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Abstract

This thesis is the result of work carried out within the European project H2020 GOOD MAN and
intends to be a contribution to realize the Industry 4.0 paradigm. In particular, it concerns the
development of in-line smart quality control systems.

The work presents the development of two systems: a) an automated measurement system based
on a confocal chromatic sensor for checking the dimensions of turned metal components and b) an
automated control system based on computer vision for checking the presence of burrs due to the
drilling process on the same parts.

These metal components, which consist of little hollow cylinders with several lateral holes, are
used in hydraulic valves intended for use in the automotive industry. The quality control of these
parts requires the verification of stringent dimensional tolerances and functional performances.
The overall objective of the project is to realize an in-line 100% quality control in order to prevent
the generation and propagation of defects at the exit of the turning processing station.

The two systems developed exhibit smart behaviour, aimed at managing measurement uncertainty
and reducing the risk of misdiagnosis. The automation level and the optical non-contact approach
adopted allows to extend the controls previously made on statistical samples to 100% of the pro-
duction.

After presenting the industrial cases, this thesis discusses the conceptual design for each system,
the steps for the realization of the prototypes, their characterization in laboratory condition and
finally the demonstration in a real production line.
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Chapter 1

Introduction

Manufacturing industries are currently facing new challenges given by the Industry 4.0 paradigm.
Indeed, the disruptive impact provided by digitalization is requiring a constant evolution towards
new technologies able to rapidly adapt both processes and products.

In-line quality control is recognized as one of the pillars of digital factories, according to the
paradigm of Industry 4.0; indeed, early detection of defects and anomalies allows preventing defects
to propagate to downstream processes and allows to develop adaptive control strategies which may
compensate for deviations from nominal specifications by feed-back at single process or feed-forward
at following stages of a multistage manufacturing system. Therefore, quality control is intimately
connected to process control [25], in the perspective of Zero Defect Manufacturing (ZDM) [55].

In this context, it becomes clear that a zero-defect strategy requires reliable information to
support any decisions. Reliable information requires measured data from the process and the
product. In a real production scenario, however, the availability of data does not by itself guarantee
an effective information build-up. In particular, measurement uncertainty must be known, kept
under control and adequately managed so to keep the confidence level on measured data at the
required level and therefore to effectively support the following decision making based on data.

These measurement systems are aimed at supporting in-line quality control, which consists of
taking measurements in-line, possibly on 100% of the production, process data to extract charac-
teristic features and perform a diagnosis by assessing compliance to specifications or identifying
and classifying defects. Quality control is a decision-making process, for which uncertainty of
measurement plays a fundamental role; if data are uncertain, the following diagnosis may be un-
certain too. Smart Quality Control Systems (QCS) are designed to exhibit real-time adaptive
behaviours, in order to keep measurement uncertainty under control even in case of variations of
process/product parameters; they could implement data pre-processing to derive synthetic quality
indicators, self-diagnosis and self-calibration to maximize the confidence level of the sensors output.

The European Commission is devoting large efforts to promote research [4] and innovation in
the sector of manufacturing, with a particular focus on smart factories, the so-called factories of
the future, and the associated technologies. In particular, in Horizon 2020, several Calls have
been opened in the last years, also through the actions of the Public Private Partnership EF-
FRA (European Factories of the Future Research Association, [2]) and of the Technology Platform
Manufuture ([5]). These associations, after consultation with their industrial partners, provide the
EU Commission with road-maps and a vision towards the development of advanced manufacturing.
They represent the stakeholder in the manufacturing sector.

This research is part of the European Project GOOD MAN-“aGent Oriented Zero Defect Multi-
Stage Manufacturing” [3]. GOOD MAN project has received funding from the European Commis-
sion under the EU Framework Programme for Research and Innovation Horizon 2020 (2014 - 2020)
within the FoF — Technologies for Factories of the Future initiative. Contract no. H2020-FOF-03-
2016-723764.

A cluster of European projects, of which GOOD MAN is part, has formed the Zero Defect Manu-
facturing (ZDM), a sub-platform of Manufuture. The topic of in-line quality control is of course
strictly connected to ZDM.



CHAPTER 1. INTRODUCTION

The thesis is organised as follows. Chapter 2 provides an overview of GOOD MAN European
Project: the distributed system architecture and the three use cases’ characteristics. The last part
of this chapter describes the Zannini production scenario and the two quality control systems to
develop.

Chapter 3 discusses the Confocal chromatic sensor quality control system for geometric feature
assessment. Its first part is dedicated to the state of the art of this particular measurement
inspection and of the confocal chromatic sensor. In the second part, the hardware design and
realization are discussed in detail. In the third part, the smart behaviours and software are
presented. In the last two parts, the metrological laboratory performances and the results in a real
production scenario are reported.

Chapter 4 describes the quality control system for burrs identification. The first part introduces
the state of the art of this inspection. The two following parts are focussed on the hardware and
software development of the quality control system. The last part of this chapter analyses the
results of the system in the production environment.

Chapter 5 draws the conclusions of the entire work.



Chapter 2

Inline quality control in the field
of Industry 4.0

2.1 GOOD MAN Architecture

The core idea of the GOOD MAN project is to integrate and combine process and quality control
for a multi-stage manufacturing production [25, 16] into a distributed system architecture built on
agent-based Cyber-Physical Systems (CPS) [1] and smart inspection tools. This framework, based
on agents associated to each process and to each product, supports real-time data collection and
defect diagnosis at single process level, as well as inter-stage sharing and processing of information
at global level using data mining techniques. The Zero Defect Manufacturing (ZDM) strategy
proposed by the GOOD MAN project runs on this framework, at local and at global system level,
has been demonstrated in three relevant industrial cases with multi-stage production lines with
different levels of automation and production rate.

The real time and early identification of deviations and trends, performed at local level, allow to
prevent the generation of defects at single stage and their propagation to down-stream processes,
enabling the global system to be predictive (early detection of process faults) and proactive (self-
adaptation to different conditions).

Multistage manufacturing systems are inherently complex because of their hybrid structures with
mixed sequential and/or parallel stages, mixed data types and scales and the existence of feed-
back/forward loops. In multistage systems the outputs from a given stage are the inputs to another,
result from one stage is influenced by local variations in the process, but also by the propagation of
defects from the previous stages, hence the overall global performance of these systems is statisti-
cally dependent on the stochastic performance of each individual stage. Traditional approaches for
quality control, which are mainly based on Statistical Process Control (SPC) treat the multi-stage
system as a whole and lack the capability to discriminate among changes at different stages. First,
the statistical models and process distributions are assumed known and cannot be defined properly
in the multidimensional space. Second, the large amount of data generated/used in a multistage
system cannot be processed efficiently using traditional processing methods. This implies the need
for combining model and data-driven approaches in quality control.

The Zero Defect Manufacturing framework for multi-stage production employs the following
technologies:

1. Integration of process control and quality control by using an agent-based CPS architec-
ture. The choice of this solution is motivated by its intrinsic characteristics e.g., distribution,
decentralization, modularity and robustness, which are particularly suited to implement con-
trol at local and global levels in multi-stage manufacturing, to achieve modularity, to develop
adaptation and reconfigurability whilst reducing complexity.

2. Quality control systems (QCSs) designed to exhibit at local level (single stage: process oper-
ation, quality control station) real-time adaptive behaviors to keep measurement uncertainty
under control [58, 45] even in case of variations of process/product parameters, pre-process
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data to derive synthetic quality indicators, implement self-diagnosis and self-calibration to
maximize the confidence level of the sensors output.

3. Data-driven approaches supported by advanced ICT and big data analytics tools for real-time
data processing and analysis by data mining at both local and global levels. These features
enable real-time and early detection of process/product quality deviations and trends, estab-
lish correlations between upstream and downstream process variables so to allow updating
downstream process parameters and acceptance thresholds for quality checks.

The GOOD MAN EU project is structured on a distributed system architecture where hardware
and software components perform specific functions at different levels and information and data
are exchanged between levels (Figure 2.1).
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Figure 2.1: Manufacturing system architecture according to GOOD MAN vision

The three main levels of this system are: a bottom level, which is the operational technology
(OT) level, involving the production line and the quality control systems, i.e. the physical resources
operating on the shop floor; a central level, ruled by the Multi-Agent-System (MAS) structure [39],
that allows CPSs to interact; a top level, the Information Technology (IT) level, representing the
decision layer grounding on data analytics and knowledge management.

The three use cases of the GOOD MAN project are representative of a large share of production
scenarios that are common in manufacturing. They differ in modes of operation, in production
rate and have a significant and different level of automation and involvement of human operators.

The use case of Volkswagen Autoeuropa represents a typical automotive production system,
in particular the car body assembly. We are considering the tail-gate and the rear head-lights
assembly. This section of the whole assembly line is characterized by a serial assembly of the
parts while the car body is slowly moving on a transport belt; assembly is performed by operators,
manually or with the support of simple tools. In several stages the operators mount the tail gate
and the head-lights, according to a pre-set sequence to be performed within a time window set
by the fixed takt time of the line. The alignment of parts being assembled is the most relevant
requirement; this implies the measurement of the gap&flush, which today is done manually by a
hand-held feeler gauge. No data is acquired nor stored. Each car body being produced is uniquely
identified and tracked along the line. There is the need to acquire gap&flush data during the
assembly process, with the purposes of providing feed-back and guidance to the operators and of
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storing data associated to each car body produced. This need has led to the requirement to develop
a portable hand-held gap&flush measurement device.

The use case of Zannini represents a typical batch production system, in particular the se-
rial production of small high-precision turned metal parts, produced in rather large batches by
automatic tooling machines. The parts are subject to strict geometrical specifications, in the mi-
crometric range. Furthermore, it is strictly required that no burrs are left inside the parts after the
production. In this type of multistage production system quality control is performed by statistical
approach; samples are taken from each batch and brought to the metrology laboratory for off-line
inspection and measurement. Data are then processed according to state-of-art Statistical Process
Control (SPC) and results associated to the batch from which the samples were extracted. There
is the need to take geometric measurements in-line, increasing the sampling rate possibly to 100%
and to inspect all parts for the presence of burs. These needs have led to the requirement to
develop the set of measuring systems to be inserted at different stages of the production line.

The use case of Electrolux Professional represents the production of personalized products, in
particular professional ovens. This product is realized in hundreds of variants on the same line,
where most of the assembly operations are manual. Production rate is very low and each oven is
identified individually. At present, 100% quality control is performed only at the end of the line on
the finished product, by specific test cycles aimed to verify compliance to technical specifications
and functional performance. No measurements are taken at the previous assembly stages. There is
the need to perform quality controls before the final assembly, at upstream assembly stages. This
need has led to the selection of new quality controls to be developed for this case.

The Measurement group at Universita Politecnica delle Marche (UNIVPM) wherein I carried
out my PhD activity has been responsible on the development of quality control systems at the
bottom level of the GOOD MAN distributed system architecture. QCSs represent local CPS which
are fundamental to make possible a zero-defect strategy, because they are the nodes of the system
where data are measured and quantitative information takes origin, and where diagnosis on each
process performance is done. The following data analytics and knowledge management relies on
the quality of the information, hence on the metrological performance of the QCSs.

Figure 2.2 shows all the QCSs developed within GOOD MAN EU project.
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SELF DIAGNOSIS / SELF-CALIBRATION (T3.3)
| MODULARITY OF TEST, PLUG-IN/PLUG-OUT (T3.4)

K SMART ON-LINE INSPECTION TOOLS (WP3)

Figure 2.2: List of prototype smart inspection tools developed within GOOD MAN EU project

Introduce SMART features

the oven  LOCECIONI

Within GOOD MAN my role has been to develop two new QCSs for the Zannini use case.
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2.2 Zannini Use Case

The ZANNINI Group is made of four companies active in the field of precision machining, with
focus on turned metal components. The ZANNINI group participated GOOD MAN as Zannini
Poland and Zannini Spa, respectively responsible for the demonstration phase and the R&D ac-
tivity of the Group within the project. Zannini specialises in high technology products covering
several industry sectors such as automotive and household appliances, and produces high precision
mechanical components for hydraulic and pneumatic systems.

Figure 2.3 shows Zannini plants located in Europe and their key charachteristics.

Zannini spA.
Headquarter =
Monospindle CNC - | Zannini-
Multispinde up to B16 \ Pol ]
land ‘Spzo.0
i Monespindle CNC

Multispindle, Assembly
Plant area: 5.500 Sq.M / 59.200 Sq.ft
Employees: 86 Plant area: 2.200 Sq.M / 23.700 Sq.ft
Turnover: 17,5 M€ _ Employees: 160

Turnover: 7,5 ME

Foglia s.r.. 3 J Meccanica
Monospindle CNC t : ~ *|venetas.:.

Multispindle CNC
| Multispindle up to @40

T | Plant area: 3.300 Sq.M / 35.500 Sq.ft
Plant area: 1.600 Sq.M / 17.250 Sq.ft L Ny I Rl / q
= > | Employees: 66
Employees: 12 f . ot

Turnover: 11,0 ME

Turnover: 2,0 ME

Figure 2.3: Zannini in Europe

The plant where GOOD MAN demonstration has been developed is in Poland. In Zannini
Poland plant (Figure 2.4) there are about 36 production machines including: turning machines
(sliding and fixed headstock, mechanical and Computer Numerical Control (CNC), mono-spindle
and multi-spindle), grinding machines, honing machines, hard turning machines, secondary oper-
ation machines (induction hardening, sand blasting, transfer, thermal deburring, washing, etc.),
assembly lines.

Sand
blasting

CNC turning
machines

Final
washing

Final check

yd

ZANNINI

Figure 2.4: Zannini Poland plant
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Some of the CNC machines are illustrated in Figure 2.5.

Figure 2.5: Zannini’s Equipment

The multi-stage production process (Figure 2.6) includes the following machining operations:
turning, deburring, honing and washing.

Figure 2.6: Zannini Production Process

The main machining processes are turning and honing; between them deburring occurs, by
sand blasting, necessary to delete burrs from the pieces.
The turning operation is the removal of metal from a rotating cylindrical workpiece. It allows to
obtain a cylindrical net-final shape, having a relatively accurate diameter and a smooth internal
finish. The parts are produced using a Citizen sliding head CNC turning machine, starting from
steel bar as raw materials, with tolerances on dimensions defined by the customer and limited by
the turning machine tool capacity. In the honing operation, a rotating tool carrying abrasives re-
moves minimal quantity of metal (from 0.03 to 0.3 mm) from the internal bore. The main purpose
of this secondary machining operation is to finish the surface to a particular diameter with finer
tolerance, smaller geometric roundness and small roughness.
The sandblasting (or shot blasting) is a mechanical cleaning process where an air jet projects
individual grains of abrasive material at high speed on the parts surfaces in order to detach and
remove the working burrs. The small size of the grain increases the specific pressure on the point
of impact, removing the wanted layer and by reducing it in powder form. Finally, the washing is
a post-machining cleaning operation to remove cutting oils, metal chips and honing residue.
Since Zannini production is divided in several stages, the final quality of the component depends
upon the accumulated quality results of each individual operation, as shown in the following block
diagram (see Figure 2.7).

[ Turning J»[Deburring]‘ [ Honing ]’[ Washing ]’[ Testing J

Figure 2.7: Production steps

In particular, in the GOOD MAN project the realization of a metal part for hydraulic electro
valves that operates on the manual transmission of cars is considered. In Figure 2.8 two examples
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of sleeves for hydraulic electro valves produced in Zannini Poland Sp.Zo.o for automotive appli-
cations like Automated Manual Transmission (AMT) systems into car transmission or Variable
Camshaft Timing systems (VCT) into car engine are reported.

Figure 2.8: Sleeves for hydraulic electro valves for automotive applications
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2.3 State of the art on quality control systems in a typical
production line
Zannini has laboratories (Figure 2.9) equipped with instrumentation that includes: 3D coordinate

measuring machines (CMM) using optical and contact sensors, optical profile measuring systems,
Roughness and Roundness tester, Hardness tester, Technical Cleanliness tester.

3D optical and contact CNC Roughness and Roundness tester,
machine CNC CNC Profilometer

Optical profile Technical Cleanliness tester
measuring system

Figure 2.9: Zannini laboratory measurements equipment

On such laboratories, parts are checked at the beginning of the production in order to verify
that the process has been set correctly. Measurements can be repeated on samples taken during
production. During running production, the quality of the parts and stability of the process are
also verified by the operator through sampling the batch according to the frequency indicated in the
Control Plan (CP). The measurements are done with gauges or quality equipment available near
to the production lines (see example in Figure 2.10). Measurements are recorded in the ”Galileo
Qualitd” Quality Management System (QMS) that automatically proceeds with Statistical Process
Control (SPC) analysis.

Figure 2.10: Zannini in-line measurements equipment, respectively from the left: Dial Gauge,
Caliper, Micrometer, Manual Gauges
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Measurements and SPC analysis results are analysed by the operators: if the dimensions and
the characteristics of the products are not within tolerance, the Not OK (NOK) parts are isolated,
together with all the parts produced after the last OK previous control. The same containment
action is performed if the process appears to be not stable based on SPC analysis results. After
the containment actions, parts potentially NOK are then verified by the Control Quality depart-
ment. The department analyses the parts by using the measuring equipment of the laboratory and
determine their status, then they decide if the parts can be reworked or scrapped. If the control
results are positive, which means that the measured samples are within tolerance and the process
is stable, the controlled parts move to the next phase of production.

Parts at the end of the production are verified by means of a final control plan. In the case of
sleeves for hydraulic electro valves produced in Zannini Poland Sp.Zo.o for automotive applica-
tions, such final control plan includes a 100% final check before the parts are sent to the customer
or stocked in the warehouse: NOK parts at this point are scrapped.

The product identified for testing within the GOOD MAN project is a sleeve hydraulic applications
(Figure 2.11).

Figure 2.11: Sleeve to be inspected within the GOOD MAN project

The objectives of my thesis for the use case of Zannini were to develop:

1. A quality control system to automatically measure internal diameter and length in cylindrical
parts by contactless technology;

2. An automated inspection system to detect the presence of burrs;

These automatic systems, replace operator based and statistical approach used before GOOD MAN
implementation, the following two paragraph describes in detail the measurement of internal geo-
metric inspection and the burrs inspection.

2.3.1 Geometrical inspection

In line quality control, to guarantee geometrical specifications, is processed manually by an op-
erator after the turning phase. Before the GOOD MAN implementation, this check was only run
as a statistical process control. In detail, the operator takes a sample and measures its internal
diameters and length. In order to take these measures, the operator uses manual measurement
instruments (Fig. 2.10), like manual gauges for internal diameter measurement (Fig. 2.12) and a
caliper for length measurement (Fig. 2.13).
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Figure 2.12: Manual gauges for internal di-
ameter measurement. Figure 2.13: Digital caliper for lenght measurement.

The manual gauge is made by an interchangeable gauge head, which represents the measuring
element of the instrument, and by a handle, which leads the conversion and transmission of the
signal. These manual gauges are able to measure the internal diameters, ovality and conicity with
extreme precision but very tight tolerance (for example, with a manual gauge it is possible to
measure an internal diameter between 10 and 10.02). This type of measurement, despite being
accurate to one micron, presents the following problems:

e It needs to be manually taken by an operator;

e There is a correspondent manual gauge to each diameter, therefore to measure diameters of
different sizes it is necessary to change the gauge head or to have more manual gauges, and
this increases the costs and times to take the measurements;

e [t is not possible to measure shape and internal diameters in the case of inner grooves.

Obviously the manual gauge only allows to measure the internal diameter, forcing the operator
to use a different instrument (i.e. calliper) to measure the length. The system which needs to be
developed must operate by the line after the turning phase, and must guarantee the automatic
control over 100% of the produced pieces, overcoming the limitations of the measurement instru-
ments used so far and allowing a more flexible and modular measurement. In chapter 3 the system
that I developed for this application will be shown.

2.3.2 Burrs inspection

As reported in Figure 2.11 parts produced by Zannini have lateral holes obtained by turning ma-
chine drilling. Fluids pass through these holes and are accelerated or slowed down. During the
holing phase, burrs can be produced, and these make the surface indented and not perfectly round.
As a result, the desired outcome of the sleeve might change like the advance or delay of the fluid
passing through them. Therefore, if burrs are present, it is necessary to remove them. As a matter
of fact, deburring processes always follow the actual production. Burrs, however, are not always
present and deburring processes may be unnecessary.

Currently operators carry out spot checks on the sleeves in quality laboratory. The sleeve is indi-
vidually put under a light and magnifier to check if burrs are present from the inside. This type of
check, despite accurate, requires the operator’s expertise and it is linked to their speed of analysis.
In fact, it is a repetitive process may induce human errors and hence increase the uncertainty
associated to the inspection.

Since this is a visual check, it is possible to substitute it with an automatic system based on ma-
chine vision. This allows to carry out the check on all sleeves produced. The idea is to develop a
system which detects burrs right after the turning phase and before the sand blasting. This type
of system would allow to skip the deburring process in case burrs are not present. Also, it would
allow to produce information on the honing phase and on the tool wear. The solution which I
developed is aimed at imitating the operator’s function automatically, thus generating a number
of advantages, and is described in chapter 4.
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Chapter 3

Confocal chromatic sensor quality
control system for geometric
feature assessment

3.1 State of the art

In regards to manufacturing of high precision components, dimensional measurements are required
for conformity assessment. High accuracy data can be acquired by coordinate measurement ma-
chines (CMM) [74, 76] which may employ contact or non-contact probes. However, CMM are
hardly be used inline for 100% quality control due to long inspection times and to their poor
capacity to operate in harsh environments, such as production line. The use of optical sensors for
dimensional measurements opens the possibility of 100% in-line quality control [28, 29] without
contact. non contact measurement is important in order to ease the automation of the sensor
placement and removal [21, 26], this is why the optical techniques are the best candidates. Among
optical sensors [13, 10] which achieve micrometric resolution, some different options exist:

e Reflection type optical sensors (bulk optics or fiber optics);
e Laser triangulation sensors;
o Interferometric sensors.

It is difficult to develop optical probe with laser triangulation sensors or interferometric sensors
with radial beam exit in the space available which is about 10mm diameter cylinder. With relevance
to reflection type optical sensor a variety of measurement principles can be implemented. The most
common are the intensity based reflection type and the Confocal Chromatic Sensors (CCS). The
intensity based are strongly non-linear and their output can be unstable due to light source intensity
drift or to variable optical absorption of the surface. For these reasons they have been excluded
and we have chosen to use a confocal sensor.

Confocal Chromatic Sensors (CCS) are good candidates for measuring the internal diameter of
cylindrical components. They are produced in small format and can measure in a radial direction,
down to the micrometric range [43, 44].

In order to realize a measuring system for internal diameter of small components, it is nec-

essary to select a sensor suitable to be inserted into the part and measure the radius during a
complete revolution. Being the components about 10 mm diameter, the choice is really limited to
few sensors. Confocal chromatic sensor was chosen for measuring internal diameter of cylindrical
components with micrometric resolution. This sensor has cylindrical probes connected to a fibre
optic cable [34, 37, 66, 56].
CCS measure distance at a point, which is the focal point of the sensors’ front lens, using the chro-
matic aberration[15, 69, 53]; The confocal chromatic measurement principle was first investigated
by Molesini et al. [49] In confocal distance measurement, a point light source is imaged onto the
object while the latter is imaged onto a point detector [46, 61, 70].
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The CCS exhibits the unique property of Perfect Focus Depth of Field, since at any given
point of the chromatic axial field of view there is only one wavelength perfectly focused, all the
other wavelengths being absolutely inactive[24]. The light is detected with a spectrometer and the
measured intensity curve is spectrally coded [34, 64].

Therefore, they are single point local sensors [14]. Various authors investigated the chromatic
confocal technique [68, 27, 24] and its applications for macro and microscopic analysis of surfaces
[60, 41, 32, 40, 47] , and distance [59, 18, 62, 71, 23] and layer thickness measurements[48, 57, 38].

However, CCS metrological characteristics are affected by thermal disturbances which should
be taken into account and compensated for [12, 35, 42, 75]. In order to reconstruct the shape of the
circular section of a turned part, the sensor has to be inserted inside the cylindrical part on-axis and
then accurately scanned over the part under inspection; accuracy in scanning as well as accurate
alignment are fundamental for the final result. Furthermore, their use as absolute distance sensors
requires specific calibration [52] and determination of the start of their measurement range.

I developed an automated quality control station based on a CCS which is rotated and scanned
inside a cylinder, to measure its internal diameter.

I designed this station to be a smart QCS, I developed smart behaviours, which can compensate
for some problems (self-centering of the CCS probe and temperature compensation) to reduce
measurement uncertainty.

The parts to be inspected are cylindrical metal parts (Figure 2.11), with several holes drilled
along their cylindrical surface. It is necessary to measure the internal diameter with an uncertainty
lower than 10 pgm and to measure length of the part with an uncertainty lower than 50 pm. The
quality control station I developed has been therefore based on the concept of inserting axially
inside the part an optical sensor capable of radial distance measurement. Then, by rotating the
sensor around its axis over 360° it is possible to measure its internal diameter, while if the sensor
scans it in axial direction it is possible to measure the length of the part. To implement this
method, the measurement system needs to be equipped with traversing stages which can move the
probe relative to the part along radial (x,y) and vertical (z) directions and rotate it around the
vertical axis.
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3.2 Design and realization of the measurement system: Lay-
out and Hardware architecture

The test station which has been designed and realized (Figure 3.1) is made of four main hardware
components:

1. Micrometric stages for automated motion;
2. Confocal chromatic sensor for dimensional measurements;
3. Additional temperature sensor for ambient temperature assessment;

4. Microcontroller units and Electric Cabinet.

Micrometric stage Z

Rotational stag

Figure 3.1: Confocal chromatic sensor quality control system for geometric feature assessment: the
schematic drawing (left) and pictures of the prototype (right).

The hardware components of the test station are described in detail hereafter.

3.2.1 Micrometric stages for automated motion

In order to perform the test, the optical probe has to be first inserted axially inside the cylindrical
part. This is achieved by a micrometric stage [31] which operates along the vertical z direction (axial
direction), once the cylindrical part has been fixed by a clamp and positioned with its axis vertical.

Then the probe has to be rotated by 360° around its axis. This is done by a rotation stage.
This rotation stage is mounted on a 90° support fixed to the z stage. The optical probe is mounted
on axis of the rotation stage, i.e. with its axis vertical.

The cylindrical part is instead mounted on a gripping system, with a dovetail gripper which
allows to fix the part with its axis vertical. This gripping system is mounted on two linear stages,
which allow motion along x and y axis. Therefore, the part to be inspected can be moved in a
plane orthogonal to the probe axis; this allows centring of the optical probe with respect to the
part to be inspected.

This system architecture is designed to allow for the necessary Degree Of Freedom for the
measurement and for implementing self-centring and self-calibration. These behaviours will be

described in detail in the paragraphs 3.3.2 and 3.3.4

Table 3.1 reports the characteristics of the stages described above. Range, resolution and
accuracy of all stages were chosen to match the requirements set for the inspection and to allow
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for measurement in a large range of cylindrical parts having different dimensions (diameter and
length), representative of the production of the company.

Table 3.1: Confocal chromatic sensor quality control system for geometric feature assessment:
stages technical specification.

Stage Travel range Unidirectional repeatability
X, Y linear stages 25mm 0.1 pm
Rotational stage >360° 175 prad
7Z linear stage 300mm 0.8 pm

Table 3.2 reports the characteristics of the electric gripping system.

Table 3.2: Confocal chromatic sensor quality control system for geometric feature assessment:
technical data of the gripper EGP-25-N-N-B.

Min. gripping force [N] 20
Max. gripping force [N] 40
weight [kg] 0.11
Stroke per jaw [mm] 3

Repeat accuracy [mm] + 0.02

The gripper has the task of grasping the piece once it has been inserted between the fingers by
an operator or a robotic arm and ensures its stability and maximum repeatability during grasping;
in addition, it must ensure that, once the part is gripped, the part axis and the sensor axis are
parallel.

The gripper has two parallel fingers which can be modified according to the type of piece to be
grasped. In this specific case, I designed and made a pair of asymmetric aluminium fingers (Figure
3.2 a) with the following specification:

1. The master finger, as shown in the technical drawing (figure 3.2 b), has a v-shaped profile
for correct gripping of the sleeve. When the gripper is open, the sleeve can be dropped onto
the support base on this finger. furthermore, on this base there is a central opening which
allows the sensor to pass over the base of the sleeve during length measurement.

2. The slave finger, as shown in the technical drawing (figure 3.2 c), has a v-shaped profile but
there is no support base for the sleeve.

With these two fingers thus designed, when the piece is gripped, the forces are exchanged between
the side walls of the sleeve and the side walls of the fingers, avoiding unwanted tensions on the
base. This particular shape allows the piece to be centered and guarantees maximum stability and
repeatability during gripping phase.
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Figure 3.2: Confocal chromatic sensor quality control system for geometric feature assessment:
fingers designed and used for grasping and centering the cylindrical component (a); technical
drawing of the master finger (b); technical drawing of the slave finger (c).
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Figure 3.3 reports the drawings of some of the mechanical parts designed to assemble the
station; all parts were manufactured in aluminium. The test station is mounted on a table-top

honeycomb bread-board, for assuring stability.

e Chunk to stage
) VISTA [SOMETRICA

T |
L ¥ SINAY Y
! ,Zﬁlﬁﬂ—l
7 eeee b EmTm

SEZINE A-A eIl

Stages to plate

VISTA SOMETRICA
SCALAL: 1

L T T R T T}

U T T T R Y
I L T T T

L O TR
PR e 0 by
L T B R |

(a)

SEZIONE A &

7

VISTA ISOMETRICA
SR

B RN R B R B
.UIOIIII

O R T
LR R U

VISTA ISOMETRICA
W%

(b)

Figure 3.3: Confocal chromatic sensor quality control system for geometric feature assessment:
gripper to stage coupling plate and stage to optical breadbord (a); Rotary stage holder and probe

holder (b).
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3.2.2 Confocal chromatic sensor for dimensional measurements

Chromatic confocal sensors (CCS - Figure 3.4) exploit chromatic dispersion lenses (lenses whose
refractive index is wavelength-dependent) to measure the distance of a target in a non-contact way
[63, 72]. Indeed, when a broadband light source (white light) is focused onto an object by passing
through this type of lenses, only the wavelength which is effectively on-focus at the target plane
will be the dominant wavelength scattered back. The backscattered light is analysed by an optical
spectrophotometer, to determine which is the dominant wavelength scattered back. Changes in
the measured sensor-to-target distance produce changes in the on-focus wavelength, therefore these
sensors are calibrated to correlate a specific dominant wavelength with a specific sensor-to-target
distance. The confocal chromatic sensor utilized is the Micro-Epsilon [6] IFS 2402/90-10 with a
90° beam exit from a 4 mm diameter probe so to make radial measurements inside small cavities
and bores possible. From different manufacturers [8, 9], the one chosen is the most suitable in
terms of size compared to the hole to be inspected. The sensor chosen has a range of 6.5 mm,
starting from about 3.5 mm, therefore it can measure radius in the range 3.5-10 mm. Resolution is
remarkably small, 0.25 pm on optically cooperating surfaces, i.e. surfaces with a diffuse scattering.
On reflective surfaces the sensor performance decays, depending on the incidence angle of the light
to the surface. Linearity is declared to be 13 pym. Metrological characteristics of the Micro-Epsilon
IFS 2402/90-10 confocal chromatic sensor are reported in Table 3.3
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Figure 3.4: Confocal chromatic sensor quality control system for geometric feature assessment:
confocal chromatic sensor for bore inspection: Measurement principle (a) [12] , Sensor used in the
tool developed Microepsilon IFS 2402/90-10 (SN:7111088) (b).

Table 3.3: Confocal chromatic sensor quality control system for geometric feature assessment:
Metrological characteristics of the Microepsilon IFS 2402/90-10 confocal chromatic sensor.

Measuring Range M R 6.5 mm
Linearity 13 pm < 0.2 % Full Scale Output
Resolution 0.25 pm
STtart Measuring Range - SM R (Approx.) 3.5 mm
Spot diameter 100 pm
Max Tilt (direction reflection) +1.5°

It is important to point out that the value given by data sheet of the start of measuring range

(SMR) is approximate; in fact generally these sensors are used in the measurement range (M R)
to make differential measurements of distance between two surfaces or to calculate the thickness of
transparent materials. To overcome this problem, a specific test methodology has been developed
that allows the actual value of SMR to be measured (3.3.4).

Temperature acts as a disturbing input, because it varies the refractive index of the graded in-

dex lens used in the probe. This requires special care for applications in which the environmental
temperature in not controlled (e.g. shopfloor), more details on possible strategies to compensate
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for this issue are reported in paragraph 3.3.3.

3.2.3 Additional temperature sensor for ambient temperature assess-
ment

Given the fact that temperature is a disturbing input for this quality control system, in order to
allow operation in environments with varying temperature, temperature should be measured in
proximity of the optical probe. For the purpose, the design includes a NTC thermistor (Figure
3.5). Measured temperature will then be used to compensate for temperature effects. Table 3.4
shows thermistor metrological characteristics.

Figure 3.5: Confocal chromatic sensor quality control system for geometric feature assessment:
NTC thermistor digital sensor DHT22.

Table 3.4: Confocal chromatic sensor quality control system for geometric feature assessment:
NTC thermistor characteristics.

Model DHT22
Output signal Digital signal via single bus
Measuring Range -40~80°C
Accuracy < +0.5°C
Resolution 0.1°C

3.2.4 Microcontroller units and Electric Cabinet

A microcontroller unit is used to interface the thermistor and the gripper. Figure 3.6 shows
the electrical connection diagram between the microcontroller and the temperature sensor. The
temperature data acquired near the confocal probe are transferred to the computer via serial USB
connection.
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Figure 3.6: Confocal chromatic sensor quality control system for geometric feature assessment:
Connection wiring of the DHT22 with microcontroller.

The second microcontroller is connected to the gripper. A double relay board connected to
make it possible to control the opening and closing of the gripper. This is achieved by reversing
the positive pole with the negative one on pins 2 and 4 (control pins). At the same time, by means
of two proximity sensors connected to the gripper, it is possible to verify the correct opening
and closing to control it in closed-loop mode. In short, the microcontroller produces the signals
necessary for the opening of the gripper and reads those coming from the sensors. in figure 3.7 it
is possible to observe the connection scheme of the components necessary for driving the gripper.
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Figure 3.7: Confocal chromatic sensor quality control system for geometric feature assessment:

Connection wiring for the gripper control

To ensure the proper functioning of the measuring system in the production plant, all the elec-
tronic components were arranged inside a cabinet.
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Figure 3.8 shows the electric cabinet. A master switch is well evident in Figure 3.8 (b). The
cabinet is provided with forced ventilation to ensure a correct temperature inside. In the lower
part there are electric protection devices (magneto-thermal and differential switcher.), immediately
afterwards there is a dc power supply which supplies current to all the devices, for each powered
device there is a fuse protection always placed in the lower part on the right of the power supply.
On the second level then there is an industrial computer that is connected to all the elements of
the measurement chain and inside which the code for the measurement runs, inside the two white
boxes are contained the control electronics for the measurement of temperature (Fig. 3.6) and
for gripper management(Fig. 3.7). The confocal sensor controller and the four controllers of the
stages connected in daisy chain are visible on the top.

Figure 3.8: Confocal chromatic sensor quality control system for geometric feature assessment:
electric cabinet opened (a) and closed (b).
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3.3 Design and realization of the measurement system: Smart
behaviours and software

The QCS for measuring the geometrical features of cylindrical parts targets an overall uncertainty
of less than/equal to 10 pm for the bore diameter. This is quite a challenge, given the in-line
installation of the whole system. Indeed, it is expected, for instance, a greater variability in terms
of environmental temperature with respect to a metrological room, in which temperature is highly
stabilized. All these factors pushed the necessity to develop a series of smart-behaviours that
could ensure accuracy and repeatability of measured data. In particular, the following three main
self-adaptive behaviours have been developed for this QCS:

e Sensor-to-part centering;
e Temperature self-compensation;

e Self-calibration check.

3.3.1 Measurement procedure

The measurement procedure characterizing this QCS is illustrated in the flow chart reported in
Figure 3.9. The QCS is in an idle state until it receives a trigger event (e.g. from a robot or from
a software event triggered by the operator) that the cylindrical part to be inspected is ready to be
measured. This event triggers a first data exchange between the QCS and its Resource Agent (RA)
and the closing of the gripping system, in order to fix the position of the cylindrical part. The
vertical stage carrying the Confocal Chromatic Sensor inserts the sensor axially and brings it to the
section to be inspected. The correct positioning of the CCS with respect to part is then checked. If
the CCS actual position is compliant with the desired position the measurement starts: data from
CCS and temperature sensor are acquired during one revolution of CCS. The availability of local
temperature data makes it possible to perform temperature compensation (see subsection 3.3.3 for
further details) and then, through a geometric model it is possible to improve the estimation of
the diameter of the section inspected. If necessary, further sections along the cylindrical part are
tested. To measure the length of the part, the sensor is pulled out and taken to a certain angular
sector. Taking advantage of the signal from the sensor and the position of the micrometric slides,
it is possible to indirectly obtain the length of the piece, scanning it in a vertical direction along a
line. Finally all these data are stored in a local database and pushed to the RA to be transmitted
along the GOOD MAN architecture.

3.3.2 Sensor to part misalingnement self-compensation;

The measurement procedure requires that part axis and sensor probe axis must be coincident. In
this ideal case and if the part is perfectly circular, the output signal is constant with respect to
the angle. Figure 3.10 shows the three-dimensional geometry of measurement setup (top-left plot)
in which blue dots represent the measurement points (only 60 in this example). The bottom plot
shows the signal versus the angle and the top-right plot depicts the reconstructed geometry of the
part section. This is a noise-free condition example.

A correct alignment of the sensor axis with respect to the sample longitudinal axis is of extreme
importance to ensure an accurate measurement of sample inner diameter during the sensor revo-
lution. If the axes are parallel but not coincident, the part diameter is wrongly assessed. Figure
3.11 shows the effect of misalignment between the sensor axis and the part axis that produces
an eccentricity. This causes that output signal is not constant any more and the part section is
incorrectly reconstructed. This effect is one of the reasons why the sensor probe is rotating in the
measurement step, while is the part would be rotated and the sensor left still, one could not ob-
serve any variation in the radial distance measured. In fact, this choice makes it possible to detect
the correct alignment between sensor and part axes. Moreover, also the real shape of the part
under inspection can be retrieved, i.e. plastic deformation or defects, once the correct alignment
is achieved.

To ensure a centering as correct as possible, the system performs a preliminary distance evalu-
ation, at the same vertical position, on four points located every 90° along the same circumference.
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Figure 3.9: Confocal chromatic sensor quality control system for geometric feature assessment:
flow chart describing the measurement procedure.
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Figure 3.10: Confocal chromatic sensor quality control system for geometric feature assessment:
ideal measurement condition.
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Figure 3.11: Confocal chromatic sensor quality control system for geometric feature assessment:
off-center measurement condition.
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Figure 3.12: Confocal chromatic sensor quality control system for geometric feature assessment:
Example of the centering operation of a sleeve.

An optimization procedure (Figure 3.12)where the sample is moved by the XY traversing axes,
which means changing the relative position of the sample longitudinal axis and the sensor vertical
axis, runs to make these distances equal within a certain tolerance. The centering procedure is ter-
minated when the stop criterion is reached. After this preliminary eccentricity correction, a circle
fitting is carried out and finally an analysis of residuals with respect to the circle is performed, so
to refine the centering of the sensor with respect to the sample.

Figure 3.13 shows the effect of the centering operation on experimental data acquired. It is well
evident that an initial deviation of approximately 0.lmm (Figure 3.13a) is exclusively due to an
out of center position of the sensor with respect to the sleeve axis. During the centering operation,
this deviation from the nominal value (Figure 3.13b) progressively decreases down to less than £10

pam.

Although, the blue line in Figure 3.13b represents the optimal centering condition, some residual
deviations from the ideal curve (Figure 3.10) are present. This effect is due to non-parallel axes
of sensor and part. Figure 3.14 shows the effect of incident but not parallel axes. The order of
magnitude of this effect is lower of the eccentricity. In fact, the effect of tilted sensor is revealed
only when the centering procedure is done.

Actually, the most likely condition in real measurement is with skew axes (not parallel and not
incident axes) as depicted in Figure 3.15. By means of X and Y stages it is possible to adopt a
centering procedure to make the axes coincident in the measurement section. However, the sensor
axis and part axis are incident but not parallel. The relative position and orientation between
sensor and part is determined by the gripping and finger systems (repeatability positioning of the
part).

The maximum time requested for the inspection of each part does not allow to perform any
physical axes alignment procedure. In fact, this would require measurements on multiple sections
that would be time consuming. A possible solution to this problem is to consider the geometric
model of measurement setup in the data processing phase. The geometric model returns the
ideal measured signal given the physical parameters (part diameter, sensor eccentricity and axis
direction with respect to the part). The diameter estimation can be improved minimizing the
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Figure 3.13: Confocal chromatic sensor quality control system for geometric feature assessment:
effects of centring on measured data
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Figure 3.14: Confocal chromatic sensor quality control system for geometric feature assessment:
tilt measurement condition.

™

0 50 100 150 200 250 300 350
deg

Figure 3.15: Confocal chromatic sensor quality control system for geometric feature assessment:
off-center and tilt measurement condition.
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quadratic difference between real and simulated signals. This procedure returns the best geometric
parameters that are compatible with the measurement. Since it is a software based method, it is
very fast and can be adopted for each part. This is the reason why it has been adopted in the
measurement process.

3.3.3 Temperature self-compensation.

Ambient temperature represents a modifying effect for the chromatic confocal sensor and therefore
it is necessary to compensate the erroneous distance value provided by the sensor [12]. Indeed,
temperature variations causes a twofold effect on the CCS, i.e.:

e Onset of spurious displacement Az

n()\o, TO) = n(/\o + AN Ty + AT) (31)
on ,0n
Zmazx — Fmin
Az = —A\ (B) (3.3)

where n is the refraction index of the optics, Ay is the dominant wavelength recorded for an
object at distance z at the standard temperature Ty and B is the source bandwidth.

e Variation of sensor working range |dzmaz — dZmin| :

2 y2

(y - fmam)Q (34)

Y
29 dzmaw =

(Z/ - fmzn)

dzmin =
where f represents the effective focal length of the optics, and y stands for the distance (fixed)
from the confocal fiber tip to the optics.
A natural consequence is that the working range increases while decreasing temperature and the
sensor undergoes temperature drift. A dedicated measurement campaign was performed to exper-
imentally characterize the correlation between ambient temperature and measured distance. The
CCS was installed inside a temperature controlled chamber, together with a reference micrometer,
arranged in a way to measure the distance to the moving plate of the micrometer (Figure 11).
Since it is expected that temperature variations cause different effects at different sensor-to-target
distances (z), the measurement campaign consisted in measuring five different sensor-to-target
distances at different temperatures (Figure 11). The nominal distances (D,,) were evaluated by

the micrometer, whose readout was also monitored by a custom-made vision-based system. The
temperature range investigated ranged between 10°C and 40°C.
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Figure 3.16: Confocal chromatic sensor quality control system for geometric feature assessment:
Test setup for temperature compensation - arrangement of the monitoring set-up (top-left), mea-
surement chain (top-right) and temperature ranges investigated (bottom-left).

Data obtained made it possible to characterize the temperature drift of the sensor. Figure
3.17 shows the dependence of the CCS sensor readout (d) vs. the ambient temperature (T). It is

interesting to notice that an average drift of approximately 8 um/°C characterizes the CCS used
in the test.
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Figure 3.17: Confocal chromatic sensor quality control system for geometric feature assessment:
CCS readout (d) vs. ambient temperature (T') at different sensor-to-target nominal distances.

Figure 3.18 shows the relation between the nominal sensor-to-target distances (D,) and the
CCS readout at different ambient temperatures. The decrease of the slope of the interpolating line
with an increase in temperature is a further proof that the CCS working range (WR) is decreasing.
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Figure 3.18: Confocal chromatic sensor quality control system for geometric feature assessment:
Nominal sensor-to-target distance (D,) vs. CCS readout (d) at different ambient temperatures.

The average temperature drift of the sensor was estimated in approximately 8 ym/°C.
By exploiting a surface fitting of the data collected during the tests (Figure 3.19), it was possible to
get the sensor-to-target distance value (D,) given the distance value (d) provided by the sensor and
the ambient temperature (7") measured close to the sensor. This allows temperature compensation.
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Figure 3.19: Confocal chromatic sensor quality control system for geometric feature assessment:
Surface fitting to extract absolute sensor-to-distance values (D,) given sensor readings (d) and
ambient temperature (T') values.

Effects of temperature compensation on measured data are reported in Figure 19. Here, tem-
perature offsets data (blue curve), is creating false deviations from nominal values. On the contrary,
once temperature is compensated by exploiting the procedure described in Section (black curve),
deviations are highly limited and residuals refer to deviation with respect to circular shape.
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Figure 3.20: Confocal chromatic sensor quality control system for geometric feature assessment:
effects of temperature compensation on measured data — not compensated data (blue curve) vs
compensated data (black curve).

The average diameter value on the section scanned differs 0.00lmm with respect to the one
measured with a CMM. This value is negligible for our application. The standard deviation was
evaluated assuming data acquired over a whole rotation as constituting the statistical population,
a standard deviation of 0.009mm has been measured.This value is compatible with the nominal
expected diameter of the reference sample at that section height, thus proving that the QCS, by
exploiting its smart capabilities, i.e. self-centering and temperature self-compensation, is able to
provide highly accurate dimensional data.
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3.3.4 Self-calibration check.

It is important to periodically check the performance of the system so to ensure an uncertainty
lower than 10 pm; indeed, dimensional measurements at this level of uncertainty are subject to
many disturbances [51]. Periodic check has therefore to be implemented by testing the correctness
of both the temperature compensation and the self-centering approaches through the sequence of
operations reported in the flow diagram of Fig. 3.21. In case any of the two steps fail, it becomes
possible to perform eventual interventions on the system (e.g. check of the screwing torques of
mechanical parts) so to bring back performance at the desired levels.

Perform SMR.
procedure at given
temperature I’

CHECK
TEMPERATURE
COMPENSATION

Calibrated Ring
Procedure

SELF CENTERING

System OK

Figure 3.21: Confocal chromatic sensor quality control system for geometric feature assessment:
Self-calibration check procedure.

The Start of Measuring Range (SMR) value at a known temperature can be calculated by
running a dedicated two-steps procedure (Fig. 3.22) in which the sensor-to-target distance (d;)
is evaluated on the opposite sides of a target of known thickness (b) after moving the target by a
known displacement value (A) (e.g. by exploiting micrometric stages). A reference gauge block
(thickness accurate up to micrometric values) can be exploited for the purpose. The SMR can
then be extracted using Eq. 3.5:

A—b—dy —ds

M =
SMR 5

(3.5)
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Figure 3.22: Confocal chromatic sensor quality control system for geometric feature assessment:
SM R evaluation procedure: (i) sensor-to-target distance measured on the first side of the reference
target of known thickness (left); (ii) target moved by a known displacement value (A) and sensor-
to-target distance measured on the opposite side of the target (right) with respect to (i).

The SMR value thus obtained is used to test the validity of the temperature compensation
procedure. If data extracted by the distance-temperature fitting (D, ) differs from the absolute
value obtained as the summation of the SMR and the distance value provided by the sensor at k"
step by more than a fixed threshold e, the procedure has to be repeated until a maximum iteration
number is reached. If the latter condition takes place, a maintenance operation is performed.

In case the temperature compensation procedure succeeds, the efficacy of the self-centering
approach is checked. To do so, a calibrated reference ring (micrometric accuracy) has to be
used. The known radius value of the calibrated ring is compared to the radius estimated through
the confocal sensor. If these two radii differ more than the target uncertainty, the self-centering
procedure has to be repeated. This process iterates until either the former condition is verified or a
maximum number of iteration (V) is reached. If the self-centering verification process stops because
the maximum number of iterations is reached, a maintenance operation has to be performed,
otherwise the whole system is intended to be verified up to the desired uncertainty.
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3.4 Metrological performance: Laboratory tests

In order to evaluate the metrological performance of the system in different operating configura-
tions, so as to be able to identify the best performing one, specific repeatability and reproducibility
tests were performed on different samples in laboratory condition (Fig. 3.23).

What we want to highlight with the repeatability tests is the effect of the single instrument in the
measurement uncertainty; in fact the simple instrument presents a profoundly complex nature in
itself, and is affected by an infinity of small errors of different nature that combined together give
rise to random errors. The uncertainty value determined with the repeatability tests represents
the lower limit of uncertainty associated with the instrument.

The component under examination was grasped by the gripper and removed only at the end of

the test campaign. Once grasped, the gripper was no longer moved and the same measurements
were made repeatedly over it.
The reproducibility tests were carried out by repeating the measurement of the same component
in conditions closer to the real operating conditions, thus introducing the uncertainty due to the
gripping system. The uncertainty calculated with the reproducibility tests will be the one that
actually characterizes the measurement system as a whole and on its value it is possible to verify
the compliance of the system performances with respect to the specifications and design for the
required dimensional tolerances.

Figure 3.23: Confocal chromatic sensor quality control system for geometric feature assessment:
laboratory measurement setup.

The settings of the measurement system in the execution of repeatability and reproducibility
tests are the following:

e For the rotational stage a scanning speed of 40deg/s with a step triggering of 0.1deg (with
triggering type ”"Edge Triggering measuring value input”);

e For the vertical stage a scanning speed of 20mm/s with a step triggering of 0.01 mm (with
triggering type ”"Edge Triggering measuring value input”);

e For X and Y stages used for centering the sensor on the component a speed of 2mm/s;
e For the confocal sensor a sampling frequency of 10kHz.

for each measurement cycle, a scan is acquired on a circumference in the middle section of the
part to know the internal diameter and a scan along a vertical line to measure its length (Figure
3.24).

40



CHAPTER 3. CONFOCAL CHROMATIC SENSOR QUALITY CONTROL SYSTEM FOR
GEOMETRIC FEATURE ASSESSMENT

Q)

O O

0
Q

(]

»”

6

Figure 3.24: Confocal chromatic sensor quality control system for geometric feature assessment:
Lines scanned on the component at each measurement cycle (D and L).

The sensor was centered on the component once a day before starting the tests, after which the
X and Y slides were no longer moved during the measurements.
The parameters changed during the tests are listed below. These parameters influence the mea-
surement uncertainty. Seven parameters were changed and twenty three types of tests were carried
out by randomly combining the presence of them.

1. Rubber surface on the finger base. The fingers of the gripper have an internal V-
shaped profiles, when the piece is gripped, the forces are exchanged between the side walls of the
sleeve and the side walls of the fingers, avoiding unwanted tensions on the base. However, a rubber
surface on the base of the Master finger (in Figure 3.25 is highlighted) prevents any tension that
can occur if the piece is not positioned well, sin order to reduce the uncertainty on the gripping
mode.

Figure 3.25: Confocal chromatic sensor quality control system for geometric feature assessment:
rubber surface on the finger base.

2. Gripping force regulation. With the support of a simplified 2D fem, it has been es-
timated the effect of the maximum gripping force of the clamp (40N) on the component. It has
shown that this force determines displacements and deformations on the piece that are substan-
tially negligible in the order of 0.101 pm (Figure 3.26). However, a greater gripping force probably
allows a more firm grip of the component but, on the other hand, given the electrical nature of
the feeding of the clamps, the higher current that flows causes their overheating. Tests were then
conducted by adjusting the grasping force to 100% of its potential (40N) and others to 50% to
assess the best strength setting.
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Figure 3.26: Confocal chromatic sensor quality control system for geometric feature assessment:
2D model simulation with 40N force.

3. Waiting time between one measurement cycle and the next. Some tests were per-
formed without waiting for time between two consecutive measurement cycles, while others were
performed waiting 30 +5s between one cycle and the next so as to provide a longer time for the
eventual dissipation of the heat coming from the electric motors and thus limit possible system
overheating.

4. Additional auxiliary cooling system with forced ventilation positioned at the
top of the system.

In addition to the cooling in the electric cabinet (Figure 3.27, indication A), an additional
fan was inserted at the top of the system that pushes air from top to bottom (see Figure 3.27,
indication B) to limit any thermal gradients in the area where the CCS sensor operates and where
the DHT22 thermal compensation sensor is located.

Figure 3.27: Confocal chromatic sensor quality control system for geometric feature assessment:
fan cooling systems.

5. Change in the positioning of the temperature sensor. The positioning configurations
”A” and ”B” have been compared (see Figure 3.28) which differ in the fact that the configuration
”A” is much closer to the working area of the confocal sensor.
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Figure 3.28: Confocal chromatic sensor quality control system for geometric feature assessment:
change in the positioning of the temperature sensor.

The configuration that produces a lower standard deviation for the diameter and length mea-
surements is characterized by the following parameters:

e The gripper’s clamping force is 20 N;
e The position of the temperature sensor is near the CCS probe;
e There is the presence of the cooling fan inserted at the top of the system:;

e There is the presence of the support rubber.

3.4.1 Estimation of measurement uncertainty in laboratory condition

It is of fundamental importance to provide the uncertainty associated with the measured value.
The uncertainty is therefore an index that indicates the total variability of the measurement re-
sults; the reason why the measured magnitude fluctuates around the nominal one is due to the
presence of interfering inputs (random or systematic) or modifiers that produce random and / or
systematic errors.

These interfering and modifying inputs can be corrected but nevertheless we arrive at a point
where it is no longer easy to understand and correct these unwanted inputs and we will have a
measure affected by a variability due to random errors that determine the amplitude of measure-
ment uncertainty.

The evaluation of the uncertainty of an instrument, according to the Guide to Expression of
Uncertainty in Measurement (GUM) [30] regulation, can be done by following two possible paths
that go under the name of category A and category B uncertainty.

Category A uncertainty is based on statistical methodological approaches; it therefore consists
in examining a certain statistical sample representative of the condition and final configuration
adopted of the operation of the instrument in real operating conditions and therefore subject to
all the possible real factors that influence the measurement.

In the specific case, the value of the uncertainty was evaluated considering the final setting chosen,
ie the one with the test setting settings that was ranked first in the analysis and search for the
best compromise setup.

From the dataset of diameter and length measurements it is possible to derive the statistical dis-
tribution calculating the standard deviation, from which with a coverage factor k=2, the expanded
uncertainty (Type A) is obtained:

up = +20p = 46 x 10 3mm

up = +207 = £2.5 x 10 2mm
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where up represents the uncertainty for the diameter measurement and uj, represents the uncer-
tainty for the length measurement (of the entire measurement system). This confidence interval
allows us to say that at 95% the value of the measurand will fall within this band.
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3.5 Results in a real production line

The system is located right at the exit of the turning machine (Figure 3.29). Parts delivered by
the machine are picked by the robot, which provides to the removal of oil film still covering the
part to be inspected. After cleaning operation, the part is inserted in a holder carrying two pencil
probes targeted to the measurement of external diameter( Figure 3.30 b). After this operation
is done, the robot removes the part from the pencil probes holder and place it in the gripper
of the Confocal Sensor station (Figure 3.30 ¢). At this stage, internal diameter and overall part
length are assessed. After inspection is done, and depending on the inspection overall result,
the part is automatically placed among good parts or scraps by the robot. A dedicated HMI
reports inspection results, as well as historical trends and raw signals from the Confocal Sensor.
In fact, all data measured at the station are stored in a local database and sent to the MAS system.

Figure 3.29: Confocal chromatic sensor quality control system for geometric feature assessment:
3D rendering of the turning machine with the geometrical feature inspection system.

Unfortunately the rotational stage enabling the measurement of the internal diameter stopped
working (mechanical failure) at the beginning of August, thus making impossible the measurement
of this geometric quantity.

Since it was not possible to replace the broken stage in a short time frame, it was agreed to skip
the measurement of internal diameter and keep the external diameter and length measurement
active. Internal diameter data to be considered for production process analysis are those acquired
during the monitoring period 24/06/2019 - 01/08/2019.

Figure 3.31 shows the distribution of Internal Diameter values for the monitoring period 24,/06,/2019
- 01/08/2019. The dataset is composed of 15470 parts. An average value of 10.967 mm is to be
reported. This is quite well aligned to the Di nominal value of 10.97 mm. The expanded uncer-
tainty associated to the measurement, calculated as Type A uncertainty in laboratory tests, is
+0.006 mm (coverage factor 2). The standard deviation reported from in-line measurement right
after the turning operation is 0.017 mm, which is three times higher than the uncertainty of the
measurement and causes a confidence level of 0.034 mm (95%). Nevertheless, the Di data show
a higher spread than recorded in laboratory conditions. This can be due to the lower Signal to
Noise Ratio (SNR) provided by the oil film layer, as well as burrs due to the turning process, still
present on the internal surface despite the compressed-air cleaning step.
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Figure 3.30: Confocal chromatic sensor quality control system for geometric feature assessment:
Overview of the whole system for dimensional measurements (a); close-up on the external diameter
(b) and inner diameter + length (b) check stages.
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Figure 3.32: Confocal chromatic sensor quality control system for geometric feature assess-
ment: Length analysis for the two monitoring periods 24/06/2019 - 01/08/2019 and 7/08/2019
- 23/08/2019. Bin width is 0.01 mm; nominal L value is depicted as solid black line; lower and
upper boundaries are reported as dashed black lines.
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Figure 3.31: Confocal chromatic sensor quality control system for geometric feature assessment:
Internal diameter analysis for the monitoring period 24/06/2019 - 01/08/2019. Bin width is 0.005
mm; nominal Di value is depicted as solid black line; lower and upper boundaries are reported as
dashed black lines.

The acceptability range for Di is 10.97 +0.005 mm. Given the distribution above, only 28.9 %
turned out to be compliant with design constraint.
Figure 3.32 shows the distribution of length data over a population of 19527 parts (union of parts
from the two monitoring periods). Design constraints on the length are 30.00 +0.05 mm. Resolu-
tion of the system for measuring length is 0.01 mm. Data measured shows the highest frequency
at 30.01 mm with a bin width of 0.01 mm. The confidence level for the dataset is to be estimated
in 0.28 mm (95%), this demonstrating the stability of the process in terms of turned parts’ length.
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Chapter 4

Quality control system for burrs
identification

4.1 State of the art

Several industrial sectors make extensive use of high precision turned components. Functionality
of these components is strictly related to geometric tolerance. Such parts are produced in batches,
often in several thousand sequences.

Concerning manufacturing of high precision turned components, dimensional measurements are
required for conformity assessment; for this purpose quality control takes place either on a sample
based procedures, which exploits specific instruments in the metrologic laboratory of the plant,
or on 100% production, by in-line measurement equipment, at the cost of lower metrologic per-
formance [19, 20]. At the same time, a proper working condition of these turned parts can be
achieved if no burrs are present in the functional holes, i.e. the transversal holes on the cylinder.

Therefore, it is of extreme importance to detect the presence of burrs: indeed, the part can be either
re-worked, whenever it is possible, or can be rejected, but no parts non-compliant to functional
standards are released to the end-user. Therefore in-line quality control on 100% of production is
now becoming mandatory, in the perspective of ZDM.

Burrs are metal pieces approximately 1 mm long and 0.05-0.10 mm thick created during machin-
ing process [[36]]. Fig. 4.1 (left) shows typical burrs that can be detected in turned components
[11]. A common method to highlight the presence of these unwanted elements is visual inspection
performed by trained operators in quality laboratory. Visual inspection is performed using image
magnification systems and rotating the sample so that the operator can identify the presence of
eventual burrs either in the inner or the outer surface of the sample under test (Fig. 4.1 right).If
burrs are detected the sample is reworked, thus increasing production time and cost. Being a
manual control, this inspection cannot be performed on a 100% basis, therefore the risk of missing
samples not compliant for the presence of burrs is high.

Machine vision plays a very relevant and increasing role for in-line quality control, because vision
systems can be designed to mimic a variety of visual inspections normally done by expert operators.
Vision systems for in-line quality control span over a wide range of complexity, from a single fixed
camera and steady illumination[22], to moving cameras on robot arms in eye-in-hand configuration

—y

Figure 4.1: Quality control system for burrs identification: Typical visual inspection of burrs
performed manually by an operator.

48



CHAPTER 4. QUALITY CONTROL SYSTEM FOR BURRS IDENTIFICATION

[50], with adaptive illumination [65], or structured illumination [17], just to mention a few solutions
that can be found in manufacturing lines. Bearing in mind this thought, when considering a quality
control system based on vision for in-line inspections, the first and most important step is the design
of the system lay-out, including illumination, imaging optics, camera and image acquisition. In real
industrial applications of vision in production lines, which are noisy, sometimes dirty, environments,
with variable lightning conditions, variable optical characteristics of target surfaces, this is of the
utmost importance for the achievement of the final result. The algorithmic part is as important,
but it is necessarily the second step to be addressed. In the following paragraphs an automatic
system for burr inspection, based on a machine vision, is presented.

This solution has been patented to protect the idea developed [54]. The application was filed jointly
by Universita Politecnica delle Marche and Zannini SPA. T was one of the inventors among the
UNIVPM team. At the time of the patent filing the ownership was 50% each. Zannini SPA, then,
acquired the UNIVPM share, thus realizing a complete technology transfer, which will hopefully
trigger the industrial exploitation of the idea developed within this thesis.
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4.2 Design and realization of the quality control system:
Hardware

An optical arrangement with a camera observing the sample from outside in back-light condition
(sample between camera and illuminator) was developed. This set-up makes it possible to detect
burrs as modifications of a circular shape; this requires the use of telecentric lenses [7] to eliminate
distortions due to perspective.

A light stick diffusive illuminator, to be placed inside the sample, has been specifically developed
for the purpose, because there are no commercially available solutions that are simultaneously able
to provide a 360° illumination condition and be inserted in bores of 11mm maximum diameter.
Different materials and surface finishing conditions of the light stick have been tested, as well as
the possibility of exploiting RGB LED to change light colour depending on the environmental
illumination. This smart feature will be described in detail in the following section.

4.2.1 Lay-out and Hardware architecture

The main idea of the system is to imitate, in an automated way, the inspection performed by an
operator. Indeed, the part is generally checked by an operator who rotates it and observes the
shape of each hole from the outside. In the same way, the operator can be substituted by an
machine vision system that inspect each hole from the outside in back-light configuration while
the part is rotated. Backlighting is provided by a custom light stick inserted inside the piece under
examination(Figure 4.2).

Internal backlight illumination

e

Bi-telecentric lens Rotating sample

Figure 4.2: Quality control system for burrs identification: Operating principle of the system to
detect burrs.

The basic layout of the system is shown in Figure 4.3. The fingers of a robot gripper make it
possible part to be grasped, centered and rotated. Two cylindrical illuminators are inserted axially
inside the hollow cylinder under control to observe it in backlight condition. The backlight image
of the side holes of the piece is acquired with a camera and telecentric optical system oriented
orthogonally to the cylinder axis under inspection. Below is the description of each component.

4.2.2 The backlight diffuse illuminator

To observe each hole in backlight is necessary that a backlight illuminator is operating from the
inside of the part.

The illuminator I developed is a transparent polymeric cylinder with a rough surface; light is fed
to the light stick by a LED source connected on its base and travels along the cylinder. Due
to light source divergence and to light scattering within the core of the polymeric cylinder, light
reaches the rough surface of the cylinder which acts as a diffuser. Hence light is diffused radially
and, once the illuminator is inserted inside the hollow cylinder to be inspected, its inner surface is
illuminated over the full length over the 360°, below how the illuminator is made.

As a light guide, the internal light stick illuminator aims to transport light from a light source
(e.g. a LED source) to a point at certain distance with minimal loss. Generally the light is
transmitted inside a light guide through total internal reflection. To explain this concept it is
necessary to start from the Snell’s Law (4.1): a beam of light incident to the boundary between
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Figure 4.3: Quality control system for burrs identification: Lay-out of the system. Clearly visible:
camera, telecentric lens, gripper with backlit internal illuminator and rotating actuator.

two different mediums, i.e. plastic and air, is refracted when it crosses the border as shown in
Figure 4.4.

n;$iNg; = nysings (4.1)
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Figure 4.4: Quality control system for burrs identification: Refracted Light Ray.

Where ¢;, called angle of incidence, is the angle at which the light beam si incident to the
boundary and the angle at which the light rays leave the boundary is called the angle of refraction,
¢y. Snell’s law states: the index of refraction of the first medium, n;, multiplied by the sine of the
angle of incidence at the boundary, ¢;, is equal to the index of refraction of the second medium,
ny, multiplied by the sine of the angle of refraction at the boundary, ¢;.

If the angle of incidence increases to the point where the angle of refraction is 90° the incident
light ray is refracted along the boundary, as shown in Figure 4.5. The sin¢; (90°) = 1.0, and
Equation 4.1 for Snell’s law reduces to: n;sin¢; = ny. This expression can be rewritten to define
the critical incident angle for total internal reflection, ¢, (called critical angle, 4.2):

sin f. = 24 (4.2)

n;

By knowing the air’s index of refraction and bringing it into the equation 4.2, ny = 1.0, it
is possible to calculate the critical angle. For most plastics and glass, the index of refraction is
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Figure 4.5: Quality control system for burrs identification: Definition of critical angle for total
internal reflection.

approximately 1.50 and the critical angle for the total internal reflection is approximately 42 °.
Therefore for angles greater than the critical angle the light beam is totally internally reflected.

In case of light guide it is not just about total internal reflection as when a light beam crosses
the boundary through one medium to another there is a loss due to the reflection on the surface
which is represented in Figure 4.6. This is called Fresnel loss, is defined when the angle of incidence
equals the angle of reflection and is calculated with the following expression 4.3 :

INCIDENT

1
1
i INCIDENCE
LIGHT RAY b . o  MEDIUM
1
/* |
1
: INCIDENCE MEDIUM
|
n. 1
! ! SMOOTH SPECULAR
' REFLECTING BOUNDARY
ny i
1
1
¢i = ¢r i
br< b ! REFLECTION MEDIUM MORE
e [ DENSE THAN INCIDENCE MEDIUM
L O
1
1
REFRACTED
LIGHT RAY

Figure 4.6: Quality control system for burrs identification: Specular reflected light ray at mirror
smooth boundary (Fresnel loss).

2
Fresnel Loss =100 - [m_nf} (4.3)
ng +ng

For plastic to air and glass to air interface boundaries, the Fresnel loss is approximately 4 %.
During the design of a light guide, there are two main aspects to consider:
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e Coupling between LED and light guide with minimal loss;
e Allowing light to escape through the exit surface with minimal loss.

About the design of coupling between LED lamps and the entrance of light guide, flux coupling
and capture are usually ineffective when the light is placed externally to the light guide. If the
LED lamp is external to the light guide (Figure 4.7), most of the flux will be lost (10% of the
available flux is captured with this configuration).

oSt o

LIGHT GUIDE

4

LED LAMP

Figure 4.7: Quality control system for burrs identification: LED Lamp External to Light Guide.

With a lens it is possible to focus the flux when the LED light is external to the light guide
(Figure 4.8) increasing the captured light up to 80%.

LIGHT GUIDE

> g

LED LAMP

f f

| [
FLUX FOCUSSING LENS UP TO 80% FLUX CAPTURE

Figure 4.8: Quality control system for burrs identification: Using a Lens to Focus LED Light Onto
Light Guide.

However the best coupling configuration is to have the LED light located inside the light guide

as shown in Figure 4.9.

8% FRESNELL LOSS
IN AIR GAP

LIGHT GUIDE

— >(3
LED LAMP e

Figure 4.9: Quality control system for burrs identification: LED Lamp Located Inside a Light
Guide for Best Flux Coupling.
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The light captured will be between 92% and 100%, taking into account the Fresnel losses across
the air gap between LED light and light guide (Figure 4.10).
The maximum percentage of this configuration is reachable by:

e Glowing the LED light to the light guide;
e Using index matching fluid;

e Realising a perfect coupling between both elements in order to not having an air gap.

LIGHT GUIDE
e
LED LAMP —

Figure 4.10: Quality control system for burrs identification: LED Lamp index matched inside a
Light Guide to Eliminate Fresnel Loss

As a physical attribute of a Light Guide, the exterior surface finishes are important to assure
proper operation.

The sides parallel to the direction of light travel should be smooth to works in total internal re-
flection. The entry surface must be smooth, shaped to adapt to the LED lamp device for effective
light insertion, allowing light rays to enter the light guide with minimal reflection and dispersion.
The exit end should be diffused. A diffused exit end has random critical angles across its surface
providing a high probability light rays can escape, and also scatters the light rays producing a wide
radiation pattern.

In my case the illuminator is an object that works halfway between a diffuser and a light guide.

The LED lamp is coupled to one of the base surfaces of an acrylic rod cylinder. Anyway the light
must come out of the lateral surfaces of this stick cylinder; for this reason the lateral surfaces must
be rough.
A diffused lateral exit end (rough surface) presents random critical angles to internal light rays,
assuring the probability of light escaping from the illuminator. This may also be viewed as the
diffused exit end having random indices of refraction. The exiting light rays are disbursed at ran-
dom angles into a wide radiation pattern of light, as shown in Figure 4.11.

I
SMOOTH SURFACE E ROUGH SURFACE
I

Figure 4.11: Quality control system for burrs identification: Lateral Diffused Exit End Enhances
the Probability of Light Escaping the illuminator.

An illuminator made as in Figure 4.12, has problems related to the diffusion of light. the
intensity of light coming out of this type of illuminator is greater near the LED lamp and decreases
as the length of the illuminator increases.
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LED LAMP

Figure 4.12: Quality control system for burrs identification: Decrease in intensity of light in
diffusive cylindrical illuminator.

To make the inspection of the burrs automatic, I chose to use two identical illuminators which,
during the gripping of the piece, are inserted inside it until they merge with each other. This
choice helps both in the mechanical aspect during the gripping phase, both from the optical point
of view thus ensuring higher illumination efficiency and uniformity along the illuminator length.
In fact, observing the intensity of light coming out of a single illuminator, it tends to decrease
as it moves away from the LED source; shaping the terminal surface of the illuminator in a very
smooth way (Figure 4.13), the light passes from one illuminator to another, strongly reducing the
intensity gradient light between the extreme points of each illuminator (Figure 4.14).

Figure 4.13: Quality control system for burrs identification: Smooth end exit coupled with the
second illuminator to transmit light.
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Y

LED LAMP LED LAMP

Figure 4.14: Quality control system for burrs identification: two coupled illuminators to reduce
the decay of light intensity.

The first pair of illumnators designed and created were 3D printed (Fig. 4.15) using a stere-
olithography (SLA) printer in transparent resin then solidified. Through 3D printing it is possible
to realize the perfect coupling between the illuminator and the LED source with Concave En-
trance End that increases Flux coupling Figure 4.16. The lateral surface of the illuminator was
made rough by sandblasting.

Figure 4.15: Quality control system for burrs identification: 3D printed illuminator.
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1y

Figure 4.16: Quality control system for burrs identification: Illuminator with concave Entrance
End that improves Flux Coupling.

Although presenting a concave entrance, as suggested in [67] with this configuration about 70%
of the available emitted flux from an LED is captured by the light guide, and the light loss is
reduced to 20% to 30%, at the moment of coupling between the two illuminators, that is when the
two fingers close, the clamping force also affects the hemispherical lens of the LED. The LED was
damaged after few piece loading-unloading cycles, thus reducing the robustness of the inspection
system.

The need to have a rugged system to implement in a real industrial scenario forced me to design
a second version of this illuminator.

The final version of my illuminator consists of two cylinders 25 mm in length obtained from a
plexiglass rod with a diameter of 8 mm. These cylinders are first sandblasted so as to have a lateral
surface which allows light to exit; the base surfaces of the cylinder are honed so as to guarantee
the best coupling light flux with lower losses.

As shown in the Figure 4.17 the two illuminators are coupled together on one of the two base
surfaces and the led on the other.

Figure 4.17: Quality control system for burrs identification: Coupling of the two illuminators.

More in detail, the LED is inserted inside an hollow cylinder (Figure 4.18) that contains it and
into which transparent epoxy transparent resin is cast.
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Figure 4.18: Quality control system for burrs identification: Hollow cylinder that contains LED.

Once the resin has dried, it is honed. From this surface direct light exits the illuminator and
the coupling flux is be guaranteed by the gripper’s clamping force (Figure 4.19 ).

Figure 4.19: Quality control system for burrs identification: cylindrical illuminator coupled to a
resin coated LED.

The LED light source is 3 Watts RGBW (red, green, blue and white) LED with eight leg (four
anode and four cathode)(Figure 4.1). The technical specifications are shown in table 4.20.
This feature enables image optimization (contrast enhancement) with respect to environmental
light and the optical characteristics of the part.
The hemispherical lens on the top of the LED guarantees a light beam angle of 140° which coupled
with the illuminator makes it possible to spread light laterally, This allows an external observer
to see the light exiting from the lateral holes; burrs will appear as black shades over a luminous
circle.

Table 4.1: Quality control system for burrs identification: Technical data of the RGBW LED.
Wavelength, Colour Temperature Luminous Flux

Red 620-625 [nm] 70-80[Im]
Green 520-525 [nm] 130-150[Im]
Blue 460-470 [nm) 30-40[lm]
White 6000-6500[K ] 110-120[Im]
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Figure 4.20: Quality control system for burrs identification: Led RGB+W.

The LED colours and intensity are managed by a microcontroller through a power driver (Fig-
ure 4.21).
The driver chosen is particularly suitable for the management of LEDs of this type, offering the
possibility of being powered by 6 -~ 36 Vcc, The driver also guarantees a maximum output current
of 1 A per channel and has four output channels, in this way the four colours of the LED can be
managed individually in a separate way.
Table 4.2 shows the technical specifications of the driver.

Table 4.2: Quality control system for burrs identification: Technical data of the LED driver.

Supply voltage 6 + 36 Vce
Maximum current output 1 A per channel
Dimming Analogical and digital
Number of channels 4
Dimensions 27,6 x 37,3 mm

The LED can be controlled in the following way:

e When a DC voltage lower than 0.4 volts is applied to the CTRL pin, the converter turns off
and the output goes to zero volts;

e Applying a PWM signal on the CONTROL pin, the output is set according to the duty-cycle
of the signal itself, with a resolution of 1,024 steps.

As already explained Two RGBW led must be controlled both to combine more colours simul-
taneously and to change the intensity of light with respect to environmental light and the optical
characteristics of the part (Figure 4.22).

The two illuminators can rotate together with the piece and the cone, therefore it was necessary
to insert two slip rings for powering the LEDs also during the rotation.
Since the LED wires must be place inside the drive shaft and the driven one (as will be shown in
the next paragraph), and since each slip ring has at most 6 possible connections, I chose to connect
all the LEDs anodes together.

In this way 5 connection wire per LED are used: a common positive pole and four negative
ones each to control a different colour.
Figure 4.23 shows the wiring diagram for the control of LEDs with power drivers and microcon-
troller.
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Figure 4.21: Quality control system for burrs identification: Connection diagram of the driver and
control via PWM signals.

Figure 4.22: Quality control system for burrs identification: Colour control of the RGBW LED
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Figure 4.23: Quality control system for burrs identification: Electric scheme of the Led RGB+W
controlling units.

4.2.3 The gripper

In order to automate the system, the diffuse internal illuminator is realized in two parts, which
can be inserted from the two opposite sides of the hollow cylinder. Each part is mounted on one
finger of a robot gripper which allows insertion of the illuminator inside the hollow cylinder. Two
conic elements allow centering the hollow cylinder with respect to the internal diffuse illuminator.
The conic elements can rotate axially, under the action of a stepper motor mounted on one of the
fingers. Once the fingers are closed, and the conic parts block the hollow cylinder, the stepper
motor can rotate it. This allows a fixed camera to observe in sequence all the outer surface of
the cylinder; lateral holes will appear as luminous circles over a black surface, thanks to the inner
backlit diffuse illuminator.

Loading and unloading of the hollow cylinder onto the gripper is done by a robot arm; however,
the system can also be operated by a human operator.

The whole system configuration is shown in Figure 4.24, in both open and closed configurations.
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Figure 4.24: System for detecting burrs

I chose to use the Network-enabled Schunk WSG 50 Gripper that combines a long stroke and
precise (encoder feedback) movement. Speed and gripping force are controlled. The technical
specifications of the gripper are shown in table 4.3.

Table 4.3: Quality control system for burrs identification: Technical data of the gripper WSG
050-110-B.

Min. gripping force [N] 5
Max. gripping force [N] 80
Recommended workpiece weight [kg] 0.4
Max. permissible finger length [mm] 170
Max. permissible mass per finger [kg] 0.3
Repeat accuracy [mm] + 0.03
Max. speed [mm/s] 420
Max. acceleration [mm/s?] 5000
Communication interface EtherNet TCP/IP, PROFIBUS, CAN

Figure 4.25 shows the section of the custom gripper. The stepper motor is mounted on the
black finger; the shaft is connected to the slip ring at the back. The slip ring allows to power the
LED during its rotation. The wires from the slip ring pass inside the hollow shaft to the top of it.
In the front part of the shaft, there are the centering cone, led and illumination system.

Two ball bearings, which ease the rotation of the shaft thy hold, are mounted on the green finger.
Also this shaft is connected in the rear part to a slip ring for powering the LED.The cone, the
LED and the illumination system are keyed to the front.

It is necessary to guarantee friction between the two cones and the part under inspection so as to
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allow their integral rotation. Moreover, it is necessary that the top parts of the two illuminators
are coupled to make light intensity uniform, as described in Figure 4.14.

I developed a system contained within the cone (Fig. 4.25) connected to the motor shaft, which,
through a coil spring, pushes an illuminator towards the other; at the same time, however, it en-
sures that all elements connected to each other (cones and piece) rotate without slipping.

when the piece is tightened between the two cones, the illuminator not connected to the motor
pushes against the other which can move backwards keeping their connection (thanks to the coil
spring) for the light transfer.

-

EFTHEH EBEFTH

Figure 4.25: Quality control system for burrs identification: Custom gripper in section: whole 2-D
gripper section (a) and 3-D close-up of the retractile illumination system.

As for the control of the LEDs a dedicated driver connected to the micro-controller is needed
to manage the motor. The electric scheme of the motor management devices is reported in Figure
4.26: the stepper motor is controlled by a PWM signal generated by the microcontroller and sent
to the power driver, which takes care of transferring it to the motor.
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Figure 4.26: Quality control system for burrs identification: Electric scheme of the motor control-
ling units.

4.2.4 The camera and lens

The hollow cylinder under inspection is positioned orthogonally to the optical axis of the objective
and with its own axis horizontal (see Fig. 4.24). A bi-telecentric lens, with field of view of 34.98
mm X 29.18 mm, was selected for the inspection; this guarantees correct framing whose dimension
is lower than 30 mm over a depth of field of 11 mm. The contrast transfer function (CTF @ 70
Ip/mm) is larger than 40%, thus assuring an optical spatial resolution better than a,,; <0,014 mm.
We have a CMOS camera (Fig. 4.27)having a 2/3¢ chip, with 2464 x 2056 pixels was selected for
being coupled to the lens. The camera is operated in ROI mode; this was done with the purpose
to reduce the image size and speed up the frame rate (current frame rate: 200 fps). Overall, the
system allows for a spatial resolution of less than agsens <0.015 mm (no sub-pixeling considered).
Camera resolution combined to optical resolution limits the detectable burr size to a <0.02 mm:
however, burrs are expected to always exceed this dimension.

g
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Figure 4.27: Quality control system for burrs identification: Matrix vision CMOS camera.

The camera is not triggered for the acquisition. This choice was adopted because the small
hardware ROI investigated made it possible to increase the image acquisition frame rate, thus
working in ”oversampling” condition. This redundancy of data makes the presence of a trigger
irrelevant.

The table 4.4 shows the technical specifications of the camera
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Table 4.4: Quality control system for burrs identification: Technical data of the camera RT-mvBF3-
2051G.

Sensor size 2/3”
Resolution [pizel] 2464 x 2056
Pixel size [pm] 3.45
Frame rate [Hz| 80.5
Shutter type Global Shutter
Sensor name Sony IMX250
Sensor type CMOS monochrome
Interface USB 3.0 (5GB/s)
RAM 256 Mb

65



CHAPTER 4. QUALITY CONTROL SYSTEM FOR BURRS IDENTIFICATION

4.3 Design and realization of the quality control system:
Software

The images are acquired and processed in the pre-defined Region of Interest identified by the green
rectangle in Figure 4.28.

Figure 4.28: Quality control system for burrs identification: Burrs detection Region of interest.

Figure 4.29 reports a typical image acquired on holes which are close to orthogonal to the
optical axis of the telecentric vision system within the ROI. On the right a zoom allows to see a
burr highlighted by a red circle.
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Figure 4.29: Quality control system for burrs identification: Typical image and zoom on a hole
with a burr.

Burrs recognition is based on a geometric pattern matching algorithm [33]. Indeed, this algo-
rithm is exploited to highlight dissimilarity with respect to known geometric shapes [73]. With
respect to standard pattern matching approaches, in which pixel intensity levels in the template
image are used for matching on the final image, the algorithm exploits geometric information
present in the template image as primary features (e.g. low-level features, like edges or curves, or
higher-level features, such as the geometric shapes made by the curves in the image) for matching.
Deviations from known geometric features are then compared to a threshold: if some data falls
above the threshold, these data, very likely, correspond to burrs on the hole.

More in detail, as reported in Figure 4.30, after acquiring an image, the search for circles is carried
out. on the identified circles, an annular ROI is applied. From each applied ROI, the hole contour
is extracted and the best fit circle of the hole is identified; The calculated distance between contour
and best fitted circle is compared to a threshold. If the distance is less than the threshold, no burrs
are present.

The final result related to the control of the part is given by a logical OR performed with the
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results of the single distance comparisons. This choice is based on the need to discard the pieces
with burrs, even in the presence of only one burr (from which the reason of the logical OR).

start

ACQUIRE _
IMAGE <

CREATE ANULAR
REGION OF
INTEREST

|
| !

EXTRAXT CONTOUR FIT
CONTOUR WITH CIRCLE
COMPUTE
CONTOUR DISTANCE
FROM CIRCLE

DISTANCE

TRESHOLD

NO BURRS

Figure 4.30: Quality control system for burrs identification: Burrs detection machine vision algo-
rithm.

The measurement sequence follows the procedure reported in the flow diagram of Figure 4.31).
The system waits for an external trigger event; in the automatic version, it will be a hardware
trigger provided by the robot (and exchanged using TCP-IP communication protocol) placing the
hollow cylinder onto the gripper; in the manual operating mode, the part is charged onto the
gripping system by the operator, and trigger is provided via a push button on the system’s HMI
(Human Machine Interface). Once this trigger has been received, the part is then closed by the
gripping system and the internal illuminator inserted accordingly. The colour of the illuminator
light is adjusted depending on environmental light and/or the part finishing; this is a smart be-
haviour which aims to keep image contrast as high as possible. After this adjustment the part is
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brought to rotation and the measurement starts. If data are not consistent to predefined confidence
level after one rotation (e.g. clockwise), rotation direction is inverted (e.g. counter clockwise) and

inspection is performed again.
START
MEASUREMENT

CLOSE GRIPPER

HAS THE GRIPPER
FOUND THE PART

SWITCH ON LIGHT

|
l l

ACQUIRE IMAGE START ROTATION

| |
! !

IMAGE PROCESSING SWITCH OFF LIGHT

OPEN GRIPPER.

( SEND RESULT }

Figure 4.31: Quality control system for burrs identification: Burrs detection measurement proce-
dure.
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4.4 Results in a real production line

A validation testing campaign, which aimed to ensure equal/superior performance of the system
to the inspection strategy currently used in ZANNINI, has been performed in ZANNINI Poland’
facility. A batch of 2000 parts was tested using manual charge/discharge onto the burrs inspec-
tion system. Inspection was performed on 100% of the batch and double-checked by the standard
burrs inspection approach adopted by ZANNINI Poland’s quality operators. Before the validation
phase, the threshold to be used in the algorithm was identified running dedicated tests on a batch
of healthy parts (batch of 100 parts).

The validation test identified no damaged parts among the batch produced. Actually, 5/2000 false
positives came out after an initial screening. However, it turned out that these false positives were
due to a wrong charging of parts onto the gripping system. Consequently, a further test of these
5/2000 parts with the burrs inspection system revealed their healthy nature.

The system has been exploited in a bigger demonstration phase (overall batch production: 20000
parts) running in ZANNINI Poland within the GOOD MAN project from June to September 2019.
The inspection can take place either in automated mode (part placed on the system by a robot)
or it can be run by a human operator (current installation — Figure ). A dedicated HMI shows the
inspection result as well as the percentage of scraps identified over the total parts inspected. Data
recorded by the system are stored locally on a local database and sent to the MAS system.

Figure 4.32: Quality control system for burrs identification: automated (a) vs manual (b) set-up

The inspection system provides an overall information related to the presence of burrs on the
part. Consequently, the result is binary (Good/Scrap) and no acceptability ranges have to be
considered. No particular issues should be reported for the GOOD MAN production lot.

Data reported hereafter refer to the monitoring period 28/06/2019 — 28/08,/2019. The dataset
consists of 23545 parts. Figure 4.33 reports the distribution of scraps vs good parts.
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Figure 4.34: Quality control system for burrs identification: Evolution of results for the monitoring
period 28/06/2019 - 28/08/2019. Data are down sampled to get 1 sample = percentage of good
parts over a basis of 100 parts.

[ scrap
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Figure 4.33: Quality control system for burrs identification: Scrap analysis for the monitoring
period 28/06/2019 - 28/08/2019.

To check the stability of the process and the quality control station results of bit have been
down sampled (1 sample = good parts over a basis of 100 parts) and tracked in their time evolution.
As it can be seen from Figure 4.34, the combination of process and performance of bit (it is not
possible to separate them) is stable over the whole dataset.

70



Chapter 5

Conclusions

This thesis is focused on the development of two Quality Control Systems for in-line inspection of
100% of production.

This research is part of the European Project GOOD MAN-“aGent Oriented Zero Defect Multi-
Stage Manufacturing”. GOOD MAN project has received funding from the European Commission
under the EU Framework Programme for Research and Innovation Horizon 2020 (2014 - 2020)
within the FoF — Technologies for Factories of the Future initiative. Contract no. H2020-FOF-03-
2016-723764.

In particular, the European project deals with identifying the path to zero-defect production by
integrating and combining process and quality control for multi-stage manufacturing into a dis-
tributed system architecture built on agent-based Cyber-Physical Systems and smart QCS.

The presented work has been carried out on the Zannini use case targeting the development of two
different QCSs for assessing the geometric and functional tolerances (absence of burrs) on high
precision turned sleeves for automotive hydraulic electro valves, i.e.:

e A quality control system to automatically measure internal diameter and length in cylindrical
parts by contactless technology;

e An automated inspection system to detect the presence of burrs.

The first of the two systems developed has the purpose of measuring geometric features inside these
sleeves. The latter are characterized by a very small internal diameter and internal grooves. The
inline statistical quality control solution adopted before GOOD MAN involves human operators
who use manual gauges for internal diameter measurement and caliper for length measurement.
These instruments, although precise, have some drawbacks, e.g.:

e Must be manually managed by the operator;
e They need dedicated gauges compliant to the different diameters produced;
e Cannot measure on inner grooves.

Moreover, only Statistical Process Control can be adopted, because monitoring of 100% of produc-
tion would necessitate too much time, given the high production rate.

An automatic station to measure the internal diameter and length of these sleeves was therefore
developed. The station exploits a confocal chromatic sensor that makes it possible to measure
without contact both the part internal diameter and its length. In fact, the probe diameter is com-
patible with the internal diameter of the sleeves. The selected sensor has a 90° beam exit which
allows to measure the radius of the sleeve. This type of sensor is usually used in relative distance
measurements or to measure the thickness of transparent objects, hence dedicated solutions were
adopted to measure direct distances and compensate the influence of temperature variations which
can happen in a production line.

The station has 4 degrees of freedom; micrometric stages allow the sensor to be inserted inside the
piece to be inspected, rotate and scan a certain section of the part. The micrometric stages under
the part allow to centre its axis with respect to the sensor, reducing the fluctuation of the datum
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with respect to the nominal value. Since the GRIN lens inside the sensor is sensitive to tempera-
ture variations (refractive index temperature dependent), a dedicated procedure to compensate for
temperature fluctuations have been developed. Dedicated tests in laboratory conditions were run
to optimize the testing set-up and measurement procedure, as well as to estimate the measurement
uncertainty characterizing the QCS. The system has worked in a real production line (Zannini
Poland) at the outlet of a turning machine for three months 24/7. Although the use of the devel-
oped measuring station was limited to the measurement of turned components for automotive use,
this can be extended to all the applications for which it is necessary to carry out measurements
inside small cavities.

The second quality control system developed is related to the inspection of the presence of
processing burrs. The sleeve has several holes on the lateral surface that anticipate or delay the
flow of the fluid that passes through it. Holes with burrs can compromise the correct operation
of the part, for this reason, it is necessary to check the presence of these unwanted elements. The
industrial relevance of this problem and the need to overcome the present state of the art, which
consists of a visual inspection by operators, are the reason why an automated quality control
system based on machine vision, designed to detect burrs in hollow cylinders with transverse holes,
was developed. The system is designed to operate on 100% production in-line.

The system developed mimics the way an operator does the inspection; the part is rotated and
holes are inspected from the outside, under backlight illuminations. For the purpose, we developed
a dedicated gripper, whose fingers host two cylindrical diffuse illuminators, which can be inserted
inside the hollow cylinder. The part is placed orthogonal to the optical axis of the vision system
and rotated around its axis so that all the holes can be imaged.

A CMOS camera equipped with a bi-telecentric lens collects images within a ROI; the holes will
appear as luminous circles over a dark background. If burrs are present, their shade will appear.
Image processing is based on geometric pattern matching algorithms, which recognize circles; once
a circle is identified, then deviations of its circularity are interpreted as burrs. For the purpose,
deviations are analyzed versus a threshold established experimentally.

Image contrast is continuously controlled by varying the colour and intensity of the illumination,
S0 to compensate environmental light variations typical of the factory.

The work developed has started from the analysis of the industrial problem which has led to
the definition of specifications of the quality control systems to be realized. Then the thesis has
addressed the conceptual and physical design of the two systems, both for the hardware and for
the software.

Particular care has been put to implement adaptive behaviours, realized through specific hardware
and algorithms, which aim to minimize measurement uncertainty and improve diagnostic output.
All these activities have brought to the development of laboratory prototypes, which have been
characterized in laboratory conditions. They fully satisfied the expected specifications.

Then the work has continued towards the integration of the two systems to a real production line,
by interfacing the systems to the tool machines; robot arms have been used to pick and place the
parts. Once installed in-line, the two systems have been successfully operated for several weeks,
thus providing a demonstration of their potential.
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