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Abstract

The focus of this thesis has been on machining quality control as an important
tool for agile manufacturing and effectiveness in production systems. In
particular, focus has been on developing and implementing accurate non-
contact automated measuring systems in the turning operation. The developed
prototype of a laser calliper, with twin laser-scan micrometers as its shanks is
capable of measuring diameters up to 350 mm with an accuracy of ±5 �m. An
accurate sensing of errors such as conicity, out of roundness and run-out is
possible. A novel edge detecting concept based on the scanning of a laser beam
waist by a measuring object and analysing the interferometer pattern in the far-
field has been developed. A detecting range of a few micrometers gives an
accuracy equal to a fraction of the detecting range by employment of a matrix
of photodiodes instead of a single one. The analysis of the total beam intensity,
the partial intensity on individual photodiodes, any combination of the
photodiodes and finally the dynamics of the changes make this system capable
of measuring diameters larger than one meter with an estimated accuracy better
than ±10 µm.

The experimental results clearly confirm that the laser velocimeter based on
Doppler shift represents an employable technique for indirect diameter
measurements in turning machine tools. Accuracy of the system can be
considered to be 0.03% of the measured diameter.

The eddy current sensing method as a non-contact measuring system is a
suitable technique for in-process diameter measurement in turning due to the
system insensitivity to environmental influences. The created error model can
accomplish significant reductions in measuring errors and produces an
accuracy better than ±10 �m. A new on-machine measurement of workpiece
surface roughness, Rmax, based on eddy current has been developed. The
experimental results clearly confirmed that this system represents a simple, fast
and usable technique for installation in turning machine tools for in-process
quality control by monitoring of the cutting tool condition between the
interruption interval between cuts. The limitations of the existing surface
roughness model for estimation of the theoretical maximum profile height, Rt,
for surfaces generated by the machining process have been determined. In order
to eliminate these limitations, an overall model has been established.

A deterministic manufacturing concept has been investigated as the future
solution for a real time size control to realise “the defect prevention, rather than
defect detection” in turning and milling processes.
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1.1

1. INTRODUCTION
The overall purpose of this thesis is the reduction of resetting time in small-
lot-size manufacturing. In particular, focus has been placed on machining
quality control as an important tool for increasing the effectiveness of
production systems by reducing set-up processes and, in particular, ramp-up
times. The implementation of automated gauging by the use of a non-contact
accurate in-process measuring system in the turning operation is the primary
goal in this study.

1.1 Background
Manufacturing engineering is strongly controlled by world-class
manufacturing and global competitiveness for high quality products and low
prices. This industry is an important part of a global market that has become
more multinational and dynamic. The annual economic value of material
removal, measured in terms of labour and overhead, has been estimated to
be in excess of $125 billion in the United States alone [1–1].

The creation of the concept of lean production principles for operations
management is a response to these circumstances. Continuously improving
efficiency and profitability by removing all kinds of waste from the
operations is one the most important principles behind this philosophy,
which covers a number of areas in the manufacturing process such as
maintenance, set-up and process controls. Focusing on the different
effectiveness factors has led to a demand for more interaction between the
various parts of the production processes and, above all, between product
design and manufacture.

Along the same lines, the conceptions “logistic” and “just in time”
manufacturing are connected to the reduction of lot size that enables an
obvious reduction of both lead time and inventory. This matter has been
emphasised as one of the vital market strategies during the eighties. In
addition, new challenges such as continuous and unanticipated changes in
the commercial environment, e.g. changes in product demand and customer
needs, have been in focus in the nineties.

The need for a method for responding to these challenges has led to the
concept of agile manufacturing. This conception, which was propounded in
1991 at Lehigh University [1–2], has been defined as a philosophy for
ensuring agility. In other words, being agile means being flexible, cost
effective and productive as well as producing consistent high quality [1–3].
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Gunasekaren emphasises that Agile manufacturing is not simply concerned
with being flexible and responsive, it also requires an adaptive capability to
be able to respond to future changes [1–2]. Agility as a subject is still a
developing area.

While a full implementation of the lean production principles is one aspect
of agile manufacturing, the another aspect is a high level of flexibility.
According to this concept, new manufacturing enterprises could be
characterised by three properties:

� effective and flexible reconfiguration of resources
� short cycle times
� quick response to customer demands.

In this study, focus has been especially placed on a rapid restart in the
manufacture of large sized workpieces that naturally are limited in small
batches. Mass production of such products could never have been
considered. Today’s trend toward globalisation of the market and the
emphasis on cost control in manufacturing has led to increased requirements
for applying agile manufacturing in the production of large sized parts.

Set-up procedures are defined as all activities that are needed to prepare the
work and machine independently of lot size. The set-up time frequently
takes up to 30% of the operation time [1–4]. This obviously shows how vital
reducing the set-up time is as one of the key points in modernising, and
improving the flexibility of, production. This is why permanently reducing
the set-up time is one of the key points in all modern production
philosophies.

The set-up process has been divided into three main parts: external, internal
and ramp-up activities. This thesis focuses on the ramp-up process as a
partial aspect of the set-up process. In today’s automated manufacturing
environment, quality control not only has a determinant role for the
achievement of higher accuracy of the machined workpieces, it is also an
assumption for rapid set-up as well as for increased productivity.

Effective agile manufacturing requires more flexible and responsive
organisations and facilities than current existing ones. The achievement of
this goal carries a risk for cost and quality. The balance between leanness
and agility has thus represented a very important task [1–5]. From this point
of view, it should be emphasised that quality control is a tool for achieving
agility.
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Quality control meets the demand for high level integration and rapid
communication between inspection and manufacturing, which creates a
better basis for achieving shorter inspection times and reduced stop times
with improved quality.

Internal
set-up

Adjustment

Inspection 1st off
machine

Rework

Production

Components
Produce

Cost/Time

Part 1

Adjustment

Internal
set-up

Production

1st off
machine

Rework

Inspection Inspection Inspection

Ramp-up time
First piece machining

Ramp-up time
First piece machining

Quality Control Quality Control

Part 2

Figure 1.1: Quality control is the main tool for reducing ramp-up time.

1.2 Automated Control in Manufacturing
The prevention of defects, increased product quality and uniformity,
improved productivity, minimised cycle times and reduced costs are the
major targets of automated manufacturing. Rapid advances in control
systems such as a proportional integral derivative (PID) controller1 and,
above all, recent advances in computing and instrumentation have allowed
the significant acceleration of improvement in approaching these goals.

                                                     
1 A PID controller as the most common controller structure in many servo-
applications for automated processes has been widely accepted in industry. The
controller output is the sum of three parts:

u t u u t u t u tp I D( ) ( ) ( ) ( )� � � �0

where up(t) is propotional to the error of the real system output, uI(t) to the time
intergeral of the error and uD(t) is proportional to the error derivative [1-15]. The
main problems associated with classical PID controllers are tuning and robustness in
case of changes in system conditions [1-16].
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1.2.1 Modelling of the Machining Process

Manufacturing engineering has strongly wished to create a reliable model to
predict forthcoming events in material removal processes. Such a model
should be able to predict events during and after the process, even before the
process has been performed [1–6]. As a result of such progress, product
quality assurance will become a reality. In spite of all the advances that have
been achieved, especially in the last two decades, a reliable mathematical
model of the system is still lacking. This would involve complicated system
parameters such as workpiece material properties, machinability, tool wear,
thermal effects, deformation of the machine, dynamics instability and so on.

In the absence of such simulations, the need to increase control quality has led to
the idea of integrating unpredictable changes of the system parameters into the
control system. The idea has led to concepts such as smart machine tools and
machining control (also sometimes called adaptive control).

1.2.2 Smart Machine Tools

An intelligent or smart machine tool is the result of upgrading existing
machining systems through a combination of software, sensors, controllers
and mechanical facilities. This is necessary to meet the improved
performance requirements demanded by many modern manufacturing
companies. It is important to note that the possibilities for designing and
manufacturing machine tools with work zone areas of satisfactory accuracy
and repeatability to meet the improved performance requirements are
restricted. This has led to the development of a new automatic supervision
technique for use in smart machine tools [1–7].

1.2.3 Concurrent Engineering

Concurrent engineering is a production philosophy that is based on a steady
flow of information between design and manufacturing for lead time
reduction, improved product quality, production cost reduction, and easier
design. This method means that “product design and its manufacturing
process are developed simultaneously, cross-functional groups are used to
accomplish integration, and the voice of the customer is included in the
product development process” [1–18]. Concurrent engineering has been
applied since the 1980s to the product development process. It has become a
“standard product design technique in Japanese2 enterprises” [1–19].

                                                     
2 According to Newsweek: “The Japanese need only 6 months lead from the time
they conceive of a new automobile model to the building of its first prototype. The
European lead-time before the first prototype is 11 months. And our lead-time is one
whole year…” [1-20].
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1.2.4 Machining Control (Adaptive Control)

In the last two decades, a number of different real-time monitoring and
control strategies have been implemented. Accomplishment of a ‘safety-net’
during machining, maximising of the metal removal rate and the
improvement of part quality by compensating for variations in the
machining process are the main goals.

Machining control means the application of a system variable that has been
adopted to new circumstances. It makes possible a continuous optimisation
of system performance. This has been possible to carry out in a system in
which the change of parameters are mostly smooth, that is to say, the
process industry.

Definitions and terminology are one of the areas that should be redefined
and made more parallel through improvement in the various fields of
knowledge and applications. Quality control is one of the terms that has to
become more specified with regard to approaching systems and measured
data. This will be discussed in the next chapter. One other term that should
be specified in greater detail is adaptive control. Adaptive automation is a
general term that has been implemented in many fields, above all, in the
process industries.

In the field of automatic control, adaptive control is a particular system of
the PID regulator that adapts the regulator parameters to unpredictable
variations in the dynamics of the controlled process. This controller system
could be used in the ‘adaptive control’ in the machining. In other words, an
adoption of this regulator system is not necessarily taking place. Misleading
and confusing communication is a result of this conflict of terminology.
Machining control, as a new term, has been introduced at IMT/KTH to
avoid this conflict [1–14].

A machining control system, dependent on the desired functions, requires
one or more kinds of measured data. One such system with three
measurement technologies, which measure forces, vibrations and tool flank
wear, has been designed at  the Royal Institute of Technology (KTH) [1–8].
Further development of this system was implemented by Harder [1–9] and
Bejhem [1–10] (cutting force control in turning) and by Nicolescu (chatter
control) [1–11]. System input is stretched to other variables such as cutting
temperature [1–12], motor current [1–13], torque and power as well as, of
course, workpiece dimension and surface.
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Machining control3 is divided into three different functions, as shown in
Figure 1.2.

� Machining safety control deals with increasing the safety of the
machining process by predicting or detecting and handling of
catastrophic events such as tool breakage or chatter vibration.

 
� Machining performance control for maximising machining productivity

with regard to process and system constraints.
 
� Machining quality control deals with the control of product quality

regarding dimensions, shape and surface finish. This system is a
relatively old concept in manufacturing engineering and some
applications of the concept, such as in grinding, were developed long
before the concept of adaptive control. The application of this system in
turning operations, as a tool for reducing the set-up time by
implementing more accurate measurements as well as fewer and shorter
measuring stoppages, is the main purpose of this study.

Machining Control
(MC)

Machining 
Safety

Control
(MSC)

Machining 
Performance

Control
(MPC)

Machining 
Quality
Control
(MQC)

Figure 1.2: Quality control as a part of machining control (MC)

Owing to a lack of satisfactory models, machining control will be focused
on as the main tool for improving productivity and product quality and even
as supervision of the machining process.

                                                     
3 Adaptive control, which was introduced in the early sixties, is subdivided into
technological adaptive control (TAC) and geometrical adaptive control (GAC).
Increasing machining performance has been defined as the main task of a TAC-
system, which most often is called simply AC. This strategy is divided further into
two subsystems: adaptive control constraint (ACC) for maximising machining
conditions under continuous change and undefined situations and adaptive control
optimisation (ACO) for maximising machining productivity [1-17].
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2. QUALITY CONTROL
From a production engineering point of view, the term quality control, QC,
has not been clearly defined. Its definition has extended from simple size
control all the way up to a combination of all the activities involving
preparation, design, planning, manufacturing, product control and service
[2–1]. Quality control may be defined in different ways because of the fact
that QC can cover one individual part or all the activities required for part
manufacture. Juran defines quality control as the operational techniques and
activities used to fulfil the requirements of quality [2–2]. According to this
broad definition, quality control covers all production processes and subsequent
procedures. On the other hand, real-time quality control in production
engineering is more specific and is limited to individual the parts.

In this study the term quality control is limited to part manufacturing. In this
chapter different aspects of quality control regarding the size of a part is discussed.

2.1 Product Quality
Product quality has always been the most important criteria in judging
manufacturing operations. The importance of this matter has increased
dramatically in the last two decades. Quality has been defined in many
ways. Important advances have been made by quality experts such as
Deming, Taguchi and Juran in the last 20 years. A product’s ability to
satisfy given needs through required functions, fitness and durability related
to satisfied customers are the most common aspects. The Kano model also
expresses the unknown and latent needs of customers in the attractive quality.

customer
satisfaction

Degree of
achievement

Latent needs
unexpected

not expressed

Expected needs
expected
expressed

Basic needs
expected

not expressed

Attractive Quality

One dimensional Quality

Must-be Quality

Figure 2.1: Expected and unexpected needs in customer
satisfaction in the Kano model [2–2].
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Quality Assurance, which emphasises the total effort by the manufacturer to
ensure performance of parts specifications, involves evaluating the product
and customer satisfaction.

Total Quality Management is one of the most popular change mechanisms
employed by different companies. Total quality management (TQM)
involves the planning, installation and evaluation of all quality systems at
each stage in a manufacturing or service business. According to this
concept, quality must be designed and built into a product by continuously
improving all the aspects of the manufacturing operations. TQM covers all
internal process and functions. “Defect prevention, rather than defect
detection” has been described as the major goal of TQM by Kalpakjian [2–3].

2.2 Part Quality Control
The term quality control often covers different activities not necessarily
related to the machining process such as preparation, service, product
control and planning [2–1]. In this thesis, quality control is accepted as a
concept for meeting design specifications by focusing on control of the
manufacturing process. The control system desired in this study thus focuses
on part quality. In general, it is possible to conclude that the operational
definition of quality has taken the form of process capability indices.

2.3 Process Quality
As concerns the manufacturing process, the quality of the manufactured part
is determined by dimensional and shape accuracy and by the surface finish.
This definition is strongly related to process capability and, in more specific
terms, to process quality. In other words, quality of the manufactured part
has always been determined by these two parameters.

The manufacturing process has usually been seen from a product-quality
angle. As an important supplement, the emphasis on improvement in process
quality may be focused on from a researcher’s point of view. In general
terms, product quality, which is limited by the given tolerances, is a
measuring device for process quality. In other words, quality control in this
study is not just how we can manufacture parts having the requirement
tolerances but also how improvements in existing manufacturing process
might be achieved by a better utilisation of the machine tools and facilities.
Replacing the parts of the grinding process by turning, reducing tool setting
times or eliminating cutting fluid in machining processes are areas for such
improvement in process quality.
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Demands for increased performance is growing steadily. The Japanese word
“kaizen”1 denotes continuous improvement in product quality as a crucial
aspect of present global economies and competition.

2.3.1 Capable Turning Process Instead of Grinding Process

As mentioned before, a reduced tooling allowance of subsequent grinding
processes after turning is a typical result of this concept as well as being a
major goal of this thesis. In addition, this goal can be expanded to include a
total elimination of any subsequent grinding process wherever the surface
structure requirements are achievable. This would be possible by making
improvements in the tolerance capability of existing machines and by
reliably controlling the machining process.

±Tolerance (mm)
2.0 0.5 0.2 0.05 0.02 0.005 0.002

Average application for turning
Average application for turning
Less frequent application

Figure 2.2: Tolerance capability of turning and grinding
processes [2–1].

The most important motivation is the cost of the grinding process, which is
considerable higher than turning costs. A turning machine costs almost 90%
less per spindle than a production grinder; and the material removing rate is
considerable less than that for turning. At the same time, grinding requires
more energy than turning. In addition, as regards cylindrical grinding, both
elements rotate, one rapidly and the other slowly. If they are not perfectly
concentric, the result will be a three-lobed shape error or an out-of-
roundness pattern on the part [2–5].

In spite of all recent advances such as hard turning, which can produce a
relative good finish - the arithmetic average roughness is near 0.406 �m -
grinding, on the other hand, still produces better finishes and has better
tolerance capability. Surface treatment is another parameter that should be
considered [2–5].

                                                     
1 “Kaizen” is a Japanese term for a management philosophy that incorporations
never-ending improvement.
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2.4 Metrology
There have been many studies about limiting factors in attaining high accuracy
in producing parts. According to Merchant (CIRP-1971), the machine tool or the
cutting tool was the limiting factor until about 1900, when the capability to
measure accurately became the limiting factor for attainable accuracy. Modern
CNC machine tools have significantly contributed to manufacturing accuracy
and repeatability over the past 30 years.

In the late 1960s and beginning of the 1970s, it seemed that – in light of new
measuring technology and above all laser measuring – this limiting factor
might be significantly alleviated. A number of misjudgements, even in the
most competent centres, have however been made.

According to the CIRP Delphi forecast in 1971, machining accuracy would
be improved by at least a factor of 10 before 1980. Underestimating the
effect of the disturbance sources in the machining environment has been one
of the main reasons for this misjudgement2. The new measuring
technologies such as those incorporating lasers were promising, but
development of inspection facilities for in-process control system still
remain unsatisfactory. The possibility of applying quality control to
machining processes depends on the reliability of the required sensors
regarding both sensing accuracy and environmental difficulties.

Metrology, from a production engineering point of view, constitutes a main
route to ensuring compliance with standards, specifications or specific
regulations. In addition, all modern production philosophies emphasise the
integrating of measurement system with the manufacturing process.
Measurement has been focused on as a key area for enabling real-time data
input to both control product quality and production processes [2–7].

                                                     
2 According to the forecast by CIRP-1971 (International Institution for Production
Engineering Research):

� Complete in-process inspection of parts as they are machined will become a
reality (1980).

� Machine tool control systems will use the laser extensively for in-process control
of accuracy (1985).

� In-process sensing of parameters of changing equipment and process condition
(1985).

� Quality control by in-process inspection devices connected on-line with a process
computer (1990).
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2.5 Quality Control and Its Hierarchy
As mentioned above, quality control is one of the terms that have to become
more specified with regard to approaching systems and measured data. Size
control, indirect size control, statistical process control and real-time quality
control are equivalent to said quality control.

Quality control in material removal processes may be divided into different
levels and groups with regard to measurement methods, data-analysing
systems and compensation strategies. Data acquisition by utilising various
metrology systems and measurement capabilities is a first step. It is also the
major route to take and the basis of all other aspects. For instance, feedback
control has represented a possible model for compensating for errors. The
crucial part is the input from the control system, i.e. the information of
processes that depends on the measuring system. QC could thus be divided
into three main groups: size control, indirect size control and global size
control (Figure 2.3).

In-processPre-processPost-processBetween two
cutting passes

Tool
Datuming

Size
Control

Quality Control

Deterministic
Size Control

Indirect Size
Control

Measurment
on

workpiece

Measurment
on

cutting tool

Monitoring of
machine tool
and process

Pre-adjustmentSPC-based
Compensation

Process Intermittent Compensation Real-Time Compensation

Deterministic
Metrology

Figure 2.3: Subdivisions of quality control with regard
to measuring systems.

2.6 Size Control
All kinds of control systems based on the direct measuring of parts may be
classified as size control. The measurement of a workpiece with regard to
the machining process can be carried out in four different occasions: pre-
process, in-process, between two cutting passes and post-process. On the
other hand, size control is subdivided into off-line and on-machine
measuring systems (Figure 2.4).
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In-processPre-process Post-process Between two
cutting passes

Size
Control

O ff-line
m easuring

O n-m achine
m easuring

Figure 2.4:  Size control definitions.

2.6.1 Pre-Process Inspection

Uncertainty concerning the initial dimensions of a workpiece necessitates an
inspection of the part before any machining. This takes priority over
everything else in manufacturing very large parts such as various types of
turbines. These parts are usually very expensive and any possible error that
might not be corrected represents a significant loss. A strict implementation
of quality control in a supplier’s manufacturing process eliminates the need
of such inspection.

2.6.2 Post-Process Inspection

Historically, quality control in manufacturing has been focused on post-process
measurements to prevent defective products from being sent out to customers. In
today’s production engineering, and specially in continuous processes, this
system is used to prevent defective products from being manufactured in the first
place. In combination with that, Statistical Process Control (SPC) techniques
have successfully been used in large-batch production. However, in spite of
important advances, post-process inspection remains one of the major
shortcomings in traditional manufacturing. The main deficiencies of this
inspection method are:

� Inspections need extra space as well as facilities such as measuring
fixtures, which therefore makes them costly.

� Both material and manufacturing costs have already been incurred when
the fault is discovered.

� Delays in manufacturing schedules as a result of the time lag between
detecting a defect and initiating corrective measures.

� Difficulties in isolating the causes of manufacturing defects.
� Corrective actions are an extra cost factor and, in some cases, may not be

possible to carry out on the inspected part at all.
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With the lack of reliable on-machine measurement devices, the post-process
inspection and the statistical process controls are the most practical
applications of QC to high production runs of smaller parts.

2.6.3 Inspection Between Two Cutting Passes

The diameter of a turned manufactured part generally depends on the
finishing operation. In other words, there is a last chance for corrective
measures before the final finishing operation. In the manufacture of very
large parts, inspections between cutting passes, usually by employing
manual measuring equipment, provides a guarantee for reducing defects.
Lengthy inspection stoppages and, thereby, lengthy cycle times are two of
the unwanted results.

Today’s CNC machines are mostly equipped with touch-trigger probing,
which makes possible shorter inspection times. Additional benefits include
part identification and the detection of both tool wear and tool breakage [2–
6]. However, accuracy of this measuring system depends on machine
accuracy, which is the most important drawback to this method. Difficulties
involving the isolation of the error source3 in machining environments from the
gauging system itself are different aspects of the above-mentioned drawback.

Correction of the tool path before the final cutting pass is desirable for most
turning operations (this is discussed in the next section). This statement
emphasises the need for performing automated measurements and carrying
out compensation between passes, but at the same time one should not
ignore those circumstances that claim in-process measuring and tool-path
compensation.

2.6.4 In-Process Inspection

In-process inspection in turning is defined as the measurement of workpiece
dimensions during the machining process. Tillen [2–8] has defined a
desirable “in-process measurement system” as a unit that requires a
minimum of skill as well as a minimum of interruption to the machining
process, to enable the finishing cut to produce a part within desirable
tolerances [2–9].

Prevention of defects by the on-line measurement of parts has been a
preconception for real-time quality control. As mentioned before,
manufacturing engineering has desired an in-process measuring equipment

                                                     
3 This errors can be caused by such things as the misalignment of the machine-tool
axes as well as thermal distortion in the machine tool.
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in turning machines. As manufacturing technology moves toward more
computerized automation, the lack of such system has become more
significant.

While the systematic errors might also be controlled by other control
concepts such as SPC and deterministic size control, in-process inspection is
the only way to detect random errors. A review of existing, and mostly
experimental, techniques is presented in Chapter 4. Possibilities as well as
the advantages and disadvantages of such systems in turning are discussed
in Chapter 4.

2.7 Indirect Size Control
With the lack of accurate and reliable on-line measurement equipment,
indirect size control through the use of different types of touch-trigger
comes under the spotlight. The automated measurement of tool length by
touching the end of cutting tool against the cube-shaped stylus of the setting
probe is provided. Three main results have been considered:

� Automatic tool setting.
� Tool-wear measurement.
� Indirect measurement of workpiece diameter.

As mentioned above, the difficulties in isolating the error source in the
machining environment from the gauging system itself is the most important
drawback inherent in this method.

2.8 Determinstic Size Control
This control strategy is based on the premise that most errors in the
manufacturing process are systematic and repeatable and, thereby, also
predictable. The concept prevents defects mainly by detecting and
compensating the disturbance sources in the machining environment.
“Defect prevention, rather than defect detection” is the major goal for all
kind of productive activity. This is possible by embedding sensors in the
machine tool to inspect discrete parts of the manufacturing operations as
they occur [2–10].

Deterministic size control is the only way that this goal could be achieved in
turning operations (see the next section). Many factors have an effect on
machining accuracy that could be compensated for in real time. The most
significant factors are:
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� Thermal distortion in machine tools
� Misalignment of machine tool axes
� Tool wear
� Workpiece thermal expansion, particularly in the case of dry machining
� Deflection of the machine/tooling/workpiece system under cutting force

All other quality control concepts are based on workpiece measurements,
such as input data, but new types of data are needed for deterministic size
control. This is based on the fact that the system requires overall measuring
data from measurements of other parameters such as the temperature of the
workpiece and the different components of machine tools, cutting force and
tool-wear indices.

2.9 Quality Control in Dry Machining
Dry machining is deemed to become a dominant process in manufacturing
technology in the near future. Many research projects and studies
concerning the elimination of coolants are under way. At the same time, the
effect of thermal expansion on machining accuracy is one of  the relatively
unknown areas of quality control. Most of the research regarding thermal
behaviour in machining operations has been directed toward the influence of
temperature gradients on cutting-tool life.

In existing machining environments, machine-tool thermal distortion can
account for 75% of all machining errors [2–11]. In a dry material removal
process, these effects will be substantially increased. In addition, workpiece
expansion, which today is considered as almost insignificant, will be a
consequential parameter.

A cutting-fluid system is unwanted in shops because of environmental and
safety reasons on the one hand and enormous costs on the other. Different
health and safety authorities have initiated stricter standards regarding a
permissible quantity of airborne particles in shops. But even the strictest of
these standards may not assure worker safety. The possibilities of allergic
reactions owing to various skin contact as well as serious reactions
associated with asthma sufferers in the case of inhaling fluid aerosols are
just two of many potential problems that are well documented. One thing
that will attract more interest in the near future is that the majority of cutting
fluids are based on petroleum products, which are suspected as being
carcinogens.
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2.9.1 The Cost of Maintaining a Cutting-Fluid System

A large cutting-fluid system for shops entails costs that may be directly or
indirectly enormous. Direct expenses include:

� Replacement coolant.
� Coolant additives such as emulsifiers, oil concentrates, anticorrosion

agents and biocides for pH balance.
� Monitoring and maintaining of the coolant system. (Owing to stricter

standards for airborne particulate matter, PM, urgent and necessary air-
filtration technology would be more expensive.)

� Cleaning and recharging of the coolant system.
� Waste treatment and disposal of unusable fluid.

There are also many costs indirectly associated with the use of cutting fluids:

� Maintaining worker health.
� Workpiece cleaning costs.
� Additional plant housekeeping.
� More expensive recycling of chips (due to the adhering cutting fluids).
� Increased fire risk in the shop.

Dry machining is the best answer to all these problems and costs, but its
application is not simple, because of the perceived benefits associated with
the use of cutting fluids, such as the removal of process-generated heat and
lubricating properties. Cutting fluids may not get into the cutting zone,
owing to surrounding high pressure, temperature and speed. Lubrication
around the cutting zone, for instance between tool and chip, reduces both the
load and heat generation.

The transport of chips, enhancement of the machine tool’s thermal stability
by recirculating fluid and the cooling of the workpiece are among other
important benefits. According to Batzer and Sutherland, the arithmetic
average roughness, Ra, was, on average, twice as large when a hole was
drilled dry when cutting fluids were used [2–12].

2.9.2 Possibility of Dry Machining in Near Future

Coolant system in shops will not disappear before convincing measures
against negative consequences have been taken. There is no single answer
and, consequently, it appears likely that dry machining in precision
machining will be delayed. It looks as if this process will nevertheless
evolve step by step and by following different methods:
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� Predictive models should be the first step toward dry machining to avoid
overuse or misuse in machining operations. Information about machining
processes and environmental and health hazards must serve as the input
data of models, and the selection and application of the cutting fluids
should be the output of the models. The above-mentioned benefits would
thus be preserved.

� The high pressure spraying of a small volume of cutting fluid mixed with
air might be conceivable. According to Batzer and Sutherland, torque,
thrust, and surface finish remained the same even though the flow rate of
the cutting fluid was significantly less (two orders of magnitude less)
than the typical rate a shop might use [2-12]. A deterioration in the
cooling of the workpiece and in the thermal stability of the machine tool
is in part possible.

� The spraying of a very small volume of cutting fluid in to the cutting
zone makes lubrication partially possible. Thermal expansion of the
workpiece and thermal instability of the machine are the most important
problems.

� Completely dry machining.

2.9.3 A Strict Quality Control as a Necessary Part of Dry Machining

No matter how thorough the steps in dry machining may become in reality,
at least three important quality consequences should be dealt with: the
expansion of the workpiece due to generated heat, a change in the tool’s
path due to impaired machine thermal stability, and the deterioration of the
finishing surfaces.

2.9.4 Workpiece Expansion

It has been the aim of the author of this thesis to show two different views of
quality control, i.e. traditional size control and deterministic or global size
control. Workpiece expansion, because of generated heat is an example that
depicts the limitations of simple traditional size control. The latter method is
based on measuring workpiece dimensions, but, in this case, the error source
is a part of the physical behaviour of the workpiece, which has a direct
effect on the dimensions.

A correct control of processes requires information about thermal behaviour
during the machining and cooling processes between two passes. Measuring
workpiece temperature utilising a non-contact sensor and gauging the
average temperature of the entire body makes it possible to estimate the
effects of thermal expansion on machining accuracy. Pyrometers employing
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optic fibre are suitable sensors for this application.

Temperature estimation according to the deterministic size control is based
on predictable production. This is possible by employing a model with
average temperature as output. Input consists of process parameters,
machining time, workpiece hardness, tool geometry and wear rate (or the
time that the tool has been used). In other words, a model based on a balance
between input and output energies. This model should be completed by
modelling workpiece cooling.

Dry machining is the most important contributing parameter in the case of
thermal expansion of the workpiece, but it is not the only one. All new high
productivity methods such as high speed and hard machining generate more
heat. This, in turn, increases interest in quality control with regard to the
thermal behaviour of the workpiece. In other words, quality control is being
focused on more than ever, not only because of higher accuracy requirements,
but also because of other demands in production environments.
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3. ERROR SOURCES
Accuracy of the parts in metal cutting operations depends on the accuracy of
the relative position between the cutting tool and the workpiece. While point
B on the tool-tip should meet cutting point C on the workpiece at point A, an
overall error package results in an error vector P. Elimination of this vector
has always been the major goal in quality control endeavours from a
manufacturing engineering point of view.

C
B

APx P

Pz
x

z

Workpiece

Tool

Figure 3.1: P is an uncertainty vector of the position
between workpiece and tool.

3.1 Introduction
The replacement of skilled and self-adaptive operators by numerical control
and the trend toward closer tolerances have resulted in investigative and
research studies aimed at breaking down the overall error into individual
components. This is a crucial step for limiting the effects of different error
sources. The most important components of various errors sources, which
result in part dimension uncertainty, have been listed as:

� geometric and kinematics accuracy
� thermal effects
� tool wear
� static and dynamic deflection.

3.2 Geometric and Kinematics Accuracy
 Deviations from the planned tool position, caused by errors in production
and assembly in the elements that are used in machine tool construction,
have been classified as geometric and kinematics errors. The deviation of
function movements, such as rotary/translatory in lathes caused by lead-
screws, are characterised as kinematics errors [3–11].
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Positioning accuracy in a machining centre, Mazak AJV-25/405, were
investigated by a Hewlett-Packards 5518A laser interferometer at
MT/IMP/KTH. It should be emphasised that the development of laser
interferometry is one of the major advances in instrumentation in the field of
machining error research. Lasers in general and various measuring methods
based on lasers that have been used in this study are described in Chapter 5.

In this study, the laser interferometry system was used for measuring the
linear displacement errors of the slides. The results are presented for each
axis in Figures 3.2, 3.3 and 3.4. It is important to remember that
temperatures were constant during all the measurements. In each direction,
displacements have been more than the measuring range for detection of
play in each axis.
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be caused by a play in this axis. Displacement has good
repeatability.
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 Geometric deviations are defined as the positional and form errors of
machine components such as guiding-element, gear-tooth, and lead-screw
pitch errors. These can be caused during the production of machine tools or
from wear of the components. Parallelism or angular errors between axes as
well as straightness, bending and twisting errors of each axis can be
mentioned as examples.
 
 Another experiment has been carried out for measuring parallelism errors
related to carriage motion in a CNC-lathe. As shown in Figure 3.5, a
position-measuring laser sensor was mounted in a tool holder and placed in
the tool-turret. An accurately manufactured cylindrical part, a reference
workpiece, was placed in the chuck.
 

 

Laser Sensor

Tool-Turret

Signal Analysis

Detector

Ux

 Fiber

Reference workpiece

Chuck

z

x

Figure 3.5: Arrangement of parallelism measuring
system in a CNC-lathe.

 
 Movement of the tool-turret (sensor) along the z-axis and continuous
distance measurement between sensor and part resulted in two important
information sources. Surface roughness is shown as a waviness along the z-
axis. The angle between the mean of the measured data and the movement
axis indicates the parallelism error between the chuck-centre axis and the
turret-movement axis. A correct measuring system requires coincidence of
the part axis and chuck axis, i.e. correct placement of the part in the chuck.
Elimination of any errors caused by such displacement measurements have
been carried out in the chuck’s four different rotary positions with 90-degree
angular differences. The results were the same as shown in Figure 3.6. The
measured difference is 8 �m along the x-direction for a 17-mm displacement
along the z-axis, i.e. a 0,027 degree of angle error.
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Figure 3.6: 17-mm displacement of tool along z-axis
yields an 8-�m error along the x-axis.

 
 Geometric deviation, defined as a positional and form error of the machine
components, can even be caused by a collision between the tool/turret and
workpiece/chuck.

3.3 Thermal Error
The significance of thermal-effect errors was formally recognised at the
1966 meeting of the International Institution for Production Engineering
Research (CIRP) [3–1]. In many cases, the effect of this error source has
been estimated by experts as constituting a major problem. According to
specialists, the percentages may lie between 40% and 70% /J. Peklenik/ and
50–60% /A. Mottu/. Errors caused by thermal deformation “are often many
times more significant than from various other sources” /B. Breev/, and this
opinion has been supported by many others, such as H. Opitz [3–1].

Efforts to limit thermal-effect errors began with reducing the heat generated
internally by the machine. Employing proper construction material as well
as a suitable design for the machine tool, such as involving cooling and
insulation, are among the important measures taken. However, in spite of a
number of advances for improving the thermal characteristics of machine
tools, the situation in industry has changed very little. Experts explain the
reasons as: “Presence of the adaptive man” in the form of a skilled man
(Mottu), high cost and “small profit margin” (Weck) and “lack of education”
(Bryan) [3–19].
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There have been various research results reported recently about error rates
dependent on the thermal characteristics of machine tools and heat
generated in the cutting process. In the late nineties, thermal effects were
still being estimated as “the largest source of dimensional errors and
apparent non-repeatability of machines” by J. Cranfield [3–2]. According to
S. R. Postlethwaite et al., thermal distortion can account for 75% of the total
machining error [3–3]. Whether or not this is the case, besides the low static
stiffness of the machine structure and tool wear, thermal deformations
remain a major reason for dimensional and geometric workpiece errors.
Figure 3.7 illustrates the most important heat sources. In addition to these
four heat sources, the effect of people and thermal memory from any
previous environment have been classified as significant parameters by
Bryan [3–1].

Environmental
Temperature

Change

Radiant
Heating

Machine Tool Structural Temperature Change

Cutting Process
Heat

Generation

Machine Tool
Internal Heat
Generation

Workpiece Temperature Change

Total Thermal Error

Figure 3.7: Various heat sources in the machining process.

In today’s production engineering, indirect control compensation during the
machining process has been accepted as a procedure incorporated into
machine tool design measures. Taking this matter into consideration, a study
of the breaking down of heat sources into individual components has been
considerable [3–3].

Machine Tool Internal Heat Generation:

� Friction in spindle bearing.
� Friction in ball-screw and support bearing.
� Heat generated by spindle- and axis-drive motors.
� Heat generated by viscous shearing of fluids in hydraulic and coolant

systems.
� Heat generated by transmission systems, gearboxes, belts, etc.
� Heat generated by friction in seals.
� Heat generated by swarf build-up.
� Heat generated/removed by cutting coolant.
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 Environmental temperature change:

� Workshop heating system.
� Opening and closing of workshop doors.
� Sunlight shining through windows, causing the air temperature rise.
� Heat generated by other machines in the vicinity.
� Heat lost to the air from the machine itself.
� Heat generated by cutting process and lost to the air.
 
 Radiant heating:

� Infrared heaters in the workshop.
� Direct sunlight striking the machine.

Cutting-process heat generation:

� Plastic deformation (shearing).
� Friction between tool and workpiece.
� Friction between tool and chips.

It should be noted that basically all of the energy dissipated in both cutting
and grinding ends up as heat. The carrying away of the converted energy
from the cutting zone is one of the major tasks of a coolant. According to
Tlusty, heat released from the cutting process dominates all other thermal
effects and has emphasised that: “Why worry about 20 deg. C. when 100
horsepower is being pumped into the workpiece?” [3–19].  As mentioned
before, in the absence of the coolant in dry machining, thermal deformation
would be more essential. Distribution of heat from the cutting process has
been estimated approximately by M.C. Shaw-1996 [3–4] and Gustav
Vieregge, et al.-1959 [3–5], as follows.

Table 3.1: The dissipation of heat in cutting

Shaw Vieregge (Vc=80m/min)
To chips 90% 80%
To work 5% 10%
To tool 5% 10%
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3.3.1 The Finite Element Method

 The displacement rate of the tool position dependent of thermal distortion
has been the subject of various research studies, which has resulted in a
number of mathematical models with empirical calibration. The finite-
element method has proved to be a very useful aid in designing machine-tool
structures. This model has even been used for evaluating the relative
displacement between workpiece and spindle caused by the thermal
deformation of the machine tool [3–6]. It is important to emphasise that
indirectly the assessment of thermal errors with this method did not provide
accurate predictions due to the complex structures of the machine tools and
the uncertainty in using expansion coefficients in tables that depend on the
hardness and composition of the machine parts.
 
 According to Hicks et al., “The finite elements method is a very good means
of predicting mechanical stress. However, for thermal deformations, we
believe it is only able to predict about 20% of the deformation.” [3–19].
Therefore, an individual thermal-error investigation by focusing on direct
measurement, and thus an individual compensation model for machine tools,
is essential.

3.3.2 Thermal Displacement Investigations on a Machining Centre

 In this part, the results of investigations carried out on a milling machine,
Mazak AJV-25/405, are presented [3–13]. Afterwards, these results are
compared with similar investigations carried out in Taiwan and the USA. In
regard to heat source and thermal deflection, the spindle of a milling
machine is the most important component [3–7]. Therefore, in this
investigation, focus has been placed on measuring the temperature at
different positions of the spindle.
 
 The Mazak AJV-25/405 spindle system is powered by an a.c. motor at 15
kW in rated continuous operation and 18.5 kW in rated 30-minute operation.
The maximum speed is 5,000 rpm. The box spindle is driven by a gear case,
Figure 3.8.
 
The temperature measurement system consists of five sensors of the NTC-
thermistor type, one placed on the machine body for measuring the
environment temperature and four on the spindle house. Three thermistors
were fixed near the main spindle shaft, i.e. on the chuck tool-holder, the
radial ball bearing and the gear case, with the last one on the motor shaft
housing. As a monitoring measure, the temperature of these points was
measured using a pyrometer at regular intervals.



3 Error Sources

3.9

Gear case

Radial ball
bearing

Chuck tool-holder

Clutch

Figure 3.8: Four thermistors fixed at the spindle head,
one on the motor shaft and three on the main spindle
shaft housing.

Figure 3.9 shows the temperature profile of the spindle under study for a
210-minute warm-up period, followed by a two-hour cool-down period. It
was found that (after continuous warm-up) the running temperature and
thermal equilibrium in the spindle were almost reached. The temperature at
the gear case rose more rapidly than other parts, rising about 20 °C.
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It is interesting to note that the effect of the cutting force on the spindle was
less significant. It depends, among other things, on a design feature in the
spindle, which is equipped with a cooling system in the lowest bearing,
around the chuck tool-holder. Heat generated by the friction effect due to
high rotational speed and static loading caused by the cutting forces was
frequently transferred. This resulted in a lower, and zigzag shaped,
temperature profile. Because of this, the tests were carried out in the air-
cutting condition.
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Figure 3.9: Temperature profile of the different parts of the
spindle under continuous running conditions (4,500 rpm).

 
 The total warm up time was 210 minutes. During this time and for
measurement of the displacements caused by thermal distortion, 24 pockets
in six groups were machined on a workpiece, as shown in the Figure 3.10.
After each hour of air-cutting time, one pocket in each group had been
machined. The pocket paths were done with a R216,34-16030-BC32N
cemented carbide shank end mill on a workpiece made of aluminium alloy
having the dimensions 500×250×100.
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Figure 3.10: 24 pockets are machined in a test workpiece.

Measurement at the surface position of 24 z-planes, 12 x-planes and 12 y-
planes were taken with a coordinate-measurement machine (CMM).
Experimental results show that cross thermal effects between the XY table
and the spindle are insignificant. Since spindle expansion is purely due to
temperature changes along the z-axis, the displacements in the z-direction
are significant, Figure 3.11. In each group z1 (which was machined at the
beginning of the warm-up period) is assumed as a reference plane for
estimating the surface height of the other pockets.
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Figure 3.11: Displacement in z-axis caused by spindle
expansion.

 
 As mentioned before, various parameters are involved in machine-tool
thermal distortion. Experimental results show that, among the process
parameters, the spindle rotation rate has the most significant effect on heat
generation in a machine tool. Figure 3.12 shows the temperature profiles at
the gear case of the spindle during different rotation rates.
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Figure 3.12: Temperature rising in gear case at different
rotation rates.

The other investigations employing similar methods that were carried out by
other researchers confirm the results. Donmez has carried out measurements
on a CNC-lathe. After seven hours of continuous running at a rotational rate
of 2,000 r/min and a rate of feed equalling 2500 mm/min, the temperature
around the machine structures rose about 8.3–11.1 °C (15–20 °F).
Displacement measurements using a laser interferometer showed errors in
the order of 2 �m/°C (1�m/°F) in the radial direction and 20 �m/°C
(10�m/°F) in the axial direction in the turning centre under study [3–8]. The
maximum positioning error was 200 �m in the z-axis and 20 �m in the x-
axis, which is equal to a 40-�m error in the diameter of the manufactured
parts. All the experiments were carried out as air-cutting. Heat generated by
the cutting process and the use of coolants are two important factors in
actual machining practice.

In another test series performed by the same author (Donmez), the spindle
axial thermal drift characteristics of a turning centre were investigated.
Figure 3.13 illustrates the displacement in the z-axis during warm-up and
cool-down periods. A displacement error of up to 0.13 mm during the 30-
minute warm-up period was reported [3–10].
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Figure 3.13: Spindle axial thermal drift characteristics
of a turning centre [3–10].

 
 A third test series on a machining centre were carried out by Fan and Hung
[3–7]. The air-cutting test was done at a spindle speed of 4,200 rpm.
Reported experimental results show that, after six hours from cold start, the
temperature of the quill went up 7 °C, while spindle expansion would reach
up to 30 �m, shown in Figure 3.14.
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Figure 3.14: Spindle expansion and temperature change
in a machining centre [3–7].

 
 Besides the direct length expansion as the main result of thermal distortion,
influence on the static and dynamic stiffness of the spindle is also
significant [3–9].
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3.4 Tool Wear
The cutting tool condition is a very complex and important characteristic in
manufacturing processes. The material removal rate, part accuracy, finishing
surface and machining economy are mainly affected by tool wear. There are
nine major tool-life limiters that affect workpiece quality, among other
things: flank wear, crater wear, plastic deformation, notching, thermal
cracking, mechanical fatigue cracks, chipping, fracture and built-up edge
(BUE) [3–15].

Advances in coatings and materials are presently increasing cutting-tool life
and efficiency. While some of the above-mentioned wear types could be
avoided during nominal tool life by choosing correct cutting data, others
such as flank and crater wear are unavoidable. According to Noaker, the
most important of these to overcome is crater wear, which is done by using a
TiN carbide in a multicoating [3–16]. Crater wear is the most important
factor involving tool life as well as catastrophic situations such as fracture
and chipping. Flank wear, on the other hand, is the most important factor
with respect to part dimensions and the topography of the machined surface.
As shown in Figure 3.15, flank wear is a continuous and increasing
phenomena during tool engagement times.

0 

0 

    Vb Tool TipTool Wear
(Vb-mm)

Initial Wear

Catastrophic Wear

Time

x

�

Figure 3.15: Typical development curve for flank wear.

A shortening of the tool tip, x, a direct effect of flank wear on the workpiece
diameter, depends on the clearance angle, �0. Table 3.2 shows the diameter
error caused by different flank-wear criteria for a cutting tool with a 6
degree clearance angle. In general, short-wear criteria is chosen for small
batches with relatively expensive parts.
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Table 3.2- The effect of flank wear on machining results.

Flank-wear criteria
Vb (mm)

Clearance angle �0 x � �V Sinb 0�

(mm)
Error in diameter

�d (mm)
0.3 6� 0.031 0.062
0.5 6� 0.052 0.104
0.8 6� 0.084 0.168

Cutting-tool wear is a complex phenomena. There are various parameters
such as the hardness of workpiece, cutting speed and feed rate that have a
major effect on the wear rate. Because tool wear is an important limiting
factor in machining hardened steel, hard-facing alloys and metal matrix
composites, MMC, reducing tool wear rates has been the subject matter of
various research studies, including decreasing the cutting force by heating
the workpiece is one of the areas. Weinert et al. have investigated tool wear
at turning hard-facing alloys. According to the authors, the use of a plasma
arc to heat up the workpiece in front of the tool cuts flank wear and reduces
the total cutting force [3–17]. Experiments have been carried out by
Skogsberg in order to obtain increase tool life in machining MMC. Two
types of cooling, air cooling and water jet with a pressure of 3,200 bar, have
been used [3–18].

Table 3.3- Flank rate with machining of metal matrix composite [3–18].

Cooling
type

Depth of cut
(mm)

Feed
(mm/rev)

Speed
(m/min)

Cutting
time(min)

Flank wear
(mm)

Air 1 0.2 125 4.08 1.41
Water 1 0.2 125 4.08 1.64

     
Figure 3.16: Flank and crater wear in machining of
MMC with (a) water jet and (b) air cooling [3–18].
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Cutting tool wear has a complex affect on machining accuracy. Increasing
flank wear causes not only direct dimensional error, �r, but also indirect
diameter errors owing to increased cutting force and cutting temperature.

3.5 Static and Dynamic Deflection
Static deflection in lathes depends, above all, on the relationship between
the length and diameter of the workpiece. Tool geometry, tool-holder
stiffness along the x-axis and the usage of tailstock spindles are among other
parameters that have essential influence on the stability of turning
operations. Figure 3.17 shows the experimental result on two overloaded
turning machines carried out at the Royal Institute of Technology [3–12].
Three errors can be mentioned:

1. Deflections can be estimated as Klath(A) � 25 N�m-1 and Klath(B) � 16
N�m-1. The loading forces for the above-mentioned experiment were
4,000 N and 8,000 N. It is important to mention that radial forces in
finishing operations are considerably less than tested forces.

2. Hysteresis, or residual position error related to loading and unloading,
is shown in both machines.

3. A play in machine A caused a displacement of about 200 �m that was
due to geometrical errors and/or lack of maintenance.
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Figure 3.17: Elastic deflection in two capstan lathes [3–12].
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In milling machines, spindle deflection is the largest elastic error source and
can be broken down into three main parts: deflections in spindle shaft, ySp,
bearings, yL, and spindle house in relation to work table, yK. The elasticity
constant K is calculated [3–12] by the relationship

1
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1
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1
K

y

F
y
F

y
FSp L K

L KSp
� � � � � �

Displacements ySp and yL can be calculated by mathematical models, while
the spindle house yK consists of many components and requires complex
models. Finite Element Method, FEM, has been used for this purpose.
Holographic interferometry is the method that provides the most accurate
information about machine-body/spindle-house distortion.

An experiment has been carried out at the Royal Institute of Technology for
measuring the total displacement caused by static deflection in a milling
machine of the vertical knee type with a height of about 2 m and a weight of
about 2,000 kg. The tool-holder was loaded by a simulated cutting force of
up to 5,000N, produced by a hydraulic cylinder as illustrated in Figure 3.18.
Force measurements were made with strain sensing, and displacement was
measured by a dial indicator.
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Figure 3.18: Static deflection in a milling machine.

Another experiment has been carried out on the same machine by Abramson
that was based on holographic interferometry [3–14]. As mentioned before,
this method is the most appropriate technique for evaluating machine-body
deflection. The loading arrangement was the same. The force applied
between the tool and workpiece and between two exposures was 1,000 N.
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The wavelength, �� of the He-Ne laser used in this test was 0.6328 �m.
Every fringe represents a displacement of about 0.32 �m, 0.5�� normal to
the plane of the photograph as shown in Figure 3.19. Straight fringes
represent a tilt around an axis parallel to the fringes. Curved fringes
represent deformation. A fixed reference surface is seen on the lower right.

Figure 3.19: Deformation analysis of a milling machine
by holographic interferometry [3–14].

In this study, 50 fringes have been recognised, which means the knee has
tilted in such a way that its outer corner has moved a distance representing
50 times half the wavelength or some 16 �m. The displacement, yK, between
the middle of the work-table and tool-holder approximately equalled 12��m.
The total displacement (ySp + yL + yK), in 1,000-N loading according to the
first experiment, was 35��m.

Bearing deflection, yL, typically accounts for 30 to 50% of the spindle
deflection, whereas the shaft and the spindle housing deflection account for
50 to 70% [3–9]. The material selection for the shaft and housing can
improve spindle stiffness significantly. It is interesting to note that, in
milling and drilling, the weakest and most elastic element in the system is
the tool.
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Figure 3.20: Deflections in spindle shaft, ySp, bearings, yL,
and spindle house in relation to work table, yK [3–20].
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4. AUTOMATED SIZE CONTROL IN NC-TURNING
The lack of self-adaptive skilled operator in an automated machining
environment means that inspection and controlling tasks are to be performed
by automated equipment. Size control has been a solution for dealing with
the geometry of a workpiece. An ‘in-process’ measuring system has been
defined as the measurement of workpiece dimensions, whereby the part is
positioned on the machine tool, and machining process is in progress.
Necessary information is provided by in-process measurement, so any
correction can be made in real time [4–3], [4–4].

Achieving a real-time control system has been a major goal in the last three
decades. In-process measurement and control systems have been a reality in
grinding environments, but not in turning operations. A survey in this matter
and the available technology for the in-process control of machined product
is presented in this chapter.

4.1 Real-Time Control in Turning and Grinding
Numerous disturbances during turning operations affect the accuracy of
workpiece diameters and make it difficult to keep them within close
tolerances. A real-time control system based on in-process measuring has
been the centre of attention for more than three decades. In the case of
turning, such a system is still lacking, for various reasons presented in this
section. On the other hand, the desired system has been successfully reached
in cylindrical grinding for quite some time. Grinding is naturally more
suitable for this type of measurement. A comparison between these two
processes can be classified as the following points [4–8]:

1. The differences in characteristic of these metal removal processes.
Turning is a simple point cutting process that generates a very short
cylindrical surface. This is why placing a sensor in the plane of the
cutting tool tip is almost impossible. On the other hand, grinding is a
multiple point cutting process that provides a wide measurement area.

2. Removing small amounts of material from a workpiece in very small
steps (transverse feed) or during a continuous process (plunge-cut)
causes a gradually and ‘smooth’ entrance into a tolerance zone. In
turning, the tooling allowance removes material in relatively big steps.
The machining result therefore enters the tolerance zone by leaps that are
considerably bigger than the tolerance range, see Figure 4.1. A finishing
process using smaller cutting depths increases control possibilities, albeit
this is not recommended because of resulting longer lead-times, risks for
chatter and build-up edges.
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Figure 4.1: The principle entrance of machining results
into tolerance zone in grinding and turning.

 

3. Various types of chips, machine tool and workpiece vibrations and high
workpiece rotation rates in turning operations cause much more trouble
for diameter measurement during the process.

4. Fine surface texture in grinding is a reason to support in-process
measuring.

5. Good quality machine tools contribute to more correct positioning.

6. The required control strategy for grinding is based on a simple on-off
system that stops the feed motion when the theoretical size has been
achieved. In turning, the measured section is part of a final stage. The
time delay (tm + tc) between sensing and correction is a critical parameter,
see Figure 4.2. However, the correction time (tc) is negligible.

 
 In other words, any real-time correction for the measured section by size
control is impossible. Correction of the reminding section is effectual at the
expense of surface texture.
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Figure 4.2: An in-process correction of cutting depth
produces a short section that is outside the tolerance
range and causes a deterioration of surface texture.

The above-mentioned points explain the different properties of turning and
grinding and explain why an in-process measuring and control system has
successfully been applied in grinding, but not in turning. This is the main
reason that some experts believe “An in-process measurement of the
workpiece diameter while turning has been found impractical” [8–4]. In the
same paper, the authors refer to papers by Novak [8–5], Shiraishi [8–6] and
Bath [8–7] and declare that extensive information is available “on a variety
of systems proposed for in-process measurement of diameter while turning,
but neither seems to be suitable for use in workshop conditions”.

4.2 An Overview of Obtainable Sensing Technologies
This part contains a brief overview of the obtainable automated inspection
methods for an accurate in-process measurement of the diameters of
rotational symmetric workpieces. The existing in-process measurement
techniques for turning comprise mostly experimental methods because of
various disturbance sources such as high rotation rates, different type of
chips and cutting fluid.

In general, these measurement techniques can be classified as direct and
indirect methods, depending on the operation principles. The methods of
measuring the diameter of a workpiece directly eliminate the effect of error
sources such as tool wear distortions and machine errors. In indirect
measuring systems, the diameter of the workpiece is evaluated from radius
measurements.
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The measuring techniques can be classified into five main methods:

� Mechanical
� Optical
� Pneumatic
� Eddy current
� Ultrasonic

4.3 Mechanical Methods
A calliper-type measuring system is a popular method of direct
measurement. This method is based on inductive distance measurement and
is the most applicable commercial gauging system in grinding operations.
This is one of the main reasons that it is possible to produce parts with very
close dimension tolerances in grinding operations. The possibility of
measuring inside diameter is a big significant advantage.

Feed control

Grinder control panel Monitor

Caliper-type
gaging device

Grinding wheel

Workpiece

Figure 4.3: Application of calliper-type gauge into a
grinding process [4–3].

On the other hand, the employment of this method in a turning process has
significant drawbacks, drawbacks that make such an application almost
impossible to realise. These disadvantages may be classified as a simple
point cutting process, different types of chips, rough surface texture and,
above, all high workpiece rotation rates. Aquaplaning and the wearing of
contact heads represent significant drawbacks, even if the system is applied
to a grinding process.

The schematic diagram of a calliper-type measuring instrument for direct
gauging in turning machines is shown in Figure 4.4. This is not suitable for in-
process inspection. The shanks have sintered carbide contact pads and are
moved by a pneumatic conveyor. The system needs a handling device such as
a portal to transport the callipers to a different area of the workpiece [4–2].
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Figure 4.4: Calliper-type mechanical method for on-line
measuring [4–2].

Measuring the workpiece’s peripheral speed by using a friction-roller type
gauging instrument and counting the number of workpiece revolutions is
another mechanical method. Accuracy depends on the type of material and
the size of the part. Rigid workpieces and large diameters produce better
results. Slip between the workpiece and the friction roller is the chief
drawback, which has limited the general application of this method in
industry.

Marking disk

Tool

Chuck

Computer and
Display

Sensor

Rotation signal Roller rotation signal

Tail stock

Roller

workpiece

Figure 4.5: The friction-roller type in-process measuring
instrument [4–9].

In general, machine or workpiece vibrations are a significant disadvantage
that may damage the measuring equipment. This is the main reason limiting
the use of mechanical methods in turning operations. On the other hand, a
probe in mechanical contact with the workpiece is a well-known in-direct
measuring device that is often mounted on a tool turret. The measuring
principles of a touch-trigger probe is based on a spring loaded ‘finger’ or
‘stylus’ that, when it comes into contact with workpiece, immediately
initiates an electrical sign [4–1].
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This system is one that has crossed the border between experimental and
commercial environments. The accuracy of the method is subject to the
accuracy of an individual machine’s positioning system. This is the main
drawback of probe-type measuring systems. The probe touches the
workpiece surface on only one side of the axis of rotation, which is another
important disadvantage.

The position of the rotation axis changes due to thermal deformation or
machine-geometric errors. Parallelism, run-out errors and a deflection of the
workpiece caused by the cutting force all affect the predetermined position
of the workpiece. These events, which more or less relate, to the machine
and the machining process, cause significant deviations in the measured
results. Measuring the workpiece twice or more on opposite sides of the
rotation axis reduces the error at the expense of time. Risk for a collision
between workpiece and probe has been a real concern [4–4].

Normally, indirect size control – tool tip measurement by a touch probe – is
less accurate than other methods. The difficulty to find a fixed location for a
gauging head is the most common reason for poor accuracy [4–12].
However, in workshops, the touch probe system has been accepted as being
more reliable and quite a few of the new NC-turning machines are now
equipped with this measuring device.

4.4 Optical method
Optical measurement sensors are increasingly available, often finding
application in the measurement and inspection of manufactured products. These
systems can be classified either as a projection system [4–10] or as an edge-
detection system by using a light beam. In general, optical methods have a
capability for in-process sensing, but applications in turning processes has
proved difficult due to numerous disturbances in the machining environment
caused by such things as coolant, swarf, oil and dust.

Figure 4.6 illustrate the principle of a calliper-type optical instrument
developed by Novák. This system uses twin He-Ne laser beams for detecting
workpiece edges. The laser beam is split into three equal beams, one used as
a reference beam and two others, for edge-detecting. Parallelism error
between the beams has been minimised by employing a pentagon prisma.
Diameters up to 280 mm can be measured utilising this system, with a
resolution of 1 �m and an accuracy of 10 �m [4–5, 4–11].
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Figure 4.6: The principle of electro-optical sensing of
workpiece diameter [4–5].

Another optical sensor is the laser displacement sensor, based on the
triangulation of a light beam implemented in turning [4–6]. A laser beam is
emitted from a laser diode, and this beam is diffusely reflected by the object
to be measured. Laser triangulation is considered as the most appropriate
technique for dimensional inspection [4–14].

Laser

Photo detector
�a

Lens1

Lens2

Figure 4.7: Principle of diameter measurement by the
triangulation method [4–6].
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This technique combines the benefits of noncontact inspection with the
ability to measure with sub-micrometer accuracy. Two types of optical
detectors – position-sensing detectors (PSD) and pixelised-array detectors –
are used for detecting laser beams reflected from workpiece. The resolution
of the system is stated to be 1 �m, and total errors for workpiece dimensions
are within about ±10 �m. However, this sensor type is sensitive to the
reflectivity of the object, which represents a major drawback.

4.5 Pneumatic Method
A pneumatic measurement of workpiece diameter is based on the gauging of
surface location by an air jet stream and the obtaining of a signal from the
variation in back pressure in the air feed line. The system converts the
pressure drop in the gap between the air nozzle and the workpiece into an
electrical signal. A very small measuring range, only about 0.01 inch (0.254
mm), is one of the main disadvantages of the technique [4–16]. This
drawback is one of the reasons for unsatisfactory application in turning.

This technique has also been applied to honing. Honing is an alternative to
internal grinding, for instance, for finishing large diameter bores. In this process,
abrasive sticks are loaded against the bore and rotated and oscillated in an axial
direction [4–15]. The more satisfied results in this application depend on good
surface texture and a modest material removal rate.

  Air nozzle

Tool

Workpiece

Figure 4.8: Schematic for pneumatic in-process
measurement in honing [4–17].
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4.6 Eddy Current
The eddy-current sensor uses an open magnetic core having high
permeability and an excitation winding driven by an A.C. source. The
magnetic field of the coil will induce a circulating current in the surface of
workpiece that is a short distance away from coil. The generated eddy
current induces a secondary magnetising field opposite in direction to the
primary field that carries information about the gap between sensor head and
workpiece, see Chapter 7.

4.7 Ultrasonic Method
In this technique, ultrasound travels to the workpiece and is then reflected
back to the transducer. By determining the transit time, the distance between
the work surface and the transducer [4–3] can be calculated. An on-line
application of ultrasonics relates to the measurement of the thickness of
silicon wafers during lapping [4–18]. Any application in the turning is
unknown.

4.8 Conclusions
Based on the above-mentioned factors, the key statements in this thesis can
be listed as follows.

1. An automated measurement of workpiece diameter and, thereby, a
correction of the tool path, before the finishing cut is made, is the most
suitable control measure for most turning cases. This is the main reason
that, in this thesis, focus has also been directed to the measuring systems
that are mainly suitable during the interruption interval between cuts.
Automated and more accurate on-machine gauging is subject to the
employment of new systems, i.e. laser calliper as well as diameter
measurements based on the laser Doppler effect, which were presented in
Chapters 5 and 6.

2. In-process gauging is not excluded by the above statement. A real-time
control strategy based on an in-process measuring system is both desired
and possible. The necessity of such a system has been expressed because
of tighter inspection and control processes. An in-process measurement
system based on eddy-current principles is presented in Chapter 7.

3. Finally, a real-time control system can be achieved not only necessarily
by utilising size control, but also by means of deterministic size control.
Due to complications causes by various error sources, this method is
more suitable but represents a long-term strategy, see Chapter 2.
Recently, a number of studies covered the different parts of this strategy
such as the prediction of machine-tool thermal behaviour [3–7, 3–8, 3–
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10], tool-wear conditions [4–13] and machine-tool static and dynamic
behaviour. An in-process measurement is also not excluded in this
strategy. It will mainly be used as a tool, albeit not for controlling a
process but solely for monitoring purposes [4–8]. Owing to the lack of
adequate tool-wear prediction or detection, in-process workpiece gauging
still remains a reliable method for tool-wear measurement as well as the
elimination of pre-resetting processes. This is another reason for
achieving an in-process measuring system in this thesis.

A summary of the features of the available measurement methods is
presented in Table 4.1. As mentioned before, in this thesis, eddy-current
techniques have been chosen for in-process applications due to their
excellent environmental stability. Optical methods are considered for on-
machine applications owing to their high resolution and accuracy.

Table 4.1: Application criteria for measurement methods for workpiece
diameter.

Feature Capacity Mechanical Pneumatic Eddy
current

Optical

Accuracy excellent good good very good very good
Measuring range small good very small medium Medium/excellent1

sensor size small medium large small quite large
target size small area point contact small area small area point scanning
Environmental
stability
(oil, water, dirt)

problematic problematic excellent excellent problematic

(vibration) good2 problematic good excellent excellent

4.9 References
4–1 Waters F., 1994, Productivity Enhancement of CNC Machine Tools
by the use of Touch Trigger Probing, International Symposium on
Mechatronics, Mexico City.

4–2 Ulding L., 1995, Automatisk mätning i svarv, SMT Machine AB

                                                     
1 Variation in the measuring rang depend on the optical methods used. While an
optical triangulation sensor has a medium measuring rang, an  optical sensor
developed by Novák [4-5] or the laser calliper s presented in Chapter 6 demonstrate
excellent measuring ranges.
2 Chatter with relative high amplitude may damage the sensor due to its small
measuring area.



4 Automated Size Control in NC-turning

4.11

4–3 Yandayan T., Burdekin M., 1996, In-process dimensional
measurement and control of workpiece accuracy, International journal of
machine tool manufacture, 1997, ISSN 0890-6955.

4–4 Szafarczyk M., Misiewski M., 1983, Automatic Measurement and
Correction of Workpiece Diameter on NC Centre Lath, Annals of the CIRP
Vol. 32/1/1983.

4–5 Novák A., 1981, Sensing of Workpiece Diameter, Vibration and
Out-Off-Roundness by Laser-Way to Automate Quality Control, Annals of
the CIRP Vol. 30/1/1981.

4–6 Shiraishi M., 1979, In-process Control of Workpiece Dimension in
Turning, Annals of the CIRP Vol. 28/1/1979

4–7 Bath M., Sharp R., 1968, In-process Control of Lathes Improves
Accuracy and Productivity, 9th M.T.D.R. Conferance, 1968.

4–8 Iravani Ebrahim, 1998, Adaptiv Mätstyrning vid svarvning med
fokus på laserskjutmått, Woxénrapport nr 17, IMP-Production Engineering,
The Royal Institute of Technology, ISSN 1402-0718.

4–9 Lee, R. L., 1963, Turning railway wheel sets, Machinery.

4–10 Vikhman, V. S., 1963, Application of the television computing
technique in automatic control of dimensions, Meas. Techn.

4–11 Novák Arne, 1976, Adaptive Control as a Part of the Manufacturing
System, Doctoral Thesis, The Royal Institute of Technology-Stockholm.

4–12 Rudquist Bengt, 1982, Indirect Size Control in NC-Turning, The
Royal Institute of Technology-Stockholm, Annals of the CIRP Vol.
31/1/1982.

4–13 Novák A., Wiklund H., 1996, On-Line Prediction of the Tool Life,
Linköping Institute of Technology-Sweden, Annals of the CIRP Vol.
45/1/1996.

4–14 Kennedy, William P., 1998, Noncontact Measurement: Can Laser
Triangulation Help You?, CyberOptics Corp Source: Quality v 37 n 9 Sep
1998, ISSN: 0360-9936.



4 Automated Size Control in NC-turning

4.12

4–15 Shaw Milton C., 1996, Principles of Abrasive Processing, Oxford
Science Publication, ISBN 0-19-859021-0.

4–16 Militzer, R. W., 1965, Automatic Sizing Techniques for Production
Honing. Tool. Prod. 31 July 1965.

4–17 Anon, 1981, Mätteknik för verkstäder – del 2, Mekanpublikation
ISBN 91-524-0621-0.

4–18 Tsutsumi M., Ito Y., Masuko M., 1982, Ultrasonic In-process
Measurement of Silicon Wafer Thickness, Tokyo Inst of Technology, Dep
of Mechanical Engineering for Production, Tokyo, Precision Engineering v
4 n 4 Oct 1982 p. 195–199 ISSN: 0141-6359.



5.1

5. LASER MEASUREMENT IN TURNING
Three main measuring methods based on lasers have been applied in the
experiments of this study. A laser scanner has been used to detect respective
edges of a workpiece as part of a developed laser calliper. A laser surface
velocimeter, a gauging device based on the Doppler principle, was employed
for the indirect measurement of workpiece diameters by measuring surface
speeds and rates of rotation. The Measurement of position error in the
machine tool was carried out by utilising laser interferometry, which is the
most accurate and usual way to inspect a machine tool. This chapter
provides an overview of the main laser principles as well as the measuring
methods that have been employed in this study1.

5.1 Basic principles
Since laser action was first successfully demonstrated in the early sixties,
the laser has been one of the most important inventions of our time. It is of
vital importance for areas such as medicine, communications and
manufacturing industries. The term LASER is an acronym for “light
amplification by stimulated emission of radiation”. For any theory and
application of the laser to be accepted, it must be able to explain the nature
of light and how vision takes place.

Interference demonstrated by Young in 1801 could be explained solely in
terms of light waves. This marked a turning point from Newton’s theory that
suggested that light consisted of streams of particles to the wave theories of
Hooke and Huygens, who assumed that light had a wave-like nature [5–1].
The disturbance �(z,t) for a harmonic wave, that propagates in the z-
direction, is given as:

� �� z t U
z

vt, cos� �
�
�
�

�
�
	 


�

�


�

�
�2�

�
� (5.1)

U � the amplitude
� � the wavelength
� � the frequency
k � 2� �/  the wave number
� �Displacement of the electric vector at some points such as z � 0 , when
t � 0 .

                                                     
1 A novel measuring principle for gauging the diameter of cylindrical parts will be
presented in Chapter 10. This system is based on using the minimum spot size of a
focused laser beam as a detection point of the measured object’s edges and a linear
encoder for measurement of the distance between them.
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Figure 5.1: �(z,t) represents the field in an electromagnetic
wave.

Equation 5.1 can be written as:

� �� z t U kz t, cos( )� � 
� � (5.2)

where the radian frequency (�) is given by:

� ��� 2 (5.3)

v � �� (5.4)

Equation 5.1 describes a plane wave that propagates in the z-direction,
which gives equal phases for all x, y; however, electromagnetic waves are
three dimensional waves. Equation 5.3 describes the field at an arbitrary
point with radius vector for a three dimensional r x y z� ( , , )  waves
propagating in the direction of a unit vector n.

� � �( , , , ) cos[ . ]x y z t U kn r t� � � (5.5)

The expression in Equation 5.3 can be written in complex form as

� �� � �( , , , ) Re ( )x y z t Uei t� � (5.6)

where

� �� �kn r. (5.7)
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In Equation 5.6 “Re” can be omitted because the field of wave phenomena is
described by the real part.

� � � � �( , , , ) ( )x y z t Ue Ue ei t i i t� ��

The temporal dependent part ( ei t� ) in Equation 5.8 is known for each
frequency component and may be omitted. The rest of equation, Uei� ,
which is often called the complex amplitude, is the most important part of
spatial distribution of the field. This expression represents both the
constants U and� :

u Uei� � (5.8)

5.2 Laser
The monochromatic property, one of the most important characteristics of
the laser, means that all waves have equal wavelength with the same state of
polarisation.

E1

E2

M1M2

E1

E2

M1M2

Figure 5.2: Stimulated emission caused by decreasing
energy from E2 to E1 in the gas atoms as amplification
media. The mirrors M1 and M2 have reflection indices of
100% and 95%, respectively.

Coherence is another important property that is based on the fact that the
stimulated wave is in phase with the stimulating wave. This phenomena is
specified in terms of temporal coherence and spatial coherence.

This definition describes the main difference between laser light and the
ordinary light such as from a light bulb or the sun. The different waves from
an ordinary source are independent of each other with regard to their
wavelengths and their phases.
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t

Laser

Figure 5.3: A perfectly coherent beam from a ‘perfect’
laser light and the waves from an incandescent light bulb
[5–2].

Spatial coherence: the light is transversely coherent, this means that all the
waves in a cross section through the laser beam oscillate in phase.

Temporal coherence: the light is coherent in time, which refers to the
relative phase relationship as a function of time.

t

x

Figure 5.4: A beam that is coherent on the cross section
(x), i.e. spatial coherent. That is only partial temporal
coherent and the waves simultaneously change their
phases.

An ideal laser would emit a beam with only a single frequency but in reality,
there is no laser with perfectly monochromatic emission because of
mechanisms such as natural damping and, above everything, the Doppler
effect. In general, the spectral output from a laser depends mainly on three
effects.
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1. Resonator configuration: The waves whose modes land on enclosed
mirrors on each side of cavity can be emitted from a laser. Equation 5.9
shows the relationship between every possible wavelength and the cavity
length. Differences between each two adjacent frequencies (�f ) are
calculated by Equations, 10 and 11, where L is the distance between the
laser mirrors and c is the speed of light.

 

 L p p� ( / )� 2        p � 1 2 3, , ,...   (5.9)

 � p L p� 2 / ,� p L p
�
� 
1 2 1/ ( ) (5.10)

 �f f f c cp p p p� � � �
� �1 1/ /� � (5.11)

 Rearranging the equation by replacing the wavelengths by Equations
5.10 gives:

 

 �f c p L c p L� � �[( ) / ] [ / ]1 2 2 (5.12)

 
 And finally the result is:

 

 �f c L� / 2 (5.13)

 
2. Threshold condition: The light is amplified by an amplifying medium in

the cavity on the one hand and is weakened by absorption on the other.
The second condition for laser frequencies is that the stimulated emission
rate should be larger than the loss rate. In other words, the effective gain,
or the round trip gain (G), should be higher than unity at the beginning;
otherwise the oscillations will tend to die out. The gain in continuous
lasers becomes constant at the threshold value. G>1 would increase
cavity energy permanently, G=1 is a necessary condition for steady state
laser operation.

 
3. Broadening: Spectral broadening due to the Doppler effect is a result of

the atoms that emit radiation being in constant movement. The frequency
of the emitted radiation changes depending on the velocity and direction
of movement. Equation 5.14 gives the range of incoming frequencies [5–3].

� �� � �� � 1 v c (5.14)
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where v is the atom velocity component along the observation direction
and c is the speed of light. The spectral halfwidth �� is given by

��
�

�
2v

c
(5.15)

A smooth shifting between the amplifying and weakening of the resultant
beam in the particular distances is the main result of the frequency spectral.
The coherence time and the coherence length are two important quantities
that are related to temporal coherence and that have a crucial role, above all,
in an interferometer. Coherence length has been defined as the interference
visibility width where the intensity has been reduced to the root of 0.5 for
each two halves of each wave train they can interfere, Figure 5.6.

According to the relationship v �� c in Equation 5.15, the frequency
distribution of the radiation is relatively small (�� ��� ) and is dependent
on cavity length (see Equation 5.13). A long cavity produces a short
coherence length, but relatively high intensity. White light with spectrum
ranges from 4.3 to 7.5×1014 Hz has a spectral width about 3×1014 Hz. In the
other words, coherence length for white length is about 1 mm.

c
L2

G<1
G>1

��

Allowed
modes

�

Irr
ad
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e

c
L2

Figure 5.5: Gain profile for a gas laser as a result of the
allowed cavity modes, the broadened laser transition line
and level representing the losses [5–4].
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Lc

2L

Lc

Figure 5.6: Intensity distribution resulting from more
than two resonator modes.

5.3 Interference
Interferometry is one of the most important applications of lasers in
industrial measurement. This measuring system constitutes one of the most
usable position sensing systems for the inspection of CNC-machines. A
schematic optical layout to illustrate the principle of interferometry is shown
in Figure 5.7. The original laser beam is split into equal parts by a beam
splitter. Two beams, u U ei

1 1
1

�
�  and u U ei

2 2
2

�
� , travel different paths (2L1

and 2L2) and after reflection from mirrors M1 and M2, recombine at the beam
splitter. The intensity I of resulting field u is the sum of the two partial
beams:

u u u� �1 2

� �I u u u U U U U U� � � � � � � �| | | | cos2
1 2

2 2
1
2

2
2

1 2 1 22 � �

I I I I I� � �1 2 1 22 cos�� (5.16)

The intensity of the resulting field depends not only on the sum of the
intensities, but also on the phase differences between two partial waves.
Equation 5.16 can be rearranged because the two waves have equal
intensity.

� �I I I� � �
�
�
�

�
�
�2 1 4

20 0
2cos cos	
	

�
�

(5. 17)

According to Equation 5.17, the resulting total irradiance depending on
phase differences may be anything between zero and I0. As Figure 5.7
illustrates, constructive or destructive interference occurs when the two
fields are in phase or out of phase.
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Figure 5.7: Resulting interference

Phase differences in interferometry are generally dependent on different
propagation paths, whereby the partial waves undergo different phase
contributions. In Michelson’s interferometer, a displacement, x, of mirror M2,
which might be mounted on a movable object, gives a path length difference
2x, see Figure 5.8. This results in a phase difference equal to
�� � �� ( / )2 2x .

L1

L2

M1

M2

u1

u2

M2

x

Original beam

Beam splitter

Recombined
beam ( )u

L1

L2

M1

M2

Laser

u1

u2

M2

Figure 5.8: Schematic optical layout to illustrate
Michelson’s interferometer. Mirror M2  can move along
the L2 while M1 is fixed. Displacement x can not be more
than half of the coherence length [5–3].
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5.4 Laser Doppler Velocimetry
Laser Doppler anemometry is a technique for measuring fluid velocity by
sensing the Doppler shift of laser light scattered by small particles moving
with the fluid. This sensing system works on any surface, including paper,
wood and metal. In recent years, this method has been employed in various
speed sensing applications such as those involving the paper, wood and
metal roll industries. Applications for turning by measuring the
circumferential velocity of the cylindrical workpiece and thereby estimating
the workpiece diameter is a part of this study.

5.4.1 Basic Principles

Interference fringes of the Michelson interferometer would be moved at a
frequency, f, when the mirror M2 is moved continuously at velocity, v. The
light reflected from a moving source of waves, as M2, will undergo a
Doppler frequency shift given by Equation 5.14. It is interesting to note that
an interferometer and a Doppler velocimeter are almost the same instrument.
The interferometer measures the number of fringes, which presents a
distance, whereas the Doppler velocimeter measures the number of fringes
per second [5–6]. The moving mirror could be replaced by any surface or
even by air bubbles in liquid or by dust in gaseous flows.

Fluid flow

L1

L2
D

Laser source

B

P

Figure 5.9: Schematic overview of a dual-beam back
scatter laser Doppler velocimeter.

In the arrangement in Figure 5.9, the original laser beam has been divided
into equal beams by a beam splitter, B, and these are focused by a lens, L1,
into the fluid flow. When a particle passes through the measurement area
where the beams crosses, it scatters light from each beam. The frequencies
of this scattered light are Doppler shifted.
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The newly produced frequencies are very close to the reference light
frequency regarding more ordinary speeds, i.e. motions slower than several
hundred metres a second, as shown in Equation 5.14. The frequency
detection difficulty is overcome by optical heterodyne detection thereby
producing a signal that oscillates at the frequency difference between the
two waves [5–8]. The Doppler frequency shift in the reflected light from a
moving object is given by

f c� � � � �� � � �2 2v v (5.18)

The fringe model of the laser velocimeter and the moiré pattern is also
employed as an alternative explanation to describe the nature of the Doppler
signal in the dual-beam method. The complexity of a general mathematical
treatment of laser Doppler anemometers has led to the introduction of a
simplified model (the fringe model) which permits the sinusoidal Doppler
signal to be explained as resulting from scattering particles crossing fringe
planes inside a measuring control volume [5–5].

Laser beam A

Laser beam B

Figure 5.10: Illustration of measuring volume by the
generation of moiré patterns formed by two linear
gratings. In the same way, two laser beams with
wavelength, �, intersect at an angle, 2�, on the moving
surface, where they form a pattern of very fine fringes.�

As shown in the Figures 5.10 and 5.11, the fringes will be parallel to the
bisector of the beams and normal to the direction of the measured
component of the velocity. Particle A in Figure 5.11 (passing through the
alternate bright and dark bands) will scatter light whose irradiancy will vary
proportionally to the particle velocity [5–3].
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A

V

�x

Figure 5.11: As particle A, on the measurement target
surface, passes through the interference fringes, the
detector produces a Doppler signal. The frequency of the
signal is the number of fringes passed per second.

The distance between fringe, �x, depends only on the beam intersect, 2�,
and the laser wavelength, �, both of which are known and constant. As
shown in Figure 5.11 a point, A, on the moving solid surface that passes the
light and dark lines with a speed, v, scatter light with a frequency, fd. In
other words, this frequency is obtained by the phenomena that particle, A, is
slightly moving toward the beam A and slightly moving toward the beam B.
However, the relationship between laser Doppler frequency and target
surface velocity, v, is given by

v � �x f d. (5.19)

where �x is depends on intersection angle, 2a, between two crossing beams
and laser light wave length, �. The fringe separation, �x, is also given by

� � �x � 2sin (5.20)

5.4.2 Laser Doppler Velocimetry in Turning

The system has been employed in turning processes in order to measure
workpiece diameter when the rotational speed is known. The diameter of the
workpiece is estimated by measuring its circumferential velocity and angular
rotation (Equation 5.22). Two series of experiments have been carried out.
In the first step, a special arrangement was used that contains a D.C. motor,
a tachometer and a cylindrical measuring object with a diameter of 80.00
mm, see Figure 5.14. The second series of experiments were carried on a
CNC turning centre, SMT Swedturn 500.
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A commercial laser surface velocity measuring system, LSV-100, manufactured
by Polytec, was employed. A diode laser with a wavelength of 670 nm was used
in this equipment. The intersection angle between the two laser beams, 2�, is
about 5 degrees, which provides a 40 mm measurement spot length and 3 mm
measurement spot diameter. The stand-off distance from the workpiece was 500
mm, which is the focal length of the transmitting lens.

5.4.2.1 Measuring resolution
The theoretical resolution of the measuring system depends on laser
wavelength and optic geometry. With regard to constant wavelength, the
intersection angle between laser beams is the main parameter that affects the
fringe spacing �x. A small intersection angle increases measurement spot
length and stand-off distance from the workpiece, but reduces the number of
fringes. An increased fringe spacing deteriorates the measuring resolution and
accuracy. However, in the case of workpiece diameter measurement, the
theoretical resolution will be within �x/n�, where n is the number of
revolutions of the workpiece [5–9], [5–10]. It is important to emphasise that
the accuracy of the revolution indicator is the second significant parameter for
this measuring method.

Figure 5.12: Influence of intersection angle between the
laser beams on geometry of fringe pattern [5–7],
a) ��= 7°,  b) � = 11°,  c) � = 14°,  d) � = 20°.
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In this application an accurate adjustment of the stand-off distance is avoidable
because the employed system has a 40 mm effective measurement spot length. In
general, the accurate stand-off distance, which provides the biggest measurement
spot diameter, increases measurement accuracy.

An accurate focusing has one other important aspect as well, related to the
position of the measurement volume on the workpiece circumference.
Measuring the real circumferential velocity, vr, demands that the bisector of
the beams should pass the workpiece centre. As shown in Figure 5.13, due
to the position error, �, the measured velocity, vm, is a component of the real
velocity and normal to the bisector of the beams. Equation 5.21 shows the
rate of the measurement error, �.

� �� � �( cos )1 v r (5.21)

The error rate caused by a position error angle of 1 degree is approximately
0.015% of the measured value. That is equal to a 15 �m error when
measuring a 100 mm workpiece. The position error angle, �, is defined as:

 � �� arctan( / )R

Sensor 
Radius R

Position Error �

Measured Velocity ( )vm

Angle �

���

Real Velocity ( )rv

Workpiece

  �

Figure 5.13: The circumferential position of the
measuring spot is a significant parameter.

5.4.2.2 Basic experiments
Investigation for application possibilities of this measurement system on
machined parts was the main purpose of the basic experiments. A machined part
with a diameter of 80.00 mm was chosen as the measurement target. Different
circumferential speeds were tested. The speed rates close to 200 m/min, i.e.
velocities between 192 and 198 m/min, are presented. In these tests a PC-
computer and a National Instrument data acquisition board, AT-MIO-16, with a
14-bits A/D-converter were used. The sampling frequency was 100 Hz.
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The measuring accuracy of the LSV system is 0.1% of the measured value,
according to the specifications. This means that the same accuracy is valid
for estimating the workpiece diameter. In other words, uncertainty in
measuring a 100-mm workpiece would be ±100 �m in radius. This
measurement uncertainty rate, being too high, is unacceptable in almost all
machining processes. As mentioned in the last section, resolution and
accuracy could be improved by measuring of a number of revolutions.

Cylinderical
Target

Sensor
Head

D.C. motor

Tachometer Current Supplier

Control Processor

Figure 5.14: The test arrangement for performing of basic tests.

In the performed experiments, the analogue output from both measurements
devices, i.e. laser velocimeter and tachometer, are represented as Uv and Un.
The experiment results confirm the accuracy rate that is declared by the
manufacturer. As mentioned before, significant improvement in the system
accuracy could be achieved by measuring the same periphery during a
number of revolutions and calculating a mean velocity. The diameter is
calculated by
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c U
c U

c
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U
U
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n n
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� � � � � �
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(5.22)

where cv and cn are the conversion coefficients for velocity and rotation
magnitudes, respectively, and n is the number of revolutions per time unit.
These coefficients could be assessed individually by calibrating the
respective variables. This can be avoided by determining the relationship
between the workpiece diameter and parameter K. In this study parameter K
is defined as criteria that the measuring system accuracy could be estimated.
This criteria parameter is expressed as
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K
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�

(5.23)

The experiment results are presented in the Table 5.1. Besides the analogue
value of the velocity, the displayed values of velocity, v, are presented as
well. These values, which are registered with an accuracy of ±0.5 m/min,
only offer an idea about the velocity range and are not involved in the
calculation of accuracy criteria parameter, K. The data acquisition time for
each test was 20 seconds and the sampling frequency was 100 Hz. Both
voltages are shown as the mean values

U
U U U

i
i

�

� ���� �1 2 (5.24)

where i is the number of sampling.

Table 5.1: The basic experiment results show that laser velocimeter can be
employed as an appropriate measuring system in turning processes

Test fs
(Hz)

sampling
time (s)

 v (m/min) U v  (mv) Un  (mv) K U Uv n�

1 100 20 198 9370 4968 1,8858
2 100 20 196 9307 4935 1,8856
3 100 20 195 9252 4907 1,8851
4 100 20 195 9247 4902 1,8862
5 100 20 192 9113 4833 1,8855

These results clearly confirmed that the technique is suitable for diameter
measurement in machining processes. As shown in Figure 5.15, there is a
good correlation between the two signals that is calculated to 0.99. Variation
in the criteria parameter, K, is presented in Figure 5.16.

Experimental results showed a non-linearity error that is confirmed in the
experiments carried out on the turning machine as well. This matter is
discussed in the next section. The differences in value of K for two set of
data for v =195 m/min are represented as an example for repeatability.
However, the measurement uncertainty of the commercial system has been
reduced to less than 0.01% of the measured value by calculating the mean
values.
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Figure 5.15: Experimental velocity and rotation signal
curves.
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Figure 5.16: The curve of accuracy criteria parameter,
K, which is a measure of system accuracy by comparison
between the signals for the velocity and rotation.

5.4.2.3 Measurements in Turning Machine
The basic experiment results clearly confirmed that the technique is suitable
for diameter measurement between tool passes in machining processes. In
order to further investigate the technique in a real machining environment, a
laser velocimeter was tested in a Swedeturn 500 CNC turning machine. As
shown in Figure 5.17, the sensor was located on a fixture outside the machine.
Installation on the turret is another option for positioning the sensor device.
Easier re-positioning of the sensor for different diameters is the major
advantage of the latter alternative. Elimination of the machine vibration effect
on the sensor is the main advantage of the positioning equipment outside the
machine.
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The measured parts diameters were 85.00 and 66.70 mm. The analogue
signal for rotational speed from the control system was used as an r/min
value of the spindle. This signal is produced by a pulse transducer that,
compared with the tachometer, minimises the non-linearity error contributed
by the rotational speed sensor. A DSP signal acquisition card with a 16-bits
A/D-converter device was employed. The sampling frequency was 500 Hz.

Figure 5.17: Laser velocimeter in measuring workpiece
diameter in a CNC-turning.

For investigating non-linearity problems, a wide range of velocities was
selected. In Tables 5.2 and 5.3, the results of eighteen tests are presented
covering the velocity rates from 20 up to 160 m/min. The measurement time
was different for each test from 7 up to 20 seconds covering thousands of
samples. As shown in Figures 5.18 and 5.19, the circumferential velocity
and rotational speed signals, Uv, Un, display excellent correlation, 0.999.
This correlation coefficient is calculated from the mean value of the signals
obtained from Tables 5.2 and 5.3. This coefficient is an improvement
compared to the basic experiment results, which is a result of a more
accurate rotation speed sensor in the turning machine.

As mentioned before, the parameter K is the main criteria from which the
measuring system accuracy could be estimated. According to Equation 5.23, the
magnitude of K should be constant for gauging the same diameters regardless of
the velocity rate. The velocity and rotational speed, v and n, in Tables 5.2 and
5.3 were collected from sensor control and turning machine displays. These
magnitudes are not involved in calculating the accuracy parameter, K.
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Figure 5.18: Experimental test of 10 velocities (a) velocity signal (b)
and rotational speed signal (c) K U Uv n� where each figure represents
a mean value of 500 samplings of the signal in question.

Table 5.2: The experiment results from workpiece velocity measurement in
turning.

Test fs (Hz) sampling interval n (rpm) v (m/min) U v (mv) Un (mv) K U Uv n�

1 500 1-4000 79 20 378.82 222.98 1.6989
2 500 5000-13000 99 26.3 478.34 275.75 1.7346
3 500 13500-17000 127 33.9 613.71 351.69 1.7450
4 500 17500-20500 159 42.3 765.53 436.19 1.7550
5 500 21000-23500 199 53.2 961.25 544.69 1.7647
6 500 24500-28500 250 67.1 1213.08 682.77 1.7767
7 500 29000-32500 319 85.2 1544.46 865.34 1.7847
8 500 33000-41500 399 106.3 1933.47 1079.35 1.7905
9 500 42500-47500 425 113.4 2061.27 1149.19 1.7936

10 500 48000-50000 449 120 2176.65 1212.56 1.7951
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Figure 5.19: Experimental test of 8 different velocities (a) velocity
signal (b) and rotational speed signal (c) K U Uv n� where each figure
represents a mean value of 500 samples of each signal.

Table 5.3: The experiment results from diameter measurement in turning,
velocity range being between 106.4 and 160.3 m/min.

Test fs (Hz) sampling interval n (rpm) v (m/min) U v (mv) Un (mv) K U Uv n�

11 500 1–3500 399 106.4 1928.7 1077.2 1.7906
12 500 3800–8500 425 113.2 2061.1 1149.1 1.7937
13 500 9000–14000 449 119.9 2176.4 1212.7 1.7947
14 500 15000–20000 475 126.8 2302.6 1283 1.7946
15 500 21000–27000 501 133.4 2425.3 1350.3 1.7962
16 500 28000–33000 524 139.8 2542.0 1413.4 1.7985
17 500 35000–39000 574 153.5 2785.8 1548.4 1.7992
18 500 40000–50000 600 160.3 2912.6 1619 1.7990
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Experimental results show that the non-linear error is more significant at
lower velocities. Figures 5.20 shows an example of the variations of the
mean values of K. As shown, the non-linearity error model was created by
fitting a second degree polynomial to the mean values of the parameter K.
Once again, the error rate decreases significantly at higher velocities, see
Figure 5.21. However, measuring workpiece diameter at higher and
approximately the same circumferential speed is highly recommended to
minimise non-linearity error effect. Repeatability error in measuring the
same velocity was estimated to be less than 0.03%, see tests number 8 to 13
in Tables 5.2 and 5.3. Measurement uncertainty in gauging a workpiece with
a diameter of 100 mm would be  ±30 �m.
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Figure 5.20: Variation in the parameter, K, covers non-
linearity error and measurement random error.
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5.5 Conclusions
The experimental results clearly confirmed that the laser velocimeter is a
usable technique for indirect diameter measurements in turning machine
tools. Repeatability of the system can be considered to be approximately
0.03% of the measured diameter. Despite the good theoretical resolution,
which is comparable to the resolution of a laser interferometer, the obtained
diameter accuracy is less than desired. The limiting parameters affecting the
system accuracy are the subject of further research. Variations in Doppler
signal amplitude – which depends on phase relations between individual
scattered beams, the workpiece surface structure and vibrations – are among
the main significant parameters.
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6. LASER CALLIPER
The existing automated measuring systems utilised in turning are mostly
based on one-point measurement. The uncertainty in these systems is
relatively high due to error sources such as parallelism or centring error
caused by the cutting force. A calliper-type measuring system has always
been a popular method due to direct measurement. Various types of manual
mechanical calliper and micrometers are still the main measuring devices in
workshops. In recent decades, an automated and more accurate calliper for
measuring of big parts has been the subject of a number of research projects.
In order to eliminate the errors caused by mechanical contact between
workpiece and measurement devices, non-contact measurement, especially
based on laser systems, has been in focus. In this chapter, a description of a
prototype arrangement of a calliper system based on laser edge detection is
presented. Experimental results of the employment of this system on a lathe
are presented.

6.1 Basic principles
The laser calliper, as in the case of a typical adjustable machinist’s calliper,
has two shanks used for measuring linear dimension. The optical legs in this
system consist of the laser beams that detect the workpiece edges by
scanning both sides of the target. Figure 6.1 illustrates the simplified scheme
of the instrument. Two commercial laser scan micrometers, Keyence LS-
5041, were employed for workpiece edge detection.
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Figure 6.1: Schematic diagram of the laser calliper for measuring diameter.
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In contrast to mechanical callipers, each leg in the laser calliper is an
independent measuring device that measures all changes in edge position. A
stepper motor and a ball-roller screw is used to adjust the distance between two
scanners. The distance between the two scan micrometers is measured by a
Heidenhain sealed linear encoder. Figure 6.2 shows the test prototype based on
the same operation principles. While one of the legs in this prototype is mounted
on a linear guidance system the other one is fixed on the bed.

Figure 6.2: Test prototype of laser calliper.

6.1.1 Laser Scan Micrometer

In recent decades, the technology of laser scanning has been rapidly
developed and accepted. This technique is especially suitable for on-line
dimension measurement of moving and vibrating objects such as wires and
cables. Due to its high accuracy, this system is employed for calibrating
mechanical measuring devices such as callipers and micrometers.

A laser scanning system consists of two sensing heads, a transmitter and a
receiver module. In the transmitter module, a rotating polygon mirror that is
located at the focal point of a collimating lens reflects the beam projected
from a semiconductor laser. The beam also is split into parallel rays that
scan the measuring area. In the receiver module, the measuring beams are
detected by a photodetector located at the focal point of a receiving lens.
The object placed between the measuring heads is back lighted with the scan
beam, which is obstructed by the object.
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The duration of obstruction is a measure of the dimension that can be determined
by processing of the signal generated by the photodetector [6–1]. The
photodiode enables the sensor to react very fast, typically 50 nm [6–7]. Another
optical receiver element is placed in the transmitter for synchronising the pulses.

Various successful applications of this technique in industry have taken
place because of the many advantages such as high accuracy, high sampling
rate and non-contact measurement.

6.2 Measuring range
The measuring range, D, in a laser calliper is determined mainly by the
physical limitation in the location of a workpiece between two scanning
beams. The distance between the emitter and receiver, L, and the distance, s,
are two major parameters. According to manufacturer specifications, the
standard distance, Lst, is 160 mm. This distance can be extended to 300 mm
at the expense of lower measuring accuracy, Figure 6.3. The parameter, s, is
defined as distance between the rim of laser device and the detected edge of
workpiece. This parameter can vary between 17 and 37 mm. The best
location is provided when s is about 37 mm, i.e. locating the object edge in
the paraxial region where the measuring accuracy is maximum (see next
section).

R-s

  R

     s

   D

    L/2

    L

Figure 6.3: The measuring range, D, is determined
mainly by the distances L and s.
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6.3 Measuring Uncertainty Parameter
The accuracy of a laser calliper depends mainly upon the accuracy of the
inherent component, i.e. the laser scanner, linear guidance system and linear
encoder.

6.3.1  Laser Scanner

The measurement uncertainty,��sc, is essentially caused by non-linearity of
the scanning speed, which is, in turn, “caused mainly by the collimating
lens” [6–2]. In general, lenses in optical systems suffer from different types
of aberrations such as spherical and coma. However, the measurement
results depend on the location of the object in the measuring area. The
experimental results show that measurement uncertainty will be at a
minimum when the object with a small diameter is located in the middle of
the measuring area. This area is shown as the best measuring area. The
measurement accuracy of a rod with a diameter of 10.05 mm that moves
across the measuring area is represented in Figure 6.4. Each point is
represented by an average of five measurements. The employed laser scan
micrometer has a 40-mm measuring area.
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Figure 6.4: The measuring accuracy of a rod with a
diameter of 10.05 mm
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The main reason for achieving better accuracy in the “best measuring area”
can be explained by the general principle that an optical system forms a
perfect image within the paraxial region: that is to say, when the object field
and the lens aperture are small [6–1]. According to the manufacturer’s
specifications, the measurement accuracy of a rod in the middle area, ±10 mm
away from the centre line, is ±2 �m [6–3]. This is valid for a standard
distance, 160 mm, between two measuring heads. An extension of the distance
up to 300 mm increases the measurement uncertainty up to ±10 �m.

In a laser calliper, the detection accuracy of the laser scanner can be
improved by locating the object edge in the paraxial region where the effects
of various types of aberrations are at a minimum. On the other hand, in
contrast to ordinary scanner applications that detect both object edges, each
scanner detects just one edge of the workpiece. This reduces the error caused
by surface light diffraction. However, the system accuracy is significantly better
when the object is situated ±1 mm from the centre line, i.e., in the paraxial
region. Experimental results show a repeatability of ±0.3 �m.

6.3.2 Linear Guidance Systems

The position uncertainty related to a stepper motor and a lead screw is
insignificant. On the other hand, the track straightness of a rail-guidance
system is significant. In general, there are six types of motion errors: three
translational errors that are unimportant and three rotational errors. The pitch
error is the most significant of the rotational errors that causes the parallelism
error between scanning beams. However, the parallelism error, �p, depends on
the accuracy of the mechanical system that guides the laser scan micrometers.
As with all geometrical errors, this is a systematic error that can be determined
by measurements and can be compensated in real-time.

�

Pitch
Roll

yaw

Figure 6.5: The parallelism error caused by rotational error.
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6.3.3 Linear Encoder

A Heidenhain sealed linear encoder with a glass scale was used for
measuring the distance between the two laser scanners. These types of
encoders are designed primarily for use on machines and installations that
operate in harsh environment such as lathes, milling and grinding machines.
The scale and scanning units are protected against chips, dirt and splashed
cutting fluid by an aluminium housing and flexible sealing lips. This is
possible at the cost of less accuracy, which is ±3 �m for measuring steps to
0.1 �m [6–4]. A linear magnescale or an exposed linear encoder provides
better accuracy. The latter one is designed for use on high accurate machines
such as measuring machines, diamond lathes for optical component, measuring
and production equipment in semiconductor industry.

As mentioned before, a sealed linear encoder is employed in the prototype
but it should be emphasised that it is not a suitable choice concerning
accuracy. This has been the weakness of the system while the edge detection
accuracy is better than ±2 �m. An exposed linear encoder equipped with a
suitable cover or a linear motor are among the other alternatives, which
should be investigated in future works.

6.4 Total System Accuracy
There are some other error sources that are associated with the structural
elements in the mechanical construction of support parts. These are mainly
systematic errors and thereby can be minimised by specific preventive
measures. Environment temperature and motion errors of the rail-guidance
system are the most significant in this connection. Calibration of the system
by accurately measuring the distance between two scanner devices, i.e. off-
set value, is another important parameter.

Equation 6.1 is used for evaluating the total system uncertainty, urtotal
,

caused by independent random errors [6–5] and [6–6].

u ur r
i

n

total i
�

�

� 2

1
 (6.1)

where uri
represents each independent random error source caused by each

laser measuring device, ±2 �m, and the sealed linear encoder, ±3 �m. In this
way, the estimated accuracy of measurement by the laser calliper method is
presented in Table 6.1.
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Measuring diameters bigger than 350 mm requires an extension of the
distance between emitter and receiver devices in each scanner from 160 mm
to 300 mm.

Table 6.1: Measurement uncertainty according to error propagation.

Device
Diameter (mm)

Scanner 1
��m)

Scanner 2
��m)

Linear encoder
��m)

Rail guidance1

[Approx.] ��m)
Total
��m)

      – 20 � 2 – – – � 2
20 – 30 � 4 – – – � 4
30 – 35 � 6 – – – � 6

  35 – 200 < � 2 < � 2 � 3 � 2 < � 5
200 – 350 � 2 � 2 � 3 � 2 � 5

350 – 1200 � 10 � 10 � 3 � 2 � 15

6.5 Basic Experiments2

The test for measuring workpiece diameters was carried out in a CNC-
turning machine, Swedturn 10. An NC-program was provided for machining
a workpiece to 95.000, 91.000 and 87.000 mm as shown in Figure 6.6.

   95       87       91    

Figure 6.6: The machined part used for on-machine
measurement.

During the next step, the machine tool cross slide was used for installing the
calliper prototype for on-machine gauging. Measurements were carried out
at the same axial position for elimination of the differences in diameter
caused by errors such as parallelism error. Elimination of the effect of the
above-mentioned systematic errors is essential for a correct estimation of the
system capability.

                                                     
1 The deflection of the holder arms is not included, see Chapter 10.
2 The initial experiments are limited to proof of concept and industrial
implementations have been carried out with an improved prototype fixture, see
Chapter 9.
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Figure 6.7: Installation of the prototype in a CNC-lathe.

At the third step, measurements of workpiece diameters at the same axial
positions were carried out in a Coordinate Measuring Machine (CMM). A
comparison between the attained results showed that differences are no
greater than 3 �m. Each compared result was based on an average of five
measurements with a repeatability of ±2 �m. This system is not only an
appropriate technique for accurate diameter gauging, but is also a method
for detecting errors such as conicity, out of roundness and run-out.

6.5.1 Conicity Measurement

A laser calliper is capable of an axial scanning of the workpiece at a rate of
1,000 millimetres a minute, which allows the system to make conicity
measurements. The conicity error is a result of a parallelism error between
the workpiece centre line and the axis of feed motion in the z-direction. This
is usually caused by misalignment or deflections of turret and/or spindle
after a serious crash or collision in the machine tools. In this experiment, an
axial scanning of the workpiece showed that the diameter increases by 0.5
�m/mm toward the spindle, which is much too big.
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6.5.2 Out of Roundness and Run-Out

An individual measurement of each workpiece edge makes measuring of the
above-mentioned errors possible [6–8]. Out of roundness is an unusual error
in turning and can be caused, for instance, by variations in cutting depth due
to the initial ovality. The performed test showed a run-out error that
decreases toward the spindle. A further investigation indicated misalignment
of the chuck on the spindle nose.

   D

 

   D

            a       b
Figure 6.8: The laser calliper is an accurate method for
detecting and measuring (a) out-off-roundness and (b)
run-out errors.

Sensing of workpiece vibration at a maximum rate of 1,200 scans a second
is another interesting feature of a laser calliper. These results clearly
confirmed that the technique is suitable for diameter measurement in the
machining process.

6.6 Conclusions
A laser calliper is considered as one of the most appropriate tools for
workpiece diameter inspection. This light gauging method is capable of
measuring diameters up to 350 mm with an accuracy of ±5 �m. This
technique combines the advantage of non-contact inspection with the ability
to measure with a resolution of 100 nm and a repeatability of ±2 �m. The
laser callipers can operate on the machine tool or be handled by a robot.
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The principal advantages of the laser calliper method are:

� Requirement of direct mechanical contact between the sensor and the
workpiece is eliminated.

� Risk of damage to the surface of workpiece is eliminated.
� Using the direct operation that eliminates the effect of error sources such

as machine errors.
� Large and flexible measuring range up to 1,200 mm.
� High resolution up to 100 nm.
� No need for manual adjustment.
� Quick response time that is limited only by the electronics signalling unit

in the sensor.
� Inspection of machine tool errors such as parallelism and misalignments.
� Being independent of workpiece surface texture and material.
� Reasonable pay-off.

Among the disadvantages to mention is the impossibility of measuring the
internal diameter. Despite the drip-proof enclosure of scanning heads, the
gauging instrument is not suitable for in-process measuring due to its
physical size and inconvenient operation conditions such as swarf and chips
that might damage the sensor.

With regard to industrial implementation, a new prototype has been installed
in the CNC-lathes on the production lines at Alfa Laval Stainless Products
AB and ABB Alstom Power Sweden AB. The applications and the results
from these investigations are presented in Chapter 9.
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7.1

7. EDDY CURRENT
The basic principles of eddy current testing have been widely recognised since
1952. In that year, Förster, who is generally recognised as the ‘father’ of modern
eddy current testing, published the results of theoretical and experimental
investigations carried out by him and his associates [7–2]. Acceptance of the test
method by industry has steadily increased. Today, eddy current testing is used in
approximately 35% of all non-destructive evaluation (NDE) applications [7–1].
They are used for various measurements, including distance, position, thickness,
deflection and shaft run-out [7–14]. This measuring principle has traditionally
been used as an post-process inspection tool, but a shifting of this view and the
employment of eddy current measuring as a process control tool is one of the
major purposes in this study.

7.1 Introduction
The basic eddy current sensor uses an open magnetic core with high
permeability and an excitation winding driven by an A.C. source. The
magnetic field of the coil will induce a circulating current in the surface of a
conducting material that is a short distance away from coil. The generated
eddy current induces a secondary magnetising field opposite in direction to
the primary field, which it affects.
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Figure 7.1: Eddy current sensor for measuring of distance (d).
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Today, the eddy current principle has been applied to a wide range of
applications, which can be divided into two main groups:

� Power or force generation and conversation such as magnetic forces for
magnetically levitated vehicles, eddy current brakes and biomedical
applications.

� The second application field belongs to non-destructive testing methods
and deals with information that eddy currents carry within the geometry
as well as  homogeneity and other magnetic properties of the conducting
part. The distance, d, between sensor and specimen is one of the
parameter that affects the induced eddy current. This property is the basis
for the distance measuring that is employed in this study.

7.2 Eddy Current Principles
Basic magnetic-field equations due to a current element, Idl , can be
explained by Biot-Savart law:

d
Idl r

r
B =

�

�

0
24
� �

(7. 1)

The direction of the magnetic field is perpendicular to both the current
element, direction of I and the radial unit vector, �r , where r is the distance
from the current element to the point at which the field is being calculated.
The permeability constant, �0 , is defined to have the value:

� �0
74 10� �

� T m A. /

The total magnetic field strength along the axis for a circle loop of radius, a,
which carries a current I, can be calculated by the Biot-Savart result,
Equation 7.1. The field increment, dB, has components both along and
perpendicular to the axis and dl r dl� �� due to dl  and �r  being
perpendicular.
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Figure 7.2: Calculating the magnetic field along the axis
of the circular loop.

The component of the field perpendicular to axis is zero, because of

symmetry, and, since dl a�� 2�  and r a + z2 2 2
� , Equation 7.1 can be

rewritten as:
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Equation 7.4 is one of major significance for distance measurements, where
z is associated with the distance between sensor and target. For long
distances ( z >> a ), the magnetic field varies with z-3 [7–7]. The magnetic
flux is expressed as:

�B coil axis= A B (7. 5)

where Acoil  is the cross-section area of the coil. According to Ohm’s law of
magnetic circuits:
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R NIm � ��B ex (7. 6)

where N is the number of turns. Rm  is the reluctance of a magnetic
conductors of different lengths l, areas A and relative permeability:

�� i
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(7. 7)

The high-frequency excitation currents, Iex , generates a high-frequency
magnetic field around the coil. When a metal target enters this field, Baxis ,
an eddy current, Ie , flows in the direction perpendicular to the magnetic
flux that modifies the path of magnetic field. This causes the reluctance to
vary and also causes losses that are due to eddy currents. Equation 7.6 may
then be expressed as:

R NI Im � � ��B ex e (7. 8)

Inductance variation and losses correspond to either a reactive or a resistive
part of the winding impedance [7–4].

7.2.1 Equivalent Circuit Analysis

It is easy to demonstrate the system as representing a model based on the
operating principles of a transformer in which the coil acts as a primary
circuit and the target as the secondary. Rc and Lc are the resistance and self-
inductance of the probe, respectively. The real impedance represents the
resistance, R1 , of the target and the imaginary term represents the leakage
inductance of the circuit.

Rc
Lc+ 

Iex

R + jI1 m

L1

Ie

M

Figure 7.3: A coupled-circuit model of the probe-
workpiece system.
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The coupling factor k is defined as:

k
M
L Le

�

1

(7. 9)

Where M represents the mutual inductance between the probe and
workpiece. The coupling factor k is equal to 1 in the ideal case without
leakage and k is equal to zero when there is no conductive target in front of
the sensor [7–5], [7–4].

The real part of the impedance of the coil is affected by additional resistive
loss in the target. The reactance part of the coil varies in response to the
effect of the induced eddy-currents on the magnetic flux created by the
excitation winding [7–9]. Estimating losses is possible by employing a
secondary coil that measures the eddy current flow and records changes
caused by, for example, the distance between sensor head and the target [7–2].

Sensor impedance is usually normalised in order to overcome the increment
of the impedance with frequency [7–5]. In other words, to overcome “the
growth of the reactance with frequency and the existence of sensor losses
when there is no target in front of it” [7–4]. This sensor losses are associated
with heat and with eddy current effects in the ferrite and in the wire [7–6].
Whereas the sensor impedance is Z R jXc c c� � , the normalised value of
the sensor impedance is given by:

R
R R

Xcn
c

�

� 0

0
    and     X

X
Xcn

c
�

0

(7. 10)

where Rcn and X cn are the resistive and reactive components of the
impedance. R0  and X 0 are the real and imaginary components of the sensor
impedance when there is no target in front of the sensor. Normalisation
removes frequency effects that do not contain information about the test
material. Using normalised values as useful sensor data is the basis for an
impedance-plane analysis that has been widely treated. Figure 7.4 shows an
impedance-plane analysis that contains three impedance curves of
experiment results carried out by Vernon [7–7].
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LIFT-OFF VECTOR
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Figure 7.4: Impedance plane with three normalised
impedance curves, each generated with different lift-offs
between probe and material [7–7].

The effects of three important parameters on the impedance curve are
illustrated in Figure 7.4.

� Lift-off: is the distance between probe and workpiece. As this distance
increases, the electromagnetic coupling, k, between the probe and the
target decreases due to greater flux leakage, and the size of the
impedance diagram decreases. Curve 3 is generated when lift-off is about
zero and the increasingly small curves are generated at increasingly large
lift-offs. This parameter is of the desired magnitude in eddy current
distance measuring.

� Coil radius: the magnitude of the lift-off lines depends on a
dimensionless quantity R � , where �  is the skin depth and R  is the
mean coil radius. Progressing from points A to E represents the increased
R �  value.

� Excitation frequency: is the main parameter affecting the skin depth, � ,
for a material with an electric resistivity, � , and permeability, � . The
density of the eddy current is greatest on the surface of the specimen.
The ‘standard depth’ or skin depth, � , of penetration, where the eddy
current is 1/e (= 37%) of its surface value, is given by the formula:
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The effect of frequency on the standard depth of penetration is illustrated in
Figure 7.5.
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Figure 7.5: The effect of frequency on standard depth.

Low frequency is advantageous for inspecting defects in a specimen,
whereas a distance-measuring system usually uses an excitation current
having a high frequency.

As shown in the impedance-plane analysis, Figure 7.4, the eddy current
distance-measuring principles can be summed up as a reduced distance
between the sensor coil and target causing lower oscillation amplitude and a
larger phase difference.

7.3 Error Sources
It is generally quite difficult, bordering on impossible, to design a sensor
with good measuring accuracy and, at the same time, a good range of
detection. In order to solve this problem, Toshio Fukuda et al. have
proposed a sensor integration system that is a combined utilisation of high
accuracy sensors and wide-measurement range sensors [7–11]. Eddy current
is an appropriate measurement tool for this propose, but there are various
error sources that should be considered.
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7.3.1 Safety-Net

In an automation environment, with the absent of a skilled operator, sensors are
the only solution to the problem of machine-tool blindness in monitoring the
machining. Simultaneously, the sensors complicate the process and expand the
error and disturbance sources. In general, an inspection system for estimating the
state of systems by multiple sensors based on a multi-sensor fusion system is an
effective tool for reducing the problem. Collision of the sensor with a workpiece
is a major safety problem, above all in the case of in-process inspection. This
may occur in cases of failed sensing, missing or fractured tools, which require a
monitoring system for sensors. This might be, for example, a monitoring system
for both the part and the machine.

This problem might be alleviated by monitoring the lift-off distance.
Deviations in the distance between sensor and workpiece from the tolerance
zone indicate a deterioration in part quality. At the same time, reducing the
distance to certain safety limits near zero is an indication of a sudden
catastrophic failure during machining. An eddy current sensor, due to its low
cost and small size (diameter of the coil can be reduced to 2 mm), is a
suitable candidate for a sensor fusion arrangement in a ‘safety-net’. This is
one of the issues that will be treated in future work.

The influence of the surface roughness on the accuracy of the determination
of the actual diameter by this technique is another important parameter. This
issue and a new definition of diameter of turned parts has been discussed
separately in Chapter 9.

7.3.2 Workpiece Properties and Residual Stress

Workpiece properties such as grain size and hardness of the material affect
the magnetic permeability. The effect of texture on permeability and
magnetic flux density is more significant than that of grain size [7–12]. An
individual, rapid calibration of the sensor for the first part of a large batch
size—where close tolerances are required—and, above all, for large and
expensive parts in one-off or small lot-size production is recommended.

Residual stresses, which are stresses that remain in a material after thermal
or mechanical loading, are important because of their influence on the
mechanical behaviour of the material. Turning, and even hard turning,
generates less heat than grinding in that the major part is carried off by the
chips. There is also no stress rise in parts [7–3].
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7.3.3 Machining Environmental Parameters

The most important property of an eddy current sensor is its insensitive to
machining environmental influences such as cutting-fluid, oil and dust. This
is the main advantages of this sensing method compared with capacitive and
optical sensors. In-process measuring by the eddy current system is possible
owing to this property.

Modern metal-cutting processes produce large amounts of chips of different
sizes and shapes, which may serve as considerable error sources. Chip
formation starts with the initial curving and is affected by various cutting
parameters. One result is that almost all recognised chip types can be
produced by a single turning process depending on the different
combinations of feed, cutting depth, workpiece material and other
parameters. Two measures have been resorted to for this reason. The first
one is a metallic housing that protects the sensor, above all, from long chips
or spiral-shaped chips. The second measure protects the gap between sensor
and workpiece from comma chip types and smaller fragments of chips by
utilising high-pressure air (or cutting fluid). However, protection of the
measuring area is possible due to the small lift-off distance (0.5 mm), and
high pressure air, see Figure 7.6.
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(aluminium)

housing

Non-metallic
 (polymer)

housing

Spring

Sensor

High presure air

Feed direction

Workpiece

Shield10 mm

Figure 7.6: Arrangement for protection of sensor and
measuring area from different types of chips.
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The system becomes more sensitive to noise as the distance between sensor
and target increases. However, a metallic shield around the sensor is an
effective aid in keeping interference noise at a very low level [7–7].

7.3.4 Temperature

Heat generation in the process may affect the measurement procedure in
four different ways. The first one is a rising of temperature in the controller;
a temperature fluctuation that has been estimated to be 0.04% of full scale
per �C. This is insignificant, however, because the controller is located
outside the machine tool. The second parameter is the temperature
fluctuation at the sensor head, which has been estimated to be 0.04% of full
scale in �C-1, i.e. 0.4 �m /�C [7–13]. However, due to the non-contact
measuring system, which provides an air gap between sensor and heat
sources, the transport of heat to the sensor head is inconsequential.

Temperature fluctuation is significant due to the thermal behaviour of the
workpiece, which affects measurements in two ways. The first effect is a real
deviation in the lift-off distance that is due to a shrinking of the workpiece,
� �� �1 0�� T . The second effect, �� 2 , is a false deviation and a consequence
of temperature dependence on resistivity (see Figure 7.7). The real part of the
impedance of the coil is affected by variations of resistive loss into the target.
The resistivity,� , of a metal at a temperature,T , is expressed in terms of the
resistivity, �0 , at some reference temperature T0 :

� �� � �� � �0 01 ( )T T (7. 12)

where �  is the temperature coefficient of resistivity.
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Figure 7.7: Measurement error caused by workpiece thermal
shrinking and variation of thermal resistivity in the target.
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Cutting fluids have always been a source of disturbance in the case of
almost all sensing systems and, therefore, they are undesirable. Transfer of
heat by a cooling fluid reduces the problem to an insignificant level.

7.4 Experiments
The test for measuring workpiece diameter was carried out in a CNC-turning
machine, Swedturn 300. Two workpiece materials, high carbon steel and
stainless steel, have been tested. A sensitive and unshielded type of eddy
current sensor made by Keyence was employed. The sensor head was an
EX-008 model with an EX-501 model controller having a measuring range
up to 1 mm and output voltages from 0 to 5 V. The system had a resolution
of 0.15 mV (0.3 �m) and a non-linearity error of 1.5 mV (3 �m).
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Figure 7.8 : Output characteristic diagram of non-linearity error.

An arrangement of a ‘sensor house’ to protect the sensor and measuring area
from chips is illustrated in Figure 7.6. The sensor house was mounted in a
Capto tool holder made by Sandvik Coromant AB and positioned in the
upper turret. A stainless steel workpiece was machined to a diameter of
89.00 mm by the tool located in the lower turret.

After machining, the initial calibration of the sensor was carried out according
to manufacturer. This calibrating procedure adjusts the output voltage for
linearity for actual workpiece material by reading measurement data at three
measuring distances  (0, 1, and 0.5 mm). A machined cylindrical object is not
the best object for an accurate calibration of sensors. This condition is
preferred because of the real machining environment. Owing to existing
techniques, the calibration of this sensing system for a different workpiece
material is required. An in-machine and automated calibration is the best
option to fulfil this requirement.
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The sensor head was replaced in ten 100-�m steps by removing the machine
cross-slide in the x-direction. Instability and error factors in the machine-
length measurement system had minimal effect because of the small
displacement range that measures just 1 mm in total. This factor has greater
effect in determining the absolute positioning of the sensor head. The results
of this test as a series of six measurement are represented in Table 7.1.

Table 7.1 Measurement tests carried out as a set of six series.

Lift-off (�m) Series 1
(�m)

Series 2
(�m)

Series 3
��m)

Series 4
(�m)

Series 5
(�m)

Series 6
(�m)

0 0 0 0 0 0 0
100 98.6 97.8 98.4 97.6 98.4 97.6
200 200.4 199.8 200.2 199.6 200.2 199.6
300 301.0 300.4 300.8 300.2 300.8 300.2
400 400.8 400.0 400.6 400.0 400.4 399.8
500 500.0 499.4 500.0 499.2 499.8 499.2
600 599.4 598.6 599.2 598.6 599.2 598.6
700 698.6 697.8 698.6 697.8 698.4 697.8
800 798.4 797.8 798.4 797.6 798.2 797.6
900 899.0 898.4 898.8 898.2 898.8 898.2

1000 1000.4 1000.0 1000.2 999.8 1000.0 999.6
1100 1102.8 1102.8 1102.6 1102.6 1102.6 1102.6

The figures below show the output voltages and converted values into the
distance versus lift-off distances.
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Figure 7.9: Measurement of 10 distances between sensor
head and workpiece.

In general, the first step of these tests, i.e. zero lift-off, is not suitable for on-
machine calibration and measuring. Variation in the workpiece surface
position caused by errors such as ovality, run-out and surface roughness may
result in high pressure on the sensor head or even damage. Placing the
sensor head in contact with the workpiece did not caused any damage in this
test, because calibration had been done at the same surface position. On the
other hand, the errors due to this reason are shown in Figure 7.11 as random
errors in the zero step. Figure 7.10 shows the error curves, i.e. deviation
between the nominal lift-off and the measured results.

-2,5

-2

-1,5

-1

-0,5

0

0,5

1

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

Lift-off (� m)

E
rr

or
 ( �

m
)

Serie1

Serie2

Serie3

Serie4

Serie5

Serie6
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In the next step, the stainless steel workpiece was machined down to 81.00
mm in diameter and another test series was carried out using the same
procedure. Figure 7.11 shown the test results.
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Figure 7.11: Error curves of measurement of an 81-mm-
diameter stainless steel workpiece. The random error at
the zero point was caused by uncertainty at the contact
between the sensor head and workpiece.

Experimental results show that the system possesses considerable accuracy
and excellent repeatability. After reducing the cross-slide backlash error of
about 1 �m, repeatability was estimated to be 1 �m. The measurement
results of other diameters confirm this excellent repeatability.

As shown in Figures 7.10 and 7.11, measurement uncertainty increased as
the  diameter decreased. This was caused by the different surface curve
radii, which is described in the next section. As discussed in section 7.5, the
errors caused by different curved radii are the most significant of all the
various uncertainty sources. At the same time, it should be emphasised that
this type of error is almost insignificant in the case of large parts. The
second test series was carried out for identification and to record the effects
caused by different curved surfaces.

A high carbon steel workpiece, 110-mm diameter, was mounted in the
spindle. A new calibration, as described before, was carried out utilising this
diameter. The workpiece was machined to 100 mm by a tool that was
positioned in the lower turret.
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The machining conditions were:

Tool: CNMG 12 04 12-WM
Feed: 0.25 mm/revolution
Cutting speed: 250 m/min
Cutting depth: 1–2 mm/revolution

Machining was continued employing 21 cutting passes until a diameter of
38 mm was obtained. Measurements were taken after each pass. To
eliminate the uncertainty connected with zero lift-off positioning and high
pressure on the sensor head, measurement steps were begun from 50 �m.
This distance was adjusted by a filler for each diameter. The test results are
presented in the Figure 7.12.

This error rate is big enough to eliminate the eddy current system from the
machining process. This was not unpredicted. There is no indication of any
study of  this problem having been made.
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from 100 down to 38 mm.
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7.5 Curved Surfaces
Employing an eddy current distance-measuring system to measure
workpiece diameters in turning reveals a new type of problem, which was
not considered in the previous applications. Existing systems are based on
calibrating models for flat targets. Using this type of model for measuring
the distance to a cylindrical workpiece, having various diameters, neglects
an additional flux leakage that depends on the distance, �� see Figure 7.13.

rcoil
Sensor

��

Workpiece

Eddy current in a flat surface

Eddy current in a curved surface

Rworkpiecee

Figure 7.13- The path of induced current in flat and
round targets.

The variations in geometry modify the path of the magnetic field. This, in
turn, causes modifications in reluctance and subsequently causes additional
losses. Figure 7.13 shows the path of eddy currents in a round workpiece.
The outer edges of this path have a lower intensity.

The problem description can be simplified by considering three flat
surfaces. The first one, S1, is a tangent plane of the workpiece. Plane, S3, is a
surface that contains the lowest points of the coil’s mean circumference
projection on the workpiece, where the eddy current intensity is maximum
(see Figure 7.14). Finally, S2 is the plane indicated by the sensor that is
always situated between S1 and S3. The distance between S1 and S2 is the
error, �, of system that should be compensated for by employing an
analytical or empirical model.
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Figure 7.14: Measuring error, �� depends on workpiece
radius and mean radius of sensor coil.

The distance, �� is defined as:

� � � �R R r2 2 (7. 13)

where R and r are the radius and mean radius of workpiece and coil,
respectively.

Use of an analytical model based on the radius of workpiece is required for
compensating for this error source. But “the technology still suffers from a
lack of algorithms and software to allow its full potential to be realised” [7–
1].  The main drawback of the analytical methods is the lack of generality.
In spite of ever-increasing sophistication, analytical methods are not capable
of solving inhomogeneous, non-linear problems nor problems involving
complicated geometry. It is known that the electromagnetic fields inside
materials, in contrast to free space, cannot be measured directly. They have
to be inferred from the measurable field adjacent to the material in free
space [7–10].

Previous attempts for finding an analytical-empirical model have shown a
clear connection between the error rates and the distance ��where all other
parameters were constant. As mentioned before, � is based on two main input
parameters, i.e. sensor and workpiece diameters. However, a description of
such a model is incomplete and thus a part of future work.
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7.5.1 A Model for Fitting the Error Function

In the absence of exact analytical solutions, approximate methods such as
numerical techniques or empirical models have been sought. These error
compensation models eliminate calibration of the sensor for each single
diameter. A model for compensation is derived experimentally from the
measurements. As shown in Figure 7.15, plotting the results versus
measured workpiece diameters shows a systematic increase in the error rate
that makes possible a mathematical modelling with empirical calibration.
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Figure 7.15: Error rate for each measured lift-off versus
workpiece diameters

The measuring-system error rate increases with decreasing workpiece
diameter. To make possible accurate data sampling, cutting depth was
decreased to 1 mm from the 56-mm diameter and below. This provided a
tighter measuring interval regarding small diameters.

As mentioned previously, the calibrating measurements began with 0.05 mm
and covered the interval from 0.1 to 1 mm in ten 0.1 steps. Zero lift-off
errors have been calculated using mathematical models based on the above-
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mentioned measurement data for each diameter1.

All measured data make a i j�  matrix M where i is equal to the number of
lift-off distances and the column number j  is equal to the measured
diameter number.

Creation of an error model that covers the measured diameter and lift-off
ranges can be simplified by classifying the measurement uncertainty into
sub-components.  As shown in Figure 7.16, two types of errors are involved.
In this study, the first and major component is called reference error, �r, and
is defined as the error at reference point on workpiece, i.e. zero lift-off. This
error vector consists of the mi1 . The second component of error is the non-
linearity error versus various steps of the lift-off distance. The non-linearity
error matrix may be described as m mij i� 1 . Both errors parts increase with
decreasing workpiece diameter, which was expected.
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Figure 7.16: A schematic figure of total error rate that is
divided into reference error and system non-linearity error.

                                                     
1 The error deviations between distances  of zero and 0.05 mm are insignificant in
the case of diameters larger than 60 mm and about 1 �m for smaller diameters .
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Figure 7.17 shows the reference error, �r, and the mathematical model curve
based on zero lift-offs versus measured diameters. The mathematical model
is an error function by a polynomial of degree three:

�r � � � �C D C D C D Cr r r r1
3

2
2

3 4 (7. 14)

where the coefficients of the polynomial are:

Cr1=-0.000303,

Cr2= 0.080986,

Cr3 = -7.42615,

Cr4 = 240.2168
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Figure 7.17: Reference error (�r) mathematical modelling
based on measured data.

An empirical model for the estimation of the second component, i.e. non-
linearity error, is more complicated owing to the fact that more than one variable
is involved: diameter of workpiece, D, and lift-off, d. As shown in Figures 7.18
and 7.19, both parameters have a systematic affect on measured value.
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Figure 7.18: A sample measuring non-linearity error as a function
of workpiece diameter and the distance between the sensor head and
the target.
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measured diameter versus lift-off.
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The creation of a non-linearity-error compensation model based on two
dimension data, i.e. a data matrix, was achieved by creating a number of
submodels. In this study, for simplifying the descriptions, the desired model
is called the master model and the others, slaves.

�n � f D d( , ) (7. 15)

At the first step, polynomial models of degree three have been created for
the error data of each diameter. The obtained constants for these slave
polynomial models form a matrix, A. The number of rows, i, is equal to the
number of measured diameters and the column number is equal to n, where
n-1 is degree of polynomial.

( )�n i i i i ia d a d a d a� � � �1
3

2
2

3 4 (7. 16)

The coefficients of the above models depend on the workpiece diameter.

( ) ( ) ( ) ( ) ( )�n i i i i i i i i ia D d a D d a D d a D� � � �1
3

2
2

3 4 (7. 17)

At the next step, the second series of slave models was created based on data
from each column of matrix A. These models are polynomial of degree three
as well. As mentioned before, the workpiece diameter is the variable of the
second series of models. A 4 4� matrix C is created as the coefficients of
master model i.e. non-linearity error model.

�n � � � �C d C d C d C1
3

2
2

3 4 (7. 18)

where

C C D C D C D C1 11
3

12
2

13 14� � � � (7. 19)
C C D C D C D C2 21

3
22

2
23 24� � � � (7. 20)

C C D C D C D C3 31
3

32
2

33 34� � � � (7. 21)
C C D C D C D C4 41

3
42

2
43 44� � � � (7. 22)
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Equation 7.18 can be rewritten as

�n

T
d
d
d
d

C C C C
C C C C
C C C C
C C C C

D
D
D
D

�

�

�

�
�
�
�

�

�

�
�
�
�

�

�

�
�
�
�

�

�

�
�
�
�

�

�

�
�
�
�

�

�

�
�
�
�

3

2

1

0

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

3

2

1

0

(7. 23)

The value of coefficient matrix C—the resultant nonlinearity-error matrix
based on the used workpiece material—is calculated as:
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A sample of non-linearity error, �n, and resultant measuring error, (��=
�r����n ), as a function of the diameter and lift-off is shown in Figures 20 and
21. It is interesting to note that, in the implementation of this model, the
workpiece diameter and the measured lift-off are the inputs of the model and
the corrected lift-off is the output of the system.

Figure 7.20: A sample non-linearity error as a function
of workpiece diameter and lift-off.
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Figure 7.21: A sample resultant error (�r����n ) as a
function of workpiece diameter and lift-off.

A test series was carried out based on the compensating error models. The
results of these tests showed that the error model matches the experimental
data very well. The tested workpiece with a diameter of 90 mm and with a
length of 100 mm was machined with a 2-mm cutting depth down to 86 mm
in the first step and down to 82 mm in the second step. The desired diameter
of the part was calculated by the coordinate of the sensor head, xs, the
compensated lift-off, d, and the error caused by different surface curve
radius, (�r����n ):

D = xs - 2d+(�r����n ) (7.24)

In order to determine the measurement accuracy during the scanning of the
part, cutting depth was reduced by 0.1 mm as shown in Figure 7.22. The
measurements were carried out as:

� inspection between two cutting passes
� in-process inspection.
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Figure 7.22: Diagram of cutting and measurement
arrangement.

7.5.2 Inspection Between Two Cutting Passes

1. The workpiece was situated in a stationary state, and the measurement
of the same axial position with different lift-offs gave an uncertainty
limited to ±2 �m. In this case, the same circumference position of the
workpiece is recommended. Thus, the effects of error such as run-out
could be reduced.

2. Axial scanning of the part disclosed a conicity error caused mainly by a
deflection of the workpiece during machining. The repeatability of
measurements was ±5 �m. Once again, all the uncertainty rates were
doubled due to the single-point measuring principle.

7.5.3 In-process Inspection

The measurement of workpiece dimensions during the machining process
was not only possible, it also resulted in an accuracy better than ±10 �m. All
main disturbance sources such as cutting fluid, vibration and chips were
overcome. The measuring system was insensitive to cutting fluid, oil and
dust. The sensor head and measuring area were protected by the
arrangement described in Figure 7.6. Finally, the effects of vibration were
reduced by selecting a length response time, 100 ms, that gave an average of
1000 samples. It is interesting to note that error caused by workpiece
deflection was detected during the machining process.
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Figure 7.23: Eddy current in measuring of workpiece
diameter in a CNC-turning.

7.6 Conclusions
Manufacturing researchers have been calling for accurate in-process measuring
equipment in turning machines for more than three decades. The harsh environ-
ment of the material-removal process with various error sources such as cutting
fluid, chips and vibration are among notable reasons for low accomplishments.
As manufacturing technology moves further toward computerised automation,
the lack of such systems has become more serious.

The experimental results show that the eddy current sensing method as a
non-contact measuring system is a suitable technique for in-process diameter
measurement in turning. This is possible due to system insensitivity to
environmental influences such as oil, dirt, water and vibrations. On the other
hands, there are error sources that proved to be significant. The measures
that have been taken in this study:

� A metallic housing to protect the sensor, mostly from long chips or
spiral-shaped chips.

� The common types of chips and the small fragments of chips kept away
from measurement zone, i.e. the gap between sensor and workpiece by
utilising high pressure air (or cutting fluid).

� A metallic shield around the sensor as an effective aid in keeping the
interference noise to a very low level.
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� The measuring of a cylindrical workpiece, with various diameter, reveals
a new type of problem that was constituted as being the biggest
measurement problem. Existing systems are based on calibrating models
for flat targets and thus neglect an additional leakage dependent on the
workpiece diameter. The error rate of measuring small diameters is larger
than that for measuring large diameters. The created error model can
accomplish significant reductions in measuring errors.

The measurement of workpiece dimensions during the machining process was
not only possible, it also resulted in an accuracy better than ±10 �m. The
construction and testing of a sensor with a 2-mm diameter that can be positioned
under the cutting tool in the same tool holder is part of future work.

The eddy current testing system has become an integrated part of production
and maintenance methods in many industries such as aerospace and semi-
finished product manufacture within the metal industries [7–2]. This
gauging and inspection method will become an integral part of metal-
removal manufacture.
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8. EDDY CURRENT SURFACE MEASUREMENT
On-machine measurement of workpiece surface topography has always been
a fundamental issue for manufacturing engineering. Modern manufacturing
processes are characterised by bridging the gap between traditional post-
process inspection and real-time quality control (QC) of machining
processes. A new on-machine surface measurement system based on the
eddy current principle and a model for estimation of surface roughness has
been described in this chapter. The eddy current surface measurement
system is a two-dimensional method that registers an area, equal to the
section area of the sensor head, in one step. Rmax is the effective distance
between the lowest trough on the rough surface and the highest peak in the
section area. This parameter is taken as a measure of surface roughness.

8.1 Introduction
In normative standards, roughness and waviness, Figure 8.1, are generally
defined in terms of the production process used in manufacturing of
components. Generally, surface topography is determined by a combination
of geometry of the cutting tool and motions of cutting on one hand and
unpredictable fluctuations in tool and workpiece movement on the other
hand. The maximum roughness depth, Rmax and the arithmetic mean
deviation of the areas of the measured profile, Ra, have mainly been used for
characterisation of part surfaces roughness. Waviness that has been defined
as a low frequency variation in the surface is mainly caused by vibration of
the tool or workpiece, clamping errors or geometrical errors in the machine
tool. The cutoff, �c, determines which wavelengths belong to roughness and
which ones to waviness.

Rmax

Nominal shape
Wavines

Roughness

Figure 8.1: Roughness and waviness as two surface
parameters.
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Surface topography characterisation has been fundamental from a
functionality point of view. The functions such as ability to withstand wear,
sealing, gloss, paintability and lubricant property are important parameters
related to surface engineering. However, especially from the wear point of
view Ra, Figure 8.2, has been accepted as a more important parameter than
Rmax. Ra is the most common parameter used in manufacturing engineering.
One other parameter that has been in focus is material ratio curve, the
Abbott Firestone curve, which can be interpreted as the sample cumulative
probability function of the ordinate values Z(x), within an evaluation length,
l, [8-1], see Figure 8.2b. This profile curve could be considered as the most
powerful parameter related to part life and ability to withstand wear.

Ra

x

z

0      25      50              100
                             Pmr(c) %

a) b)
l

Figure 8.2: a) Ra, arithmetic mean deviation, the
arithmetic mean of the areas of all profile values of the
roughness profile. b) Material ratio curve, ratio of the
material length of the profile elements at a given level c
to the evaluation length.

Estimation of the parameters such as Ra and material ratio curve require
measuring process that can mainly be carried out in the measuring rooms. In
general, different measuring techniques based on scanning of a part surface
by a mechanical stylus head or an optical measurement device are widely
available. However, capabilities of the sensors available for surface
measurement systems are mostly limited to an off-line inspection system and
do not provide the required performance for in-cycle monitoring. An on-
machine sensor for a rapid measurement of machined part surface texture is
required. A new surface measurement system based on the eddy current
technique that shows a desirable performance in harsh machining
environments is presented in this section.
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8.2 State of the Art
The current stage of technological development could be divided into
commercially available systems and the techniques subject to research
projects. The optical and mechanical tracing systems are satisfactorily used
in industry. The tip radius of the stylus head in mechanical scanning system
has always been a limitation parameter for indication of the depth in narrow
grooves1. In the case of a microscopic probe ball, there are some limits to
the size of the probe ball diameter from the aspects of contact pressure and
rigidity [8-3]. In ultra precision manufacturing of workpieces such as
diamond turned parts, the contact stylus equipment are utilised with a very
small tip radius, in sub-micron dimensions [8-2]. However, as mentioned
before, neither of the scanning systems is satisfactorily used in the usual
machining environments. In addition, they are generally time-consuming
processes.

Automated in-cycle monitoring of surface roughness has mainly been the
focus for various research activities. Methods based on capacitance systems
[8-8], acoustics sensors [8-9] and various optical systems such as speckle
correlation techniques [8-6] and optical scattering techniques [8-10] have
been developed for on-machine monitoring. The harsh machining
environment is the major obstacle for implementation of effective sensor
systems.

Some other research projects have focused on more accurate systems such
as three-dimensional surface characterisation [8-11] and X-ray scattering
methods for measurement of fine details of surface topography [8-12]. The
accuracy of these techniques that are suggested for special off-line
applications are in sub-micron and even nano scales.

8.3 Eddy Current Measuring Method
As described in Chapter 7, the eddy current measuring method is a system
insensitive to environmental influences such as oil, dirt, water and
vibrations. In this thesis, an on-machine surface measurement system is
presented for measurement of surface roughness resulting from the
machining process. The major advantage of this technique2 consists of its
capability as an on-machine roughness measurement system with an extremely
rapid performance.

                                                     
1 Anbari et al have investigated employment of the probe ball techniques in the case
of diameter measuring systems [8-4].
2 The basic principles of the eddy current sensor have been described in Chapter 7.
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The measurement system principle, illustrated in Figure 8.3, has been
simplified in order to show the eddy current path in the material. Two main
features ought to be considered. The first issue is related to the cylindrical
shape of the turned part which has been discussed in the previous chapter.
The second issue is related to the influence of the primary magnetic field in
the area between peaks and the main body of the parts. In general, current
path has a field characteristic and the section area of the field should be
varied depending on material thickness variation above the core part of the
current. However, the experimental results showed that the influence of this
disturbance is insignificant in comparison with the declared accuracy.

Conducting
specimen

Induced 
magnetising field

Eddy current

magnetising field
Primary

Sensor

Rmax

Sensor head

Figure 8.3: Rmax is the effective distance between the
lowest trough on the rough surface and the sensor head
(highest peak) in the section area.

After a cutting pass, the sensor head, which is mounted in a tool-holder,
could be positioned very close to the stationary workpiece by in rapid
motion and to the contacted surface by slow motion. The sensor head is
mounted in an aluminium housing as protection against mechanical damage
caused by, for example, different types of chips and collision with the
workpiece or the machine parts as a result of unwanted motion. As shown in
Figure 7.3, the system is utilised by a spring for providing a smooth landing.
The sensor output signal at the contact moment is proportional to the
maximum roughness depth, Rmax. Owing to existing techniques employed by
sensor manufacturers [8-16], the calibration of this sensing system for
different workpiece materials is required.
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The system could be used:

1. for measuring of the absolute value of the surface profile, a quality
parameter, after the finishing process.

2. for monitoring of the machining condition, after the rough machining
passes. Monitoring of parameters such as tool wear and process stability
condition are the major targets related to unmanned machining that, in
turn, are related to part quality and productivity.

The manufacturing industry is now considering untended machining as a
pre-condition to achieve requirements for Computer Integrated
Manufacturing (CIM) systems. Machining operations and above all the wear
process affect the surface topography of the workpiece. Sensing and
monitoring the cutting tool condition and tool changing before the critical
wear process, see Chapter 3, is one of the major criteria. By comparing the
result from an on-machine surface measuring system with the nominal value
of the surface determined by an adequate model, the tool wear rate could be
estimated. A new global surface model has been described later in this
chapter.

8.4 Experiments
The experimental set-up is shown in Figure 8.4. A high carbon steel part,
90-mm diameter, was mounted in the spindle. The workpiece was machined
to 86 mm by a tool that was positioned in the lower turret. The machining
conditions were:

Tool: CNMG 12 04 12-WM
Feed: 0.15, 0.25, 0.35, 0.5, 0.7, 0.85, 1 mm/revolution
Cutting speed: 250 m/min
Cutting depth: 2 mm

8.4.1 Inspection Between Two Cutting Passes

The absolute positioning of the sensor head could be determined by the
control system of the machine tool. After a cutting pass, the part was
situated in a stationary state and the sensor head, which was positioned in
the upper turret, was moved very close to the workpiece in rapid motions,
finally contacted the surface by slow motion. The output voltage is
proportional to surface roughness. The initial calibration of the sensor had
been carried out before machining according to the manufacturer.
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Figure 8.4: Measuring of a turned workpiece by the eddy
current measuring sensor that is mounted in a tool
holder.

The experiments were conducted to correlate the measurement results from
the eddy current system with the conventional surface roughness parameters
obtained from a Talysurf stylus instrument. The measurement set-up is
illustrated in Figure 8-5.

    
Figure 8.5: Measuring of workpiece roughness by
mechanical tracing systems, Talysurf, for comparison
with the eddy current results.
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The surface roughness of a large number of workpieces, which were
machined by a different combination of tool feed rates and insert nose
radius, were measured in-cycle by the eddy current system. The results
showed good agreement on comparison with the stylus results.

1 mm

20 �m

20 �m

0.85 mm

10 �m

0.70 mm

10 �m

0.50 mm

10 �m

0.35 mm

Figure 8.6: the measurement results from the Talysurf
stylus instrument for a 1.2 mm insert nose radius and
different combination of tool feed rates.
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Figure 8.7: Comparison between the results from eddy
current, Talysurf and theoretical maximum profile height, Rt.

As shown in Figure 8.7, there is a good agreement between the measuring
results and the theoretical maximum profile height, Rt, calculated by
equation 8-1, at the low feed rates but not at higher feeds of more than 0.5
mm/rev. This issue has been discussed in the next section.

8.4.2 Mathematical model for estimation of nominal surface roughness

Monitoring of the tool condition by measuring surface roughness requires a
model for estimation of its nominal value. Due to the negative imprint of the
tool edge on the workpiece surface, a comparison between the nominal and
measured values indicates the wear rate progress. Any well developed wear
on the flanks of the cutting edge could easily be detected.

Flank wear,3 which is the most usual type of tool wear, has a major effect on
surface profile. Figure 3.15 illustrates tool wear for an uncoated insert.
Other parameters such as tool coating are important and significantly affect
the wear ratio diagram. According to Venkatesh et al, the increase in Ra is
very gradual for PVD4 coated inserts, but for CVD5 inserts there is a steep
                                                     
3 For definition see section 3.4.
4 Physical Vapour Deposition
5 Chemical Vapour Deposition
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rise after 10 minutes. With uncoated inserts, there is a steady rise in Ra [8-
7]. Thus flank wear will lead to poor surface texture in the end [8-17].

As indicated before, measurement of surface roughness before the finishing
operation is an unusual process. This is the main reason that available
mathematical models are only applicable for small feed rates used for
finishing processes. In finishing operations the surface texture is affected by
a combination of the feed rate and nose radius of the insert. However, the
theoretical maximum profile height, Rt, of the generated surface can be
calculated using equation 8-1.

�
r

fRt 8
2

� ( 8-1)

As shown in Figure 8.8, this model is not valid for feed rates6 greater than
AE. In case of feed rates up to BI the surface profile segment would be
affected not only by nose radius but also the tool back clearance angle, �n.
As can be seen from Figure 8.8 the profile segment AI is formed by this
angle. At a feed rate bigger than BI both angles, the tool back clearance
angle, �n and the entering angle, �, have significant effect.

This is important to notice that the entering angle is usually bigger than the
tool back clearance angle, �n. This angle is generally designed with respect
to the parameters such as effective cutting edge, direction of cutting force
and entry and exit of cuts. As a rule, entering angle, �, between 60 and 80
degrees is recommended for general turning [8-17]. This means that the tool
back clearance is usually the first limiting angle.

Thus the inputs of such a model are:

1. the included plan angle, �
2. the tool back clearance angle, �n

3. the entering angle, �
4. tool tip nose radius, r�
5. feed per revolution, f.

                                                     
6The model is valid for all feed ranges in the case of round inserts that mean a large
nose radius.
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Figure 8.8:  Distance AE is the maximum value of the
feed rate for which the existing roughness model is valid.

As proved in the following relationship, the angle AOG is equal to �n.

��� mACB (8.2)
902/ ������ ��FCOCOG (8.3)

)9090 2/(2/2/ ������� �� ���� COGAOG (8.4)

nAOG ���  (8.5)

8.4.3 Models for calculation lower and upper feed rate limits

The theoretical maximum profile height, Rt, could be calculated by the
existing model, equation 8.1, for feeds up to the lower feed rate limit, fl, that
could be estimated by equation 8.6.

�
r

fRff tl 8
2

���
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nl rAOGrAGAEf �
��

sin2sin22 ����� (8.6)

It is very obvious that in the case of �n > �  the above equation should
change to:

�
�

sin2rfl � (8.7)

Equations similar to 8.2 - 8.6 could be employed for calculation of angle
BmOG, see Figure 8.8.

   ���� ����������� )90()90( 2/2/COGOCBOGB mm (8.8)

The tangent point, Bm, is the second limit for feed rates i.e. upper limits, ful,
that could be calculated by the following equation:

mmmmmmmmul IHHSSBIBf ���� (8.9)

�
�

sinrIB mm � , mmHS is equal to AG that is known from equation 8.6 and

mmIH  could be expressed as nmAH �tan/ . Finally thus mAH is equal to

mOSOG �  equation 8.9 could be rewritten as:

nnnul rrrrf �����
����

tan/)coscos(sinsin ���� (8.10)
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Figure 8.9: In feeds range between fl (AE) and ful (BmIm)
surface texture would be affected by the tool back
clearance angle, �n.
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8.4.4 Roughness model for feeds bigger than lower limit

However, for feed rates between lower and upper limits such as BI7, an
additional term, �h1, should be added to the maximum value calculated by
the existing model described in equation 8.1:

1

2

8 hr
fRfff l

tull ������
�

(8.11)

Angle � should be determined for estimation of the additional term.

EDDB mmm /tan �� (8.12)
��

��
CosrCosrGSED nmm ��� (8.13)

))cos/(cos)sin((sintan �����
�

��� nnr (8.14)

As can be shown from Figure 8.9:

AHDEGSh ���� 1 (8.15)

The difference between actual feed and lower maximum feed rates, �f1, is
equal to:

HIBDfff l ����� 1 (8.16)

The components above could be calculated by equations 8.17 and 8.18.

�tanBDDE � (8.17)
nHIAH �cot� (8.18)

Equations 8.16 and 8.18 give:

nl BDfAH �cot)( ��� (8.19)

Again equation 8.19 could be expressed as:

nl AHfBD �cot��� (8.20)

                                                     
7 In reality point B is on the curve EBm but because of simplification is assumed on
the line EBm. The difference is insignificant.
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Equations 8.17 and 8.20 give:

�� tan)cot( nAHfDE ��� (8.21)

�f could be solved out:

nAHDEf �� cottan ��� (8.22)

DE and AH are equal to and could be replaced by �h1:

)cot(tan1 nfh �� ���� (8.23)

The quantity tan� can be calculated by equation 8.14. The first additional
term is determined by following equation:

]cot))cos/(cos)sin((sin[1 nnnrfh �����
�

������ (8.24)

From equations 8.6 and 8.24 the following equation can be written:

nnn
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�����
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1
���

�
�� (8.25)

Equations 8.11 and 8.25 give:

nnn
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�����
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���

�
�� (8.26)

Finally, by replacement of fl with equation 8.6, the theoretical maximum
profile height, Rt, can be calculated for the feeds between the lower and
upper feed rate limits by following model:

nnn
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t r
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�����

��

�

�

�

�

cot))cos/(cos)sin((sin
sin2

8
)sin2( 2

���

�
�� (8.27)

8.4.5 Roughness model for feeds bigger than upper limit

In case of the feed rates bigger than the upper maximum limit, ful, a second
additional term, �h2, should be added to the above equation:
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2max1

2
1

8 hhr
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�

(8.26)

As shown in Figure 8.10, max1h�  could be written as:

��
��

coscosmax1 rrOSOGGSEDh nmmm �������

nnnul rrrrf �����
����

tan/)coscos(sinsin ���� (8.27)

ulfff ��� 2

nnn rrrrff �����
����

tan/)coscos(sinsin2 ������ (8.28)
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Figure 8.10: In the feeds bigger than upper limit, ful
(BmIm), surface texture would be affected by the tool back
clearance angle, �n, and entering angle, �.

As shown in equations 8.17 to 8.22, �f2 could be determined by the
following equation. Angle � should be replaced by �.

nhhf �� cotcot 222 ����� (8.29)

�h2 could be solved out:

)cot(cot22 nfh �� ���� (8.30)

�f2 is given by equation 8.28. thus equation 8.30 can be rewritten as:
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Finally, the global model for determination of the theoretical maximum
profile height, Rt, generated by the machining process could be written as:
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8.5 Measurement Accuracy
Although the use of eddy currents to measure surface roughness is not as
accurate as probing methods, it can be used in machined processes, for
process monitoring and for automated quality control. This new system is
suitable for harsh environments due to insensitivity to environmental
influences such as oil, dirt and water. It is also a less time-consuming
process than probing methods.

Surface qualities of Rmax equal to 2-3 �m can be regarded as the maximum
level of quality which can be obtained using the currently available
precision lathe [8-13].

Changes to electromagnetic field properties and micro-structures caused by
burning and white layer are among the important parameters that should be
investigated.

8.6 Burning and “White Layer”
During the cutting process, the mechanical stresses and temperature increase
are two major parameters that affect the changes in the physical properties
of the workpiece surface and in turn the accuracy of the eddy current output.
In grinding if the system overshoots the desired force level, thermal damage
may occur to the workpiece - a phenomena known as burning [8-14], [8-15].

Highly stressed steel components such as gear and bearing parts require fine
surface finishing and hardening to increase wear resistance. In the past
decade, the technology of machining hardened steels has been developed.
Despite its high potential to increase productivity, mechanical finishing still
relies on the energy- and cost-intensive grinding process. That is because the
effects of hard machining on surface integrity aspects and attainable
accuracy are not well understood [8-13].
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In hard turning, the friction increased due to the wear land VB (see Chapter
four) generates extremely high temperatures that do not penetrate deep into
the workpiece. A martensite layer could be formed as a result of friction
when the surface temperatures exceed the ��� transition temperature. This
layer is recognisable as a “white layer” in micrographs and is similar to the
well-known grinding burn that causes residual stress. “White layer” is one
of the most important obstacles to the use of hard machining as a finishing
process [8-13]. However, until now there is no commonly accepted opinion
in this matter and the question that whether the properties of hard machined
surfaces are comparable to ground ones remains a subject for more research.
The opinions so far presented on this subject have seen differing.

It is evident that turning, and even hard turning, generates less heat than
grinding and most of that heat is carried off by the chips. This is the main
reason that Noaker claims there is no stress rise in turning and hard turning
processes [7-3]. According to König the thermal induced structural changes
do not penetrate the workpiece beneath a depth of 20 �m even if the wear
land VB reaches 0.2 mm [8-13].

8.7 Part Diameter - A New Definition
The diameter of cylinder parts has theoretically been defined as the length of
the straight line passing through the centre of a section circle to its edges.
Theoretically, the length of this line, D, is constant irrespective of the
chosen direction and section. In reality this distance is not constant and
depends on the line direction and chosen section circle which is affected
strongly by various distortions such as roughness and waviness. However,
the diameter of the part from a measurement point of view has been defined
as the maximum distance between the edges.

This definition is restricted mainly by the practical use of the part on one
hand and the measurement possibilities on the other hand. As shown in
Figure 8.8, determination of the diameter of a part created by the turning
process is influenced by the measurement techniques:

a) mechanical calliper - the most common definition.
b) mechanical stylus - touch probe in Coordinate Measurement Machine

(CMM). According to a survey carried out by Anbari et al probe radii
between 0.75 and 4 mm are most frequently being used [8-4].

c) laser calliper - the system described in Chapter 5 employs a commercial
laser scanner with a beam diameter is about 0.2 mm.

d) eddy current system - see Chapter 7.
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a) b) c) d)

Figure 8.11: Diameter measurement by
a) mechanical calliper
b) mechanical stylus - touch probe in

Coordinate Measurement Machine
c) laser calliper
d) eddy current.

8.8 Conclusions
From the approach presented in this chapter the following conclusions can
be obtained:

� The limitations of the existing surface roughness model for estimation
of the theoretical maximum profile height, Rt, for surfaces generated by
the machining process have been determined. These limitations are
based on a combination of the feed rate and the tool back clearance
angle. In order to eliminate these limitations, an overall model has been
established.

� A new on-machine measurement of workpiece surface topography has
been developed. This system, which is based on eddy current principles,
is a two-dimensional method that registers an area, equal to the section
area of the sensor head, in one step. It becomes clear that the developed
system measures the effective distance between the lowest trough on the
rough surface and the highest peak in the section area, which is known
as Rmax. The experimental results clearly confirmed that this system
represents a simple, fast and usable technique for installation in turning
machine tools for in-process quality control. Another possible field of
interest in the automatic process control is monitoring of the cutting tool
condition.
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� The influence of the surface roughness on the accuracy of the
determination of the actual part diameter depends on employed
measuring techniques. Based on the eddy current diameter measuring
system, a new definition of turned part diameter has been presented,
which affects the existing tolerance system.
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9. INDUSTRIAL IMPLEMENTATIONS
Evaluation of the developed on-machine measurement system has been
carried out for a pilot installation of the developed prototypes in three
industrial applications. The prototypes have been installed on the CNC-
lathes on the production lines at Alfa Laval Stainless Products AB and ABB
Alstom Power Sweden AB. The first application at Alfa Laval was an
investigation into the possibilities for achieving the desired tolerances
directly in the turning operations and elimination of the subsequent grinding
operations. The second application was a measurement of the elastic
expansion of bowel-shaped parts during the rotation tests up to 9000 rpm.
The implementation at ABB Alstom Power was achievement of a high
accuracy measuring system of the diameter and roundness of generator
shafts up to several tons, on-machine, and elimination of a measurement
process in the measuring room. The results from these investigations are
presented in this chapter.

9.1 Introduction
Arrangement of a demonstration of the developed measurement systems
described in the previous chapters for the representers of the companies that
are members of the Woxén Competence Centre, raised a huge interest for
carrying out similar experiments in an industrial environment. The accuracy
provided by the laser calliper and the possibility of an in-process measuring
system by the eddy-current system are the two systems that were the focus
of attention.

This was an excellent opportunity for a better evaluation of the developed
systems in a real production environment and the involved company could
investigate the possibility of an immediate implementation of the systems in
their CNC manufacturing machines. A master thesis project was arranged
for speeding up the process and covering all planned experiments [9-1].

The purpose of the tests was to compare the measurement results carried out
by prototype systems with the measurement results of the same parts from
measuring stations in respective companies. These two measurement
accuracies should be in the same range for a satisfactory feedback as
expected from results from preliminary experiments carried out at The
Royal Institute of Technology.

The holder device shown in Figures 6.2 and 6.7 is a specially designed
holder for use on a SwedeTurn 10 lathe. This machine has a horizontal cross
bed section that could easily be used for placement of the prototype.
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SwedeTurn 10 is an old CNC-machine and relatively unusual in industry.
The first issue was to design a new standard device holder that could be
used on any CNC-lathe.

9.2 Redesign of Prototype Fixture
A VDI tool holder was chosen as the interface between prototype and CNC-
machines. The reasons for this choice are:

� VDI style quick change tool holder systems have been industry
standard (see standard DIN 69880) and almost all modern CNC-
turning centres are equipped with these systems. VDI systems were
available on the above mentioned companies machines.

� The VDI quick change tooling system offers fast tool-change that
reduces set-up time of the prototype on the machines. It was very
important that the interruption of their production line could be
minimised.

� The tool holders are manufactured to close tolerances and provide
an accurate and fast method of affixing tools to the turret disc. This
is crucial for achieving precise and rigid locking to the turret and for
providing minimised error source from the installation of the
prototype on the machine tool.

� It is obvious that this type of fixture-holder for the laser calliper is
neither suitable nor possible in a real machining condition. On the
other hand, the VDI system is a possible solution as a fixture-holder
for eddy current sensors. The wire connection between the sensor
head and control unit is the main obstacle for this solution.

Figure 9.1: VDI tool holder used for a quick and accurate
installation of the prototype on the CNC-turning centres.
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The second main issue was modification of the holder design. As mentioned
before, the previous experiments have been carried out by having the prototype
in a horizontal position that reduced the deflection issue due to the prototype
weight. In the new arrangement, the measuring device was in an angled position
and held just from one side by the VDI holder. Deflection in this case was a real
problem that needed to be dealt with by redesigning the fixture, using the steel I-
section, see Figure 9.2, instead of the aluminium part.

The junctions between the main steel section and aluminium bars, which
hold laser scanners, were improved by fasteners 4 and 6 as shown in Figure
9.2. The design became more rigid as a system. This was important
especially for reducing the effect of vibrations from the machine motors and
hydraulics and even vibrations caused by slide movement during the
measuring process.

Relocation of the encoder position was the third major modification in the
rig design. As described in Chapter 6, the track straightness of a rail-
guidance system was significant due to the measuring axis and encoder axis
not being in line, see Figure 6.5. This error source would be eliminated by
relocation of the linear encoder holder in the measuring line i.e. in the
middle of the laser scanners, see Figure 9.2.

7
5

1

3

4

26

(1) VDI holder
(2) Main I-section (steel)
(3) Fix scanner holder (aluminium)
(4) Fastener
(5) Movable scanner holder (aluminium)
(6) Fastener
(7) Linear encoder holder

Figure 9.2: The new prototype fixture with a VDI tool-holder.
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Replacement of the Heidenhain sealed linear encoder with ±3 �m accuracy
with an open linear encoder with ±0.1 �m accuracy made by the same
company has significantly reduced the total system error. As described in
section 6.3.3, a sealed type encoder is more suitable for on-machine
measuring equipment because of the harsh machining environment. The first
reason for this change was reduction of the related error and to show the
highest possible accuracy during implementations. The second reason was
related to the planned experiments at ABB, where the tolerances were tight
and high accuracy was needed. Furthermore, the required measuring system
is a real post-inspection method with an adequate time gap between the
machining and measuring processes.

7

1

2

4 3

8

6

10

5

9(1)  Laser scanners
(2)  Receiver and transmitter holder
(3)  Scanner holder
(4)  Rail-guidance system
(5)  VDI-holder
(6)  Stepper motor
(7)  Linear encoder glass scale
(8)  Linear encoder scanning unit
(9)  Laser beam 
(10) Measured workpiece 

Figure 9.3: A 3D model of the new laser calliper prototype.

9.3 Total System Accuracy
As mentioned above, the system accuracy was improved in the new prototype by
using a highly accurate encoder, relocation of the encoder and improved fixture-
holder design. The remaining significant error sources therefore are limited by
uncertainty of the scanner devices. As described in section 6.4 the total system
uncertainty caused by independent random errors could be estimated by equation
6.1, which in this case was less than �3 �m. However, calibration of the system
remains as another important accuracy parameter.
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This is dependent on how accurately the distance between two scanner devices,
i.e. the off-set value, is measured. The chosen encoder has a reference point that
provides a "calibration memory".

9.4 Experiments at Alfa Laval Stainless AB
Alfa Laval is one of the world's largest supplier of separation equipment.
Separators are used to separate various liquids from each other, such as oil
from water and cream from milk. This equipment is also used to separate
solids from liquids; purifying up process liquids is one of the interesting
applications for manufacturing engineering in which separators could be
employed. The production of this equipment is run in small batch sizes that
require DIRFT (Do It Right the First Time)1 for a quick set-up process and
reduction of cycle times. As discussed before, a rapid and accurate
measuring process has a crucial role for this achievement.

The second aim for carrying out these tests was to create a capable turning
process instead of grinding process. The measuring object was a spindle
shaft used in the separators. The shafts are manufactured in the flow line
that includes turning and grinding. Finally, a measuring station in the
manufacturing line was provided for final inspection of the created
dimensions. Elimination of the last two process steps (i.e. the grinding and
measuring station by using an accurate on-machine measuring system during
the turning process step) was the second goal of this feasibility study.

As mentioned before, the required surface roughness could be generated in
the turning process and the grinding is mainly needed for generation of the
correct dimensions.

It should be emphasised that the turning process includes several measuring
stages that are carried out manually by the skilled operators. This is a
significant time consuming process not only because of the manual
measurements but also because of the necessary sub-steps such as opening
of the machine door, stopping the lathe spindle motor for opening of the
door and acceleration of that for achieving the required revolution level. An
automated measuring device that eliminates just the above sub-steps could
lead to a significant cost reduction.

                                                     
1 DIRFT is mainly related to product development activities. According to this
principle, in today’s market, there are few second chances then for success Do It
Right the First Time (9-1).
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9.4.1 Measurement of the spindle shaft at KTH

As the first step of the feasibility study one of the rejected part was sent to
KTH (the Royal Institute of Technology) from Alfa Laval's manufacturing
site at Skogstorp. This part was rejected because one of the cones was out of
tolerance. The final measurements that were the basis for the rejection
decision were carried out very accurately on measurement rigs in the
company’s measuring room. The measurement  results that were
documented in a protocol have been accepted as the “true value” of the
dimensions. A drawing of the measured spindle shaft is shown in Figure 9.4.
The rejected part was clamped on the CNC-turning at KTH and a series of
measurements were made by the new prototype, see Figure 9.5.

Cone Cone

Figure 9.4: The spindle shaft used for measuring
experiments, measures in millimetres and tolerance classes.

Figure 9.5: The spindle shaft on Swede Turn 300 at KTH.
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Using the same part, the laser calliper was calibrated on one of the part’s
section (diameter 75 mm) by measuring with the prototype and the off-set
distance was adjusted by comparison with the “true value” of the same
section. This was important for elimination of the calibration error.

All sections were measured in turn and the measurement results are presented in
Table 9.1. The differences between the measured value at Alfa Laval and KTH
are almost sub-micron. All measurements were repeated nine times for a
repeatability study. As shown in Figure 9.6, the repeatability of the tests were
under 0.5 �m.

Table 9.1: Comparison between the measurement results from laser calliper
with measurements carried out in the measuring room at Alfa Laval

Diameter
(mm)

"True value" Measured value
Laser Calliper

The required tolerance class

� 65 64,964 64.9680 65 f7  (-0,03/-0,06)
� 77 76,968 76.9680 77 f7  (-0,03/-0,06)
� 90 89,990 89.9908 90 g6 (-0,012/-0,034)
� 75 75,000 75.0000 (Calibration) 75 j5  (+0,006/-0,007)
� 70 70,012 70.0108 70 k5 (+0,015/+0,002)
� 70 70,009 70.0100 70 k5 (+0,015/+0,002)
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Figure 9.6: Repeatability of test results for all sections.

According to both measurement series shown in Table 9.1, all cylindrical
sections meet the tolerance requirements. The cone sections are the most
critical sections in the spindle shafts and in this case the reason for rejection.
For measurement of the cone shapes by laser calliper, the diameter of
several cross sections of each cone, with pre-defined distances from each
other, were measured.
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The relationship between axial position and diameter of each circle defines
the conicity of the sections. Cone angle, �, can be calculated by Equation
9.1:

��

�
��

�
�

z
d
�

�
�

2
arctan (9.1)

The axial position of the first circles, z1, is not significant but covering the
biggest possible part of the sections increases measuring accuracy, see
Figure 9.8. However, the accuracy of the cone measurement decreases due
to the involvement of a new parameter, the distance between sections that
are controlled by the machine z-axis driver. The positioning accuracy of the
z-axis is usually not controlled by a linear encoder but just by an encoder for
measurement of the drive motor’s rotational position. As shown in Figure
9.7, the cone section 1:15 fulfilled the tolerance requirements but the section
1:6 was out of tolerances, confirmed again by test results at the Royal
Institute of Technology.

-16
-14
-12
-10
-8
-6
-4
-2
0

0 10 20 30 40 50 60 70 80 90
Z-axis position (mm)

Er
ro

r (
um

)

0

5

10

15

20

25

30

35

40

0 10 20 70 80 90 100 110

Er
ro

r (
um

)

Upper tolerance limit
Low er tolerance limit
Results from Alfa Laval
Laser calliper

Figure 9.7: The comparative measurement results from
cone 1:15 (top) and 1:6 (bottom) carried out at Alfa
Laval's measuring room and KTH (laser calliper).
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The above mentioned measurements were based on a fixed offset value. A
new repeatability study was carried out by changing the movable scanner in
the x-axis of the lathe. The removable calliper arms was repositioned by the
stepper motor in 1 mm steps from step 0 to step 10 and inversely back to the
initial position, see Figure 9.8. Two parameters needed to be considered:

0ppp ii ���  the difference in repositioning shown by the encoder.

0ddd ii ���  where 0d is the reference diameter and 1d  is the diameter
measured in each step, due to the unchanged off-set.

These two parameters should theoretically be equal. However, in reality the
error source related to the three main devices i.e. the encoder, laser scanner
and linear guidance system, cause an inequality in the parameters. For each
step, the differences between the above mentioned parameters, )( ii dp �� � ,
has been accepted as an uncertainty parameter for interaction between the
constituent devices.

Stepper motor

Encoder

Turret

z

x

Workpiece

Removable scanner

Figure 9.8: Re-positioning of the removable scanner by
stepper motor
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Figure 9.9: The difference between repositioning measured
by the laser scanner and the linear encoder.

The achieved accuracy of the accomplished experiments was, once again, better
than � 2.5 �m with a repeatability less than � 0.5 �m. The experiments covered
more repeatability studies and a thermal effect study by heating the fixture’s
main components and workpiece, see reference [9-1].

9.4.2 On-machine measurements at Alfa-Laval

The experiments carried out at KTH in Stockholm showed the capability of
the laser calliper but further experiments were planned for on-site
measurements at Alfa Laval’s manufacturing shop in Skogstorp. It was
important that the prototype could be mounted on the company’s turning
centre, Okuma LU35, for obtaining a feedback on the laser calliper’s
accuracy and flexibility.

Machining of a similar shaft, shown in Figure 9.4, was in progress. A
section with required 69.8 mm diameter was chosen for measurement. After
the finishing pass of that section, the laser calliper was installed on the lathe
turret via the VDI-holder, see Figure 9.10. Manual measurement of the
section by a line engineer gave 69.71 mm. A comparative measurement by
the prototype showed 69.714 mm. It is notable that the measurements were
based on the “calibration memory” described in section 9.3. The calibration
carried out at KTH was not affected during transportation.
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Figure 9.10: Laser calliper prototype on LU35 Okuma
CNC-turning centre at Alfa Laval's production line.

During scanning of the shaft a significant parallelism error was detected. A
section of the shaft with 400 mm length was scanned along the z-axis. The
diameter was continually growing and a difference between the start and the
end parts was 80 �m. As discussed in Chapters 4 and 6, parallelism error in
lathes is not an unusual problem and after any collision, which is an undesired
reality in machining processes, this error appears. The experiments carried out
during this study highlighted this problem once again.

The accuracy achieved in experiments carried out at KTH and Alfa Laval
supported the concept of elimination of the grinding and measurement
stations. In other words, the on-machine dimensional measurement could be
achieved with the required accuracy and the surface finish could be generated
in the turning process but the achievability of the concept is questioned? The
issue of the weakest link, machining or measuring processes, was raised again.
This matter was highlighted by the company’s process development managers
as well by querying whether the laser calliper was too advanced for the
machine. The utilisation of this system was correlated to investment on a new
machine tool which is a short term solution.

From a wider view, limitation in machine tool capability is one of the major
reasons for a deterministic manufacturing philosophy that was briefly
described in section 2.4, see also [9-3]. The systematic errors such as
geometrical error or thermal expansion of the machine tool components
could be estimated and compensated. In the above mentioned example for
400 mm section, the diameter d should be redefined for the machine tool
control system depending on it’s z-position.
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Diameter d at one end of the section will be d�0.080 mm at the other end.
This control concept is possible because the tight tolerances are usually not
required for long sections but mainly for the narrow sections.

9.4.3 Measurement of the Elastic Deflection at Alfa Laval

The second part of the experiments was based on measurement of the elastic
deflection during rotation tests of the bowel-shaped parts, Figure 9.11.
During the separating process the bowels, which weighd up to 300 kg, are
exposed to rotation up to 5000 rpm. This causes a huge centrifugal force that
deflects the part and increases its diameter. This should be considered from
the separators’ performance point of view. Furthermore this is an important
safety issue. If a crack appeared in the part the high rotation rate could end
in a catastrophe.

During rotation test the parts are deliberately overloaded with rotation rates
up to 9000 rpm. As is well known, if the stress exceeds the elastic limit a
permanent deformation is produced. This deformation and the final
dimension of the parts could easily be measured by gauging the part
diameter after the rotation test. The measurement of the elastic deformation
is important for the parts’ stress behaviour and monitoring and eventual
control of the rotational test.

A Keyence 500 series eddy current sensor with a measuring range 0 to 5
mm, by generating 0 to 5.000 volt, was employed. Thereby a digital
voltmeter could be used for showing the measured distance. After required
calibration, the sensor head was placed on a simple fixture 2.5 mm from the
part. The schematic set-up of the measurement is shown in Figure 9.11. As a
first step, the part rotated slowly for detection of run-out error. The
measured line misalignment was 240 �m. The bowel part was revved up to
9000 rpm in a few stages. The gap between part and sensor head reduced
from 2.5 mm to 1.5 mm. Manual measurement of part diameter before and
after rotation, carried out by a line engineer, showed 0.9 mm difference as
remaining expansion. In this case the elastic deformation could be estimated
up to 1.1 mm on a diametrical basis.

The distance shown on the voltmeter included an average of the run-out
distance due to the voltmeter sampling frequency. In the mean time, a DSP
signal acquisition card with a 16-bit A/D-converter was utilised for recording the
signal for a dynamic analysis. This analysis failed because of the eddy current
signal processor’s low frequency, which was less than 5000 Hz.
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Eddy current 
sensor 

Rotational axis 

Bowel-shaped part 

Figure 9.11: A fully assembled separator and the
schematic set-up of the elastic deflection measurement
by eddy current.

9.5 Experiments at ABB Alstom Power AB
The company, called ABB Stal AB at the beginning of this study, was interested
in high accuracy measuring systems. This company is one of the world leaders
with manufacturing products ranging from gas and steam turbines, generators,
waste-to-energy heat recovery systems to district heating systems. One part batch
size is an avoidable reality in their manufacturing line because of the product
nature which could include a shaft weighing more than 10 tons. For some of the
parts there is almost no space for a second try and rejection or any corrective
action will be at enormous cost.

An accurate and reliable measuring system is a key for machining the parts
correctly the first time. The measurements related to the main parts are usually
carried out manually. As an accurate measuring system, the laser calliper has a
limited measuring range and dose not cover all their requirements that could
cover parts with diameters more than one meter. A new measuring concept,
described in the next chapter, is capable for measuring a wider range of
diameters, including heavy generator and turbine parts.

The laser calliper application was a roundness measurement trial on a
section allocated in a main shaft of a middle size generator, see Figure 9.12.
This section had a diameter of 109.83 mm and a high surface finish provided
for in-process measuring of dynamic stability of the generator. Out of
roundness is an extremely important issue for the dynamic stability, which is
a crucial property for this type of product. The out of roundness tolerance
for this particular section was less than 3 �m. A non-contact gauging system
is preferable because of avoiding any scratch on the extremely good surface
quality. The measuring object, a generator shaft was machined and awaiting
for a final measurement in the measuring room.
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For the planned experiment the shaft was re-clamped in the lathe spindle
and adjusted for elimination of non-concentricity errors. The adjustment
process was carried out by two skilled operators in about 90 minutes.

At the first step a series of measurements was carried out utilising a
Keyence 500 series eddy current sensor with 1 mm measuring range that
provides a higher accuracy. The sensor head was placed 0.5 mm from the
measuring object and the distance was fluctuated, during shaft rotation, up
to 15 �m. This was widely out of specifications. As expected the 15 �m
result included not only out-of-roundness error but also run-out error caused
by misalignment in re-clamping of the shaft. As described widely in Chapter
7, the eddy current concept is a one point measuring system and suffers from
disadvantages of this system.

The laser calliper was placed in the lathe, as shown in Figure 9.13 for the
second series of measurements. The out of roundness achieved with this
system was 2.5 �m. Repeatability of the measurements carried out on
different positions across the section was less than ±0.1 �m. However, the
results were as expected and showed the range of the misalignment of the
shaft in the clamp. Line engineers measured the concentricity error by
mechanical indicator that showed a run-out error up to 11 �m. As described
in Chapter 6, the laser calliper is capable of gauging the run-out errors by
measuring the variations in one laser beam width in either scanner. The
above mentioned result was confirmed by the laser calliper as well.

Evaluation of the results from experiments required final measurements that
were carried out in sub-micron accuracy. These results, see Figure 9.14,
showed about 2.5 mm out-of-roundness error that was detected by the laser
calliper. This means that a sub-micron accuracy was achieved by the
prototype calliper. It is remarkable that for roundness measurement there is
no need for adjustment of the calliper arms. The error caused by the encoder
and linear guides have no effect in these types of measurements. Another
important parameter in achieved accuracy was the use of the most accurate
part of the measuring area in the scanners beam area. As described in Chapter
6, the middle part, �10 mm from centre axis, provides a measurement
uncertainty less than �2 �m. Finally, the extremely good surface structure was a
contribution for reducing the measurement uncertainty.
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Figure 9.12 Artist view of the GT35 gas turbine –ABB
Alstom Power AB [9-4]

Figure 9.13: Measuring of a generator shaft by laser calliper.

2 �m

Figure 9. 14: The roundness measurement result from ABB.

The achieved accuracy by laser calliper raised an interest for investigation
on possibilities for utilising the system for absolute measurement of the
diameters up to 1400 mm. The measuring ranges and related accuracy
described in Chapter 6 excludes the error sources related to mechanical
construction for a practical fixture-holder. In addition, as mentioned before,
an alternative measuring system for covering a wider measuring range than
the laser calliper is described in Chapter 10.
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9.6 Conclusions
The experiments carried out at ABB, Alfa Laval and the Royal Institute of
Technology (KTH) have produced results that were in line with expectations.
These tests showed that the system is feasible in the applications of both
companies.

1. Alfa Laval’s experiments showed that the laser calliper system is
capable for elimination of the grinding operation by achieving the
required tolerances in the turning process through on-machine
measurements. In the case of utilising the eddy current system in turning
process for automation of the measuring steps, which eliminates
operator interference, the cycle time is reduced by 20%.

2. The experiments showed that the machine tool capability was the main
limiting parameter. However, the author does not believe this limitation
is specific to just this case and deterministic manufacturing should be
the focus for improvement of capability of the existing machine tools.
This is a challenge for further research.

3. The roundness measurement at ABB by the laser calliper had exactly the
same accuracy as the measurement carried out in the company’s
measuring room with the advanced measuring equipment.

4. The initial purpose in this study was focused on in-process and the on-
machine measuring concept. The achieved accuracy raised the idea that
the system could be utilised even in a measuring room as well.
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10. NEW MEASURING SYSTEM BASED ON FOCUSED SPOT
A new measuring principle for gauging the diameter of cylindrical parts is
presented in this chapter. This system is based on using the minimum spot
size of a focused laser beam as a detection point of the measured object’s
edges and a linear encoder for measurement of the distance between them.
The position of the minimum spot size is naturally in the focal point of the
employed lens. The measuring uncertainty is firstly dependent on the spot
size that in turn is determined by the incident collimated beam size, the focal
length of the used lens and related aberrations. Deflection of the light
around the 'contact point' is a second important error source in the system,
which has been reduced by using a matrix of photodiodes as a detector. Sub-
micron accuracy could be achieved in the measurement of small diameters
and for larger diameters over about 300 mm, an accuracy in the order of
micrometers is possible. The method is a unique concept for measuring of
large parts such as heavy gas turbine shafts. The measuring principles, pros
and cons and the results of the basic tests are presented in this chapter.

10.1 Introduction
For on-machine applications, as discussed in Chapter 2, it was thought that
the inspection systems for accuracy control based on laser technology would
be extensively used by machine tool control systems by the middle of 1980s,
see section 2.4. The misjudgement was mainly a result of an
underestimation of the error sources related to laser applications. Diffraction
of light at the edges and local slope variations of the rough surface gives rise
to the greatest uncertainty. The problem still remains unsolved and demands
more research before achieving higher measuring accuracy with lasers.

The second main reason for further research and development in this field is the
lack of laser based equipment for measuring large parts such as turbine shafts,
see Figure 10.1. On the shop floors, this type of part, which usually require
relatively tight tolerances, is inspected with traditional gauging instruments. It
should be emphasised that the parts are usually extraordinarily expensive and
manufactured in one or a few parts batches. However, measurements in this
range are difficult to achieve through the use of traditional devices such as
micrometer1 callipers. Due to the size of the measurement objects, big and heavy
holders are needed for the micrometers. There are several significant error
sources such as thermal expansion, mechanical deflection and errors related to
manual handling. Figure 10.2 shows the variations caused by different holding

                                                     
1 Due to the Abbot principles the accuracy of the mechanical micrometers are much
higher than standard callipers but accuracy is much worse than ±1 �m. So, the name
of this widely used equipment is misleading.
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positions. For the parts with larger diameters such as the part shown in Figure
10.1, the weight of holders and related errors are obviously much bigger than
stated errors in the figure.

Figure 10.1: The lack of an automated and accurate
measuring system for large parts is still a challenge for
research (photo: General Electric).
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Figure 10.2: The relative errors caused by different
holding positions of a micrometer calliper.

The laser measuring systems related to this type of application is based on
the simple fact that light travels in a straight line and is mainly based on
edge detection through the estimation of the ratio between shadowed and
non-shadowed parts of the beam. As shown in Figure 4.6, the gauging
system developed by Novak is based on this principle [10-9], [10-10]. The
non-shadowed part of light is detected by a photodiode directly or through a
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focusing lens. The correlation between edge position and light intensity is
effected by several parameters such as non-uniformity of the beam2, light
diffraction and errors related to optical parts. Furthermore, the measuring
range of the developed systems do not cover the above mentioned large parts.

10.2 Basic Principles
The new system is based on analysis of the non-truncated part of the laser
beams for finding the position of the part edges and estimation of the part
diameter by measuring the distance between these two positions. The main
difference between the existing method, for example described by Novak,
and the new approach is the size of the laser beam, see section 10.3. In the
developed system, the laser beam is not collimated in the detecting area and
shadow rates on the minimum spot size of a focused laser beam is used for
detection of the part's edge positions, see Figure 10.3.

a) Existing method b) Developed concept

Detecting range
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Figure 10.3: Illustration of the basic principle for a) the
existing edge detecting method and b) the new approach.

As illustrated in Figure 10.3, the measuring range is limited by the linear
travel distance between two beams. The detecting range in this application is
defined as the sectional distance that the measuring object could significantly
affect the shadowing rate and thereby light image. As stated before, in the
new approach, the detecting area is reduced to a few micrometers depending
on the initial collimated beam size, laser wavelength and employed lens.

To describe the basic principle in another way, the new system is just the
opposite way round of measuring the spot size of a focused beam.
Determining the spot size of a laser beam, in general, is a fundamental
problem in laser diagnostics. Many industrial applications of lasers require

                                                     
2 No laser beams are ‘perfect’. Due to limitations of the optical cavity, the lasing
medium, and/or the optics, most beams are not the ‘perfect’, diffraction-limited,
Gaussian profile, pure TEM00 mode described in textbooks.
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extremely high TEM00 Gaussian mode quality with an accurately defined
spot size. The application in which a beam must be focused to the smallest
possible spot cover mainly the material processing aspects rather than
measuring systems. However, determining the spot size in this system is
crucial in terms of defining the detecting range of the beams.

10.3  Beam Waist
Determination of the detecting range is a crucial parameter for the
developed system. In general, determining the spot size of the laser beam is
a fundamental problem in laser diagnostics. The transverse profiles of real
laser beams lack clear defined edges. Even defining the width of a laser
beam in a meaningful way can be difficult for an aberrated beam with an
irregular intensity profile [10-3]. The problem increases in the case of the
minimum spot size measurement at the focus point.

As mentioned before, the practical importance of the spot size is mainly
related to other industrial processes such as material processing and plasma
generation. In the case of material processing, the smallest beam waists and
increased Rayleigh length3 lead to manufacturing of micrometer structures
in short times [10-4]. Cutting speed, melt depth and the width of a cut is
strongly dependent on parameters of the focused laser radiation. A laser
beam with a poor profile can result in weak welding and unexpected hole
size in drilling operations. The large focal length for a given beam waist
results in an increased distance between the focusing lens and target.

d0

z
f

D

Figure 10.4: Focusing of a Gaussian beam to a small spot size.
There is a shift between the geometrical focus of the lens and the
actual waist of the focused Gaussian beam, which is negligible.

                                                     
3 The distance that a beam travels before the beam begins to diverge significantly.
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10.3.1 Theoretical Formula

There is a well known relationship which states that the effective diameter4

d0 of the focused spot of a collimated Gaussian beam is defined by the lens
focal length, f, wavelength, �, and collimated beam diameter, D:

D
fd �2

0 � (10.1)

For achieving strong focusing, the incident beam should fill the focusing
lens aperture. According to Siegman, an ideal Gaussian beam can be
focused down to a spot that is roughly one to two optical wavelengths in
diameter multiplied by the f-number, #f , of the focusing lens [10-8]. The
lens f-number is defined by:

D
ff �

# (10.2)

In this application it is important to note that a long focal length lens will
generally be simple, inexpensive and easy to obtain, with quite small
aberration coefficients [10-8]. However, an analytical definition of the real
spot size of a real laser beam is too complicated because of several
significant variables such as an irregular intensity profile of the beam and
lens quality.

Different types of aberrations could occur in monochromatic optical systems
such as spherical aberration, astigmatism, field curvature, coma and
distortion. All of these deviations have an effect on spot size which is the
key point in this measuring system. By using a helium neon type laser,
spherical aberration5 has the major effect. Chromatic aberrations are of no
practical concern in helium neon lasers.

As stated before, in reality the spot size of the beam waist is bigger than the
theoretically defined spot size. This is because of the fact that all the light
rays do not pass through the points, i.e. focal point, predicted by paraxial
theory. Therefore a series of methods have been developed for measuring

                                                     
4 Effective diameter contains 86% of the focused energy.
5 Spherical aberration is due to the fact that the focal length of the lens for marginal
rays is less than for paraxial rays because of the spherical surface properties [10-1].
This defect can be reduced by using a parabolic rather than a spherical section, but
this involves greater complexity and expense in lens construction.
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the spot size6.

10.4  Practical Approach
There are several basic techniques based on mechanical and electrical
methods for measuring real laser beam profiles:

1. Measurement of the beam profile as reflected from a diffusing surface.
However, the human eye or photographic film have both low dynamic
range and are clearly able to discern the surrounding low energy.

2. Burn paper and Polaroid film are often used for making beam profile
measurements. The width of the darkness area could change by ±50%
[10-6] for a collimated beam. The error range is increased for a focused
beam with a much smaller beam waist7.

3. Determination of intensity distribution in a section of a focused laser
beam is possible by using a thin-wire bolometer that is also
recommended for high power lasers [10-7].

4. A much simpler and more widely used measurement technique is the
scanning knife-edge method. In this method, one scans an opaque knife-
edge transversely across the beam profile in the x and y transverse
directions. This approach has several advantages in this concept such as
determining the ideal detecting range and monitoring the image
gradually and steadily. This is very important for analysing the
diffraction pattern, which will be described in the next section.

In the scanning knife-edge method, the spot size is measured by accurate
changes in the opaque 'knife' position across the beam. The reverse process
could be defined for the newly developed measuring system, i.e. finding the
position of the part edge by monitoring the changes of the light image.

10.5 Experiments
The main aim of these experiments was limited to investigation of the edge
detecting accuracy of the system, i.e. for concept proof. Additional devices
such as mechanical holder parts and encoders are needed for a complete

                                                     
6 A quality factor, M2, has been introduced which is related to the space-beam width.
This quality factor has the property that M2�1 for any real beam, reducing to the
limiting value M2=1 only for an ideal TEM00 Gaussian beam. In other words, M2 is
a dimensionless parameter that characterises the degree of imperfection of a real-
world laser beam.
7 Acrylic mode burns provide quite representative beam profiles but this method is
only suitable for high-power lasers such as CO2.
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measuring device. Similar types of device have been described in Chapter 5
and Chapter 9 for the laser calliper.

10.5.1 Experimental set-up

A 3mW He-Ne laser was employed in the experiments as the light source. A
diode laser could be used as well but, generally, gas lasers such as He-Ne
lasers provide an almost collimated beam. Diode lasers are usually not the
best choice for this type of measuring system mainly due to the high
divergence of the generated beam. On the other hand, the light generated by
diode lasers is asymmetric and often astigmatic [10-1], which causes more
complexity in this application.

The experimental set-up consists of simple lens elements. A set of lenses
from Mells Griot were employed for beam expansion, for the collimation
lens and finally for accomplishment of the minimum detecting range by
strong focusing. The diameter of the collimated beam was about 20 mm and
the focal length of the focusing lens, lens3 (see Figure 10.5), was 100 mm.
According to theoretical definition, this should create a 6.3 µm waist.

Figure 10.5 shows a schematic set-up of the measuring system. A simple jig
was provided for positioning the measuring object across the beam for
detection of the edges. An encoder, in this case a linear encoder made by
Heidenhein with 0.1 �m accuracy and 100 mm measuring range, placed in
the positioning direction (see Figure 10.5), measured the distance between
two detecting positions, which is equal to the object diameter. Another
series of experiments was carried out by using a Philips magnetic sensor,
which has the same accuracy, for determination of the image variations
during the part traverse across the focusing spot.
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Figure 10.5: The schematic set-up of the developed system.
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In these trials, the positioning of the measuring object was both possible and
simple but in the measuring of large parts, especially those clamped in a
complicated holder-fixture or chucks, the alteration of the beam's position
would be the only possible option. Three solutions have been investigated
for the receiver side:

1. A single PIN photodiode equipped with a lens for focusing the non-
shadowed part of the beam. This is a simple solution, which is employed in
existing concepts. This option is suitable for measuring total beam intensity,
but dose not provide the possibility for analysing the image.

2. A matrix of single PIN photodiodes on a PCB, that covers the whole of the
illuminated area on the screen as shown in Figure 10.5. The illuminated area
of the screen is obviously dependent on the distance between the screen and
the focal point. As shown in Figure 10.6, the background of the matrix has
been covered by a black shim for minimisation of the back-reflection. By
measuring the individual current variation in the photodiodes, the matrix
solution makes it possible to:

� determine the total beam intensity.
� determine the partial intensity in each specific area.
� determine the variations in the created image pattern.

3. Finally, the photodiode matrix was replaced by a digital camera also making
the above mentioned points possible. Coverage of the whole screen by this
system is the main advantage of this solution. However, the light intensity
was too high and needed some type of filtering. The main disadvantage of
this solution was the lower resolution on the partial intensity.

a) b)
Figure 10.6: The arrangement of the knife-edge spot size
scanning method by using a razor and a) CCD-camera
b) matrix of single photodiodes.
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Higher intensity sensitive cameras are commercially available, which could
be considered for this application. For these experiments, the second option
has been chosen due to its simplicity and high resolution.

10.5.2 Knife edge scanning

As expected, the real spot size of the beam was significantly larger than 6.3
µm, which was theoretically calculated by equation 10.1. The actual size of
the waist was 30 µm. This is mainly due to the surrounding energy and lens
errors, especially the spherical aberration.

The diffraction pattern was the most interesting output in these experiments.
As illustrated in Figure 10.7, a truncated Gaussian beam before the waist
would start a dark area on the screen from the opposite direction and from
the same direction in the case of truncation after the focal point. The effect
of truncation out of the focused point would be useful for positioning the
waist on the measuring object's highest edge, which is explained in section
10.5.3.

ScreenLens
a bc

Figure 10.7: The “knife edge” method is applied for
study of the pattern image a) before the focusing point
and b) after focusing point.

The diffraction pattern caused by truncation in the waist area (see case c in
Figure 10.7) could not be explained by the ray-optic. In the ray-optic all the rays
pass through the geometrical focal point. This is not a real case. Experimental
results showed that the darkness starts from a specific point inside of the light
spot and grows to a bigger dark spot, as illustrated in Figure 10.8. As a result of
continuously increased truncated area,  the darkness covers the whole screen by
appearance of other spots and connection between them.
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Figure 10.8: A dark spot starts inside the light spot by
truncation of the waist by a knife edge opaque object.

The position of the 'first dark spot' is highly repeatable and its size is
correlated to the position of the knife edge in the detecting range. The edges
of the first dark spot and the subsequent spots are not sharp and gradually
pass to remaining light areas. This is obviously a pattern resulting from
interference of the undisturbed wavefront and the wavefront disturbed by
the object to be measured. It is affected by several parameters:

1. The edge effect: As a natural property of light, diffraction causes the
electromagnetic waves to propagate in the shadowed area of an obstacle
causing an apparent bending of the passing beam around the edge of the
obstacle. Sharp-edge apertures, especially circular apertures, even though
they may cut off only a very small fraction of the total power in an optical
beam, will also produce aperture diffraction, see Figure 10.9. This will
significantly distort the intensity pattern of the transmitted beam in both the
near-field and the far-field regions. For example, the diffraction effects on an
ideal Gaussian beam of a sharp-edged circular aperture, as large as the d=�w
criterion will cause near-field diffraction ripples with an intensity variation
�I/I��17% in the near-field, along with a peak intensity reduction of ��17%
on axis in the far-field [10-8]. The diffraction ripple would be reduced by
enlarging the aperture size.

Shadow edge

Opaque obstacle

a) b)

Figure 10.9 a) A sharp edge appears to be a source point of
a cylindrical scattered wave, b) aperture diffraction ripples
produced by truncation of a Gaussian beam [10-8].
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2. Beam quality: A real monochromatic optic beam propagating within the
paraxial approximation, in general, is not spherical nor collimated nor
diffraction-limited8. The transverse amplitude profile across the beam may
have complicated and irregular variations [10-2]. This would increase the
irregularity and effect of the above explained diffraction ripples.

3. The truncated beam profile: A truncated beam profile is strongly
changed in terms of size and intensity pattern. The two following figures
illustrate the simplified models9 of the beam profiles caused by
truncations [10-11]. Figure 10.10 shows the truncation of a plane wave
by a slit, based on an axis normalised to slit width, d and Rayleigh
range, zs. The term Rayleigh range describes the distance that a
collimated beam travels before the beam begins to diverge significantly.

�

�
2
0w

zs � (10.3)

The truncated plane wave is converted to a new profile, which, in the
near-field, could be predicted by a sinc function. Further radiation and
conversion would result in a Gaussian profile in the far-field. In the
same way, as shown in Figure 10.11, even a truncated Gaussian beam,
independent of the position of the truncation, would result in a Gaussian
beam with lower intensity [10-11]. There are two important points that
should be emphasised:

� The above mentioned two models are based on a collimated beam.
In the case of truncation of the focused beam the size gain of the
final pattern should be considered.

� The result shown in the figures below cover just one axis model. For
a complete model a resultant of two axis should be calculated.

                                                     
8 In reality, the paraxial ray has been defined as a ray whose angular deviation from
the cylindrical (z) axis is small enough that the sine and tangent of the angle can be
approximated by the angle itself [10-5].
9 The models were originally prepared for the design of optical switches.
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Figure 10.10: Truncation of a plane wave by a slit [10-11].

Figure 10.11: Truncation of a collimated Gaussian beam
produces radiation and stretches the remaining part of the
beam irrespective of the truncation position [10-11].
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4. Lens quality: The effect of aberration on the spot size has previously
been described. Another significant effect is on the diffraction pattern,
especially by spherical aberration. By keeping the same laser source and
beam expander lens and replacing Mells Griot's focusing lens with a
large diameter lens, as shown in Figure 10.12, the position of the first
dark spot and the dynamics of the pattern was significantly changed.

Figure 10.12: The new set-up, Mells Griot's collimated and
focusing lenses were replaced by the large diameter lenses.

The simplest way to reduce spherical aberration was employed by placing a
stop filter aperture in front of the lens to cut off marginal rays. Two
disadvantages affected the results: firstly, the input diameter was less than
the initial beam diameter and secondly, the intensity of the input beam was
drastically reduced. The beam should be focused to a very high intensity for
elimination of the noise caused by ambient light.

The above mentioned parameters cover the scanning knife edge application
but in the application to real objects, the part's shape and surface roughness
are the most significant parameters in the creation of a complicated
interference and diffraction pattern.

10.5.3 Part measurements

A cylindrical part with 20.04 mm diameter replaced the razor blade for an
investigation of the system accuracy and repeatability. Voltage signals
produced by the photodiodes could be processed to give a reading of the
light intensity. As stated before, there are three main parameters that give
information about the position of the detected edge.

1. Total intensity: the total intensity of the non-shadowed light is the main
information carrier parameter. The measurement was carried out by
connecting the photodiodes in series. The source voltage of the system
was 10 volt and the output signal is between 9.5 and 0.26 volt. By
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elimination of the surrounding beam the effective intensity is reduced by
more than 80% in a 0.030 mm ‘drop down window’ at the part entrance,
den, and exit, dex, see Figure 10.13.
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Figure 10.13: The drop down windows den and dex at
scanning of the detecting area by the part edges.
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Figure 10.14: The transition curve between 19.97 and
20.1 mm is disturbed by the effect of surface roughness
on the diffraction pattern.



10 New Measuring system based on focused spot

10.15

As mentioned before, the surface roughness has a significant effect on
the created diffraction pattern, which could disturb the smoothness of
the transition curve, see Figure 10.14. However, the effect of these
disturbances on the total intensity is just a fractional part of the total
energy.

2. Local intensities: by using a far-field image and the photodiode matrix,
the partial intensity can simultaneously be measured and analysed. By
measuring the resulting current on one or a small group of photodiodes
that are positioned on the first dark spot, a new transition curve is
created. The new ‘drop down window’ is much narrower than the
previous one. In this case, an individual photodiode was positioned on
the first dark point, see Figure 10.15. The ‘drop down window’ of the
created transition curve is reduced to 0.010 mm, which potentially could
give a sub-micron accuracy for detection of either edge.
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Figure 10.15: Transition curves of the total and partial
intensities.

Positioning of the light spot on the part’s highest point is one of the major
issues in a real application. An additional adjustment system is required
firstly because of a short Rayleigh range, which in this type of arrangement
is less than 0.1 mm. Secondly, a system with high accuracy is achievable
just with accurate positioning of the waist on the part's highest edge. Finally,
the part radius is usually bigger than the curvature radius, Rc, and
subsequently, the part would ‘touch’ the beam in two places before and
after the waist. By utilisation of steerable lenses and balancing of the two
dark areas on the screen, see Figure 10.16, the desired positioning of the
beam on the part could be achieved.
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 Figure 10.16: The local intensity in the highest and
lowest parts of the screen could be utilised for monitoring
and controlling the waist position on the part's edge.

3. Interference pattern: In the real measuring application, the parts’
shape and surface roughness are the most significant parameters in
creation of the complicated interference pattern. Light would be
deflected in the y direction mainly because of the part radius and in the x
direction because of the surface roughness and waviness, especially that
track caused by the tool tip on the turned part, see Figure 8.11. These
two parameters, in addition to other parameters, make analytic
modelling of the created intensity pattern highly complicated.

As stated before, the intensity of the diffracted part of the beam i.e. the
noise, is a small fraction of the total intensity. However, in comparison
with the partial intensity, e.g. the illuminated part on a single
photodiode, it could be high. Therefore its effect on the individual
photodiode could be significant. This is the main reason why the sensing
system should not be dependent on the signal from an individual
detector but rather on the synchronised signals from all the photodiodes.
In other words, the edge position could simultaneously be estimated by
the information detected from the total intensity, the intensity of each
individual photodiodes and any combination of the photodiodes. Finally,
the change in dynamics of the pattern along the scanning of the part is a
source for estimation of the noise. This is a potential solution for
reducing the effect of diffracted beams on individual diodes.

The experiments carried out in this study were limited to measuring the
intensity on individual photodiodes located on the first dark spot. The
repeatability of the detecting system was 3�m for respective edges
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10.6 Comparison between Novak’s and Iravani’s methods
There are several differences between the two systems based on detecting
principles, measuring ranges and measurement accuracy:

10.6.1 Detecting ranges

The detecting range in Novak’s system is constant and equal to the initial
laser beam diameter. In the described system, the detecting range is
determined by the lens employed. There are a range of commercially
available focusing lens systems suitable for this application, see Table 10.1.
As stated before, in general the spot radius could be reduced by expanding
the input laser beam. However, in the system presented in this thesis, the
measuring range could be reduced to a few micrometers, which is one of the
main parameters for improved system accuracy.

Table 10.1: Examples of commercially available lens systems and related
detecting range (spot diameter), [10-12].

Product # Laser
Type

Input beam
diameter

(mm)

f
(mm)

Measuring
range (mm)

Spot Radius
(�m)

Detecting
range (�m)

01 LFS 035 He-Ne 1.0 5 6.4 5.2 10.4
01 LFS 033 He-Ne 1.2 7 11 5.6 11.2
01 LFS 037 He-Ne 1.5 9 15.4 6.0 12
01 LFS 039 He-Ne 1.8 11 19.6 6.3 12.6
01 LFS 041 He-Ne 3.0 22 40 7.5 15
01LFS 043 He-Ne 20 850 1690 18.6 37.2

10.6.2 Measuring range

Novak’s system is limited to measuring diameters up to 200 mm. In that
system detectors are aligned by being on the same holders (arms) as related
lenses. Larger measuring objects require longer arms whose deflection error
is potentially one of the major limitation parameters. Figure 10.2 illustrates
a similar error rate for a comparable mechanical holding system.

In the developed optical calliper system the needs for the same holding arm have
been eliminated and the mechanical holding could be designed as illustrated in
Figure 10.17. This has been possible due to differences in beam size in the
detecting area (micrometers scale) and detector area (millimetres scale). Any
misalignment between light source and detector in the x or z axis, which is in the
range of micrometers would potentially effect the measuring results in
nanometers scale i.e. just in fractions of one micrometer. This make a separate
movement system possible with individual positioning encoders, and affixed
reference points between them. However, the arm holding system is
recommended for small measuring ranges due to its simplicity.
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Figure 10.17: Mechanical holding system with eliminated
deflection error for measuring of large diameters.

10.6.3 Measuring accuracy

The measuring accuracy for Novak’s system is �10 m� independent of
measured diameter. The measuring accuracy of the developed system is
variable and dependent on the initial beam diameter and measuring range
i.e. the employed lens system. Based on basic experimental results, the
accuracy of small diameters in the measuring ranges stated in table 10.1 is
estimated to sub-micrometer and for the diameters up to over one meter, the
system accuracy is fractions of its measuring range i.e. a few micrometers.

10.7 Conclusions
The experimental results show that a novel edge detecting system based on
cross-scanning of a focused laser beam on its waist could replace the
traditional method of using a collimated beam. A detecting range is defined
across the  laser waist, which could be considered as the highest possible
error or the system's ‘gross accuracy, e.g. 0.004% of the axial measuring
range for an initial 20 mm collimated beam, see equation 10.1. There are
commercially available focusing systems based on the compound lens made
up of a single group of two or more simple lenses. These systems provide
especially reduced aberration and in turn reduced spot radius. For example,
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a laser focusing system from Mells Griot, part number 01LFS 043, with a
focal length of 850 mm, provides 0.0186 mm spot radius. This specific lens
combination would cover a measuring range up to 1700 mm.

Truncating the Gaussian beam in the focused area gives a diffraction pattern
in the far-field, which is affected by the beam parameters, the lens’
properties and finally, the shape and surface of the measured objects.
Employment of a matrix of photodiodes instead of a single one means a
multi-detecting system is achieved. The system accuracy could be
significantly improved by analysing the total beam intensity, the partial
intensity on individual photodiodes and any combination of the photodiodes
(especially on the first dark spot) and finally the dynamics of the changes.

The new detecting system could be employed for achieving an ultra large
measuring range with a high level accuracy. This study is limited to proof of
the concept and future work should cover prototyping for industrial
implementation.

‘Self calibration’, i.e. positioning the waist on the top edge of the measuring
object is one of the main advantages of this system.

This system is applicable even for waist measuring technology.
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11. CONCLUSIONS 
The goal of this thesis is to achieve automated gauging methods utilising 
non-contact on-machine measuring systems for quality control, especially in 
turning operations. The prevention of defects, increased product quality and 
uniformity, improved productivity, minimised cycle times and reduced costs 
are the major targets of automated quality control in manufacturing. The 
following conclusions may be drawn: 
 
• In today’s automated manufacturing environment, part quality control not 

only plays a determinant role in achieving greater accuracy of machined 
workpieces, it also serves as an assumption for rapid set-up and increased 
productivity by reducing ramp-up times. 

 
• In-process size control has been possible in grinding, but not in turning. 

A comparison between these two processes may be classified in the 
following points:  

 
1. Differences in characteristics of these metal-removal processes. 

Turning is a simple point cutting process that generates a very short 
section of cylindrical surface. This is one of the important reasons 
that placing a sensor in the plane of the cutting-tool tip is almost 
impossible. In turn, grinding is a multiple-point cutting process, 
which provides a wide measuring area. 

 
2. Removing small amounts of material from a workpiece in very small 

steps (transverse feed) or during a continuous process (plunge-cut) 
causes a gradually and ‘smooth’ entrance into the tolerance zone. In 
turning, tooling allowance removes material in relatively big steps, 
and the resulting entrance into the tolerance zone may be by leaps 
that are considerable bigger than the tolerance width.  

 
3. Various type of chips, machine tools and workpiece vibrations and 

high workpiece rotation rates in turning operations create extensive 
difficulties for diameter measurements during process. 

 
4. Fine surface texture in grinding is a reason to support in-process 

measuring. 
 
5. Good quality machine tools contribute to more correct positioning.  
 
6. The required control strategy for grinding is based on a simple on-off 

system that stops the feed motion when the theoretical size has been 
achieved. In turning, the measured section is a part of the final 
surface. The time delay between sensing and correction is a critical 
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parameter.  
 
• Owing to the above-mentioned points and presently available measuring 

technology, an automated measurement of workpiece diameter—and 
thereby a correction of tool path before the finishing cut is made—is the 
most suitable control measure for most turning cases. This is the main 
reason that, in this thesis, focus has also been placed on measuring 
systems that are primarily suitable during the interruption between cuts. 
Laser calliper and diameter measurements based on the laser Doppler 
effect and the focused spot method, such as employed in automated on-
machine gauging systems are presented.  

  
• A laser calliper is considered as one of the most appropriate tools for 

workpiece diameter inspection. This light gauging method is capable of 
measuring diameters up to 350 mm with an accuracy of ±5 µm. An 
accurate sensing of errors such as conicity, out-of-roundness and run-out 
is possible due to independent workpiece-edge position-sensing by 
shanks. This technique combines the advantage of non-contact inspection 
with the ability to measure with a resolution of 100 nm and a 
repeatability of ±2 µm. The laser calliper can either be operated by the 
machine tool itself or handled by a robot.  

 
• The experimental results clearly confirmed that the laser velocimeter 

represents a usable technique for indirect diameter measurements in 
turning machine tools. Accuracy of the system can be considered to be 
0.03% of the measured diameter. Measurement uncertainty in gauging of 
a workpiece measuring 100 mm would be ±30 µm. Despite the good 
theoretical resolution, which is comparable to the resolution of a laser 
interferometer, the diameter accuracy so obtained is less than desired and 
expected. The limiting parameters affecting system accuracy are subject 
to further research. Variations in Doppler signal amplitude depending on 
phase relations between individually scattered beams, workpiece surface 
structure and vibrations constitute some of the main significant 
parameters. 

 
• In-process gauging methods have not been excluded by the above 

statements. A control strategy based on an in-process measuring system is 
desired due to its closer inspection and control processes. Experimental 
results show that an eddy-current sensing method as a non-contact 
measuring system is suitable for in-process diameter measurement in 
turning. This is possible owing to system insensitivity to environmental 
influences such as oil, dirt, water and vibration. On the other hand, there 
are error sources that are significant. The set-up for measurements taken 
in this thesis was as follows: 
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1. A metallic housing protects the sensor, mostly from chips. 
2. The smaller fragments of chips are kept away from the measurement 

zone (i.e. the gap between sensor and workpiece) by high-pressure air 
or cutting fluid. 

3. A metallic shield around the sensor tip is an effective aid in keeping 
interference noise to a very low level. 

 
The measuring of a cylindrical workpiece, having various diameters, 
reveals a new type of difficulty that should be considered as the most 
serious measurement problem in this method. The error model that was 
created can accomplish significant reductions in measuring errors. 
 

• The limitations of the existing surface roughness model for estimation of 
the theoretical maximum profile height, Rt, for surfaces generated by the 
machining process have been determined. These limitations are based on 
a combination of the feed rate and the tool back clearance angle. In order 
to eliminate these limitations, an overall model has been established. 

 
• A new on-machine measurement of workpiece surface topography has 

been developed. This system, which is based on eddy current principles, 
is a two-dimensional method that registers an area, equal to the section 
area of the sensor head, in one step. It becomes clear that the developed 
system measures the effective distance between the lowest trough on the 
rough surface and the highest peak in the section area, which is known 
as Rmax. The experimental results clearly confirmed that this system 
represents a simple, fast and usable technique for installation in turning 
machine tools for in-process quality control. Another possible field of 
interest in the automatic process control is monitoring of the cutting tool 
condition. 

 
• The influence of the surface roughness on the accuracy of the 

determination of the actual part diameter depends on employed 
measuring techniques. Based on the eddy current diameter measuring 
system, a new definition of turned part diameter has been presented, 
which affects the existing tolerance system. 

 
• The measurement of workpiece dimensions during the machining process 

was not only possible, but it also produced an accuracy better than ±10 
µm. Construction and testing of a sensor with a 2 mm diameter that can 
be located under the cutting tool in the same tool holder should be part of 
future work. The eddy current testing system will become an integral part 
of metal-removal manufacturing.  
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• Owing to the lack of adequate tool-wear prediction or detection, in-
process workpiece gauging still represents a reliable method for tool-wear 
measurement as well as the elimination of pre-resetting processes. This is 
another reason for achieving an in-process measuring system in this 
thesis.  

 
• The time delay between sensing and the required control action has 

constituted a critical parameter in turning. Deterministic manufacturing 
concepts have been investigated as a possible future solution for real-time 
size control. This is the only real way that will enable manufacturing 
engineering to realise ”defect prevention, rather than defect detection” in 
turning and milling processes. 

 
• A novel edge detecting system based on cross-scanning of a focused 

laser beam on its waist has been developed. A detecting range is defined 
across the laser waist, which could be considered as the highest possible 
error or the system's 'gross accuracy', e.g. 0.004% of the axial measuring 
range for an initial 20 mm collimated beam. There are commercially 
available focusing systems, which provide especially reduced aberration 
and in turn reduced spot radius. A laser focusing system from Mells 
Griot, with a focal length of 850 mm, provides a 0.0186 mm spot radius. 
This specific lens combination covers a measuring range up to 1700 mm 
with an estimated accuracy better than 10 µm. Employment of a matrix 
of photodiodes instead of a single one means a multi-detecting system is 
achieved.  

  
The new detecting system could be employed for achieving an ultra 
large measuring range with a high level accuracy. This study is limited 
to proof of concept and future work should cover prototyping for 
industrial implementation. The system accuracy could be significantly 
improved by analysing the total beam intensity, the partial intensity on 
individual photodiodes and any combination of the photodiodes 
(especially on the first dark spot) and finally the dynamics of the 
changes. Investigation on more appropriate detectors such as highly 
sensitive photodiodes, cameras and required software are among the 
important tasks for future work. 
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