refer to the AVS level comparisons;

- the Scan Fasteners Position levels differ statistically from each other (Fig. 8e), and the best scan positions in
order are 1to2, Otol and 2to0 (Fig. 8b);

- the scanning without pose rotate (Fig 8c level equal zero) are better that with pose rotate (Fig. 8c level equal
one). It presents less median and variability, and it is statistically different from the other (Fig. 8e lines marked in
green);

- in Figure 8d the level (1t02.0), which is the combination of the fasteners position (1to2) and scanning without
pose rotation (0) factors, potentiates their effects in decreasing the experimental measurement error, which level
is statistically different from the others, as shown in Fig. 8e lines marked in red.

g 2 4 e a e
g g N i - _r Tukey multiple comparisons of means
i s i : ] 1 99% family-wise confidence level
: 2188058 | | . -
E o | : ! . . Fit: aov(formula =y ~ a * b * c)
37T o ! i . i
(] . == - R Sa
l ! ! ! diff 1lwr upr p adj
AVA AVS BFA BFS [AVS-AVA 0.05100000 0.001791276 0.10020872 0.0069416
Computational Method BFA-AVA -0.03270370 -0.081912428 0.01650502 0.1579062
s = BFS-AVA -0.01525926 -0.064467984 0.03394947 0.7620185
g = -— | b BFL-AVS -0.08370370 -0.132912428 -0.03449498 0.0000014
o | BFS-AVS -0.06625926 -0.115467984 -0.01705053 0.0001960
A 8 E BFS-BFA 0.01744444 -0.031764280 0.06665317 0.6786993
s 34 | : .
o __1__ i b
2 =gl E == diff 1lwr upr p adj
[a) i 1to2-0tol -0.13401389% -0.17384489 -0.09418288 0e+00
T T T 2to0-0tol 0.07194444 0.03211344 0.11177545 8e-07
Oto1 102  2to0 2to0-1to2 0.20595833 0.16612733 0.24578934 0e+00
Fasteners Position
Sc
S 20 c diff lur upr p adj
£ - [1-0 0.1202593 0.0915626 0.1489559 0
S o __ :
% g o ,;I $'b:c ) )
% i : : diff lwr upr p adj
B = ! o [ 1to2:0-0tol:0 -0.16758333 -0.232812531 -0.10235414 0.0000000 |
[a) —i= 2t00:0-0tol:0 0.01000000 -0.055229197 0.07522920 0.9951935
' ' 0tol:1-0tol:0 0.05658333 -0.008645864 0.12181253 0.0397320
0 1 1to2:1-0tol:0 -0.04386111 -0.109090309 0.021363809 0.2008241
Pose Rotation 2t00:1-0tol:0 0.19047222 0.125243025 0.25570142 0.0000000
2t00:0-1to2:0 0.17758333 0.112354136 0.24281253 0.0000000
T © | gl d Otol:1-1to2:0 0.22416667 0.158937469 0.28939586 0.0000000
e 2 A 1to2:1-1to02:0 0.12372222 0.058493025 0.18895142 0.0000000
'g g s e 2 2t00:1-1to2:0 0.35805556 0.292826358 0.42328475 0.0000000
5 s o e lin o 0tol:1-2to0:0 0.04658333 -0.018645864 0.11181253 0.1484389
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Figure 8. (2) Box Plot of the Distance Error by Computational Method; (b) Box Plot of the Distance Error by Fasteners
Position; (c) Box Plot of the Distance Error by Scanning Method; (d) Box Plot of the Distance Error by Interaction
between Fasteners Position and Scanning Method; (e) Tukey Test results

In order to detect systematic errors introduced in the experiment, we checked the residues. The normality graph of
the residues is presented in Fig. 9 and confirms the absence of systematic errors. The residual is considered graphically
normal when the points scattered on the plot resembles a straight line and do not show any trend.
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Figure 9. Normality residue Test

Finally, the results of Shapiro-Wilk test for the residual normality confirmed the residual normality, Fig. 10. The P-
Value of 54.41% shows us that the null hypothesis is not rejected, and the residuals correspond in fact to random error.

Shapiro-Wilk normality test

data: res
W = 0.99403, p-value = 0.5441

Figure 10. Normality residue Test
5. CONCLUSIONS

This paper presents a non-contact inspection method based on 3D scanning using an industrial robotic manipulator
integrated with a 2D laser scanner sensor for measuring the distance between centers of fasteners installed on a flat
plate. Computational algorithms were used to extract the desired information from the data generated during the
scanning phase. To evaluate the methodology created, a three-factor factorial experiment was designed to prove the
effectiveness of the method and answer the question of what would be the best configuration of techniques to minimize
the measurement error.

The results obtained in the designed experiment shows that the inspection method is effective in measuring the
distance between centers of cylindrical fasteners on a flat plate with median error equal to -0.04mm and variability of
approximately 0.18mm for the set of factors that obtained the best results (1to2.BFA.0). This result is considered good
as the measurement resolution of the 2D laser scanning sensor in X-direction is approximately 0.1mm.

In the experiment, it was found that the scanning position influences the experimental error. As in a scanning
operation it is possible to scan up to four fasteners of the dimension used in this work, it is possible to evaluate if the
error for each position is permissible, with the best results by position:

- Position Otol: median equal to 0.18mm and variability equal to 0.15mm (0to1.BFA.0);
- Position 1to2: median equal to -0.04mm and variability equal to 0.18mm (1to2.BFA.0);
- Position 2tol: median equal to 0.18mm and variability equal to 0.15mm (2to1.BFA.0);

Another possible conclusion is that the scan with pose rotation presented worse results than the one without rotation.
A possible cause would be the additional movement during the pose shifting of the robotic manipulator that have
repeatability equals +/- 0.1mm (Kuka, 2015) and that although the fastener dimensional profile is susceptible to receiver
shading errors, they are not significant.

As for the computational algorithms for extracting the distance between centers, the AVA, BFA and BFS algorithms
presented similar medians and variabilities, being proved by Tukey test that they are statistically similar, and they were
considered of good yield. Already the AVS algorithm presented higher variability, being considered the worst yield
among the other.

As future work, we plan to investigate other dimensional parameters that can be stratified using the method develop.
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