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RESUME

Malgré la croissance de la popularité des scanners 3D et le besoin de leurs utilisateurs d’évaluer
leur performance métrologique, Il n’existe aucune norme internationale d’évaluation de leur
performance métrologique. Les utilisateurs de ces scanners ont besoin des tests d’acceptations afin
de vérifier I’¢ligibilité d’un scanner pour une mesure spécifique, ainsi que des parametres quantifiés
pour comparer différents scanners 3D a lumiere structurée. Ce projet a pour but de proposer une
méthode systématique d’évaluation de la performance métrologique des scanners 3D a lumiere
structurée. Puisque les scanners 3D a lumiere structurée, aussi appelés systemes de projection
franges, sont des dispositifs de numérisation d'aire, leur performance doit étre évaluée dans tout
leur volume de mesure. Dans ce travail, un artefact pseudo-3D, composé d’une plaque a billes 2D
et trois composants d'espacement, est proposé avec une nouvelle procédure d’analyse des données
pour I’évaluation des données du scanner selon des valeurs de référence de 1’artefact. Dans la
procédure d’évaluation de performance développée, les erreurs de la mesure de la taille, de la forme
et des distances différentes sont étudiees. Les données de référence des distances sont fournies en
mesurant 1’artefact par une machine a mesurer tridimensionnelle (MMT) avant d’étre mesuré par
un scanner 3D. L’incertitude standard des valeurs de référence des distances sont estimées, ce qui
correspond & 1,45 um. Les billes de précision fournissent les données de référence pour la taille et
la forme. L’incertitude standard du diamétre et la forme (sphéricité) des billes est indiquée par leur
fournisseur (Bal-tec) a 0.64 um. La méthode proposée offre a ses utilisateurs des tests
d’acceptations, ainsi qu’un apergu complet de la performance du scanner 3D a lumieres structurée
pour mesurer la distance, la taille et laforme a différentes positions dans son volume de

numeérisation.
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ABSTRACT

Despite the increasing popularity of structured-light 3D scanners, there exists no international
standard for assessing their metrological performance. The users of these scanners need acceptance
tests to verify the eligibility of a scanner for specific measurements, as well as quantified metrics
to compare different structured-light 3D scanners. This project aims to propose a systematic
method for evaluating the metrological performance of the structured light scanners. Since the
structured-light 3D scanners, also known as fringe projection systems, are area-scanning devices,
they require their performance to be evaluated in their measurement volume. In this work, a
pseudo-3D artifact, consisting of a 2D ball-plate and three spacers, is proposed along with a novel
data analysis procedure for benchmarking the scanner’s data based on the reference values of the
artifact. In the developed performance evaluation procedure, errors in measuring distance, size, and
form are investigated. The reference data in investigating various distances is provided by
measuring the artifact by a coordinate measuring machine (CMM) before its measurement by a 3D
scanner. The uncertainty of the reference values of the distances is estimated, which is 1.45 um.
The precision balls provide the reference of the size and form. The uncertainty of the diameter and
the form (sphericity) of the balls is reported by their supplier (Bal-tec) as 0.64 um. The proposed
method provides its users with acceptance tests, as well as a comprehensive insight into the
performance of the structured light 3D scanner in measuring distance, size, and form at different

positions within its entire scanning volume.
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CHAPTER 1 INTRODUCTION

1.1 General introduction

3D scanners’ development has attracted industries into using non-contact measuring devices for
diverse applications, such as inspection of manufactured parts and reverse engineering purposes
[1,2], instead of using contact probes. 3D scanners’ faster data acquisition in comparison with touch
probes is one of their advantages, which is caused by using triangulation law to determine points’
locations. Two popular 3D scanning methods are laser and structured light 3D scanning.

Laser scanners include a laser source to project one or multiple laser lines on the object’s surface
and one or two CCDs to capture the reflected rays. 3D laser scanners measure the location of points,
which are in the scanning plane of the scanner and are visible to the CCDs. Following figure shows

the scanning plane in laser line scanning.

Laser Projector CCD

Scanning plane

Figure 1.1: Laser scanner’s scanning plane

Due to the fact that a laser scanner with one or multiple laser lines cannot cover the measurand
surface, it is essential to sweep the laser scanner with respect to the measurand surface to can it.



This relative motion can be provided by a robotic arm, an operator who moves the scanner
manually, or using the laser scanner as a non-contact CMM probe.

The structured light 3D scanning, which projects a pattern on the object’s surface and determines
the points’ locations from the deformed reflected pattern [3], is the other popular 3D scanning
method. Therefore, a structured light scanner comprises a projector to project the pattern on the
object’s surface and one or multiple cameras to capture the deformed pattern. The structured light
3D scanners are able to measure points in their scanning volume [4]. It helps the users to scan a
surface in the scanner’s scanning volume in one shot, with no relative motion between the surface
and the scanner. It leads to faster data acquisition from a specific surface, which is one of the
structured light 3D scanners’ advantages in comparison with laser scanners [5,6]. The scanning
volume of a structured light 3D scanner is the part of the covered volume by the projector, which
is visible to the cameras. In the following figure, the blue volume is the covered volume by the

scanner’s projector, and the orange lines show the boundaries of the visible volume to the cameras.

Camera 2

Figure 1.2: The concept of the scanning volume in structured light scanning



1.2 Problem definition

Due to spreads of non-contact measurement devices and increases in the number of the industries
that are interested in using 3D scanners, specially structured light 3D scanners, 3D scanners’ users
need to evaluate the quality of the measured data. Also, as well as the end users, 3D scanners’
developers need to find a comprehensive method to present the quality of the developed device.
Therefore, both the 3D scanners suppliers and users need to find common ground, including a
measurement artifact and a data analysis procedure, to present and assess the performance of the
developed 3D scanner. Despite this need, no international standard is developed to evaluate the

performance of the 3D scanners.

1.3 Research objective

This project aims to evaluate the metrological performance of structured light 3D scanning systems
in their entire scanning volume by designing a reference artifact and developing a data analysis

procedure.

1.4 Thesis outline

A literature review on the previous works in the field of performance evaluation and calibration of
the laser or structured light 3D scanners is presented in the second chapter. This chapter includes
an introduction of the only existing national performance evaluation standard for area-based 3D
scanners, previous researches on calibration and performance evaluation of 3D scanners, two main
approaches of designing reference, and limitations of these researches that need to be considered
in developing a new performance evaluation guideline. The third chapter represents the research
process, and the methodology followed. Chapter 4 presents the submitted paper to the journal of
“Optics and Lasers in Engineering” with the title of “A pseudo-3D ball lattice artifact and method
for evaluating the metrological performance of structured-light 3D scanners”, and finally, chapter

5 and 6 present the general discussion and conclusion respectively.



CHAPTER 2 LITERATURE REVIEW

As the 3D scanners are gaining more popularity in different industries, the need to have a common
performance evaluation guideline is felt more than before. Despite the developed international
performance evaluation standards for CMM’s touch [7] and non-contact [8], [9] probes, there is
still no developed international standard to assess the performance of 3D scanners. The German
VDI/VDE 2634 part 2 [10] is the only existing standard to evaluate the performance of 3D scanners
based on area-scanning, which is not recognized as an international standard. Since it is near to
impossible to model the systematic and random errors of the performance of 3D scanning systems,
using reference artifacts is a valid approach to evaluate the performance of 3D scanners. Hence,

different performance evaluation procedures with various reference artifacts are developed.

Using known geometrical features or free-form surfaces are two main approaches to design
reference artifacts. Easy surface reconstruction from the captured point-cloud makes the known
geometrical features (e.g. spheres, cylinders, and plates) popular in designing metrological
artifacts. Least square fitting, which is useful in 2D and 3D, i.e., curve and surface fitting, is one
of the useful methods to reconstruct the measured surfaces from a set of points. This method
estimates the surface’s analytical equation that minimizes the summation of the square of the

residual distances between the measured points and the fitted surface or curve.

As it was mentioned, the German VDI/VDE 2634 part 2 [10] is the only existing standard to
evaluate the performance of 3D scanning systems based on area scanning. A ball-bar, two spheres
attached on two ends of a rigid bar, and a flat plate are two proposed artifacts in this standard,
which are shown in Figure 2.1.

Figure 2.1: The used artifact to follow VDI/VDE 2634 part 2 by Erickson et al. [11]



The standard’s developers asked the users to measure the ball-bar in at least seven and the flat plate
in at least six different positions in the scanning volume of the scanner. Figures 2.2 (a) and (b)

show the recommended measurement positions for the ball-bar and the flat plate respectively.

(@) (b)

Figure 2.2: Recommended positions to measure (a) ball-bar and (b) flat plate in VDI/VDE 2634
part 2 [10]

Errors in spheres’ size measurement, defined as the difference between diameters of the fitted and
actual spheres, error in spheres’ form measurement, defined as the range of residual distances
between the measured points and the fitted sphere, and sphere spacing error, defined as the
difference between the measured distance between each pair of spheres the scanner data and the
reference distance, are three investigated parameters in the captured point cloud by scanning the
ball-bar. As the first step, a best fitted sphere with an unknown diameter should be fitted to each
sphere’s point cloud to investigate the errors in size and form measurements. Then, a best fitted
sphere with the diameter equal to the actual diameter of spheres needs to be fitted to the spheres’
point clouds to investigate the spheres’ spacing error. As well as these parameters, the error in
measuring the flatness of the plate is the other investigated parameter. Hence, a best fitted plane is
fitted to the plate’s point cloud and the range of the residual distances between the measured points

and the fitted plane is reported as the inspected error in measuring the form of the plane.



Assessing the effect of newly developed calibration methods, similar to what has been done by

Erickson et al. [11] and Chen et al. [12], is an example of this standard’s applications.
Two of the main limitations of this performance evaluation standard are:

e Its inability to cover the scanner’s scanning volume comprehensively. While 3D scanners’
users need to know about the performance of their device in its entire scanning volume,
these investigated parameters are studied only in some approximative positions of the
scanner’s field of view, which will not give a comprehensive view of what is happening in

the measurement volume of the structured light 3D scanners.

e Theerrors in measuring the forms of spheres and planes are defined as the residual distances
between the measured points and the fitted geometrical features, which is highly dependent
on the number of measured points by the used 3D scanner. Thus, it cannot provide the users
with a fair comparison between different 3D scanning systems with a different number of

the measured points.

Beside to VDI/VDE 2634 part 2, different researchers have tried to fill this gap by designing
different artifacts. Due to the similar measuring principle of laser and structured light 3D scanning
systems, some of these works developed general guidelines to evaluate the performance of the
triangulation based non-contact measuring devices. luliano et al. [13] and MacKinnon et al. [14]
studied this problem by using combinations of known geometrical features such as sphere, plane,
and cylinder as the measurement features. Furthermore, McCarthy et al. [15] tried to assess the
performance of 3D scanners in measuring free-form surfaces by designing a free-form artifact,
includes seven convex and concave spheres as the measurands, and investigating the errors in
measuring distances between spheres and spheres’ locations. As an example of this free-form
artifact’s application, Li et al. [16] have studied the effect of different ambient light conditions on
the performance of a structured light 3D scanner by measuring this artifact in different light

conditions.

In addition to the researches mentioned above, several performance evaluation procedures are
proposed with the focus on one of these two scanning methods. Acko et al. [17] have used spheres
as the main measurement feature to design a 3D tetrahedron artifact with 4 balls in the same size.
The distances between each pair of spheres were studied to assess the performance of the used
structured light 3D scanner. In addition to this artifact, Martinez et al. [18] have combined



cylinders, spheres, planes, and cones to design a new artifact, which was measured in multiple
shots and the errors in measuring the form and size of the spheres and cylinders are examples of

the investigated parameters.

Ball-plate, which is widely-used artifacts to evaluate the CMMs’ performance [19], is one of the
used artifacts to calibrate or assess the performance of 3D scanners. Two ball-plates with 9 and 25
balls are designed by Qiang et al. [20] and Genta et al. [21] respectively to derive the errors’ trends
in the performance of laser scanners. Several other artifacts, except ball-plates, are designed to
evaluate laser scanner’s performance. Designed artifacts by Martinez et al. [22] and Gonzalez-

Jorge et al. [23] are two of these designed artifacts.

Following chart classifies different used geometrical features and investigated parameters by

scanning each of them in previous works on calibration and performance evaluation of 3D

scanners.
Using free-form
surfaces Sphere spacing
[10]. [13]. [14]. [17]. [18]. [21],
|" and [23] Eoum
Investigated .
Spheres > Size
parameters
Location
Used geometrical e —
S 10], [13], [14]. [18], [22]. and [23 ;
features |—>[ 1. [13], [14], [18], [22]. and [23] between planes
Investigated
Planes > Flatness
parameters
Angle between
planes
Using known
) 4], s 2
geometrical |_>[1 i118kand [23] F
features orm
. Investigated 2
Cylinders > Size
parameters
Location
> [13]. [18], and [22]
Investigated
Cones > Form
parameters

Figure 2.3: Classification of the previous works on the calibration and performance evaluation of

3D scanners



Addressing the limitations of the previously developed artifacts and data analysis procedure is the
first step in developing new guidelines to assess the performance of structured light 3D scanners.
One of these main limitations is the inability of the designed artifacts to cover the entire scanning
volume of structured light 3D scanners. None of the proposed guidelines, even the developed
guidelines by VDI/VDE 2634 part 2 [5] and Acko et al. [12] that includes measuring the
measurands in limited positions of the scanner’s scanning volume, are able to cover the structured
light 3D scanners’ scanning volume comprehensively. Also, After the artifact’s fabrication and
before its measurement by the scanner, its calibration is the next essential step. The fabricated
artifact needs to be measured by a CMM in order to obtain the reference data, instead of using the
artifact’s CAD model as the reference. And finally, the investigated parameters in the proposed
data analysis procedure should be independent of the measurement coordinate frames and the
number of the measured points. Independency of the parameters from the measurement coordinate
frame prevents the roto-translation of the scanner and reference data-sets into the same coordinate
frame, which is a source of uncertainty and is affected by the scanner’s performance. Also, the
independency of a parameter from the number of the measured points provides a fair comparison
for different 3D scanners with different numbers of measured points. Parameters such as spheres’
locations and range of the residual distances between the measured points and the fitted surface,
which are investigated by Genta et al. [17] and VDI/VDE 2634 part 2 [5] respectively, are examples
of the investigation parameters that depends on the measurement coordinate frame and the number

of the measured points.



CHAPTER 3 METHODOLOGY

The main aim of this project is to evaluate the performance of structured light 3D scanners in their
scanning volume comprehensively. To achieve this goal, a pseudo-3D artifact is designed and
fabricated, and a data analysis procedure is developed to process the captured point cloud by the
used 3D scanner. Following steps, which are divided into three main steps, are taken to evaluate

the structured light 3D scanners’ performance.

3.1 Artifact design and fabrication

¢ Designing a metrological artifact by considering the CMM accessibility of the measurands,

and mounting repeatability and stability of the artifact’s structure.

e Fabricating the designed artifact from Aluminum due to its lighter weight and lower price
in comparison with some widely-used alloys in fabrication of the metrological artifacts like
INVAR.

3.2 Artifact measurement
e Measuring the fabricated artifact by CMM to:
o Calibrate the fabricated artifact to obtain the reference positions of the spheres.
o Calculate the uncertainty of the calibrated data.
e Measuring the artifact by a structured light 3D scanner to evaluate the scanner’s
metrological performance.
3.3 3D scanner’s performance evaluation procedure
Investigating errors in size, form, and different distances measurements to provide:

e Acceptance tests for structured light 3D scanners for specific measurements with the known

required accuracy.

e A comprehensive view of the performance of the 3D scanner in different positions in its

scanning volume.
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e Define metrics to help the guideline’s users to compare the performance of two or more

structured light 3D scanning systems.
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CHAPTER 4 ARTICLE 1: APSEUDO-3D BALL LATTICE ARTIFACT
AND METHOD FOR EVALUATING THE METROLOGICAL
PERFORMANCE OF STRUCTURED-LIGHT 3D SCANNERS

Pooya Ghandali, Farbod Khameneifar*, J.R.R. Mayer

Department of Mechanical Engineering, Ecole Polytechnique de Montréal, Montréal, QC, Canada
H3T 1J4

*Submitted to the journal of Optics and Lasers in Engineering
4.1 Abstract

This paper presents a novel reference artifact and procedure for assessing the metrological
performance of structured-light 3D scanners, also known as fringe projection systems. Despite the
increasing popularity of these scanners, there is still no international standard aiming at providing
a guideline for how to evaluate their metrological performance. The users of the scanners,
especially for part inspection, need instructions for comparing the accuracy of different systems in
measuring specific parameters, as well as acceptance tests to verify whether a particular scanner
can be used to inspect the part in question. As the structured-light scanners are area-scanning
systems, they necessitate testing over their entire measurement volume. In order to enable this, we
propose a method based on a pseudo-3D artifact calibrated by a contact probe on a coordinate
measuring machine (CMM). The proposed artifact is a standard 2D ball plate that is mounted on
top of spacers using kinematic couplings that ensure repeatable positioning of the ball plate with
respect to the base in order to create a 3D lattice once measured. The artifact provides reference
values for the distance between the centers of any pair of precision balls, as well as the reference
for size and form, in order to benchmark the scanner measurements. Using the reference data, the
proposed procedure enables acceptance tests and a comprehensive insight into the errors of the
scanner in measuring distance, size and form at different positions within its entire scanning

volume.

Keywords: 3D scanning; Structured-light scanner; Fringe projection; Metrological

performance; Measurement volume; Pseudo-3D artifact
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4.2 Introduction

Short-range optical 3D scanning is gaining increasing popularity in different industries, including
manufacturing, for inspection and reverse engineering purposes [1,2]. Structured light scanning,
also known as fringe projection technique, is one of the most popular 3D scanning technologies
[3]. A structured light scanner works by projecting a series of light patterns onto the object’s surface
and capturing the deformed patterns by one or more cameras to determine the coordinates of points
on the surface by triangulation principle [4]. The object’s surface must be inside the measurement
volume of the scanner (i.e., a cuboid space) in order to be scanned [5]. The ability of structured
light scanner to measure points in the entire scanning volume in a single shot, while mounted on a
tripod, without the need for sweeping the object’s surface leads to faster data acquisition, which is
one of its advantages in comparison with other scanning methods (e.g., 3D laser scanning) [6,7].
This characteristic also makes the structured light scanner an attractive option for in-process
inspection of manufactured parts where the object is stationary with respect to the scanner.

End users of structured light 3D scanners need to know how to evaluate the metrological
performance of their devices in order to make sure that they obtain the data they require. At the
same time, suppliers of these scanners strive to find common ground with the end users in order to
present and emphasize the quality of their products. For those reasons, both users and suppliers
turn to standards. While international standards exist to evaluate the performance of non-contact
probes on a coordinate measuring machine (CMM) [8,9], the absence of an international standard
to evaluate the performance of stationary (tripod-mounted) structured light 3D scanners restricts
their applications in highly regulated industries such as aerospace, where precision is of paramount

importance.

The only existing standard for optical 3D scanners based on area scanning is VDI/VDE 2634 part
2 [10], a German standard, which is not recognized as an international standard. This guideline has
been used as the evaluation procedure of some of the proposed calibration methods in the literature
[11,12]. The standard uses a ball-bar (i.e., two spheres of the same diameters that are attached to
the opposite ends of a rigid bar) and a flat plate as the measurement artifacts, and it evaluates the
performance of the scanner in measuring four parameters: form and size of the sphere, flatness of
the plate, and the sphere spacing. Measurements must be taken in at least 10 positions within the

measurement volume of the scanner for the sphere’s size and form, 7 positions for the sphere
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spacing, and 6 positions for the plate’s form (flatness) measurement. The range of the residuals
after fitting spheres or planes to the measured points are considered the errors in measuring the
form of the sphere and the flat plate, respectively. Then, the distance between the centers of the
two fitted spheres is compared with the reference distance and the difference is taken as the error
in measuring the sphere spacing. There are at least two limitations in the recommended procedure
of the existing standard:

1. The coverage of the measuring volume in the current standard is neither comprehensive nor
systematic. The evaluation of measurement errors for both form and sphere-spacing is
performed in only a number of approximative positions within the scanner’s field of view,
while the user needs to systematically test the scanner’s performance in its entire volume

of measurement.

2. The error in measuring the form in the current standard depends on the number of measured
points, because for both the sphere and the flat plate, the range is used as the error evaluation
measure. The error value based on this measure increases monotonically as the number of
points increases. Therefore, this procedure does not provide a fair comparison between
different scanners and the result can be contradictory, since the scanner that gives a denser
point cloud data is likely to show more errors in measuring the form according to the current
standard, while it is well-known that having more points decreases the uncertainty of

measurement.

Using the reference artifacts remains a valid approach for estimating the metrological performance
of 3D scanners. Researchers have proposed various reference artifacts for quantifying the
measurement errors of structured light scanners. As the users are able to fit analytical equations to
the captured point cloud of known geometrical features such as spheres, cylinders, and plates, these
features have been mostly used in the proposed artifacts [13-16]. In addition, an artifact with
freeform surfaces has been presented [17]. The artifacts need to be calibrated by another
instrument, which produces measurements that have, as a rule of thumb, at least an order of
magnitude smaller uncertainty than the measurement uncertainty expected in the results obtained
from the 3D scanner. A contact probe on a coordinate measuring machine (CMM) is generally able
to give us the opportunity to calibrate an artifact with such degree of measurement uncertainty.

That is why CMM measurement is used in all the available works in the literature in order to
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calibrate the proposed artifacts. The CMM-based artifact calibration is deemed a reasonable way
to establish the reference values. However, the overall measurement uncertainty of the artifact’s
reference values can be accumulated from several contributing factors including the artifact’s
structure, probing, etc. It is essential that the reference values provided by the artifact calibration
be associated with the estimated uncertainty. Most of the above-mentioned articles do not contain
uncertainty evaluations of their proposed artifacts. Most importantly, the proposed artifacts of the

above works do not systematically incorporate the entire volume of measurement of the scanner.

In a related work, Genta et al. [18] have used a 2D ball-plate (i.e., a plate with 25 precision balls
mounted on it) as a reference artifact for calibrating a laser scanner. The ball-plate is a well-
established reference artifact in manufacturing metrology, particularly for performance verification
of CMMs [19]. Genta et al. [18] measured the coordinates of the 25 ball centers once by a CMM
and then by the scanner, and evaluated the performance of the scanner based on the difference
between the coordinates of the ball centers in the two measurements. The comparison of the
coordinates of the ball centers requires the determination of a coordinate reference system on each
of the CMM data and scan data, and a rigid body transformation in order to bring the two data sets
in acommon coordinate frame. The coordinate reference system of the scan data is calculated based
on the scanner measurement, which contains measurement errors and is a source of additional
uncertainty for the evaluation procedure. Furthermore, the 2D ball plate is not best suited for the

structured light scanner, because it cannot cover the entire measurement volume.

This paper extends the idea of using the well-known ball-plate and proposes a pseudo-3D ball
lattice artifact and a novel systematic data analysis procedure for assessing the metrological
performance of the structured light 3D scanners based on the CMM-measured reference values of
the artifact. In the authors’ opinion, the coordinates of the ball centers of the reference artifact
should not be incorporated in the comparisons, because it makes the whole procedure prone to the
inevitable errors from the defined coordinate reference system on the scan data. Instead, the
coordinate measurement capability can be integrated with the distance measurement. The main
advantage of using distance is being a local intrinsic quantity, as opposed to the position, which is
a quantity dependent on a global coordinate system. Therefore, the distance measurement can be
compared against the reference values without the need for bringing the two data sets in a common
coordinate system. This way, the error of the coordinate reference system will be avoided. It is

impossible to capture the entire spectrum of the measurable distances in the measuring volume, but
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we can sample a large number of distance measurements if we create a 3D grid (lattice) covering
the measurement volume and use the distance between any pair of grid nodes. The main philosophy
behind the proposed 3D ball lattice artifact in this paper is to create that 3D grid.

The next confronted challenge is how to have a 3D lattice artifact that we can measure by the
scanner without visibility problems (i.e., all the nodes should be scannable from a single point of
view) and can measure by a CMM without accessibility problems (i.e., the contact probe on CMM
can access all the spheres of the 3D grid). While it seems impossible to be done in 3D, it can be
done in pseudo-3D fashion [20]. In this paper, we have designed a pseudo-3D artifact consisting
of a ball-plate and a mechanical structure that precisely places the ball-plate in four different
heights (i.e., Z-levels). The complete measurement of the artifact then gives the 3D grid, where the
nodes of the 3D grid are the centers of the precision balls of the ball-plate. The precision balls of
the 3D lattice are also used for assessment of the scanner’s capability in measuring form and size
in its entire measurement volume. Based on the devised data analysis framework, we propose
strategies to be used for carrying out acceptance tests to verify whether a scanner is suitable for

evaluating a tolerance of distance, size, and form.

The designed and fabricated artifact is introduced in Section 2. The proposed evaluation procedure
is presented in detail in Section 3, along with the estimated uncertainty of the reference artifact.
Section 4 concludes the paper.

4.3 Designed reference artifact

The basic component of the reference artifact is a ball-plate. We have chosen the plate in our work
to be 180 mm long and 120 mm wide, so that the plate fits inside the measuring area of the tested
commercial structured-light 3D scanner, which has the single scan range of 210 mm by 150 mm.
This is approximately equal to the measuring area of several other most-widely used scanners in
the market. The plate is 25.4 mm thick and is made of aluminum. The proposed design and
procedure is scalable, and can be equally applied to fabricate ball-plates of larger or smaller

dimensions conforming to the measuring area of the 3D scanner to be tested.

The designed ball-plate has 54 precision balls on its top face. The nominal diameter of each ball is
12.7 mm. The balls are made of aluminum oxide material, which provides us with a white scanner-

friendly surface. The sphericity of the balls reported by the suppliers (i.e., Bal-tec) is 0.64 um. The
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reported ball diameter variation is also 0.64 pum. The use of a maximum possible number of balls
on the ball-plate is desirable since the aim of the reference artifact is to cover the entire measuring
area of the scanner with evaluation features (i.e., precision balls). However, since the artifact is
measured by a contact probe on a CMM to yield the reference values, the balls must be accessible
for probing by the contact probe. The probe used has a stylus tip diameter of 3 mm. Therefore, in
order to be accessible, the balls are uniformly spaced in a 9 by 6 planar grid, with the distance
between the center of each ball to the center of its neighboring balls in the horizontal and vertical
directions of the planar grid set as 20 mm. This distance provides sufficient clearance for probing
in the lateral direction. The top view of the designed ball plate is shown in the drawing of Figure
4.1.
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Figure 4.1: Top view of the designed ball-plate (units in mm).

In order to fabricate the ball-plate, we machined the aluminum plate to cut it into the above-
mentioned dimensions, and drilled 54 blind holes (of 12 mm diameter and 5 mm depth) at the
designed positions of the centers of the balls on the top surface of the plate. The machined
aluminum plate initially had a shiny surface resulting in light reflections leading to outliers, thus

affecting the measurement of the 3D scanner. In order to eliminate the effect of the plate’s
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shininess, the top surface of the fabricated plate was painted in matte black prior to gluing the 54

balls into the pre-drilled holes of the plate.

The mounting repeatability of the ball-plate is another considered design criterion. The ball plate
in this work is designed with a contact interface that satisfies the principle of Exact Constraint
Design [21]. In order to achieve repeatable mounting of the ball plate on the base, three pairs of
kinematic couplings are utilized to constrain all six degrees of freedom of the ball plate with respect
to the base. Each pair is composed of a VV-block and a precision ball. For this purpose, a base plate
(i.e., a flat aluminum plate) of the same size as the ball plate is fabricated. Three V-blocks are
attached to the top face of the base plate as shown in Figure 4.2(a). On the back face of the ball
plate, three precision balls of 12.7 mm diameter are placed in the same configuration as for the
three V-blocks of the base plate. Figure 4.2 (b) shows one kinematic coupling composed of a V-

block and a support ball.

(a) (b)

Figure 4.2: (a) Base-plate with the three VV-blocks, and (b) the kinematic coupling consisting of a
V-block and a support ball.

In order to create the pseudo-3D artifact that can cover the entire measuring volume of the scanner
with the 3D grid, it is required to measure the ball plate at different heights with respect to the base
plate. For this purpose, spacers of three different heights are designed to be inserted between the
base plate and the ball plate. The concept of using spacers is inspired by the work of Bringmann et
al. [20] who used a single spacer to produce a pseudo-3D artifact for testing and calibration of CNC
machine tools. In our work, two spacers of 30 and 60 mm are made separately and then the height

of 90 mm is obtained as the combination of these two spacers. The spacers provide a height
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difference of 30 mm between each stage. The ball plate can thus be positioned not only at Z = 0
with respect to the local coordinate frame of the artifact, but also at Z =30 mm, Z = 60 mm, and Z
= 90 mm. In order to ensure mounting repeatability of the spacers, they are also kinematically
coupled with the ball-plate and the base plate with three support balls of 12.7 mm diameter on one
side and three V-blocks on the other side of the spacers. Figure 4.3 (a) to (d) present how different
stages of the 3D grid are achieved by designed spacers and Figure 4.3 (e) illustrates the measured

3D grid, which is obtained by putting the measured data in different measuring stages together.
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Figure 4.3: (a) Fabricated ball-plate without spacer and artifact's local coordinate frame, (b) ball-
plate on the first spacer, (c) on the second spacer, (d) combination of the first and the second
spacers, and (e) the captured 3D grid.
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The overview of the proposed performance evaluation procedure and the investigated parameters

are briefly illustrated in Figure 4.4. The details of each task and the parameters are discussed in the

following subsections.
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Figure 4.4: overview of the performance evaluation procedure, from artifact measurement to
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4.4.1 Artifact measurement

The first step of the proposed performance evaluation procedure is to calibrate the artifact using

CMM measurement, in order to obtain the reference values of the 3D grid nodes (i.e., the center
coordinates of balls). A Mitutoyo Legex 910 CMM equipped with a PH10M Renishaw probe is
used in this work to calibrate the artifact. The ball plate mounted on stage one to four is measured
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by CMM for five times and the average of these five measurements are assembled to obtain the
reference data for the coordinates of the ball centers (3D grid).

Subsequently, the artifact is measured by the 3D scanner in order to evaluate the metrological
performance of the scanner. Due to the symmetrical geometry of the ball plate, the identification
of sphere number 1 in the scanner data is important in order to make the exact correspondence
between the scan data and the CMM reference data. Knowing the correspondence between the two
data sets is vital for estimating the scanning error in distance measurement, which will be discussed
in detail in Section 3.2.1. In essence, there is a need for an identifier for distinguishing sphere
number 1 (as marked at the bottom left of the ball plate in Figure 4.5) from sphere number 54 at
the diagonally opposite corner. In this work, a white circular marker with a diameter of 15 mm is

attached close to sphere number 1 in order to make it distinctive, as shown in Figure 4.5.

Figure 4.5: Identification marker for distinguishing sphere number 1 from sphere number 54.

An EinScan Pro structured light 3D scanner is tested in this work by the proposed artifact and
procedure. The scanner, mounted on a tripod, measured the artifact. The measurement is done after
performing the calibration procedure (using the calibration board) recommended by the
manufacturer of the scanner. The calibration aims at providing the scanner with an accurate
representation of the field of view in order to yield the best-expected performance of the

measurement device.
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Once each stage of the artifact is measured by the 3D scanner, the point clouds of the ball-plate in
all four stages are imported to MeshLab software to remove the plate’s measured points and retain

the spheres’ point cloud. The resulting scanned point cloud of the 3D artifact is shown in Figure
4.6.

e W AT

<R B QW

LD
SEERIRNS

Figure 4.6: Scanned point cloud of the 3D artifact

Then, a sphere is fitted to each ball’s point-cloud in order to create the 3D grid nodes (i.e., the
center coordinates of balls) from the scan data. Since the outliers in data are part of the performance

of the 3D scanner, no outlier is removed manually or by automatic algorithms.

Next, using the reference values for the artifact, the performance of the scanner is evaluated via the

proposed investigated parameters of the next subsection.

4.4.2 Investigated parameters

Error in measuring the distances (distance between the centers of balls), error in form
measurements, and error in size measurements are three investigated parameters to assess the
scanner’s performance. These investigated parameters are independent of the global measurement
coordinate system of the scanner and the CMM data, which has the advantage of eliminating the
need for roto-translation of the CMM data and scanner data to bring them to the same coordinate

frame.
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4.4.2.1 Error in distance measurement

In order to have a detailed evaluation of the scan data in its measuring volume, a data set as large
as possible is desirable. Using the reference data for the coordinates of the ball centers (from CMM
measurement), a large database of reference values for the distances of the connection vectors
between ball centers are available. In essence, such a test tries to represent how well the 3D scanner

can measure the distance between any two points in its measuring volume.

There are n(n — 1)/2 unique pairs in a set of n elements, where the pairs are subject to the
commutative property (i.e., AB=BA). Thus, 23,220 unique pairs are formed by connecting the 216
ball centers of the reference data (3D grid nodes created from the centers of 54 balls measured in
4 levels). The length of the line segment connecting the centers of these pairs is taken as the distance
measurement feature in this work. For the designed artifact, these pairs are categorized in 143
different nominal distances. The performance of the 3D scanner in measuring these distances is
assessed by comparing the length between each pair in scan data with the length between the
corresponding pair in the reference data. The error in distance measurement, e, is then calculated

for each pair as in (4.1):

€q,i = dscan,i - dref,i (4.1)

where dgcqn,; and d,..r,; are each measured distance in scanner data and its corresponding distance
in reference data, respectively, for which the measurement error is e, ;. For each nominal distance,
measurement errors are calculated for various pairs as shown in Figure 4.7. Based on the
application (i.e., the tolerance to inspect), the user knows the Maximum Permissible Error (MPE)
for each distance (length) to measure. The maximum value of absolute error in measuring each
distance can be compared to the MPE value as the acceptance test for the scanner whether it can
be used in the inspection of the part or not. Typically, the ratio of MPE to the tolerance value is 1
to5or 1to 10 [22].



23

0.4

—
<&
s

vollhae "sss® s
Cemsees v e .
- .

ewe »
.-
.

bt 0 L TR
gt SO BT
- g..q P S i %

.3

~
SmimeE x

i L4

"

=
—

Errors in distance measurement (mm)
o

A e
-—-e
-3

¢ el
.ll‘ - L R
AR AL L L
R il & ot

SRR -

¥ Oizi .,"'

0 20 40 60 80 100 120 140 160 180 200 220
Nominal measured distances (mm)

-0.1

Figure 4.7: Errors in distance measurement.

The mean of absolute errors and the standard deviation of errors of distance measurement for all
the 23,220 cases were calculated for EinScan Pro scanner based on the corresponding data set of

Figure 4.7, and the values are respectively 0.075 mm and 0.077 mm.

4.4.2.2 Error in size and form measurement

The error in size measurement, e, is quantified as the difference between the diameter of the fitted
sphere, Ds¢qn, to the scanner’s point cloud data for each ball and the ball’s reference diameter, D, ,

reported by the supplier (Bal-tec), as in (4.2).

es = Dscan — Dref (4.2)

Furthermore, the residual distance between each scanned data point and the corresponding point
on the fitted sphere represents the random component of error in form measurement, e;. Since the
fitted residuals closely follow a normal (Gaussian) distribution (as it can be seen in the histogram
of Figure 4.8 for the scanned data), the standard deviation ¢ of the normal distribution can be
approximated, and 3o (which includes 99.74% of the residuals) is utilized to quantify the random

error in form measurement.
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Figure 4.8: Histogram of the residual distance between measured points and the fitted sphere.

We propose that the error in size measurement (e;) and the error in form measurement (ef) be
reported for each sphere. A colormap of the error values is shown in Figure 4.9 and Figure 4.10,
which illustrates the performance of the tested 3D scanner in measuring the size and the form,

respectively.
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Figure 4.10: Errors of form measurement in various positions of the 3D grid (units in mm).

The colormap helps the users of a 3D scanner to have a comprehensive view of the performance

of their device at different positions of its scanning volume. For example, this information could
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help to determine the optimal measuring distance of the scanner from the object’s surface to scan.
In both cases of size and form measurement, the maximum error can be used for the acceptance
test of the scanner. In addition, the mean and standard deviation of the errors in size and form
measurement (of the 216 balls) is proposed to be calculated as a measure of the total performance
of the scanner in its measuring volume for the size and form measurement. Tables 1 and 2 present
these three values for the error in size and form measurement, respectively, for each of the 4 stages
of the artifact separately, and then for the whole 3D grid. In case of the error in size measurement,
since the measured diameter can be larger or smaller than the nominal diameter, the maximum and
mean of the absolute errors should be reported, while the standard deviation is reported for the
errors. In case of the error in form measurement, since 3o is always a positive value, the maximum,

mean and standard deviation of errors are taken into account.

Table 4.1: Error in size measurement for each level and the 3D grid (units in mm).

Level 1 Level2 Level3 Level4 3D grid

Maximum of absolute errors 0.319 0.267 0.260 0.181 0.319
Mean of absolute errors 0.121 0.104 0.106 0.111 0.111
Standard deviation of errors 0.050 0.038 0.040 0.027 0.040

Table 4.2: Error in form measurement for each level and the 3D grid (units in mm).

Level1 Level2 Level3 Level4 3Dgrid

Maximum error 0.175 0.140 0.115 0.092 0.175
Mean of errors 0.102 0.080 0.071 0.069 0.081

Standard deviation of errors 0.024 0.018 0.014 0.008 0.022

4.4.3 Uncertainty of the reference data

This section presents the estimated uncertainty of the reference data for each investigated
parameter. The standard uncertainty of the diameter and sphericity of the precision balls is reported
by the ball supplier as 0.64 um for both parameters. This value is regarded as the standard

uncertainty of the reference data for size and form measurement (us and us, respectively). The
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sources of uncertainty of the reference values of distance measurement (lengths of the connection
vectors) are the CMM repeatability and the repositioning repeatability of the artifact’s structure
when mounting the ball plate on the spacers and the base plate through the kinematic coupling. For
artifact calibration, the ball plate measurement by CMM was repeated five times from level 1 to 4,
which allows the type A uncertainty calculation for estimating the uncertainty of the reference
values of distance measurement [23]. From the five measured 3D grids, each connection between
a pair of sphere centers is formed five times. The reference value of distance between each pair

drer i+ Is the average of five measured distances between them, which is calculated by (4.3):

1
drefi = n_z d;j (4.3)

where a measured distance between the centers of any pair of spheres is d; ;, and i and j are the
identifiers for the i*" pair and the j*" repetition, respectively. n; is the number of repetitions that is

equal to 5 in this test.

Then, the standard deviation of the five measured distances for each pair of spheres, s, is calculated
by (4.4).

nj

1

— > (i) = dreg,)? (4.4)
j=1

S; =
n;

23,220 standard deviations are formed for 23,220 measured distances, which is taken as the
uncertainty of each individual reference value of distances. Finally, a pooled standard deviation is
calculated by (4.5) for all reference values of distances together, and regarded as the standard
uncertainty of the reference data for distance measurement, uy. In (4.5), n; is the number of the
measured distances, which is equal to 23,220. The pooled standard deviation of the measured

distances, yielded by (4.5), is 1.45 um.

1 N
Ug = Yii(n—1) ;(nj —1)si? (4.5)
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Table 3 summarizes the standard uncertainty and the expanded uncertainty U = ku with the
coverage factor k = 2 (corresponding to a coverage probability of approximately 95%) for the

reference values of the three investigated parameters.

Table 4.3: The uncertainty of the reference data for the investigated parameters.

Reference for Reference for Reference for
distance size form
Standard uncertainty 1.45 um 0.64 pum 0.64 um
Expanded 2.90 um 1.28 um 1.28 um

uncertainty U (k = 2)

4.5 Conclusions

Evaluation of the metrological performance of structured light 3D scanners is essential for the
applications of part inspection and quality control in manufacturing. Currently, there is no
international standard for assessing these 3D scanners. A novel performance evaluation procedure
has been proposed in this paper based on a pseudo-3D ball lattice reference artifact, which allows
the simultaneous coverage of the measurement volume of the scanner for quantifying the errors in
measuring three parameters, namely distance, size, and form. The three-dimensional grid generated
by measuring the proposed artifact consists of 216 nodes that are centers of the balls. There are
thus 23,220 unique pairs of nodes, the distance between which can be categorized in 143 nominal
distances. The artifact provides a reference value for the distance between each of the unique pairs,
which is a rich database for evaluating the performance of the scanner in measuring different
distances (lengths) in its measuring volume. Furthermore, the 216 precision balls yield reference
data for assessing the capability of the scanner in measuring size and form at different positions in
the scanning volume. A first version of the artifact has been built. The expanded uncertainty of the
reference data is estimated to be 2.90 um (k = 2) for distances, and 1.28 um (k = 2) for size and
form. The developed data analysis procedure provides the users with acceptance tests for the 3D
scanner, and a comprehensive view of the errors of the 3D scanner in measuring distance, size, and

form in its measurement volume.
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CHAPTER 5 GENERAL DISCUSSION

This research proposed a novel guideline, including a metrological artifact and a data analysis
procedure, to fill the lack of an international performance evaluation standard for structured light
3D scanning systems. Due to the ability of the structured light 3D scanners in measuring points in
their scanning volume in a single shot, as shown in Figure 1.2, the focus of this work is on assessing
the performance of a 3D scanner in its entire scanning volume. Hence, a metrological artifact has
been designed to obtain a pseudo-3D grid as the measurement result. The designed artifact includes
a ball-plate, 54 aluminum oxide spheres with the diameter of 12.7 mm glued on an aluminum plate,
and three aluminum spacers, which are responsible to move the ball-plate in the direction of the
plate’s normal vector for four different stages. The CAD model of the designed artifact and drafts
of the designed and used components are presented in Appendix A. Stability and mounting
repeatability of the artifact’s components and accessibility of the measurement features for the

touch of the CMM probe are considered criteria in the designed artifact.

Firstly, the fabricated artifact was measured five times from level one to four by a Mitutoyo Legax
910 CMM. The measured positions of the spheres and the uncertainties of these measurements are
reported in Appendix B for each sphere separately. Therefore, the connection vectors between each
pair of spheres were formed five times. The average of these five measured lengths is used as the
reference length of each vector, totally 23,220 vectors. The uncertainty of the reference lengths,
which is the pooled of standard deviations of all the 23,220 measured lengths, is calculated equal

to 1.45 micron.

After the artifact’s calibration, it was measured by a structured light 3D scanner. The captured point
cloud of each stage was imported to MeshLab software in order to remove measured points of the
plate and to separate the spheres’ point clouds. Then, a best fitted sphere was fitted to each sphere’s

point cloud to determine the center position and radius of each sphere in the 3D scanner’s data-set.

The errors in measuring size, form, and various distances are investigated parameters, which are
independent of the measurement coordinate frame and numbers of the measured points. Errors in
measuring various distances and errors in form measurement are two investigated parameters by
ISO 10360-2 [2], the international CMM performance evaluation standard, too. Beside these two
parameters, the error in size measurement is the other investigated parameter in this proposed

performance evaluation procedure. Following figure illustrates the followed methodology briefly.
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Figure 5.1: Schematic of followed methodology

As a case study, an EinScan Pro structured light 3D scanner was used to scan the artifact and follow
the proposed data analysis procedure in order to evaluate the 3D scanner’s performance. Therefore,

the performance of the used structured light 3D scanner is assessed as follow:
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e In the case of assessing the performance of the structured light 3D scanner in measuring
various distances, 23220 distances, categorized in 143 specific cases, were measured. These
143 cases and the number of each case’s measurement are reported in Appendix C. The
errors in measuring different distances are reported in Figure 4.7. This data-set is useful as
an acceptance test to see if the used 3D scanner meets the requirements to inspect a specific

manufactured part, based on the tolerances of the part, or not.

e The errors in measuring size and form are the other investigated parameter. Figure 4.9 and
Figure 4.10 represent the errors in measuring the size and form of the spheres respectively.
These two figures give the users a comprehensive view over the performance of the scanner
in 216 different positions of its scanning volume. Moreover, Table 4.1 and Table 4.2 have
reported the maximum error, mean of errors, and standard deviation of the errors for each

level and whole 3D grid.

The mean of the absolute errors and the standard deviation of the errors, for each parameter
separately, are calculated to provide the guideline’s users with metrics to describe the performance
of the structured light 3D scanner. Following table presents the maximum error, mean of the errors,

and standard deviation of the errors in measuring each parameter separately.

Table 5.1. Maximum error, mean of the absolute errors, and standard deviation of the errors in

measuring each parameter

Errors measuring in

. . |AD| 30
various distances

Maximum error 0.175 0.140 0.115
Mean of absolute

0.102 0.080 0.071
errors
Standard deviation of

0.024 0.018 0.014

the errors
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS

Despite the 3D scanners’ advantages, the absence of an international performance evaluation
standard causes skepticism regarding the performance of the 3D scanners in industries with needs
of high accuracy measurements. This project has focused on assessing the performance of
structured light 3D scanners in their entire scanning volume by designing and fabricating a pseudo-
3D artifact, as the reference artifact, and developing an algorithm to analyze the captured data.
Errors in size, form, and various distance measurements are investigated in the captured data, due
to their independence from the measurement coordinate frame and the number of the measured
points for each sphere. The proposed performance evaluation procedure provides the structured
light 3D scanners’ users and manufacturers with acceptance tests and a comprehensive view on the

performance of the 3D scanner in different positions of its scanning volume.
The recommended future works are as follows:

¢ In this work, the accuracy of a single scan has been studied. The next step is to assess the

influence of stitching multiple scans, as it is the case in scanning a complete object.

¢ In the current work, not outliers have been removed from the captured point cloud data.
The proposed procedure can be used to investigate the effect of different point cloud data

processing algorithms (e.g., outlier removal algorithms) on the accuracy of data.

e An important factor in 3D scanning an object is the ambient light. In the current work, we
kept the ambient light conditions constant. As a future work, it is interesting to study the
effect of ambient light conditions on the accuracy of the data.

e An interesting future topic to pursue is to make another version of the artifact with spheres
of different sizes, materials, and colors to assess the influence of them on the accuracy of

scan data.
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APPENDICES

APPENDIX A — DARFTS OF THE ARTIFACT’S COMPONENTS

This appendix presents the drafts of the artifact’s components. In the following pages the draft of
the base plate, the reference plate of the ball plate, bottom and top plate of the first spacer, bottom
and top plate of the second spacer, the used aluminum tube to connect two plate in the second
spacer, the used V-block, VB-375-SM, and the used sphere, 500-TBR-T, which is going to be
coupled with the V-block. Following figure shows the CAD model of the designed artifact. The

parts’ numbers are indicated in this figure and the following drafts are in this order.
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APPENDIX B - REFERENCE POSITIONS OF THE SPHERES,
MEASURED BY CMM, AND THEIR UNCERTAINTIES

Following table presents the measured reference positions of the spheres, the uncertainties of the

measured position for each sphere in X, Y, and Z directions separately, and the total uncertainty of

each sphere.

Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
o Avic | i v Avic | in 7. A measured measured measured Total
_3:‘3 m(>r<nr¢1\;(ls m(anf]\;(ls m(?nﬁ;;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
o X-direction | Y-direction | Z-direction

(um) (um) (um)
1 26.064 12.158 41.858 0.54 0.97 1.12 1.57
2 46.063 12.213 41.841 0.55 0.82 1.18 1.54
3 66.062 12.275 41.84 0.40 0.79 1.29 1.56
4 86.06 12.336 41.831 0.18 0.69 1.04 1.26
5 106.06 12.396 41.827 0.16 0.72 1.15 1.37
6 126.058 12.453 41.824 0.19 0.75 1.02 1.28
7 146.057 12.51 41.822 0.27 0.64 1.05 1.26
8 166.052 12.569 41.821 041 0.70 1.03 1.31
9 186.053 12.63 41.804 0.49 0.71 0.99 1.31
10 26.003 32.153 41.877 0.46 0.56 1.12 1.34
11 46.004 32.212 41.864 0.46 0.56 1.12 1.34
12 66 32.27 41.863 0.37 0.45 1.06 1.21
13 85.999 32.331 41.85 0.20 0.47 0.97 1.10
14 | 105.999 32.39 41.845 0.25 0.44 0.90 1.03
15 125.997 32.451 41.844 0.24 0.48 0.97 1.10
16 | 145995 | 32.509 41.841 0.27 0.52 1.03 1.18




50

Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
17 | 165.993 | 32.566 41.831 0.44 0.37 1.05 1.20
18 | 185991 | 32.625 41.83 0.48 0.36 0.92 1.10
19 25.943 52.151 41.898 0.43 0.33 0.98 1.12
20 45.944 52.209 41.895 0.23 0.32 1.03 1.10
21 65.94 52.267 41.879 0.09 0.32 1.10 1.14
22 85.939 52.326 41.874 0.08 0.26 1.02 1.06
23 | 105.936 | 52.388 41.867 0.13 0.39 1.09 1.17
24 | 125.938 | 52.448 41.862 0.20 0.38 1.05 1.14
25 | 145,933 | 52.506 41.863 0.26 041 1.02 1.13
26 | 165.934 | 52.567 41.844 0.27 0.34 1.03 1.12
27 185.93 52.627 41.856 0.34 0.36 0.94 1.06
28 25.89 72.141 41.896 041 0.29 1.04 1.16
29 45.885 72.211 41.92 0.34 0.27 1.03 1.12
30 65.883 72.271 41.914 0.25 0.20 0.99 1.04
31 85.881 72.33 41.902 0.14 0.22 1.04 1.08
32 105.88 72.39 41.894 0.24 0.29 1.02 1.09
33 | 125.878 | 72.451 41.887 0.15 0.34 1.05 1.12
34 145.875 72.509 41.882 0.11 0.32 0.95 1.00
35 | 165.873 | 72.568 41.877 0.13 0.42 1.02 1.11
36 | 185.872 72.626 41.871 0.23 0.50 0.96 1.11
37 25.827 92.148 41.951 0.38 0.19 0.86 0.96
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
38 45.826 92.21 41.945 0.34 0.23 1.02 1.10
39 | 65.824 | 92269 | 41.934 0.29 0.22 0.88 0.95
40 85.822 92.329 41.929 0.18 0.25 1.00 1.05
41 | 105.821 92.389 41.923 0.23 0.18 1.02 1.06
42 | 125.819 92.449 41.92 0.20 0.46 1.02 1.14
43 | 145.817 92.509 41.915 0.40 0.37 0.91 1.06
44 | 165.815 | 92.569 41.909 0.52 0.59 0.78 1.11
45 | 185.812 92.628 41.91 0.21 0.47 1.00 1.12
46 25.763 112.15 41.98 0.42 0.13 1.00 1.09
47 45.763 112.208 | 41.976 0.36 0.11 1.19 1.25
48 65.764 | 112.269 | 41.969 0.36 0.19 0.97 1.05
49 85.762 112.327 | 41.959 0.32 0.25 1.00 1.08
50 | 105.761 | 112.386 | 41.955 0.40 0.21 1.16 1.24
51 | 125.761 | 112.446 | 41.953 0.29 0.38 0.99 1.10
52 | 145.758 | 112.506 | 41.945 0.27 0.32 0.89 0.98
53 165.757 | 112.568 41.945 0.31 0.26 0.87 0.96
54 | 185.756 | 112.626 | 41.943 0.21 0.43 0.99 1.10
55 26.145 12.313 72.52 0.24 0.43 0.77 0.91
56 46.144 12.369 72.503 0.20 0.41 0.75 0.88
57 66.143 12.431 72.503 0.07 0.37 0.76 0.85
58 86.141 12.493 72.495 0.14 0.45 0.88 1.00
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
; i X-Axis | in Y-Axis | in Z-Axis meagureq meagureq meagure_d Tota_l
3 (mm) (mm) (mm) Ioca_ltlon_ in Ioca_ltlon_ in Iocgtlon_ in |uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
59 | 106.141 12.554 72.492 0.28 0.43 0.86 1.00
60 | 126.139 12.612 72.489 0.32 0.34 0.73 0.86
61 | 146.138 12.671 72.489 0.18 0.50 0.78 0.95
62 | 166.133 12.73 72.488 0.27 0.45 0.87 1.01
63 | 186.133 12.792 72.472 0.26 0.28 0.67 0.77
64 | 26.083 | 32.308 72.529 0.19 0.43 0.88 1.00
65 46.084 32.368 72.517 0.19 0.43 0.88 1.00
66 66.081 32.427 72.517 0.11 0.38 0.72 0.83
67 86.08 32.489 72.504 0.15 0.38 0.80 0.90
68 | 106.079 | 32.549 72.5 0.17 0.46 0.78 0.92
69 | 126.077 32.61 72.5 0.19 0.39 0.87 0.98
70 | 146.075 32.67 72.498 0.08 0.42 0.76 0.87
71 | 166.073 | 32.727 72.488 0.15 0.43 0.73 0.86
72 | 186.071 | 32.787 72.489 0.19 0.30 0.81 0.88
73 26.022 52.306 72.541 0.15 0.39 0.80 0.91
74 46.023 52.365 72.539 0.13 0.42 0.81 0.92
75 66.019 52.423 72.524 0.28 0.35 0.86 0.97
76 | 86.018 52.484 | 72519 0.20 0.31 0.80 0.88
77 | 106.016 | 52.547 72.513 0.15 0.40 0.74 0.85
78 | 126.017 52.607 72.509 0.21 0.43 0.87 0.99
79 | 146.012 52.667 72.51 0.16 0.38 0.85 0.95
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the

; i X-Axis | in Y-Axis | in Z-Axis meagureq meagureq meagure_d Tota_l
3 (mm) (mm) (mm) Ioca_ltlon_ in Ioca_ltlon_ in Iocgtlon_ in |uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)

80 | 166.013 | 52.728 72.492 0.23 0.38 0.86 0.96
81 | 186.009 | 52.789 72.504 0.13 0.45 0.86 0.98
82 25.968 72.296 72.53 0.15 0.27 0.68 0.75
83 | 45.963 72.367 72.554 0.16 0.39 0.79 0.89
84 65.962 72.428 72.548 0.21 0.36 0.88 0.97
85 | 85.959 72.488 72.538 0.15 0.40 0.83 0.93
86 | 105.959 72.549 72.531 0.23 0.31 0.69 0.79
87 | 125.957 72.61 72.523 0.23 0.34 0.88 0.97
88 | 145.954 72.67 72.52 0.23 0.27 0.86 0.93
89 | 165.952 72.73 72.515 0.21 0.40 0.98 1.08
90 185.95 72.788 72.51 0.12 0.37 0.78 0.87
91 25.904 92.303 72.575 0.11 0.23 0.84 0.88
92 45.904 92.366 72.569 0.13 041 0.81 0.92
93 65.902 92.426 72.559 0.26 0.43 0.92 1.05
94 85.9 92.487 72.555 0.28 0.46 0.99 1.13
95 | 105.898 | 92.548 72.55 0.13 0.34 0.87 0.94
96 | 125.897 92.609 72.548 0.19 0.50 0.94 1.08
97 | 145.895 | 92.669 72.544 0.22 0.49 0.91 1.06
98 | 165.893 92.73 72.538 0.31 0.43 0.87 1.02
99 | 185.889 92.79 72.54 0.16 0.43 0.79 0.92
100 | 25.839 112.305 | 72.595 0.17 0.45 0.79 0.93
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
101 45.84 112.365 | 72.591 0.26 0.36 1.04 1.13
102 65.84 112.426 | 72.585 0.29 0.46 0.79 0.96
103 | 85.839 112.485 | 72.576 0.19 0.37 0.84 0.94
104 | 105.837 | 112.544 72.572 0.15 041 0.77 0.89
105 | 125.837 | 112.606 | 72.572 0.22 0.32 0.84 0.92
106 | 145.835 | 112.666 | 72.564 0.20 0.43 0.70 0.85
107 | 165.833 | 112.729 72.565 0.22 0.33 0.86 0.94
108 | 185.832 | 112.788 | 72.563 0.19 0.30 0.92 0.98
109 | 25.818 12.113 102.439 0.43 0.45 0.54 0.82
110 | 45.817 12.161 102.412 0.34 0.44 0.45 0.72
111 65.816 12.214 102.401 0.31 0.50 0.43 0.74
112 | 85.814 12.267 102.382 0.26 0.44 0.35 0.62
113 | 105.814 12.318 102.368 0.34 0.40 0.43 0.68
114 | 125.812 12.367 102.355 0.13 0.45 0.42 0.63
115 | 145.811 12.417 102.344 0.24 0.48 0.46 0.71
116 | 165.806 12.467 102.332 0.18 0.53 0.50 0.75
117 | 185.806 12.52 102.306 0.22 0.54 0.48 0.76
118 | 25.765 32.108 102.457 0.36 0.40 0.58 0.79
119 | 45.766 32.159 102.434 0.36 0.40 0.58 0.79
120 | 65.762 32.209 102.423 0.27 0.36 0.48 0.66
121 | 85.762 32.262 102.4 0.13 0.33 0.52 0.63
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
122 | 105.761 | 32.313 102.385 0.25 0.35 0.41 0.59
123 | 125.759 | 32.365 102.374 0.31 0.43 0.55 0.77
124 | 145.757 | 32.416 102.361 0.20 0.32 0.54 0.66
125 | 165.755 32.464 102.341 0.19 0.4 0.61 0.75
126 | 185.753 | 32.515 102.331 0.25 0.36 0.54 0.69
127 | 25.714 52.107 102.478 0.16 0.39 0.62 0.75
128 | 45.714 52.156 102.465 0.16 0.40 0.50 0.66
129 | 65.711 52.205 102.439 0.39 0.36 0.56 0.77
130 | 85.709 52.257 102.424 0.28 0.35 0.67 0.81
131 | 105.707 | 52.311 102.406 0.10 0.28 0.67 0.73
132 | 125.708 | 52.363 102.392 0.32 0.43 0.45 0.70
133 | 145.703 | 52.412 102.382 0.09 0.36 0.51 0.63
134 | 165.704 | 52.465 102.353 0.15 0.42 0.49 0.66
135 185.7 52.517 102.355 0.22 0.40 0.65 0.79
136 | 25.669 72.096 102.475 0.15 0.34 0.54 0.65
137 | 45.663 72.158 | 102.488 0.10 0.19 0.63 0.66
138 | 65.662 72.21 102.472 0.33 0.37 0.65 0.82
139 85.66 72.262 102.451 0.17 0.36 0.48 0.62
140 | 105.659 72.313 102.433 0.15 0.22 0.53 0.59
141 | 125.657 72.365 102.415 0.15 0.27 0.57 0.65
142 | 145.654 | 72.416 102.4 0.20 0.40 0.55 0.71
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
143 | 165.652 72.467 102.385 0.11 0.34 0.66 0.75
144 | 185.651 72.516 102.369 0.11 0.38 0.57 0.70
145 | 25.613 92.104 102.528 0.16 0.41 0.72 0.84
146 | 45.613 92.157 102.512 0.15 0.30 0.55 0.65
147 | 65.611 92.208 102.491 0.19 0.29 0.63 0.72
148 | 85.609 92.261 102.476 0.22 0.35 0.46 0.61
149 | 105.608 | 92.312 102.461 0.21 0.32 0.49 0.62
150 | 125.606 | 92.364 | 102.448 0.09 0.37 0.54 0.67
151 | 145.604 | 92.415 102.433 0.20 0.32 0.51 0.63
152 | 165.602 92.467 102.417 0.24 0.30 0.59 0.70
153 | 185.599 92.518 102.408 0.21 041 0.58 0.74
154 | 25.558 112.105 | 102.557 0.19 0.33 0.63 0.74
155 | 45.558 112.156 | 102.543 0.18 0.33 0.64 0.74
156 | 65.559 112.208 | 102.526 0.15 0.29 0.48 0.58
157 | 85.557 112.258 | 102.506 0.26 0.29 0.64 0.75
158 | 105.556 | 112.309 | 102.491 0.27 0.37 0.54 0.71
159 | 125.555 | 112.361 102.48 0.26 0.43 0.50 0.71
160 | 145.553 | 112.412 | 102.462 0.05 041 0.74 0.84
161 | 165.551 | 112.466 | 102.451 0.23 0.38 0.55 0.71
162 | 185.551 | 112.516 | 102.439 0.22 0.31 0.64 0.74
163 | 25.894 12.297 133.1 2.52 1.74 1.04 3.24
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Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
164 | 45.893 12.345 133.074 2.49 1.73 1.14 3.24
165 | 65.892 12.398 | 133.064 2.15 1.81 1.29 3.09
166 85.89 12.452 133.046 1.79 1.73 1.29 2.81
167 105.89 12.504 133.032 1.70 1.67 1.28 2.70
168 | 125.888 12.553 133.02 1.41 1.72 1.25 2.55
169 | 145.887 12.603 133.009 1.12 1.73 1.35 2.47
170 | 165.882 12.654 132.998 0.84 1.65 1.42 2.33
171 | 185.882 12.707 132.972 0.72 1.63 1.36 2.24
172 | 25.841 32.292 133.109 251 1.78 1.28 3.33
173 | 45.842 32.343 133.087 251 1.78 1.28 3.33
174 | 65.838 32.394 133.076 1.86 2.01 1.26 3.01
175 | 85.837 32.447 133.054 1.62 1.84 1.25 2.75
176 | 105.836 | 32.498 133.039 1.22 1.84 1.31 2.57
177 | 125.835 | 32.551 133.03 1.20 1.72 1.40 2.53
178 | 145.833 | 32.601 133.017 1.04 1.67 141 2.42
179 | 165.831 32.65 132.998 0.63 1.74 1.48 2.37
180 | 185.829 | 32.702 132.988 0.36 1.82 1.32 2.28
181 | 25.789 52.291 133.12 243 1.93 1.23 3.33
182 | 45.789 52.341 133.108 211 1.84 1.32 3.09
183 | 65.786 52.39 133.083 1.74 2.05 1.42 3.04
184 | 85.784 52.442 133.068 211 2.15 1.61 3.42




58

Uncertainty

Uncertainty

Uncertainty

g Location | Location | Location of the of the of the
i Avic | 0V Avic | i0 7 A measured measured measured Total
9_:‘3 m(>r<nr¢1\;(ls m(\r(nrﬁ\;(ls m(fnﬁ;(ls Ioca_ltion_in Ioca_ltion_in Iocgtion_in uncertainty
= X-direction | Y-direction | Z-direction

(um) (um) (um)
185 | 105.782 52.496 133.051 1.32 1.90 1.27 2.64
186 | 125.783 | 52.548 133.037 1.06 2.07 1.37 2.70
187 | 145.778 | 52.599 133.029 0.79 1.83 1.43 2.45
188 | 165.779 52.651 133 0.55 2.04 1.32 2.49
189 | 185.775 | 52.703 133.003 0.37 1.91 1.38 2.38
190 | 25.744 72.28 133.108 2.75 2.12 144 3.76
191 | 45.738 72.343 133.122 2.04 2.19 1.26 3.24
192 | 65.737 72.395 133.107 1.80 2.08 1.23 3.02
193 | 85.735 72.446 133.086 1.51 2.02 1.43 2.90
194 | 105.734 | 72.498 133.069 1.09 2.17 1.33 2.77
195 | 125.732 72.551 133.051 0.83 2.08 1.49 2.69
196 | 145.729 72.602 133.037 0.57 2.18 1.56 2.74
197 | 165.727 72.653 133.023 0.38 2.07 141 2.53
198 | 185.726 | 72.703 133.008 0.29 1.97 1.47 2.48
199 | 25.688 92.288 133.152 2.08 2.32 141 3.42
200 | 45.688 92.341 133.137 1.91 2.29 1.46 3.32
201 | 65.686 92.393 133.116 1.75 2.25 1.3 3.14
202 | 85.684 92.446 133.102 1.44 2.26 1.37 3.01
203 | 105.682 92.497 133.087 1.10 2.30 1.48 2.95
204 | 125.681 92.55 133.075 0.87 2.21 1.52 2.82
205 | 145.679 92.601 133.061 0.58 2.24 1.47 2.74




59

Uncertainty

Uncertainty

Uncertainty

2 Location | Location | Location of the of the of the

2. . .. . measured measured measured Total

o | in X-Axis | In Y-AXIs | In Z-AXIs .. SR SR )

3 (mm) (mm) (mm) Ioca_ltlon_ in Ioca_ltlon_ in Iocgtlon_ in | uncertainty

= X-direction | Y-direction | Z-direction

(um) (um) (um)

206 | 165.677 92.654 133.045 0.30 2.28 1.62 2.81
207 | 185.674 92.705 133.037 0.34 2.18 1.53 2.68
208 25.632 112.289 | 133.171 2.13 2.60 1.47 3.67
209 45.633 112.341 | 133.158 1.84 2.65 1.64 3.62
210 65.633 112.393 | 133.141 1.61 2.65 1.60 3.49
211 85.632 112.443 | 133.122 1.38 2.55 1.51 3.27
212 105.63 112.494 | 133.108 1.02 2.21 1.31 2.77
213 125.63 112.547 | 133.098 0.80 2.56 1.63 3.14
214 | 145.627 | 112.598 133.08 0.52 2.57 1.50 3.02
215 | 165.626 | 112.652 | 133.071 0.43 2.43 1.59 2.94
216 | 185.625 | 112.702 | 133.059 0.47 2.48 1.42 2.90




APPENDIX C - TABLE OF DIFFERENT NOMINAL MEASURED
LENGTHS AND NUMBER OF THE MEASUREMENTS

60

Length’s Nominal Number of Length’s Nominal Number of
number measured measurements number measured measurements
lengths lengths
1 20 372 19 72.1110 360
2 28.2843 320 20 73.7835 312
3 31 162 21 76.4461 536
4 36.8917 558 22 78.4920 540
5 40 312 23 80 192
6 41.9643 480 24 82.4621 328
7 44,7214 536 25 83.9285 224
8 50.6063 468 26 84.8528 144
9 54.4151 804 27 85.7963 288
10 56.5685 224 28 86.2786 252
11 60 252 29 88.0965 492
12 62 108 30 88.5664 432
13 63.2456 432 31 89.4427 272
14 64.5058 336 32 90.3383 216
15 65.1460 372 33 93 54
16 67.5352 378 34 94.6626 408
17 68.1469 320 35 95.0999 360
18 70.4344 648 36 95.1262 186
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Length’s Nominal Number of Length’s Nominal Number of
number measured measurements number measured measurements
lengths lengths
37 97.2060 160 59 120 72
38 100 348 60 120.6690 216
39 101.2126 192 61 121.6553 120
40 101.2373 156 62 122.6744 96
41 101.9804 224 63 123.9395 108
42 103.1698 328 64 124.2739 184
43 103.1940 268 65 124.2940 164
44 104.6948 522 66 125.5428 180
45 105.0904 144 67 125.8928 72
46 106.5880 336 68 126.4911 96
47 107.7033 184 69 128.0625 104
48 108.8301 272 70 129.0116 80
49 108.8531 112 71 129.0310 136
50 110.6752 126 72 130.2344 144
51 112.0759 276 73 131.7611 156
52 112.4678 216 74 132.0757 144
53 113.1371 80 75 134.1641 72
54 116.6190 144 76 135.0704 72
55 117.3073 120 77 136.5430 120
56 117.6605 348 78 136.5613 174
57 117.6818 180 79 137.6989 108
58 119.3482 224 80 138.0181 112
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Length’s Nominal Number of Length’s Nominal Number of
number measured measurements number measured measurements
lengths lengths
81 140 48 103 157 48
82 140.8687 96 104 158.2530 64
83 141.4214 112 105 158.2688 52
84 142.2814 104 106 159.2514 36
85 142.2990 92 107 160 24
86 143.3911 72 108 161.2452 72
87 144.2221 48 109 162.9755 36
88 144.7791 168 110 163.2452 36
89 145.6022 64 111 164.1981 108
90 146.4548 40 112 164.4506 48
91 147.5161 72 113 164.9242 32
92 147.7972 72 114 167.8124 48
93 148.8657 96 115 168.0595 24
94 149.1610 72 116 168.0744 24
95 151.8190 36 117 169.2602 56
96 152.3155 48 118 170.8801 24
97 153.1143 48 119 171.5925 24
98 153.1307 60 120 171.6071 24
99 154.4150 112 121 172.0465 16
100 155.4381 72 122 172.7542 72
101 156.2050 24 123 172.7686 32
102 156.9841 48 124 173.6692 36
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Length’s Nominal Number of Length’s Nominal Number of

number measured measurements number measured measurements
lengths lengths
125 174.8170 24 135 188.6796 8
126 176.1931 32 136 189.3251 16
127 178.4629 24 137 189.3383 16
128 178.8854 16 138 191.2093 12
129 181.5516 24 139 194.5482 12
130 181.7801 24 140 195.5735 8
131 181.7938 12 141 198.6051 8
132 182.8770 16 142 201.6160 8
133 185.0649 12 143 210.3545 4
134 186.1424 36
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APPENDIX D — DESIGNED CALIBRATION AND PERFORMANCE
EVALUATION ARTIFACTS IN THE PREVIOUS WORKS IN THIS AREA

The designed artifacts to calibrate or evaluate the performance of 3D scanners are presented in the

following figures. These figures are classified by the their publication year.

Designed artifact by luliano et al. 2010 [13]
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Designed artifact by McCarthy et al. 2011 [15]



(@) (b)

Designed artifacts by Acko et al. 2012 [17]

Designed artifact by Gonzalez-Jorge et al. 2013 [23]



Designed artifact by MacKinnon et al. 2013 [14]

Designed artifact by Genta et al. 2016 [21]
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Side-View

Designed artifact by Martinez-Pellitero et al. 2018 [18]




