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Palavras-Chave

Resumo

Manipulacdo de provetes, Ensaios mecanicos, Automacdo, LabVIEW, Con-
trole de robd, Calibracdes, ROS, ChArUco.

Atualmente, prever ou caracterizar o comportamento dos materiais € uma
tarefa demasiado laboriosa que envolve a realizacdo de muitos testes repet-
itivos utilizando diferentes tipos de mdaquinas de ensaio, sensores internos
(células de carga para medir forgas) e externos (cdmaras que medem de-
formacdes). Estes ensaios, quando executados manualmente por um oper-
ador, originam erros de imprecisdo devido a repetibilidade do processo. No
entanto, estas tarefas podem ser adaptadas a recursos automdticos, tirando
partido da fiabilidade dos manipuladores robéticos e, aumentando assim, a
precisdo e quantidade de ensaios realizados no mesmo espaco de tempo.
Algumas solugcdes comerciais ja existem no mercado, porém, estas s3o ofer-
ecidas de forma integral que ndo permitem facilmente a integracdo de uma
nova estacdo (equipamento) ou o uso de uma maquina de ensaios stan-
dard mais antiga. Neste trabalho é criada uma estrutura de comunicagao
entre os equipamentos que permite a interface e, consequentemente, a re-
producdo automdtica de um sistema para ensaios mecanicos numa maquina
tradicional de carregamento uniaxial. Para tal, um conjunto de alteracGes
numa mdquina de ensaios é sugerido visando aumentar o seu grau de au-
tomac3o e, consequentemente, contribuindo para a integracdo num sistema
de ensaios totalmente automdatico. Adicionalmente, é criado um sistema de
percegdo visual (com as devidas calibragdes em ROS) capaz proceder a ma-
nipulagdo de provetes a partir de um tabuleiro (posicionado aleatoriamente
no espago) e cujas manobras sdo operadas por um manipulador robdtico e
respetiva camara instalados. Como resultado, o sistema executa o manusea-
mento automatico de provetes para uma posi¢ao fixa que representa o local

de abastecimento das maquinas de ensaios.






Keywords

Abstract

Specimen Handling, Automation, Material Testing, LabVIEW, Robot Con-
trol, Calibration, ROS, ChArUco.

Nowadays, predict or characterize material’s behaviour are arduous tasks
which involve performing repetitive tests using different testing machines
and sensors (internal, such as load cells, and externals, such as cameras that
measure deformations). When performed manually, they result in inaccu-
rate data, due to the repeatability of the process. However, these handling
specimen tasks could be performed automatically using traditional robotic
manipulators, and creating systems based on automatic mechanical testing.
Consequently, the precision of the testing results increases, as well as the
automatism of the processes and the test's throughput. Some commercial
products are already available on the market, but these options are offered
in complete systems and cannot adapt themselves to existing equipment or
retrofit systems. In this work, it is created a communication infrastructure
between the equipment to be included in the automatic system designed.
The whole process is managing the interface communication between de-
vices and, consequently, composing the automatic material testing routine.
This requires implementing several changes in the testing machine selected
aiming to increase its degree of automation and, consequently, allow fur-
ther integration in the fully automatic testing procedure. Additionally, a
visual perception system is created using a specimen tray randomly posi-
tioned on a setup, which includes a camera and robotic manipulator that is
automatically operating the traditional specimen handling of testing. The
calibration methods are accomplished using ROS framework and the final
system achieved operates in automatic mode, handling specimens from the
tray prototype (designed for this work) to a fixed position previously taught
to the manipulator, which represents the exact feeding position in machine

tests.






Abbreviations and Nomenclature

Abbreviations
AMTS Automated Material Testing Systems
ASTM American Society for Testing and Materials

CEN Comité Européen de Normalisation/ European Committee for Standardization, Doc-
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Corp. Corporation
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DIC Digital Image Correlation
EN  European Standards
FTP File Transfer Protocol
IDE Integrated Development Environment
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JIS Japanese Industrial Standards
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ABBREVIATIONS AND NOMENCLATURE

TCP/IP Transmission Control Protocol/Internet Protocol

URDF Unified Robot Description Format

USM User Socket Messaging

UTM Universal Testing Machine

UTS Ultimate Tensile Strength

VS  Microsoft Visual Studio
Nomenclature

AL  Length variation

o Stress

0o Yield Strength

Oy Ultimate Tensile Strength

€ Strain

£f Strain at the fracture point

A Cross-sectional area of the material
E Modulus of elasticity

L Length

P Force applied to the material by the grips
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Chapter 1

Introduction

Feed-stock materials are used by the entire engineering manufacturing sector to produce
different parts, such as automotive and aerospace products, white-ware domestic products and
among others [28]. These standard materials produced in the global industry are submitted
to an exhaustive process of testing, in order to extract the maximum data about its behaviour

when subjected to load conditions related to their final purposes [29].

1.1 Motivation

The knowledge about different material properties (strength, hardness, toughness, brittleness
and others) is crucial, and even more important is to predict its behaviour under several
conditions, because the components should satisfy the services and its requirements [30]. Life
prediction of industrial plant, production quality control and designing specifications are some
of the examples of these predictive data utilities [28].

The standard procedures for these typical mechanical tests are manual and human-
dependent. The operator is responsible for controlling the tests and assuring its reproducibil-
ity, repeatability and the continuous monitoring of its results. Traditionally, one of the most
crucial tasks of the process is also included in the operator’s responsibilities: feeding the
apparatus manually with specimens! and guarantee its perfect uniaxial alignment [1].

With the increase of material control requirements and with the rate on throughput
tests getting even more demanding, considerable advances in the field of automatic testing
systems are required. The evolution in this field can provide systems, in which robots are
able to feed computer-controlled testing machines and bring another throughput to the set,
collecting more reliable data results in less time [28].

The goal of this dissertation focuses on designing an automatic testing procedure, as
contextualized on Figure 1.1. To handle specimens it is necessary to create a variation of
today’s manual testing procedures. For this reason, an automatic material testing system is

designed using the industrial robotics and vision systems capabilities.

LA specimen is a material sample, with a geometrical shape established right from the start, and extracted
from feed-stock materials.
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< . »
PEAY Automatic Material
50o" Testing

Figure 1.1: Global framework of the goal of this work.

1.2 Problems

In any testing, the data is only as good as the test methodology allows. The accuracy of a

testing system depends on: (1) the quality of the testing system itself, and (2) the different

errors that can be introduced into this same system along with the procedure. The fish-bone

diagram, illustrated in Figure 1.2, expresses sources of errors on the results of a material test

1].

Method Measurement Operator

Calibration Procedural errors

Method set up
Software version
Calculations used
Algorithm

Testing procedure
Inadequate specifications

Total
Measurement
Error Budget

Handling
Mass & stiffness

Properties

Geometry Vibration

Machine control

Interface with system Air quality

Backlash
Preparation )
Interface with accessories Installation

Material Machine Environment

Figure 1.2: Diagram representing all the causes of errors in material testing [1].

The main focus of improvement, and the reason to use automatic systems in these

procedures, is mainly the errors resulting from the operator’s (listed in Figure 1.2), and the

time consumption for testing. Therefore, the purpose of this section is to analyse the problems

inherent to the manual standards.
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CHAPTER 1. INTRODUCTION 3

The main problems are:

e Operator handling - Reproducibility? problems: In manual procedures, detecting
errors from manual operators handling is problematic because these differences can
only be identified by the ones who observes the testing of all operators and is trained to
identify procedural errors. Each operator employs his unique technique in the process of
handling or preparing the specimen, inserting the specimen into the grips or conducting
tests (tasks performed by the operator conducting an experiment [10]). All these factors
can reflect unintended misalignments or the lack of reliable data.

e Repeatability? problems: Executing a single test of the same material specimen,
in one single testing machine does not return the consistency of results than running
(by the same operator) multiple tests in the same machine in a large scale. Problems
with methodology, calibrations, operators handling, material preparation, even machine
maintenance and environment might appear with the repeatability procedures.

e Supervised 24/7 systems, and skilled labour misused: This topic also approaches
problems about the skilled labour appliance. Because standard procedures are manually
operated by technicians, requiring constant monitoring. These include, for example: (i)
feeding the testing machine with specimens, (ii) input initial data parameters on the
machine to start each test or (iii) record the data results. Unsupervised and automatic
24/7 testing is the goal. By ensuring this aim, skilled labour could be used to perform
other types of technical work, in order to avoid the attribution of routine tasks to the
operators. That would be an advantage to satisfy the high number of tests required.

¢ Specimen homogeneity: Complexity and quantity of the mechanical characterisation
obtained depends on the number/type of tests and specimens shapes. Data about
the material behaviour and parameters can significantly increase with a wide range
of stresses, several strain paths and amplitudes. That can be achieved changing the
specimen shape or/and the variety of the forces applied in the sample [29, 31]. The aim
is to obtain a wider range of results from a unique specimen, contributing to the aim of
reducing the number of tests, improving quality(precision) and time rate of each test.

o Non-homogeneity in specimen markings: Testing machine procedures that include
Digital Image Correlation (DIC) as part of the process of results acquisition, requires

a marking phase?

. The usual method of generating a random speckle pattern is by
manually spraying paint on the specimen. However, this makes it difficult to reproduce

the optimal pattern for maintaining identical testing conditions and achieving consistent

2Reproducibly is the ability that different operators have to produce the same results from similar parts
with the same level of consistency.

3Repeatability concerns about how well the system and process can produce known results over multiple
tests, applying the same testing conditions.

4Usually, it consists of a random speckle pattern on the surfaces of the specimens. The speckle pattern is
used to detect deformations by comparing the location of all subsets in a reference image with a sequence of
images where deformation occurs.
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DIC results [32].

e Safety problems: In non-automated material testing systems, each procedure that
implies the user to operate with any machine actuators can be risky. The stages most
vulnerable to risks are (i) the manual introduction of the specimen in the apparatus
(alignment and centring), which requires proximity of the labourer’s hands to gripping
regions while these are operating, and (ii) the overall operation of the test machine
because, while grips are stretching or compressing the sample, the operator’s proximity
could be a dangerous aspect. The remains of the specimen at the time of its fracture
(e.g. in destructive tests) is an example of danger by exposure.

In automated material testing systems, combining a complex level of sensors with ac-
tuators leads to a self-processing that requires to be as much safe as possible for some
labourer around the operation. These safety levels can be increased with a simple ad-
dition of railings around the equipment or, security barriers that can prevent various
hazards to the user. Safety implementation can be included at the same time in the

software systems too, adding double-safety phenomena to the system.

1.3 Proposed Solution

The proposed solution intends to develop a communication framework, connecting all devices
in the same infrastructure performing the role of the experiment manager, and able to auto-
mate the mechanical test procedures and its routines. It is expected to take advantage of the
apparatus available on the Mechanical Engineering Department, from University of Aveiro:
(i) the biaxial testing machine from the Mechanical Tests Laboratory (LEM), described by
[20], and the robotic manipulator (Fanuc LR Mate 200iD [21]) from the Laboratory for Au-
tomation and Robotics (LAR). The main goal is to create an automatic routine of testing

with the following features:

1. Tensile testing machine with its hardware/software adapted from the biaxial testing ma-
chine referred above, where stepper motors are actuated by Arduino UNO [33], through
its respective drivers;

2. A routine established using the robotic manipulator (Fanuc LR Mate 200iD [21]) and
able to pick specimens from poses returned by the visual perception algorithm, and
align them in the testing region of the testing machine;

3. Visual perception algorithm returning the specimens’ picking poses. It takes advantage
of a camera setup (Logitech C270 Webcam [34]) pointed to a simulated specimen’s tray,
aiming to detect the reference marker (Aruco) and its corresponding poses;

4. Complete calibration process of the camera executed on ROS-Industrial (ROS-I) [35];

5. Main control module (in LabVIEW [36]), which combines all parts and manage the data
flow of the testing.
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1.4 Reading Guide

This document is grouped into seven main sections: (I) Outline, (IT) State-of-the-art,
(III) Intellectual Property, (IV) Practical Approach, (V) Implementations, (VI) Results, and
(VII) Final Remarks.

In the Outline (I) part, the general problem and consequent motivations for this work
are described, followed by the proposed solution.

In State-of-the-art (II) part, a scientific review is performed to this thematics: concepts
and standard procedures incorporated on mechanical testing. An approach to robotic systems
in mechanical testing is also reviewed.

In the Intellectual Property (III) part, a research on commercial and industrial patents
is performed in order to evaluate the solutions available in the Automated Mechanical Testing
field /market.

The Practical Approach (IV) part presents the proposed framework for the system to
implement and describes the different components included in the experimental infrastructure.

The Implementations (V) part describes the tasks performed in each module of the
system, and consequently, the Results part (VI) executes this system integration and presents
experiments of the operation.

The conclusion and future works are reported on the Final Remarks (VII) part.

This document also includes an Appendix part (Appendix A to H) including comple-

mentary information needed throughout the work.
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Chapter 2

Scientific Review

Machines, vehicles, and its structures must satisfy acceptable levels of requirements (per-
formance, economy, safety, and durability) on the used materials. The research on the me-
chanical behaviour of the materials allows to understand their performance under several
circumstances, in order to avoid failure in engineering applications. Excessive strength ap-
plied in a component causes deformation and damage accumulation, which may lead to failure
[2].

2.1 Tests for material characterisation

The most common process in the material testing comprehends the application, in samples
of the material (specimens), of different types of forces to obtain the behaviour of the given
material quantitatively. Today, to guarantee robustness in engineering structures, engineers
make sure that each material is tested before being used for design or production. For this
reason, excessive deformations and failures caused by external or independent factors are
avoided.

Basic types of material failures are classified in Figure 2.1, according to their causes.

+ Static Loading:
) - Brittle;
. Tg:'leJn_dependent. — | - Ductile:
- Elastic; - Environmental;
- Plastic. - Creep Rupture.
Deformation Fracture —
+ Time Dependent: + Fatigue-Cycle Loading:
- Creep; - High and low cycle;
- Fatigue crack growth;
- Corrosion fatigue.

Figure 2.1: Types of deformations and fractures [2]

2.1.1 Deformations and Fractures

Deformations are cumulative strains in a component (bend, twist, or stretch) caused by stress,
as illustrated on Figure 2.2a, where A is the cross-sectional area of the material, L and AL

are the material length and length variation respectively, and P the force applied by the load.
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In cases that stress exceeds a yield value, deformation becomes irreversible.

[s3
a u
@ % b fracture
B —

Brittle
Ductile

\ UU
fracture
oo %

O|>_ cp —’}kse{ ¢ £, Strain

plastic elastic

o, Stress

(b) (c)

Figure 2.2: (a) Component subjected to axial loading and unloading, (b) example of both
elastic and plastic deformation and (c) representation of different fracture points in ductile
versus brittle material testing behaviors [2].

As a result, stress and strain of a material can be obtained depending on the relation

of their physical properties and load applied to the material, being respectively given by

o= %, (2.1)
AL

Deformation can be classified into two different categories, as illustrated in Figure
2.2b: Elastic or plastic. The elastic deformation is recovered upon unloading, while plastic
deformation is permanent, not recovering upon unloading. E is the modulus of elasticity and
oy is the yield strength. The first is proportionally dependent, for axial loading, of stress and
strain. And the second marks the transition from elastic to plastic deformation.

Another specific parameter in stress-strain curves (in mechanical tests performed by
slowly stretching the sample until its fracture) is the fact that different materials behave
differently according to their properties: ductile and brittle behaviour, as illustrated in Figure
2.2c. Unlike brittle behaviour, ductility in material testing is capable of sustaining a large
amount of plastic deformation. o, or Ultimate Tensile Strength (UTS) is known as the
maximum stress that a material can withstand before its fracture and e; is the fracture

point.

Diego Saraiva Nunes Master’s Dissertation



CHAPTER 2. SCIENTIFIC REVIEW 11

2.2 Material Testing Methods

There are several material tests to analyse properties such as strength, hardness, toughness or
brittleness of a specific material. These are classified into two different categories: destructive
and non-destructive tests. The main component used in destructive tests is the specimen,
which can be a thin sheet of the material to be tested in a desired/standard shape. The
non-destructive tests are, most of them, focused on finished products.

The destructive test uses the material until a fracture point and analyses the behaviour
under different loading conditions. The non-destructive test does not fracture the material,
being capable of detecting internal defects of finished products [3].

According to their procedures and primary purpose, the principal tests are classified

as illustrated in Figure 2.3.

Material
Testing
[ 1
Destructive Non-Destructive
Tests Tests
[ |
_ N Wisual inspection;
Static Impact Cycle L Penetrant test:
Testing Testing Testing »  Magnetic detection;
! = Litrascnic test;
. Radicgraphy test;
= Tensile test:  Sparkistest
=  Compression fest; B Charpy Test
= Bending test; B lzoid test.
=  Hardness lest;
s Creep test.

Figure 2.3: Basic types of Material Testing - Classification [3].

The mechanical testing of materials involves a wide range of testing methods and
standards as ASTM, ISO or CEN [37], along with testing conditions and procedures in a

variety of different environments [38].

2.2.1 Tensile and Compression Tests

The tensile test is the most common test method in this field (Figure 2.4a). It provides
information about tensile strengths (yield and fracture), tensile modulus and strain, and
ductility of the material. The main procedure is to measure the forces required to break a
specimen and the extent which stretches or elongates to that breaking point [28].

Critical points on the procedure are appointed to alignment because the materials can
be anisotropic or brittle. Meaning that their properties and behaviour during the tests can

be different according to the direction of the applied force or load [37], [28].
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Force Measurement

Grips for
Holding —
Specimen ss‘\ Fixed

|

il
L

w
1

Test Specimen ﬁ @ |

i
s

|1 p] Fixed THREADED| | SERRATED SPLIT SERRATED
{{H Head GRIP WEDGES COLLAR WEDGES
—
(b)
+ Thickness 1/8"
Constant Rate
of Motion
(a)

Figure 2.4: (a) Forces applied in tensile tests stretch specimens on a unidirectional axial [4]
and (b) different systems for gripping tensile specimens [5].

The gripping mechanisms can include manual, pneumatic or hydraulic actuation: may
be screwed into a threaded grip, or it may be pinned. Grip section may be held between
wedges. The most critical concern in the selection of a gripping method is to ensure that
specimen can be held at the maximum load without slippage or failure. Bending should be
minimised too [5]. Based on Figure 2.4b, for round specimens, there are threaded grips and
serrated wedges. For butt end specimens, split collars constrained by a solid collar. And
sheet-shaped specimens can have serrated wedges or can be gripped with pins.

In compression tests, the load applied by the cross-head of the apparatus will move
downwards and presses the specimen on a table. Removing the load after exceeding the
specimen’s elastic limit can cause fractures [39]. In general, both tests can be conducted on
Universal Testing Machines (UTM) discussed in Section 2.3.

2.3 Universal Testing Machines

Testing machines are either electromechanical or hydraulic. The main difference is on the
method by which the load is applied. Electromechanical apparatus is based on a variable-
speed electric motor, a gear reduction system and a system of screws that move the cross-head
up or down. This motion loads the specimen in tension or compression. To accurately control
the speed of the cross-head, a closed-loop servo is implemented in the microprocessor system.
Alternatively, hydraulic machines (illustrated in Figure 2.5) are based on a single/dual acting

piston that moves the cross-head up or down. However, most static hydraulic machines
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have a single acting piston (or ram) controlled by the operator that adjusts the orifice of a

pressure-compensated needle valve. The aim goal is to control the loading rate [5].

Tension
crosshead —

o

oot Notched column
l'ension

space

Serew column ——»

Adjustable
crosshead

—

&
L

Compression
space

Load cell

Cylinder

! Piston
mm/ Enw | Semm— |

Figure 2.5: Components of an hydraulic testing machine [6].

Comparing the two systems, in general electromechanical machines are capable of a
wider range of test speeds and longer cross-head displacements, whereas hydraulic machines

are more cost-effective for generating higher forces [5].

2.4 Standard Procedures on Mechanical Testing

The result’s accuracy through typical tests depends not only on the results outputted by
the apparatus but also on the efficiency of the specimen preparation and positioning on the
machine before the test. These other specimen’s preparation methods (see Section 3.1) are in
the majority referred to as pre-treatments or preparations of the samples before the execution

of the test itself.

2.4.1 Measurements phase

Specimen measuring devices, like micrometres or callipers, can provide digital measurements,
digital measurement with automatic data entry, or manual measurements. In standard pro-
cedures, this stage is usually included. In some solutions presented in Section 3, this step is

executed three times to detect variations and estimate error rates on thickness measurements
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13].

2.4.2 Marking phase

The gage marks allow obtaining deformation by measuring elongation (distance) from each
other. The gage marks may be made with a centre punch, or with lines scribed using a sharp
or a pointed tool. Care must be taken to ensure that the gage marks, especially those made
using a punch, are not deep enough to become stress raisers, which could cause the fracture to
occur through them. This precaution is especially necessary when testing materials with high
strength and low ductility [5]. Applications using Digital Image Correlation (DIC) metering
systems (as addressed in section 2.5.2) does not require gauge marks. The procedure is to
mark the specimen with random and contrasted sparkles formed by a suitable and easily
detectable composite that enables a successful correlation of the image subsets generated
during the process [6]. This process will allow, in real-time, accurate tracking of the testing

by video or images sequences.

2.4.3 Specimen alignment and load

The worn grips or specimen misalignment are potential problems. With the physical alignment
not guaranteed, any off-centre loading will exert bending loads on the specimen while testing,
causing load-measurement errors due to the passage of bending forces through the load-
measuring apparatus. Alignment can be affected by the testing machine load-frame, any

grips and fixtures used, and also by the specimen itself [40].

2.5 Metering Systems - Contacting vs Optical devices

The measurement devices influence the accuracy of the results. Metering systems, as strain
measurement devices, are traditionally divided into two categories: Contacting and Non-
Contacting. Contact metering systems are carried out using some form of contacting exten-
someter, where a typical clip-on can be attached to the specimen with clips or elastic bands
and use knife-edges to track deformation in a specimen during testing [41] accurately. Optical
or Non-contacting systems, such as DIC, are analytical techniques that compare images of a

specimen surface during testing to generate a full-field strain map.

2.5.1 Extensometer

The basis of this system is to evaluate the uniform deformation by measuring specimens dis-
placement. The factor of selection is the displacement range that depends on its applications.
There are two types of extensometers: stiff or dynamic and soft or static. For stiff/dynamic

extensometers, precise strain measurements are obtained but with limited 5% strain measure-
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ment range. In the other hand, in soft/static extensometers, a large strain measurement is
obtained but with less precision.

The general extensometer purpose is to get the average of the strain gauge length.
Info about strain distribution is unknown. However, knowledge about strain distribution is
essential because when local deformation occurs, tensile load initialise its peak and strain
distribution is no longer uniform. The average strain becomes meaningless and useless if this

phenomenon pretends to be analysed [7].

2.5.2 Digital Image Correlation - DIC

DIC technique avoids the disadvantages related to previous Section 2.5.1. The fundamentals
of DIC consist of tracking a point and find the maximum correlation coefficient along with
the consecutive subsets of the test. As benefits, this process gives diffuse and local necking
strain (instead of constant strain) by returning a point-to-point strain field. It is an accurate
and reliable approach for strain-stress curves, featuring diffuse necking.

In its setup, two cameras setup can be used to detect 3D deformations. For 2D
deformations, one camera is enough. In summary, its characteristics are based on: being
a non-contact measurement technique, full-field, suitable to larger deformations and strain
measurements, able to measure displacement at a massive number points on the surface of
the specimen and it uses standard white light source instead of a laser.

The measurement procedure includes (1) images of the object that are taken before
deformation, (2) images of the object that are taken after deformation and (3) run correlation
algorithm for the quantitative data evaluation in each subset.

In the differential coloured image of the specimens obtained, the brighter colours rep-
resent significant strain changes. It means that direct measurement result of the process
is converted to a real strain (by numerical differential method), defined as a strain data to

engineering strain conversion. This process is embedded in DIC’s software [42].

Figure 2.6: Basic types of deformations and fractures measured by DIC [7].

On [7] experiment, and according to the ASTM standards, DIC method (Figure 2.6 ) is
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applied in sheet metal tensile specimens simultaneously using a contacting extensometer mea-
surement too. Defining A and C as edge points, B the central point and D the extensometer

results, major strain vs times is obtained, as illustrated on Figure 2.7.

1_
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Figure 2.7: Major strain-time profile with DIC and traditional method [7].

Results show that the DIC technique enables to track the strain development over
the entire specimen length, and thus helps in identifying the necking or strain concentration

regions during a tensile test.

2.6 Robotic systems in mechanical testing

Due to the ongoing trend toward automation and continued technical innovations, the

demands for industrial robotics have risen since 2010. In spite of the recent downturn of
the global economy and the negative marks of the recent trade tensions in 2019, industries
like automotive, electrical, or metal and machinery have been kept as the most important
customers of industrial robotics, as shown on Figure 2.8.
Design and production departments have this new concept of using new materials to develop
more energy-efficient systems-based, and they are simultaneously pushed by the high com-
petition in all major markets. This factor demands more investment with guarantee and
an improved prediction of the material’s behaviour. By using the standard/manual proce-
dures in mechanical testing these imprecisions become real, being the reason manufacturers of
testing machines are following these ongoing trends toward robotic systems and design fully-
automatic testing systems (see market’s solutions approached on the intellectual property of
Chapter 3).

In the material testing field, 40-60% portions of tests performed are repetitive tests,
i.e., same test conditions applied to specimens of similar geometry [43]. Table 2.1 shows
the test times for one person using different degrees of automation. The inclusion of robotic

systems in material testing can provide a wide range of data, being particularly useful in large
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Annual installations of industrial robots by customer
industry - World
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Figure 2.8: Annual installations of industrial robots at year-end worldwide by industries
2017-2019 [8].

scale repetitive testing applications [44].

Table 2.1: Different degrees of automation [26].

Levels of automation S peermens Time (system can
in advance operate unattended)
Aut tic tensil . .
" o.ma ¢ en.s e 5 specimens 10-20 min
specimen loading
A ic loadi
. utomatic oadn{lg 15 specimens 30-60 min
with larger magazines
A - -
utomatic specimen 50 specimens 100-200 min
measurement
Incorporation of additional
testing units such as hardness | 200-400 specimens 400-600 min
and surface roughness testing

2.6.1 Testing cells

The workspace definition, and the components to include in the automated process
as well, are one of the first steps to be implemented. The positioning and orientation of all
components have to be assigned according to the main coordinate system defined. Another
type of primary requirement is to make the robot arm reachable to all intended positions. In
[11], a universal and sheet metal testing machines are included within the reachable boundaries
of the cell defined (Figure 2.9a), alongside with the specimens magazine and the gripper
exchange stations. Sadiki et al. [10] suggests to firstly model the testing cell and the kinematic
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properties of all components with a CAD software as effective methods. This process allows
verifying the accessibility of the robot to each component. Note that it is fundamental to
select a robotic manipulator whose movements covers the spherical workspace around. In [10],
an industrial robot Kuka KR 30-3 with six-degrees-of-freedom is used, due to its versatility

in manipulation and for space-saving reasons.

Robot process Move to
tycle L pasition A

Task 2 Open gripper —  Output 1

Move to
specimen

Taskn Close gripper

Detect abject « Input 1

Move to
position B

(b)

Figure 2.9: (a) Equipment allocation in the fully automatic testing cell, and (b) flowchart of
an automated process cycle, where each task is not exclusively assigned to the robot [9],[10].

2.6.2 Process cycle

In these automatic systems, each robot has corresponding tasks defined. In the remote
laboratory system implemented on [10], the cyclic process is composed by a sequence of
tasks as shows in Figure 2.9b, where each task is not addressed exclusively to the robot. A
synchronized exchange of information between the machine and the robot itself is crucial and
the actions included in each task can differ depending on the aims intended. For example,
the robot can wait while the testing takes place in the machine, or can handle the next
specimen to the measurement or identification stations (if existent). In [9], a sheet metal
testing machine (cupping test) and a lubrification unit are included in the same testing cell
of the remote laboratory referred above. There, the tasks have to be adapted in order to the

handling robot perform these specific specimen feeding requirements.

2.6.3 Communication infrastructure of the automated systems

Typically, commercial solutions of testing machines require specific communication
drivers to control basic functions and its associated costs to automate material testing sys-
tems. The need to contact the manufacturer’s technical support for intervention is frequently
implicit. Moreover, older testing machines are mainly designed for non-automatic usage. For

example, having manual non-shift wedge grips does not allow to validate the automatic pro-

Diego Saraiva Nunes Master’s Dissertation



CHAPTER 2. SCIENTIFIC REVIEW 19

cess immediately to implement, requiring previous adaptations/retrofit. In [9], more advanced
machines are included in the cell, being already delivered with a remote interface (based on a

specific communication protocol TCP/IP) and pneumatic grips, allowing the desired control.

Py

ﬁ ¢
o
Laser scanner

Emergency

!

|BUP 1ooo| [ xukakr30-3 ]

= [ —
TCP/IP l
Digital10s TR

HMI Analog Measuring

Figure 2.10: Different communication interfaces of the tele-operative testing cell created in
[11].

All these factors will influence on the communication infrastructure, protocols and
definition of the master controller to manage the experiment when decisions have to be made
to project an automated testing system. In remote laboratories used for engineering education
purposes, such as for example Sadiki et al. [10], the PXI system controller establishes different
types of communication protocols with the different types of equipment, as expressed in Figure
2.10. A TCP/IP protocol is set to both testing machines, cameras, and HMI. Additionally, a
Profibus protocol communication is defined to the industrial robot used (Kuka KR 30-3) and
the PLC, which secures all the safety system. The controlling software, performing the role
of the experiment manager, is running on the PXI-System controller with real-time support
and is developed in LabVIEW [36]. Here, T.R. Ortelt et al. [11] secured the synchronization

of the several routines during the experiment.
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Chapter 3

Commercial Review

Due demanding requirements, it urges the development of systems capable of eliminating hu-
man influence, ensuring reproducibility and accuracy of the results, free up personnel for more
complex tasks, allow overnight testing, eliminates continuous monitoring and accelerate data
acquisition and processing functions [45]. For these reasons, the AMTS (Automated Material
Testing Systems) concept is presented, alongside with the different stations embedded in the
process.

Chapter 3 presents a state-of-the-art about these commercial solutions reviewed.

3.1 Introduction to Automated Material Testing Systems

AMTS systems have to be compliant with the demands placed on standard tests and system
operations [12]. After the thorough analysis of today’s procedures to execute a material test
(see Chapter 2), automatic systems can be sorted in a general routine. These automatic
systems have to include all required stages previously described. Considering the market
solutions available, it is possible to establish a general cyclic procedure based on different
stations, as illustrated in Figure 3.1.

Defining a Material Testing System as an automated process, it is necessary to guar-

antee the stations effectiveness. Each station has different operations as described:

e Conveyor System - Station 1: refers to the feeding system chosen to be part of
the process: a robotic or a non-robotic (drivers/axis-based) equipment can be used to
guarantee the specimens flow along with the tests.

e Storage and Feeding System - Station 2: refers to the way specimens are stored
before the test and the process used to feed the system. For example, it can be used
vertical racks or trays, and the robotic system is programmed to choose each one indi-
vidually to enter in the process flow. An alternative way can be a feeding mechanism
embedded on the storage system (more common on non-robotic conveyor systems). For
example, a driver-based process considered as a slide feeding process inline or a carousel
feeding system, where the specimens are stored on a carousel shaped magazine, making
the specimens load-dependent on the circular movement of the magazine.

e Specimen Treatment - Station 3: includes a serial of sub-stations executing pre-
treatments required on the specimen before being loaded to the test apparatus. De-

pending on the test, it may include for example :
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Figure 3.1: Automated Material Testing Systems stations.

— Specimen centring: more common on robotic conveyors embedded on the system.

It is an indexer process done before the apparatus load and guarantees that the
gripper always handles the sample in the same position with accuracy. The end-
effector alight it in a station, where its mechanical shape allows samples indexation
and consequent alignment. Then, the end-effector goes to pick the same sample
(head-on) on a standard/programmed position;

Specimen measurements: station-based on multiple thickness measurement de-
vices;

Specimen identification: bar code/QR code identification station that allows accu-
rate tracking;

Specimen marking for DIC measurement systems: dot, sparks or another kind of
markings can be made on this sub-station to assist the metering systems to collect
data;

Specimen pre-heating: if the test intends to study the behaviour of a specimen

under hot or cold conditions.

e Specimen Positioning on the Apparatus - Station 4:This station consists of
the precise and consistent placement of specimen in the machine test grippers. Robotic
conveyors assure the process and, on driver-based conveyors, indexers are used to placing
the specimen always on the same location with insignificant/non-existent alignment

errors.
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e Material Test and Data Treatment - Station 5: There are two procedures em-

bedded in this station. The classical material tests addressed in section section 2.2 and

the metering systems used in this station with the purpose to collect data in real-time

and obtain final results of the sample’s behaviour during the test. Contacting meter-

ing systems (for example, extensometers) or Non-contacting metering systems (Video

extensometer or DIC) can be used as mentioned in section section 2.5.

e Specimen Removal - Station 6: as a last stage of the process, station 6 refers to

an automatic specimen removal of the apparatus. Numerous possibilities exist, such as

aspiration/suction (plastic samples), double or individual gripper removal or a driver-

based /pneumatic mechanisms designed for this purpose.

3.2 Shimadzu Corp. solutions

The Japanese company Shimadzu Corp. has three different systems [46], with a fully auto-

matic procedure. Specifications are indicated in Table 3.1. The rubber tensile, the plastic

tensile/bending and the tensile testing systems are available.

Table 3.1: Specifications of Shimadzu’s Automatic Solutions [27].

Rubber Tensile

Plastic Testing Machine

Tensile Testing

Testing System Tensile Bending System
Testing Testing
Applicable JIS K6251 No 3 JIS K7162 JIS K7171 JIS No. 5
specimen JIS K6251 No 5 ISO 527 ISO 178 ASTM 1/2”
Load 100 kN
capacity LN 10 kN 5 kN (Machine force)
Test speed 5 to 500mm/min 0.0005 to 1000 mm/min Unspecified
Grip, Pneumatic Pneumatic Bending
bending eccentric roller flat type: span: 30to Unspecified
jig type grip: 1kN 10 kN 150mm
Gauge length Contact type MFN .
(exten.) (GL20 ,25 mm) | (GL50 mm) Laser Unspecified
Measuring Linear gauge Magnet scale type Magnet scale
device type (Thickness) Laser scan

Storage unit

Pallet type

Pallet or magazine type

Stack up system

Processing
unit (data)

JIS K6250
K6251
K6252

(optional)

JIS K7161
ISO 527

JIS K7171
ISO 178
compliant

- Specimen size;
- Upper yield;
-Yield strength;
-Max. stress;
-Fracture
elongation.
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Therefore, automatic solutions available are designed for different types of material. Their
basis is similar, using non-robotic mechanisms with pneumatic/hydraulic operations-based.
The majority of these systems are to execute tensile tests. In Rubber Tensile Testing System,
storing procedure has the concept of each sample being placed on a pallet with a limit number
(8-10). Pallets are arranged in a storage device being called at the time. Stamped lines are
marked on the samples to measure elongation using a video extensometer during the tests,
enabling their detection. In this specific rubber system, it is adapted a thermostatic chamber

where the tests take place, and the sample can be pre-heated.

3.3 ZwickRoell solutions

In contrast, Zwick Roell company offers a large selection of robotic testing systems, with
a variety of features to suit all applications. Three different types are offered: Compact,

Advanced and High-End testing systems.

3.3.1 Compact Testing Systems

Table 3.2: General specifications of RoboTest N and RobotTestC [12].

RoboTest N RoboTestC

Machine capacity 20 kN 300-600 kN
Feeding System 20-30 24 or 40
(Magazines capacity) specimens specimen
testXpert testXpert

Industry Controller autoEdition3 autoEdition2

o . . . Tensile tests on metal specimens:
Applications Simple pick and place DIN EN10002-1, ASTM ES,etc

Compact robotic testing systems are suitable for routine tensile or flexure tests. As benefits,
testing systems with RoboTest N integrated does not require complex programming knowledge
or significant hardware footprint impact than conventional industrial robots for operation due
to its lightweight and force-controlled drive axis (illustrated in Figure 3.2b). It has an intuitive
interface that ensures flexible use for future testing applications. Specifications are displayed
in Table 3.2.

The RoboTestC system implemented is also considered as a compact system. Here,
specimens up to 5 kg maximum in weight can be tested and, in addition, manual tests are
still possible by simply pushing the automatic feeding aside when required. The system is
illustrated in Figure 3.2a.

Another compact testing system, but with a different methodology is the robotic testing
system RoboTest H. It is based on pendulum impact. This type of system is further being
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(b)

Figure 3.2: (a) Robotic testing system RoboTest C with a testing machine of 600 kN, (b)
RoboTest N - The Cobot can be integrated on small test series and be processed fully auto-
matically. (c) Pincer gripper removes a specimen from the magazine - RoboTest C [12].

compared to one similar advanced testing system (RoboTest I) in section 3.3.4.

3.3.2 Advanced Testing Systems

Advanced testing systems offer expanded functionality and options for tensile and flexure
tests [12]. The general sequence depends on the trigger given by the operator to sort the
specimens on magazines, to configure the tests and database and to start the system. After
this, the system automatically executes its programmed procedure and, by stages, the robot
(or driver-axis) removes the specimen from the magazine and take it to the cross-section
measuring unit, composed by transducers, to read thickness and weight. Then, the end-
effector insert the sample in a buffer to positioning (guarantee perfect alignment of the grips
with the specimen), and the last steps are loading the testing machine and then remove it on
end.

In this category, two types of advanced testing systems are analysed (i) RoboTest F
and (ii) RoboTest L. These systems distinguish from each other on their feeding system and

samples conveyor embedded. Typically, RroboTest F has a carousel method of feeding the
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Table 3.3: RoboTest F and RobotTest L specifications [12].

RoboTest F RoboTestL
. . . . - Metals: ISO 6892,
ASptlaicuilienn Non-Rigid films, textiles ASTM ES, JIS 72201;
pplications Rieid metal,plastics - Plastics: ISO 527-2,
8 and wires ASTM D790,ISO 178 ;
Machine capacity 5 to 250 kN 300-600 kN
. Travelling axis plus a carousele Magazine holds
Feeding System with up to 200 specimen holders 160 to 600 specimens
Specimen Weight 500 g maximum 1 Kg maximum

barcode reader, cross-section
measuring device, HOST
HOST connection connection, accept/reject
feature, disposal gripper,
status indicator.

Optional
extras

machine test (Figure 3.3a), and the RoboTest L has a driver axis-based system that allows
picking samples from the magazine (Figure 3.3b). Feeding modules can also be used to feed
specimens to a wide range of testing machines (hardness measuring instruments, notch-cutting

machines) due to its flexibility.

(a) (b)
Figure 3.3: (a) RoboTest F (b) RoboTest L [12].

Moreover, RoboTest X is an advanced testing system that is characterised by offering
customised solutions for special applications, such as compression testing on iron ore pellets

or colour measurement transmission and reflection on plastic panels.

3.3.3 High-End Testing Systems

These systems offer the widest range of expansion options and are suitable for complex testing

situations. RobotTest P is known as the systems with a portal, and the RobotTest R has a
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six-axis industrial robotic system included. General specifications are presented in Table 3.4.

Table 3.4: RoboTest P and RobotTest R specifications [12].

RoboTest P RoboTest R
Applicable Met.als: ISO 6892
specimens Metals: for example ISO 6892 Plastics: ISO 527-2,
ISO 178, ASTM D638
Machine capacity 5 to 2000 kN
Feeding system Driver axis-based 6-axis industrial robot
Magazine Up to 400 specimens Up to 600 specimens
Specimens weight 10 kg max. 30 kg max.
Manual test can be executed Robot can be put
Manual tests in one of of the portals, while . .
other is automatically testing info park position
Optional Barcode reader, cross-section, hardness and roughness
extras measuring devices, temperature chamber, spectral analysis

As shown in Figure 3.4, due to its characteristics, the portal can allow manual testing while,
at the same time, runs an automatic test in other station. For this reason, a mechanical block
is fixed in the unit, and the mechanical machine is software and hardware disconnected from

the automation routine.

Figure 3.4: Robotic testing system - RoboTest P [12].

In Figure 3.5, it is presented the RobotTest R type system. This system has the
flexibility to be used to feed specimens to a wide range of devices (e.g. pendulum impact and

colourimeters).
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Figure 3.5: Robotic testing system RoboTest R [12].

3.3.4 RoboTest H vs RoboTest 1

In this subsection, the compact testing system RoboTest H (Figure 3.6a) and the advanced
testing system RobotTest I (Figure 3.6b) are presented. Both are intended to execute impact

tests. General specifications are presented on Table 3.5.

Table 3.5: General specifications of impact systems - RoboTest H and RobotTest I [12].

RoboTest H RoboTest I
Applicable Charpy: ISO 179-1 Charpy: EN10 045 or
specimens Izod: ISO 180/ASTM D256 ASTM e23
Temp(?r.ature Ambient tempe?rature or ~180 to 1300°C
conditions cooled specimens

Impact energy

25J or 50J

450J (Version 1) or
750J (Version 2)

Temperature
conditioning magazine

Up to 20 specimens
(4mm thickness)

holds up to 90 specimens)

10-21 specimens
(Version 2 has an
integrated magazine

Performance

5 seconds

Specimens weight

10 kg max.

30 kg max.

Optional
extras

- Manual test;
- autoEdition2 software.

- Manual tests;
- Barcode reader (2D);
-HOST connection;
- autoEdition3.

Additionally, in RoboTest I, specimen feeding is characterised by having a slide carrier

insertion/removal method of the specimen into the temperature conditioning unit and then
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into the specimen support in machine test.

Figure 3.6: (a) Robotic testing system RoboTest H and (b) RoboTest I [12].

3.4 Instron solutions

Instron company has met the standards with XY /XY rotary stage (AT2 series) system, 3-
axis non-robotic mechanisms (AT3 series) and system configuration, including a robot (AT6).
They have a wide range of applications such as rubber tensile and tear, plastics tensile and
flex, thin films tensile, metals tensile, and component testing.

The AT2 and AT2+ automated XY and XY-rotary stage systems are ideal for com-
pression, flex and tension testing of multiple small components. AT2+ offers an additional
degree of control and efficiency, allowing the system to reach test points in different axis (il-
lustration on Figure 3.7a). Machine load capacity is up to 2 kN, and it has a flexible interface
that allows modifications of testing parameters to grow and change with products tested. Its
setup has small footprint characteristics due to its dimensions. Besides, due to its rotary
degree added, AT2+ is capable of executing a compression test in multi-surface components.

The AT3 series are used to perform tensile testing of plastic and other lightweight
materials up to 700g weight (machines load capacity up to 50 kN), as illustrated in Figure
3.7b. AT3 model has a three-axis motor-driven and linear actuators design for automatic
testing and has a smaller footprint than AT6 robotic system, resulting in a compact and
straightforward solution. With an additional 90 degrees axis of motion, AT3+ model has the
capability to perform automatic flexural testing.

The AT6 series configuration includes a robot to guarantee the execution of specimen
handling through the different steps of the process: bar-code reading, positioning on dual-
axis measurement device for in-line measurement of width and thickness or test-load position.
Due to its significant footprint, AT6 system has the ability to add an additional third-party

peripheral device, such as a hardness station or chemical analysis station. The main features
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of the system are the machine load capacity up to 600 kN, robot’s setup made on a roll away-
table for easy conversion to manual settings or an advanced video and contacting extensometer
integrated, for axial and transverse strain measurements. An example of a fully integrated
system is illustrated in Figure 3.7c. The types of materials allowed to test in this system are
(i) Metals (ASTM E8, EN10002-1 and ISO 6892), (ii) Plastics (ASTM D638, D790, D882 and
ISO 527-2,527-3, 178), (iii) Composites (ASTM D3039 and ISO 527-4) and (iv) Elastomers
or Tears (ASTM D412 and ISO 37).

Figure 3.7: (a) Automated XY AT2 system,(b) 3 axis non-robotic AT3 system and (c) Robot
configuration AT6 system [13].

Generally, Instron models with a significant footprints system are completed with an
enclosure to isolate the system. This factor increases safety by keeping the operator away
from the testing area (decrease repetitive motion injuries, elimination of potential hazards and
hands-free removal of debris) and improving ergonomics by virtually eliminating repetitive

motions associated to the high volume of manual testing.
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The full automatic tensile testing machine reviewed in [14] comprises different modules,
as illustrated in Figure 4.1: the test apparatus, the automatic extensometer, a cross-sectional
measurement mechanism, a specimen tray and the pushing mechanism (conveyor) who pro-
motes the manipulator to cross the tray station, with the specimen clamped on its grips, to

the measurement and testing section.

Figure 4.1: 10- Main body of the testing machine, 20- Specimen tray, 30-Manipulator, 50-
Pushing mechanism, 70- Automatic extensometer, 90- Specimen recovery unit [14].

The working process of the system consists in using the manipulator (represented in
Figure 4.2b) to pick sorted specimens from the tray by the manipulator, with its clamping
mechanism. The conveyor mechanism, with driver-based specifications, is represented in
Figure 4.2a with the manipulator incorporated. Next step is to transport the specimen to the
cross-sectional measurement station located on the rear of the module, represented in Figure
4.1, and where measurements of the specimen are made.

In the last step, the hydraulic conveyor mechanism pushes the manipulator, with the
specimen clamped on its grips, to the module’s front (machine test section). Here, the degrees
of freedom of the manipulator guarantee the alignment and positioning of the specimen in
the testing section to allow the machine’s pneumatic/hydraulic wedge grips to attach the
specimen and begin the traditional testing on the machine. Finished the test, the specimen

is transported to the specimen recovery unit.
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(a) 31- Clamping mechanism, (b) 33-Horizontal rotating mechanism (+90°),
50- Hydraulic conveyor. 34- Cylinder rotary-type mechanism.

Figure 4.2: (a) Conveyor mechanism + manipulator; (b) Manipulator [14].

As represented in Figure 4.2b, the importance of the two rotary components of the
manipulator established by two different cylinders along the process is crucial because it

guarantees the specimen handling in horizontal and vertical orientations.

The tray-shaped model reviewed in [15] refers to a specimen-placing device (Storage
System- Station 2 on Section 3.1). Figure 4.3 represents the front view of the device. It
has two sets of pallets, and its purpose consists of sorting the specimens, properly spaced
from each other, along with the tray in suitable positions to allow clamping by the automatic
manipulator. The length regulators allow to adjust the slots described in Figure 4.3 according

to the specimen’s total length to be tested.
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Figure 4.3: Specimen-placing device. 260- Slot to regulate the length [15].

As a machine testing unloading mechanism or a specimen removal solution, the model
reviewed in [16] presents a dual-clamp mechanism able to be integrated on the machine test-
host (Station 6- Specimen Removal on Section 3.1). Symmetrical clamps, but in a different

level, have the purpose to automatically remove the upper and lower remains of the specimen
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after the test. Illustration of the automatic system is presented in Figure 4.4.
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Figure 4.4: Automatic clamping and discharging device [16]:
1, 1’- Clamp grips; 4, 4’- Index Columns; 7, 7’- Cylinders with rotating shafts; 12, 12’- Host machine testing.

Rotating shafts on the cylinders allow the grippers to clamp the upper and lower remains of
the specimen on the testing section and discharge the machine to allow the next test.

The automatic device described in [17], including the integrated part, referred on [18],
is another example of unloading specimens mechanism too. Its principle of work is based on
two arms comprised of both rotating shaft cylinders too (Figure 4.5a) with the same function
to unload the machine test of specimens after the testing.

In addition, this mechanism is comprised of a funnel, a turnover plate (illustrated in
Figure 4.5b) and a container to collect different remains of the specimens. There can be
taken out on the upper and lower clamps of the tensile test machine, and then put into the
corresponding sample collector according to the computer-controlled program. The sorting
device of [18] provides a faster operation by rotary selecting the direction of the different
compartments to sort the specimen.

To a different type of specimen material, another automatic feeder and fibre tester
device is analysed in [19]. This system uses a manipulator as a conveyor, as represented in
4.6a.

The feeding platform operation is guaranteed by its stepper motor and carousel move-
ment. The system is demonstrated in Figure 4.6b. The platform’s function is to provide the
fibre to the end-effector of the manipulator. This manipulator has a rotational cylinder axis
to allow its cylindrical movements. The manipulator’s end, with the specimen clamped on
its end-effector, supplies the tensile fibre tester with fibre specimen, positioning them on the

upper and lower grip of the machine tester.
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(a) Automatic sample unloading device:
1, 3-Air cylinders with rotary axis;

2, 4-Air gripping cylinders;

8-Unloading mechanical arms;

5- Funnel;

6- Turnover plate;

7- Sample collector.

(b) Sorting device:
1- Rotating air cylinder;
5- Overturning plate.

Figure 4.5: Automatic device to discharge specimens from tensile testing machines [17, 18].

(a) Different units of the automated system:
1- Manipulator;

2- Tensile fiber tester;

3- Feeding platform.

-3
32

)
40

(b) Feeding platform:
32- Fiber;
38- Stepper Motor

Figure 4.6: Automatic tensile testing system for fiber specimens [19]
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Chapter 5

Experimental Infrastructure

The automated system proposed in this work is presented in Figure 5.1. The different modules
required for full testing procedure are represented, as well as the communication framework
between them. The central element is the Control Module which, throughout LabVIEW
software, manages the complete communication between the different parts. In addition
to the Control Module, the other three parts developed for this work are (1) the Actuator
Component (included on the testing machine module), (2) the Visual Perception and, (3)
Robotic Modules.

TESTING MACHINE MODULE

Fanuc LR Mate
200iD
ﬂ N
VISUAL PERCEPTION
MODULE TCP/IP
e < - : "
,/' Logitech €270 | _ CONTROL
L Webcam [ MODULE
s )’ y "
2 [
U
Specimen’s Tray > USB |«
(w/Aruco Marker Reference) I—I

Figure 5.1: Communication framework of the automated testing system.

The following sections describe the hardware and software required to implement

within the different modules.



40 CHAPTER 5. EXPERIMENTAL INFRASTRUCTURE

5.1 Hardware

In the Controle Module, the PC used for launching LabVIEW and integrate all components
is an Intel(R) Core(TM) i5-7200, with a CPU Base Frequency of 2.50 GHz, 2 Cores and 4
Logical Processors. The other hardware integrated on the system is detailed in the sections

below.

5.1.1 Testing Machine

It is required a testing machine able to perform the most common type of mechanical tests
in this field: tensile testing. The best solution available is the biaxial testing machine (pre-
sented in Figure 5.2a), built for the Mechanical Testing Laboratory (LEM) of the Mechanical
Engineering Department (DEM). In [20], the grippers are disposed on a cruciform geometry,
following the concept of biaxial testing. This mechanism has four stepper motors attached to
each gripper and is controlled by the digital outputs of an Arduino UNO [33]. Each different
trigger states of the outputs are transferred to the motor drivers (MA860H [47]), allowing

their operation.

Labels:
1 - Moving Cars
2 - Grippers

(a)

Figure 5.2: (a) Biaxial testing machine selected for the experiment, (b) the layout of its
stepper motors, and (c) its manual Shimadzu 5kN grip pair [20].

In this work, to recreate the tensile testing operation, three stepper motors need to
be disabled (while testing), according to the layout presented in Figure 5.2b: (i) horizontally,

the motors number 2 and 4, and, (ii) vertically, the motor number 1. The upper motor 3 is
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the only enabled on the Control Module to perform the uniaxial testing direction.

The machine’s selection criteria are supported on the easy access to the communication
drivers of the apparatus. These drivers allow the implementation of control commands on
the machine. Initially, the most suitable choice on the lab was the Shimadzu AG-X plus 100
kN [48]. The common obstacle of both evaluated is their mechanical grips (see Figure 5.2c)
that does not allow the remote control required for automated testing! (manual operation).
Therefore, in the decision-making process, the machine which returns the communication
and control in the most open-source way is the first biaxial referred, being necessary some

hardware/software adaptations to perform the automatic tensile testing.

5.1.2 Robotic System

For the Robotic Module of the automated testing system framework, the manipulator selected
is the Fanuc LR Mate 200iD [21], from the Automation and Robotics Lab (LAR). This robot
has the approximate reach and size of a human arm (reaches 717 mm) and has 7.00kg of
payload. Its specifical datasheet is available on Appendix B. The six controlled axis provide
high versatility in tasks fulfilment, and it is suitable to perform the required specimen handling

referred for this work.

Figure 5.3: (a) Fanuc LR Mate 200iD [21], and (b) R-30iB Mate controller [22].

The robot is paired with an R-30iB Mate controller [22]. This component is responsible
for commanding the complete hardware of the manipulator. The teach pendant guarantees

the user interface by allowing several types of actions: jogging, programing, verify errors and

!See the request quote on hydraulic non-shift wedge grips [49] for the Shimadzu testing machine on Ap-
pendix A (the pneumatic solution [50] is 5.000€ cheaper). Moreover, the acquisition costs of its LabVIEW
communication drivers to allow control commands are significant (requested quote on Appendix A).

Diego Saraiva Nunes Master’s Dissertation



42 CHAPTER 5. EXPERIMENTAL INFRASTRUCTURE

I/O states. The original communication protocols of the controller are: (i) the server/client
Hypertext Transfer Protocol (HTTP), and File Transfer Protocol (FTP). The HTTP links the
PC (which sends the instructions) and the controller. The instructions received are interpreted
by the server (controller), within the protocol standards, and executes on manipulator the
specific tasks ordered. On the other hand, FTP protocol is used to transfer pre-compiled files
from the PC to the controller directly.

In Cancela’s dissertation [51], a server to the Fanuc RJ3iC controller was developed.
The server was created on a client-server architecture, based on Ethernet and TCP/IP sockets.
This allows connecting the Fanuc manipulator to a PC, enabling to perform the typical
instructions on the industrial manipulator. In this work, the communication protocol is the
same. Therefore, two FTP files from Cancela’s work were executed (as the base to the TCP /IP

connection) in order to configure the server.

5.1.3 Camera Setup and Specimen Tray Demo

This hardware is included in the Visual Perception Module of the framework created for
the automated testing framework(see Figure 5.1). Its setup aims to detect the reference
of the specimens tray (i.e., position and orientation), and the respective grasping points of
each specimen. The procedure of detecting the origin of the tray is performed by Charuco’s
detection corners method (see below Section 5.2.5). Additionally, the algorithm has to be
prepared to load a file with the fixed distances of each specimen grasping region to the
coordinate reference system of the tray (demo presented on Figure 5.4b). In further works,
tray designers must extract these coordinates, from their tray CAD projects, for a text file.
The inclusion of this marker detectors on the tray (Aruco, Charuco) is a requirement and
have to be taken into account on the components designed.

In this work, a Logitech Webcam C270 (Figure 5.4a) is used to acquire the images
and a demo of a specimen tray with the Charuco markers referred (see Appendix E for
technical information about the created tray demo). The simulated grasping positions of each
specimen in the board are defined in an arbitrary method, but with their known coordinates

(displacement) to the Charuco central coordinate system.

5.2 Software

5.2.1 LabVIEW

The LabVIEW 2020 [36] software is a system-design and development environment for visual
programming in order to perform tests, measurements, and control with rapid access to
hardware and data insights. In this work, the different modules integrated on the system are

implemented on a graphical environment aiming to:
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Labels:

1 - Fanuc LR Mate 200iD

2 — Logitech Webcam C270
3 —Specimen’s tray Demo

Figure 5.4: (a) Logitech Webcam C270, (b) specimen tray demo with its origin marked
(referential), and (c) hardware setup with robot.

1. In Actuator Component (from Testing Machine Module), to send instructions to Ar-
duino in order to control the motor drivers operation of the testing machine;

2. In Robotic module, to establish the command sequence for the manipulator performs
the specimen handling required;

3. Visual Perception module — This node loads the file returned by the C++ code compiled
in Visual Studio, which contains the converted world coordinates (robot base frame) of

the specimen’s grasping points returned by the Charuco detection algorithm.

5.2.2 Arduino IDE

This micro-controller manages the operation of the testing machine’s motors, and its respec-
tive signals sent by its digital outputs to the motor drivers. In the machine design [20],
an Arduino Uno R3 has the previously mentioned role, having a USB 2.0-USB B type of
connection with the PC. It is programmed by an open-source IDE (Integrated Development
Environment) using C language.

For this work, the original code developed for the biaxial testing machine is adapted, in
order to allow the correct operation of the aligned motors to perform vertical /uniaxial testing.
Other routines developed in this work and added to the original code are hardware/software

switch limit verifications (for safety reasons), and the creation of a “home” routine for each
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time the machine is plugged to allow position monitoring of the stepper motors.

5.2.3 Robot Operating System (ROS)

In order to obtain a robust calibration with consequent high accuracy in the specimen grasping
points of the tray, the complete camera calibration process (intrinsic and extrinsic parameters)
is performed through ROS? (Robot Operating System).

The platform used in this work is ROS Melodic Morenia® in Ubuntu 18.04 (Bionic)
release. This system is developed by the Open Robotics Foundation [54] and provides an open-
source framework. At its core, ROS is not an operating system, but a Linux-based application
with a collection of tools, libraries and conventions aiming to simplify the creation of complex
and robust robot behaviours across a wide variety of robotic platforms [55]. The basic principle
is to run a significant number of executables from different packages (if required) and enable
them to exchange data synchronously or asynchronously. As expressed in Figure 5.5a, the
ROS is divided into three groups: File system, Computation graph, and Community levels.
The File system level defines (i) the internal operation, (ii) the storage, (iii) file structure,
and (iv) the minimum requirements for its operation. At this level, the details of messages,
services, and folders are specified. The standard folders that belong to ROS packages form
the typical structure represented in Figure 5.5b. Therefore, it can be observed that different
groups of packages are the core of ROS applications. The meta-packages can create them to

process and execute specified tasks.

Filesystem Level

4

Metapackages

Packages

(a) Package
manifest

‘Messages‘ ‘ Services ‘ ‘ Code ‘ ‘ Others ‘
(b)
Figure 5.5: (a) General structure of ROS and (b) ROS File system level [23].

The Computation Graph level performs the communication between processes and the
system. At this level, a network responsible for maintaining all interconnected architecture is

created by ROS, enabling each ROS node interaction, access and data transfer to other nodes.

2 Another reason for this choice is also dependent on the participation in the ROS Workshop [52] on February
2020, freely available to the group of dissertation students from LAR, and the personal will to apply in this
context the knowledge acquired. The beginners’ tutorials were completed apriori to help consolidate the
learning [53]

Shttp://wiki.ros.org/melodic

Diego Saraiva Nunes Master’s Dissertation



CHAPTER 5. EXPERIMENTAL INFRASTRUCTURE 45

The complete ROS Graph level structure, Community level and other fundamental concepts
in this field were accessed on [23]. The ROS master is an indispensable key to the entire archi-
tecture management. Triggering its functionality allows the communication between nodes,
establishing the exchange of information between each ROS node. The nodes communication
model in the ROS environment and interaction with the ROS master is presented in Figure
5.6.

Information
~ about publishers
s Subscribe to \\ ~ ¥
7 Publicto . ~
A topic name NN
topic name ~
Request for topic message
Publisher « Subscriber
B —— _—
Node(s) ROS Ros topic ' ROS Node(s)
MESSAGE MESSAGE

Figure 5.6: Node communication model in the ROS environment [24].

The ROS nodes communicate with each other using messages with a predefined and
known data structure (standard or manually created). Each message is transported through
topics method. Additionally, when the ROS node subscribes to a topic to receive a message
is considered the Subscriber node. On the other hand, when the ROS node accesses to a
topic name to publish its information is considered the Publisher node. This form of data
transmission is unidirectional, allowing data flow on the network created without feedback
[24].

ROS Industrial (ROS-I)

This software platform* builds upon ROS. This extension includes libraries, tools and drivers
to communicate with industrial hardware. Figure 5.7 shows a representation of the packages
that are organized on the top of the ROS Industrial.

Next, a brief description of the current packages within the ROS Industrial block

diagram is presented:

¢ ROS GUI and Layer — The first one includes all graphical interface tools based
on plugins (e.g. RViz or Gazebo), and the second one is the base layer where all
communications are executed.

e Movelt!® — offer solutions to plan trajectories, calculate inverse and direct kinematics

‘http://wiki.ros.org/Industrial
Shttps://moveit.ros.org
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4 ™
ROS GUI ROS-I GUI (Future)
* Plugin base GUI toolkit * Generic Pendant
* Ryiz, Introspection, Web-browser = Standard Industrial UI
|
4 Movelt \'
ROS Layer ROS-I Application
Layer » Planning Layer(Future) ROS-I Configuration
* Anything in the » Kinematics » Process Planner *+ urdf
ecosystem * Pick & Place » State Machines * parameters
« State ¢« ROS-| conventions
S %
e N
ROS- Interface
Layer
Package: industrial_robot_client
>; {mﬁs&n‘]_[kﬁmf ST&TEQ‘E%?{ h _/
ROS-| Simple Message
Layer
Package: simple_message
{ commsten |
<
(EOS-I Controller
Layer
Package: vendor specific
S
ROS-Industrial High Level Architecture - Rev 0.02.vsd
Figure 5.7: ROS-Industrial High Level Architecture [23].
and pick and place solutions in the RViz interface.
e ROS-I interface layer — Consists of Robot’s client. Establish a connection to the
manipulator controller, using the simple message protocol.
o ROS-I simple message — is the communication layer with the industrial robot. It is a
standard protocol that exchanges data from the client to the controller and vice-versa.
o ROS-I controller — is a dedicated and proprietary unit of manufacturer information
of the robot.
o ROS-I configuration - defines parameters and design of the industrial manipulator

to integrate.

For this work, the interface

of FANUC LR Mate 200iD with ROS-I is necessary for

extrinsic calibration purposes. Mainly, it is necessary to obtain its current joint states and

transformation frames, in several positions, that will contribute to the correlation between

robot and camera frames needed. Therefore, ROS-I depends on several extra metapackages

as ROS Mowelt!, ROS FANUC and

the drivers required to install in the controller in order to

be able to perform this task. The last parameter referred (drivers package) is described next

section.
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ROS FANUC (drivers)

This section presents the procedure required to establish communication between the Fanuc
controller and ROS-I (communication drivers). The tutorials available at [56] are followed as
an aid. They describe the installation of the ROS-I server on the Fanuc controller, using the
fanuc_driver package [57], which contains the required drivers to allow the communication.
This procedure is divided into three steps: installation, configuration, and execution. Before
the upload and installation of the ROS-I programs (included on fanuc_driver package) on
the robot controller, these need to be compiled into binaries. Therefore, they are imported
and compiled in the simulation software supplied by Fanuc, Roboguide®. Here, the executable
files to send to the controller are generated (as listed in Figure 5.8a). The initial step of the
installation is now ready to be executed. In this phase, the compiled files are transferred to
the Fanuc controller. There are two methods to accomplish it: (i) FTP connection, or (ii) via
a mass storage device. The second method is chosen by using a USB stick. Technically, this

method is defined as the binary installation.

= @ =] Programs
gy libind_hdr.Ki i e fd ROS
i . A s . I
licind_log.kl ROSRELA 170 ROSRELAY x3
& livind_mth K - f@ ROSSTATE 172 R0s coto e thos//es
~ i z 5 _MOVESH [r2
ﬁﬁ libind_pkt.kl : B ROS_IOVESH 132 iﬁg_?urin PC {r25
b H - 5 ROS PC [r23
&E libind_rs.kl i i SR i;; gg; TP gm{?LEJ‘PDGPM! [ROS. generated T}
ﬁ = e . LIBIND_HDR
R N |“+| LIBIND_LOG (b), )
g ros_relay.k :
. o8_fee) b LIBIND_ITH v , 174
-3 ros_state.kl . i BE: oowoeos st
i ros.ls ; = o = B iy
=W a8 LBIND_RS 3: CALL ROS MOVESH
srelay.ls B SO0k
rosrelay. : LIBSSOCK [End] -
.~ 4 H
; resstate.ls P ROS_RELAY
g ros_movesmis | | L..JB) Ros_sTaATE (c)

(a)

Figure 5.8: (a) Fanuc driver files imported and compiled (in Roboguide), and from the teach
pendant display, (b) the list of ROS programs sent to the Fanuc controller, and (c) the content
of ROS program (main).

Then, the following task is the configuration of the server and the transference of the
files to the controller. The configuration of the server requires two FTP files (from Cancela
[51], see detailed section 5.1.2), and two specific USM (User Socket Messaging) files to create
the ROS server. The Appendix C details all the ROS Server configurations performed on the
controller via teach pendant. As the last step, the starting/executing of the ROS server is
performed using the ROS program (see Figure 5.8b). Within it, the programs described in

Figure 5.8¢c are executed simultaneously (see Appendix C).

Shttps://bit.ly/2VPubNJ
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38038 I BREL Waiting for ROS traj
380038 I BSTE Waiting for FOS seate
[58041 38041 T T RSTA ConnectedREE

Figure 5.9: Teach pendant display after starting the server and waiting for client final con-
nection (red).

After the execution of the ROS program, the server remains active and waiting for
the connection of a client (see Figure 5.9). When the ROS application is executed in PC, the
connection is established (red rectangle), and it waits to receive message instructions (e.g.

move robot, joint states).

ROS FANUC LR Mate 200iD packages

There are three experimental packages for Fanuc LR Mate 200iD manipulator within ROS-
Industrial [58]. They are responsible to establish the interactions and control, having Moveit!
[59] platform as an assistant for planning robot’s trajectories (see Figure 5.10). Therefore, all
the software configurations able to control the manipulator referred meet the requirements.
In this packages are included all the configuration files to the hardware, kinematic algorithms,
STL and URDF models, among others.

Eile panels Help
dyinteract | Move Camera  [Jselect | b = @
# MotionPlanning
Context ~ Plannin, g Manipulation ~ Scene Objects  Stored Scenes
Comman: ds Query Options
Plan Planning Group: Planning Time (s): | 5,00
manipulator  ~ | planning Attempts:| 10

Plan and Execute | Start State:
urrent>

Goal State:

Clear octomap | | <current>

Path Constraints

None

Goal Tolerance: 0,00 ~ Allow Approx IK Solutions

MotionPlanning | Displays

Reset 31fp:

Figure 5.10: Interface RViz using the Mowvelt! library and where the Fanuc LR Mate 200iD
is launched.

With all these configurations achieved, the Fanuc manipulator can be controlled by
initializing the ROS Server on the teach pendant controller (run ROS program) and, on the
PC, by the execution of the command presented next:

1 roslaunch fanuc_lrmate200id_moveit_config moveit_planning_execution.launch sim:=false
robot_ip:=192.168.0.231
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In the parameters section, the robot IP must be selected (192.168.0.231), as well as
disabling of the simulation model and consequent activation of the operation mode desired
with the real manipulator by typing setting sim := false parametrization. Note that, the
interface with the manipulator only succeeds if the control unit has ROS, ROS-I, Fanuc
drivers, ROS Fanuc LR Mate 200ID and Movelt! libraries/packages correctly installed and

functioning.

URDF end-effector model

The URDF (Unified Robotic Description Format) is an XML file which contains all the
visual elements of the robot (models) to enable display, collision checking, or dynamic path
planning. In industrial robots, the last link always corresponds to the part which guarantees
the interactions with the surrounding environment. In this case, the manipulator’s model
launched in Mowvelt! does not includes end-effector (as seen in Figure 5.11a). The tool
used as end-effector is replaceable depending on the needs, as well as its simulated model.
Consequently, the original model in Rviz does not incorporate the gripper.

The real end-effector, coupled to the manipulator, is represented in Figure 5.11b.
Therefore, it is required to update the manipulator endpoint (virtual TCP) and insert the
end-effector STL model in ROS environment, in order to have coincident positions between
virtual and real Tool Center Points (TCP).

()

(a)
Figure 5.11: (a) Original model of the robot, (b) real end-effector, and (c) Result including

suction grip model.

The real end-effector is measured, and a STL model with the same dimensions is
created using a CAD software (Solid Works [60]), being converted to STL format afterwards.
This model is added to both collision and visual folders, within fanuc_lrmate200id_support
package. After that, the complete procedure to configure this tool (tool0) is performed through
Moveilt!SetupAssistant [61] and following instructions on Simées work [62] in his Appendix

A, where this full procedure is detailed. The final result is presented on the Figure 5.11c.
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5.2.4 Microsoft Visual C++

The Microsoft Visual Studio Community 2019 [63] is the platform selected to run the devel-
oped algorithm. It aims to detect the Charuco board marker (as the reference) and returns
the grasping points of each specimen (in world coordinates) to LabVIEW, enabling to perform
the picking task by the Fanuc manipulator. This type of detection requires Aruco libraries
and the development of a computer vision application. Therefore, the Open Source Computer
Vision Library (OpenCV) is used in the project. The main code is included on a new project
created in a Console Application (in C++ environment) of the Visual Studio. Before the
programming, the new project environment requires the installation and configuration of the
OpenCV libraries. For that, the opencv_master [64] and opencv_contrib [65] repositories are

used. The complete configuration process of these libraries is presented in Appendix D.

5.2.5 Detection with Aruco and Charuco Markers

Aruco is an open-source library from OpenCV for camera pose’ estimation using squared
markers. It uses a C++ language base, being versatile and with high-speed detection. The
main benefit of these markers is that a single marker detection provides enough correspon-
dences (its four corners) to obtain the camera pose [66]. Another type is Charuco markers,
which combine the benefits of both checkerboard and Aruco markers [67]. In this work,
two different approaches using these two different types of markers are performed (i) Aruco
marker detection for Hand-Eye calibration (extrinsic parameters), and (ii) Charuco markers

for determination of tray’s position in the workspace.

(a)

Figure 5.12: (a) Aruco Marker used on calibration tool, and (b) Charuco board on specimen
tray.

Next, the Aruco and Charuco parameters defined/selected to each marker used are detailed.
The characteristics chosen for the Aruco marker applied on the calibrator tool (in Hand-Eye

calibration) are:

“In free space, is composed of position (Point in x,y,z) and orientation (in Quarternion)
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e Square size - 80mm;
e Aruco dictionary - DICT 4 x 4_250.

The parameters of the Charuco board selected for the specimen tray are:

e Size - 3 x 11 squares;
e Aruco dictionary - DICT 6 x 6_250;
e Square Size - 40mm;

e Aruco Size - 30mm.
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Chapter 6

Testing Machine Module

This chapter presents the hardware/software changes performed on the converted tensile
testing machine. The new features increase the level of automation in the material testing
procedure. Future hydraulic/pneumatic grips to be acquired to the machine will allow remote
control. During their coupling, they must be positioned with 45 degrees from the current
position of Maio’s [20] work, and with their openings (side where specimen is inserted) in the

same direction (as illustrated in the demonstration with the mechanical grips on Figure 6.1a).

Figure 6.1: (a) Vertical grips with 45-degrees rotation, (b) Upper limit switch, and (¢) Lower
limit switch .

This layout enables, on one side of the machine, enough space to the robot arm to
insert specimens and, on the opposite side and in line with the grips, to install a recording
device while testing occurs (e.g. Video-Extensometer, Aramis). Also, other required features
for automatic control are implemented in this work and described next sections: (i) limit
switches to complement the function of the mechanical stopper, (ii) homing stepper motor

routine, and (iii) motor positioning.
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6.1 Setting up limit switches

For safety reasons, the creation of a home routine and motor positioning are features required
in automated procedures. For that purpose, an upper and lower limit switches are installed on
each physical stopper of the apparatus, aiming to control the courses of motors 1 and 3. Each
ball screw, coupled to the motor, causes the car’s motion [20]. In the original project, the me-
chanical limiters were installed on the machine to prevent courses leaving their desired range
of motion. These electrical devices intend to be reached before the mechanical protection and
can be configured/controlled throughout the software. The KW4-3z-3 125V /250V 5A limit
switches are connected in Normally Open (NO) contact to the available digital ports of the
Arduino (Port 10 and 11). Figure 6.2 represents the limit switches connections appended to

the original electrical project.

R R e
SN N A "
So0UUDoa< g
YYYY WYY £88
U
-1
L A A
Arduino
UNO R3
Lower Switch o LT T T T T T 1
KW4-3Z-3 125V/250V 5A = Ly
L |
2 [ oM
1
4 ~3 A3
. | i | I
Upper Switch (i @) = ) s v
KW4-32-3 125V/250v 5A | gt ~5 4, I
i | T AL
74 & AD
2l :
=94 |
] bvin |
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L5 | S S—— |
i Digital Input 460
. 2 |
8_4 |
g e s |
GND
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Figure 6.2: Limit switches connections added to Arduino’s digital ports on the electrical
project.

6.2 Homing stepper motors

Setting the “home” procedure to stepper motors requires to define limit switches as position
references. The pin assignment in MA8G0H drivers, for both motors 1 and 3, is represented
in Figure 6.3 (schematic created from the original electrical project [20]). The pulse signal
(PUL+) allows controlling the stepper motor motion/velocity. DIR signal (DIR+) defines the
two directions of motor rotation. The Arduino controls this pin modes by setting its digital
outputs status as OUTPUT (HIGH/LOW or 5V /0V) and send their signals to the inputs of
the pin drivers. The digital pins aimed for limit switches are set in INPUT_PULLUP mode.
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It means that when the switches are not pressed, the internal pull-up resistors connects to 5
volts. Consequently, the Arduino pin reports HIGH status continuously.

In software, the homing routine is appended to the original code (in Arduino IDE
environment), within the void setup() section. Here, every time the machine is started, the
homing routine runs once until the cars reach their references (obtained by the trigger of each

limit switches states).

48v Ov

Motor 3

Upper
Motor

1l

Lower
Motor

Figure 6.3: Arduino pinout connections to the MA860H drivers for tensile testing [20)].

The homing loop code (sector 7 of Appendix F code) is based on the concept that the
limit switches are activated while not pressed (within limit courses), and not activated when

pressed (reaches limit course).

6.3 Motor positioning

After running “home” procedures, the reset to both positioning variables are performed
(pos_inf=0 and pos_sup=0 on Appendix F). After that, the maximum extent course for the
cars coupled to the stepper motors can be set. This positions can also be defined as the
maximum extent in tensile testing or, from a mechanical perspective, the maximum extent
of the ball screw coupled to the motor shafts. Through manual measurements, 100 mm from
the home position is the maximum extent defined for the inferior grip, and 85 mm for the
superior. Therefore, a condition to guarantee the courses within these limits is added to cover
the full main code section (see Appendix F, line 77).

Both motor drivers have the original configurations set of (i) 400 steps/revolution and

(ii) provide 1.8 A current to the motors. The Arduino does not configure the motor’s velocity
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directly. The concept to control velocities with micro-controllers relies on the configuration
of time delay between each pulse states (HIGH/LOW). Consequently, the relation between
the car velocity (Viarro) and motor velocities is obtained throughout the ball screw steps and

the gear reducer. This relation is given on [20] by

18750
Vcarro[Kmm /min]’

delay[ps] = (6.1)

The main code on Arduino runs in a loop. For each iteration, the PUL+ state is
triggered on motor drivers with a time instance equal to delay. Tracking the current position
of the grip requires to obtain the displacement that value corresponds to each pulse, and
increment /decrement of that distance value in each iteration, while motors are operating. On
Maio’s [20] manual and automatic mode of the machine, the velocity of the cars is defined by
the user (in manual mode by an analogic reader and through LabVIEW by automatic mode).

Then, displacement per pulse (distpyse) is equal to

dcarro [mm] X delaY[:uS]
1[min] % 60 x 108[us] ’

diStpulse = Vcarro@ X delaY[Ms] =
[min]

(6.2)

dcarro[mm]
1[min]
a distance per pulse iterates/decrements (on pos_inf or pos_inf variables) in each loop of

where Veapro[mm/min| = Therefore, for each velocity given by the user interface,
the code while the motors operate. The code listed below presents the method of distance
per pulse calculation for motor 1 (in manual mode) and the increment/decrement position

depending on the testing mode selected.

velo= analogRead(vel); // Velocity

vml= analogRead(ml); // Manual mode - motor 1 ON/OFF

vm3= analogRead (m3); // Manual mode - motor 3 ON/OFF

temp= map (velo,0,1023,2000,200); // 0-1023 delay between 200 and 2000
// Formula dist_pulse defined: (dcarro[mm]x*delay[us]/lmin)

dist_pulse= veloxtemp/ (60x1076);

// Temsile move
if (vml>100 && vml<639) {
digitalWrite (mdl, LOW); // mdl - pin direction
sml=true;
pos_inf = pos_inf + dist_pulse; // Increment dist_pulse(position) obtain in each pulse
}
// Compress move
else if (vml>700) {
digitalWrite (mdl, HIGH); / mdl - pin direction
sml=true;
pos_inf = pos_inf - dist_pulse; // decrement dist_pulse(position) obtain in each pulse

}

This procedure is appended to the code to both stepper motors (1 and 3), in manual

and automatic mode.
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Chapter 7

Visual Perception Module

This chapter presents the features which guarantee the correct Visual Perception Module of
the system operation: (i) Calibrations, and (ii) Charucodetection algorithm. For the proper
functioning, all the required coordinate systems are attributed to each reference, aiming to
calculate the relations between them. Their positions and orientations are expressed in Figure
7.1.

Coordinate System:

Z

Figure 7.1: Main coordinate systems required for the Visual Perception Module.

The coordinate systems here allocated are defined as:
¢ B - Coordinate system of Fanuc’s base (or base_link in ROS model) coinciding with the
table’s surface (absolute reference);

e E - Coordinate system of the end-effector (or tool0 in ROS model). Current position

depends on the manipulator’s joint states;
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K - Coordinate system of the camera (fixed);

S, - Coordinate systems of n specimen' grasping points on the different tray slots.
They coincide with the central point of each specimen to grasp, and their current pose
depends on the tray’s random position;

e C - Coordinate system of the tray’s reference, and also considered as the Charuco
marker reference.Similarly to S,,, its location depends also on where the trays is placed

(random position, but reachable to the robot arm and camera’s FOV?);

A - Coordinate system of the Aruco marker (used on Hand-Eye calibration detailed on
Section 7.1.2).

The main goal of this module is to obtain the coordinates for each specimen grasping region
(Sn) instantly, in the robot base (B) referential. The central graph of transformations is
presented in Figure 7.2 and aims to express the transformation of robot base to each grasping

point on the tray.

Figure 7.2: Main transformation graph of the robot base (B) to every specimen grasping
point (Sy,).

The mathematical relation between geometric transformations is defined by Equation 7.1 as
Brg, =BTy x KTo x 9Ty, (7.1)

where each term’s definition and procedure to be obtained are referred below:

e BTy, - Geometric transformation between the robot base (B) and each specimen grasp-
ing point (S,). It is the final result to achieve and allows the manipulator to receive
these correct specimen locations to pick. The result is returned by Charucodetection
algorithm;

e BTk - Geometric transformation between the robot base (B) and the camera frame
(K). Calculated each time any of both frames need to change locations, being obtained
through Hand-Eye calibration (Section 7.1.2). Here, an auxiliary transformation graph

is generated to obtain this geometric transformation (Equation 7.8);

'n corresponds to the number of specimens in the tray (n= 6).
*Field-Of-View
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e KT - Geometric transformation between the the camera frame (K) and the tray’s refer-
ence marker (C'). The transformation required is also obtained by the Charucodetection

created using OpenCV resources (see Section7.2).

e “Tg, - Geometric transformation between the tray’s reference marker (C') and each
specimen grasping point (S,). The distances of each specimen grasping region (central
point) to the tray’s reference marker are extracted from CAD design (see Appendix E)

to a spreadsheet file and imported to the Charuco detection algorithm after that.

7.1 Calibrations

The calibration process aims to obtain the geometric transformations between coordinate sys-
tems (positions and orientations) required to implement the system. Note that the complete
calibration procedures are performed through the ROS framework. In the end, the intrinsic
parameters (camera matrix, distortion coefficients, rectification and projection matrices) and
the extrinsic values (transformation matrix between robot base and camera frame) obtained

are imported to Charucodetection algorithm (see section 7.2).

7.1.1 Intrinsic Parameters

The intrinsic parameters represent a projective transformation from the 3D camera’s co-
ordinates into the 2D image coordinates. They are responsible for describing the internal
parameters of the camera and depend on the focal length, optical centre, skew coefficient and
coefficients that describe the lens distortion [68].

The calibration procedure followed in ROS to calibrate the RGB camera (monocular) is
the one described in the tutorial [69]. Here, an OpenCV calibration algorithm is launched by
the cameracalibrator.py node (from camera_calibration package) and designed to calibrate
cameras through a helper GUI (Graphical User Interface). The image raw content is on
Jusb_cam/image_raw topic, returned by the node usb_cam_node simultaneously launched
(from usb_cam package). The command lines in Linux terminal which launch the two nodes

referred are shown below:

rosrun usb_cam usb_cam_node
rosrun camera_calibration cameracalibrator.py —--size 9x7 —--square 0.025 image:=/usb_cam/

image_raw camera:=/usb_cam

A checkerboard is used as a calibration pattern. The board dimensions are 9 x 7
squares, with 25 mm size unit. This method is iterative and adjusts the sensor’s intrinsic
parameters in order to minimize the projection error of each image. Figure 7.3a presents the
calibration GUI. The checkerboard is moved, in each iteration, to different positions until all

the top right bars reaches green states (see Figure 7.3b). The final results of the intrinsic
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parameters are presented on Equations 7.2, 7.3, 7.4, and 7.5. These values are extracted to

an XML file to further be applied on Charuco detection algorithm.

(b)

Figure 7.3: (a) Starting, and (b) final iterations of the calibration for intrinsic parameters.

This intrinsic calibration method is publicly available on https://www.youtube.
com/watch?v=QEqIVUfse30.

852.613017  0.000000  319.984027
camera matrix = | 0.000000 855.313321 275.982827 (7.2)
0.000000 0.000000 1.000000

distortion = [0.086406 —0.103778 0.013355 —0.001461 0.000000] (7.3)
1 00

rectification = {0 1 0 (7.4)
0 0 1

868.660767  0.000000  319.420811 0.000000
projection = | 0.000000 864.929688 279.846235 0.000000 (7.5)
0.000000 0.000000 1.000000  0.000000

7.1.2 Extrinsic Parameters (°T)

This section presents the implementations performed to acquire the geometric transformation
between the camera’s coordinate system (its position and orientation) to the robot base
(base_link). It is represented by Z Ty and required to perform when one of the frames
changes location. Here, the secondary transformation graph generated to obtain the extrinsic

parameters derives from the main transformation graph of the Visual Perception Module
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already approached (see Equation 7.1).
Mathematically expressing, note that a geometric transformation is a homogeneous

matrix which transforms a point to another. Generally, it is represented by

T =

R | P
1

0 0 0 ‘ , (7.6)

where rotation matrix (R) has 3x3 dimension, and it can be determined through the
three angles of the referential system that rotate around each one of its axis (x, y, z) to obtain
the new transformation (coordinate system). On the other hand, the translation matrix
(P), with 3x1 dimension, represents the shifting position from the original reference. Both

concepts were reviewed on [70], being expressed by

a b c px
R=|d e f|,andP=|py |. (7.7)
g h 1 pz

Transformation Graph and Equation

Resulting from the main transformation graph of the system (Figure 7.2), an auxiliary relation
is derived to obtain Z T, being presented on Figure 7.4b. The final result is achieved through
a calibration method, multiplying the top three transformations of the graph expressed. This
method is known as Hand-Eye Calibration.

The auxiliary graph is mathematically expressed by
By =BTy x BTy x ATk, (7.8)

being the terms of this transformation described by

o BTk - Geometric transformation between robot base (B) and camera (K) frames. The

final result is extracted from the Hand-eye calibration procedure;

e BTp - Geometric transformation between robot base (B) and end-effector (E). Given
by the ROS’s transformation frames (T'F'), which return the instant difference between
both base_link (robot base) and tool0 (end-effector) frames.

e PT, - Mathematically represented by the identity matrix (Iyx4). In order to guaran-
tee that both coordinate systems match in position and orientation (F = A), a tool

adjustment is performed on the manipulator’s end-effector.

e ATy - Geometric transformation between Aruco marker (A4) and camera frames (K).
The result of this transformation is automatically obtained through the ROS package
moveit_calibration [71] and it depends on the different Aruco marker positions, while

calibration occurs.
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Figure 7.4: (a) Coordinate systems layout for Hand-Eye Calibration, and (b) transformation
graph of this relation .

Tool adjustment (“T,)

This geometric transformation is obtained by matching both coordinate systems (E=A) in
position and orientation. By ensuring this similarity, the transformation matrix which repre-
sents this relation is equal to an identity matrix (I4x4), i.e., the neutral element in matrices
multiplications. The manipulator’s suction grip (Figure 7.5a) is replaced by a tool calibrator
produced in Simées work [62] and specially designed to the same purpose here. A visual cali-
bration target is placed (see selected Aruco Marker with predefined configurations in Section
5.2.5) in this tool, with its reference (origin, z and y axis) matching with the end-effector’s
axis (Figure 7.5b).

Then, aiming to match both z axis, the calibrator tool is properly coupled to the
manipulator’s end-effector. This tool has a screw thread which helps to adjust the z axis
depth, and a blocking nut to fix its position (Figure 7.5a). To coincide both TCP axis
positions of real and ROS-Industrial manipulator in simulation (on z axis), the ROS Server
is initialized with the fanuc_lrmate200id_moveit_config package, by executing the command

already described in Chapter 5 above:

roslaunch fanuc_lrmate200id_moveit_config_moveit_planning_execution.launch sim:=false
robot_ip:=192.168.0.231

The real manipulator is placed on the top of the robot’s experimental table, which is
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(a) (b)

Figure 7.5: (a) Coordinate system of end-effector (E) and tool calibrator before coupling, and
(b) Aruco Marker used in the tool as visual calibration target.

a reference position and represents z equal to 0 in robot base coordinate system (B in real-
world and base_link in ROS model). The similarity to both TCP z value frames (real and ROS
model) is guaranteed by positioning the real end-effector (with the calibrator tool coupled) on
the table’s surface, which is the reference position that returns z=0. Simultaneously, from tf
package, the ROS node tf_echo is launched with the parameters base_link and tool0 frames,
representing the TF (Transformation Frames) between robot base and end-effector frames,
respectively, in the ROS-Industrial model.

As ROS rqt_graph assistant shows in Figure 7.6, the tf-echo ROS node (green) sub-
scribes the /if static topic (red) to obtain these frame values published by robot_state_publisher

node (blue). This subscriber node returns the translation and rotation between both frame.

If_echo_1606383843685412775

[move_group/fake_controllerjoint_states

frobot_state_publisher

Figure 7.6: ROS rqt_graph assistant shows interaction between nodes launched.

Therefore, the z translation value is regulated to 0 (included on Table 7.1 data) by
moving the real manipulator on teach pendant, while a refined adjustment is performed on the
screwed tool calibrator, until it perfectly contacts with the table’s surface (Figure 7.7). After

that, the locking nut is used to fix its position, and the identity matrix of Ty is guaranteed
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because both TCP positions, real and simulated models, have z=0.

Table 7.1: ROS node tf_echo node final outcome obtained in Linux command line (terminal).

Translation (x, y, z) 0.443 -0.011 0.000 -
Quaternion 0.729 -0.684 -0.002 0.003
Rotation | RPY (radian) | 3.135 -0.002 -1.508 -
RPY (degree) | 179.630 -0.097 -86.376 -

base _link tonl0

Figure 7.7: Final tool adjustment of z coordinate to match TCP positions of real and ROS-
Industrial manipulators.

Hand-Eye Calibration

This calibration is performed using an assistant plug-in GUI of Movelt!. At this point, all
the elements required are set to get the PTx geometric transformation. This parameter is
obtained through Hand-Eye calibration method [72], using the new hand-eye tool from the
moveit_calibration package [71], which is plug-in based. This GUI provides:

e RVIZ plug-in - Set the calibration parameters, make the calibration control and call the
other two plug-ins;

o Default target plug-in - Create the target image and detect target pose;

e Default Solver plug-in - Solve the camera-robot pose throughout samples collected of the
manipulator’s different positions to convert to BT later, based on the transformation

graph derived (see Figure 7.4).

The pre-requirements executed before launching this interface are (i) establish the ROS

Server connection between PC and manipulator’s controller (using the command line already
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referred above from fanuc_lrmate200id_moveit_config package), and (b) launch the camera

node publishing images on /usb_cam/image_raw topic.

Target | Context | Calibrate
General Setting
Sensor configuration | Eye-to-hand

Target | Context Calibrate

Target Params Target
Target Type HandEyeTarge v
markers, X 1
markers, Y 1
marker size (px) 200 Frames Selection
marker separation (px) 20 Sensor frame: head_camera -

marker border (bits) 1 Object frame: handeye_target

ArUco dictionary DICT_4X4_25( ~ End-effector frame: | toolo

measured marker size (m) |0.080000 Robot base frame: | base_link

measured separation (m) 0.006000

Target Pose Detection

Image Topic Jusb_cam/image_raw ~ Fov

Cameralnfo Topic | /usb_cam/camera_inf¢ ~ Transparency === 0.5000

Create Target
ON/OFF (®

Save Target

(a)

(b)
Figure 7.8: (a) Target, and (b) Context tabs from Movelt! GUI for calibration.

Intructions from tutorial [73] are followed in order to perform the initial configurations.
On the first Target tab (Figure 7.8a), the Aruco parameters are selected according to the
marker’s features used for this work (see Section 5.2.5) and assembled to the calibrator tool
(Figure 7.5b). For target detection purposes, the info and image topics (which usb_cam_node
launched subscribes) are selected (/usb_cam/camera_info and /usb_cam/image_raw topics,
respectively).

The sensor configuration selected on the Context tab (Figure 7.8b) is the Eye-to-hand
type, which represents the type of Hand-Eye calibration where the target/Aruco marker is
attached to the end-effector (F=A), and the camera frame is fixed. Note that while calibration
occurs, the procedure shall collect the sufficient number of samples capable of performing the
best match between both Aruco and End-effector frames (handeye_target and tool0). See
visual representations of Figures 7.9a and 7.9b.

On the third Calibrate tab (see Figure 7.10), the solver selected from the loaded plug-in
is based on [74] optical tracking system. At this point, all the parameters are set to enable the
interactive calibration. Here, a collection of samples are captured while the robot goes through
different points. In each step, the correlation between base_link-to-tool0 and head_camera-
to-handeye_target poses improves the similarity between tool0 and handeye_target frames.

The number of samples collected for this calibration is 15 (minimum recommended on [73]).
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head /caniera

handeng_u‘arget

Camera Pose Inital Guess

X 0.7835

Y o -0.0043

7 —— 1.3461

ROl e | 13,1303

Pitch e -0.2179

base_link Yaw o= -1.6069

(a) (c)

Figure 7.9: (a) Pose estimation of the 13" iteration of the calibration (with 13 samples

collected), (b) zoom fit of the matching frames tracked, and (c) final camera pose estimated.

Figure 7.10 presents the first poses sample captured. Note that TF frames highlighted (with
message Pose format?) correspond to the referred geometric transformations (°Tg and AT )
if converted. The final result presented in Figure 7.9¢, camera’s pose guess, describes the
estimated position of the camera frame to the robot base in the real-world.

In this ROS method, the format of camera Pose data returned is (i) translation between
frames given by z, y and, z coordinates and, (ii) orientation in Euler angles (Roll, Pitch and
Yaw). Thereafter, this result is exported to the CharucoDetection algorithm (see next Section
7.2), where the conversion of this result obtained to the final ® T geometric transformation
format is performed.

Demonstration of the complete extrinsic calibration procedure (tool adjustment +
Hand-Eye calibration) is available on video in https://www.youtube.com/watch?v=
OMHRzPrFhzg.

7.2 Charuco Detection algorithm(?Tg, )

The intrinsic and extrinsic calibrations are set before the system tracker starts operating (in

offline mode):

e The intrinsic parameters are only required to be calculated on the first use of the camera;

Shttp://docs.ros.org/en/jade/api/geometry_msgs/html/msg/Pose.html
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moveit.rviz* - RViz
File Panels Help
) Interact | "&* Move Camera [ ] Select + = @
<> HandEyeCalibration
Configure the position and orientation of your 3D sensors to work with Moveit!
Target Context Calibrate

Pose samples Settings

AX=XB Solver | crigroup/Daniilidis1999 ~
ase-to-ee|
translation:
x: 0.70882
y:-0.0412429
z:0.703767
rotation:

x:-0.439552
y:0.527114
2:-0.497438
w: 0.530566

Planning Group | manipulator -
Load joint states
Save joint states

Save camera pose

Manual Calibration

P—— head/camera
¥ TF camera-to-target

translation: Take sample Clear samples
x:-0.0643274
y:-0.0867155
z:0.646241

rotation: Calibrate with Recorded Joint States
x:0.956916
y:-0.0090034
2:0.029369 Plan Execute skip
w:-0.288735

Recorded joint state progress: 0 0%

HandEyeCalibration | MotionPlanning  Displays

Reset

Figure 7.10: Calibrate tab where the interactive Hand-Eye calibration is performed.

e The extrinsic calibration must only be performed if the robot or camera hardware are

moved.

On the other hand, the Charuco detection algorithm runs alongside with the system
operation (online mode) because each time the system is started, a new capture of tray
position is required to get the new specimen grasping points. The code is built in C++
language in Visual Studio using OpenCV library. Its main goal is to return the coordinates
to each specimen of the tray (with random position), or also known as BTS, geometric
transformations, to further send to the manipulator’s controller in coordinates and Euler
angles format. When the program is imported, the set of files already collected on this work
are loaded. As represented on Figure 7.11, the three different features of the code (grey in
the flowchart) run simultaneously to get to the final result, representing separated routines
to obtain the transformations required (Figure 7.2).

The input data for this code (red on the flowchart) are (i) the predefined parameters
for the Charuco board (see Section 5.2.5), and (ii) the self-defined rotation matrix to the
tray’s referential, corresponding to the orientation which end-effector picks each specimen

(represented in Figure 7.12). Here, the rotation matrix defined is

“Ren=1|-1 0 o0 |. (7.9)

Diego Saraiva Nunes Master’s Dissertation



70 CHAPTER 7. VISUAL PERCEPTION MODULE

G

Load files...

v I

Intrinsic Camera
Parameters

Extrinsic Parameters

Grasping Points

DetectCharucoBoard function SPB_Cimen
OpenCV Coordinates on

(X, Y,2,%,0,0) tray

T (XnYnsZn)*
1

Read Camera Pose

i=
Input
v 4 i 4 v s /' Rots o 7
Orientation: Translation: Rotational vector Translation tH
Euler angles (y, 8, @) Px r_vec(ry, ry, Iz) vector: v
to Rot. Matrix Py t vec(x, y, z) .
(Rotsys) Pz CT = |P X
| I cv: :Rodrigues si CROt 'P
function S(3x3) : Vi
r_vec to Rot(sys Ip
............. a2 4
0 0 011
v (4x4)
T o
K Roty; \P
@ NO
____________ 1Py v
T
0 0 0 - 1y K
Tc YES
C
TSn
v
B _B K C ¢ |
> Ts,, = TK. Tc. TSn
Convert to...

(Xns Yns ZnsWn, Bn, Q1)

manipulator’s coordinates

Export to ...

Import to ...

Lab\"EW |nterface *n = Number of specimens in the tray

Figure 7.11: Main flowchart of Charuco’s Detection algorithm.

The extrinsic routine, in the main code, imports the camera pose results from the
Hand-Eye calibration (see Section 7.1.1). The orientation part of this data (Euler angles)
is converted to a rotation matrix, with 3x3 dimension, and is merged with the translation
points (Pz, Py, Pz) from the same initial source, resulting in the homogeneous geometric
transformation needed BTk

The intrinsic camera parameters routine has embedded the essential tool for this code:
the Charuco detector. Initially, the intrinsic parameters (see Section 7.1.2) are loaded and

assigned to the camera used on detectCharucoBoard WithCalibrationPose() function [75] for
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Figure 7.12: Relation between Charuco and specimen frames to pick.

detection of Charuco corners. The results returned by this function are (i) the rotational
vector r_vec, and (ii) the translation vector ¢t_vec. The r_vec vector is consequently converted
to a Rotation matrix, and further merged on the final geometric transformation X7.. This
conversion (7_vec to Rotsy3) is performed by Rodrigues function?.

For the Grasping Points routine, the coordinates are provided through a text file
(detailed on Section E) and they refer to the distance of their grasping regions (position and
orientation) to the tray’s origin. Note that this referential is self-defined and included as an
input of the system (see Figure 7.12). Next, a loop of six indexes is performed, merging the
six specimen grasping points with the rotational matrix, resulting in a vector of vectors of
CTs, (in a homogeneous geometric transformation format).

At this point, all the transformation results are multiplied, resulting in the final #T%,
geometric transformation. Here, a function in OpenCV is applied to convert the rotation ma-
trix part of the transformation - PRg,, (3x3) to Euler angles (¥y,, 0, and ©,°) in degrees, and
the translation matrix - ZPg, (3x1) to coordinates (wn,y, and z,) format. Function created
is based on [77] examples. The final result returned are (z,, Yn, 2n, ¥n, On, ¢n) coordinates in
the manipulator’s valid format.

As the last step, the results are exported to a text file ready to be further imported to
the LabVIEW interface.

“cv::Rodrigues- Converts a rotation matrix to a rotation vector or vice versa [76].
Syaw, pitch, and roll
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Chapter 8

Robotic Module

The strategy used to perform the specimen handling procedure is reported in this chapter.
Here, the FANUC LR Mate 200iD robot controller shares a TCP /IP communication protocol
with the PC through an Ethernet cable connection. The interface with the LabVIEW to con-
trol the manipulator is guaranteed with the DigiMetrix Robotics Library available for FANUC
[25]. The library setup and controller configurations are described in the next sections, as

well as the final block diagram with the code required to perform this routine.

8.1 Library setup and controller configuration

The first step is to install the Fanuc Robotics library provided by DigiMetrix in LabVIEW
through its VI' Package Manager. The library server programs for robot controller (available
on the directory of Digimetrix package installed [25]) are uploaded. The list of files is selected
depending on the R-30iB controller software version (version V8.20), and is located on the
installed directory path: /DigiMetrix/FanucRoboticsLibrary/Serverbinaries/
R-30iB/V8.20/. The list of programs, within this folder, which need to be uploaded to the

controller are:

s dmbuf.pc;

e dmcfqg.pc;

o dmcemd.pc;
e dmlog.pc;

o dmmove.ls;
o dmpkt.pc;

e dmserver.pc;

e dmsocket.pc.

The method used to upload all programs on the robot controller is FTP client program
(FileZilla? software on computer), which supports DOS mode as Server type. The FTP server
on robot controller is setup by default, and enables the file transfer. In manipulator’s teach
pendant, the DMSERVER.PC file is the main program, which runs all other files. Before its
first start, in teach pendant [SYSTEM| — [VARIABLES], the K AREL_EN B variable is

set with value 1, in order to in order to allow Karel programs (the ones with *.PC extensions)

Wirtual Instrument
https:/ /filezilla-project.org
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to show up in teach pendant display. At the first start, this main program enables the
automatic configuration of controller variables needed for communication and the automatic
start-up at the controller boot. The controller settings automatically changed by the Server

program are presented next:

$SHELL_CFG.$SHELL_EXT = FALSE
$SHELL_CFG.$SHELL_NAME = ‘DMSERVER’
$SHELL_WRK.SKAREL_SOP = TRUE
$HOSTS_CFG[4].$COMMENT = 'DM_FcRL_Svr’
$HOSTS_CFG[4].$PROTOCOL = ‘SM’
$HOSTS_CFG[4].$SERVER_PORT = 10000
$HOSTS.CFG[4].$OPER = 3
$HOSTS_CFG[4].$TIMEOUT = 9999

These settings install DMSERVER program as a shell program and configure server
Tag 4 (S4) to be used as Socket Messaging server on port 10000. After that, the Server
is started automatically at each controller’s boot, and the manipulator is ready to execute
the LabVIEW program, using Digimetrix Robotics library blocks for Fanuc, to perform the

specimen picking intended on the tray.

8.2 LabVIEW Pick and Place routine

In LabVIEW, the control of the manipulator is performed through code blocks. Here, the
pick and place code executes the number of times equal to the number of specimens in the
tray (n=6). The essential blocks on the algorithm are the MoveSynchro (see Figure 8.1a) and
SetDigitalLine (see Figure 8.1b). The MoveSynchro block moves the arm using point-to-point
motion (synchro motion), from the current position to the specified point received as input
(with Cartesian coordinates format). Note that this input data type is provided thought
a type definition (typedef) default structure defined by the Digimetrix Robotics library for
Fanuc (see Figure 8.2).

robot session
robot session @ - =\r';;l Fibc | .
error in (no error) IlE [ i | 1Y Gripper state------; robot session®

Cartesian *||  error out

robot session |[1b: me FeRL E
error in (no error) IE ] ) S
EE error out

Move Type

(a) (b)

Figure 8.1: (a) MoveSynchro, and (b) SetDigitalLine blocks from Fanuc Robotics library.
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The resulting picking coordinates from Charuco detection algorithm (z,, yn, zn, Wn, Pn,
ryn) are appended in their proper fields of this structure, using a LabVIEW method created
to enable the correct coordinates format as input on the moving block (see this method on
Appendix G). Additionally, the move type defined for this motion block is linear.

The other diagram block referred above (SetDigitalLine) sets the digital output line
state on the manipulator, also defined as Robot Output (RO) register. The Gripper state
input controls the digital pressure switch (SMC ZK2 vacuum ejector®), enabling the pneu-
matic/suction grip (coupled to the manipulator’s end-effector) action. The digital line which
controls the pressure switch action is RO=7, and its Gripper state input depends on the
manipulator’s action (False and True for gripping and placing specimens, respectively). This
function is executed immediately by defining its execution mode input of this block (ezec_mode

= Immediate ).

Position T 55 Pewmms|| €11 |5

Typedef Struct ext2 |6
of coordinates| ™| ext3

=1 = ==

flip [+ NOFLIP ~|

left jo LEFT
up e UP +

front jo FRONT |

Figure 8.2: Type definition structure of the data input block coordinates for manipulator.

The subVI* modules are embedded parts of the code similar to a sub-routine and
represented in the main VI (Virtual Instrument Environment) by an icon. A modular code
for manipulator motions (pick or place specimens) is built, and its detailed block diagram
is presented in Figure 8.3. Here, the pick and place tasks depend on the Position and the
Gripper state inputs received. Moreover, the approach position blocks are also included,
defining 50 mm distance (in the positive z-axis direction ) from the destination point. These
are defined as arrival and departure positions to reach before and after the destination point,
respectively.

Therefore, the main VI, including the complete manipulator motions in a loop, is

expressed in Figure 8.4. The procedure always starts and finishes with a “home position”

Shttps://www.smcpneumatics.com/ZK2-2SVB-A.html
4LabVIEW sub Virtual Instrument
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instruction for the robot’s joint states. Within the loop, the motionSub VI blocks represent the
pick and place specimens routine. Each block receives different coordinates and Gripper states.
The Cartesian coordinates received in specimen Pick (MotionSubVI block) task is provided
by the subVTI designed to convert the specimen grasping points to the typedef structure data
received by motion blocks in this library (see Appendix G for this subVI). In the specimen
Place task, the input coordinates for MotionSubVI block are already in this format, and they

are provided by a manual taught position using the teach pendant.

|Gripper ON/OFF paraml

| ATE—TE—
“+Immediate |
irubot outEut (RO)

Gripper state

TF

cartesian_coordinates

FeRL
=0
robot session* in robot session” out
&= o FeRL FeRL wnmne FeRL o FeRL ~lle ppl Fabc]
error in (no error) - 4
=13 ¥ b, O il ¥ )
Cartesian | [Cartesiar\” Cartesian ™| error out
APROXIMATION
POINT DESTINATION POINT DEPARTURE POINT

i linear 'I

Figure 8.3: LabVIEW subVI routine for pick or place motion of the manipulator - Motion-
Sub V1.

= ][ [5] "move_to_pt1": Value Change e

Slio £ SECTION Il - LOOP TO FEED MACHINE W/ SPECIMENS 1

|

7
N Y o —% ac I =1

|StopSuctionG ripperl

, [
7 \
MotionSub V1 platonsilV e
............ PLACE IN THE MACHINE TESTING
it e (PRE-DEFINED POSITION) home pasitian
loint states belove ¥
in home positicn

Figure 8.4: Main LabVIEW VI of the manipulator motions.
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Chapter 9

System Integration

This chapter presents the settings required to integrate the different modules developed and
consequently enabling the system operation. Figure 9.1 presents the main user interface
built. As pointed out, three configurations must be set before start: (1) Ethernet connection,
(2) destination point, and (3) grasping points file import. After all these pre-selections, the
execution command ( Ezecute) operates the pick (on a tray with a random position) and place

(on a pre-determined position taught before) of each specimen.

C:\Users\Diego Nunes\
Documents\Arduinol

" automatic_tests\LabView\
position

C:\Users\Diego Nunes\
Documents\Arduine\.

9 automatic_tests\LabView\
PickSpecimensCoords.txt

Figure 9.1: Main user interface for automated testing system.

The robot session is initialized by the IP port 10000 and IP address 192.168.0.231 .
Figure 9.2 presents the block diagram which enables this connection. Note that, for trial-
s/security purposes, a GetSpeed block is added to the code in order to control the linear or

synchro velocities of the manipulator by knob while testing occurs.
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robot session 7]
FeRL F
it 4=
START ROBOT SESSION e B> 5] '

Ethernet Connection 2 / Al -
Open session and connect synchro speed B =2 Knob (strict) 3
i

Start toolkit - TP progra M | linear speed Value

feedrate override
I

H’! = Knob (strict) » |E = Knob (strict) &

P ActSlider I' Value

Figure 9.2: LabVIEW block diagram for the robot open session.

9.1 Destination point (Place)

The destination point, considered as the simulated feed position in the testing machine,
is taught beforehand to the manipulator using the teach pendant. The pre-defined FcRL-
ex0-saving-positions_to-rml LabVIEW program [25], provided by the Fanuc Robotics library
examples, is the method used to teach and export the destination point to a XML file (in
Cartesian coordinates format). Then, before starting the system in the main interface, the
file with the destination coordinates is uploaded (Number 2 on Figure 9.1 interface) thought
a read file function block. This import procedure includes a conversion to typedef structure
afterwards, with the Cartesian coordinates format required. The Figure 9.3 represents this
method on the LabVIEW block diagram created.

typedef struct

FerLo|| A
Destination Point SRR =
h to xt fil Kitd
LOAD FILEOF TESTING |_ (Pt to ot fle) 2 re
POSITIONS IN MACHINE = . T
a Ky

¢
read file function o
XML to typedef

Figure 9.3: LabVIEW block diagram to import XML file of the position taught.

9.2 Grasping points (Pick)

The Charuco detection algorithm exports the grasping points to a spreadsheet format file (see
an illustrated example of this sort of data organization on Table 10.1 below). In the file to
be read, the delimiter between data points is the space key character. Before starting the
system, this text file is imported (Number 3 on Figure 9.1) by the read file function block,
and the conversion of the spreadsheet read to an array is performed. Here, the data type

(float- %f) and delimiter (space key character) are configured on its function block. After
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returning the entire array, a sub-routine is simultaneously performed to obtain the array size
(lines) which corresponds to the number of specimens in the tray. The result is defined as the
count terminal number on the loop created (which executes this number of times the code
within). Moreover, it is consequently used as input on the pick and place routine ahead on

the main code.

|Size Array = Nro tot Points |

Grasping Point File Eﬂf o
LOAD FILE OF SPECIMEN (path to .txt file) 2 |€)_'|_
GRASPING POINTS IN TRAY > =! —;M |
2R
/"
|Spreadsheet_to_Array|

Figure 9.4: LabVIEW block diagram to upload grasping points from a text file.

All these configuration modules are then integrated to the robotic module routine
already detailed on previous Chapter 8, resulting in the main code represented LabVIEW
block diagram shown in Appendix H.
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Chapter 10

Experiments

This chapter presents several tests performed to validate in a simulated environment the
developed communication structure of the automated testing system, and the performance of

the designed Vision Module features.

10.1 Demonstrations

For this particular demonstration case, two tests were performed choosing two random po-
sitions to place the tray (reachable to the manipulator’s arm) and using the suction grip
coupled to the end-effector to handling the specimens. The order of the operation follows
the next steps: (1) teach position, (2) detection of the tray reference, (3) set connection and
load coordinate files, and (4) execute Pick&Place (specimen handling) system. The first three

steps are set before the system starts/execution command.

Teach Feeding position

This task is manually performed using manipulator’s teach pendant. It aims to teach a
position, simulating the feeding point on a testing machine and exports the results to an
XML file. The FecRL-ex6-saving_positions_to_xml program is used to perform this task. Its

interface is presented in Figure 10.1.

Al
&

192.162.0.231

TR

T

Figure 10.1: FcRL-ex6-saving_positions_to_zxml LabVIEW program to teach positions [25].
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First, the manipulator’s arm, with its suction grip grasping a specimen, is taken to the
destination required. As examples, the positions from Figure 10.2a and Figure 10.2b were
chosen. Then, in the interface to teach positions, the Teach position command is pressed to

save both. Finally, the Export to XML command must be executed to export data to a file.

Figure 10.2: Taught Positions (a) 1 and (b) 2.

Detect Tray Reference

The specimens tray was placed into two different/random positions in the workspace. Po-
sitions are reachable to the manipulator’s arm and within the camera’s FOV. See position
selected for Test 1 in Figure 10.3a, and for Test 2 in Figure 10.3b. Then, the Charuco detec-
tion algorithm is executed. As seen in Figures 10.3c and 10.3d, the algorithm displays the
detected tray references. When the Enter key is pressed on the keyboard, the code returns
the Cartesian coordinates calculated of the several specimen grasping point distances, within
the tray, to the robot base. Table 10.1 presents the coordinates returned of the specimen
grasping regions on the tray on Test 1 position. These results are exported to a text file,

formatted with a space delimiter between data points.

Table 10.1: Results of the specimen grasping regions (coordinates) for Test 1 tray’s position.

X (mm) |y (mm) | z(mm) | ¥ (°) | 0(°) | ¢(°)

540.054 | -153.589 | 27.1943 | -179.46 | -0.196987 | 90.402
Specimen 995.0561 | -153.201 | 26.6757 | -179.46 | -0.196987 | 90.402
pIndex 650.047 | -152.814 | 26.1571 | -179.46 | -0.196987 | 90.402

538.511 | 66.4044 | 27.9506 | -179.46 | -0.196987 | 90.402
593.507 66.792 27.432 | -179.46 | -0.196987 | 90.402
648.503 | 67.1797 | 26.9134 | -179.46 | -0.196987 | 90.402

U WINHO
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(¢) Test 1 - Detection in VS (camera view) (d) Test 2 - Detection in VS (camera view)

Figure 10.3: Tray’s position for Test 1 (in the first column ), and for Test 2 (the second column).

Set connection and load coordinate files

As detailed in Figure 9.1 from Section 9, the required three configurations are set before the
system starts: (1) Set IP address and port, (2) Load XML file saved with feeding/taught
positions, and (3) load grasping point text file. Note that, for demo purposes, the only taught
position used to place the specimen in these tests is the Position 1 (Figure 10.2a).
Execute command

After all the pre-configurations set before the start, the Pick and Place operation is executed
by pressing the Ezecute command in the created main LabVIEW interface (see Figure 9.1
interface). Note that the first action of the manipulator is always to move its joints to the
home position defined, regardless of its current position (Figure 10.4a). Furthermore, the last
action of the manipulator (after performing the complete routine) is to return to the home
position as well. Illustrative results of Test 1 are shown in Figures 10.4. Here, Figures 10.4b,
10.4¢, and 10.4d represent the approach points of the gripper to the specimens, and Figures
10.4e, 10.4f and, 10.4g each grasping point of the gripper.
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(g) Grasping point 6

(h) Destination point

Figure 10.4: Pick and Place results in Test 1.
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Coordinate results for Test 2 tray’s positions are presented on Table 10.2. The returned
x and y coordinates, as well as the rotation components, show accurate results on the specimen
picking spots (central points). The z coordinate, which is a fixed value of the tray for both
tests, present small variations. These factors are analysed on Section 10.2. In the set of
images from Figure 10.5, the representation of the Test 2 results are presented. Following
the same concept from Test 1, Figures 10.5a 10.5b, 10.5¢ represent the approach points to
specimens number 1, 3, and 6 of the tray, respectively. Figures 10.5d, 10.5¢, and 10.5f show

the grasping points to the same specimens.

(d) Grasping point 1 (e) Grasping point 3 (f) Grasping point 6

Figure 10.5: Specimen handling results in Test 2.

As an assistant option, this method/operation is available on video in https://
www.youtube.com/watch?v=qlHQGAHaHng&t=45s, where the tray tracking process and

specimen handling with the manipulator is shown.

Table 10.2: Specimen grasping point results for Test 2 tray’s position.

Coord | x (mm) |y (mm) | z (mm) | ¥ (9) 6 (2) ©(9)

5| 0 | 550.241 190.59 31.3944 | 179.585 | -0.383198 | 158.738
Tl 570.188 | 241.844 | 31.7925 | 179.585 | -0.383198 | 158.738
2 2 590.135 | 293.098 | 32.1906 | 179.585 | -0.383198 | 158.738
qg) 3 345.221 | 270.368 | 32.8658 | 179.585 | -0.383198 | 158.738
Sl 4 365.168 | 321.622 | 33.2639 | 179.585 | -0.383198 | 158.738
@ | 5 | 385.115 | 372.876 33.662 | 179.585 | -0.383198 | 158.738
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10.2 Cases Discussion

This section discusses the results of tests performed at different tray heights and tray occlusion

conditions.

z coordinate precision

As represented on the layout of Figure 10.6, several tests were performed positioning the tray

at different heights. The aim is to analyse the differences between the z coordinate values

(returned by the detection code) and the real value (reference height) in each case. Table

10.3 contains the z coordinates of the different height returned by the tests.

Field-of-View

679 mm

h=

(a) Layout

(d) h= 252 mm

(e) h= 679 mm

Figure 10.6: Different heights of the specimens tray tested.

Table 10.3: Z coordinate results for the different tray heights

Z coordinate (mm)

h=0 h=38 | h=252 | h=679
B | 1]-13.9434 | 26.0902 | 250.708 | 685.657
¥ [ 2] -13.8682 | 25.4338 | 249.417 | 685.619
g 13| -13.793 | 24.7774 | 248.126 | 685.581
g 4 | -11.6292 | 28.5945 | 254.171 | 686.848
© | 5| -11.554 | 27.9381 | 252.88 | 686.81
o | 6 -11.4788 | 27.2817 | 251.589 | 686.771

Figure 10.7 presents the absolute error of each specimen grasping points (between z
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coordinates returned and z real values). This analysis aims to quantify the error at different
heights. Positioning the tray at 252 mm (Figure 10.6d) is the case in which the error is the
lowest. As represented by the results returned of 0 mm and 38 mm heights, the absolute
error rate increases for lower heights (which corresponds to higher distances of the tray to
the camera). Moreover, it was expected that the tray’s proximity to the camera could be a
factor of more accuracy in z coordinate results. That was not the case here, where the 680
mm tray’s height return higher values of error than the 252 mm height case.

Absolute Error
Hh=0mm #Zh=38mm &h=252mm &h=680mm

-
o

13.8682 13.793
== ] 13.2226

-
s

= =
15 ~

Abs Error (mm)
-]

1 2 3 4 5 6
Specimen Slot Number

Figure 10.7: The bar chart analysis expresses the error values for different tray heights (Ab-
solute Error).

Figure 10.8 expresses the normal difference between z coordinates returned by the code
and the real heights. It aims to characterize the type of error (its trend). In this practical case,
positive error values will place the suction grip (end-effector) to grasp specimens above the
real picking region (before it reaches the tray). On the other hand, z coordinates presenting
negative values of error can cause damages on the tray, because the grasping region is below
the tray’s surface. Note that closer distances of the tray to the camera produces z coordinates
with positive margins of error (before reaching the whole tray/safe positions), and vice-versa
for longer distances.

Several reasons can be the origin of these errors. One of them can be the rough
surface caused by sticking the layout model sheet to the structure selected for the tray’s
prototype. This slight unevenness in the board’s markers can cause the errors while the code
is detecting/interpolating the references of the tray. Another source of error may appear in
the process of matching perfectly (trying) both Aruco (from tool calibrator) and end-effector
frames in Hand-Eye calibration. However, these error rates did not stop the overall suction
grip operation. Performing this picking task using this type of end-effector does not require
full contact with the object to grasp it, but can cause a small deviation in specimen central

points grasped.
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Z Coordinate Error

Bh=0mm Zh=38mm &h=252mm &h=680mm

6.848
5.657 5.619 5.581

-13.8682
1 2 3 4 5 6
Specimen Slot Number

15 139434

Figure 10.8: Normal difference between the reference heights and each z-coordinate returned.

Tray’s occlusion

One of the points validated on the Charuco mark features is the detection of its board with
occlusion. In this practical work, examples of this detection type (and the consequent return
of the reference) are presented when the tray is (i) partially outside of the camera’s FOV
(Figure 10.9), (ii) has its centre occluded by the manipulator’s arm (Figure 10.10a) or (iii)

its reference (Figure 10.10b). However, if the occlusion rate is high on the tray (Figure

(a) Workspace view. (b) Detection in VS.

Figure 10.9: Specimen tray outside of camera’s FOV.

10.10c), the detection does not succeed. This feature is suitable to plan trajectories of the

manipulator’s arm with more versatility or fewer constraints on camera’s occlusion.
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Figure 10.10: Board occlusion conditions: Arm (a) covering the center, (b) the reference ,
and (c) occluding almost entirely the board.
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Chapter 11

Conclusions and Further Works

11.1 Conclusions

In this work, an experimental communication framework was projected, aiming to accomplish
specimen handling in automated material testing. The contributions made were performed on
the layout design apparatus created and within some specific modules, including (i) Testing
Machine, (ii) Robotic, (iii) Visual Perception, and (iv) Control Modules.

In the Testing Machine Module, a biaxial testing machine (adjusted to perform ten-
sile testing) was selected to retrofit some hardware/software features in it, which increases
the degree of automation and versatility, in order to enable further integration on a auto-
mated mechanical testing system. Here, electrical switches were appended to control the
grips courses, the homing procedure implemented, and the motor tracking positions as well.

On the Robotic Module, the TCP/IP Server was configured in order to establish
a proper connection with LabVIEW. Here, a licensed library was provided by courtesy of
Digimetrix, including coding blocks capable of interacting with Fanuc LR Mate 200 iD ma-
nipulator through this environment. Therefore, a Pick and Place routine is created, ready
to receive the coordinates of the specimen positions in the tray from the Visual Perception
Module.

Regarding this dissertation’s objectives, the features integrated into the Visual Per-
ception Module were the most satisfactorily and the achievements were able to be validated.
The entire calibration procedure was performed via ROS Industrial due to its versatility and
ease of integration. Furthermore, these results were imported to a Charuco detection algo-
rithm, which tracks the specimen tray reference and returns the cartesian coordinates of each
specimen within it to perform further grasping and handling tasks using the manipulator’s
gripper. This algorithm can be applied to future specimen trays/stations designed for these
purposes. The requirements for potential components designed are (i) to have the Charuco
marker integrated, and (ii) to know the fixed distances between each specimen centre points
and this reference marker.

Robotic and Visual Perception modules are integrated into the LabVIEW environment
for testing purposes. The gripper used to handle the specimens is the suction grip initially
coupled to the manipulator’s end-effector, which is suitable to handle the specimens in these
tests. Here again, the gripper format depends on future specimen trays designed and, if

required, can be modified /re-designed according to its demands.
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On the other hand, the Testing Machine Module has not achieved the integration stage
with these two modules yet, not being able to test the new automated features added to the
machine in the integrated environment.

Given the unavailability to have the Fanuc robot and testing machine within the same
laboratory, a specimen tray prototype was designed in the practical case. After that, the two
modules (Robotic and Visual Perception) integrated are tested within the workspace. The
specimen handling operation aids to validate the robotic pick and place routine created, and
the coordinates returned by the Visual Perception algorithm.

The ROS packages used for calibrations and the working system developed for this

dissertation are publicly available on:

Msc_TesteAutomation
— https://github.com/diegosaraivanunes/Msc_TesteAutomation;

Camera Calibration (Intrinsics)
— https://www.youtube.com/watch?v=QEqIVUfse30;

Hand-Eye Calibration (Extrinsic)
— https://www.youtube.com/watch?v=0MHRzPrFhzg&t=198s;

Tray Tracking and Specimen handling
— https://www.youtube.com/watch?v=glHQGAHaHng&t=45s.

11.2 Future Works

This dissertation is integrated on the main research group project named as “Integration of
Robotic Systems in Material Testing”. This work was the first approach to this thematics
(kick-off relatively to practical cases) and contributed to what is aiming to accomplish as the
final goal: fully automatic testing. Several modules must be integrated and features added in

the future. In particular, by priority order, they are listed above:

e Add pneumatic/hydraulic grips to the testing machine module to allow the remote
control;

e Enable the data acquisition of the load cells to collect strain/stress information during
testing;

e Integrate the testing machine features retrofitted in this work to the automatic testing;

e Append the data recording module (Video-Extensometer or Aramis) to register the
testing results;

e Design and produce a real specimen tray/station to verify detection algorithm effective-
ness;

e Transport manipulator and testing machine to the same lab in order to proceed to the

final system integration, and consequently, fully automatic testing.
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Referéncia: 536TH135-P2-2-G-A
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Appendix B

FANUC LR Mate

200iD specifications

Model LR Mate 200iD
Controlled axes 6 axes (J1, J2,J3, J4, J5, J6)
Reach 717mm
Installation (Note 1) Floor, Upside-down, Angle mount
1 axis 340°/ 360° (opt[on) (450°/s)
5.93 rad/6.28 rad (option) (7.85 rad/s)
. 245° (380°/s)
A2 @i 4.28 rad (6.63rad/s)
"l’\',f“‘?" range | J3ds 733 ead (5.08ratls)
(Maximum speed) e 380° (550°/s)
6.63 rad (9.60 rad/s)
) 250° (545°s)
B 4.36 rad (9.51 rad/s)
q 720° (1000°/s)
Joads 12.57 rad (17.45 rad/s)
Max. load capacity at wrist - - Tkg
J4 axis 16.6 N-m
Allowable load o
moment at wrist o vt 1616]N:m
J6 axis 9.4 N-m
J4 axis 0.47 kg-m?
Allowable load -
inertia at wrist J5 axis 0.47 kg-m?
J6 axis 0.15 kg-m?
Repeatability +0.02 mm
Mass (Note 2) 25 kg
Ambient temperature : 0~45C
Installation environment Ambient humidity : Normally 75%RH or less (No dew nor frost allowed),
Short term 95%RH or less (within one month)
Vibration : 0.5G or less

Figure B.1: Technical specifications of the Fanuc LR Mate 200iD [21]
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Figure B.2: Dimensions and working range of the manipulator [21].
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Appendix C

ROS Server Configurations

The configuration of the communication protocol for the ROS Server requires the execution
of two FTP files coming from Cancela’s [51] work and two new USM files. In Figure C.1a,
the teach pendant view shows the required tag files with the protocol FTP started by default
(S1 and S2), and the USM files (tags S7 and S8).

1 CHECKED
2 F N3N DY
3 E_NSM DRDY

-
= TI
N

] 11002
5_TAG_NE 7
UM_CLEAF. TRUE

Figure C.1: (a) Configurations to execute setup Servers , (b) ros_relay, and (c) ros_state
variables configurations presented in the teach pendant display.

The four main files generated in Roboguide compilation, and consequently transferred
to the controller are (i) ros_state.sm?', (ii) ros_relay.sm?, (iii) ros_movesm.tp> and (iv) ros.tp?.

In addition, the pattern values for the files transferred to the controller (available on
[56] tutorials) are defined in the variables of the ros_relay (Figure C.1b) and ros_state (Figure
C.1c) programs.

'ROS server which is waiting in a pre-defined port to the client connection.

2ROS server responsible to receive the joint states of the manipulator.

3TP file program responsible to perform the manipulator’s movements.

4Unique TP file executed by the user. It runs the three programs described above simultaneously.
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Appendix D

OpenCYV configurations in VS

The Visual Studio Community 2019 (VS) is executed on Microsoft Windows 10 operating
system. Four main steps are required to configure the OpenCV libraries: (1) Define the path
in system variables, (2) add additional include directory, (3) additional library directories, and
(4) additional dependencies. Only the first step is configured in the system environment of
the operating system (Environment Variables). The others are defined inside the properties of
the Visual Studio project created. The configuration of the VS project is always set as Debug
mode and in an x64 platform. The content from opencv_contrib [65] repository is extracted
to the main directory C, within a folder named as opencuv_lib. Next, the steps referred above

are described.

CharucoDetect Property Pages ? @l Solution Explorer

Configuration: | Debug

A

Advanced

Debugging

VC++ Directories

4 C/Ces
1
Optimization
Preprocessor
Code Generation
Language
Precompiled Heade
Output Files
Browse Information
Advanced
All Options
Command Line
4 Linker
2
3
Manifest File
Debugging
System v
< >

v | Platform: | x64

v General Properties
Output Directory
Intermediate Directory
Target Name
Configuration Type
Windows SDK Version
Platform Toolset
C++ Language Standard

Output Directory

$(SolutionDir)$(Platform)’

Configuration Manager...

S(Platform)\S(Configuration)\
S(ProjectName)

Application (.exe)

10.0 (atest installed version)
Visual Studio 2019 (v142)
Default

Path to where the compiled program will be placed. Can include environment variables.

Cancel

Q- o-58B

s

1 Solution 'CharucoDetect’ (1 of 1 project)
4 [%) CharucoDetect

Figure D.1: Properties of the project.

Define path in system variables

In Windows System properties — Environment Variables environment, the following

path of the system variables is created C:\opencv_1lib\install\x64\vcl6\bin

Add additional include directory

Inside the VS project containing Charuco detection algorithm, in its properties (yellow
rectangle pointed out in Figure D.1), the include path in C++ (red rectangle 1 on Figure
D.1) is set with the path C:\opencv_lib\install\include.
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114 APPENDIX D. OPENCV CONFIGURATIONS IN VS

Add additional library directories

In project properties (yellow rectangle on Figure D.1), inside Linker section (red rect-
angle 2), the environmental library path is defined on Additional Library Directories with
C:\opencv_1lib\install\x64\vcl6\1lib directory.

Add additional dependencies

The additional library dependencies required for this project are set on Linker— Input
(red rectangle 3 on Figure D.1). The list of library files (Debug-version) added as dependencies

to the project is presented below:

o opencv_arucodb0d.lib

e opencv_calib3d450d.1ib
e opencv_ccalib450d.1ib

e opencv_cored50d.lib

e opencv_highgui450d.lib
e opencv_imgcodecdb0d.lib
e opencv_imgproc4b0d.lib
e opencv_videoio4b0d.lib

e opencv_videodb0d.lib

These libraries allow the use of functions and object classes from OpenCV required to
the project. For example, the opencv_aruco450d.lib allows the use of Aruco class objects in

programming in order to create the algorithm to detect the Charuco markers.

Diego Saraiva Nunes Master’s Dissertation



Appendix E

Specimens Tray Demo

The output of Charuco detection algorithm and consequent conversion to world coordinates
(at robot base) is validated by the design of a specimen’s tray prototype (including the
specimens in Figure E.la). The displacement between each grasping point/region (in each
slot) and the tray origin defined by the Charuco reference must be known (available in a text

file format) and ready to be loaded when the detection algorithm requires the import (Table

E.1).

Specimen Demo 1

Specimen Demo 2

Figure E.1: (a) Prototypes of the specimens, and (b) their thickness.

The template of the tray’s surface used (with all the dimensions included) is presented

on the technical draw in the next page, including the dimensions of the specimen unit.

Table E.1: Grasping coordinates of each point to the origin of the tray/Charuco board refer-

ence (in mm).

Tag | x y |z
P1 | 165 | 110 | O
P2 | 220|110 | 0O
P3 | 275|110 | 0
P4 | 165 | 330 | O
P5 | 220 | 330 | O
P6 | 275|330 |0
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Appendix F

Appends to Arduino Code

#include "Timer.h"

// 1) Declare variables and Arduino pins
// Pulse

const int mvl =

w

; //OUTPUT pin - PUL+ (motorl)
; //OUTPUT pin - PUL+ (motor3)

I
o

const int mv3
// Direction

const int mdl = 2; // DIR+ (motorl)

const int md3 = 7; // DIR+ (motor3)

// 2) SWITCH pins

const int switchPin_lower = 10; // Limit Lower Switch pin

const int switchPin_upper = 11; // Limit Upper Switch pin

// 3) Positioning variables

float pos_inf; // Positioning of inf motor (motorl)

float pos_sup; // Positioning of sup motor (motor3)

// put your setup code here, to run once:
void setup () {
// 4) Pin modes
pinMode (mv1l, OUTPUT) ;
pinMode (mv3, OUTPUT) ;
pinMode (mdl, OUTPUT) ;
pinMode (md3, OUTPUT) ;

// 5) Define Starting status
digitalWrite (mv1l, LOW) ;
digitalWrite (mv3, LOW) ;
digitalWrite (mdl, LOW) ;
digitalWrite (md3, LOW) ;

// 6) Limit switches Pin modes input pull_up resitor
pinMode (switchPin_lower, INPUT_PULLUP) ;
pinMode (switchPin_upper, INPUT_PULLUP) ;

Serial.begin (1000000);

// 7) Start Homing procedure of Vertical Stepper Motors at startup:

// 7.1) For lower switch

while (digitalRead(switchPin_lower)) { // Do this until the switch is not activated
digitalWrite (mdl, HIGH) ; // (HIGH = anti-clockwise / LOW = clockwise) -
dirPin_lower
digitalWrite (mvl, HIGH) ;

delayMicroseconds (500) ; // Delay to slow down speed of Stepper

digitalWrite (mvl, LOW) ;
delayMicroseconds (500) ;

while (!digitalRead(switchPin_lower)) { // Do this until the switch is not activated

digitalWrite (mdl, LOW) ;
digitalWrite (mvl, HIGH);
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118 APPENDIX F. APPENDS TO ARDUINO CODE

49 delayMicroseconds (500) ; // More delay to slow even more while
moving away from switch

50 digitalWrite (mvl, LOW);

51 delayMicroseconds (500) ;

52 }

53

54 // 7.2) For upper switch

55 while (digitalRead(switchPin_upper)) { // Do this until the switch is activated

56 digitalWrite (md3, HIGH); // (HIGH = anti-clockwise / LOW = clockwise)

57 digitalWrite (mv3, HIGH);

58 delayMicroseconds (500) ; // Delay to slow down speed of Stepper

59 digitalWrite (mv3, LOW);

60 delayMicroseconds (500) ;

61 }

62 while (!digitalRead(switchPin_upper)) { // Do this until the switch is not activated

63 digitalWrite (md3, LOW);

64 digitalWrite (mv3, HIGH);

65 delayMicroseconds (500) ; // More delay to slow even more while
moving away from switch

66 digitalWrite (mv3, LOW);

67 delayMicroseconds (500) ;

68 }

69

70 // 8) Reset Positions variable to zero:

71 pos_inf=0;

72 pos_sup=0;

73}

74 /// MAIN CODE

75 void loop() {

76 // put your main code here, to run repeatedly:

7 if (pos_inf>=0 && pos_inf<=100 && pos_sup>=0 && pos_sup<=85){ // Condition to provent
courses off limits

78 // ... Original Code

79 }

80 1}

Diego Saraiva Nunes Master’s Dissertation



Appendix G

LabVIEW modules specifications

This appendix specifies a modular part of the LabVIEW code built for the system.
G.1 Array-to-Cartesian SubVI

This modular sub-routine merges (in every iteration) the array of the coordinates
imported to the remaining (and constant) fields, resulting in the typedef structure with the
data format required for input data in manipulator’s Move Synchro blocks. Table G.1 presents
an example of the coordinates format file returned by a random position captured of the

specimen tray, and Figure G.1 the block diagram of this conversion.

Table G.1: Example of an array with specimen grasping points returned.

X (mm) | Y (mm) |Zmm) WCE | P | R()

611.825 | -257.991 | 28.9311 | -179.946 | -0.562395 | 91.5384
Specimen 666.805 | -256.514 | 28.8789 | -179.946 | -0.562395 | 91.5384
pIndex 721.786 | -255.037 | 28.8268 | -179.946 | -0.562395 | 91.5384

605.919 | -38.0812 | 31.0905 | -179.946 | -0.562395 | 91.5384
660.899 | -36.6041 | 31.0384 | -179.946 | -0.562395 | 91.5384
715.879 | -35.1269 | 30.9862 | -179.946 | -0.562395 | 91.5384
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Figure G.1: Block diagram of the array bundle, resulting on Cartesian Coordinates format.
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Appendix H

Block diagram of the system

121



=SECTION | - SETTIN:GS BEFORE START =

OO0 0000000000000000000000000000000000007F

LOAD FILE OF TESTING
POSITIONS IN MACHINE

LOAD FILE OF SPECIMEN
GRASPING POINTS IN TRAY

START ROBOT SESSION

ernet Connection

[Open session and connect|/

[Start toolkit - TP progra

stop_resume

lPauseH'BchText.Textl

Destination Point
(path to .txt file)
;||7 " g 0
Soft e
1] T4 ——— 1
lSize Array = Nro tot Points |
Grasping Point File =t O
(path to .txt file) 0
M —e
> |
Read From .txt
robot session
Ir°b°t|[ FeAL FeRL FeRL
e D & =3 o]
T ——he— L N ;: +2

tar [PValue

Synchro

synchro speed

= | linear speed

feedrate override

Ty

SOSAAAAAAAAAAAAAAAAAA AN

DRRNMN

SORAAAAAAAAANN

COOSAARAAAAASAAAAAAAAAAAAAAMAAAARMAANMARMANMARN, (T0) NN

AT IIIIIIIIIIIIIIII LI LI III TSI IL TSI IL LI LIS II LIS LTSI IL I IL I LI ILIIIIIL LI IS IL LIS LIS LTSI IE SIS LIS I

No Error ¥

sy

3=

I

-

W [5] "move_to_pt1": Value Change

= o

|

SECTION Il - LOOP TO FEED MACHINE W/ SPECIMENS

2.

Iteration =
Current Grasp

\

g

SubVI|_array to Cartesian

Coord format

DO

SECTION Il - CLOSE SECTION

SONOBINNNN

SONOBINNNN

[

L LTI LSS IS SIS SE LI LSS IS SIS

SL LS LIS IS SIS

SE LI LSS IS SIS

SE LTI LSS IS SIS

SL LI LSS IS SIS

SL LI LSS IS IS

SL LTI LSS IS IS

2
[Start - Home Position| |StartSuctionGripper [ IStopSuctionGripperl
) '3. E "'1 \r;:;
- = g » | status
Joint Angles ¥ T E | }
AT MotionSub V! MotionSubVI | :
IE:.'.%E i PICK SPECIMEN IN THE TRAY PLACE IN THE MACHINE TESTING i
i (PRE-DEFINED POSITION) home position
Joint states before end
in home position
STOP &L EXIT

—

[Check error or stop condition|

SE LI LSS IS S

SL LTI LSS IS LS

SONONINNNN

SONONINNNN

“
CPPPIPISS

0000000000000 000000000000000000000000020

[Disconnect and close|

FeRL




