-

‘Automotive
Engine
Metrology

Salah H. R. Al

. CERTIFIED

- ~ The CPD Certification
) Service



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

www.EngineeringBooksPDF.com


http://taylorandfrancis.com

Automotive
Engine
Metrology

Salah H.R. Ali

PaN STANFORD PUBLISHING

www.EngineeringBooksPDF.com



Published by

Pan Stanford Publishing Pte. Ltd.
Penthouse Level, Suntec Tower 3
8 Temasek Boulevard

Singapore 038988

Email: editorial@panstanford.com
Web: www.panstanford.com

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

Automotive Engine Metrology
Copyright © 2017 Pan Stanford Publishing Pte. Ltd.

All rights reserved. This book, or parts thereof, may not be reproduced
in any form or by any means, electronic or mechanical, including
photocopying, recording or any information storage and retrieval system
now known or to be invented, without written permission from the
publisher.

For photocopying of material in this volume, please pay a copying fee
through the Copyright Clearance Center, Inc.,, 222 Rosewood Drive,
Danvers, MA 01923, USA. In this case permission to photocopy is not
required from the publisher.

ISBN 978-981-4669-52-8 (Hardcover)
ISBN 978-1-315-36484-1 (eBook)

Printed in the USA

www.EngineeringBooksPDF.com


www.panstanford.com

To Egypt and the World

To the soul of my parents, my mother, Hakemah Ahmad
El-Banna, and my father, Hamed Ramadan Ali

To my respected professors, and teachers

To my lovely wife, Hayam, our son, Amr, and our daughter,
Maryam

To all those who helped me in my career and to my
colleagues at the National Institute for Standards, the
Academy of Scientific Research and Technology, and the
Ministry of Higher Education and Scientific Research

in Egypt

To my postgraduate and undergraduate students,
production and quality engineers, automotive engineers,
metrology engineers, each researcher and science
student, and all interested

Salah H. R. Ali

www.EngineeringBooksPDF.com



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com

www.EngineeringBooksPDF.com


http://taylorandfrancis.com

Contents

Preface xiii

PART 1: INTRODUCTION

1. Introduction 3
1.1 Automotive Engine Metrology 4

1.2 Engineering Metrology 10

1.3 Quality Challenges in Automotive Engineering 14

1.4 Metrology Laboratory 16

1.5 Automotive Engineering 17
1.5.1 Types of Automotive Engines 18

1.5.2 Performance of Automotive Engine 21

1.6 Conclusion 23

PART 2: ADVANCED METROLOGY TECHNIQUES

2. Advanced Measurement Techniques in Surface

Metrology 27
2.1 Advanced Measuring Techniques 28
2.1.1 Mechanical Contact Stylus Techniques 28
2.1.1.1 CMM coordinate technique 29

2.1.1.2 Roundness instrument 33

2.1.1.3 Roughness measurement technique 38

2.1.2 Optical Measurement Techniques 41
2.1.2.1 White-light interference microscopy 42

2.1.2.2 Confocal optical microscopy 44

2.1.2.3 Confocal white light microscopy 45

2.1.2.4 Scanning electron microscopy 46

2.1.2.5 Digital holography technique 48

2.2 Non-Optical Measurement Techniques 49
2.2.1 AFM Technique 50

www.EngineeringBooksPDF.com



viii

Contents

2.3

2.4

2.5
2.6

2.2.2 3D-CT Technique

Overlapping, Limitations, Sampling, and Filtering
of Existing Techniques

2.3.1 Overlapping

2.3.2 Limitations

2.3.3 Sampling and Filtering

Surface Characterization

2.4.1 Applications in the Mechanical Engineering
2.4.2 Other Applications

Uncertainty

Conclusion

PART 3: PERFORMANCE OF CMM METROLOGY TECHNIQUE

3. Characterization of Touch Probing System in CMM
Machine

31

3.2

3.3

3.4
3.5

3.6

Types of CMM Probes
3.1.1 Hard Probe
3.1.2 Trigger Probe
Analytical Model
3.2.1 CMM Probe Ball Tip Error
3.2.2 Results of Analytical Model
Experimental Work
3.3.1 Verification of CMM Stylus System
3.3.2 Experimental Procedure
3.3.3 Parametric Study of Stylus Design
3.3.4 Measurement Density
3.3.4.1 Stylus tip size 4.0 mm
3.3.4.2 Stylus tip size 2.5 mm
3.3.4.3 Stylus tip size 1.5 mm
Analysis of the Obtained Uncertainty
Experimental Results and Discussions
3.5.1 Effect of Probe Stylus Tip Size
3.5.2 Effect of Probing Speed
Conclusion

www.EngineeringBooksPDF.com

52

54
54
55
56
57
57
61
66
68

83

84
84
84
87
87
89
90
91
91
93
93
95
95
95
96
97
98
102
102



Contents | ix

4. Error Separation of Touch Stylus System and

CMM Machine 107

4.1 Experimental Work 109

4.1.1 Verification of CMM Machine 109

4.1.2 Parametric Study of CMM and Stylus Design 109

4.2 Analysis of Experimental Results 111

4.3 Validation of Experiments 117

4.3.1 Total Measurement Errors 117

4.3.2 Stylus System Errors 118

4.3.3 CMM Machine Errors 119

4.3.4 Other Measurement Errors 120

4.4 Conclusion 120

5. Measurement Strategies of CMM Accuracy 125

5.1 Introduction 125

5.2 Background and Motivation 128

5.2.1 Types of Errors 129

5.2.2 Fitting Algorithm 130

5.3 Experimental Work 130

5.3.1 General 130

5.3.2 Dynamic Calibration of Stylus System 131

5.3.3 Test Procedure 132

5.4 Result Presentation and Discussion 133

5.4.1 Probe Scanning Speed 5 mm/s 133

5.4.2 Probe Scanning Speed 10 mm/s 135

5.4.3 Probe Scanning Speed 15 mm/s 136

5.4.4 Probe Scanning Speed 20 mm/s 137

5.4.5 Probe Scanning Speed 25 mm/s 139

5.4.6 Probe Scanning 30 mm/s 140

5.4.7 Probe Scanning 35 mm/s 141

5.4.8 Probe Scanning Speed 40 mm/s 142

5.4.9 Probe Scanning Speed 45 mm/s 143

5.5 Statistical Analysis 145
5.5.1 Standard Deviation Average of Roundness

Measurement Error 145

www.EngineeringBooksPDF.com



X

Contents

7.

5.6

5.5.2 Roundness Error of Scanning Speed
Response

Conclusions

Validation Method for CMM Measurement
Quality Using Flick Standard

6.1

6.2

6.3

6.4

6.5

Introduction
Experimental Work
6.2.1 Dynamic Verification of Probing System
6.2.2 Flick Standard Artifact
6.2.3 CMM Measurement Procedures
Measurement Results and Discussion
6.3.1 Least Square Fitting Technique
6.3.2 Minimum Element Fitting Technique
6.3.3 Minimum Circumscribed Fitting Technique
6.3.4 Maximum Inscribed Fitting Technique
Statistical Analysis
6.4.1 The Error in Diameter Measurement
6.4.2 The Error in Roundness Measurement
6.4.3 Uncertainty Evaluation

6.4.3.1 Repeatability

6.4.3.2 Resolution

6.4.3.3 Indication error

6.4.3.4 Temperature
Conclusions

Factors Affecting the Performance of Talyrond
Measurement Accuracy

7.1
7.2

Introduction

Background and Motivation

7.2.1 Fitting Filters

7.2.2  Fitting Spectral Wave Responses
7.2.3 Fitting Algorithms

www.EngineeringBooksPDF.com

146
148

153

153
155
155
156
157
158
158
161
164
167
169
170
172
175
175
175
175
175
176

PART 4: PERFORMANCE OF TALYROND METROLOGY TECHNIQUE

183

183
185
186
186
187



Contents | xi

7.2.4 Types of Errors 188
7.3 Experimental Work 189
7.4 Results and Discussion 191
7.4.1 The Effect of Fitting Filters 191
7.4.2 The Effect of Gaussian Filter and Fitting
Techniques 193
7.4.3 The Effect of 2CR Filter and Fitting
Techniques 195
7.5 Analysis and Estimation of Roundness Accuracy 197
7.6 Conclusion 199

PART 5: METROLOGY IN AUTOMOTIVE ENGINES

Metrology as an Inspection Tool in New or Overhauled

Water-Cooled Diesel Engines 205
8.1 Introduction 205
8.2 Engine Inspection Program 207
8.2.1 Engine General Specifications 208
8.2.2 Cylinder Liner Inspection 208
8.2.3 Valve Lapped Area Inspection 210
8.2.4 CMM Verification 210
8.2.5 CMM Measurement Strategy 211
8.3 Experimental 211
8.3.1 Cylinder Block Measurements 212
8.3.2 Cylinder Head Measurements 212
8.3.3 Valve Measurements 214
8.3.4 Piston and Ring Measurements 215
8.3.5 Measurement of Engine Performance 216
8.4 Uncertainty in Measurements 216
8.5 Results and Discussion of Engine Inspection 219
8.5.1 Results of Dimensional Deviations 220
8.5.2 Results of Form Deviations 220
8.5.3 Results of Location Deviations 222
8.5.4 Results of Engine Compression Pressure 222
8.6 Conclusion 225

www.EngineeringBooksPDF.com



xii

Contents

9. Metrology as an Identification Tool for Worn-Out
Air-Cooled Diesel Engine

9.1
9.2

9.3
9.4

9.5

Introduction

Cylinder Forces and Surface Measurements

9.2.1 Dynamic Friction Force

9.2.2 Surface Geometry Measurements
Uncertainty Assessment of Measurements
Results and Discussion

9.4.1 Out-of-Roundness Measurement Results
9.4.2 Concentricity Measurements

9.4.3 Out-of-Straightness Measurement Results
Conclusions

10. Surface Metrology in Engine Quality

10.1

10.2
10.3
10.4

10.5

10.6

Engine Quality Using Metrology Techniques
10.1.1 CMM Metrology Technique

10.1.2 AFM Metrology Technique

10.1.3 Scanning Electron Microscopy Technique

10.1.4 Transmission Electron Microscopy
Technique

Tribological Behavior
Coated Surface Characterization

New Applied Technology in Engine Coating
Surfaces

Machining Characteristics of Engine Cylinder
Surface

Conclusion

PART 6: CONCLUSIONS AND FEEDBACK FOR FUTURE

11. Conclusions, Recommendations, and Future Work

11.1
11.2
11.3

Index

Conclusions
Recommendations
Future Work

www.EngineeringBooksPDF.com

229

229
232
232
233
235
237
237
239
239
240

245

247
247
249
250

251
252
253

258

260
262

269

270
271
272

273



Preface

Advanced soft metrology techniques play an important role in
improving the quality and function of automotive engines with
regard to both manufacturing and diagnostic processes. Advanced
accurate and precise measurement techniques are based on
two fundamental approaches: hard measurement techniques
and soft measurement techniques. Advanced soft computing
measurement techniques include a coordinate measuring machine
(CMM), Talyrond roundness tester, surface roughness device,
interferometric methods, confocal optical microscopy, scanning
probe microscopy, and computed tomography technique at the
micro- and nanometer scales. Now, utilizing the CMM or the
Talyrond machine is a challenge for advanced coordinate
metrology in modern engineering applications, especially in
automotive and aerospace industries. Deviation from dimensional
tolerance or geometrical features can produce a number of
engineering problems, vibration, frictional wear, noise, material
fatigue, and failure. The basic function of the CMM is to measure
the actual dimension and geometrical shape of an object
according to the ISO and evaluate the collected data using the
metrological aspects of size, form, location, and orientation.

In this book, we focus on advanced coordinate measurement
machines and their performance with respect to accurate and
precise measurements for automotive engine metrology. The
book is organized into six parts. The first part presents the
general introduction, the objective of the book, and its usefulness
for academic scientists and professional and general readers.
The second part introduces the important industrial subject of
advanced soft measurement techniques for dimensional and
surface metrology in micro- and nanometer scales. The third part
discusses the performance and error analysis methods of the
CMM as a new common technique for dimensional and surface
metrology in the industry. The fourth part studies error analysis
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and roundness determination using the Talyrond technique.
The fifth part discusses the inspection and diagnosis of new,
overhauled, and worn-out automotive engines using the CMM
technique. It also discusses the applications of surface metrology
in quality control for automotive engines. New technologies for
engine coating and surface characterization are also presented.
The last part, Part 6, discusses the developments in the field and
future prospects.

It is hoped that the book will encourage the development of
techniques in instrumentation metrology for automotive engines
and strengthen readers’ understanding of the importance of
metrology in automotive engines.

Salah H. R. Ali, PhD

Professor Doctor Engineer

Engineering and Surface Metrology Department
National Institute for Standards, Giza, Egypt
April 2017
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Chapter 1

Introduction

Automobiles are considered as a lifeline in all matters of our daily
lives. The automotive industry is the most sustainable, investment-
friendly, and profitable field all around the world, especially
in developed countries. About 80% of the world industries and
their development are applied in the automotive industry. On
the other hand, nowadays, one cannot live without the automotive
transportation method. For that, scientists continuously explore
necessary scientific methods in metrology to improve the quality
of automotive performance. Therefore, metrology plays a very
important role in the automotive industry, and at the same time,
the progress in the automotive industry plays a very important
role in the development of metrology techniques.

Metrology is a measurement science, and it finds applications
everywhere in the daily life. In this regard, this author emphasizes,
“any progress in the metrology is considered a major cause of
actual progress in the automotive industrial technologies and
vice versa.”

The focus of this book is the concept of automotive engine
metrology—in other words, how we can harness the advanced
metrology techniques for developing automotive engine
technologies? To achieve this goal by a simple scientific way, the
author gives a brief introduction of attractive and interesting
subjects through the important following topics: automotive
engine metrology, which is covered through important research

Automotive Engine Metrology

Salah H. R. Ali
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topics through the next 10 chapters in this work, automotive
engineering, engineering metrology, quality challenges in
automotive engineering, and metrology laboratory.

1.1 Automotive Engine Metrology

Advanced soft metrology techniques play an important role in
improving the quality and performance of automotive engine in
both manufacturing and diagnostics processes. Advanced accurate
and precise measurement techniques involve one of the two
basic approaches: the hard measuring techniques and the soft
measuring techniques. The advanced soft computing measuring
techniques include coordinate measuring machine, Talyrond
roundness tester, surface roughness device, interferometric
methods, confocal optical microscopy, scanning probe microscopy,
and computed tomography technique in the different levels
of measurement scale. Nowadays, the coordinate measuring
machine (CMM) or the Talyrond roundness measurement tester
is one challenge for advanced coordinate metrology in modern
engineering applications, especially in automotive and aerospace
industries. Out of dimensional tolerance or geometrical features
can produce a number of engineering problems such as vibration,
frictional wear, acoustic noise, material fatigue, and failure
and accordingly affect the cost. The basic function of the CMM
is to measure the actual dimension and geometrical shape of
complex objects according to ISO standards and evaluate the
collected data using metrological aspects of size, form, location,
and orientation. The ability of the Talyrond tester as a height
precise mechanical device lies in the importance of measuring
the roundness for cylindrical and spherical parts with very high
accuracy of up to nanometer.

In this book, we focus on the advanced coordinate measuring
machines and the parameters that affect their performance in
the accurate and precise measurements for automotive engines.
Moreover, the verification method of the CMM probing system
and the CMM measurement quality are discussed in detail to
ensure the confidence in the automotive engines’ efficiency. The
book—organized in six parts comprising 11 chapters—sheds
light on and discusses the important issues in automotive engine
metrology.
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The first part presents the general introduction, book contents
and the aim of the book to display the inevitable necessary
relationship between automotive engines and the metrology
through the quality in the perimeter of interest for the academic
scientists, professional engineers, engineering students, and
general readers.

The second part introduces the necessary important industrial
subject for advanced soft dimensional measuring techniques in
micro- and nanometer scales (Chapter 2). Chapter 2 is dedicated
to dimensional and surface metrology. The need for accurate
dimensional measurements and quality engineered surfaces
has become a necessary requirement to meet the challenges of
modern technologies. Thus, advanced precise and accurate
measurement techniques play a vital role in improving the
function and quality of engineering products. The author discusses
the advanced precise and accurate measurement techniques in
terms of two basic approaches: the hard metrology techniques
and the soft computing metrology techniques. The advanced soft
metrology techniques include coordinate measuring machines
such as roundness Talyrond machine, surface roughness devices,
and optical microscopes. On the other hand, to complete the
image, a new technical committee in ISO standards in the field
of dimensional and geometrical product specifications and
verification is established to address characterization issues
posed by the areal surface texture and new measurement
techniques. Here, different -classification schemes of major
advanced soft measurement techniques and their applications
in industrial dimensional and surface metrology are reviewed.
Moreover, current techniques, future trends under development
and ISO strategies in this area are discussed.

Part 3, comprising four chapters, discusses the probing
system, errors analyses, verification, and quality in the
measurement accuracy of CMM performance, as commonly used
in the newly processes for dimensional and surface metrology in
the industry. Chapter 3 presents the characterization of probing
system in CMM machines. The necessity of improving the quality
of products and the ever-increasing demand for reducing the
production duration resulted in the search for more accurate and
faster implementation methods. Touch trigger probes are widely
used on most commercial CMMs. This chapter studies the effect
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of the dynamic root errors on surface measurements using
three different types of touch trigger probes attached to a bridge-
type-CMM. Unforeseeable dynamic root errors of a ductile touch
trigger probing system have been characterized theoretically
and experimentally as well. The results employ in validating an
analytical two-dimensional-model (2DM) of stylus tip to be
developed to demonstrate the capability of such approaches of
emphasizing the root error concept and to evaluate the accuracy
of the CMM measurements. Experiments were conducted and
the results were analyzed in order to investigate the effect of
the dynamic root errors in the light of the probe scanning speed
at different stylus tip radii. Variations in the mass and/or
geometry of the stylus have their consequent effects on its
inherent intrinsic dynamic characteristics that in turn would
cause relevant systematic root errors in the resulted measurements.
3D bore cylindrical surface form undulations were measured by
employing a probe with a trajectory of internal surface diameter
for a standard reference test gauge ring. Regression analysis was
applied on the results of measurements density distribution,
and the uncertainty of measurement repeatability was then
evaluated and graphically presented. The results were investigated
and optimum strategic measurements parameters could thus
be derived to ensure foreseeable accurate and precise results.
Chapter 4 presents very interesting analysis and discussion
on the error separation of the stylus system and the CMM machine
in detail. CMM is widely used for a large range of accurate and
precise dimensional measurements. The micro-scale measurement
is expected to show an ever-increasing performance in term
of root error separation for stylus system and CMM machine
accuracy. The experimental work in this chapter aims to study
the effect of dynamic root errors at different undulations per
revolution (UPR) response of artifact measurement using selected
two types of CMM touch-triggering stylus. The direction of the
stylus and stylus speed parameters were adapted and utilized
throughout the course of experiment. The results were investigated
using the Fourier analysis to ensure foreseeable accurate and
precise results of CMM machine and stylus errors. Some specific
error equations for the stylus system and machine responses
have been postulated and analyzed empirically. The results
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also include validating the experimental investigation to predict
accuracy using PRISMO-Bridge-CMM-type in NIS.

As CMM becomes one of the main requirements in
precision engineering for advanced industries for design and
troubleshooting and more for scientific facilities. The CMM
data analysis software can contribute significantly to the total
measurement errors and by extension on the product quality.
The error characteristics in the CMM software are very important
from the metrological point of view to find an optimum fitting
solution. The final accuracy of a work piece is influenced by
many different factors. Chapter 5 illustrates how academic
scientists, metrology engineers, and future engineers stand in
front of and can evaluate the CMM measurement accuracy using
standard rings. In this chapter, the fitting software methods and
styles touch probe scanning speed factors for three different
transverse circles of roundness measurement errors are studied
experimentally. The tests have been performed to examine the
problem of how to generate reference data sets for cylinder
circle measurements. Some error formulae have been postulated
to correlate the roundness measurements within application
range. These reference data sets are presented to help the CMM
designer and operator to get the best fit for roundness
measurements. Chapter 6 introduces a new verification method
of CMM measurement accuracy using the Flick standard. The
verification of CMM in dimensional metrology is very important
task to ensure the quality of manufacturing processes. The
new experimental verification method of CMM performance is
designed, performed, and developed by using a reference
standard artifact at the National Institute for Standards (NIS)
in Egypt. The measurement errors of corresponding geometric
evaluation algorithms and probe scanning speeds are obtained
through repeated arrangement, comparison, and judgment. The
experimental results show that the roundness error deviation can
be evaluated effectively and exactly for CMM performance by using
the Flick standard artifact. Some of influencing quantities for
diameter and roundness form errors may dominate the results
at all fitting algorithms under certain circumstances. It can be
shown that the coordinate measurement at 2 mm/s is the best
strategic parameter to satisfy the high level of accuracy in the
certain condition. Using the Flick standard artifact as a quality
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evaluation tool noted a high precision increment in diameter and
roundness form indication. This means a better transfer stability
of CMM measurement quality could be significantly improved.
Moreover, some error formulae of data sets have been postulated
to correlate the diameter and roundness measurements within
the application range. Uncertainty estimation from CMM and
environmental temperature has been evaluated and confirmed the
quality degree of confidence in the proposed verification method.

Part 4 discusses the important factors that affect the accuracy
of roundness measurement and roundness determination
method for the Talyrond metrology technique as an important
technique in mechanical metrology in the automotive industry.
Chapter 7 presents the effect of fitting algorithms on the
roundness measurement accuracy to evaluate the ultra high-
precision instrument, for roundness is an essential geometrical
form in precision engineering, especially for rotating elements
in aerospace and automotive industries. Roundness-measuring
machine “Talyrond TR 73 HPR” is the one of major instrumentations
in form and surface metrology. The software of roundness-
measuring machine can contribute significantly to dimensional
metrology. The characterization of the Talyrond machine software
is very important to find an optimum solution for the roundness
deviation. In this chapter, the impacts of Talyrond TR 73 HPR
software parameters using region division method in roundness
measurement have been studied. Ten metrological software
parameters in this method have been estimated and discussed in
detail. The measurement result revealed that the lowest deviation
in roundness measurement has been investigated using MZ
algorithm. The average of total roundness indicates low deviation
by about 65.6% and 57.3% using 2CR- and Gaussian-filter,
respectively, which proved the effectiveness within the application
range. Furthermore, the experimental method was performed
to establish reference data sets for circular, cylindrical, and
spherical objects. The established data sets have been analyzed
to help the software designer and the metrologist to satisfy
the best measurement conditions in roundness nanometrology.
Thus, the contribution of various measured results is estimated
by way of region division. Moreover, experimental results show
that the predicted an evaluation method is reliable and effective,
especially in modern industry.
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Part 5 of the book is very interesting and important due
to the discussion of the specific new application processes of
engineering metrology with respect to two different types of
automotive engines to predicate their performance using the
CMM technique (Chapters 8 and 9). The author shows two
different application categories in coordinate metrology based
on engine metrology before operation and fingerprint of engine
wear after operation. Chapter 8 focuses on the use of engineering
metrology to provide a new inspection method for new or
overhauled engines. This chapter discusses CMM in automotive
metrology, and the author points out that geometrical and
dimensional metrology was used CMM in automotive engine.
The author also shows the specific application category in
coordinate metrology based on engine inspection before the
operation. The main objective of this work is to develop an
inspection program to demonstrate exploiting the advanced
metrology devices in conducting precise and accurate dimensional
and geometrical measurements on the crucial replaceable
elements of water cold diesel engine during an overhaul. This new
inspection method can be suitable for new engines. A correlation
can also be made between the measured dimensional and
geometrical deviations with the performance parameters of the
overhauled diesel engine. These measurements include deviations
in dimensions, form, location, and other geometrical features
of the cylinder bores, valves, and valve seats. In addition,
instantaneous peak compression pressures attained in cylinders
representing the overhauled engine performance are also
measured and correlated to the dimensional and geometrical
measurements. Chapter 8 discusses another attractive and
interesting new application for CMM to provide a new diagnosis
metrology tool for automotive diesel engines. In this chapter,
the author presented that the geometrical and dimensional
measurements using CMM play an important role in automotive
engine metrology. The author presents the new application of
coordinate metrology based on engine inspection worn-out
fingerprint of engine wear after operation. The main objective
of this work is to obtain the accurate precise measurements of
CMM machine in exploring and investigate the wear happening
between contacting solid surfaces. For instance, excessive wear,
if detected by the CMM measurements, in a cylinder bore
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of an internal combustion engine can dramatically affect its
performance quality, sealing function, scheme of lubrication,
and eventually its service life span. In such a case, the
fingerprint would be the original design GD&T tolerances.

Chapter 10 discusses many specific applications using surface
metrology in quality control methods automotive engines from
the real industry’s point of view. New applied technologies in
the coating of crucial engine elements and its functions beside
surface characterization are also presented.

Part 6, the last part (Chapter 11), presents some real
developments, recommendations, and future work in this
important area. This book is of interest to people in universities,
research institutes related to accuracy and precision in
automotive/equipment industries, and those who are involved
metrology in production engineering and quality control.

To enjoy reading this book, it would be useful to go through
a brief introduction to the following topics: engineering metrology,
quality challenges in automotive engineering and metrology
laboratory and automotive engineering. These topics include a
brief presentation of some basic principles of scientific background
related to the subject of the book for the non-specialist or general
readers who wish to increase their knowledge.

1.2 Engineering Metrology

The word metrology is derived from two ancient Greek words
(metron) means the meter and (ology) means the science. This
is due to discrimination for the value of meter, because meter is
the first unit of measure in the world and its history lies in Giza
of ancient Egypt, once called “the mother of the world” and in
Arabic “Misr Omo El-Donia.” Historically, the first standard of
length measurement was made from wood. It was called the
“Egyptian royal cubit,” based on the length of the Pharaoh’s arm.
The Egyptian royal cubit was the first standard tool for length
measurement (see Fig. 1.1a). The cubit was developed by adding
Egyptian Pharaonic numbers gradually, Fig. 1.1b. The cubit was
used for the construction of the Egyptian pyramids (one of the
Seven Wonders). After that it was manufactured from Egyptian
black granite. By virtue of the cubit tool, the ancient Egyptian
chariot was also made, as shown in Fig. 1.2.
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No.16  No.15  No.14
Figure 1.1  Ancient Egyptian royal cubit before 5k BC.

Figure 1.2  Ancient Egyptian chariot.

Then, the definition of the standard meter is even possible
with different methods. In the middle of the 19th century, the need
for a worldwide unified metric system became very important.
In 1875, the first diplomatic conference on the meter was held
in Paris; 17 governments signed the diplomatic treaty, which
was named “Meter Convention.” This convention introduced
solutions for Technical Barriers for Trade agreement and
interrelations between market, trade, conformity assessment,
and accreditation (see Fig. 1.3). Typical measurement standards
for subfields of metrology are shown in Fig. 1.4.
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Figure 1.4  Block diagram of the measurement standards.

This was the beginning of the joint work based on a regular
basis at the international level in metrology. Since 1983, the
latest definition of the meter is “the path traveled by light
in vacuum during a time interval of 1/299, 792, 458 of a second”,
where 299, 792, 458 is the speed of light in m/s.
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Metrology is inseparable from the measurement for all
things in our daily life. Everything in this world needs to be
measured. If you cannot measure, you cannot make. We could
say: good performance from an automobile cannot be obtained
without engineering metrology. Thus, we can also say “metrology
is the constitution of the sustainable economical advanced life.”
Metrology science includes all theoretical and practical aspects
of measurement. Metrology is the measurement science with
the level of uncertainty and its application. Metrology deals with

¢ measurement theory;
¢ measurement units and their physical realization;
e measurement processes, procedures and methods;

¢ measuringinstruments, verification, validation, and character-
izations

Metrology may be divided into those four basic activities due
to the overlap between the following three categories:

« definition of international accepted SI units.

« realization of these units of measurement in practice.

e application of traceability chains of measurements made in
conformance to reference standards.

Metrology is a very broad field, especially in automotive
engines. Engineering metrology consists of three major types of
activities:

« scientific metrology
¢ industrial metrology
¢ legal metrology

Scientific metrology depends on the applied research
conducted in metrology to establish quantity systems and units
of measurement; develop or create new measurement methods;
realize measurement standards and transfer the traceability to
users in society in order to achieve their desired benefit.
Industrial or applied metrology concerns the application of
measurement science to the manufacturing and production
processes, the main motivation for writing this book. This ensures
using the suitability of measurement techniques, their calibration,
and quality control of measurements. Although the emphasis is
on measurements themselves (especially for new measurement
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methods in scientific metrology), traceability of the calibration
of the measurement devices is important to ensure confidence in
the measurements. Legal metrology interests in all different
activities which result from statutory requirements, units of
measurement, measuring instruments and tools, methods of
measurement and which are performed by competent bodies for
all transactions in our daily lives. In conclusion, the author
emphasizes that the engineering metrology is the essential
foundation to achieve an advanced quality system.

1.3 Quality Challenges in Automotive
Engineering

Quality and efficiency for many industrial processes and
operations depend on the metrological integrity of instruments
with regard to accuracy and precision. Quality system certification
of products often requires accurate and precise test and
inspection equipment to have international traceability. Nowadays,
automotive industry must deliver high levels of innovation,
flexibility, lowest cost with the highest quality using accurate and
precise measurements. Metrology represents both significant
opportunity for innovation in light of increased complexity in
current technology. Automotive engineering organizations
using accurate and precise metrology techniques to integrate
the capabilities need to accelerate innovation and improvement
more efficiently. Due to metrology’s success in finding superior
solutions, the leading global enterprises in the automotive
engineering industry continue to use the true sense of metrology
for solving their most complex and critical development
challenges with new regulations and ISO standards to improve
product quality. Thus, metrology must achieve high quality
while controlling costs and time. The customer’s expectations
of high product quality influences the performance, safety,
reliability, and profitability. However, today’s highly competitive
and global automotive market demands high performance,
cost efficiency, and the ability to move new products to market
rapidly. Metrology has a proven record of delivering solutions
to manage complex changes and enable collaboration, traceability,
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and transparency from product inception through realization
even to the good performance at use. The quality of automotive
engine performance, operations cost, time consumption, and
also the company image are really based on the suitable use
of advanced accurate and precise metrology techniques (see
Fig. 1.5).

Performance

Metrology

Figure 1.5 The core role of metrology.

With regard to quality challenges, 1 believe that the high
engine performance corresponds to high quality of inspection
process. It focuses on five basic strategies that significantly affect
inspection and product quality [1]:

e full traceability of metrology across disciplines, artifacts,
teams and product variants and errors for precise impact
analysis.

e process management with improvement through support
of the ISO standards.

e requirement-driven  development—metrology integrity
provides a complete requirement management solution,
including requirement change and technical configuration,
requirement traceability across all disciplines, authoring
right, and requirement-based test management, etc.

¢ development asset reuse using experiences and reference,
not copy and paste, the tracking of issues and defects across
product lines
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e release readiness visibility based on a single source of
truth for development (R&D lab according to metrology lab)
to empower accurate decisions and eliminate bottlenecks
across disciplines

1.4 Metrology Laboratory

Many coordinate metrology techniques such as CMM and
Talyrond machines are available for automotive engine metrology.
Measurement procedures and testing and inspection methods
have to be available, reliable, and traceable to perform high-
quality requirements according to ISO.

A metrology laboratory that may be used by a manufacturer
comes in two basic functions: calibration and testing. Testing
and calibration labs have to receive accreditation under the
ISO/IEC 17025 standards. However, ISO/IEC 17025 has its own
unique set of technical and management requirements as
well. Calibration lab may be internal or external. Calibrations
are often performed in external accredited laboratories or
in national metrology institutes (NMIs) such as NIST in the
USA, KRISS in Korea, PTB in Germany, NPL in the UK, and NIS
in Egypt. The testing lab may also be differentiated further
into tools, artifacts, materials and other categories and
may be internal or external. The global automotive industrial
companies may use a testing laboratory for any of the following
reasons [2]:

e to perform tests to ensure that a product is ready to be
introduced to international markets

¢ to meet regulatory or ISO requirements and ensure perform
properly

e to have certified products by organizations according to
requested

¢ to obtain a particular listing such as the Evaluation Services
report from the International Code Council for products

In conclusion, the author expects the increased use of
technologies of modern engineering metrology to accomplish
high-quality auto engines, which can compete in the automotive
community all around the world.
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1.5 Automotive Engineering

Automotive engineering, along with aerospace engineering,
marine engineering, and locomotive engineering, is one branch
called “vehicle engineering” The word “automotive” is used
mainly in automotive engineering, which deals with the design,
manufacturing, diagnostic, service of maintenance or repair
and operation of automobiles such as passenger cars. The word
“automobile” is a combination of old two Greek words, “autos”
meaning self and “mobilis” meaning moving. So, an automobile
means anything that moves on its own. An automotive engine is
a unique unit and important in automobiles. An automotive
engine incorporates the elements of mechanical, electrical,
electronic, and management software system as applied to the
design, manufacture, and operation of automobiles, buses, trucks,
ships, and airplanes. Figure 1.6 shows the relation between
automotive engineering and metrology. An automobile comprises
many different systems such as engine, transmission, suspension,
and braking system. No other system in an automobile is more
important than the source of power in the automotive engine.
Figure 1.7 illustrates an automotive engine. The main purpose
of the engine in the automobile is to generate power by
transforming chemical energy into kinetic energy.

Mechanical Vehicle
Engineering/\ Dynamics

Vehicle
Drivetrain

Automotive

Vehicle .
Design and E.nglne
(e \ Tribology

Metrology

Figure 1.6  The role of metrology in automotive engineering.
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Figure 1.7  Automotive engine is the basic unit.

1.5.1 Types of Automotive Engines

Automotive engines are mainly heat engines or electric engines.
The heat engine is classified into internal or external combustion
engine or steam engine. Most automotive engines are internal
combustion engines (ICEs). The ICEs are engines in which the
internal combustion of a fuel-air mixture takes place in a
combustion chamber. In an ICE, the expansion of the high
temperature-induced high-pressure gases by combustion applies
direct force on the piston in the engine cylinder. The force applied
to the piston moves the component over a stroke, transforming
chemical energy of the air-fuel mixture to useful mechanical
energy to transmission system and then to wheels. ICEs are also
divided into two main types: four-stroke engines and two-stroke
engines. Automotive engines are also distinguished by the relative
dimensions placement and number of cylinders. Figure 1.8
illustrates the common four-stroke cycles of diesel engines.
Automotive engines are also classified into cylinders
alignments: in-line engines, V-engines, flat engines, rotary engines,
etc. Then, they are classified on the basis of the value location
present in the cylinder head or block, cylinder capacity, cooling
system, function, and so on. Today four-stroke overhead valves
are commonly used in an automobile. The fuel used in automotive
engines can be of three main types: diesel, gasoline, and natural gas.
Diesel engines are the very low cost fuel than gasoline. They
also have certain advantages with respect to fuel consumption
costs and long service lifespan. Diesel engines are used mainly in
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trucks and buses, microbuses, and passenger cars. Gasoline engines
are superior because of their design, lower cost of production,
power, good starting, and better control on the exhaust smoke.
However, modern high-speed diesel engines have certain
properties that brings them almost at par with gasoline engines.
Diesel engines nowadays have begun to find applications in
various types of automotives. The types of modern diesel engines
according to cylinder alignment are shown in Fig. 1.9a-c. The type
of straight or in-line diesel engine has cylinders arranged one
after another in one straight line. These engines are considerably
easy to build. They also have ultimately low production cost and
maintenance cost. They are also very lightweight and therefore
are preferred in front-wheel-drive cars. They are extremely fuel
efficient than v-type engines (see Fig. 1.9a). V-type diesel engines
have two sets of cylinders placed at about 90°. They have various
advantages such as shorter length with the same efficiency,
greater rigidity, heavier crankshaft, and simple attractive profile
(see Fig. 1.9b). Horizontal, boxer, or flat diesel engines have
a low center of gravity than other type of engines. The
automobiles that use this type of engines have certain benefits
such as better stability and control. These engines are wider. Thus,
it is difficult to install them in front-engine vehicles (see Fig. 1.9¢).

'Combustion
[products to

Fuel injection pulse

Intake air heated

Fuel ignited by
¥ hot air charge

¢ Exhaust

§; Only air is drawn in

Exhaust Inlet

¥ by compression ‘exhust

Inlet

Intake Compression Combustion Exhaust
(“Power”)

Figure 1.8 Four-stroke cycles of diesel engines (compression-ignition) [3].
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Figure 1.9  Automotive diesel engines: (a) Straight line-type engine.

Figure 1.9  (b) V-type engine.
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Figure 1.9  (c) Flat or horizontal-type engine.
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1.5.2 Performance of Automotive Engine

Automotive performance is a measurable and testable value of
engine power and torque performed in various conditions.
Automotive performance is a basic function of the maximum
compression pressure generated in engine cylinders. Accordingly,
it is a function of the machining accuracy and the degree of
finish of the inner surfaces of the engine parts and cylinders.
The balance in an internal combustion engine is presented in
Fig. 1.10. Figure 1.11 shows the dynamic behaviors of automotive
diesel engine performance at different engine speeds. Automotive
performance can also reflect the amount of comfort, steering,
and control in inclement weather. Performance can be considered
in a wide variety of experimental tasks, but it is generally
associated with the vehicle acceleration, how a vehicle can come
to a complete stop from a set speed and distance, how much
power it can generate with stability, cornering critical speed, brake
fade, etc.

Many controlling factors affect the performance of an
automotive engine:

e compression ratio

 air/fuel ratio

e combustion duration

e combustion timing

¢ pumping loss

 surface finish of tangent parts

¢ mechanical friction loss

Better fuel economy by reducing fuel consumption is another
important target in automotive engines. Serious pollutants
generated in the engine exhaust gases are nitrogen oxides (NO,),
carbon oxides (CO,), hydrocarbons (HC), and particulate matter
(PM). The PM is referred to as small particles leaving the engine,
mainly constituted by carbonaceous material. These fine particles
(size less than 5 pm) can be inhaled by human lungs and are
responsible for some respiratory and cardiovascular diseases [5].
Diesel engines can provide better fuel economy and produce
lower CO, emissions than conventional gasoline engines. However,
the NO, gas components in the lean (oxidizing) exhausts from
diesel engines cannot be efficiently removed with the classical
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three-way catalyst (TWC) under operating conditions according
to the oxygen rate in the exhaust gas [6].

Radiztion, misfiring loss
]

g
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0
0 20 40 &0 B0 100
Load (%)

Figure 1.10 The balance in an internal combustion engine [4].
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Figure 1.11 The performance of an automotive diesel engine.

Eventually, it can be concluded that the automotive
performance is directly related to the engine performance.

Thus, the automotive engine performance is directly influenced
by the surface finish of engine cylinders.
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1.6 Conclusion

It has become clear that there is a close relationship between
automotive engineering and engineering metrology. Moreover,
the discussion in this chapter leads to the following question:
Which one deserves to be thanked first: the science of metrology
or the automotive science, and why?
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Chapter 2

Advanced Measurement Techniques in
Surface Metrology

Surface metrology has become very important in many branches
of science and industry. The study of dimensional and surface
nanometrology is becoming more commonplace in many applica-
tions and research environments as well as data treatments dealing
with standardized rules. Therefore, surface characterization using
advanced accurate and precise nanomeasuring techniques is
important scientific tools especially in the automotive engineering,
tribology, biotechnology, and criminology. Because of this diversifi-
cation, there are more advanced metrology techniques using stylus,
optical, and non-optical methods used for analyzing the surface char-
acteristics, where each technique has its own specific applications [1].
The ISO technical committee TC-213 in the field of dimensional
and geometrical product specifications and verification formed
a working group WG-16 to address standardization of areal
(3D) surface texture and measurement methods, in addition to
review existing standards on traditional profiling (2D) methods
including characteristics of instruments. In 2007, the project of
this working group was to develop standards for three basic
methods of areal surface texture measurements [2-4]. A line-
profiling method used a high-resolution probe to sense the peaks
and valleys of the surface topography and produce a quantitative
profile Z(X) of surface. Areal topography methods extend the
line-profiling method into 3D, usually by restoring a series of
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parallel pattern profiles or by some quantitative topographic
imaging process. It is important to note that some types of areal
profiling methods can sense Z-height as a function of both the
X-and Y-coordinates, whereas others can display topographic
images with a series of parallel Z(X) profiles whose relative
heights along the Y-direction may be somewhat arbitrary.

In this chapter, novel techniques used such as coordinate
measuring machine (CMM), roundness testers, roughness
measurement instrument, white-light interferometer (WLI),
confocal optical microscopy, digital holography, scanning probe
microscopy (SPM), and computed tomography (CT) methods are
investigated. One of the major challenges when moving to smaller
measurements is selecting the suitable metrology technique for
the desired measurement. Standardization processes will be
probably increased in terms of methods of measurements and
data treatments for specific applications due to the externalization
and diversification of products. These different advanced techniques
have currently advantages meeting the samples specifications
and required properties. Therefore, it is important to be aware of
how techniques can affect the measured parameters according
to specific accurate and precise strategy of measurement. The
new applications of dimensional and surface nanometrology in
materials science, automotive industry, tissue engineering, and
banknote paper will be considered. Moreover, future directions
under development will be presented and discussed scientifically
in order to introduce proposed solutions for the issues that need
to be addressed in the area of interest.

2.1 Advanced Measuring Techniques

The 3D surface metrology techniques have been rapidly developed
in the last decade attributed to the advanced computational
software technology. Mechanical contact stylus, optical and non-
optical measurement techniques achieved significant progress
in many different applications.

2.1.1 Mechanical Contact Stylus Techniques

The tactile stylus measurement techniques as a coordinate
metrology and roundness facilities are powerful tools in modern
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engineering industries [5-7]. In these techniques, the stylus
profiler senses the surface height through mechanical contact,
while the stylus traverses the peaks and valleys of the surface with
a small contacting force. The vertical motion of the stylus is
converted to an electrical signal by a transducer, which represents
the surface profile Z(X) or areal topography image Z(X, Y). Therefore,
the stylus measurement technique is directly sensitive to surface
height with little interference. Two disadvantages of the stylus
instruments, however, are that the stylus may damage the surface
depending on the hardness of the scanned surface relative to
the stylus normal force and the stylus tip size [2]. The most
important stylus metrology techniques such as coordinate
measuring machine (CMM), roundness Talyrond, and surface
roughness devices are the three major developed technologies.

2.1.1.1 CMM coordinate technique

Advances in software during the 1980s allowed CMMs to have
error corrections and provided geometric computations [8, 9].
Now, the CMM technique is one challenge for advanced coordinate
metrology in modern engineering applications. The basic function
of CMM is to measure the actual geometrical shape of object
compared to desired shape and evaluating the collected data using
metrological aspects of size, form, location, and orientation [10].
The actual shape is obtained by probing the surface of the object
at definite measuring points. Figure 2.1 illustrates four common
different types of developed CMMs. Additionally, the advantage of
developed CMM techniques is to convert the data of the measured
object into 3D image suitable for other CAD/CAM systems.

Improving the accuracy of CMM measurements is another
important issue according to ISO Standards. ISO-10360 deals
with verifying the performance assessment as specific value of
permissible errors for advanced CMM technique [11, 12].

However, there are two methods used to increasing the
accuracy of CMMs [13]. The first is based on research and
development of design parameters influencing the CMM errors.
The most important parameters affecting the CMM errors are the
probing system, digital computer with software and environmental
conditions [14-25]. The second development is depending on
calibration methods using different devices such as ball plate
artifact, hole-plate artifact, and laser tracker.
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Figure 2.1 New types of CMMs: (a) CMM Prismo type with #0.1 pm
resolution, (b) Automotive engine-block quality station using
CMM shown in (a), (¢) Small CMM of automotive spare parts,
(d) Portable arm CMM.

The new-generation advanced coordinate metrology provides
ultra-precision CMM with large measurement volume 400 x
400 x 100 mm?3 (Fig. 2.2). The new Isara 400 CMM is the latest
development by IBS Precision Engineering in the Netherlands.
This Isara 400 CMM machine enables coordinate metrology of
large and complex parts with nanometer level of uncertainty.
The expected length measurement uncertainty is 45 nm, while
the full-stroke 3D measuring uncertainty is expected to be 100 nm
at a 95% confidence level.

Tactile probes, such as the presented Triskelion ultra
precision touch probe, as well as other possible (optical) probe
systems, can be used to perform scanning at discrete points of
object. The presented Isara machine provides a technology that
can be adapted and optimized for specific user requirements.
While in the future, there is another new trend to produce a new
CMM machine with multiple sensors (tactile and optical) in a
cooperation research. It will be used in many applications with
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relative high level of accuracy [27]. On the other hand, the new
multi-sensor CMM has been designed [27]. It is equipped with
both a contact probe and an optical sensor. The profile resolution
measuring range is 2.5 nm and MPE is limited to 250 nm, it is an
ideal solution for applications in the plastic industry, medicine,
and automotive technology and in precision mechanics when a
large number of components have to be measured in the short
time with at high accuracy.
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Figure2.2 New Isara 400 CMM [26]. (a) Concept of new CMM;
(b) measurement using the Triskelion probe.

The future trends in advanced CMM have been discussed.
A novel type compact five-coordinate measuring machine with
laser and CCD compound probe have been designed and built up
as presented in Ref. [28]. Mechanical structure and measurement
model are introduced. Five motion axes include three translational
axes XYZ and two rotational directions AB, as shown in Fig. 2.3.
The laser displacement sensor and CCD camera compose the
compound probe that can rotate around A and B axes while
moving along Z-axis. The tested workpiece lies on the worktable
that can travel along the X- and Y-axes in horizontal plane.
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The step motors with subdivision function are applied to
drive each axis. Among them, the motor for A direction has
contracting brake device which will lock the motor mainshaft and
prevent collision of the probe and worktable in case of accidental
power off. The high-precision ball screws are applied to drive
X- and Y-axes. Thus, the related experiments illustrate the
characteristics of update CMM machine as well as the feasibility
and validity of mentioned methods. Eventually, this area usually
needs more dynamic analysis to understand probe response
according to the design and construction of CMMs, especially
new hybrid CMM machines [11, 28, 29].

2.1.1.2 Roundness instrument

The profile form of the roundness is of primary significance and
is an important aspect of engineering surface for cylindrical
features, especially in the modern investigations and quality
control problems. The development of software analysis tools
and their validation is also another major challenge facing the
industry. Advanced mathematical techniques are incorporated
into such software systems to provide further reference algorithms
[30-37]. In this section, two directions of research experiences
are reviewed [32-35]. Moreover, new ideas in this area may
promote new techniques in the future [36, 37].

In Russia, Bogomolov et al. [32] modified the rotating table
(Talyrond-200) and rotating gauge (Talyrond-73) machines to be
automated. These developed systems allowed to apply modern
computer-based measurements and analysis of roundness and
waviness parameters. Each of the measurement systems consists
of analogue roundness machine, analogue-digital converter
(ADC/DAC) board, connection cables, and PC with specific installed
software. An example of the 2D roundness measurement results
of the component with parametric analysis in software is
presented in Fig. 2.4a. Waviness analysis was provided by proposed
measurement systems, which is performed by means of reverting
the roundness/waviness filter. Multiple profile 3D analysis of
the face side waviness by the measurement systems were also
provided as shown in Fig. 2.4b. The proposed measurement
system provides automated high-precision measurements and
complex PC-based analysis of roundness and waviness. In this
research, inexpensive and powerful automation of both rotating
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table and rotating gauge roundness machines was performed
with the financial support of the Russian federal target program
“Academic and teaching staff of innovative Russia in 2009-2013".

In United Kingdom, from year 2000 until now, Taylor Hobson
entered a new phase of innovative product design using advanced
software [33-35, 37]. Roundness measurements on an automotive
fuel injector have been detected using the new Talyrond-365.
The 2D graph represents the radial variation output form of
the surface measurement for injector as a polar profile. The
circumference measurement shows deviation form of the surface
roughness and the presence of a scratch that can cause leakage.
A scratch is more likely to cause component failure if it is aligned
with the component axis. The pass/fail criteria can be programmed
and data exported to software of the averaged measurement data.
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Figure 2.4 Sample results of developed roundness measurement
system in Russia [32]: (a) 2D roundness measurement; (b) 3D
waviness measurement.

www.EngineeringBooksPDF.com



Advanced Measuring Techniques

The analysis of structured surfaces, those with repetitive
patterns, requires entirely new methods and techniques [38].
Surface-wavelength-based filtering and average parameters will be
less applicable in such instance, while discrete feature geometry-
based parameters and their statistics over the surface appear to
be more relevant. The new wave in advanced 3D roundness
metrology, the design of new ultra-precision Talyrond using
ultra software has been presented [35, 38]. Figure 2.5 shows the
3D results obtained from Talyrond-395 [35]. These techniques
work as an automatic centre and leveling spindle for measuring
the workpieces. These work dynamically and the anti-vibration
mounts combined with the environmental enclosure provide
excellent isolation from external influence allowing confident
measurement to the nanometer level. Talyrond-385 and -395
techniques perform fully automated roundness geometry system
incorporating micro-ultra software.

30 Mg findks 3 My i the cylinder surisce

Figure 2.5  Results obtained from Talyrond-395 [35].
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On the other hand, new ideas are suggested for new
roundness measurement techniques in the future [36, 37]. For
multi-probes technique, Gao et al. proposed a combined three-
point method for on-machine roundness measurements [36].
The roundness measurement system uses three capacitance-
type displacement probes as shown in Fig. 2.6. These three
probes are fixed around the object to detect the workpiece
profile of roundness form, which can be extracted. Spindle error
components can be filtered. The combined three-point method
not only cancels the effect of the spindle error but also measures
roundness profile, including the stepwise variation. The feasibility
of this proposed method for roundness measurement has been
confirmed using PC simulations.

thgﬁ
C = A/D
R —| Comverter
==
matbar
Y4 \_Tﬁ.aﬂ =i£!.="
Stepwisc variation "% Positional signal

Figure 2.6  Principle of the combined three-point method for roundness
measurement [36].

Another idea of non-contact probe has been proposed to
measure the diameter and the roundness of turned objects [37].
This research discusses the implementation of roundness
measurements into the initial probe and its performance. The
principle of roundness measurements is based on the fact that
the light intensity varies with respect to the displacement from
the reflective object. The displacement between the probe and
the rotating workpiece may be varying according to the out
of roundness (OOR) of the object, the error of the rotational
system, and the radial throw of the object. The variation of
the displacement causes variation of the light intensities reflected
from the rotating workpiece. The OOR of the rotating workpiece
can be determined by analyzing the variation of the light
intensities. The developed probe configured for diameter
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measurement can be easily reconfigured to measure the OOR of
the rotating workpiece by blocking only one laser beam. Figure 2.7
shows the probe for roundness measurement. All components
in the probe configured for roundness measurement are the
same as those configured for radius measurement. In diameter
measurement, two laser beams are introduced. In roundness
measurement, one laser beam is blocked before reaching the
focusing lens. A blockage can be placed between the beam splitter
and the focusing lens. The laser beam is directed to the object
surface. The receiving lens collects the scattered light and focuses
it to the photodiode. The intensities of the scattered light are
converted to an electrical signal by the photodiode. The electrical
signal from the photodiode is sent to an amplifier circuit to
eliminate undesired noise and prepare the signal to match
the input requirements of the data acquisition (DAQ) system.
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Figure 2.7  The probe configuration for roundness measurement [36].

The signal from the amplifier circuit converts to the PC with
LabView environment and is processed to extract the OOR of the
rotating workpiece. The result shows the extensive roundness
tests have been determined to validate the performance of the
probe. The measurements made using the laser-based probe
are averages of at least 10 repeated measurements. The out-of-
round results compared with the results obtained from Taylor
Hobson. The probe performance gives a maximum error of 0.5 pm
with an uncertainty of 1 pm for roundness measurements.
This concluded that the geometrical form of the roundness
measurement can be adapted from the radius measurement
form. This is a potential capability to add measurement features
to the existing probe, e.g., surface roughness. The signal obtained
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from scattered lights using the roundness configuration includes
the roundness information and the roughness information.

2.1.1.3 Roughness measurement technique

A profilometer technique was first constructed by Abbott
and Firestone in 1933 [39]. It is known that modern software
allows computing of approximately 300 parameters of roughness
profile and dozens of topography parameters. Roughness of
any surface can be measured up to 200 mm length and 100 mm
width with the deviation of guide equal to fractions of micrometers,
and further software support of accuracy can be applied.

In this case, the slide can be measured by a laser interferometer
and its errors can be collected in the microprocessor system and
used for the correction of indication. Besides, the measuring
instruments often offer simultaneous measurement of roughness
and outline with greater range—even above 2 mm with 0.6 nm
resolution. The interesting element of this device is a probe—
magnetically fixed, which prevents damage of any impact or
overload applied to the part. The diamond needle is separated
from the body on three-point magnetic holder. Additionally, the
probe is equipped with an amplitude modulation transmitter
and a receiver, which is used for communication with a central
processing unit as presented in detail in Refs. [40, 41] (Fig. 2.8).

Figure 2.8 Two modulation of amplitude in roughness measurement
[40].
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Next possible solution is the application of the measurement
probe with bidirectional pressure force—up and down. It allows
to measure, using the same probe, the roughness on the upper
and lower surface of a hole, and in conjunction with an incremental
linear encoder in a measuring column allows measurement of
small inside diameters along a vertical axis. It is especially useful
in the automobile industry, production of pumps and injectors,
where without fear of probe damage, CNC procedures to measure
roughness, waviness, and outline in small holes can be used.
In another configuration, the application of developed cantilever-
type tactile sensor for fast and nondestructive form and roughness
measurements has been presented. Fuel injector nozzle comprising
spray holes of 170 to 110 pm in diameter were characterized
at different scanning speeds and probing force. Thus, results of
that work proved the potential of the novel sensor for in-process
metrology during the manufacturing of injector nozzles [42, 43].
The tactile sensor has been realized as an extremely slender silicon
cantilever integrated with probing tip. When the tip is brought
into contact with workpiece during test and moves along the
surface, the supporting cantilever is deflected which can be
monitored via an integrated piezoresistive strain gauge. The typical
profile measured inside the spray hole, obtained by scanning a
tactile cantilever sensor tip, which is composed of distinct regions
has been presented [43].

Measurements based on a stylus profilometer in 3D surface
topography are time consuming, which is a significant limitation.
A possibility of overcoming this inconvenience is spiral sampling
[44], as shown in Fig. 2.9 [45]. Irrespective of the contact devices,
constructions based on optical phenomena are being developed.
Therefore, the optical methods have been described in-depth in
the scientific literature [45-49]. New solutions have introduced
CCD (charge-coupled device) lines and arrays to detect the light
signal as used in the light scattering methods. These techniques
can be used successfully in roughness measurements in preventive
inspection, and their vertical measuring range reaches one
micrometer [50, 51]. Modern interferometers, used in roughness
measurements, are systems applying white light. The most
popular interferometric measurement techniques are phase-
shifting interferometry (PSI), vertical scanning interferometry
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(VSI) and enhanced vertical scanning interferometry (EVSI). PSI
uses a monochromatic light source and generally is applied to the
analysis of very smooth surfaces, because this method is
characterized by sub-nanometer resolution. On the other hand, it
suffers from phase-ambiguity problems, which limits PSI usability
to a surface discontinuity not higher than A/4, where 4 is the
wavelength of the light used. Besides, the monochromatic light
source limits using PSI to ranges where continuous fringes
can be obtained. In order to overcome this difficulty a new
technique called multiple wavelength interferometry (MWI) has
been developed which has extended high-difference limitation
successfully. In this technique, two wavelengths are selected,
which allow the user to increase the dynamic range and at the
same time to keep the resolution constant. Further increasing of
the dynamic range is possible when white light is applied
(VSI). Then the continuity of fringes is not so crucial also more
important is finding a focus. The principle of VSI system is shown
in Fig. 2.10.
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Figure 2.9  Application of spiral sampling [45].

Unfortunately, the resolution of VSI is in the nanometer
range, not in fractions of nanometers. The advantages of PSI
and VSI are combined in the EVSI technique, also called white
light interferometery with phase-shifting [53]. First, every pixel
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was found in the optimal position of the objective for which
this point of the surface is in the focus of the optical system, so
in this position the distribution of intensity of the interference
signal has a maximum. Second, to analyze the intensity around
the point of focus, a PSI technique is used [43, 53].
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2.1.2 Optical Measurement Techniques

Figure 2.10 Principle of a VIS [52].

Light is at once the most sensitive and the gentle probe of
measurement. It is easy to generate using light-emitting diodes
or lasers, and to detect using ultrasensitive photodetectors.
Light has become an indispensable nanometrology tool for surface
characterization. For these reasons, a number of optical techniques
have been developed for line profiling and areal topography.
Nearly all of provide spatial resolution approaching the diffraction
these techniques limit of optical microscopy. Optical methods
have the advantage that they are non-contacting and hence,
non-destructive tests. Optical methods based on imaging and
microscopy also have a higher speed than contacting techniques
which rely on mechanical scanning of a contacting probe. However,
optical methods are sensitive to a number of surface qualities
besides the surface height. These include optical constants, surface
slopes, fine surface features that cause diffraction, and deep valleys
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in which multiple scattering may occur. In addition, scattering
from tested surfaces within the optical system produces stray
light in the system that can affect the accuracy of an optical
profiling method. More sensitive methods, such as phase shifting
interferometric (PSI) microscopy, have vertical resolution of
the order of 0.1 nm [54, 55]. By contrast, WLI microscopy and
confocal microscopy have a large vertical range, which is
limited mainly by the range of the motion stage used to drive
the vertical scan of the instrument and is often of the order of
one millimeter.

2.1.2.1 White-light interference microscopy

Interferometers and microscopes are combined in interferometric
microscopy. Through this combination, very good resolution
and significant vertical range can be obtained. Interferometry
as a measurement tool is certainly not new but combining old
interferometry techniques with modern electronics, computers,
and software has produced extremely powerful measurement
tools [56-62]. The interferometer is responsible for scanning
on a nanoscale, and the microscopy head is displaced on
a microscale giving a vertical range even 1 mm. Descriptions
of the operation exceeding and construction of scientific
interferometric microscopes can be found in [63, 64]. Typically,
there are two different techniques commonly used in phase
shifting interferometry (PSI) and scanning WLI. WLI microscopy
uses a broadband light source [65-67]. The optical system
focuses the light through a microscope objective onto a surface.
A principle schematic of a scanning white light system [68-71]
is shown in Fig. 2.11. The upper beam splitter directs light
from the light-source towards the objective lens. The lower beam
splitter in the objective lens splits the light into two separate
beams. One laser beam is directed to the surface of object
and the other beam is reflected beam directed to a smooth
reference mirror. When the reflected beams are recombined,
interference fringes are produced around the equal path condition
for the two beams. This equal path condition can be detected
for each local area of the surface corresponding to each pixel
of the camera detector. Scanning the surface vertically with
respect to the microscope and detecting the optimum equal path
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condition at every pixel in the camera results in a topographic
image.

A white light system is used rather than a monochromatic
light system because it has a shorter coherence length that
will give greater accuracy. Different techniques are used to
control the movement of the interferometer and to calculate the
surface parameters. The accuracy and precision repeatability of
the scanning white light measurement are depending on the control
of the scanning mechanism and the calculation of the surface
properties from the interference data. Another important factor
in a WLI system is the interference objective that is used [72-74].
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Figure 2.11 Principle and schematic diagram of a white light
interferometer (WLI) system. (a) Principle of a WLI [71];
(b) schematic diagram of setting [72].

A low-magnification objective can be used to look at large
areas but the resolution is controlled by the resolution of the
detector. Higher resolution images need higher-magnification
objectives but a smaller area has to be measured. The current
lateral resolution limit for white light interferometry is about
0.5 um because diffraction effects limit the maximum possible
resolution. Another consideration when choosing an objective is
the numerical aperture. The numerical aperture (NA) is related
to the angle of the light that is collected by the objective. The
higher NA then the greater the angle can be measured. Normally
the higher-magnification objectives have a higher NA. Problems
in white light interferometry can arise from the presence of thin
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films which can generate a second set of interference fringes.
The two sets of fringes can cause errors in the analysis. In
addition, materials with dissimilar optical properties can give
an error in the measurement [72]. Accordingly, the Zygo white
light interferometric profilometer offers fast, non-contact, high
accuracy 3D metrology of surface features for a wide variety
of samples. The software provides graphic images and high-
resolution numerical analysis to characterize the surface structure
of materials at magnifications up to 2000x. The maximum vertical
range is 20 mm with a resolution of 0.1 nm [75].

2.1.2.2 Confocal optical microscopy

Confocal optical microscopy is one of the most widely used
advanced techniques in surface metrology. It is called confocal
because the microscope has two lenses having the same focus
point, just as the name implies. The confocal microscope
incorporates the ideas of point-by-point illumination of the
specimen and rejection of out-of-focus light. The basic principle of
the operation of the confocal microscope is discussed in
references [76, 77] (see Fig. 2.12). The reflected beam reaches
a diaphragm which transmits only focused light and to a photo
detector. A vertical scanning system is moving the lens, which
allows to analyze different height areas of specimen surface.

detector

— | confocal detector

illuminating aperture
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point |____--'-""'
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objective lens
focal plane
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Figure 2.12 The principles of optical system of the scanning confocal
microscope [78].
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This ability to distinguish height improves significantly the contrast
and the lateral resolution in comparison with the classic optical
microscope. Scanning confocal microscopes take advantage of
the differentiation of depth and generating of surface image and
reception of reflected beam is done by the same optical system.
Like in the scanning method, the optical system generates
a spot on a surface, and a reflected light beam is recorded by
a point detector.

2.1.2.3 Confocal white light microscopy

WLI and confocal microscopy seem good and particularly versatile.
PSI is limited to smooth surfaces, whereas the vertical dynamic
range of WLI and confocal microscopy extends from the nanometer
level (noise) to a large range [67]. In connection with a suitably
prepared light beam (after passing through another Nipkow disk
with micro lenses), it allows a scan of the surface topography
effectively. Construction with the confocal head connected to
the traditional profilometers instead of the contact head has
become more popular in recent years. The light illuminating
the surface is usually white light. The beam incident on the surface
is split into its spectrum by the passive optical system. Only
one chosen frequency which depends on the height of every
point is focused on it and gives a sharp image of this point
on a photodetector [41]. The photo detector is a precise
spectrophotometer which allows to identify that wavelength
which gives the information about the height of the surface
pattern of the measurement. The scheme of this construction is
presented in Fig. 2.13.

Other scanning microscopes are applied to analyze surface
of objects. Among these are two families of devices: scanning
electron microscopes (SEM) and scanning probe microscopes
(SPM). SEMs are used rarely in the investigation of roughness,
whereas SPMs are becoming more and more popular. SEM is an
optical method microscope technique that has been accepted
in the nanoscale measurements. It allows obtaining very good
vertical resolution. Serious problems appear only in the case of very
rough surfaces and the necessity to use a larger vertical range.
Microscope application can cause a little difficulty in the inter-
pretation of results of measurement, especially when samples have
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inclusions or impurities on the surface with different characteristics
or can have an influence on the response of instrument.

(a) tight source ()

connector

fiber optic

passive optics

surface

(b)

Figure 2.13 Schematic diagram of a confocal white light sensor for a
profilometer. (a) schematic diagram [41, 79]; (b) measuring
range principle [80].

2.1.2.4 Scanning electron microscopy

Scanning electron microscopy uses a focused beam of high-
energy electrons to generate a variety of signals at the surface
of specimens. The signals that derive from electron-sample
interactions reveal information about the sample including
external morphology such as chemical composition, crystalline
structure and orientation of materials making up the sample.
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Figure 2.14 Schematic diagram of a SEM [81].

SEM is a type of electron microscopy that images a sample by
scanning it with a beam of electrons in a raster scan pattern.
The electrons interact with the atoms that make up the sample
producing signals contain information about the sample’s
surface topography, composition, and other properties such as
conductivity (Fig. 2.14). In most applications, data are collected
over a selected area of the surface of the sample, and a 2D image
is generated that displays spatial variations in these properties.
The SEM creates an image by scanning the sample with a focused
electron beam (a diameter of <5 nm is feasible) in a raster
the resolution typically 1, 2 um [81]. Figure 2.15 illustrates the
LEO 440 REM type of SEM [81].
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Figure 2.15 The LEO 440 REM type of SEM [81].

2.1.2.5 Digital holography technique

Dennis Gabor invented holography as a method for recording
and reconstructing the amplitude and phase of a wavefield in
1948. Digital holography (DH) technique is established as an
important scientific tool for applications in imaging, microscopy,
interferometry, and other optical disciplines [82, 83]. The DH
setup for recording off-axis holograms is shown in Fig. 2.16,

Figure 2.16 Schematic setup of digital holography technique [84].
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where Ms are mirrors; BSs are beam splitters; MOs are microscope
objectives and S is sample object. DH using based on collecting
data via a CCD camera to investigate surface characteristics in
some measurements applications such as engineering materials,
biomedicine such as crack test. It consists of a Mach-Zehnder
interferometer illuminated with a He-Ne laser whose wavelength
is 633 nm [84].

2.2 Non-Optical Measurement Techniques

The SPM is a family of mechanical probe microscopes that scans
the object in order to measure surface morphology in areal space
with a resolution down to the atomic level [85]. An image of the
surface obtained by mechanically moving the probe in a raster
scan of the specimen, line by line, and recording the probe-surface
interaction as a function of position. The two primary forms of
SPM are scanning tunneling microscope (STM) and atomic force
microscope (AFM). SPM was founded with the invention of the
STM in 1981 by Binning and Rohrer for which they received
the Nobel Prize for Physics in 1986 [86-88]. The STM is based on
the concept of quantum tunneling, when the conductive tip is
brought very near to the sample surface (below 1 nm) and applied
bias electrons from the sample can tunnel through the vacuum
between sample and tip. This tunnel electron flow is termed
a tunneling current. The value of the intensity of this current
decreases exponentially depending on the distance between tip
and sample. Constant value of the tunneling current is maintained
by feedback which controls distance between sample and tip.
The STM registers changes in the value of the tunneling current
with a constant distance or a change of the distance with the
constant current. Besides STM and AFM, there are a number
of different types of scanning probe microscopes, which can
be classified in four types: optical, thermal, electric and force.
Some of them are not separate types of microscope, but only
modifications allowed using different physical forces [41, 89-92].
The STM and the AFM are the two most often used of the scanning
non-optical probe microscopes. The fundamental application
difference between these two types of microscopes is that STM
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can be used only for conductive materials but AFM can be used
also for nonconducting materials [89]. The AFM microscope was
the first constructed by Binning et al. [90] as a combination
of a STM and a profilometer.

2.2.1 AFM Technique

Atomic force microscope is an advanced and important device in
the family of SPMs as a non-optical measuring technique. The
principle of AFM operation is based on surface scanning using
an elastic cantilever with a sharp tip. The tip presses down to
the surface with a small constant force. The tip has height from
a small part of a micrometer up to 2 pm and tip radius from 2 to
60 nm. The interaction of the tip and the surface is monitored
by the reflection of the laser beam from the top of a cantilever
on the photodiode detector. Figure 2.17 shows the basic concept
of AFM and STM.
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Figure 2.17 General principle of STM (left) and AFM (right) [88].
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Figure 2.18 Operation of AFM system control loop [92].
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There are some significant advantages of AFM as an imaging
tool in surface metrology when compared with complementary
techniques such as electron microscopy. In real time, AFM is
currently able to achieve surface characterization of engineering
nanomaterials and biomedicine more accurate than electron
microscopes. AFM works at three different modes: non-contact
mode, dynamic contact mode and tapping (resonant) mode. AFM
measures the accurate forces acting between a fine probe tip and
surface of an object sample. The tip attached to the free end of a
cantilever and brought very close to a surface of sample. Attractive
or repulsive forces resulting from interactions between the tip
and the measured surface will cause a positive or negative
bending of the cantilever. The bending is delegated by means of
a laser beam, which is reflected from the backside of the
cantilever. Figure 2.18 illustrates the block diagram in x, y, and z
directions at different operation modes of AFM. While scanning
the tip across the sample surface (x and y), the system adjusts
the distance z (which is the measure of the height of the
sample surface features) between the tip and the sample surface
to maintain a constant contact force (contact mode) or oscillation
amplitude (dynamic force mode). A 3D image is thus constructed
by the lateral dimension the tip scans and the height the system
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measures. Figure 2.17 shows an example of AFM images obtained
on a stamp in the 2D and the 3D.

Figure 2.19 AFM image resultin 2D and 3D [92].

2.2.2 3D-CT Technique

One of the new developed concepts in the recent years is the
computer tomography (CT) metrology using X-rays. Computed
tomography metrology is a technology to measure both internal
and external geometries simultaneously in a great variety of parts.
Therefore, the CT can be used not only as a simple inspection
method but also as a measuring principle capable of providing
accurate geometrical information. CT is in the process of
revolutionizing quality engineering in industry [93-95]. The
Metrotom CT-machine together with Calypso software is able to
provide also internal and external 3D modeling of the measured
part. The basic components of CT technique are illustrated in
Fig. 2.20.

The CT machine consists of an X-ray source, a translational
movable rotary table where the part to be scanned is placed on
an X-ray detector and a processing unit (composed by six
processors working together) to analyze and display the
measurement results, Fig. 2.21. Currently two different types of
CT systems exist depending on the beam and detector types
[97, 98]. The 2D-CT systems use a fan beam and a line detector,
whereas the 3D-CT systems utilize a cone beam and an area
detector. In the case of the Metrotom CT-machine a 1024 x
1024 pixel (40 x 400 mm) in size area detector is used, so that
3D information can be measured with one revolution of the
part. During the measurement processes the radiation which is
not absorbed by the object is transmitted and recorded by the
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detector. For every angle rotated by the table, a new projection
is obtained. Once a complete revolution takes place, the processing
unit numerically reconstructs the measured object and provides
a 3D graphical reconstruction. The primitive elements of the
3D data structure called voxels (volumetric pixels). Identification
of surfaces using the CT-system makes it possible to determine
coordinates of the measured part. Therefore, it is able to perform
dimensional measurements like CMMs [94, 95].

¥-ray source sample array detector

Figure 2.21 Components of Metrotom CT [94].
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The CT technique provides an enormous amount of
information and makes components transparent in the true
sense inspection of machine spare parts. Several sources of error
[94] can be associated to the detector properties, such as its
lateral resolution, energy-dependent sensitivity (regulated by a
gain ratio parameter), signal-to-noise ratio, dynamics, etc. The
main errors are due to failed pixels that can be detected by
an adequate calibration of the detector. The part itself is an
important source of error from different points of view. Initially
it must be adequately tightened to the rotary table. The roughness
and cleanness of the part are important issues. The thermal
expansion coefficient and the temperature during the process
must be taken into account in the compensation part of the
measurement software. The geometry and the thickness of
the part have important influence on the quantity of radiation
absorbed by the part, which can be different from the expected.
The material composition will mainly determine the energy-
dependent absorption (beamhardening), obtaining better results
for materials absorbing less radiation (e.g., plastics). If the
measured part is composed of a diversity of materials, unexpected
and important effects can be obtained. The changes in the
environmental conditions (vibrations, temperature changes) must
be, of course, controlled and the system should be isolated from
them as possible.

2.3 Overlapping, Limitations, Sampling, and
Filtering of Existing Techniques

2.3.1 Overlapping

Over the past years, many metrological techniques of dimensions
and surface measurements have matured and evolved as
presented in Section 2.2. Consequently, the resolution overlapping
between these instrumentation techniques is shown in Fig. 2.22.

It is obvious that there is a conjoint area between the
measurement techniques, which spans a wide range and
resolution. This indicates that there is generally a measurement
solution for a wide variety of applications, including most that
might be encountered in the engineering industries and applied
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technologies. The overlap between dimension and surface
instrumentation techniques produces important benefits such as
the following:
e provides competition between different technological
techniques
 allows for a broader selection of instruments
¢ provides means for comparison
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Figure 2.22 Steadman diagram showing the range and resolution of
dimensional measurement techniques (mechanical stylus,
interferomtric optical microscopes, and AFM/SPM) [99-101].

2.3.2 Limitations

The limitations of the existing techniques are diverse. Categories
of the optical techniques are sometimes slightly artificial, not
as in the case of the mechanical contact stylus techniques.
Instruments which are the combination of several techniques
have been created more frequently recently. It allows broadening
the measurement range significantly while keeping very high
resolution. An example of this solution is the interferometric
microscope. General treatment of optical methods is very cautious,
while the classic profilometric methods are used confidently.
This situation is not incidental and results from many factors,
e.g., application of the optical methods is sometimes questionable
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due to the fact that the estimation of the surface the whole
mathematical models of the surface based on some assumption
are used instead of using the surface itself. Moreover, results
obtained from the optical methods depend sometimes on physical
properties of the surface. In metals, for example, reflectivity is
the significant parameter in contrast to some other materials
where it is much lower, sometimes it is so low that a large
amount of the incident light penetrates the material [41].

In the case of the layered surface, multiple reflections on
different layers may occur. Diversity of the penetrations influences
the optical length path and changes test results. The presence
on the surface of elements which randomly disturb the light
path—for example, small radius of curvature, micro cracking
or micro holes—might be another reason for the abnormality.
Further, the optical techniques cannot always be compared with
stylus detection techniques, which sometimes make comparison
of the test result impossible. Based on a number of comparative
analyses, some practical limitations for stylus and optical
techniques have been determined [41, 102, 103]. Heinrich
Schwenke et al. discussed the differences between both of the
technical limitations and the metrological characteristics of the
methods [104]. Optical techniques like stylus methods require
the isolation of devices from the external environment. Both
thermal effects and vibrations have influence on the reliability
of the result. Very careful cleaning of the sample surface is
necessary from the point of view of industrial application. In
summary, each device has its specific strategies in operation of
measurement to avoid these limitations as much as possible.

2.3.3 Sampling and Filtering

Data collected from measurements is the starting point for many
processes and may be used in different ways [41]. The data process
of analogue-to-digital conversion, called digitization amounts to
the representation of the continuous analogue signal by discrete
data. In the frequency domain, the values of signal recorded at
equal intervals in the plane of the surface. This process is called
sampling. If the sampling interval is too small, the data are highly
correlated and a large number of data points are required to
represent surface topography. If it is too large, the resulting data
are highly uncorrelated resulting in loss of surface spatial
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information (aliasing). In 3D stylus measurement, the sampling
interval should be as large as possible, because measurement time
(comparatively long) depends on it. An assessment of surface
topography by parameters is useful when long wavelength
components are removed from the measured surface data. The
unwanted elements of the surface geometry are commonly referred
to the waviness, due to imperfections in the manufacturing process.
A necessary preliminary to numerical assessment of surface
profiles is to extract the frequency components representative
of the roughness and to eliminate those that would be irrelevant.
A Gaussian filtering technique has been adopted for the filtration
of surface topography. The Gaussian filtering technique solved
the problems of phase distortion, but edge problems still exist in
Gaussian filtration (marginal—running-in and running-out lengths,
where roughness and waviness parameters cannot be calculated).
The performance of the Gaussian filtering technique is affected
by certain conditions, especially for surfaces having freak signals
(outliers) such as grooves, scratches, and scores. Multi-process
textures are an example of such surfaces. The problem is that
control of such surface texture requires a complementary response
from surface metrologists. Without adequate measurement
technique the control and hence any attempt to maintain quality is
lost. Therefore, there are many research efforts to study the effects
of sampling and filtering of dimensional and surface metrology
methods.

2.4 Surface Characterization

Many different characterization in the dimension and surface
applications using advanced nanometrology techniques, whether
2D and 3D, in both micro- and nanometer scale can been presented.
Many works present some new and promising approaches and
may play an important role in industry and different applications
using advanced metrology techniques. Thus, the macro engineering
applications and surface porosity in the micro- and nanoscale
have been presented.

2.4.1 Applications in the Mechanical Engineering

Surface metrology in mechanical engineering must be fast,
accurate, robust, automated, and ideally integrated into the
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production line or product assessment, especially in materials
science and automotive industry. With regard to the applications,
CMMs offer a complete range of metrology solutions for many
inspection tasks in different fields, in automotive industry and
tribology. Some applications in CMM have been developed
over the last years. The most familiar and earliest commercial
application of surface texturing is that of automotive engine
cylinder liner as a critical metallic element. Inspection of
automotive mechanical parts designates the processes of
measuring their dimensional and geometrical features has been
presented in [105, 106] at NIS by the author of this work. The
results of bore diameter and roundness deviations, as assessed,
of the four cylinder liners of the test engine under investigation
at 12 locations along the effective traveling stroke using CMM
have been shown in [105] using a fraction of pm.

The topography of surfaces is commonly used to analyze
surfaces after different operations and/or machining processes.
The most familiar and earliest commercial application of surface
texturing is that of automotive engine cylinder liner as a critical
metallic element. At first, the recommended cylinder surface after
honing was very smooth since it showed high wear resistance
during running-in. Considerable progress in engine construction
causes a great scuffing inclination of the smooth cylinder surface.
Only rough surfaces have a higher load-carrying capacity. Running-
in wear studies was conducted in ref. [107]. The compression
ignition engine showed that the linear wear of the cylinder
increased with increase in its initial surface roughness height.
Rough surfaces wear rapidly without seizure during running-in
period to promote quick performance, so an initial surface finish
of the cylinder of 0.8 um Ra (centerline average roughness) is
recommended. A recently published work presents the surface
texture as a real measured area of plateau roughness within
the maintained Ra value, as shown in Fig. 2.23 [108].

The topography of engineering surfaces is commonly
used to analyze surfaces before and after operation processes.
The applications of texturing include; pistons, brake discs,
bearings, mechanical face seals, gas seals, hard disk sliders,
machine tools guideways and other elements. One can find recent
publications presenting profitable effects of surface texturing on
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seizure resistance in refs. [109-111], transition between fluid
and mixed lubrication in refs. [112-114], and wear resistance in
refs. [115, 116]. The study of texturing usually requires multi-
scale analyses; therefore, different techniques have been used
frequently [117, 118].

Figure 2.23 Plateau surface roughness using developed WLI technique
[108].
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Figure 2.24 WLI images of [118]: (a) Piston ring (unworn section left,
worn section right); (b) cylinder liner (left: unworn; right:
worn).
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Both the cylinder liner and the piston top compression ring
have been measured with AFM and WLI [118]. Two different
techniques are employed so that the effect of measuring technique
on the results can be assessed. Figure 2.24 shows typical
measurements for the four surfaces. The sliding motion in these
images is in the vertical direction.

The piston ring is chromium coated and exhibits little wear
apart from some minor scratching and smoothing in the direction
of sliding. The cylinder liner is made of much softer cast iron
and becomes markedly different after have been worn in the
engine. The plateaux have been massively smoothed leaving the
deep honing grooves clearly visible. Typical measurements for
the four surfaces are given in Fig. 2.25. A similar trend of wear
can be visually observing in the AFM measurements as for the
WLI measurements.
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Figure 2.25 AFM images of [118]: (a) (engine piston ring (left: unworn;
right: worn); (b) engine cylinder liner (left: unworn; right:
worn).
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2.4.2 Other Applications

Many other applications using surface metrology are presented.
These fields of applications, such as road surface irregularity,
architecture art tools, banknote paper, and biomaterial with
tissue engineering using dimensional and surface metrology
techniques, have been studied and analyzed. Thus, the inspection of
concrete structures as a transportation infrastructure investment
is a major part of roads management using surface metrology.

In surface metrology, macro structural application using SEM
micrographs have been presented by the author of this work in
[119, 120]. The objective of this work is to investigate the influence
of doped and dispersed CNTs in polymer matrix on its intrinsic
properties. Three different types of polymers—polyvinylchloride
(PVC), polymethylmethacrylate (PMMA), and polystyrene (PS)—
were subjected to this experimental investigation. CNTs/polymer
matrix composites with a content ratio of CNTs up to 5% by weight
were synthesized.

Figure 2.26 shows the SEM images of CNTs dispersion in three
different types of polymer matrix composites. The apparently
homogeneous dispersion and the strong interfacial bonding and
cross-linking between CNTs and the PS polymer matrix are obvious.
The functionalized knit-like interweave appearance indicates
how CNTs play a role as a reinforcing agent in the PS matrix. It can
be concluded that CNTs suit well the PS polymer matrix for
synthesizing competent composite for different applications. The
results of the thermal analysis of the CNTs/PS composites together
with its FTIR spectrum discussed before, confirm this matching
phenomenon of the CNTs and the PS polymer. It can be concluded
that both PMMA and PS polymers showed much better matching
ability and cross-linking ability with the interweaving CNTs than
the PVC. Both PMMA and PS polymers may thus be nominated
for further extension of the investigation to cover a wider range
of CNTs content ratios in an endeavor toward searching for
maximum specific performance properties of such nanocomposites.

Surface roughness of an architecture artist tool has been
studied using the laser scanning microscope (LSM) technique
[121, 122]. An advantage of LSM is that it uses a fine linear
scale while obtaining the measurements. The linear scale is of
0.001 pm. The LSM has applications in various fields, mostly
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Figure 2.26 SEM images for nanocomposites [120]: (a) CNTs/PVC,
(b) CNTs/PMMA, (c) CNTs/PS.
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when we want to measure roughness or get information on
color intensity. Figure 2.27 presents two different applications
of LSM and give an idea about the result a user might receive
upon using this microscope. The image on the left in Fig. 2.27 is a
roughness measurement of a tool blade edge. Even though it can
be actually seen from the results of the LSM measurements that
there is a variance on the roughness. The same applies to the figure
on the right, where they have measured the roughness of a silicon
wafer. Again, the silicon wafer appears completely smooth.

Figure 2.27 Various results obtained by using LSM [121, 122].

Surface topography analysis is often used in the paper and
banknote industry. Because of the delicacy of the investigated
surface, stylus measurements are replaced by other techniques
mainly based on light scattering, although acoustic sensors
[123] or AFM are also used. These methods allow for testing of
paper for special applications, analysis of old prints and marks
of physicochemical impurity or analysis connected with the
deposition of a drop of ink from the printer. Roughness of the
paper has influence on the deposition of the ink component,
which causes non-uniformity of color printing [124]. On paper
with higher roughness uniformity and quality of printing is worse.
Figure 2.28 shows a surface of rough paper. Application of the
topography parameters of the surface allows ascertaining that
surfaces with similar values of some parameters may have totally
different appearances and performances. Beside overprints on
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banknote surfaces, three-dimensional applied work is also plotted.
Special marks make it difficult to make counterfeit banknotes
and allow evaluating their authenticity. An image of a €50 banknote
fragment is shown in Fig. 2.29.

uﬂ 0102 0304 05 0807 08 08 1 19 12 13 14 15mm

T AT
.

amre s CE:asENEEER QY

Figure 2.28 2D surface of rough paper [125].
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Figure 2.29 3D topography image of a banknote [40].

The next application is analysis of the surface of shot fired
from the gun, which is used for gun identification [126]. In
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this branch, the NIST leads a program of model gun cartridge
production, where it is fired from each gun directly after
manufacturing and on which each gun leaves individual marks
[127]. This cartridge is used for the identification of guns,
because the marks of the gun barrel are impressed on its surface.
The marks are measured as the roughness of each gun, which
isas adequate as identification of fingerprints for people [128].

Through the development of products for the global automotive
engineering, research applications of surface morphology have been
used to support product development requirements. The use
of high-velocity thermal spray as an alternative process for
bearing manufacture to form plain bearings for automotive engine
applications was developed. The microstructures of coated bearing
cannot be obtained using conventional technique. SEM technique
images a cross section through an AlSnCu powder coating layer
using this method after heat treatment, with the lighter contrast
phase, are shown in Fig. 2.30 [129]. The Al-Sn-Cu overlay is
initially applied as a 100 mm coating over a bronze-based lining,
then bored back to leave a thin layer of just a few microns, while
also allowing the required dimensional tolerances to be achieved
(see Fig. 2.31). The sprayed overlay has been successfully applied
to both lead-containing and lead-free bronze linings [129].

Figure 2.30 Photograph and SEM images (backscattered) of AlSnCu
powder and coating heat treated at 300°C for 1 h. Both
viewed in cross section.
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Figure 2.31 Spray deposited overlay on trimetal bearing.

2.5 Uncertainty

Uncertainty in measurement results of any metrological technique
is considered as an important guide to the quality of the
measurement procedure. One of the problems in evaluation of
dimensional and surface measurements is that different factors
affecting the total uncertainty cannot be separated. One can
generally distinguish two types of uncertainty. The first one
determines the systematic errors, which can be corrected
theoretically. The second one determines the random errors.
Recent research works involving the uncertainty resulting from
measurement operations and their estimation in both contact
and non-contact measurement methods have been carried out
[130-134].

In CMM, Marsh et al. [130] compared the multi-step method
with the Donaldson reversal method to test the ability of the
methods to separate errors at the nanometer level. Abdelhak
et al. [131] studied the uncertainty in measurement of CMM-
based implementation of the multi-step method for the separation
of machine and reference sphere errors on one side and triggering
probe and probe tip errors on the other. Instead of a spindle
rotating, the probe moves with the aid of the machine linear axes
for each measurement. This method has been tested in the
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laboratory and the results were confirmed by measuring
separately the probe errors and the machine errors. A good
agreement between characteristics of the probe pre-travel
shape was obtained between the proposed method and the
independent measuring techniques. The work presented by
Claudiu et al. [132] shows the uncertainty evaluation associated
with the NPL areal new CMM. A sound mathematical model has
been developed to describe the CMM geometry and functionality.
Based on this model the uncertainty associated with the point
coordinate measurement has been evaluated using a Monte Carlo
technique, similar to the “virtual CMM” method. The Monte
Carlo approach is based on using an input-output model and
the probability distributions assigned to the input quantities
in the model to evaluate the output quantity uncertainty. The
main conclusion is that the NPL areal instrument is capable of
measuring the relative position of a point on a surface with
nanometer scale uncertainties. Intrinsic properties of the
interferometers do not contribute significantly to the uncertainties
associated with the point coordinate measured. In near future,
to calibrate advanced accurate CMMs, further refinement of
the mechanical parts of the laser tracking interferometer has to
be introduced.

The uncertainty in the multi-sensorial measurement system
consists of an optical light-section system and a shading system
has been studied [133]. This work has been installed and assists
in monitoring the process in real time better than before and
leads to superior product quality and less rework at the end
customer of the semi-finished products.

In spite of the information given by the previous studies
of AFM tip-sample interactions, some problems are still
unresolved in evaluating the uncertainty. An algorithm for the
evaluation of the error and uncertainty contribution have been
tested and developed with experimental results obtained from
four step heights [134]. The application of the algorithm in this
study is given for an aluminum rolling machine used in imprint
lithography. Global uncertainty budget in AFM measurements,
including calibration certificate, repeatability, orthogonally error,
temperature drift and tip-sample angle parameters of the AFM
measurements, has been estimated. Various methods for the
evaluation of the uncertainty budget in measurement for
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dimensional measuring techniques can be found elsewhere
[13,26-38,53,132, 134].

2.6

Conclusion

In this chapter, a review of advanced measuring techniques in
the dimensional and surface metrology and their applications
from micro- to nanoscale has been presented in details. Recent
progress and future trends under development in this area have

been

presented and discussed. The following are the major

observations from the literature:

(1)

(2)

(3)

4)

(5)

(6)

The advanced nanomeasuring techniques are very important
in the surface metrology for understanding the properties
of the objects quality, design purposes, diagnostics, and
high throughput screening. Both contact and non-contact
metrology techniques are available methods for objects
characterization.

It is clear that the mechanical stylus instrument is
viewed as the fundamental method of measurements
and the mechanical surface analyses. However, now probe-
scanning techniques are capable of characterizing the
case of geometric surfaces in 3D.

Optical nanomeasuring techniques have been reviewed
recently because of their important role. For accurate
topographic measurements with optical methods, there
are a number of issues to be considered as slope limitations,
smoothing, focus condition, stray light, surface detection
algorithms, shadowing, and multiple scattering.

Some important issues need urgent attention: acquisition
of detected data in an economical and efficient way,
filtering of noisy data, and extracting the statistical feature
of the data.

The hybrid opto-tactile probing system and nano ultra
precision techniques need more research to reach high
accuracy in the future.

Multi integrated microscope as a combination between
atomic force microscope and 3D optical profilometer needs
advanced research to reach combine advantages in the
future.
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(7) The overlapping between dimensional measuring techniques

needs new investigation in the context of presented advanced
technology.

(8) With tremendous progress, the development of ISO

standards becomes an essential requirement in the current
time. This may require support and establishment of new
technical committees.

If these issues are addressed, the engineering industrial

application will become easy and fruitful task.
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Chapter 3

Characterization of Touch Probing
System in CMM Machine

Coordinate measuring machine is widely utilized as a precise
dimensional measuring tool in the modern manufacturing
processes, especially in the mass production, as in automotive
industries. CMM probe is one of the most important systems
of dimensional measuring instruments and responsible for the
coordinate measurement accuracy [1-5]. Fast response and
accurate detection of probe that can be computer controlled
represent the current trend for the next generation of coordinate
metrology. Varieties of probe designs are already available and
compatible with most different CMMs [6]. The probing system
in CMM machines includes stylus and stylus tip which have their
own dynamic characteristics during measuring process [7].
The stylus tip contact with the detected surface is the source
of signals that will develop the pattern on the working objects.
So, the performance of the CMM overall system is very much
dictated by the motion precision of the probe tip and its actuator.
Therefore, the probe stylus tip is laterally at the center of the
CMM operation and a key element of coordinate measurements.
The detection probes branched into two main categories; are
contact (tactile) probes and non-contact probes. The contact
probe gathers data by physically touching of specimen directly,
which can be classified into two specific families of manual
hard probes and touch trigger probes [8, 9].
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3.1 Types of CMM Probes

3.1.1 Hard Probe

The hard probes are available in a variety of configuration and
continue to have a broad application in coordinate metrology.
This type of probes is used in conjunction with manual CMMs
for low and medium accuracy requirements. Hard probes are
simple in use and rugged also, but their repeatability quality
depends upon the operator’s touch. Because every operator has
a different touch when moving and bringing the probe into
contact with the feature, therefore this hard-type probe is not
commonly used in mass production, which requires a high level
of accuracy.

3.1.2 Trigger Probe

A touch trigger probe is the common type used in CMM. It has
a precision-built-in and touch-sensitive device that generates an
electronic signal through probe tip contact with the specimen
surface, which is usually indicated as visual LED light and an
audible touch signal. The probe head itself is mounted at the end
of one of the CMMs moving axes; it can be rotate automatically,
and many different probe stylus tips can be accommodated and
attached. The touch trigger probing system function is based on
the “three-leg principle” (see Fig. 3.1).

(a) Maasuring lorce ~ (b) Dugflection fors
préssing borce

Dipubia
measuing force

-"'.r'

Figure 3.1  Principles of touch trigger 3-D probe [10]: (a) Electro-
mechanical contacts; (b) mechanical-electrical converter.
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Types of CMM Probes

These capabilities make the CMM trigger probe a versatile
and flexible data-gathering device. The main disadvantage of this
system is due to the variation of probing forces according to the
stylus deflection of varying elasticity [10]. CMM equipped with
trigger probes eliminate the influence of the operator touch on
the quality of measured data compared to hard probe type,
because the trigger probe can be fitted on direct computer
numerical control (CNC-CMMs) and manual CMMs systems [8, 11].

An additive improvement to the basic touch trigger probe
design includes a piezoelectric-based sensing to transmit the
deflection of the probe into a constant digital acoustic signal that
is recorded by the CMM. This design ensures high rate of
measurement accuracy in accordance with the elimination of the
stylus bending behavior and probe’s internal electromechanical
reactions.

Theoretical analysis and experimental studies spotted recently
on the touching point as the main source of probe detection
errors [1-7, 12-24]. Practically measurement accuracy is
determined by the kinematics accuracy of the CMM probe and
a big portion of used machines. Some of these studies observed
CMM error combination of coordinate frames as a moving rigid
body of the measuring volume and numerical error compensation
with different mapping methods effect of geometrical errors lead
to accuracy improvement [6, 7]. Considerable research works
have been reported to improve the kinematic accuracy of the CMM
probe, which is too sophisticated to implement. Few programs
focus on changing the CNC program to compensate the probe error
[4, 7, 15], waviness deviation of the measured mechanical parts is
the desired value owing to many quasi-static systematic errors as
inherited intrinsic geometric errors of probe tip, thermally induced
distortions of machine probe elements, probe stiffness, touch
force and some error sources [1, 2, 5-7]. Software-based error
compensation is a method for anticipating the effect combination
of all given factors on standard ring accuracy and suitably
modifying the conventionally designed probe tip scanning
trajectory. A compensation model has been developed to clear
parametric study effect on the dynamic measurement errors
[21, 23, 24]. Other experimental works have been performed to
study the scanning measuring machine. Some of these studies
analyzed the effects of scanning speed on the performance of
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different CMMs to evaluate the measurement performance within
special conditions on CMM measurements [23, 24]. However,
most of these studies could not separate the performance of
the probing system from other error sources through probe
scanning. Approaches to derive the dynamic effects of CMM
probing systems and techniques of probing compensation have
been studied [15, 20-23]. Moreover, the stylus tip of the triggering
system is limited by its dynamic root errors that may markedly
affect its response characteristics [18, 19]. Therefore, many
researchers paid attention to the study of CMM trigger probe
characteristics. CMM vibrations in the time domain have been
discussed to insure the Monte Carlo methods as a general used
tool for understanding dynamic problems resolution [22].
Significant work towards the influence of the object material
stiffness, surface shape and its roughness based on measurements
of the distance between reference and triggering points in various
directions by the rotation of a precise rotary table [2]. That
work shows the influence of the specimen material stiffness on
pretravel variation depends on measuring force settings as a
statistically significant. It has been shown that specimen surface
roughness has also significant influence on the touch trigger
probe pretravel variation independently on applied measuring
force [2]. Another approach for stylus tip radius correction has
been based on the use of the part CAD model using straight-line
measurement [3]. Some other researchers studied the influence
of the actual configuration of the probe length and volume on
the accessibility of inner features, such as slots and holes [5].
Dynamic analysis of simple mechanical model of touch trigger
probe included the effects of stylus bending and the frictional
interaction between the stylus ball and the part surface during
applied force has been researched [20]. However, the present
work proposes the stylus tip envelop method to define the
measured waviness profile and discusses the error resulting from
the probe tip angle due to rotation with the real circumference
surface contact during scanning at different tip sizes. On the
other hand, generating the surface profile of the cylindrical often
concavely deviates compared to the ideal straight-line surface;
especially, it indicates the necessity of measurement during the
measuring process. In the difficult example, the CMM metrology
machine is used to measure the amount of deviation in the
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roundness waviness to determine the measurement errors using
suitable measurement strategy similar to probe styli characteristics
and a suitable standard ring gauge according to the ISO 10360-
6:2009 [7, 25]. More efforts are required for static and dynamic
stylus response analyses to classify and evaluate the measurement
error sources according to the considered design parameters,
especially for the construction of new CMMs [23, 26].

In this chapter, three parameters affecting the measurement
errors are considered. The first parameter is the rotation angle
of probe stylus tip; the second one is the stylus tip size as
unforeseeable root errors. The third parameter is the speed
of the CMM touch trigger probe. These measurements are
determined accurately using reference artifact including concavely
cylindrical surface. Finally, a novel method to verify the dynamic
characteristics of the probing system is proposed theoretically
and experimentally in order to improve the quality of CMM
measurement accuracy.

3.2 Analytical Model

Since the influence of some unforeseeable factors affecting probe
inaccuracy could be small, it requires an accurate mathematical
model during analysis. Thus, for this investigation, a new two-
dimensional-model (2DM) has been used to present the root
dynamic errors due to ball tip size of the CMM probe stylus at
measurement operations.

3.2.1 CMM Probe Ball Tip Error

Throughout scanning, all touch probes in the CMM coordinate
measurement have natural ball tip errors [15, 18, 19]. Supposing
a developed 2DM in which the stylus ball is steadily placed in a
horizontal position, thus making only the X- and Y-axes translation
movement of the stylus. Assuming no stylus tip ball deformation
and no surface deformation under the test [18, 19], this 2DM
model can be presented as shown in Figs 3.2 and 3.3.

The measurement principle of the proposed system includes
contact points 1, 2, and 3 that are indicated on the vertical and
horizontal planes of the probe stylus tip with I stylus length and
ball tip radius R as shown in Fig. 3.2. Figure 3.3 shows that due
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to the finite size of the probe stylus ball tip, the contact point on
a cylindrical surface will be along the stylus axis, but relatively
at some point on the side of the ball where the test surface and
the stylus tip ball slope match horizontally. Because the ball does
not touch the test artifact specimen along the same stylus slope
angle, there will be an error E in the measured length for any
measurement point where the test part surface slope (6) is not
0°. The error E and different possible positions of the ball tip are
shown. Case d is at a higher surface slope (180°) and thus has a
larger measurement error E, while case a is located at a lower
surface slope and has a smaller measurement error E. Therefore,
to get the exact location of the point n on sloped surface, an error
E, reduced by value AY, is made, due to which the position of
point t on the stylus tip ball is captured every time. From Fig. 3.3,
values AY and E can be expressed as follows:

Figure 3.2  Horizontally placed probe stylus ball tip (radius R).
AY=R-r (3.1)
AY=R-(RcosB)=R(1-cosb), (3.2)

where the distance between two points t and n indicates the E in
the Y direction, while AY is the relative distance between points
m and t in the Y direction, the large scale of the tip ball in case b.
Using the 2DV, it can be stated that measurement error E and
AY values are made only in the Y-axis and are dependent on
the surface slope. In point 2 or 3 (according to Fig. 3.2, where
is matching angle 6 = 180°), AY and error E would be maximal
values, while error E and AY are equal to 0 only at scanning
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flat surfaces (6 = 0, 360°) when all points m, n and t are overlaying
each other (m = n = t), as shown in case a.

4
Y

Case d,
' Case ¢, 90°

z

Figure 3.3  Size of error E related to the probe tip ball radius (R) and
surface slope degree (6).

3.2.2 Results of Analytical Model

The root error due to CMM stylus ball tip cannot be neglected.
Three different stylus balls with-radii R = 4.0, 2.5, and 1.5 mm
have been chosen. A relative mutation in the Y direction (AY)
of the stylus ball can be observed according to the surface slope
degree called the matching angle (6) (Fig. 3.4).

‘ ——R=4mm —o—R=2.5mm —s—R=1.5mm ‘

dyY, %

O NWAROON®O
P

0 30 60 90 120 150 180 210 240 270 300 330 360

Figure 3.4  Relative error of the ball tip at different surface slope angle.
In the course of the application of accurate analytical 2DM

proposed in the measurement of cylindrical parts using CMMs,
emerged two types of systematic unforeseeable errors. The first
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error resulted when increasing surface slope angle while the
second error resulted when increasing the radius of the stylus
tip ball. Figure 3.4 shows how margin of errors are calculated
theoretically and the output of climate surface slope degree (6)
of the probe tip during contact through 360° (using complete
cylindrical reference artifact) for different three tips radii. It is
observed that the amount of error in the Y direction starting
from zero for each probe tip at the beginning of contact at 0°,
while incremental increase of inclination angle of a point
contact of the tip with the artifact to reach its maximum
value of 2R% at 180° and then come back to the decline to reach
zero at 360°. It means that rotational motion that occurs during
the probe tip scanning due to creeping of the tip at the base
of the probe vibrates at the surface coming into contact with
the cylindrical parts are also generate another error regularly.

From the theoretical work presented in this chapter, it seems
that the results of root errors caused by working mechanism of
the touch trigger probe are relatively small. Thus, at the confluence
or collection of these errors with other dynamic errors in the
measurement, the error values have been tremendously increased
as they will be discussed experimentally in the following sections.

3.3 Experimental Work

The structure of the bridge-type-CMM in this study is a typical
CMM ductile touch-trigger-scanning probe in the national institute
for standards (NIS) at Giza, Egypt. The driving system of Y is
located on the right side of bridge. The bridge travels along
the Y-guide way, the Y-carriage travels along the X-traverse
and the ram together with the probe travels along the X, Y, and
Z-directions. ZEISS-Bridge-Type-CMM equipped with PRISMO-
VAST touch-trigger probe head under different direct computer
control parameters [3, 26]. In the measurement process, on a
CNC-CMM the probe is commanded to approach the artifact at
a constant speed (positioning velocity) when it comes within
the probe approach distance. Experimental work prepared to
base on four steps set. This set is prepared to verify the CMM
machine according to ISO to be suitable for implementation the
schedule of parametric study measurements using experimental
set up to achieve the goal of this research.
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3.3.1 Verification of CMM Stylus System

Techniques for measure the waviness of the 200 mm standard
artifact gauge ring using CMM have been conducted at standard
conditions. The ambient environmental conditions during the
experiments in laboratory were recorded. The room temperature
is maintained within the range 20.0£0.5°C; while the humidity is
maintained at 50 * 2%. The standard ISO 10360-6:2009 [7, 25]
specifies the procedure by Gaussian (least-square) for the
assessment software, and the probing system has been verified
(Table 3.1).

Table 3.1 Results of probing error thought verification scanning

CMM element Measured radius (mm) Standard deviation Sy (mm)

Master probe 3.9998 0.0001
Reference sphere 14.9942 0.0001
1stused probe  4.0001 0.0001
2nd used probe 2.5003 0.0001
3rd used probe  1.4992 0.0001

The maximum permissible measurement error (MPEg) for
the used CMM machine evaluated according to ISO 10360-2
[3, 27]; the maximum permissible probing error (MPEp) and
the maximum permissible tangential scanning probing error
(MPEry) [3, 4, 11, 14, 25] defined as follows:

MPEj, = A + L/K, MPEp = +1.0 um; MPEq; = +1.90 um, (3.3)

where A is a constant value equal to 0.90 um, L is the measuring
length in mm, and K is the CMM manufacture constant equals
to 350.

3.3.2 Experimental Procedure

To demonstrate the feasibility of the proposed probe stylus tip
size after envelop verification method for corrected measured
point determination were carried out on a movable bridge ZEISS
PRISMO CMM equipped with VAST scanning probe head of
0.01 pm resolution. The main task of a probing system is to detect
whether the tip is in contact with the artifact and to provide a
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Table 3.2 Schedule of the parametric study of three work groups

Group Test Probe stylus specifications Probe tip scanning

no. speed (mm/s)
Tipradios  Mass Length
(mm) (8) (mm)

(@) 1 5
2 10
3 4.0 26.4 63.5 15
4 20
5 25
6 30

() 7 5
8 10
9 2.5 9.2 53.0 15
10 20
11 25
12 30

(c) 13 5
14 10
15 1.5 4.5 33.5 15
16 20
17 25
18 30

feedback signal to the CMM control so that all motion from the
axes is stopped and the positions of the measured axes can be
determined. Experiments were carried out for three different
stage types of probe stylus. 3D surfaces of the probe ball tip
pretravel are collected using standard test 200 mm ring as an
artifact at different scanning speeds with 600 points per scanning
track while the traveling speed was 50 mm/s with Gaussian
software fitting technique. The probe stylus tip was in contact
with the inner circumference surface of the standard gauge
artifact to set the origin of the working coordinate system as
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shown in Fig. 3.5a. Actually, the center of probe tip is the center
of measure. The complete schematic of the instrument setup
procedures is shown in Fig. 3.5 for three different probe styli
including spherical red ruby tips (see Fig. 3.5b). All values of
the design parameters of these experiments are mentioned in
Table 3.2.

93

Figure 3.5 Experimental setup using (a) ZEISS-Bridge-Type-CMM, and
(b) trigger probe styli with spherical ruby tips.

3.3.3 Parametric Study of Stylus Design

The parameters of study are tabulated based on three different
groups a, b, and c as shown in Table 3.2. The measurements
were conducted through 90 individual tests, including five
repeating times for different scanning speeds, with three different
specifications of CMM probe stylus.

3.3.4 Measurement Density

For the CMM probe styli repeatability tests of measurements,
a reference standard artifact ring was fixed on the surface of
Garnet flat table of CMM as illustrated in Fig. 3.5. The probe
head was then rotated through 365° with an interval of 0.01 mm
during the circumference of the selected standard gauge ring.
The collected data were used to determine the standard deviation
for each indexing speed at different probe tip radii using statistical
analysis. The variations of form or waviness measurements for
the triggered probes were plotted in Figs. 3.6-3.8 to predicate
the density of the deviations due to the repeatability of
measurements.
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Figure 3.6

Roundness variations for 4.0 mm stylus tip radius size at

different scanning speeds.
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Figure 3.7

Variations of roundness for 2.5 mm stylus tip radius size at

different scanning speeds.
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Figure 3.8

Roundness variations at different scanning speeds for stylus

tip radius of 1.5 mm.
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3.3.4.1 Stylus tip size 4.0 mm

Figure 3.6 presents the results from the measurement repeatability
of a touch trigger probe with a 4.0 mm stylus tip radius using
the test rig. As can be seen in the figure, the repeatability varies
for different approach directions of about 1.1 pm averaged value.
Each color (five colors) in the graph in this figure represents a
standard deviation for thirty runs at mentioned scanning speeds
(Table 3.2). To establish the number of the required repeated
runs, test signals were carried out to observe the data variation
related to an increasing number of measurements. Based on the
results, the number of repeated runs was selected to be five, since
no significant difference existed between these measurements
more than 0.6 um.

3.3.4.2 Stylus tip size 2.5 mm

The results in Fig. 3.7 show the density of measured points for
roundness waviness variation at different scanning speeds for
the same conditions. Once again, the tests were conducted at
different approach directions using the same stylus tip of 2.5 mm
for the same probe head. These results who stated that the
probe repeatability should be within 0.4, 0.2, 0.1, 0.4, 0.4, and
0.3 pm for 5, 10, 15, 20, 25, and 30 mm/s probe tip scanning
speed, respectively.

3.3.4.3 Stylus tip size 1.5 mm

For the same conditions, the repeatability error increases
dramatically when longer styli are used. Figure 3.8 shows that
the repeatability is adversely affected by decreasing stylus tip.
Once again, the tests were conducted at different approach
directions using the probe stylus tip radius of 1.5 mm with the
same CMM probe head. These results showed that the probe
repeatability should be within 0.3, 0.3, 0.35, 0.8, 0.4, and 0.3 pm
for 5, 10, 15, 20, 25, and 30 mm/s scanning probe tip speeds. It
becomes clear from results in Figs. 3.6-3.8 that:

¢ Any increase in deviations was detected by increasing the
speed of measurements for each stylus tip of radius 4.0, 2.5,
or 1.5 mm.
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¢ The difference in the deviations between the five repeated
measurement values was decreased according to reducing
the radius of the stylus tip.

e Minimum deviation belongs to stylus tip with a radius of
2.5 mm at speeds of 10 and 15 mm/s, as well as at the tip
radius of 1.5 mm at speeds of 5 and 10 mm/s only.

It is quite clear that the repeatability error is smaller when
applying limited stylus tip through the CMM. This suggests that
machine errors affect the results of the probing system itself,
because the CMM probe system is sensitive to the stylus tip, and
it may be due to the hysteresis effects mainly caused by friction
at the seating contact are magnified by elastic deflection of
the stylus. Obviously, there are some dissimilarities which could
be attributed strongly to probe tip bending effects, length and the
mass of the stylus beside its tip radius geometry.

3.4 Analysis of the Obtained Uncertainty

Estimation of the uncertainty of waviness measurements for
the circler feature is a very complex undertaking, where the
uncertainty should be based on many different factors and the
procedural steps of experimental and statistical techniques.
There are different recognized techniques for determining the
uncertainty of coordinate measurements made with CMMs [28].
Regression and variance for experimental data analysis
are applied. Table 3.3 shows the statistical determination of the
values of Myy, Sp, and U,. Myy is the mean average value of five
repeated test measurements, S, is the standard deviation, and
U, represents the uncertainty (type A) due to measurement
repeatability. The number n is 5 repeating test measurements,
and x; is the measured value in roundness waviness in pm.
Figure 3.9 shows the uncertainty of repeatability for the given
tip sizes and scanning speeds. It ensures that the largest probe
stylus tip has the highest level of uncertainty (type A) within
the low measurement speed range from 5 to 15 mm/s, while it
generates relative low uncertainty level at 25 mm/s. The maximum
level of uncertainty (type A) belongs to the smallest stylus tip,
especially at speed of 20 mm/s. The uncertainty has moderate
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values to the tip radius of 2.5 mm compared to the others at
most speeds.
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m4.0mm B2.5mm a1.5mm‘

o
-
(&)

Uncertainty, ym
o

o
o
a

o U

Probe scanning speed, mm/s

Figure 3.9  Uncertainty (Type A) of roundness form error for probe
radii at different scanning speeds.

Table 3.3 Uncertainty (type A) of three probe stylus tip sizes at
different scanning speeds

Stylus tip Stylus tip radius (mm)

eI 4.0 2.5 15

speed

(mm/s) My Sp Uppea Mpy Sp Urppea  May Sp Urypea
5 246 0.19 0.09 2.60 0.16 0.07 292 0.13 0.06
10 2.62 0.24 0.11 2.68 0.08 0.04 2.84 0.11 0.05
15 2.74 0.25 0.11 2.76 0.05 0.02 296 0.11 0.05
20 2.92 0.13 0.06 3.04 0.18 0.08 3.12 036 0.16
25 292 0.11 0.05 3.08 0.15 0.07 3.52 0.19 0.09
30 3.00 0.19 0.08 3.04 0.11 0.05 3.26 0.11 0.05

3.5 Experimental Results and Discussions

Each measurement of experiment was performed into two
compatible sets of the collected data have been carried out. The
first set is the selection of probe ball tips includes their
specifications of radii, styles mass, styles length and the probing
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scanning speeds related to cylindrical standard artifact. The
second set contains the corrected data set using the CMM built-in
algorithm to signify the dynamic errors due to both probe stylus
tip sizes and probe scanning speeds in the measurements.
Figures 3.10 and 3.13 show the experimental results of some
typical selective samples from CMM machine.

3.5.1 Effect of Probe Stylus Tip Size

Figure 3.10 shows the accuracy of waviness profile of response
carried out signals of CMM machine in the NIS laboratory for
three different probe tip radii at 5 mm/s probe scanning speed
both in time domain and in frequency domain using built-in
fast Fourier transformer.
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Figure 3.10 Profile waviness accuracy at different probe tip sizes in
the time and frequency domains.

Signal analyses illustrate that carried out surface waviness

has a significant response at 2 Hz effective frequency for all
measured samples. The highest value 1.0952 pm of surface
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frequency response belongs to the tip radius 1.5 mm, while stylus
ball tip radius 2.5 mm recorded the minimum resonance response
of 0.9303 um with a decrement of about 17% of the averaged
response for the same natural frequency. Since these detections
are carried out of the same path at the same probing speed
on the used artifact. Consequently, the frequency response at
2 Hz for the samples clears that this value is a typical natural
frequency of the surface detection speed. Therefore, the 17%
frequency response variation can be considered as a detection
error of stylus characteristics, where the stylus tip radius 2.5 mm
is the suitable one for these carried out conditions at low signal
noise within the measured frequency band.

The results presented in Fig. 3.10 give a full consensus of
the frequency response at the surface wave natural frequency of
2 Hz with the averaged error value for selected trigger probes
at the same probing speed of 5 mm/s. It is clear that influencing
the stability of the sine wave that appeared at each of the used
probes, this may have significance due to the path stability of the
measured surface of the used artifact, as an input source, where
the difference between frequency response peaks for different
probes may represent the level of the impacts due to probe dynamic
movements during the surface detection.

Measurement-averaged errors decrease according to any
increase in stylus tip radius or probe detection speed as shown
in Fig. 3.11. The error values lie within the range from about
3.5 um to about 2.5 pm, with the greater errors belonging to
stylus tip radius 1.5 mm. It can be noticed that the averaged value
of the waviness form deviation slope decreased significantly
for stylus tip of 1.5 mm measurements at detection speed of
25 mm/s, it may be due to the influence of this speed on the
resonance of the CMM machine elements. The averaged errors
have significant decreased levels of using tip radius 4.0 mm; it
may be due to low dynamic response far away from CMM machine
elements critical speeds, especially at 5 mm/s speed.

In other words, Figs 3.11 and 3.12 can help to conclude that
small probe tip of 1.5 mm can be better used to diagnose the
true state of the surface form of the specimens than that with
bigger tip radius of 2.5 and 4.0 mm. This is because the probe
tips of the large radii touch a large contact area with the inner
surface of the used standard artifact, and vice versa. In this
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case, the distortion of the measurement result using 1.5 mm
probe tip becomes more visible and gives a better estimate of
the measured feature profile compared to the results of the
4.0 mm probe tip.
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Figure 3.11 Effects of stylus tip radius size on the form error mean
values at different probing speeds.

Figure 3.12 Scheme of the probe tips scanning path during measurement.

Figure 3.13 shows six samples on the CMM machine at
different probing scanning speeds in the laboratory. It presents
the accuracy of the waviness profile of typical measured results
at different probe tip scanning speeds of the largest probe tip
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of 4.0 mm at magnification ratio of 5000:1. The effects of probing
speed on the roundness error averaged values for different
probe tip radii are detailed in Fig. 3.14.
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Figure 3.13 Sample response

of 4.0 mm probe tip at different scanning

speeds.
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Figure 3.14 Effects of probe scanning speed on the roundness averaged
error for different tips.
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3.5.2 Effect of Probing Speed

Variations of the probing scanning speed range from 5 to 30 mm/s
have a growing rate of averaged errors of sample measurements
for all probe tip radii; it may be due to the impact rate of surface
asperities with the tip at high scanning speeds (Fig. 3.14).
The smallest tip radius generates high rates of averaged error
more than that of the other tips due to frequent impacts of relative
small asperities at various contact points of the standard artifact
surface topography during measuring process, which confirmed
its high accuracy of surface roughness diagnosis in accordance
with real tip contact area.

The averaged error value of the probe tip 2.5 mm lies
between 2.6 and 3.1 pum with a magnitude of about 0.5 um,
while the small probe tip with radius 1.5 mm lies within the
range 2.4-3.0 um with 0.6 pm variation error value. The large
tip radius 4.0 mm has an error range between 2.8 to 3.5 pum
with varying disbursement of 0.7 um. However, the maximum
deviations of the relative measured errors for both of 1.5 and
4 mm tip radii grow from 10% for scan speed 15 mm/s to
reach about 17% corresponds to scan speeds of 5 and 25 mm/s.

3.6 Conclusion

The findings of this study can be drawn into two categories.

(1) From the analytical result analysis, it can be concluded that

¢ The proposed mathematical 2DM proved to be capable of
clearly viewing two different systematic errors with the
movement of the probe during scanning. The first error that
always occurs due to swerving of the ball tip as it rotates
during the scanning process on the measured surface. This
error is presented in the Y direction, with zero value where
the tip begins to start rotation and reach its maximum
value of 2R% at the point of orthogonal axis at 180° and
then returns again to zero error at 360°. While, the second
systematic error resulted from the increase in the radius of
the probe styli ruby ball tips.
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(2) From the results analysis carried out, it can conclude that

¢ Increasing the probe tip radius decreases the averaged
measured error signals of surface waviness, which may be
attributed to the resulted reduced number of contact points
as compared with those of smaller tip on the same artifact
surface along the scanning trajectory.

e The amplitude of average error in the waviness profile
increased with the probing scanning speed within the
range of application. This may be attributed to the vibration
excitation of the probe head as it scans the surface. It is
evident that the probe stylus tip and probe scanning
speed have a significant influence on the accuracy of CMM
measurements using the strategy of touch trigger probe
independently.

e Based on the results, an easy calibration and correction
techniques can be established for probe performance
accuracy of CMMs measurements. These techniques can be
formulated with relevance of both geometrical surface form
and probe stylus dynamic characteristics.
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Chapter 4

Error Separation of Touch Stylus System
and CMM Machine

Coordinate measuring has become the advanced soft metrology
technique used in the modern mass production manufacturing.
CMM enables determining dimensional and geometrical of
surface measurements of the complex objects with relatively high
accuracy and precision [1]. The engineering surfaces are viewed
as comprising sinusoidal waves of different amplitudes and
wavelengths. Measurement of the object surface is a collection
of digitized signals of observable physical quantities of error
profile. The measurement result exists in the time domain or in
the spatial domain using Fourier theory. It comprises sinusoids
signals of varying frequencies and amplitudes. This means that
by transforming surface profile signals from time domain to the
spatial frequency domain, one can clearly identify the amplitude
and phase of dominant sinusoidal signals of measured object
[2]. Therefore, transformation in spatial domain is very useful,
especially in the search for accurate error sources in micro-scale
coordinate measurements in a certain frequency range.

Several sources of error in measurement affect the accuracy
of CMM result, such as stylus error and machine error.
Researchers in the National Metrology Institutes (NMIs) are
usually interested in increasing the accuracy of measurement
to satisfy higher traceable standard reference and in order to
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improve the quality of engineering produces [3, 4]. Thus, to
evaluate the performance of CMM measurements accurately
requires determining the values of root errors for each CMM
machine separately and in a time adapted to the manufacturing
elements. Many factors affecting the CMM machine, operation
and stylus errors have been examined and analyzed in detail.
To predict and identify these errors and its sources, some
investigations on CMMs including typical touch trigger probe
errors are very significant and often exceed the errors from
different sources [5-8].

Investigations of typical touch trigger probe indicate that probe
errors can be generated from different sources [9-11]. Research
has also established that the probe errors fluctuate according
to the length and mass of the stylus [10-13]. With advanced
coordinate soft metrology techniques, became the thorough root
errors of CMM machine and stylus system in measurement still
need more investigations. Thus, the response of the CMM stylus
system during scanning speed needs more specific research
analysis to understand the dynamic phenomena in the frequency
domain [11]. Figure 4.1 shows a schematic of CMM machine
including the probe stylus system.

<~

CMM head $

Stylus

Y Standard ﬁ
Z Artifact /

—>
X

Figure 4.1  Stylus system and CMM machine.

In this chapter, experiment-based Fourier analysis using
separate UPR as a spatial frequency response through scanning
operation in artifact measurements is done in standard conditions.
Empirical equations of root error responses for the stylus
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system and the machine have been postulated and analyzed.
The prediction root errors of both the stylus system and the
CMM machine have been determined at the micro-scale response
and discussed in detail in this chapter. This work is also very
important for correction techniques of CMM development and
improves the skills of CMM operator.

4.1 Experimental Work

The Calypso-bridge-type-CMM used in this work is equipped with
PRISMO-VAST touch-trigger probe stylus head at the National
Institute for Standards (NIS) in Giza, Egypt. The strategy of CMM
measurement is controlled to approach the artifact at different
positions of scanning speeds. The experiment set is prepared
to verify the CMM machine according to ISO including two
experimental groups to achieve the goal of this work.

4.1.1 \Verification of CMM Machine

The ambient environmental conditions during the experiment
in laboratory were recorded. The CMM room temperature is
maintained within the range 20 + 1°C, while humidity is 50 + 3%.
The standard ISO 10360-6 specifies the procedure by Gaussian-
least-square fitting for assessing CMM software and probing
system have been verified thought verification procedures [14-16].
The measuring coordinate technique has been conducted at
standards specific conditions.

4.1.2 Parametric Study of CMM and Stylus Design

The measurement strategy of the study parameters is tabulated
based on two different working groups of styli I and Il using a
standard artifact gauge ring. The measurements were conducted
through individual tests including different scanning speeds
of stylus from 5 to 30 mm/s with the interval of 5 mm/s as
shown in Table 4.1. The geometry of measured surface views
many different sinusoidal waves of error amplitudes. Roundness
measurement of a cylindrical artifact surface is simply a collection
of all frequencies or wavelength sinusoidal components. In other
words, the measurement profile of roundness can represent as a
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superposition of harmonic waves using associated Fourier theory.
The fast Fourier analysis serves for the assessment of influences
by dominant waviness on the function of a feature of the artifact
[2]. A typical separated experimental result of the measurement
profile and Fourier analysis of stylus group I at scanning speed
of 30 mm/s have been presented in Fig. 4.2. The carried out
measurement indicates the waviness profile and Fourier analysis
response in time and frequency spaces, respectively, in using
Calypso software of the CMM machine at the NIS laboratory.

-~
Ampdnda [um]

o Ly I| Il-llldM
T T T T
a2 100 UPR

1 3 10

Figure4.2 Roundness waviness and associated frequency Fourier
analysis.

Table 4.1 Two working groups of experiments

Stylus specifications

Group no. Stylus speed, V(mm/s) Diameter, D (mm) Mass, M (g)
I 5 3.0 164.8
10
15
20
25
30
II 5 8.0 186.7
10
15
20
25
30
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The Fourier analysis is the identification method for
interferences affecting the measured geometrical profile that
occur during form measurement. These interferences can be
identified by changing the stylus specifications and stylus speed
through the measurement strategy. The stylus scanning speed
may affect the recording profile of the geometrical waviness error
because of the varying dynamic characteristics of both stylus and
CMM machine response. As seen from the Fourier output signal
in Fig. 4.2, the sum values of amplitudes of the peaks at different
UPR represent the sum error in the measurement. This total value
of error has to be more than the resolution value of the CMM
instrument. The highest two peak values are indicated parameters
for 2DF vibration model to be direct functions of the machine
and stylus errors. Consequently, only the highest two peak values
in Fig. 4.2 do not represent the total errors. Nevertheless, both of
the highest peak values are of original parts from machine and
stylus error responses, which will be focused on. Therefore, in
this chapter, the author discusses CMM machine- and stylus root
errors in detail using a novel experimental analysis technique
based on signal separation using mainly the Fourier analysis.

4.2 Analysis of Experimental Results

After verifying the movable bridge CMM-PRISMO machine
equipped with VAST scanning stylus with resolution of 0.1 um,
the feasibility of the proposed stylus size was demonstrated to
determine the accurate and precise micro-scale measurements.
In the experimental, two measurement groups were carried out
using standard artifact at different stylus scanning speeds with
300 UPR responses per scanning track, while the traveling speed
was 5 mm/s with the Gaussian software fitting technique. Six
scanning speeds of stylus have been performed applied for two
types of stylus groups. The measurements on CMM machine
have been made with different approach speeds of 5, 10, 15,
20, 25, and 30 mm/s. In order to analyze the impact of the
machine and stylus responses, the Fourier transformation result
of measurement has been separated and presented for different
stylus at scanning speeds.
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Experimentally, the collected carried out data of the
measurement groups are illustrated in Figs. 4.3-4.8. The red signal
represents the amplitude of error in measurement at different
numbers of UPR response using stylus tip diameter of 3.0 mm
with 33.5 mm stylus length and mass of 164.8 g (group I). While
the blue signal represents the measurement error at different
numbers of UPR response using stylus tip diameter of 8.0 mm
with 63.5 mm stylus length and mass of 186.7 g (group II). The
peak values of results indicate the stylus system and machine
response at different stylus speeds. Therefore, the horizontal
linear value of amplitude may be nearly straight line to indicate
that the machine continues the error in a white noise form.

The result obtained in Fig. 4.3 gives full consensus on the
error values as a dynamic amplitude response of two-trigger-
stylus with different UPR at the same scanning speed of 5 mm/s.
It clears the stability of the nearly horizontal straight-line
behavior which appeared at each of the used two stylus groups
(red and blue). This may have significance due to the machine
root error average of about 0.03 pm.

0.20
015 )
£
=
5
o
2 010
=
£
<
0.05 -
0.00
020
0.15 —o—Group 1T
g
E 010
=
£
<
0.05 II
0.00 ‘ ‘ ‘ ! | ‘
0 50 100 150 200 250 300

UPR

Figure 4.3 Amplitude of error in frequency domain for groups I and
I at scanning speed of 5 mm/s.
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Moreover, the peak value of dominant amplitude for stylus
group I at the first UPR response (red color) was about 0.14 pm,
while that value became 0.05 um for stylus group II at third
spatial frequency response (blue color). Stylus group I gives high
dominant amplitude error than group II, which may be due to
the better dynamic resonance of stylus group II. Therefore, stylus
group Il gives a better error amplitude than group [ at 5 mm/s,
which may be due to the better stability of dynamic resonance
of stylus group Il in measurement at this scanning speed.

Figure 4.4 shows the stability of the nearly horizontal straight
line that appeared at each of the used stylus groups, which may
be due to the dominant machine root errors of about 0.03 pm
at 10 mm/s of stylus scanning speed. Moreover, the maximum
value of error amplitude for stylus group I at the first UPR
response was about 0.08 um, while that value became 0.2 um for
stylus group II at the same spatial frequency response. Stylus
group Il gives worse amplitude error than group I, which may
be due to the bad dominant resonance of stylus group II than
group I at scanning speed of 10 mm/s.

0.20
g
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2 010
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<
003 w
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0.20
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g
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g
<
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0.00 . : : . . .
0 50 100 150 200 250 300

UPR

Figure4.4  Errors at speed of 10 mm/s in spatial frequency response.
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Figure 4.5 illustrates the stability of the nearly horizontal
straight line that appeared at each of the used stylus groups,
which may be due to the machine root errors of about 0.04 um.
Moreover, the peak value of the dominant error amplitude for
stylus group I at the first UPR response (red color) is about
0.17 pum, while that value became 0.11 pm for stylus group II at
the same frequency response. Therefore, stylus of group I gives
better error amplitude than group II stylus at stylus speed of
15 mm/s.
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Figure4.5 Amplitude of measurement at scanning speed of 15 mm/s.

Figure 4.6 shows the stability of the nearly horizontal straight
line that appeared at each of the used stylus groups, which may
be due to the machine root errors of about 0.045 um. Moreover,
the peak value of error amplitude for stylus group I at the third
UPR response (red color) was about 0.07 pum, while that value
became dominantly 0.09 um for stylus group II in the fourth UPR
response at 20 mm/s of scanning speed.

Figure 4.7 presents the stability of the nearly horizontal
straight line that appeared at each of the used stylus groups,
which may be due to the machine root errors of about 0.045 um.
Moreover, the peak value of amplitude for stylus group I at the
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first UPR response (red color) of about 0.22 pm, while that
value became 0.13 pum for stylus group II at the same frequency
response and of scanning speed of 25 mm/s.
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Figure 4.6  The error of measurement at scanning speed of 20 mm/s.
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Figure 4.7  Amplitude at scanning speed of 25 mm/s.
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The result presented in Fig. 4.8 gives full consensus on the
error values as a dynamic amplitude response of two-trigger-
stylus with UPR response at the same scanning speed of
30 mm/s. This presentation clears that the effect of the dominant
stability of the nearly horizontal straight line that appeared at
each of the used stylus groups (red and blue) may be significant
due to the machine root errors of nearly 0.05 pm. Moreover, the
peak value of amplitude for stylus group I at first UPR response
(red color) was about 0.28 pum, while that value became 0.15 pum
for stylus group II at the same response (blue color). Stylus first
group | gives high amplitude error than group II. Therefore, stylus
group II gives a better error amplitude than group I at the same
30 mm/s of scanning speed.
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Figure 4.8 Measurement error at scanning speed of 30 mm/s.

Thus, it can be said that stylus group I gives the worse
dominant error amplitude than group II at scanning speed of
30 mm/s, which may be due to the given best dominant dynamic
resonance of stylus group Il in the certain condition. This may be
also due to the double stability of dynamic resonance of stylus
group II in measurement at this particular speed. Based on
the experimental results, the repetition of the amount of the
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horizontal line with a value ranging from 0.02 up to 0.05 pm is
a direct expression of the machine root response at different
scanning speeds of stylus from 5 to 30 mm/s. It is can be
considered a confirmation of the credibility of validity of the
measured results. On the other hand, the values of the stylus root
errors ranged from 0.05 to 0.28 um for the two groups at the
certain specific conditions.

4.3 Validation of Experiments

4.3.1 Total Measurement Errors

The validation of the experimental analysis has been presented
in Figs. 4.9-4.11. The total error of measurement increases
according to the increase in stylus detection speed as shown in
Fig. 4.9. The small value of the total error for the first group,
which uses the stylus with small size and weight compared to
stylus with large size and weight of the second group, is
presented. On the other hand, the increase in the value of the
total root error (TRER) was attributed to a small variation to the
gradual increases of the stylus speed (V) ranging from 0.80 pm
at speed 5 mm/s and 1.35 pm at the speed 30 mm/s. This may
reflect the impact of stylus dynamic response and reaction
through surface scanning of artifact. The error constant value lies
empirically within the range of 0.79 to 0.71 pm for the first
and second groups, respectively, according to linear numerical
trend analyses (Egs. 4.1 and 4.2).

TRERgoup = 0.0224V + 0.7920 (4.1)
TRERgroupn = 0.0214V + 0.7064 (4.2)

Moreover, Fig. 4.9 illustrates that the increase of the stylus
speed the magnitude of total root error of CMM measurement
increases, which may be due to the structure dynamic behavior
of stylus design and machine construction. In other words,
the smaller diameter and weight of stylus (group I) results give
higher error response than that of the large-diameter and -weight
stylus (group II).
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—_
D
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Total root error response, ym

Stylus speed, mm/s

Figure 4.9  Total measurement error after separation at different speeds.

4.3.2 Stylus System Errors

Figure 4.10 shows the error dynamic behavior of CMM stylus
systems at different scanning speeds. It illustrates a strong
fluctuation according to the variation in the stylus detection speed.

0.25
o Group I
02 8 Group II
0.15 4

o
L

Stylus root error response, ym

0.05 1

5 10 15 20 25 30
Stylus speed, mm/s

Figure 4.10 Stylus error after separation at different scanning speeds.

The highest root error of the first group is about 0.22 pm
at 25 mm/s, while group II error is about 0.20 um at 10 mm/s.
The lowest response of error value of group [ is 0.07 pm at
20 mm/s and for the second group about 0.05 pm at 5 mm/s.
The error signal values of the stylus take monotonic sinusoidal
waveform for group I, and decreased wave of the second group,
which are strongly dependent on the stylus detection speed.

www.EngineeringBooksPDF.com



Validation of Experiments

The small mass of group I stylus generates relatively high rates
of error due to low required energy to oscillate at high speeds,
while the second stylus group of higher mass damps the vibration
at high detection speeds according to their design parameter
considerations. The constant value of stylus error response lies
within the range of 0.11 to 0.09 pm in their empirical equations
using linear regression type for the first and second groups,
respectively (Eqgs. 4.3 and 4.4).

SRERg;0up.1 = 0.0009V + 0.1139 (4.3)

SRERgyup.11 = 0.0014V + 0.0976 (4.4)

Error sensitivity is the other important parameter in the dynamics
of CMM operation especially for the stylus system. The specific
error sensitivity (SRER) of stylus system due to mass has been
evaluated, such that the average value of root error response lies
within the range of 0.1288 to 0.1217 um for the first and second
groups, respectively. Thus, the relative value of stylus specific error
sensitivity (group I to group II) was 120%. This ensures that the
measurement using small stylus (group I) is more sensitive than
the stylus group II with value of 20% in the certain conditions of
this work.

4.3.3 CMM Machine Errors

CMM machine error signals (MRER) of measurements increase
gradually according to the increase of the stylus detection speed at
certain design and environmental conditions as shown in Fig. 4.11.
This may be due to the dynamic behavior of the machine structure.
In other words, small diameter and weight of the stylus results
in higher detection error amplitude than that of a larger-diameter
stylus in the machine error. The machine error constant value
lies empirically within the range of 0.028 to 0.024 um for the
first and second groups, respectively, according to numerical linear
trend analyses (Egs. 4.5 and 4.6).

MRER o1 = 0.0007V + 0.0281 (4.5)

MRERg o1 = 0.0008V +0.0239 (4.6)
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Figure 4.11 CMM machine error after separation versus scanning speeds.

Furthermore, it shows a little increase in the value of the
machine root errors of the first set (group I) when using the small-
size stylus compared to large-size stylus (group II). The machine
root error generated a small gradual increase of stylus speed
ranging between 0.028 pm at 5 mm/s and 0.046 um at 30 mm/s.
The highest error belongs to stylus group I due to their small
weight. Accordingly, the results of this research can be used for the
validation of an experimental investigation to develop the CMM
measurement accuracy.

4.3.4 Other Measurement Errors

The stylus system and CMM machine structure errors are not
only the errors in the measurements. There are other sources of
errors in measurement, such as spindle error, electric motors
dynamics, and belt transmutation elasticity and operation- and
environmental condition-induced errors. These errors can be
determined as the total measured error decreased by stylus
system design and the CMM machine structure errors.

4.4 Conclusion

The prediction analysis method of CMM is based on the
implementation for the separation of machine structure and stylus
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design root error responses in measurements based on Fourier
analysis at different touch-triggering stylus in the laboratory
using the undulations per revolution response. From the present
results, the following can be concluded:

(1)

(2)

(3)

(4)

(5)

The frequency response approach is capable of predicting
the root errors of CMM measurements using different
stylus systems.

The total average value of root errors of CMM measurement
probably lies around 1.08 pm within the presented range of
measurement. [t may be attributed to the dynamic dominant
response of sources of errors such as machine spindle,
transmutation elasticity, machine structural properties, and
stylus system during measurements.

The stylus with large mass generates low dominant error
values at low detection speeds. However, it gives large error
amplitude at specified speeds due to dynamic resonance in
the certain conditions which should be known to avoid its
effect on the quality of measurement. The stylus with small
mass produces low error rates, which may be due to the
better stabilization of the dynamic response at low detection
speeds, while it generates high error values at high speeds
due to the worse dynamic resonance and high specific
sensitivity of the system. Moreover, the stylus root errors
are relatively affected by the stylus tip diameter and stylus
scanning speed with value ranging from 0.05 um to more
than 0.21 um in specific conditions. This may be attributed to
the dominant dynamic vibration and sensitivity resonance
of the stylus due to its internal design and bending during
the scanning of the surface of the measured artifact.

The root errors of CMM machine are dominantly affected
by the stylus tip diameter and stylus scanning speed with
value ranging from 0.03 to 0.05 pm within the range of
measurement application. This may be attributed to the
dynamic dominant response of the machine structure during
measurement.

The results clearly indicate that the CMM machine root
errors are relatively much smaller than the stylus root
errors in the present certain conditions.
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Chapter 5

Measurement Strategies of CMM
Accuracy

5.1 Introduction

Nowadays, it cannot be over-emphasized that the world
development is according to ultra-high precision technologies.
In both manufacturing and measuring technology, an ongoing
trend for higher accuracies can be observed. The favor for
these technologies is mainly for the engineering metrology.
Engineering coordinate metrology is an important branch of
quality assurance [1]. Therefore, CMM machines are installed
in many large-scale industrial factories, medical laboratories,
and scientific research centers, as well as airspace, airplane,
and automotive industries. CMM machines are used to measure
the surface quality of machine elements and spare parts of
the cylinder, piston, gear, and fuel injector nozzles.

Since the required tolerances for manufacturing continuously
become smaller, whereas the complexity of work pieces increases,
capable measurement techniques have to be applied in order
to achieve accurate results with sufficient precision. The final
accuracy of a work piece measurement quality is influenced by
many different factors [1-3]. The main factors that influence
the results of coordinate metrology are presented in Fig. 5.1.

Automotive Engine Metrology

Salah H. R. Ali

Copyright © 2017 Pan Stanford Publishing Pte. Ltd.

ISBN 978-981-4669-52-8 (Hardcover), 978-1-315-36484-1 (eBook)
www.panstanford.com

www.EngineeringBooksPDF.com


www.panstanford.com

126 | Measurement Strategies of CMM Accuracy

- Measuring range

- Reference sphere

- Machm_e software - Training & further training
- Measuring volume - Object function

- Stylus system weight - Selection of utilities

- Error compensation | - Care cleanliness

- Compressed air range - Shaft probe

- Resolution &MPE - Object clamping

- Golden rule of metrology - Object alignment

- Stylus qualification

- Stylus configuration

- Collision prevention

- Measuring run planning

Measuring - GD&T; 1SO
Result

- Cleaning of the object
- Reference stability

- Roughness; cracks

- Linear expansion

- Lab. temperature

- Thermal reduction

- Thermal fluctuation

- Temperature gradient

- Elasticity - Humidity

- Plasticity - Floor vibration
- Weight - Stylus selection - Cigarette smoke
- Form deviation - Measuring method

- Selection of filters

- Type of clamping

- Used of rotating table
- Outline elimination

- Number of probing

- Point distribution

- Probing speed

- Evaluation method

Figure 5.1 Parameters influencing the results of coordinate
measurements.

The resultant measurement quality of CMM is limited by
deviations and some uncertainties. The measurement deviations
in coordinate metrology can be related to the operator performance
quality, environmental interaction, work piece finishing, and
CMM accuracy. It can be assumed that some influence factors
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of operator behavior and CMM software accuracy have effective
reactions on the measurement quality factors [1].

An error compensation issue of a CMM has been studied in
the context of several factors using different versions of machine
software [4, 5]. Earlier researchers have focused on active error
compensation of the deterministic error components based on
simple models [6-10]. Both of the above error factors have not
been studied for their effect on the measurement quality for
the same CMM.

In industrial production, the true surface can never be
known exactly. Therefore, an approximation of the surface is
known based on coordinate points using a finite sampling
method. The CMM including special software is aimed to detect
the geometry of the surface. The CMM fitting software uses the
coordinate data to determine a part’s location, orientation, form,
and deviation of roundness. The fitting algorithms of testing
and evaluation for CMM have been in existence since receive
a new CMM machine at NIS against a reference algorithm to
include a more extensive test program. The advanced coordinate-
measuring machine model PRISMO Navigation has been delivered
to the NIS in January 2006 to offer more accurate measurement
services.

In this chapter, the CMM fitting software techniques for
cylinder roundness measurements, equipped with nine different
probe speeds using three detection circles, are studied dynamically
and discussed in details. The tests have been performed to
examine the problem of how to generate reference data sets of
measurement strategy for cylinder circle surface at NIS. These
reference data sets are presented to get an optimal strategy at
dynamic performance for a CMM machine. The objective is to
eliminate the repeatable error in turning operations on CMM
machines. The goal is to reduce costs according to operation
time and improve figure accuracy of visible measurement in a
production environment.

Consequently, some CMM error formulae have been postulated
to correlate the roundness measurement errors with the probe
scanning speed factor for different fitting algorithms within
the application range. The objective of the research prepared is
to help the CMM operator in developing a methodology for
precision assembly as well as error compensation methods to
improve the overall system accuracy. This study is very important
also for the CMM designer to develop new precision machines.
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5.2 Background and Motivation

In the last few years, the technology of dimensional engineering
metrology has been developed specially for large surface instrument
manufacturing. In general, the industry has been somewhat
reluctant to invest in fitting algorithms software. The success of
any fitting algorithm application is derived through the abilities
of its software fitting performance and characterization. Many
of these software systems employ windows-based software to
give the CMM user/operator a highly intuitive visual compatibility
with logical, menu-driven functions having comprehensive help
facilities for operator support.

There are three types of tolerances: the form, position, and
size tolerance. The form tolerance is the largest possible deviation
of an element form. Deviation of work piece form is the value of
the deviation of the real form to its nominal design form.
Irregularities of surface can be decomposed into form, waviness,
and roughness. Waviness is the important variable of the
geometric dimension and tolerance in engineering metrology.
Waviness includes five different effective parameters: straightness,
flatness, roundness, cylindricity, and surface profile. Roundness
is an essential parameter for any circle and cylinder measurements.
To measure roundness, it should include a rotational factor to
the measurement, conversely, diametric measurement.

Roundness measuring instruments tend to be using one of
two techniques: Talyrond or CMM methodology. Historically in
1954, the rotating pick-up version of the instrument was first
made commercially available; this was termed “Talyrond-1,"
which developed later. Another way to measure surface roundness
is to use a coordinate-measuring machine. A standard CMM has
three accurate orthogonal axes and is equipped with a touch-
trigger probe. The probe is brought into contact with the
component being measured at a recorded position. A number
of points are taken around the component and these are then
combined in computer software to determine the roundness
of the component. Typically, the number of data points is very
small because of the time taken to collect them. As a result, the
accuracy of such measurements is compromised to evaluate the
roundness.
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5.2.1 Types of Errors

The purpose of CMM software system and operator skill is to
determine the final dimensions of the work piece and to provide
information about the presented errors in the measurement
strategy. Machined surfaces cannot have perfect forms due
to various error sources, interaction of machining processes,
quality, and measurements’ strategic accuracy. Consequently, in
this study, the sources of such surface imperfection or errors will
be analyzed to cover two main particular error types. The first
error is based on two sub-errors of form error and measurement
error. The form error conveys the idea that the work piece has
not perfectly the shape of their nominal geometry. Even if the
CMM machine were somehow perfect, the point measurements
would generally still deviate from the nominally perfect shape.
Some form of errors can be expected in many engineering
work pieces. The measurement error arises when data points
are collected on the surface of an object. Sources of error based
on CMM adaptation (axial bends in some hardware, probe
system imperfections, fixture, etc.), and measurement environment
(temperature, vibration, etc.) lead to some inaccuracies in the
measured points.

The second main error is called human error, since the human
interaction is yet another big source of error (sometime even
the largest source of error). The human error arises when the
measurement machine operator (metrologist) selects impossible
measurement strategy parameters for requirements of an object.
Therefore, the CMM operator behavior has a significant effect
on the measurement errors. These two main types of errors
with some others exist in all real-world measurement scenarios.
Therefore, the main purpose of the study is projected to study
the influence of CMM fitting algorithms through nine different
probe scanning speeds for three different transverse circle
locations of carrying out signals, to

(a) develop the CMM software using closed-loop control and to
reduce the size of measurement uncertainty;

(b) increase operator skills and reduce the operation lost time
and cost, to avoid processing mistakes of software strategy
applications.
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5.2.2 Fitting Algorithm

The job of the CMM fitting algorithm software is to process the
data in such a way that it will be useful to the user. The algorithm
testing and evaluation program for coordinate-measuring machines
has been studied since 1993. There are two main types of
circle fitting software algorithms used in CMM called Gauss and
Chebyshev (Tschebycheff) [5]. Karl Friedrich Gauss (1777-1855),
one of the most renowned mathematicians, befits his elegant
“least squares” approach attempt to minimize the average
error. Panutij Chebyshev (1821-1894), with his minimum
distance approach, addressed the bumps smoothed over by
Gauss’ attempts to minimize the maximum error. Moreover, other
new algorithm types of CMM software draw in measurement
strategy applications.

5.3 Experimental Work

5.3.1 General

In this work, the evaluation of the CMM PRISMO navigator software
program through sample carrying out signals has been performed.
The evaluation processes include three basic components of the
instrumentation system: a data generator, reference algorithm,
and a comparator to analyze and interpret the results. The CMM
has six fitting categories. The machine software algorithm and
probe scanning speed were selected and primary tested in the
recommended environmental conditions at NIS laboratory. An
eccentric work piece seat base of granite was finely cleaned and
located on the CMM test position. The CMM machine was turned
on to check the electric power switches and pneumatic
pressure, where a styles probe of the long type has been selected
and calibrated according to the machine working manual. The
performance of the CMM accuracy in scanning measuring mode
was verified and accepted within standard specification according
to ISO 10360 [11, 12]. An inspection feature consists of one
or more surface elements, like a cylinder in this case to find
the associated tolerance. In order to determine the accuracy of
the approximation fitting algorithm, a geometrical model type
casing for future tests was created. Many aspects of roundness
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error measurement strategy have been taken into account
according to standard procedures.

5.3.2 Dynamic Calibration of Stylus System

Dynamic calibration of the CMM stylus system is very important,
especially in the field of study CMM accuracy [12-14]. The
standard measurement methods of both probing error and
scanning probing error using reference sphere. The diameter of
the reference standard test sphere should be between 10 and
50 mm with certification for form and diameter. To determine
the probing error, one must probe 25 recommended points on the
reference test sphere surface. To determine the CMM scanning
probing error, one must scan four recommended scanning lines
on the surface of test sphere and compute the Gaussian center
point of the sphere using all measured points of all four scan lines.
Before making measurements with the CMM in the cylinder, the
CMM was calibrated using master probe for evaluate standard
sphere and using standard sphere for evaluate used probe. The
output standard deviation (SD) and CMM test element specification
are presented in Table 5.1.

Table 5.1 Output data of CMM probes and sphere

CMM element Measured radius (mm) SD (mm)
Master probe 4.0000 0.0001
Reference sphere 14.9942 0.0001
Used probe 4.0000 0.0001

The CMM has limited specific values of as follows:
MPEg =A + L/K, pm,

where MPEg is the maximum permissible measurement error,
A is the constant machine uncertainty equal to 0.9 um, K is the
length constant or slope of line equal to 350, and L is the length
measurement in mm.

MPEp = +1.00 ym and MPEg;; = £1.90 um,

where MPE is the maximum permissible probing error and MPEr;
is the maximum permissible error when measuring a part by
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using scanning mode which called maximum permissible
scanning probing error.

5.3.3 Test Procedure

After CMM adjustment and calibration, a finely finished steel
work piece as a ring block has been prepared for the test. The
work piece has an outer/inner diameter 82/50 mm, height of
10.2 mm (Fig. 5.2). According to the following plan, measurements
have been carried out at three different transverse sections on
the work piece inner circles at locations of 4, 4.25, and 4.5 mm
from the top to detect any roundness error of the surface. The
measured sample errors were obtained for nine probe scanning
speeds 5, 10, 15, 20, 25, 30, 35, 40, and 45 mm/s during 360°
angle range trace of the standard ring, respectively, while the
CMM traveling speed was constant of 15 mm/s and the number of
scan fitting points also was constant with about 1633 + 2 points
during measurement tests at temperature condition of 20 + 0.5°C.
Each measurement point has 10 times repetitions for the same
three transverse circle (x, y, and z) positions.

(@) o (b)

kY \‘
!
»-

Ty

oM Ll A

Figure 5.2 The tested standard ring block. (a) A simple drawing of
the cylinder. (b) The selected steel ring.

The new CMM software has six fitting algorithm types for all
measurement applications as follows:

(a) Leastsquare (Gauss criterion method), LSQ
(b) Minimum element (Chebyshev criterion method), ME
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(c) Minimum circumscribed element (calculation method), MCE
(d) Maximum inscribed element (calculation method), MIE

(e) Inner tangential element (calculation method), ITE

(f) Outer tangential element (calculation method), OTE

Actually, in the roundness measurement application, the ITE
fitting technique is equal to MCE technique and OTE fitting
technique is equal to MIE technique. Therefore, in the selected three
circles, roundness has been determined at each probe scanning
speed, where the CMM PRISMO navigator has been selected to
the above first four fitting algorithms LSQ, ME, MCE, and MIE only.
Determination of roundness measured errors has been included
in 1080 experimental measuring tests to differentiate between
evaluation qualities of the different measurement strategies.

5.4 Result Presentation and Discussion

The PRISOM CMM data fitting using the different ways yields
a drastically different resulting geometry. Analyses of roundness
error of the four fitting techniques are given in details. However,
a question arises which method is suitable to choose and what
criterion should be taken at which probe scanning speed. The
density of measured points is presented in Figs. 5.3, 5.5, 5.7,
5.9, 5.11, 5.13, 5.15, 5.17, and 5.19. The results obtained are
reduced and presented in a more practical and explicit form
in Figs. 54, 5.6, 58, 5.10, 5.12, 5.14, 5.16, 5.18, and 5.20.
The roundness error results as functions of the probe scanning
speed and fitting technique are given as follows.

5.4.1 Probe Scanning Speed 5 mm/s

The presentation of 120 test results in Fig. 5.3 shows the density
of measured points for roundness error using different four fitting
algorithms of three transverse circles at probe scanning speed
of 5 mm/s. Figure 5.4 shows the average variation of roundness
errors of different types of fitting algorithms for three circle
cases I, I, and IIl. The analysis of the given results indicates
the following:
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e Detection circle I measurements have a roundness error

range of 0.23 um from 2.20 to 1.97 um, while measurements
of circle IIl have roundness error limits of 2.11 and 1.81 pum
within an error range of 0.30 pm.

Circle Il measurements have the highest roundness error
2.65 um for the MCE fitting method, and the lowest error
of 2.38 pum for the ME fitting method. Consequently, circle 11
have the highest roundness error 2.55 pm for the LSQ fitting
method.

According to the application of the fitting technique to all
measuring circles, the evaluated error difference between
circle measurements as representing values to the fitting
method quality, have 0.44 pm of LSQ (2.55 and 2.11 pm)
and have 0.41 pm of ME (2.38, 1.97 pum), while MCE (2.65
and 2.1 ym) and MIE have the values 2.59 and 2.01 um at
a maximum difference of 0.55 and 0.58 um, respectively.
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75

Test1
Test2
Test3
Test4
Test5
+ Test6
354 o + Test7

+ Test8
Test9
Test 10

654

55¢4

% X b o O

45¢

Pigurddreas sirat,  m

I
S S SN
+—t t +—t t t +—t t +—t t +—t
LSQ ME MCE MIE LsSQ ME MCE MIE LSQ ME MCE MIE
Circle I Circle I Circle Il
Cylinder circles

o
254 1

x

Do
X X
i

Xk oo

o 4
X ¥
-2

x> o
Xews
-

Figure 5.3 Roundness errors variation of fitting algorithms for three

detection circles at 5 mm/s.

Speed 5 mn/s

6.5
mLsQ

E 55
5
;45 8 ME
i
£ 35 @ MCE
2

25 = 8 MIE

SlllsESR
15 128

o1 ol om

Cylinder circles

Figure 5.4  Measuring errors average of different fitting algorithms at

5 mm/s in the ring circles.
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5.4.2 Probe Scanning Speed 10 mm/s

Figure 5.5 shows the density of 120 measured tests for roundness
error using different four fitting algorithms of three different
circles at probe scanning speed of 10 mm/s. Figure 5.6 shows
the variation of roundness errors of different types of fitting
algorithms for three circle cases I, I, and III. The analysis of the
results indicates the following

75

6.5 4

55+

45 4

354

25 4+

e (ircle I measurements have the highest roundness error

1.93 pm for the LSQ fitting method, and the lowest error
of 1.68 um for the ME fitting method. Consequently, circle I
has a measuring error range of 0.25 um.

Detection circle II measurements have a roundness error
range of 0.33 pm from 2.01 using MIE fitting method to
1.68 um using ME fitting method, while measurements of
circle I1l have roundness error limits of 2.24 using MIE fitting
method and 1.74 pm using ME fitting method within an
error range of 0.50 pm.

According to the application of the fitting technique to
all measuring circles, the evaluated error indicated clear
difference between circle measurements as representing
values to the fitting method quality has 0.43 and 0.09 um for
MIE (2.24 and 1.81 um) and LSQ (1.98 and 1.89 pm), while
ME (1.74, 1.68 um) and MCE have the values 1.83 and 1.80 um
at a minimum difference of 0.06 and 0.03 pum, respectively.

Speed 10 mn/s

135

| IR SRS S S I |
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Figure 5.5 Measuring errors variation of fitting algorithms for three

circles at scanning speed of 5 mm/s.
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Figure 5.6  Roundness errors of fitting algorithms at 10 mm/s for three

detection circles.

5.4.3 Probe Scanning Speed 15 mm/s

The results in Fig. 5.7 show the density of measured tests for
roundness error using different four fitting algorithms of three
circles at probe scanning speed of 15 mm/s. Figure 5.8 shows
the variation of roundness errors of different types of fitting
algorithms for three circle cases I, II, and IIl. The analysis of
the results indicates the following:

e (Circle I measurements have the lowest roundness error

3.98 um for the LSQ fitting method, and the lowest error
of 3.80 um for the ME fitting method. Consequently, circle I
has a measuring error range of 0.18 pm.

Detection circle II measurements have a roundness error
range of 0.16 um from 5.33 to 5.17 um, while measurements
of circle III have roundness error limits of 5.44 and 5.33 um
within an error range of 0.11 pm.

According to the application of the fitting technique to
measuring circles, the evaluated error difference between
circle measurements as representing values to the fitting
method quality, has 1.60 and 1.49 pm for MCE (5.40 and
3.80 um) and MIE (5.33 and 3.84 um), while LSQ (5.44, 3.98
pum) and ME have the values 5.33 and 3.8 pm at a minimum
difference of 1.46 and 1.43 um, respectively.
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e The measuring error range has significant variation at
15 mm/s compared to 5 and 10 mm/s testing speed, may
be due to probe response at resonance traveling speed.
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Figure 5.7 Measuring errors variation of fitting algorithms for three
detection circles at 5 mm/s.
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Figure 5.8  Roundness errors of fitting algorithms at 15 mm/s for three
detection circles.

5.4.4 Probe Scanning Speed 20 mm/s

Figure 5.9 shows the density of measured points for roundness
error using different four fitting algorithms of three transverse
circles at probe scanning speed of 20 mm/s. Roundness errors
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as functions of the fitting techniques are shown in Fig. 5.10.
The analysis of the results indicates the following:

Measurements of circle [ have a maximum error of 4.10 um
for MIE fittings and a maximum error of 4.98 pm for LSQ
response of an error range of 0.88 pm.

Roundness error ranges of both circle II and III have
0.40 pum (5.35 and 4.95 pm) and 0.28 pm (5.35 and 5.07 um).
Error difference related to the fitting technique for three
measured circles has a maximum value of 1.25 pm (5.35
and 4.1 pm) for MIE fitting response and a minimum value
for the same measurements 0.15 um (5.10 and 4.95 pm)
for LSQ and 0.97 pm for ME fittings.
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5.4.5 Probe Scanning Speed 25 mm/s

The results in Fig. 5.11 show density of measured points for
roundness error using different four fitting algorithms of three
transverse circles at probe scanning speed of 25 mm/s. Roundness

errors as functions of the fitting techniques are shown in Fig. 5.12.
The analysis of the results indicates the following:
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Figure 5.11 Measuring errors variation of fitting algorithms for three
circles at scanning speed of 5 mm/s.
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Figure 5.12 Roundness errors of fitting algorithms at 25 mm/s for three

detection circles.

¢ Measurements of circle I have a minimum error of 3.37 pm
for ME fittings and a maximum error of 3.89 pm for ITE

response of an error range of 0.52 pm.
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Roundness error ranges of both circle II and 11l have 0.27 pm
(5.44 and 5.17 ym) and 0.21 um (5.38 and 5.17 pm).

Error difference related to the fitting technique for all three
measured circles has a maximum value of 1.9 pm (3.54 and
5.44 pm) and (3.37 and 5.27) for both LSQ and ME fitting
methods and a minimum value for the same measurements
1.49 um (5.4 and 3.89 um) for MIE and 1.88 pm for MCE fittings.

5.4.6 Probe Scanning 30 mm/s

Figure 5.13 shows the density of measured tests for roundness
error using different four fitting algorithms of three different circles
at probe scanning speed of 30 mm/s. Measured error results of
roundness for fitting probe 30 mm/s are given in Fig. 5.14 for the
detection circles. From the signal analysis, the following can be
noticed:

75

Roundness error, um

Circle I measurements have the lowest roundness error
3.21 pm for the ME fitting method, and the highest error of
3.56 um for the MCE fitting method. Consequently, circle I
has a measuring error range of 0.35 um.

Detection circle Il measurements have a roundness error
range of 0.70 um from 5.87 of MCE fitting method to 5.17 pm
of ME fitting method, while measurements of circle Il have
roundness error limits of 5.44 of MCE fitting method and
4.91 um of LSQ fitting method within an error range of 0.53 um.
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Figure 5.13 Roundness errors variation of fitting algorithms for three

detection circles at 5 mm/s.
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Figure 5.14 Measuring errors of fitting algorithms at 30 mm/s for three
detection circles.

5.4.7 Probe Scanning 35 mm/s

Figure 5.15 shows the density of 120 measured points for
roundness error using different four fitting algorithms of three
transverse circles at probe scanning speed of 35 mm/s. Measured
error results of roundness for fitting probe 35 mm/s are given in
Fig. 5.16 for the detection circles. From the signal analysis, the
following can be noticed:

Speed 35 mm/s
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Figure 5.15 Measuring errors in the circles using different fitting
algorithms.

e (Circle I measurements have the lowest roundness error
3.25 pm for MCE and MIE fitting methods, the high error
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of 3.41 pm for the ME fitting method, and height error of
3.43 pm for the LSQ fitting method. Consequently, circle I
has a measuring error range of 0.18 um.

e The values of roundness measurement errors for all circles I1
and III have high difference of 0.75 and 0.53 um, respectively.
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Figure 5.16 Roundness errors of fitting algorithms at 35 mm/s for three
detection circles.

5.4.8 Probe Scanning Speed 40 mm/s

Figure 5.17 shows the density of measured points for roundness
error using four fitting algorithms of three different transverse
circles at probe scanning speed of 40 mm/s. The results in Fig. 5.18
show the measurement errors of roundness detection using
different four fitting techniques. The analyses of the results illustrate
the following:

¢ Roundness measurements of circle I have a minimum error
of 3.1 pm for MIE fitting and a maximum error of 3.28 um
for ME response, while LSQ fitting error of 3.2 mm and MCE
fitting error of 3.16 pm.

e Error measurements of circle Il have a minimum of 5.28 um
for ME fitting and a maximum error of 5.99 pm for MCE
response, while LSQ fitting error of 5.75 mm and MIE fitting
error of 5.82 um.

e Measurement for circle /Il have a minimum error of 4.69 um
for ME fitting and a maximum error of 5.06 pm for MIE
response, while LSQ fitting error of 4.9 mm and MCE fitting
error of 4.73 pm.
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¢ Error difference for all three measured circles has a minimum
value of 0.18 pm (3.28 and 3.1 pum) of circle I and a maximum
value for the same measurements of 0.71 pm (5.99 and
5.28 pum) of circle 1I.
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Figure 5.17 Roundness errors of fitting algorithms in the three circles
using at 40 mm/s.
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5.4.9 Probe Scanning Speed 45 mm/s

Figure 5.19 shows the density of measured results for roundness
error using different four fitting algorithms of three transverse
circles at scanning speed of 45 mm/s. The results given in Fig. 5.20
show the measurement errors of roundness detection at probe
scanning speed of 45 mm/s. The analyses of the results illustrate

the following:
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TE

Roundness error, ym
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Measurement of circle I have a minimum error of 3.25 pm
for MIE fitting and a maximum error of 3.40 pm for ME
response, while LSQ fitting error of 3.27 mm and MCE fitting
error of 3.35 pm.

Error measurements of circle Il have a minimum of 4.88 um
for LSQ fitting and a maximum error of 5.38 pm for ME
response, while MCE fitting error of 5.11 mm and MIE fitting
error of 4.93 pum.

Roundness Measurement for circle Il have a minimum error
of 5.01 pm for MIE fitting and a maximum error of 5.40 um
for ME response, while LSQ fitting error of 5.09 mm and
MCE fitting error of 5.03 pum.
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Figure 5.19 Roundness errors of fitting algorithms in the three circles

using at 45 mm/s.
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5.5 Statistical Analysis

To make more reliable analysis of the influence of the fitting
algorithm and the probe scanning speed on the CMM measurement
accuracy, statistical tests should be used. The statistical analysis
of the roundness error average and standard deviation mean value
was calculated for selected parameters. The statistical results
obtained are reduced and presented in a more practical and explicit
error form in Figs. 5.21 and 5.22. The roundness errors result
as function of the nine probe scanning speed using four fitting
techniques given as follows.

5.5.1 Standard Deviation Average of Roundness
Measurement Error

The averaging of the standard deviation error of the three circle
signals is related to the fitting algorithm for the probe scanning
speeds given in Table 5.2 and presented in Fig. 5.21. The results
indicate the following:

Table 5.2 Standard deviation variation related to the probe speeds at
different fitting algorithms

Probe Standard deviation mean values (um)

speed (mm/s) LSQ ME MCE MIE SDyean
5 0.3000 0.4700 0.8500 1.0600 0.6700
10 0.3000 0.3583  0.8167  1.0000 0.6188
15 0.3200 1.3334 1.1434 2.2533 1.2625
20 0.3500 1.3333  1.4800  2.0300 1.2983
25 0.4000 1.1867 13634  2.1567 1.2767
30 0.4000 1.1934 1.3967 2.0567 1.2617
35 0.4000 1.2634 1.3734  2.1834 1.3051
40 0.4000 11967 1.3367  2.0300 1.2409
45 0.4000 1.2800 1.4000 1.8534 1.2334

SDAverage
SDpean 0.3633 1.0684 1.2400 1.8471 11297
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Figure 5.21 Standard deviations mean values of fitting algorithms at

different probe speeds.

e Signal measured for evaluated test samples has a global

average of 1.13 pm. The samples at probe scanning speeds
from 5 to 45 mm/s (with 5 mm/s interval value) have the
averaged values 0.62 to 1.31 pum, which correspond to
represent 59.3%, 54.8%, 111.8%, 115%, 113%, 111.7%,
115.5%, 109.8%, and 109.2% of the global average,
respectively. It ensures that measurement at probe speed
before 15 mm/s is the suitable case for this work piece to
satisfy the high level of accuracy.

The roundness standard deviation has significant variation
at 15 mm/s for all fitting methods; this may be due to
probe response at resonance traveling speed.

The MIE algorithm has highest standard deviation average
response, while the LSQ algorithm has accurate response
within the application range.

5.5.2 Roundness Error of Scanning Speed Response

The averaging of the roundness measured error of 50 mm ring
circle signals of the fitting algorithms for probe scanning speed
is given in Table 5.3 and presented in Fig. 5.22. The illustrated
values indicate the following:

 Signal measured for 1080 evaluated samples has a global

average of 4.14 pm. The samples at probe scanning speeds
of 5, 10, 15, 20, 25, 30, 35, 40 and 45 mm/s have the
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averaged values 2.21, 1.87, 4.83, 4.95, 4.72, 4.72, 4.84, 4.59
and 4.51 pm, which correspond to represent 53.4%, 45.1%,
116.7%, 119.7%, 114.2%, 113.9%, 117.1%, 110.9% and
108.97% of the global average, respectively. It ensures that
measurement at probe speed 10 and 5 mm/s are the suitable
case for this work piece to satisfy the high level of accuracy.

Table 5.3 Roundness errors mean values related to the evaluation
fitting algorithm at different probe speeds
Probe speed Roundness error mean values (um)
(mm/s) LSQ ME MCE MIE RONpean
5 2.2867 2.0533 2.2800  2.2200 2.2100
10 1.9333 1.7000 1.8133  2.0200 1.8667
15 4.8933 4.7867 48433 4.7800 4.8258
20 5.0100 4.8267 5.1233  4.8500 4.9525
25 4.7100 4.6033 4.6900 4.8900 4.7233
30 4.6500 4.4767 49567 4.7633 4.7117
35 4.8433 4.6867 49800 4.8667 4.8442
40 4.6367 4.4167 4.6267  4.6600 4.5850
45 4.4133 4.7267 44967  4.3933 4.5075
RONAverage

RONyean 41530  4.0308  4.2011 4.1604 4.1363

il ~0-L8Q
£
T oam
5 = ME
G
8 am
s —tr—=MCE
S
& 3

={=MIE

130

Figure 5.22

] 25

i

Scanning speed, mm/s

for different fitting techniques.

35

40

Influence of probe scanning speed on the roundness error
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e Averaged percentage errors as a function of the fitting
algorithm response with respect to the global mean value
are 100.4%, 97.5%, 101.6%, and 100.6%, which are cor-
responding to LSQ, ME, MCE, and MIE, respectively. Quality
of measurements indicates that MCE and MIE methods have
about 1.6% and 0.6% inaccuracy, while the LSQ algorithm
has accurate responses with the error range of 0.4%.

¢ Theroundness measurement error range has sharp significant
variation at 15 mm/s compared to 5 and 10 mm/s scanning
speeds.

¢ From the data presented in Fig. 5.22, the values have been
treated statistically using polynomial regression type to get
general formulae of the roundness error (RON) in pm as
a function of probe scanning speed S for the different four
fitting algorithms as follows:

RON(1sq) = 0.0068* - 0.1079S3 + 0.5057S? + 0.1484S + 1.4213
(5.1)

RON ) = 0.0081S* - 0142953 + 0.688752 - 0.175S + 13615 (5.2)

RON ucg) = 0.0078S* - 0.1464S3 + 0.782352 - 0.556S + 1.8827
(5.3)

RON gy = 0.0065% - 0.1111S3 + 0.54525% + 0.0196S + 1.4927
(5.4)

From the above empirical Egs. (5.1-5.4), the formulae illustrate
that the MCE and MIE methods have higher error potentials of
19 and 1.5 pum to the probe scanning speed, respectively,
where ME technique has a lowest error potential of 1.36 um at
high sensitivity coefficients of 0.18 to the probe scanning speed
(S). The LSQ method has an error potential of 1.4 pm at sensitivity
coefficients of 0.15 to the probe scanning speed and sensitivity
coefficients of 0.5 um to the probe scanning acceleration.

5.6 Conclusions

This chapter presents a new experimental investigation to
improve the roundness measurement accuracy of a coordinate-
measuring machine (CMM) for particular measurement tasks.



References

The method proposed requires just two selections of probe
scanning speed and fitting algorithm for measuring the
roundness of circles.

From this study to improve the roundness measurement
quality, some conclusions can be drawn:

e There are roundness differences in the same work piece
detecting circles; this may be due to selection of different
fitting algorithms which have difference responses according
to their software design within the maximum permissible
scanning probing error.

o Suitable scanning speed of the machine touch probe should
be well selected in accordance with the fitting algorithm to get
high response quality with accurate roundness measurement.

¢ For similar roundness measurements, ME algorithm show
high quality response beside high sensitivity coefficients
to the probe scanning speed; both treatment methods
ensure high measuring accuracy at low probe scan speed
may be due to probe design resonance.

e Mean average of roundness error may be the reliable tool
for CMM accuracy evaluation compared to standard deviation
average within the application range.

¢ The range of roundness measuring error has the high
significant value at 15 mm/s compared to 5 and 10 mm/s
testing speeds for all fitting techniques. Result in the
selected speed obtained significant variations, which may
be due to probe response at resonance traveling speed.

Finally, the most basic measuring applications, the measure-
ment of supplemental standard ring will increase our knowledge
about the state of the measuring strategy.
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Chapter 6

Validation Method for CMM
Measurement Quality Using Flick
Standard

6.1 Introduction

Micro coordinate metrology is an important branch of product
quality assurance. Coordinate measuring machine (CMM) is
generally better optimized in micro coordinate metrology. CMM
is an advanced computerizing numerical control system that can
be used for dimensional inspection of complex 3D geometry
products. The advanced CMM is one of the most diversified
fields of mechanical engineering due to the promising technology
cooperation with modern industrial strategies. Surface quality
is an important parameter in the modern manufacturing,
aerospace, and automotive. The influence of dimensional and
geometrical form errors is one of the issues of interest regarding
manufacturing accuracy and surfaces quality. Out of tolerance
can produce number of problems like vibration, wear, and
noise [1, 2]. The study of the influence of the geometric fitting
algorithms and probe scanning speeds on the measurement error
can be an interesting topic for future research, especially with
the growing use of CMM machines [2-5]. In addition, the
development of a new CMM machine with accuracy less than a
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nanometer is necessary, because it is close to the actual industrial
needs. For these reasons, most available validation and calibration
of CMM require reference standards artifacts. Flick standard
artifact is embodiment of outer surface. New published work
in parallel with my research, confirmed that the Flick standard
artifact is a suitable tool used to calibrate the spindle motion
error and the probe which equips cylindrical measuring
machines to ensure such a level of uncertainty, both stability and
performance [5]. The resultant measurement quality of CMM is
limited by deviation and some uncertainties due to different factors.
The measurement deviations in CMM metrology can be related
to the operator performance quality, environmental interaction,
and CMM performance accuracy. It can be assumed that some
important factors such as operator behavior and CMM software
accuracy have effective reactions on the measurement quality.
Uncertainty in measurement is the most important concept in
roundness metrology according to the GUM and attracts wide
attention in the world to confirm the confidence in measurement
result [6].

In this chapter, measurements for the transverse circle
location of certified Flick standard artifact have been carried out.
The measurement results of dimension and geometrical form at
different CMM strategies have been studied. The influence of
geometric fitting algorithms equipped with probe scanning
speeds as metrological parameters on both diameter (D) and
roundness form errors (RON) is verified experimentally and
discussed. The modifications and analysis of software are employed
experimentally. The statistical study based on design of experiment
was accomplished in order to evaluate the measurement result
and estimate the expanded uncertainties experimentally and
statistically. Therefore, the main objective of this research is
to study the influence of four fitting algorithms through five
different probe scanning speeds for transverse circle location of
carrying out signals, to

(a) develop the CMM software using closed loop control to
develop new accurate and precise machines;

(b) increase CMM operator skills, reduce the operation lost
time and cost, to avoid processing mistakes of software
strategic applications;
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(c) minimize the size of uncertainty in measurement;
(d) determine and analyze the relative deviation errors in
measurement.

6.2 Experimental Work

The experiment presented in this chapter is designed and
performed within the research plan of the engineering and
surface metrology department at NIS. The new validation method
including measurement procedures is designed to study the
effect of geometric fitting algorithm and probe scanning speed in
CMM measurement. This plan has been done in two main stages.
The first stage is the verification of the CMM probing system.
The main stage in the experiments is made to verify the CMM
machine in measurement quality. This second stage based on
measure the diameter and roundness of the Flick standard artifact
at different strategies in measurement. The dynamic influences
of geometric fitting algorithms and probe canning speeds
strategies on diameter and roundness deviations have been
studied using CMM.

6.2.1 Dynamic Verification of Probing System

Dynamic verification of probing system is a very important
recommendation task for an acceptance before studying CMM
performance accuracy [7, 8]. The standard verification method
of both probing error and scanning probing error using a
reference sphere is used. To determine the probing error, 25
recommended points on the reference test sphere surface must
be probed. To determine the scanning probing error, four
recommended scanning lines on the surface of test sphere must
be scanned and the Gaussian center point of the sphere using all
measured points of all four scan lines must be computed. Before
making measurements with the CMM in the cylindrical feature
of Flick standard artifact, the CMM was verified using master
probe for evaluate standard sphere and using standard sphere for
evaluate used probe [9]. The standard deviation (SD) of program
output result in the CMM verification test conditions is presented
in Table 6.1.
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Table 6.1 Output verification data of CMM probes and sphere

CMM element Measured value (mm) SD (mm)
Master probe R=3.9999 0.0002
Reference sphere R =14.9942 0.0002
Used stylus probe R=1.4990,L =335 0.0002
With Al. extension L=100

Step width 1.3861

No. of probe points 104 points

The CMM has limited specific values as follows:
MPE = 4 + L/K, um, MPE; = 1.00 pm; MPET;; = 1.90 pm,

where MPE is the maximum permissible measurement error,
A is the constant machine uncertainty equal to 0.9 pm, K is
the length constant or slope of line equal to 350, and L is the
length measurement in mm. MPEp is the maximum permissible
probing error and MPETj is the maximum permissible error
when measuring a part by using scanning mode which is called
maximum permissible scanning probing error.

6.2.2 Flick Standard Artifact

The best method of dynamic validation is made through the
use of a high-precision Flick standard in roundness Talyrond
machines. Existing outer surface of Flick standard artifact is
only one applicable embodiment type of sensitivity validation
for dimensional and geometrical form. Flick standard artifact is
a cylindrical artifact with a known nominally one flat face through
the outer perimeter. Flick standard artifact has some major
disadvantages like a small dynamical contact for larger wave
numbers [10]. The amplitude of signals for a typical Flick with
a cylinder diameter of about 44 mm and a deepness of the
flattening of (294.9:283.3) um have been measured (see Fig. 6.1).
While the measured signal to noise ratio is actually low for
reference standard Flicks. Therefore, the author predicted that
the Flick standard artifact might be a new suitable tool for
validation method of CMM measurement quality.

The CMM output significant contribution from larger
wave numbers than 25 UPR (undulation per revolution) is
demonstrated in Fig. 6.2. The output result has been performed
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in an appropriate measurement range for the diameter and
roundness form deviations. But the calibration result depends on
the individual wave amplitudes. The output signal to noise ratio
is quite low for Flick, because the full measured signal is carried
by a single wave number.

-
Figure 6.1  Flick standard artifact.
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Figure 6.2 Typical result of a Flick standard artifact at scanning

speed of 1 mm/sec at LSQ fitting algorithm and Gaussian
filter using CMM with magnification factor 100. (a) Outer
roundness form profile in time domain. (b) Spectrum
amplitude in frequency domain.

6.2.3 CMM Measurement Procedures

The measurements have been carried out at the same transverse
section on the outer surface of the Flick standard artifact at
location of 18 mm from the top to detect any errors of the
surface. The measured sample errors were obtained for five probe
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scanning speeds 1, 2, 3, 4, and 5 mm/s during 360° angle range
trace of the Flick standard, respectively. While CMM traveling
speed was constant at 70 mm/s and the number of scan fitting
points also was constant with about 104#2 points during
measurement tests at temperature condition of 20+0.5°C. Each
measurement point has 10 times repetitions for the same
transverse circle (x, y and z) positions. The feature of roundness
measurement has been determined at each probe scanning
speed, where the CMM PRISMO navigator has been selected
corresponding to evaluation fitting algorithms. Four main geometric
fitting algorithms are recommended in CMM measurement for
cylindrical parts (LSQ, ME, MC, and MI), where LSQ means least
square fitting algorithm, ME means minimum element fitting
algorithm, MC is minimum circumscribed fitting algorithm, and
MI means maximum inscribed fitting algorithm. Determination of
measured deviation errors has been included 200 experimental
measuring tests to differentiate between evaluation qualities of
different measurement strategies. The diameter and roundness
deviation errors of corresponding evaluation algorithm at different
scanning speeds are obtained through comparison, judgment,
and repeated arrangement. However, a question arises: Which
algorithm is suitable to choose and what criterion should be
taken at which probe scanning speed?

6.3 Measurement Results and Discussion

The distribution density of measured points of both diameter
and roundness variation is presented in Figs. 6.3, 6.5, 6.7, 6.9,
6.11, 6.13, 6.15, and 6.17. The errors average of results obtained
for both diameter and roundness variation are reduced and
presented in a more practical and explicit form in Figs. 6.4, 6.6,
6.8, 6.10, 6.12, 6.14, 6.16, and 6.18. The diameter and roundness
error results as functions of the probe scanning speed and fitting
algorithm are given as follows.

6.3.1 Least Square Fitting Technique

The results in Fig. 6.3 present the distribution density of measured
points for diameter error of 10 reputed test results for Flick
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artifact transverse circle using LSQ fitting algorithm at different
probe scanning speeds. Figure 6.4 shows the average variation
of diameter error for different probe scanning speeds using LSQ
fitting algorithm. The analysis of the 50 given results indicates the
following:

43.9706
Least square O Testl
43.9705 A <] o Test2
A Test3
ié BI04 ¢ O Test4
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Figure 6.3  Diameter errors variation of LSQ fitting algorithm at different
probe scanning speeds.
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Figure 6.4 Measuring errors average of diameter at different probe
scanning speeds with LSQ fitting algorithm.

e Detection LSQ fitting algorithm at probe speed of 1mm/s
measurements has a diameter error range of 0.2 pm from
43.9705 mm to 43.9703 mm, while measurements at 2 mm/s
have diameter error limits of 43.9704 and 43.9703 mm
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with an error range of 0.1 um, while the error ranges at 3, 4,
and 5 mm/s measurements became stable within the same
value of 0.1 um.

The application based on the LSQ fitting technique in
all measuring speeds clearly showed that, the evaluated
difference of average error between probe speeds as
representing values to the scanning speed quality has 0.1
and 0.2 um for 1, 2, and 3 mm/s (43.9703 mm) and 4 mm/s
(43.9702 mm), while 5 mm/s (43.9701 mm), respectively.
Measurements at 4 mm/s have the low diameter error for
the LSQ fitting algorithm, while at 5 mm/s have the lowest
diameter error.

The results in Fig. 6.5 show the distribution density of
measured points for roundness error of 10 reputed test results
for Flick transverse circle using LSQ fitting algorithm at different

probe

scanning speeds. Figure 6.6 shows the average variation

of roundness error for different probe scanning speeds using LSQ
fitting algorithm. The result analysis of the 50 tests indicates the
following:

Roundness measurements of LSQ algorithm at 2 mm/s have
a minimum error of 0.2 pm and maximum error of 0.5 pm
at 5 mm/s.

2891 Least square O Testl

289.0 + X X o Test2

288.9 X + @ A Test3

788.8 - a P + O Test4
X Test5

288.7 & * o 4 Test6

288.6 & & x Test7

288.5 + = Test8

288.4 - o S
= Test10

288.3 T T \ \

0 1 2 3 4
Probe scanning speed, mmv/s
Figure 6.5 Roundness errors variation of LSQ fitting algorithm at

different probe scanning speeds.
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¢ The application of the LSQ fitting technique to all measuring
speeds showed that the evaluated difference of average
error between probe speeds as representing values to the
scanning speed quality has 0.3 for 1 and 4 mm/s (288.8 um)
and 2 mm/s (288.5 pm), while at 3 mm/s (288.9 um) and
(288.7 um) at 5 mm/s.

e The value of roundness measurement errors for 2 mm/s
has the lowest significant variation compared to all other
probe speeds.

2890 Least square
288.9 1
288.8 1
288.7 1
288.6 1
288.5 1

288.4 %

Probe scanning speed, mm/s

Roundness error, ym

Figure 6.6  Measuring errors average of roundness at different probe
scanning speeds with LSQ fitting algorithm.

6.3.2 Minimum Element Fitting Technique

Figure 6.7 shows the density of measured points for diameter
error of 10 reputed test results for Flick artifact transverse circle
using ME fitting algorithm at different probe scanning speeds.
Figure 6.8 shows the average variation of the diameter error
for different probe scanning speeds using ME fitting algorithm.
The analysis of the 50 given results indicates the following:

¢ Detection ME fitting algorithm at probe speed of 1 mm/s
measurements has a diameter error range of 0.5 um from
43,9868 mm to 43.9863 mm, while measurements at
2 mm/s have diameter error limits of 43.9865 and 43.9864
mm with an error range of 0.1 pm. The error ranges at
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43.9869

3 mm/s measurements have the highest diameter error
range of 0.6 um. Measurements at 2 mm/s have the lowest
diameter error for the ME fitting algorithm, while at 1 mm/s
have the high diameter error of 0.5 pm.

According to the application of the ME fitting algorithm to
all measuring speeds, the evaluated difference of average
error between probe speeds as representing values to
the scanning speed quality has 0.1 and 0.6 um for 1, 3, and
4 mm/s (43.9865 mm), while at 2 and 5 mm/s (43. 9864 mm),
respectively.

The measuring error range has the lowest significant
variation at 2 mm/s compared to 1, 3, 4, and 5 mm/s testing
speed, which may be due to probe response at resonance
traveling speed.
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Figure 6.7 Diameter errors variation of ME fitting algorithm at different
probe scanning speeds.

The results presented in Fig. 6.9 show the distribution density
of measured points for roundness error of 10 reputed test results
for Flick transverse circle using ME fitting algorithm at different
probe scanning speeds. Figure 6.10 shows the average variation
of roundness error for different probe scanning speeds using
ME fitting algorithm. The analysis of the given result indicates

the following:



¢ Roundness measurements of ME algorithm at 2 mm/s have
a minimum average error of 285.7 um relative to all other
probe speeds.

Measurement Results and Discussion

e According to the application of the ME fitting technique to
all measuring speeds, the evaluated difference of average
error between probe speeds as representing values to the
scanning speed quality is 286.0 um for 1, 3, 4 and 5 mm/s.

e The value of roundness measurement errors for 2 mm/s
has the lowest significant variation of 0.3 pm compared to
all other probe scanning speeds.

probe
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Figure 6.8  Measuring errors average of diameter at different
scanning speeds with ME fitting algorithm.
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Figure 6.9 Roundness errors variation of ME fitting algorithm at

different probe scanning speeds.
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Figure 6.10 Measuring errors average of roundness at different probe

scanning speeds with ME fitting algorithm.

6.3.3 Minimum Circumscribed Fitting Technique

The results in Fig. 6.11 show the density of measured points
for diameter error of 10 reputed test results for Flick artifact
transverse circle using MC fitting algorithm at different probe
scanning speeds. Figure 6.12 shows the average variation of
diameter error for different probe scanning speeds using MC
fitting algorithm. The analysis of the 50 given results indicates the
following:

Detection MC fitting technique at probe speed of 1 mm/s
measurements have a diameter error range of 0.3 pm from
43,9907 mm to 43.9904 mm, while measurements at
2 mm/s have diameter error limits of 43.9907 and 43.9905
mm with an error range of 0.2 um. While the error ranges
at 3 and 5 mm/s measurements have the lowest diameter
variation error range of 0.1 um. Measurements at 5 mm/s
have the lowest average diameter error of 43.9903 mm for the
ME fitting algorithm.

According to the application of the MC fitting algorithm
to all measuring speeds, the evaluated difference of average
error between probe speeds as representing values to the
scanning speed quality, has 0.1 and 0.3 um for 1 and 2 mm/s
(43.9906 mm), for 3 and 4 mm/s (43.9905 mm), while
5 mm/s (43.9903 mm), respectively.



Measurement Results and Discussion
e The measuring error range has the lowest significant
variation at 3 mm/s compared to 1 mm/s testing speed,
which may be due to probe response at resonance traveling
speed at MC algorithm design.
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Figure 6.11 Diameter errors variation of MC fitting algorithm at different
probe scanning speeds.
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Figure 6.12 Measuring errors average of diameter at different probe
scanning speeds with MC fitting algorithm.

The results in Fig. 6.13 show the density of measured points
for roundness error of 10 reputed test results for Flick transverse
circle using MC fitting algorithm at different probe scanning
speeds. Figure 6.14 shows the average variation of roundness error
for different probe scanning speeds using MC fitting technique.
The result analysis of the 50 tests indicates the following:
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¢ Roundness measurements of MC algorithmat 1, 3,and 4 mm/s
have a minimum error of 0.4 pm and maximum error of
0.5 pm at 2 and 5 mm/s.

e According to the application of the MC fitting technique to
all measuring speeds, the evaluated difference of average
error between probe speeds as representing values to
the scanning speed quality, has 0.4 pum for 1 and 4 mm/s
(289.4 pum) and 2 mm/s (289.1 pum), while at 3 mm/s
(289.5 um) and (289.3 um) at 5 mm/s.

e The value of roundness measurement errors for 2 mm/s
has the lowest significant variation compared to all other
probe scanning speeds.
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Figure 6.13 Roundness errors variation of MC fitting algorithm at
different probe scanning speeds.
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Figure 6.14 Measuring errors average of roundness at different probe
scanning speeds with MC fitting algorithm.
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6.3.4

Measurement Results and Discussion

Maximum Inscribed Fitting Technique

Figure 6.15 shows the density of measured points for diameter
error of 10 reputed test results for Flick artifact transverse circle

using

MI fitting algorithm at different probe scanning speeds.

Figure 6.16 shows the average variation of diameter error for
different probe scanning speeds using MI fitting algorithm. The
analysis of the 50 given results indicates the following:

Detection MI fitting technique at probe speed of 1 mm/s
measurements have a diameter error range of 0.5 pm from
43.7013 to 43.7008 mm, while measurements at 2 mm/s
have diameter error limits of 43.7015 and 43.7011 mm with
an error range of 0.4 um. The error ranges at 3 and 5 mm/s
measurements have the highest diameter error range of
0.5 pm. Measurements at 4 mm/s have the lowest diameter
error variation of 0.2 pm for the MI fitting algorithm.

According to the application of the MI fitting algorithm
to all measuring speeds, the evaluated difference of average
error between probe speeds as representing values to the
scanning speed quality has 0.5 and 0.2 pm for 1 and 4 mm/s
(43.7010 mm), for 3 and 5 mm/s (43.9709 mm), while
2 mm/s (43.9713 mm), respectively.
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Figure 6.15 Diameter errors variation of MI fitting algorithm at different

probe scanning speeds.
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Figure 6.16 Measuring errors average of diameter at different probe

scanning speeds with MI fitting algorithm.

The results presented in Fig. 6.17 show the distribution
density of measured points for roundness error of 10 reputed
test results for Flick transverse circle using MI fitting algorithm
at different probe scanning speeds. Figure 6.18 shows the average
variation of roundness error for different probe scanning speeds
using MI fitting algorithm. The analysis of the 50 given results
indicates that the following:
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Figure 6.17 Roundness errors variation of MI fitting algorithm at different

probe scanning speeds.
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¢ Roundness measurements of MI algorithm at 4 mm/s have
a minimum error of 0.4 pym and maximum error of 0.6 pm
at 1,3 and 5 mm/s.

e According to the application of the MI fitting technique to
all measuring speeds, the evaluated difference of average
error between probe speeds as representing values to the
scanning speed quality, has 287.3 um at 3 and 4 mm/s,
while at 1 mm/s (287.4 pm) and (287.2 um) at 2 and 5 mm/s.

¢ The value of roundness measurement errors for 2 and
5 mm/s has the lowest significant average variation compared
to other probe speeds.
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Figure 6.18 Measuring errors average of roundness at different probe
scanning speeds with MI fitting algorithm.

6.4 Statistical Analysis

To give a more reliable analysis of the experimental data of
the influence of fitting algorithm and probe scanning speed on
the CMM measurement accuracy, statistical tests should be used.
Along with the statistical analysis of diameter and roundness
error averages, standard deviation and combined uncertainty
(u1) due to repeatability are calculated. Expanded uncertainty
for selected parameters in measurement has been evaluated.
The statistical results obtained are reduced and presented in a
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more practical and explicit error form in Figs. 6.19, 6.20. The errors
averages in diameter and roundness results as function of the
five probe scanning speed using four fitting techniques are given
as follows.

6.4.1 The Error in Diameter Measurement

The error response of diameter variation for Flick standard
artifact related to different CMM measurements strategies of
different fitting algorithms of probe scanning speeds indicated
in Table 6.2 and presented in Fig. 6.19. The indicated results
include that:

e Signal measured for 200 evaluated samples has a global
average of Flick diameter of 43.9120 mm. The samples at
probe scanning speeds of 1, 2, 3, 4, and 5 mm/s have the
roundness averaged values 43.9121, 43.9122, 43.9121,
43.9121, and 43.9119 mm, respectively, which correspond to
represent 100.0002%, 100.0005%, 100.0002%, 100.0002%,
and 99.9998% of the global average, respectively. It ensures
that measurements at probe speed 5 mm/s are the suitable
case for this work piece Flick to satisfy the high level of
accuracy.

e Averaged percentage errors as a function of the fitting
algorithm response with respect to the global mean value are
100.1325%, 100.1697%, 100.1788%, and 99.5195%, which
correspond to LSQ, ME, M(C, and MI, respectively. The quality
of measurements indicates that MC and ME algorithms have
about 0.1788% and 0.1697% inaccuracy, while the LSQ
and MI algorithms have accurate responses with the error
range of 0.1325% and -4805%, respectively.

¢ Signal measured for evaluated test samples at probe scanning
speeds from 1 to 5 mm/s (with 1 mm/s interval value)
have the standard deviation (SD) values of 0.1221, 0.1220,
0.1221, 0.1221, and 0.1221 mm, respectively. It ensures
that measurement at probe speed of 2 mm/s is the suitable
case for this work piece to satisfy the high level of accuracy.

e The diameter standard deviation has best significant
variation at 2 mm/s for all fitting algorithms.



Flick diameter error , mm

Statistical Analysis

e The ME algorithm has lowest standard deviation average

response, while all other algorithms have the same accurate
response within the application range.

The uncertainty due to repeatability in diameter measure-
ment for four fitting algorithms does not exceed 0.0001.
From the data presented in Fig. 6.19, the values have been
treated statistically using fit a one degree linear regression
type to get general formulae of the diameter error in mm as
a function of probe scanning speed V for the different four
fitting algorithms as follows:

Table 6.2 Average variation and standard deviation of Flick diameter

(mm)

Scanning Average
speed (m/s) LSQ ME MC MI of D SD

439703 43.9865 43.9906 43.7010 439121 0.1221

439703 43.9864 43.9906 43.7013 43.9122 0.1220

439703 43.9865 43.9905 43.7009 439121 0.1221

439702 439865 43.9905 43.7010 43.9121 0.1221

1
2
3
4
5

439701 43.9864 43.9903 43.7009 439119 0.1221

Average of D 43.9702 43.9865 43.9905 43.7010 43.9120

SD

0.0001 0.0000 0.0001 0.0001

u;=SD/Vn  0.0001  0.0000 0.0001 0.0001
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Figure 6.19 Average variation of Flick artifact diameter measurements

at different CMM strategies.
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RON ) = ~1E-05V + 43.9860, (6.1)
RON ) = ~7E-05V + 43.9910, (6.2)
RON ;5 = ~5E-05V + 43.9700; (6.3)
RON ) = -5E-05V + 43.7010 (6.4)

From the linear regression Egs. (6.1-6.4), the empirical
formulae illustrate that the ME algorithm has higher an error
potential of 43.991 mm at sensitivity coefficients of -7E-05 to
the probe scanning speed (V), where MI technique has a lowest
error potential of 43.701 mm at sensitivity coefficients of -5E-05
to the probe scanning speed. The LSQ algorithm has an error
potential of 43.970 mm at sensitivity coefficients of -5E-05 to the
probe scanning speed. The MC algorithm has an error potential
of 43.986 mm at sensitivity coefficients of -1E-05 to the probe
scanning speed.

6.4.2 The Error in Roundness Measurement

The error response of roundness variation for Flick standard
artifact related to different CMM measurements strategies of
different fitting algorithms of probe scanning speeds is presented
in Table 6.3 and shown in Fig. 6.20. The statistical results indicate
the following:

e Signal measured for 200 evaluated samples has a global
average of Flick roundness of 287.8 pm. The samples at
probe scanning speeds of 1, 2, 3, 4, and 5 mm/s have the
roundness averaged values 287.9, 287.6, 287.9, 287.9, and
287.8 pm, respectively, which correspond to represent
100.04%, 99.93%, 100.04%, 100.04%, and 100.00% of the
global average, respectively. It ensures that measurement
at probe speed 2 mm/s are the suitable case for this work
piece Flick artifact to satisfy the high level of accuracy.

e Averaged percentage errors as a function of the fitting
algorithm response with respect to the global mean
value are 100.31%, 99.48%, 100.73%, and 99.83%, which
correspond to LSQ, ME, MC, and M, respectively. The quality
of measurements indicates that LSQ and MC algorithms



Statistical Analysis

have about 0.31% and 0.73% inaccuracy, while the ME
algorithm has accurate responses with the error range of
0.52%.

Signal measured for evaluated test samples at probe scanning
speeds from 1 to 5 mm/s (with 1 mm/s interval value)
have the standard deviation (SD) values of 1.3153, 1.3065,
1.3718, 1.3255 and 1.2903 mm, respectively. It ensures that
measurement at probe speed of 5 mm/s is the suitable case
for this work piece to satisfy the high level of accuracy.

The roundness standard deviation has significant variation
at 3 mm/s for all fitting algorithms.

The LSQ and MC algorithms have highest standard deviation
average response, while the MI algorithm has accurate
response within the application range.

The uncertainty due to repeatability in roundness measure-
ment for four fitting algorithms lies between 0.0606 and
0.0335.

As shown in Fig. 6.20, the values have been treated
statistically using fourth-order polynomial regression fit
type to get general formulae of the roundness error (RON)
in um as a function of probe scanning speed V for the
different four fitting algorithms as follows:

Table 6.3 Average variation and standard deviation of Flick roundness

(hm)

Scanning Average
speed (mm/s) LSQ ME MC MI of RON SD

288.8 286.0 2894 2874 2879 1.3153

288.5 2857 2891 287.2 287.6 1.3065

2889 286.0 289.5 287.3 2879 1.3718

288.8 286.0 2894 2873 2879 1.3255

gl s W N

288.7 286.0 2893 2872 287.8 1.2903

Average of RON 288.7 2859 2893 287.3 28738 —

SD

0.1356 0.1200 0.1356 0.0748 — —

uy=SD//n 0.0606 0.0537 0.0606 0.0335 — —
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RON ¢y = 0.0708V* - 0.9083V3 + 4.0292V2 - 7.0917V + 293.3000,
(6.5)

RON 15q) = 0.0708V* - 0.9083V3 + 4.0292V2 - 7.0917V + 292.7000,
(6.6)

RON ) = 0.0167V* - 0.2333V3 + 1.1333V2 - 2.2167V + 288.7000;
(6.7)

RONyg) = 0.0500V* - 0.6500V3 + 2.9500V2 - 5.3500V + 289.0000
(6.8)
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Figure 6.20 Average variation of Flick roundness measurements at
different CMM strategies.

From polynomial regression Egs. (6.5-6.8), the empirical
formulae illustrate that the MC and LSQ algorithms have higher
error potentials of 293.3 and 292.7 pm to the probe scanning
speed, whereas the MI technique has a lowest error potential
of 288.7 um at high sensitivity coefficients of -2.2 to the probe
scanning speed (V). The MC and LSQ algorithm have the same
sensitivity coefficient of 4.0 to the probe scanning acceleration.
The ME algorithm has an error potential of 289.0 pm at
sensitivity coefficients of -5.4 to the probe scanning speed
and sensitivity coefficients of 3.0 pm to the probe scanning
acceleration.



Statistical Analysis

6.4.3 Uncertainty Evaluation

In coordinate metrology, to measure the cylindrical artifact, as
shown in our work, the measurement uncertainty mainly results
from CMM machine, measurement environment, and sampling
strategies [11], while the uncertainty influence of sampling
strategy has not been considered here due to its complexity.
The uncertainty contributions significant include the following
parameters.

6.4.3.1 Repeatability

The statistical study based on design of experiment was carried
out in order to evaluate the expanded uncertainty in measurement.
Statistical study of the repeatability in measurement has been
calculated and evaluated for four fitting algorithms LSQ, ME,
MC and MI have the type (A) uncertainty (u;) values of 0.0606,
0.0537,0.0606 and 0.0335 um, respectively, as shown in Table 6.3.

6.4.3.2 Resolution
The resolution r of CMM in last digit of a measured value,
whichever is the largest, is causing an uncertainty component u,:

up=r/(24/3) = 0.1/2+/3 = 0.0289 pm

6.4.3.3 Indication error

The maximum permissible error of indication is 0.9 pm. When
a normal distribution is assumed, the uncertainty component is

us=0.9/+/3 = 0.5196 um

6.4.3.4 Temperature

The standard reference temperature for measurement is 20°C.
During the implementation, the environmental temperature in
the coordinate metrology laboratory at NIS was controlled within
20£0.5°C, the uncertainty component u, from temperature and
dirt is estimated 0.05 um.
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Above components are all uncorrelated, so the uncertainties
of measured points for roundness variation are calculated as
follows:

(222,02 _
U =AUy +Uy +U; + U, Uexp_K(uc)

Eventually, the evaluation of uncertainties in this work
reflects confidence in the high credibility of the proposed
measurement method as shown obviously in Table 6.4. Thus,
it can say that the MI fitting technique is a closer to reality and
very much more accurate than the other techniques. In addition,
the evaluation results illustrate that the LSQ and MC algorithms
have higher uncertainties of 1.0526 um, where MI technique has
a lowest uncertainties of 1.0478 um.

Table 6.4 Evaluation of uncertainty budget in roundness deviation

measurements
CMM fitting algorithms LSQ ME MC MI
Combined standards 0.52650 0.52555 0.52650 0.523873

uncertainty, u,

Expanded uncertainty Ue,, 1.0526 1.0511 1.0526 1.0478

Average of Uey;, 1.0510 — — —

6.5 Conclusions

This chapter presents new experimental validation method
to improve the measurement accuracy of dimension and
roundness form of a coordinate measuring machine for particular
measurement tasks. The proposed method is very important in
the development issue of CMMs dynamic validation to be more
accurate and precise machines in measurement. Some error
formulae of two main data sets have been postulated to correlate
the diameter and roundness measurements within the application
range. The method proposed requires just two selections of
geometric fitting algorithms and probe scanning speeds in
cylindrical measurements. From this research to improve dimension
and roundness measurements quality, some conclusions can be
drawn:



Conclusions

The new validation method of dimension and form deviation
using Flick standard artifact may be a new suitable tool
as a highly sensitive method for CMM performance [5].
Suitable scanning speed of the machine touch probe should
be well selected in accordance with the fitting algorithm
to get high response quality with accurate dimension and
roundness measurements.

For diameter and roundness measurements, MI algorithm
shows the lowest error potential indicating high quality
response.

For diameter measurement both treatment algorithms
ensure stable measuring accuracy at all probe scan speeds.
This is probably due to the geometric perfection resonance
of the circular surface of the Flick standard artifact.

For roundness measurement, both geometric fitting treat-
ment algorithms ensure high measuring accuracy at 2 mm/s
probe scan speed.

For similar diameter measurements, the MI algorithm
shows high quality response, while other algorithms show
low quality response to the probe scanning speed.

For similar roundness measurements, the ME algorithm
shows high quality response, while the MC algorithm shows
low quality response to the probe scanning speed.

The expanded uncertainty result has been evaluated within
1.051 pm ware less than the maximum limit of the CMM
permissible probing error (1.9 pm), which confirmed the
high degree of confidence in the measurement results.
Thus, the Flick standard artifact may be used as a simple
reliable artifact for CMM evaluation.

From the new validation method analysis, the author
observed that there are proportional relationships between
the uncertainty and the error potential of the empirical
error formulae in measurement. Thus, the LSQ and MC
algorithms have higher uncertainties, which agreed with
the higher rate of there error potentials, whereas the MI
technique has a lowest uncertainty of 1.0478 pm, which
agreed with the lowest rate of the error potential.

Using a Flick standard artifact should be practical high-
precision incremental in dimension (diameter) and roundness
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form indicator with high stability in measurement. This
means a better transfer stability of CMM quality could be
significantly improved.

¢ Eventually, the most basic measuring applications, the

metrology of supplemental Flick standard artifact will
increase our knowledge about the state of CMM measuring
strategies.
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Chapter 7

Factors Affecting the Performance of
Talyrond Measurement Accuracy

7.1 Introduction

Roundness is the very important feature in the quality control of
mechanical products for the dynamic parts that need accurate
and precise measurement. Roundness is sometimes called
circularity. The purpose of studying roundness form deviation
of circle and cylindrical features is to avoid the excessive lateral
or axial runout deviation of the rotating and reciprocating
parts during dynamic operation. After production procedures,
manufacturing metrology of roundness feature can be done using
advanced measuring instruments. The roundness geometrical
machine describes the condition on a surface of revolution where
all points of the surface intersect.

Historically, roundness measurement was based on the use
of some simple tools such as dial indicator. However, after
the industrial revolution appeared the roundness measuring
instruments that based on using one of two types of machines.
The first one is called Talyrond machine. Another way to measure
surface roundness is to use a coordinate measuring machine
(CMM). The roundness measurement technique using Talyrond
instrument is based on one of the two versions of configuration.
The configurations of Talyrond technique have either rotating
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table or rotating spindle (hydrostatic). The most common type is
the hydrostatic spindle configuration version. The rotating pick-
up version of the instrument was first made; this was termed
Talyrond-1, which was developed later. The ultra high precision
instrument as Talyrond HPR (TR-73) machine becomes one of the
important tools in precision engineering metrology. The standard
TR-73 has three accurate orthogonal axes and is equipped with
high sensitive touch probe. The TR-73 probe cantilever is brought
into contact with the inner or outer circular surface of object
being measured at a recorded position. In the measurement
operation, the probe stylus profile senses the surface height
through mechanical contact, while the stylus traverses the peaks
and valleys of the surface with very small contacting force. The
horizontal motion of the stylus tip is converted to an electrical
signal by a transducer. A number of points are taken around the
component and these are then combined in computer software
to determine the accurate roundness profile of the object, which
represents the actual surface profile. Therefore, the Talyrond
stylus system is directly sensitive to surface height with little
interference.

The deviation in roundness metrology using TR-73 instrument
can be related to the performance and experience of operator,
environmental interaction, workpiece finishing, and accuracy
of software certainly. It can be assumed that some influence
parameters of operator behavior and TR-73 software strategy
techniques have effective reactions on the measurement quality
assurance [1-2]. The measurement accuracy of a work piece
influences by many different metrological parameters. The error
characteristics in the TR-73 software are very important from
the metrological point of view to find an optimum fitting solution.
The TR-73 software data analysis can contribute significantly to
the roundness measurement accuracy of measured object.

This chapter presents the work to develop a testing algorithm
and evaluation program as a metrological strategy for roundness
measurement. In this work program, the fitting software techniques
equipped with 10 different strategy parameters using TR-73
machine are studied experimentally. These parameters included
two types of fitting filters and four types of software algorithm
techniques during four ranges of spectral wave numbers using
undulations per revolution (upr). This work program will be
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available as an activity provided by the National Institute for
Standards (NIS), Egypt. The main objective is to eliminate the
reputable errors in turning operator during measurement
because they direct impact form metrology. The goal is to reduce
costs according to consuming measurement time and improve
figure accuracy of visible roundness measurement. Consequently,
the advantage of the research is that it helps the TR-73 operator
in developing a methodology for precision assembly as well as
an error compensation method to improve the overall accuracy.
This study is very important for the TR-73 software designer
to develop new version of precision machines. It confirmed that
the Talyrond-73 device as an ultra high precision machine is
a powerful tool for roundness form metrology in modern
engineering industries [3].

7.2 Background and Motivation

Great benefits of manmade objects have been achieved, from
the alphabet to wheel invention passing rotating parts. The final
quality of an engineering rotating product as used in an airplane
and a motor vehicle is influenced by various factors [2-4].
The required tolerances for dynamic rotating parts continuously
have to be very fine, whereas the complexity of work pieces
increases. However, the selected technique for measurement has
to be applied in order to achieve precision measurements and
sufficient accurate results. The measurement quality of the
TR-73 instrument can be dependent on the operator behavior,
environmental interaction, work piece finishing, and machine
accuracy. It can be assumed that some influence factors of operator
behavior and TR-73 machine software accuracy have an effect
on the measurement quality. There are two disadvantages of the
stylus instruments in that the probe tip may damage the scanned
surface (depending on the hardness of the surface relative to
the stylus normal force) and the stylus tip size [3]. However, the
Talyrond TR-73 machine is different in that the force exerted
by the touch probe tip on the sample surface is very small, up to
less than 1 N. Moreover, the author and other researchers find
that it is difficult to separate the error resulting from the stylus
vibration and the result of measured surface in roundness
measurement [4-6].
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The roundness feature means the change in the radius
of an object and is usually referred to as “circularity” or “out-
of-roundness.” The measure of roundness is expressed as the
difference between the smallest and largest diameters, which can
be expressed by peak and valley in metrology. To assist this
measurement, a mathematical reference circle is used through
machine software. The position of the reference circle to the
measured profile and its center is not arbitrary and should be
selected by the metrology engineer to ensure the measurement
result that meets the required specifications [7]. The software
package of the Talyrond machine includes specific important
strategic techniques of measurement to be used in roundness
assessment.

7.2.1 Fitting Filters

Another important parameter in the TR-37 machine during
measurement is the fitting filters. Generally, fitting filters are used
to separate the number of lobes exiting a component’s measured
surface. These are used to eliminate the sources of error and
to avoid problems such as swarf machining. They are also used to
remove the unwanted noise signal from the measurement results.
Noise often results from vibration dynamics in the machining
process and from other processes or from the measurement
instrument itself. Moreover, filters are used for separate low-
frequency data from high-frequency data signals to simplify
the evaluation of measurement results. Filters are also used for
separate lobbing frequencies to evaluate the process and to
assure highly reliable measuring results.

7.2.2 Fitting Spectral Wave Responses

One important parameter in the TR-37 machine based on the
operator use is the suitable selection of spectral wave numbers in
measurement strategy. The frequency undulations per revolutions
are the number of surface-profile deviations from a true circle
in one revolution. Electronic filters with different frequency
responses of spectral waves are used to evaluate the surface
profile. Standard filter responses are used in the ranges of 1 to 15,
1 to 50, 1 to 150, and 1 to 500 upr. Figure 7.1 illustrates the
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electronic ranges of fitting filters with varying frequency responses
are used to evaluate the roundness feature in measurement.
For example, a 1 to 50 filter removes undulations above 50 per
revolution from the measured feature profile. Without filtering,
the high frequency waves can make evaluating the out-of-
roundness difficult because they can conceal the lower frequencies.
Often the low-frequency waves are of larger amplitude and thus
of greater importance to the manufacturer.
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Figure 7.1  Electronic ranges of fitting spectra wave numbers responses
in the roundness profile.

7.2.3 Fitting Algorithms

Fitting algorithm is one of the most important themes in modern
dimensional metrology machines. Fitting algorithm software is
particularly true in coordinate measurement systems such as
CMMs and Talyrond machine. It works based on computations
and convert the collected raw data to report results can be a
major source of error in measurement techniques. The role of
geometric fitting for roundness feature is to reduce measured
point coordinates to curve and surface parameters. The resulting
curves of surface are called the substitute geometry for the
roundness measurement. In further processing, the computed
parameters are compared to the tolerance limits for the measured
part. Thus, it was found that the error estimation of the computed
substitute geometry is important to determine the quality of
a measurement. There is no obligatory standard or accepted
method for evaluating the effects of fitting software on the error
estimation for Talyrond measurements. ISO/TS 12181-1 and
12181-2 standard defines four mean specific reference fitting
software methods [8-9]. Figure 7.2 shows the basic idea of four
internationally defined fitting algorithm techniques of circles
that are used in roundness measurement in National Metrology
Institutes (NMIs) and industry today [2, 10]. Least square circle (LS)
is well suited for establishing a datum axis; maximum inscribed
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circle (MI) is the largest true circle that will fit inside the measured
profile; the minimum circumscribed circle (MC) is the smallest true
circle that will contain the measured profile; and minimum zone
circles (MZ) are two concentric circles having the same center,
which enclose the measured profile and have a minimum radial
separation.

1.5 alznoritbm M7 alzomithm RAC ulgorithm b1 alzonihm

Figure 7.2  Reference software fitting circles used in roundness
measurement.

7.2.4 Types of Errors

In fact, machined engineering surface does not have perfect
form due to various error sources such as machining process
and finishing quality. Additional parameters likes measuring
instrument accuracy and strategy of measurement besides human
and environmental conditions are common types that affect
the result of measurement errors. The purpose of TR-73 fitting
software strategy is to determine the final fine feature of the object.
There are many different sources of errors which may influence
roundness measurements [11-15]. Some typical sources of these
errors are hysteresis sensitivity, probe tip size, contacting force,
spindle motions (axial, radial and tilt), alignment of artifact,
thermal drift, closing error, electrical noise, mechanical vibration
and work-piece contamination [16, 17]. The standard uncertainty
budget of a roundness measurement using TR-73 instrument
has been estimated within 1.3 nm [12]. Another research work
estimates the combined uncertainty in measurement at 95%
certainty to be 8.01 nm [13]. Consequently, in this work, the
sources of roundness errors will be studied and analyzed to avoid
two main practical errors in measurement: instrumentation
error and human error. These two common types of errors with
some others exist in all real measurement scenarios. The error
generates at use instrumentation when data points are collected
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due to scanning of an object surface. TR-73 hardware adaptation
induces different sources of error based on spindle error,
probe system and transmutation system imperfections, leading
to some inaccuracies in the measured points. Measurement
error in the measuring process comes mainly from curve fit and
computational resolution based on software adaptation. The
human error arises when the operator prefers impossible strategic
parameters in measurement of an object. Therefore, TR-73
operator skills and behaviors have a direct significant effect on
the roundness error in future measurement. This research will
provide an analytical study to avoid the sources of errors which
have direct impact on form metrology in order to improve the
quality of roundness accuracy in measurement method.

7.3 Experimental Work

Evaluation of the Talyrond HPR fitting software strategies through
sample carrying out signals has been performed experimentally.
The measurement evaluation process includes four basic steps
of the instrumentation system: experimental verification of stylus
contact, a data generator, reference algorithm, and a comparator
to analyze and interpret the monitoring results. The TR-73
strategies in measurement have two types of fitting filters and
four fitting algorithm categories at four different spectral wave
responses. The software filters types were Gaussian and 2CR
filters for data facilitation of circular, spherical, and cylindrical
measurements. The software fitting algorithm techniques of
roundness form measurement were least square (LS), minimum
zone (MZ), minimum circumscribed (MC) and maximum inscribed
(MI) techniques. While the response of spectral wave numbers
of machine software includes dominant harmonics, wave ranges
from 1-15, 1-50, 1-150 to 1-500 upr have been used. The machine
software strategy and stylus scanning speed were selected and
primary tested in the recommended environmental conditions.
Centering object seat on machine table base was finally cleaned
and located on the test position. The measured object is standard
accurate cylindrical circular surface. The TR-73 machine was
turned on to check the electric power switches, hydrostatic-
bearing spindle rotation, and stylus speed, where a Hatchet styles
tip of the long type has been selected and calibrated according to
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the machine working manual. The performance of the TR-73
accuracy in scanning measuring mode has been verified and
accepted within standard specification according to I[SO/TS
12181-1/2 [8-9].

Inspection of cylinder feature consists of measuring and
presenting surface elements. To determine the approximation
accuracy of the fitting algorithms, a geometrical form has
been created. Relevant influences in the roundness accuracy
measurement have been taken into account according to standards.
The development of software analysis tools for fitting strategy
parameters and their validation is another major challenge in
this work. The specifications of stylus and TR-73 test machine are
presented in Table 7.1. Figure 7.3 illustrates the typical monitoring
storage results of roundness measurement using datum spindle.
The preliminary result shows that the roundness measurement
in Fig. 7.3b is substantially enhanced compared with that shown
in Fig. 7.3a, due to fitting strategy parameters.

(@) =

Figure 7.3  Typical result of roundness measurement before and after
fitting parameter using TR-73 instrument. (a) Roundness
measurement with non-filter. (b) Roundness measurement
using Gaussian filter.
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Table 7.1 Data specification of TR-73 machine and stylus

Software code no. :M112/2266-02

Measurement direction : Anti-clockwise

Attitude : Vertical

Stylus no. :K42/3827 TR73 1.27 mm Hatchet
Measurement speed 16.0 rpm

Angle range trace :360°

Experimentally, the procedures of roundness feature
measurement, the software filters, circle fitting techniques, and
spectral wave numbers have been studied for each measurement
strategy. The determination of roundness errors has been studied
to differentiate the deviations between the evaluated parameters
of all fitting software strategies. The analysis of roundness
measurement accuracy in this research has been done to predict
the effect of spectral wave numbers at different specific software
parameters of measurement strategy as follows:

¢ roundness measurement at two different fitting filters

e roundness measurement at four different fitting techniques
with Gaussian filter

¢ roundness measurement at four different fitting technique
with 2CR filter.

7.4 Results and Discussion

7.4.1 The Effect of Fitting Filters

Peak and valley signals (RONp; RONy) in roundness metrology
are the basic parameters to study the total error of signal profile.
The total measurement error of roundness (RON,) is the distance
of a form profile between highest peak-to-valley response signals.
The effects of computational geometric software fitting filters
on the roundness feature errors have been measured. Thus,
depending on the separation process of signals that has been
installed using the LS fitting algorithm technique in the rest of
the roundness measurements. The effects of two types of software
filters on the peak and valley signals have been presented in
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Table 7.2 to compare the deviations in measurement accuracy.
Figure 7.4a shows the effect of Gaussian-, 2CR- and none-filter
on the peak and valley response using LS fitting algorithm at
different spectral wave numbers. It is illustrated that whenever
spectral wave numbers increase in the measurement, the error in
the roundness measurement increases for each filter. However,
the RON; response does not exceed 49 nm despite a change of
spectral wave numbers when the filters are not used. Therefore,
the results using LS fitting algorithm confirm that the use of
the Gaussian filter gives minimum error response in roundness
measurement within the application range.

(a) ueing LS technigue
:'{l B B - u
Hi]
E a ——
- _.—l—._._'_.
£ ﬁ—:;_’/_—‘ —]
o —-Mam -
[+

m ——GEmEsin ——
=R —i—

-0

ROMNv. nm
=3
Jr

Undulafions per nevolution, upr

(b) 100
=0
50
70

50
40
30
20 —— Hane

] —— GAULGes
1} ——ZCR

RONt, nm

10 160 10C0

Undulations per revolution, upr

Figure 7.4 The influence of spectral wave numbers using Gauss-,
2CR-, and none-filter at (a) RONp; RONy and (b) RON,.
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Table 7.2 Roundness measurement errors of fitting filters at LS
algorithm technique

Peak roundness error, Valley roundness error,
RON; (nm) RON, (nm)
Frequency None Gaussian 2 CR None Gaussian 2 CR
1-500 28 32 27 31
1-150 47 19 23 49 93 25
1-50 16 18 21 22
1-15 14 15 19 19

Figure 7.4b shows the effect of computed software filtering
on the RON; output signals using Gaussian-, 2CR-, and none-
filters at spectral wave numbers changes with fixing LS fitting
algorithm. It is noticed that with increased upr, the RON;
increases using each filter. However, the roundness total error is
almost constant despite a change in upr if no filter is used (blue).
The analysis of the results confirmed that the use of the
Gaussian filter gives the lowest error of RON, measurement
at the same conditions, while the impact of fitting filters and
fitting techniques on roundness accuracy development still
needs more analysis to establish a reference data set in these
measurements.

7.4.2 The Effect of Gaussian Filter and Fitting
Techniques

Because the error response signal using Gaussian filter has the
lowest computational geometric error in roundness measurement
when using 2CR filter (Fig. 7.4), this guides the author to install
a Gaussian filter in the following measurements in this section.
Therefore, the computational effect of Gaussian filter on the
roundness feature signal at different types of fitting techniques
has been measured. The cleared outputs of Gaussian filter
response in the peak and valley (RONp; RONy) signals have been
measured and registered in Table 7.3. Figure 7.5 shows the
impact of Gaussian filter on the peak and valley signals of
roundness error responses using four fitting algorithm techniques
with variable upr. It is illustrated that the increased of spectral
wave numbers leads to increased error in measurement for both
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peak and valley in each fitting, while the peak and valley error
of roundness profile is almost constant despite a change in upr
if no filter is used. This confirms that the use of the MC fitting
technique at Gaussian filter response gives lower error in the
peak roundness measurement in certain conditions, while using
the MI technique at Gaussian filter response gives lower error in
the valley roundness measurement in certain conditions.

Table 7.3 The roundness errors (nm) using Gaussian filter type at
various algorithms

Peak roundness error, Valley roundness error,
RON; (nm) RON, (nm)
Frequency LS MZ MC MI LS MZ MC MI
500 28 24 1 51 27 24 66 1
150 19 18 1 38 23 19 51 0
50 16 15 1 36 21 17 45 1
15 14 13 1 27 19 14 40 0
using Gaussian filter
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Figure 7.5 The influence of spectral wave numbers on the roundness
error at various algorithm techniques.

The computation effects of Gaussian filter on the total errors
(RON;) have been registered in Table 7.4 and shown in Fig. 7.6.
It is shown that the minimum geometric error was while using
the MZ technique, while the maximum response was while using
the MC technique of measurement. Therefore, the results illustrated
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that if the metrologist selects the MZ fitting algorithm, as shown
in Fig. 7.6, the use of the Gaussian filter response gives the
lowest error in the roundness measurement in certain conditions.
These results will be a guide for the metrologist using the
Talyrond HPR machine.

Table 7.4 Total error form of roundness with various algorithms at
Gaussian fitting type

Total error of roundness, RON; (nm)

Frequency LS MZ MC MI
500 55 48 67 52
150 42 37 52 38
50 36 32 46 37
15 33 27 41 27

using Guassian filter
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Figure 7.6  Total error of roundness for various algorithm techniques
at different spectral wave numbers.

7.4.3 The Effect of 2CR Filter and Fitting Techniques

The peak and valley signals and total computed error in roundness
feature profile using 2CR filter response have been measured
and registered in Tables 7.5 and 7.6. It is clear that using the
MC technique with 2CR filter response gives lower error in the
peak signal, while using the MI technique gives lower error in
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the valley roundness measurement. However, the lower error
in the total roundness measurement was achieved while using
the MZ fitting technique in certain conditions.

Table 7.5 Roundness errors at various fitting algorithms using 2CR

fitting type
Peak roundness error, RONp Valley roundness error,
(nm) RON, (nm)

Frequency LS MZ MC MI LS MZ MC MI
500 32 30 2 68 31 30 68 0
150 23 21 0 44 25 21 59 0
50 18 17 1 35 22 17 48 2
15 15 15 1 29 19 15 42 0

Table 7.6 Total roundness value (nm) with four fitting algorithms at
2CR filter type

Total error of roundness, RON; (nm)

Frequency LS MZ MC MI
500 63 61 70 68
150 49 42 59 44
50 40 35 49 37
15 35 30 43 29

Figure 7.7 shows the influence of 2CR filter response on the
peak and valley signals of roundness error using four fitting
algorithms at spectral wave numbers changes. It is illustrated
that any increase in frequency leads to an increase in the roundness
error in both peak and valley in each fitting. The minimum
computational error of geometric measurement was observed
while using the MZ technique, while the maximum response
technique was observed while using MC in both peak and valley
positions in roundness measurement. Thus, it can be said that
if the metrologist selects the MZ fitting algorithm technique,
as shown in Fig. 7.8, it confirms that the use of the 2CR filter
gives lower computational error in the roundness measurement
in the same conditions. This result helps the metrologist use a
suitable reference data set for circular measurement using
the 2CR fitting technique on the Talyrond HPR machine.
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using ZCR filter
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Figure 7.7  Illustrate the effect spectral wave numbers on the roundness
variations.
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Figure 7.8  The RON, using four algorithm techniques at different spectral
wave numbers.

7.5 Analysis and Estimation of Roundness
Accuracy
The computational geometric effects of peak, valley, and total

errors in roundness metrology using LS fitting technique have
been analyzed. The relative results of these errors are presented
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in Tables 7.7-7.9. Table 7.7 shows the rate of improvement of
the peak roundness error signals (RONp) while using Gaussian-
and 2CR- filters and none-filter when fitting algorithm is the LS
technique. Table 7.8 shows the rate of improvement in valley
roundness error signals (RON,). Table 7.9 presents the achievement
rate of RON, in certain conditions. Thus, it can be stated that if
the metrologist selects a suitable measurement strategy with
Gaussian filter while using the LS fitting technique, it gives lower
computational errors for RONp RONy, and RON, in measurement,
especially at 15 upr using the Talyrond HPR machine.

Table 7.7 Improvement rate of peak roundness accuracy using two
filters at LS fitting algorithm

Improvement in RONp, measurement

Frequency None Using Gaussian, % Using 2 CR, %
500 59.6 68.1
150 47.0 40.4 48.9
50 34.0 38.3
15 29.8 31.9

Table 7.8 Improvement rate of valley roundness accuracy using two
filters at LS fitting algorithm

Improvement in RONy measurement

Frequency None Using Gaussian, %  Using 2 CR, %
500 55.1 63.3
150 49.0 46.9 51.0
50 42.9 44.9
15 38.8 38.8

Table 7.9  Improvement rate of total roundness accuracy using two
filters at LS fitting algorithm

Improvement in RON; measurement

Frequency None Using Gaussian, %  Using 2 CR, %
500 57.3 65.6
150 96.0 43.8 51.0
50 37.5 41.7

15 34.4 36.5




RON improvement, %

Conclusion

The experiments revealed that the maximum roundness
accuracy improvement could be high, with 68% achieved at 2CR
fitting filter, while the average roundness accuracy is found to
improve by about 59.6% using the Gaussian fitting technique.
Moreover, the average value of roundness accuracy could be high,
achieved as 63.3% at 2CR filter, while the average roundness
accuracy is found to be improved by about 55.1% using the Gaussian
fitting technique, which proved the effectiveness within the
application range.

at Gaussian and 2CR filters using LS fitting
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Figure 7.9  Illustrate the effect spectral wave numbers on the RON,
RONp and RONy accuracy variations.

7.6 Conclusion

This work carries out the data analysis of software algorithm
techniques to achieve improvement in roundness measurement
accuracy. New experimental investigation is made to establish
a computational geometric set to improve the roundness accuracy
of the Talyrond 73 HPR instrument. The experimental
methodology proposed involved a detailed study of 10 main
parameters at certain conditions, as they have a direct impact on
form metrology. The results showed that the accuracy of roundness
form measurement of object feature is a great challenge for the
metrologist, especially in NMIs. The following conclusion can be
drawn:

(1) There are error differences of roundness metrology in the
same artifact detecting circle; this is due to the selection of
different fitting algorithms, fitting filters, and frequency
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(2)

(3)

(4)

(5)

(6)

(7

range in measurement, which have different responses
according to software design within the maximum permissible
error.

The deviation in the measurement error of roundness is
not affected by the number of spectral waves in the absence
of any filter.

Deviation in roundness result increases with an increase
in the spectral wave numbers with the use of any type
of filters and may be because of the response impact
of the filter design.

The accuracy improvement in roundness measurement is
achieved when using the Gaussian filter instead of the 2CR
filter. Of course, both filters give a better response than in
absence of any filter.

Improvement in roundness measurement accuracy when
using the MZ fitting technique is achieved compared with
the MC technique, more than the MI technique, respectively.
There is great variation in the accuracy of measurement
for roundness feature up to twice using fitting strategy
parameters from 1-15 to 1-500 upr.

The results clearly indicate that the contact stylus Talyrond
HPR (TR-73), as an ultra-high-precision machine and one
of the advanced nanometrology machines, is a powerful
tool to get the object feature requirement of roundness
measurement for NMIs traceability, professional tests, and
modern engineering industries.
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Chapter 8

Metrology as an Inspection Tool in
New or Overhauled Water-Cooled
Diesel Engines

8.1 Introduction

The inspection of mechanical parts designates the processes
of measuring their dimensional and geometrical features. The
purpose of these measurements is to assess and ensure the
compliance of the parts with the intended design specifications.
Particularly in the automotive applications, dimensional and
geometrical inspection constitutes a dominant portion of total
inspection work [1-12]. Figures 8.1 and 8.2 illustrate the basic
terminology of the engine constituting parts and the four stroke
cycle operation [7, 8]. The neighboring engine parts with mating
surfaces in relative motion, either reciprocating or rotating,
are considered the most vital parts as they are practically
responsible for the friction losses, energy dissipation due to
friction resistance, as well as the associated wear occurrence.
The wear is a phenomenon which is accelerating by nature
due to simultaneously interacting different complex tribological
mechanisms during operation. It results in dimensional and
geometrical distortion on those working surfaces and subsequent
continuous energy and pressure languish in the engine to the
limit of urgent demand for an overhaul.
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Figure 8.1  Four stroke cycle engine [7].
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Figure 8.2 Engine valve mechanism [8]. (a) Valve and seat insert.
(b) Overhead camshaft valve drive.

This chapter discusses the decisions originally taken by
the engine designer regarding the dimensional, geometrical,
and tolerances of the contacting working surfaces of the
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neighboring parts, type of fit, materials of those parts, and their
surfaces treatments would markedly affect the reliability,
durability, performance, and life of the engine [4, 6-9]. Thus,
the various metrology equipment and tools available for the
dimensional and geometrical features measurements play an
important role in the inspection and testing processes of
automotives. However, there are some other factors relating to
operational conditions and quality of manufacturing that would
also affect the engine performance characteristics and service life
cycle duration [8]. Therefore, many research works have been
conducted on dimension precision measurements and surface
inspection techniques with the objective of reverse engineering
applications and/or automotive engine performance assessment
[1-9].

This chapter describes a developed program to inspect
and investigate crucial engine parts during an overhaul using
advanced metrology measurement devices such as CMM, and
CCD camera. CNC-CMM is an advanced multi-purpose coordinate
measurement system that helps keep pace with the modern
production requirements. It replaces prolonged, complex, and
inefficient conventional inspection methods. CMM provides
instant measurement results using special setup and operating
procedures by a special metrologist. It can be used to check
dimensional and geometrical accuracy of almost every
configuration from small rings, to engine blocks, and even to circuit
boards [6]. Common Zeiss optical microscope equipped with
charge-coupled device (CCD) camera for pixel size measurement
technique [13, 14] is used to measure the critical lapped contact
area between valve and valve seat. The engine performance
characteristics have been evaluated and correlated to the parts
surfaces measured parameters resulted from the inspection
program. Uncertainty of the measurements has been assessed
and analyzed.

8.2 Engine Inspection Program

Precise determination of the dimensional and geometrical
deviations from the specifications put down by the engine
designer dictates careful development of inspection program for
the quality and suitability assurance of engine crucial replaceable
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parts. Successful inspection program should conclude the
following: first, identifying the crucial replaceable parts from
which the cylinder liner, piston, valves, and valve seats were
adopted throughout this work. Second, proper selection of
precise available measuring devices from which CMM, CCD
camera equipped optical microscope, and cylinder compression
pressure indicating device were verified and employed. In
addition, exact locations and/or paths of measurements on each
element together with detailed measurements implementation
sequence and procedures should also be clearly specified according
to configuration and size.

8.2.1 Engine General Specifications

The overall specifications of the overhauled engine under
investigation used to demonstrate the developed inspection
program in this work are tabulated in Table 8.1.

Table 8.1 Specifications of the engine in overhaul

Engine model Diesel, 4 cylinders, in line
Engine capacity 2200 cm3
Mileage at overhaul 249949 km (1998-2008)
Nominal size of the new piston 85.4 mm
Nominal size of the new liner 86.0 mm

8.2.2 Cylinder Liner Inspection

Locations and paths of CMM measurements conducted on the
bore of replaced cylinder liners newly fitted in the cylinder
block are depicted in Fig. 8.3. Both roundness and straightness
geometrical parameters were measured along the indicated
longitudinal and circular paths. Figure 8.4 illustrates the polar
coordinates of the center location (r and 6) as transformed from
the Cartesian coordinates (x and y) raw data measured at the
12 transverse circular paths indicated in Fig. 8.3a—in other
words, along the axis of each cylinder liner. Thus, coaxiality in
each liner could be evaluated and compared with the others.
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It is worth mentioning that the interval deviations along
the Cartesian coordinate (z) measurements have been found

negligible.

D 86.0064+0.0034
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dness measurements. b) Locations for straightness measurements
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a) Locations for roun
Figure 8.3  Specified measurements locations on cylinder liners.

The CMM measurements of total roundness have been
exploited to simulate the bore surface topography and roughness
represented by the mean peak and mean valley in addition to the
mean peak to valley values as illustrated in Fig. 8.4 and Eq. (8.1).

RON, = RON; + RONy (8.1)

I RONV
) Nominal size

Figure 8.4 Transformation of Cartesian coordinates of the centers into

polar ones.
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8.2.3 Valve Lapped Area Inspection

Contact surface areas between inlet and exhaust valves and their
seats shown schematically in Figs. 8.5 and 8.8 have been evaluated
from measurements carried out by an optical microscope
equipped with CCD camera. This method is based on the pixel
size measurement technique as an intrinsic optical signal [13, 14].
The digital image processing was compared to optical reference
standard scale.

The diameter (d, and d;) values were measured by the CMM
while the magnitude of (a) was experimentally evaluated by the
CCD camera using the optical pixel image size technique for
both inlet and exhaust valves and seats. The contact area (4.) of
the lapped portion of surfaces between the valves and the seats
could be computed by applying the following simply derived
trigonometric relation Eq. (8.2):

Ac=Tt (dy+ d3) (82)

Figure 8.5 Schematic of the lapped area.

8.2.4 CMM Verification

The maximum permissible error according to the ISO 10360
standard [16] of the used CMM machine can be judged using the
following equations:

MPE; = + [0.9 um + (L/350)] pm (8.3)
MPEp = + 1.00 pm (8.4)

where MPEg is the maximum permissible machine error, L is
the measured length in mm, MPEp is the maximum permissible
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probing error, and MPEr; is the maximum permissible tangential
scanning probing error.

8.2.5 CMM Measurement Strategy

CMM machine consists essentially of a probe supported on
three mutually perpendicular (X, Y, and Z) axes. Procedure for
simple measurements on a CMM includes

(1) calibration of the probe system;

(2) defining datum(s) on the work piece;

(3) performing measurement(s);

(4) computing the required dimensions from measurements
made in Step 3;

(5) assessing conformance to specifications.

The test room environmental conditions have to be adjusted
to the standard specifications [15]. Mainly, room temperature
of 20 = 0.5°C and relative humidity of 50 = 5% should be ensured
around the CMM machine for the sake of verification. In addition,
the probe specifications and the operating conditions should
also be specified. Table 8.2 includes the specifications of the CMM
setup measurements strategy.

Table 8.2 CMM setup measurements strategy

CMM strategy parameters Specifications

Master probe radius 4.0000 mm

Reference Sphere radius 14.9942 mm, S = 0.0001 mm
Used long probe radius 4.0000 mm, $=0.0001 mm
Machine traveling speed 20 mm/s

Probe scanning speed 15 mm/s

Fitting method LSQ technique

No. of ROUNDNESS scanning points 136 points

No. of STRAIGHTNESS scanning points 32 points, step width = 3

8.3 Experimental

An experimental measurement program has been designed
and implemented throughout this investigation in order to
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demonstrate how to apply the precision metrology in inspecting
the crucial replaceable engine parts during an overhaul process.
Cylinder block and cylinder head crucial surfaces which
dominantly affect the whole engine reliability and durability have
been inspected. In addition, engine performance parameters
such as compression pressure attained in cylinders have been
measured and correlated to the dimensional and geometrical
measurements obtained. The details of this experimental program
are presented in the following sections.

8.3.1 Cylinder Block Measurements

The setup of the CMM machine table during the inspection
process of the engine cylinder block attributes is illustrated in
Fig. 8.6. Precision multi-coordinate measurements of the cylinder
bore diameter and roundness at 12 different transverse sections
along the traveling axial distance of the piston, together with
the longitudinal straightness along 12 equispaced paths, have
been implemented. In other words, dimensional and geometrical
(form and location) measurements have been carried out with
the objective of error determination.

Figure 8.6  Photo of CMM setup arrangement for engine cylinder block
measurements.

8.3.2 Cylinder Head Measurements

Figure 8.7 depicts the CMM measurement setup for the engine
cylinder head inspection process carried out on the lapped portion
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of valves seats tapered surfaces. Figure 8.8 shows schematically
the locations of the measured dimensional parameters (d;, d,,
d;, and d,) from which sample results have been tabulated in

Table 8.3.

Figure 8.7  Photo of the CMM setup arrangement for the cylinder head

inspections.
Profile of cylinder head valve seats
Exhaust valve Inlet valve
<T——>
d

Figure 8.8  Schematic of the valves seats measurements locations.

Table 8.3 Sample results of dimensional measurements on the valve
seat surface

Cylinder no. 1

Exhaust valve seat Inlet valve seat
dy d, ds dy dy d, ds dy
28.7 31.3 33.9 37.5 33.8 36.9 40.9 41.5

Furthermore, the common secured tight lapped area of
contact between the valve and seat could be trigonometrically
computed as aforementioned for cross-checking with the pixel
size technique results. In addition, the roundness of the lapped
area at any place on the valve seat could also be inspected
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wherever needed. Sample results of such measurements could
be seen in Fig. 8.9. Also, the angle of inclination of the valve seats
could be measured of which sample results are tabulated in
Table 8.4.

Exhaust valve seat Inlet valve seat
RON=T8.8 pm ROMNe 37,1 pm
i 33,8994 mm diameter 38,6707 mm diameter

Figure 8.9  Sample results of roundness measurements on valve seat
lapped portion.

Table 8.4 Sample results of measured angles of the valves seats surfaces

Engine Cylinder Cylinder Cylinder Cylinder
cylinders no. 1 no. 2 no. 3 no. 4
Valves Ex. Inlet Ex. Inlet  Ex. Inlet Ex. Inlet
Angle,° 44 54 53 42 53 52 49 47

8.3.3 Valve Measurements

Thus the contact lapped area between each valve and its seat
could be precisely determined by applying the trigonometric
relation of Eq. (8.2) and substituting the measured values of
a, d,, and dj for both inlet and exhaust valves of cylinder no. 1 as
an example. Values of the resulted lapped areas are presented in
Table 8.5.

Table 8.5 Calculated lapped areas of valves

Engine cylinder Cylinder no. 1

Valves Ex. Inlet
Area, mm? 195.4 236.4
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Figure 8.10 Sample camera images of lapped areas on a valve surface.

8.3.4 Piston and Ring Measurements

Figure 8.11 illustrates schematically relative circular locations of
a piston ring when it is freely opened and when it is restrained in
the piston groove by the bore surface of the cylinder liner. The
distance s is defined as the gap when the ring is uncompressed,
while the gap s; is referred to as the closed gap or end clearance
which is the minimum gap remained when the ring is installed
in the cylinder bore. During operation, the ring slides up and
down, touching the bore wall. If the cylinder bore is not completely
round and straight, the ring gap repeatedly opens and closes.
The resulting stresses are likely to break the ring [9]. A lack of
lubrication also causes material failure. In four-stroke engines,
the top (compression) ring is used mainly for sealing combustion
gas with the help of the second one. The other bottom couple
of rings are mainly to scrape and control the lubricating oil
[9]. In this context the inspection program demonstrated some
measurements carried out on a piston and top compression ring
using both CMM machine together with a digital vernier. The
results are tabulated in Table 8.6.

Table 8.6 Piston and ring measurements

Piston nominal diameter, d,, 85.40 mm
Ring nominal free diameter, d¢ 90.05 mm
Ring nominal solid diameter, d; 84.60 mm

Cylinder nominal bore diameter, d. 86.00 mm
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Cylinder, a’j ﬁ

Figure 8.11 Nomenclature of a piston ring at open and closed conditions.

8.3.5 Measurement of Engine Performance

Engine manufacturing quality assurance together with proper
operational conditions ensures reduced maintenance and
maximum availability. The most reliable method of measuring
cylinder pressure leak is to measure the compression pressure
of each cylinder as it has become the standard method of
determining the condition of an engine. An analog cylinder
pressure dial indicator (Model G-320HD) has been adopted
to measure such compression pressure after subjecting it to a
calibration process according to DKD R 6-1 specifications. The
pressure indicator calibration curve is shown in Fig. 8.12.

8.4 Uncertainty in Measurements

Geometrical form measured deviations of roundness (RON,)
and straightness (STR,) have been extra analyzed by applying
the uncertainty analysis concept according to ISO Guide (GUM)
[17, 18]. Equations (8.6-8.9) have been applied on the measured
values of roundness and straightness of cylinder bore surfaces:
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UA=K. Uc, (89)

where x; is the measured value of roundness or straightness
in pm, n is the number of repeated test samples for target
measurements, M,y is the mean average value, and SD is
the standard deviation. While U. is the combined standard
uncertainty due to measurement repeatability and/or statistical
analysis, and U, the expanded uncertainty (type A) where K is
the standardized variable that is called coverage factor which
equals 1.96 according to a confidence level of 95% [6]. It worth
mentioning that type B source of uncertainty is not accounted
for by U, values because of its relative insignificance.

Figure 8.13 illustrates the expanded uncertainty U, in 240
separated tests of dimensional measurements of engine cylinder
bores. Figure 8.14 illustrates the expanded uncertainty U, in
240 separated tests of geometrical roundness form measurements
of engine cylinders. Figure 8.15 illustrates the expanded
uncertainty in 240 separated tests of geometrical straightness
form measurements of engine four-cylinder walls. The accuracy
and uncertainty of these measurements have been determined
and found to be within the acceptable standard suitable limits.
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Figure 8.13 Uncertainty in dimensional deviation measurements of
engine liners.
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Figure 8.15 Uncertainty in straightness deviation measurements along

cylinder liners.

8.5 Results and Discussion of Engine Inspection

The dimensional and geometrical form and location deviations
of the cylinder liners fitted in the engine block under investigation
in addition to the results of the compression pressure attained
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in the cylinders have been graphically presented in Figs. 8.16-8.21.
The results have been discussed and interpreted in the following
sections.

8.5.1 Results of Dimensional Deviations

The deviations in the bore diameter of the four cylinder liners of
the test engine under investigation at 12 locations along the
effective traveling stroke have been displayed in Fig. 8.16 as
referred to a nominal bore diameter of 86.00 mm. Each point on
the curve represents the average mean of five similar repeated
measurement results. The 12 diameters of circles from no. 1 on
the side of the top dead center (TDC) down to no. 12 near the
bottom dead center (BDC) for the four cylinders have been
precisely measured. The deviation increases as the measured
circle approaches the BDC with the largest deviation detected
in cylinder no. 3. This may be attributed to the lack of quality
control and the associated metrology equipment available during
manufacturing and/or finishing processes.
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Figure 8.16 Deviation in cylinder bore diameters at 12 transverse
locations.

8.5.2 Results of Form Deviations

The results of roundness deviation (RON,) and straightness
deviation (STR, as geometrical form deviation as assessed
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developed inspection program carried out on the cylinder block
are presented in Figs. 8.17, 8.18, respectively. It can be generally
observed that the RON; increases as the measurement location
approaches the BDC location reaching a maximum value of
19.52 um in cylinder no. 3 with a 67.93% increase. Whilst,
maximum values of RON; have been found to be 16.24, 11.40,
and 9.84 pm with 57.88%, 56.32%, and 53.25% increase in
cylinders no. 4, 1, and 2, respectively. It can be observed that
cylinder no. 3 is consistently the worst regarding both the
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Figure 8.17 Roundness deviation at 12 transverse locations.
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Figure 8.18 Straightness deviation at 12 longitudinal locations.
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dimensional and the geometrical form deviations presented in
Figs. 8.16 and 8.17. Figure 8.18 discloses the average straightness
deviation magnitudes along 12 equispaced tracks on the interior
surface of the cylinder bores. The wavy pattern of the curves
within a domain lying between 3 and 12 pm indicates the quality
of geometrical form control. The deviation of nine microns
shown in Fig. 8.18 may be attributed to the deviations in the
guides of the machine tool.

8.5.3 Results of Location Deviations

Figure 8.19 depicts the deviations in the polar coordinates r and
0 of the centers locations of the 12 measured transverse circles
described in Figs. 8.3 and 8.4. These deviations may be assumed
to describe the coaxiality of each cylinder referred to the CMM
setup system of reference. Figure 8.19a discloses the deviation
of the polar radius r along the axes of the four cylinders with
respect to an arbitrary nominal value selected for each cylinder.
In addition, Fig. 8.19b describes the deviations of the 6 polar
coordinates of the same 12 measured centers for the four
cylinders. Based on these assumptions, it can be concluded that
the total amount of out of coaxiality in cylinder no. 1 showed
comparatively a minimum value of 22.80 um, while cylinder no. 4
experienced maximum total out of coaxiality of 41.86 pm.

8.5.4 Results of Engine Compression Pressure

The instantaneous peak compression pressure attained in
cylinders has been adopted to represent the engine performance.
It reflects the degree of internal sealing and tightness between
the piston with its rings and the cylinder liner and between
the valves and their seats as aforementioned. In order to
correlate the conducted dimensional and geometrical inspection
measurements in this chapter to the engine performance, Fig. 8.20
presents a bar chart describing the attained peak compression
pressure in the four cylinders. It can be seen that cylinder no. 3
produces minimum compression pressure, which means that it
suffers from power and pressure leak due to slackness between
the contacting surfaces. This validates and interprets the precise
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and accurate dimensional and geometrical inspection results
presented in Figs. 8.16,8.17, and 8.19.
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Figure 8.19 Relative deviations in location of the 12 centers polar
coordinates. (a) Mean value deviation of polar coordinate
r. (b) Mean value deviation of polar coordinate 6.

For these reasons, many applications using CMM integrals in
automotive engine manufacturing processes can gain instant and
reliable information of measurement on the production line (see
Fig. 8.21). Figure 8.22 shows the rule image of the valve set for
cylinder head of the engine [19].
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Figure 8.20 Engine cylinders peak compression pressure.

Figure 8.21 Quality control room of engine block measurement.
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Figure 8.22 Valve set of cylinder head for engine block.
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8.6 Conclusion

The results of implementing a developed dimensional and
geometrical deviation inspection program on replaceable engine
parts during an overhaul have been presented, discussed, and
interpreted. The following conclusions can be drawn:

(1) A comprehensive inspection program has been developed
to exploit the advanced precise dimensional and geometrical
measurements in automotive engine repair and overhaul.

(2) Crucial engine parts that dominantly affect the engine
performance such as cylinder liners, pistons and rings, and
valves and seats can be successful inspected.

(3) The correlation between the instantaneous peak pressure
and the departure from the nominal diameter and roundness
of cylinder bore has been demonstrated.

(4) Inspection programs using precision dimensional
measurements carried out on engine parts were successful
in predicting the engine performance.
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Chapter 9

Metrology as an Identification Tool for
Worn-Out Air-Cooled Diesel Engine

9.1 Introduction

This chapter aims at exploiting the accurate precise measurements
of the CMM machine in exploring and investigating the wear
happening between the solid surfaces in contact. Geometrical
and dimensional measurements using precision measuring
devices are crucial during the manufacturing processes of parts
to ensure their compliance with the design requirements [1]. In
addition, those accurate measurements may also be employed
with reference to their benchmark values to monitor the extent
and severity of functional deterioration of the parts, especially
those working with their surfaces during service. This helps the
maintenance engineer make proper decisions regarding their
forthcoming maintenance plan and/or repair actions. Thus, the
durability and reliability of the parts and the assembly would
be favorably affected.

Air-cooled diesel engines, for instance, are commonly used
in heavy-duty transport fleet applications due to their high
performance, efficiency, and low fuel consumption. The surface
contact problems between cylinders and pistons through their
rings are vital to the engine performance within the adverse
operating conditions of high pressure, temperature rise, and
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high relative velocity of the contacting surfaces [2-4]. Fine finish
and surface treatment together with proper geometrical and
dimensional tolerances standards implementation are required
in order to ensure good sealing between the cylinder wall and
the piston rings, good load carrying capacity, good lubrication
conditions, less friction, suitable wear resistance, low translated
vibration levels, high engine efficiency, and longer service life
span [5, 6]. The main function of the piston rings assembly is to
provide a good dynamic sealing between the combustion chamber
and the crankcase during compression and power strokes.
Reasonable sealing minimizes power loss due to charge escape
from the combustion chamber within suitable ring expansion
gap and limited friction force. For long sealing service life, friction
and wear between piston rings and the cylinder wall have to be
properly controlled [7, 8]. They are controlled by the lubrication
of the interface with dry lubrication of cylinder bore material
composition besides an oil film thick enough to separate the
asperities of piston rings and the cylinder surface [3-7]. The
friction loss varies according to the piston velocity between
the top dead center (TDC) and the bottom dead center (BDC),
where the oil film thickness depends on the instantaneous
relative velocity of the piston ring, which varies from zero at
TDC and BDC to the maximum in the middle section. This means
that wear conditions will vary along the piston ring traveling
distance, from mild to severe [9].

Normally the cylinder bore is not cylindrical along its entire
length. Practically, the bore distortion causes loss of conformity
between piston rings and cylinder wall, which in turn causes
some problem for oil film distribution. Variation in the oil film
thickness exposes piston rings and the cylinder to the whole
spectrum of lubrication regimes, from mixed and probably
elastohydrodynamic to full film hydrodynamic lubrication
[5, 7, 10]. Consequently, different wear mechanisms will develop
geometrical departures in transverse sections along the cylinder
bore [9].

TDC location on the bore suffers heavily from oil starvation
more than that at the BDC and its vicinity. Although the piston
at both locations are kinematically characterized by marginal
inversion velocity situations where it reaches zero before starting
to get inverted, the most severe wear is expected to appear at
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the TDC due to the oil shortage, while at the BDC the oil is
available either from the source or due to gravity. However, the
BDC may also experience high wear rate due to the existence of
hard grit and wear debris accumulated by the gravity at this
location and the neighboring area. The middle location and the
nearby zone, where the piston velocity reaches its maximum
value, mild wear only is expected because the oil film becomes
dynamically thick enough to separate the mating solid surfaces
and prevent metal-to-metal Contact [11].

Although there are many new advanced inspection equipment
such as CMM machines, of which their use is so far only
monopolized to the manufacturing fields [12, 13], rare published
research work yet exists on the use of such advanced CMM
metrology utilities in the field of engine health monitoring
through geometrical departure measurements and analysis. The
characterization of engine cylinder bore geometry and dimension
is a twofold problem. The first is related to the applied techniques
and quality standards adopted during manufacturing inspection
process. This concerns the prescribed surface design parameters
such as dimensional and geometrical tolerances, and surface
roughness. The second is related to processing such data
with the purpose of monitoring the changes that happened to
the surface geometry and dimensions during engine service life
span. This would help in two aspects: The first is related to
maintenance decisions, while the second is related to design
modifications. Research work has been done on surfaces with
Gaussian distribution roughness, but cylinder wall fine finished
surface with specified geometrical features and properties
participate simultaneously together to controlling the environment
that critically affects the engine functional performance and
life [14-17].

Although the specified surface parameters represent advanced
features, their definition is generally unrelated to any physical
or mathematical properties of the surface topography [18]. The
plotted accumulation of surface asperities heights according to
the Gaussian distribution appears as straight-line scales. For
transitional surface topography, such a scale appears as two
intersecting straight lines. The slopes of the lines are proportional
to the standard deviations of the two distributions, while the
point of intersection represents the depth of transition from
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one finish to another. Difficulties encountered using this
technique to apply, has recently solved with developing advanced
calculations software [12].

On the other hand, the numerical description of the changes
in the operating surface geometry during service life span
necessitates detecting and follow up the surface geometrical
deviations. However, some changes occur in such a way that a
band of surface fine wavelength may disappear. Hence, Fourier
transformation analysis is needed in this case to determine the
surface power spectrum using special software to characterize
the changes in the surface straightness and roundness relevant
to operation environment changes [11]. Statistical calculation
analysis of combined standard uncertainty (type A) is also needed
for CMM measurements [20].

The purpose of this work is to demonstrate the employment
of accurate precise surface geometrical and dimensional
measurements to monitor and follow up the extent of severity
of wear changes in a worn-out cylinder of an automotive diesel
engine as related to the resulted geometrical distortions in
both transverse directions (out-of-roundness, and derived
concentricity), and longitudinal directions (out-of-straightness).
Thus, design improvements and/or correction actions to the
scheduled maintenance plan could be suggested in the light of
the analysis of the obtained measurements within the relevant
uncertainties. Innovative design modification and inspired ideas
may also be pointed at for the sake of extending the engine
service life span and minimizing the running operational and
maintenance expenses.

9.2 Cylinder Forces and Surface Measurements

9.2.1 Dynamic Friction Force

Gas pressure due to combustion represents the essential axial
force acting on the piston crown area to move it downwards
against reciprocating mass inertia. F, is the instantaneous sum of
the normal acting forces on piston pin (Fig. 9.1). Reciprocating
piston motion on angular movable connecting rod generates
a variable piston side force F,. An axial transmitted force F, of
the crankshaft due to clutch engagement force and gear force
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components affects the cylinder wall. The resultant of piston
forces F; and F, attacks the wall at an angle with F;. The angle
value varies as a function of the force amplitude to generate
a resultant force causing rotation around the cylinder axis.
Dynamic friction force F; has been produced due to relative
motion of piston rings with respect to the cylinder wall under
the effect of the resultant force in a spiral like motion. This
causes the cylinder bore to wear at rates corresponding to the
resultant force amplitude and direction to generate eventually
a cylinder out-of-roundness (OOR) and out-of-straightness (00S).

BOC || °
- ?4
7 ¢
= &

Figure 9.1  Forces acting on the cylinder bore.

9.2.2 Surface Geometry Measurements

Geometrical and dimensional characteristics of the cylinder bore
surface have been measured using a computerized coordinate
measuring machine (CMM) equipped with a contact-scanning probe
and a least square (LSQ) computing algorithm. The CMM used
throughout this work was Carl Ziess bridge model available at the
Engineering and Surface Metrology Lab, Precision Engineering
Division, National Institute for Standards (NIS) at Egypt. It is capable
of producing accurate results with a reasonable repeatability and
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reproducibility for the surface geometrical departure features.
The maximum permissible specific error value of the used CMM
machine can be judged using the following equation:

MPEE = (0.9 pm + (L/350)) um, (9.1)

where L is the measured length in millimeters.

The CMM measurement performance was verified according
to ISO-10360.19 An experimental investigation has been conducted
on an air-cooled diesel engine cylinder made of high quality gray
cast iron (GG 25) having initially a design diameter of 110 mm
and configuration shown in Fig. 9.2a. The chemical analysis and
mechanical properties of the cylinder material are presented in
Table 9.1, where HB is the Brinell hardness and o, is the tensile
strength. The piston stroke is 140 mm. A straight Stylus tungsten
carbide shaft probe with a ruby tip attached to PRISMO CMM
machine was used to quantify the surface geometric and dimension
departure characteristics of the cylinder bore. The CMM traveling
speed was 40 mm/s and the probe scanning speed was 10 mm/s
during measurements. The straightness measurements were
carried out along four longitudinal equispaced locations, 90°
apart around the circumference, at 1, 2, 3, and 4 as indicated in
Fig. 9.2b. Cylinder bore roundness quantification was conducted
at Sections [, I, III, and IV nearby TDC, midway, and BDC planes
as shown in Fig. 9.2b. The surface geometrical and dimensional
features were represented by mean average values of five
repeated test measurements.

(a)

Figure 9.2  Engine cylinder configuration and locations of measurements.
(a) Cylinder configuration. (b) Locations for roundness and
straightness measurements.
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Table 9.1 Cylinder material specifications

Chemical analysis, wt. % Mechanical properties
C Si Mn P Swmax Cr Ni HB O, MpA
3.10 210 065 030 0.10 0.20 0.32 220 Min. 220

9.3 Uncertainty Assessment of Measurements

Mean average values and combined uncertainty of roundness
and straightness measurements for the engine cylinder bore have
been presented in Table 9.2, where MAV is the mean value of
five repeated test measurements, SD is the standard deviation,
and UC is the combined standard uncertainty due to measurement
repeatability (UC = SD/+/n), where n is the number of repeated
tests for each target measurement [19]. It worth mentioning
that type B source of uncertainty is not accounted for by UC
values because of its relative insignificance to the OOR and 0OS.
The accuracy and uncertainty of these measurements have
been determined and found to be within the acceptable standard
limits.

Table 9.2 Measurements of both roundness and straightness together
with the uncertainty assessment

Tests

Positions Test1 Test2 Test3 Test4 Test5 My Sp Uc

1. Roundness, pm

@ circle I 91.0 909 909 909 91.0 90.94 0.0548 0.0245

@ circle I 321 318 321 319 318 3194 0.1152 0.0678

@ circle I11 23.0 235 242 240 243 23.80 0.5431 0.2429

@ circle IV 182 183 183 185 189 1844 0.2793 0.1249

2. Straightness, um

@line 1 71.0 710 703 705 70.1 70.58 0.4087 0.1828
@line 2 544 541 543 545 545 5436 0.1673 0.0748
@line 3 13.6 138 13.7 13.6 13.7 13.68 0.0837 0.0347

@line 4 346 347 348 348 349 34.76 0.1140 0.0510
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The roundness and straightness results of five repeated
laboratory tests conducted on each one of the adopted four
transverse Sections I, II, I1], and IV, and the four longitudinal profiles
1, 2, 3, and 4, have been processed and presented in Figs. 9.3
and 9.4, respectively. The results are also tabulated in Table 9.2
and the calculated values of the relevant uncertainty are plotted
in Fig. 9.5.

O O O O O O LI
A AL LA LA AL A AR A AL AR AR AR LR
L i o b k]
o o W o m W W Mmoo m o
r s - - T
8 IRRDIENINRENTRRERD]
© T TR Dles 2
M -irriririr ir i
(@] Dle=l3
E IEERIEmIONEND
S ———— Olost 4
c
— L
5‘ Blaxt &
Y, B Average
L)

0 10 20 30 40 50 60 70 80 90 100
Roundness, ym

Figure 9.3  Bore roundness measurements at four transverse sections
along piston stroke.
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Figure 9.4 Bore straightness measurements at four longitudinal equi-
spaced locations.
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Figure 9.5 Uncertainty values of five repeatable tests of OOR and 00S.

9.4 Results and Discussion

Roundness, straightness, and concentricity averages for cleaned-
up worn cylinder bore have been measured using accurate stylus
surface scanning technique on a programmable CMM machine.
The concentricity is represented by the relative roundness run
out at the selected transverse Sections I, II, III, and IV with
respect to circle I taken as a datum as shown in Fig. 9.2b. RMS
averaged values of five similar arrays of measurements have
been considered. The results have been presented, discussed, and
interpreted.

9.4.1 Out-of-Roundness Measurement Results

Average out-of-roundness results (R, values) have been processed
for each measured circle on the bore surface and presented
in Fig. 9.6 with reference to the nominal diameter, which is
numerically computed and found equal 111 mm. The roundness
is represented at each transverse section by the domain between
the two virtual enveloping circles tangent to the distorted shape
processed using LSQ fitting technique built in the machine
as indicated in Fig. 9.6. Analysis of the roundness patterns of
the cylinder bore, illustrated in Fig. 9.6, indicates the following
points:

e The CMM machine software establishes a reference
geometric feature of ideal regular form, deduced numerically
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from one or more realistic irregular scanned shapes. The
established reference datum can be used in the assessment
process of the run out values of the geometric features of
the object under investigation.

Circle I near the TDC, as expected due to lubricant starvation,
depicted the highest average distorted dimension of
DI =111.1779 mm and the largest average out-of-roundness
(R; = 90.8 um). Whereas, the smallest distorted dimension
was depicted at section III (DIII = 111.0204 mm) in the
vicinity of the mid-stroke point of the piston crown ring
with average OOR value R, = 23.8 um, while the smallest
out-of-roundness value was found nearby the BDC at circle
IV (R, = 18.4 um).

Roundness of circle I has two maximum amplitudes (arrow
tips in Fig. 9.6) at points corresponding to location of
resultant surface reaction /F?+F’ of piston side force F
and crankshaft axial force F,. The side force amplitude and
direction vary according to the nature of piston traveling
displacement especially at compression and power strokes.
Amplitudes of circle III have the smallest wear variation
rate with relatively small out-of-roundness, which may be
due to good lubrication conditions and light side forces at
that location. However, roundness near the BDC (circle IV)
has different directions of peak amplitude going with the
indicated direction of cylinder distorted shape. This may
be attributed to the stud clamping force situation (magnitude
and direction) when the piston passes by this location. At
both BDC and TDC marginal inversion locations, the loads on
the piston generates a stringent translated piston dynamics.

bore (maximum amplitudes).
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Figure 9.6 Roundness sample measurement records of engine cylinder
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Figure 9.7 Longitudinal sample profiles of cylinder straightness
(S, is the averaged straightness of the profile).

9.4.2 Concentricity Measurements

Experimentally measured values of the relative roundness on
the bore at different transverse locations (concentricity) have
been found to be 39.1, 44.4, and 61.2 pm between circles I and I,
circles I and III, and circles I and 1V, respectively, with the axial
center line of round profile 1 as reference datum as shown in
Figs. 9.2 and 9.6. This would reflect the distortion resulting from
the extremely severe wear mechanisms to which the engine
cylinder bore was being experienced during service.

9.4.3 Out-of-Straightness Measurement Results

Figure 9.7 shows sample record of four averaged longitudinal
profiles at equispaced locations 1, 2, 3, and 4 along the cylinder
inner wall as indicated in Fig. 9.2 above. The maximum out-of-
straightness value (S,) processed from the measurements along
each longitudinal profile represents the deviation domain around
the relevant reference line obtained by applying LSQ fitting
technique. Straightness profile sample records shown in Fig. 9.7
disclose the following points:

e Non-uniform wear rates are exposed along all averaged
longitudinal profiles. It is clear that every point on the
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9.5

cylinder bore is subjected to different concurrent dynamic
and environmental conditions of pressure, friction, lubrication
scheme, sliding velocity, contact temperature, and contact
force (orientation and magnitude). Thus, frequent evaluation
of bore surface geometrical status is needed whenever
possible to help monitoring the functional degradation and
diagnosing the surface failure symptoms in anticipation,
so that reasonable decisions can be made regarding
surface treatment implementation and/or constructional
design improvement inspiration.

Maximum wear rates have been found to consistently lie
within the TDC of the first pressure ring contact area for
all averaged profile measurements of 70.6, 54.4, 13.8, and
34.8 pm. This may be explained by the bad tribological
conditions at the TDC location as aforementioned. The
largest value of straightness departure (70.6 um) which lies
on profile 1 was formed during power strokes as a direct
response to large side force reaction at high combustion
temperatures. These findings agree with a study carried
out by Schneider et al. [5].

Wear valleys of bore straightness have large values for
the profile at points 1 and 2 of power and compression
stroke ends (nearby BDC) due to side force reaction of
concentrated piston inertia, while profile of points 4 and
3 have shown the smallest amplitude valleys, respectively.

An extended valley of straightness has the first profile of
power stroke until 70 mm long; it may be produced of
piston-skirt stringent side pressure and combustion gas
high temperature beside piston rotation around its pins
under the effect of the friction force moment. Strong piston
skirt dynamics accelerates the wear of the crankshaft axial
movement control washers.

Conclusions

Geometrical and dimensional micro-scale precision
measurements of straightness, roundness, bore diameter,
and concentricity of the internal surface of a worn-out
engine cylinder have been executed using the CMM machine.
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Compared to its original design GT&D tolerance limits,
these measurements proved to represent a novel reliable
diagnostic tool for the wear development and aggression
monitoring. Scenarios of the probable adverse operating
conditions during service may also be drawn. The dimensional
measurements of the bore diameter at different transverse
locations along the traveling stroke have assured previous
findings using other different complicated measuring
techniques. In turn, this may provide feedbacks to both
the engine designer for modifications and the maintenance
engineer for his forthcoming preventive and corrective
maintenance plans layouts.

e Wear at the TDC and BDC transverse sections has been
found to be much larger than the wear occurring at the
middle of the stroke and near the BDC. This phenomenon
is attributed to the continuous existence of lubricating
oil film dynamically preserved at that location.

I : Hypothetical
e i original bore

Figure 9.8  Illustration of geometric deviations in the cylinder liner.
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¢ Precision CMM measurements may also provide an insight
into the engine dynamics that may contribute to the excessive
wear occurrence in the engine cylinder. The geometric
deviation due to inhomogeneous wear has caused ovality
in the bore where S,; > S,; > S,4 > S,3, as depicted in Fig. 9.8.
This may inspire the engine designer to introduce an
innovative modification to the engine by developing a
controllable cylinder-rotating device about its axis probably
without having to dismantle the engine parts, so that the
wear can be homogenized. Thus, the power loss due to
friction and wear in the cylinder may be minimized and
the engine operating life span may be rather prolonged.
In addition, the maintenance expenses may be also reduced.
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Chapter 10

Surface Metrology in Engine Quality

This chapter reviews the accurate precise measurements using
surface metrology techniques in exploring and investigating the
surface characteristics of engine materials in the range of micro-
and nanometer scale. There are many parameters influencing
the engine performance. Automotive engine cylinder, piston, and
piston ring are fetal elements in the engine performance. Engine
elements should be with high strength, hardness, heat-resisting
and abrasion-proof property. Consequently, the investigation of
the surface topography for the sensitive rubbing rotating
elements of engine material and its quality affects the tribological
response in the contact area between the cylinder wall and the
piston ring [1]. Therefore, the inner surface of engine cylinder
should be very fine and hard enough to resist the piston rings
sliding friction in high temperature and pressure due to
combustion [2]. So we can say that the performance of automotive
engines certainly influenced by the used metrology techniques in
the industry.

This chapter discusses the surface characterization of the
cylinder wall, piston, and piston ring material using metrology
techniques to understand the quality of surface performance.
Moreover, the selection of the materials used for the internal
combustion engine is also a very important parameter to be
understood. Moreover, the current trend towards a compact
engine with high power density and increased thermo-mechanical
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load increases the importance of tribological characteristics
and requires new approaches in the area of cylinder working
surfaces, which have been discussed in detail. Consequently, the
cylinder inner surface is designed to withstand higher combustion
pressure and higher piston speed. Furthermore, the precise
matching of the cylinder bore with the pistons and piston rings
leads to improved engine performance. There are conventional
and new materials nowadays used in manufacturing internal
combustion engine cylinders.

In order to reduce oil consumption and to ensure low friction
and good wear resistance, the interaction of the cylinder and
the piston ring (grey cast iron or steel) must be optimized [1].
Davis [2] pointed that most cylinder liners are made of gray cast
iron. To increase their mechanical strength, addition of nickel,
chromium, copper, and molybdenum is required. On the other
hand, Nguyen [4] explained that as engine designs became
more complicated, the weight of the engine and the vehicle had
increased. Consequently, the desire among manufacturers to use
lighter alloys that were as strong as cast irons arose. One such
material used as a substitute was aluminum alloy. In the 1930s (due
to problems with durability), aluminum alloy was used for the first
time in engine blocks, and its use increased during the 1960s and
1970s as a way to increase fuel efficiency and performance; at
that time the engine performance was not sophisticated. While,
John Lenny Jr. in 2011 [5] presented a study of replacing the cast
iron liners with aluminum for engine cylinder blocks. He believed
that one approach to increasing an automotive fuel economy
was by reducing vehicle weight and friction loss simultaneously.
This is due to the increase of thermal efficiency of combustion.
However, cast iron bores are needed in aluminum cylinder
blocks because of their tribological characteristics. From his
conclusions, hypereutectic Al-Si alloy for cylinder block becomes an
increasingly attractive alternative for solving the tribological
deficiency of most commercialized aluminum alloys.

As a development of metal matrix composite (MMC) in engine
cylinder block, Manabu Fujine et al. [6] presented a new MMC
which makes it possible to reduce engine dimensions and weight.
Accordingly, the author achieves good wear properties and
productivity, the MMC material for the cylinder block was
developed under the following assumptions: Typical aluminum
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die-cast alloy containing 11% silicon and 2.5% copper is used for
aluminum matrix, since conventional aspirating process is used
to produce the preform. The preform consists of either fibers or
fibers and particles. Stainless steel with nitride is used as the piston
ring material. In parallel, Wilson Luiz Guesser [7] presented an
overview of new trends in 2003 for diesel engines, opening a
promising possibility of the use of compacted graphite iron (CGI).
Therefore, researchers and specialized companies are
interested in the importance of coating operations for cylinder
walls, piston, and piston ring. For many years, automotive
companies have been funded scientific projects to improve quality,
performance, efficiency and extended warranties. Consequently,
in the past years coated operation has become very important
are very important for corrosion resistance, wear resistance,
lubricity, and uniform deposit thickness properties have been used
to give great advantage in this automotive engines industry [8-9].

10.1 Engine Quality Using Metrology
Techniques

The need for accurate dimensional measurements and quality
engineering surfaces has become a necessary requirement to
meet the challenges of modern technologies. The advanced soft
metrology techniques include coordinate measuring machines,
roundness testing facilities, surface roughness devices and optical
methods used at micro- and nanometer scales [10]. Some studies
pointed great development methods using optical and tactile
techniques [10-23]. The interesting element of this device is
a probe—magnetically fixed—which prevents damage (break).
It is especially useful in the automotive industry, in the production
of pumps and injectors, where without fear of probe damage
CNC procedures to measure roughness, waviness, and outline in
small holes could been used.

10.1.1 CMM Metrology Technique

Salah H. R. Ali [11] presented a research article on the performance
investigation of CMM measurement quality using the Flick
standard. He explained new experimental investigations to
improve the measurement accuracy of dimension and roundness
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form of a coordinate measuring machine for particular
measurement tasks. Measurements for transverse circle location
of certified Flick standard have been carried out. The CMM output
significant contributions from larger wave numbers than 25 UPR
(undulations per revolution) are demonstrated at different
scanning speeds and fitting algorithms. The experimental results
show that the roundness error deviation can be evaluated effectively
and exactly for CMM performance by using Flick standard.
The measurement errors of corresponding different geometric
evaluation algorithm and probe scanning speed (1, 2, 3, 4, and
5 mm/s) are obtained through repeated arrangement, comparison,
and judgment. Ali concludes that the 2 mm/s probe speed gives
smaller roundness error than 1, 3, 4, and 5 mm/s within 0.2: 0.3 um.
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Figure 10.1 CMM result for Cylinder Block Measurement [12].

Salah H. R. Ali [12-13] developed an inspection program
to be used as an advanced metrological device in conducting
precise and accurate dimensional and geometrical measurements
of automotive engines using the accurate precise measurements
of CMM machine. Some measurement results of the CMM machine
to inspect engine block attributes as shown in Fig. 10.1b. Ali
proved the ability of this developed program to assess the real
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state for automotive engines in both new and used conditions
accurately. He concludes that crucial engine elements that
dominantly affect the engine performance, such as cylinder
bores, piston rings, valves, and valve seats, can be reasonably
inspected, and contact metrology techniques are good methods
for surface feature characterizations.

10.1.2 AFM Metrology Technique

The atomic force microscope (AFM) as an advanced scanning
probe microscope (SPM) is designed to measure local properties,
such as height, friction, and magnetism using a sharp tip probe
with 3-6 pm tall pyramid and 15-40 nm end radius. The SPM
raster scans the probe over a small area of the sample to measure
the local property simultaneously.

Figure 10.2 AFM result of cylinder surface at different positions.

The atomic force microscope is widely used in materials
science and has found many applications in engineering
nanotechnology. The AFM measures the surface characteristics
and can measure the small depth of the produced structures
exactly; an algorithm to engrave “invisible” small 3D structures in
surfaces in closed loop control is possible [14]. The topography
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of engineering surfaces is commonly used to analyze surfaces
before and after operation processes. The applications of texturing
include pistons, brake discs, bearings, mechanical face seals,
gas seals, hard disk sliders, machine tools guide ways, and other
elements. The cylinder liner is made of much softer cast iron
and becomes markedly different after having worn in the engine.
The plateaux have been massively smoothed leaving the deep
honing grooves clearly visible. Typical image results for the
surfaces at different three positions as given in Fig. 10.2.

10.1.3 Scanning Electron Microscopy Technique

The scanning electron microscope (SEM) is a type of electron
microscope that images a sample by scanning it with a beam of
electrons in a raster scan pattern. The electrons interact with the
atoms that make up the sample producing signals that contain
information about the sample’s surface topography, composition,
and other properties such as conductivity.

Figure 10.3 SEM photos of lab test specimens. (a) Ring, (b) cylinder.
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The SEM is commonly used to generate high-resolution
images of shapes of objects to show spatial variations in chemical
and material compositions. Precise measurement of very small
features and objects down to 50 nm in size is also accomplished
using the SEM [15]. Radil [16] investigated the effects of honing
on the wear of ceramic-coated piston rings and cylinder liners
using the SEM technique. The baseline or control cases consisted
of testing ceramic-coated rings against ceramic-coated liner
specimens whose surfaces were ground and lapped smooth. The
base honing process etched a distinctive crosshatch pattern on
the surface of both coatings as shown in Fig. 10.3.

10.1.4 Transmission Electron Microscopy Technique

Transmission electron microscopy (TEM) is a microscopy
technique in which an electronic beam is transmitted through an
ultra-thin specimen, interacting with the measured specimen as
it passes through reference [17]. An image is normally formed
from the interaction of the transmitted electrons through the
specimen; the image is magnified controlled and focused onto
an imaging device, such as a fluorescent screen, on a layer of
photographic film, or another detection device such as special
camera.

Tribological characterization for the liner material of a diesel
engine cylinder has been searched using the TEM technique
to meet the requirements. Rynio et al. [18] investigated the
methodology of the measurement of friction and total liner wear
to monitor the formation of surface oxide layers during the
experiments. The TEM technique showed some glaze layers
generated at 25 and 300°C under distinct differences to reduce
the wear rate by a factor of five at high temperature performance.
They also searched the formation of mechanical mixing in Fig. 10.4
of oxide particles and metal matrix in a nanocomposite directly
below the sliding surfaces to decrease the surface wear rate.

The imaging in the STEM represents an advanced technique
to investigate the structure and composition of nanoscale
materials, interfaces in the cell, and defects with atomic-scale
resolution and precision. This analysis technique can help in
gaining an atomic-level understanding of materials properties,
which may be possible for liner material characterization [19].
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Figure 10.4 Surface microstructure analysis of cylinder material using
TEM [18]. (a) Note the turbulent mixing between the
glaze layer and the metal matrix. (b) EDX-spectrum from
the glaze layer and (c) EDX-spectrum from the Ni-based
substrate.

10.2 Tribological Behavior

Scuffing and corrosive wear as tribological problems due to
sulfuric acid chemical reaction of fuel content tend to occur
when diesel engines are upgraded because the conditions of
operation for piston rings and the cylinder liner have become
severer by upgrading [20]. Peter ]. Blau [21] illustrated that
the tribological behavior impacts the engine efficiency and
performance of vehicles in many ways. Therefore, it is necessary
to develop new design concepts of material selection, friction,
wear rates and lubrication strategies for engine and drive line
components. Kevin C. Radil [22] cleared that the cornerstone in
the advanced heat engine development lay within overcoming
the tribological problems resulting from high temperatures at the
piston crown ring-cylinder liner interface; the crown ring
represents the most critical part of the engine system due to
its performance under high pressures and temperatures in bad
boundary lubrication conditions. Consequently, the majority
of the wear experienced by the piston top ring and liner
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occurs at this location. Therefore, lubrication tests of advanced
composite materials, wear effective factors, friction analysis, and
surface morphology are important tools to identify optimum
combinations for enhanced engine performance and service
life span.

Mehmet Caker et al. [23] studied the friction between piston
ring and cylinder liner using the pin on plate reciprocating tests
using Pack-boronizing method. Cast iron cylinder liner borided
and measured the frictional coefficients of normal and borided
cylinder liner in different reciprocating speeds. The selected
specimens were cut from gray cast iron of actual cylinder liners.
The chemical composition of the cylinder liner used of the
experiments was given in Table 10.1. Pack-boronizing method
was preferred because of the ease of treatment for boronizing
of gray cylinder liner. TO conclude, the hardness of the surface
has improved four times and abrasive wear resistance has
increased; the roughness of the surface is decreased and the
friction coefficient has also diminished.

Table 10.1  Chemical composition of the cylinder liner (%) [23]

C Si S P Mn Ni Cr Mo Cu Fe

322 187 0.03 024 075 0.03 0.2 0.005 049 93.17

10.3 Coated Surface Characterization

To increase the performance quality of an internal combustion
engine, the total energy must be transformed into useful energy
as possible. Thermal barrier coatings of ceramics or composites
are used in order to increase reliability and strength of hot
metallic elements, increase yield and performance of engines
and to avoid sudden breakdown. Engine coated elements with
thermal barrier are piston, cylinder head, cylinder bore, and
exhaust valves. Different techniques are used to coat the surfaces
according to characteristics of the used materials; suitable to
the intended desired use for the low cost and fuel consumption
are chemical vapor decomposition (CVD), ion coating, splash
coating, physical vapor decomposition (PVD), flame spray (FS),
plasma spray (PS), sol-gel (SG), detonation gun (DG), electron
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beam evaporation coating (EBE), reactive ion coating (IP), hot
izostatical press coating (HIP) from their using rates. Decrease of
fuel consumption and prolonging of service life of engine elements
can be satisfied by suitable thermal coating of the combustion
chamber elements [24]. Funatani et al. [25] explained that the
application of nickel ceramic composite (NCC) coating in two-
stroke motorcycles and diesel engines has resulted in benefits
in the following areas: reduced cylinder wall temperature and
engine weight and increased power; lowering of fuel consumption;
improved fuel economy; reduction in emissions; improved
scuff and wear resistance on cylinder bores, piston and piston
rings; friction reduction; reduced noise from piston slap; ability
to operate in corrosive environments. The sum of these stated
benefits holds much potential for contributing towards greater
flexibility in materials selection for the design of light-weight
fuel efficient vehicles based upon the use of aluminum engines.

Shrirao et al. [26] performed tests on a single cylinder,
four-stroke direct injection diesel engine. The engine cylinder
head, piston crown, and valves were coated with a 0.5 mm
thickness of 3Al,05-2Si0, (mullite) (Al,03 = 60%, SiO, = 40%)
upon a 150 pum thickness of NiCrAlY bond coat layer. Primary
working conditions for the uncoated engine and low heat rejection
(LHR) engine were kept exactly the same to initiate a comparison
between the two configurations of the engine performance.
They found that the standard engine heat loss to exhaust gas
was about 22% higher than that of the surface-coated engine at
full load. Thus, we can say, coating insulation increases the
exhaust gas energy due to low surface thermal conductivity,
which helps to increase the engine thermal efficiency, which
increases the engine output power and decreases its specific fuel
consumption.

Karuppasamy et al. [27] have used used alumina with 40%
titania and nickel-chromium as thermal coating material to reduce
the heatloss from the engine during operation. The coating materials
TBCs also investigated by atmospheric plasma spraying technology.
The same engine working conditions were maintained before
and after the coating. Specific fuel consumption (SFC) and exhaust
gas emissions were measured for both of conventional diesel
engine compared with the same converted into Al-Ti- and
Ni-Cr-coated diesel engine to determine the changes in its
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performance and emission characteristics of the engine. The
coated diesel engine shows 16.6% lower specific fuel consumption
than the standard engine. NO, emission from the Al-Ti-coated
engine cylinder is lower by 40% than the standard engine. This
study shows that coating results in the increase in the brake
thermal efficiency of the engine.

On the other hand, several tests were carried out to
determine the performance of the thermal barrier coating
(TPC) application on the compressed natural gas with the direct
injection system (CNGDI) for piston crowns [28]. The experimental
setup included a flame source clamped in front of the piston
crown sample to expose the piston crown surface to direct heat,
and the flame power was kept fixed during the test to ensure
better temperature control, as shown in Fig. 10.5.

Ir
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Figure 10.5 Experimental setup [28]: (a) Burner rig test in horizontal
view. (b) Actual plasma-sprayed YPSZ-coated piston crown.
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Figure 10.6 Microstructure characterization of coated top surface by
TEM: (a) Plasma-sprayed NiCrAl and (b) plasma-sprayed
YPSZ [28].

Figure 10.5b shows the plasma-sprayed YPSZ-coated piston
crown that has surface roughness of about 9.2 pm and
microhardness of 762.3 HV. The YPSZ/NiCrAl-coated samples
were cut into small pieces for necessary quantities. After that,
the samples were washed with acetone and were dried before
the cross sections of the samples were polished. Then, the pieces
of polished sample were hardened and mounted in the mixture
of epoxy resin and epoxide hardener for metallographic
examination. The microstructure images were taken for the
surfaces of bond coat NiCrAl, topcoat YPSZ, and its cross-sectional
view. The samples of plasma-sprayed YPSZ (7.5Y,03Zr0,)/NiCrAl-



Coated Surface Characterization

coated piston crowns were observed for the surface structure
using an SEM technique. The microphotograph of the fracture
surface on the cross-sectional view of the piston crown samples
represents the microstructure of the top surface of plasma-
sprayed NiCrAl bond coating and ceramic-based YPSZ coating,
respectively (see Fig. 10.6). The particles of both materials were
deformed on impact during the plasma-spraying process and
melted on the piston crown surface. The surface structure of the
NiCrAl bond coating had a bigger dense splat like pattern and
a few of big voids which showed low porosity. Compared to
the ceramic-based YPSZ coating, the structure of the surface
showed fine particles with a lot of small voids, which means
high porosity and numbers of micro cracks on the surface. The
high porosity characteristic of TBC might be the reason for low
thermal conductivity that reduced the heat transfer by conduction
between the combustion chamber to the engine piston.

From the other viewpoint, the anti-wear additive zinc dialky
dialkyl dithiophosphate (ZDDP) was essentially discovered
accidently in the 1940s [29]. With new analysis techniques,
researchers discovered that ZDDP breaks down and turns into
a “tribofilm,” a thin, solid layer that adheres to the surfaces in
contact and further protects them from wear (see Fig. 10.7) [29].

Figure 10.7 Surface microstructure of ring material using AFM
technique [29].
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10.4 New Applied Technology in Engine
Coating Surfaces

Technology for coating the inside of the engine has existed for
a long time. New technologies in surface coating, especially
in rubbing rotating elements of engine materials have been
applied commercially. The main purpose of this technology is
to reduce friction, noise, engine weight, and fuel consumption.
Surface coating using diamond-hard technology has being
investigated for engine piston ring as shown in Fig. 10.8.

A company has developed a range of piston coating
technologies designed to support heavy-duty diesel engine
manufacturers in reducing fuel consumption and meeting the
emission requirements (Fig. 10.9a) [31]. The advanced process
uses a controlled re-melting of the bowl rim and/or the bowl
base to refine the grain size of the silicon to just one-tenth of
its original size, significantly extending the fatigue life of a
cast piston. Figure 10.9b shows the result of a unique process
using high-precision electro-erosion machining (HPEEM), which
removes an exact amount of material, thus precisely shaping
the piston pin bore, enabling improved load capacity and
reliability.

Figure 10.8 Coated piston ring using Diamond [30].

Another company investigated engine cylinder liners, through
the mirror bore coating technology by spraying molten iron into
the surface of the cylinder bore, forming an iron coating layer
on the walls inside. They were able to utilize the technology
for some of its vehicles. Through the unique technology that
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pretreats the aluminum surface by spraying molten iron, R&D
could achieve a large cost reduction.

Figure 10.9 Coated engine pistons [31]. (a) Aluminum piston coated by
silicon (gasoline engine). (b) Steel piston coated by nanodia-
monds in a chrome layer for piston skirt (diesel engine).

Figure 10.10 Four-cylinder engine block [32]. (a) A cast iron liner in
conventional engine block. (b) A new type of with mirror
bore coating in new engine block.
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10.5 Machining Characteristics of Engine
Cylinder Surface

The central point of the machining work takes place on the
automotive engines happens at the computerized machining
center. Mezghani et al. [33] discussed various forms of the wear
modeling that caused running-in problems in a honed cylinder
surface and its implications on ring-pack friction response.
Plateau honing experiments under different surface finishing
conditions were carried out on a vertical honing machine with
an expansible tool (NAGEL No. 28-8470), as shown in Fig. 10.11.
The plateau honing characterizes the surface wear profile during
the running-in period of cast iron engine cylinders using advanced
characterization techniques. The smooth surfaces produced less
friction response despite the increase in the ratio between
plateau and valley height.

Figure 10.11 A honing machine with expansible tool for cylinder block [33].
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Another CNC machine type (RMC V30 4-axis) is capable of
handling every aspect of automotive engine blocks (see Fig. 10.12).
The CNC block machining center is able to correct the factory
machine work and ensure that the bores and machined surfaces
are perfect. The accuracy of the machined surfaces is exactly
according to the factory blueprint locations #0.0001. Factory
Ford blocks often measure +0.002 from the blueprint.

Figure 10.12 Honing surface for cylinder using RMC V30 4-axis CNC [34].

Veeresh Kumar et al. [35] attempted to consolidate some of
the aspects of mechanical, wear behavior, and prediction of
the mechanical and tribological properties of aluminum base
MMC. Plotted aluminum MMCs are sought over other over other
conventional materials in the field of aerospace, automotive, and
marine applications owing to their excellent improved properties.
These aluminum MMC composites initially replaced cast iron and
bronze alloys, but owing to their poor wear and seizure resistance.
It was discovered that as the reinforcement contents increased
in the matrix material, the hardness of the composites also
increased.

The surface roughness of the measured cylinder honing
profile is presented in a 2D image using probe scanning stylus
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profilometry technique (see Fig. 10.13). The surface characteristics
of the cylinder honing profile are measured and presented in
a 3D image using optical white light technique (see Fig. 10.14).
The 3D steep slopes can show additional height, and light can
be reflected on the surface and no data can be obtained.

(] L] o 14 n 14

Figure 10.13 Honing surface profile for cylinder using stylus profilometry
[36].

Figure 10.14 Honing surface for cylinder using white light interferometry
[36].

10.6 Conclusion

From the analyses in this chapter, the following conclusion can be
drawn:
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¢ The quality of engine performance and its service life
span are functions of the cylinder, piston, and piston rings
material, which define the friction losses and surface-
specific wear rate.

e Each material’s surface quality depends on the size of the
used material cell form and dimensions, which control the
surface roughness and cell rigidity against friction and wear.

¢ Advanced metrology techniques at micro- and nanometer
scales play an important role in the characterization of
developed surfaces for automotive engine materials in
both honing and composition conditions.

¢ Surface finishing can be limited according to the surface
material characteristics. Consequently, each material or
surface coating type for engine elements has its limited surface
finishing, which controls the tribological characteristics.

¢ Surface finishing quality of engine rubbing rotating elements
requires suitable lubricant characteristics to minimize
friction losses. Therefore, accurate surface topography
classifications ensure a good choice of the requirements
of engine lubricant characteristics.

e In spite of today’s research, a compromise is still required
between the advantages of metallic and nonmetallic
materials in the automotive engine materials. This will be
easily achieved using non-metallic materials in the coating
of metallic material to develop the engine performance.
Consequently, experimental research is required to compare
the available techniques of engine surface materials,
coating, and surface finishing quality.
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Chapter 11

Conclusions, Recommendations, and
Future Work

In recent decades, metrology has achieved a great revolution of
high quality in the automotive industry. The high quality of the
final automotive engine product or maintenance requires accurate
and precise metrology techniques. In fact, metrology played an
important role of accurate and precise technology in improving
the performance of automotive engines. From the scientific
results presented in this book, the author confirmed that the
engine metrology became the cornerstone in modern automotive
industries.

Nowadays, the measurement quality with the level of
automation has increased the degree of measurement accuracy
in manufacturing parts, especially in an automotive engine.
The quality philosophy of automotive engine parts designates
the processes of measuring their dimensional and geometrical
features through important processes for either inspection or
diagnoses. The purpose of these measurement techniques is to
assess and ensure the compliance of the engine parts with the
intended design specifications.

Particularly in the modern automotive engines, dimensional
and geometrical form inspection constitutes a dominant portion
of the total assessment work. The neighboring engine parts with
mating surfaces in relative motion, either rotating or reciprocating,
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are considered the most vital parts as they are practically
responsible for the friction losses, energy dissipation due to
friction resistance, as well as the associated wear occurrence.
Dimensional and geometrical distortion results due to wear on
those working surfaces and subsequent continuous energy and
pressure languish in the engine to the limit of urgent demand
for replace or overhaul. Actually, the most important goal of
dimensional measurement is to introduce the best efficiency
and ensures the continuity of research and development (R&D)
to improve automotive engine technology. Therefore, automotive
engine manufacturers should own and primarily rely on
coordinate measuring machines (CMMs) because of their
extraordinary ability to work with easy and complicated parts.

Important challenges called “measurement quality” that face
automotive manufacturer to define data quality key performance
indicators actress in completeness, validity, integrity, timeliness
and measuring consistency may be relatively easy to measure,
but accuracy and precision together with uncertainty are a whole
new story. As it is well known, Fig. 11.1 illustrates the relation
between the difficulty of measurement quality and the business
impact.

F Y
'
Rusiness

impact Pracision

Accuracy

Consistency

Timeliness

Intcerity
WValidiry

Completeness

Cricficulty of measurement i
Figure 11.1 Environment of measurement quality.
11.1 Conclusions

This book summarizes and discusses the roles, motivations,
and update of instrumentation technology and measurement



Recommendations

strategies, including errors and uncertainty issues in automotive
engines. The following conclusions can be drawn:

e Accurate measurement of the dimensional and geometrical
form for automotive engine parts is a matter of great
importance in the modern auto manufacturing technology.

e Accuracy and precision in measurement for fits and
tolerance results in great harmony, especially in modern
automotive engine industries.

¢ If you have new coordinate techniques, you can implement
a comprehensive inspection program to exploit the advanced
precise dimensional and geometrical measurements in
automotive engine repair and overhaul to be successful
in predicting the engine performance. So, crucial engine
parts that dominantly affect the engine performance, such
as cylinder liners, pistons and rings, and valves and seats,
can be inspected successfully.

e | wish to see a permanent development in the community
culture level and technical awareness among professionals
in industry and students in specialized educational
institutes and universities (production engineering, precision
engineering, and automotive engineering departments)
for the importance of dimensional and geometrical
measurements in automobile engines.

¢ A marked improvement is expected in the future with
respect to the explanation and analysis of geometrical
features, tolerances, and orientations, including the results
of dimensional measurements for the benefit of the auto
engine industry and maintenance.

e Eventually, as a call for creativity, I invite all scientific
researchers, engineers, and experts for scientific cooperation
for the invention of a new optic-electro-mechanical instrument
offering higher accuracy in dimensional measurements.

11.2 Recommendations

Those who want to progress in the automotive engine industry
must accelerate direction to rely on excellent coordinate measuring
machines besides the qualification of engineers. Moreover, it
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is important to habilitate of their workers and users. It is also
very important establish a scientific section for research and
development (R&D). Eventually, government support for ministries
of industry and trade is a prerequisite for success.

11.3 Future Work

The author, with collaboration with sincere researchers and
scientists, hopes to harness light and optics to develop a new
optic-electro-mechanical instrument for a more accurate metrology
technique with a larger volumetric measurement range. Moreover,
a new technique can be developed by the combination of the
AFM technology and the CMM technology. This will lead to a
substantial shift in the automotive engine industrial technology.
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