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Abstract 

'Design for Precision' reviews the status quo in Precision Engineering and concludes that today's 
precision engineers put repeatability at the top of their list. The design rules, patterns or principles, 
quoted here from various authors, are all time-proven insights, to get reproducible results with ultra 
precision machines and instruments. Modelling and analysis of different concepts, systems, and 
components is required to adapt the progressing design or to confirm its adequacy. Expenditure on such 
analysis is worthwhile to avoid realisation of an inadequate design. However, creativity is more important 
in keeping the cost down by finding other than locally optimised solutions. World-wide, precision 
engineers agree on design principles, the challenge is to apply them creatively to obtain a thought-out 
design. In today's most accurate machines, advanced techniques are applied for compensation of e.g. 
residual geometric errors, errors caused by machine dynamics, or thermo-mechanically induced errors. 
Future developments in Precision Engineering require nanometre- or even subnanometre positioning- 
and measuring accuracy, demanding new design concepts with integrated control and error 
compensation systems. 
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1. Introduction 

Curren!ly, many activities employed in industry and 
institutes are aimed at creating high precision products 
and involve high precision processing. The manufacturing 
of these products demands a highly specialised science 
called Precision Engineering, which is based on the 
following disciplines: 
0 Design for Precision 
0 Optical and Mechanical Metrology 
0 Precision Manufacturing 

'Design for Precision' here is meant as total design 
including materials, mechanics, electronics, control, 
thermo-mechanics, dynamics and software. It may be 
indicated as high precision mechatronic design. Design 
for higher precision is becoming more and more important 
due to the rapidly increasing need for high accuracy 
machines, instruments and consumer products. 
[McKeown, 19871, [Evans, 19891, [Gardner, 19911, 
[Nakazawa, 19941. Today, this tendency is highly 
influenced by developments in computer technology, data 
processing and data storage. This process started in 

1958, when the integrated circuit was invented. The need 
to have more and more transistors on a chip [Hutcheson, 
19961 demanded special machines with an extremely low 
positioning uncertainty of a few nanometres. An example 
of such a machine is the waferstepper, used to position 
the image of the IC on the surface of a silicon wafer. Such 
a machine can be achieved only by highly developed 
design- and manufacturing technologies. Also the 
increasing need for high density optical recording systems 
(DVD), and as a result for optical disk mastering systems, 
asks for advanced machines with nanometre uncertainty. 
The parts used in these machines, like bearings, drives 
and beam shaping optics, have to be manufactured to 
submicron accuracy. For the manufacturing process, 
machines with submicron even down to nanometre 
accuracy have to be developed. 

In Metrology, the technology for high precision 
measurements is developed e.g. measurement software, 
error modelling [Soons, 19931, measurement techniques 
and measurement strategies. To measure parts and 
products with sufficient accuracy, measuring machines for 
submicron to nanometre accuracy have to be developed, 
demanding new design skills since existing design- 
methods for high precision hardly allow to reach these 
levels reague, 1989, 19971. Therefore, Metrology as a 
basic discipline has faced an enormous growth resulting 
in accurate co-ordinate measuring machines, laser 
interferometers and nanosensors such as STM and AFM. 
Additionally much analysis software and software for error 
compensation was developed and implemented. 

Precision Manufacturing concerns the realisation of 
products with high shape accuracy and surface quality. 
The accuracy may be at the nanometre level, so both 
machine design and process behaviour must be well 
understood as well as the interaction between process 
and machine. i.e. the interaction between tool and 
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workpiece. Several machining techniques can be 
mentioned here like diamond turning, grinding, lapping, 
honing, polishing, ion- and electron-beam machining and 
chemical machining. Excellent overviews about machines 
and machine techniques are given by [Gardner, 19911 
[Nakazawa, 19941, and raniguchi, 19961. New 
developments in this field are in the nanometre region 
[Stix, 19961. 

Although many interesting examples can be given in the 
field of precision metrology and manufacturing, this paper 
focuses on the 'Design for Precision' as a basic activity in 
Precision Engineering. This discipline has a significant 
history and has several origins. Nevertheless it is clear 
that the development of astronomy and metrology had a 
major influence on the development of 'Design for 
Precision' in the early days. An excellent overview about 
historical developments is given in [Evans, 19891. The 
19th century brought many inventions, especially in the 
field of design. Through the development of linear and 
circular dividing machines much knowledge was gained. 
Many precision machines were designed and built using 
famous design principles like 'kinematic design' and the 
'Abbe-principle'. In the 20th century the development of 
knowledge of design was further increased, stimulated by 
the development of all kinds of measuring instruments 
and precision machines. An outstanding example of 
precision machine design in the USA is the Large Optics 
Diamond Turning Machine (LODTM) [Donaldson, 19831. 
Also the excellent design work of Bryan should be 
mentioned here. He contributed to several projects like 
the 84-inch LDTM [Bryan 1979a1. More recently is the 
development of the Molecular Measuring Machine 
reague, 1989, 19971, shown in fig. 1 .I. 

Fig. 1 .I : Molecular Measuring Machine 

In Europe, the Cranfield Unit for Precision Engineering 
and Rank Taylor Hobson developed a wide range of high 
precision machines including the 'Nanocentre' [McKeown, 
19901 while at Philips Research Laboratories 
(Netherlands) several high precision machines for internal 
purposes have been realised since the early 1950s 
[Gijsbers, 19801. In Germany and Switzerland, high 
precision measuring and manufacturing machines were 
developed by Zeiss and GSIP, the latter going back as far 
as 1875. 

Japan also has a long history in the development of high 
precision machines and instruments. Nowadays, Japan 

plays a major role in this field [Nakazawa, 19941. An 
excellent overview about the 'Japanese State of the Art' is 
presented by Taniguchi in the book 'Nanotechnology', 
raniguchi, 19961. As an example the Canon Super 
Smooth Polishing machine (CSSP) may be mentioned 
here [Ando, 19921. 

So we may conclude that there is an increasing need for 
high precision machines and products. The trend towards 
higher precision was shown by [McKeown, 19871, [Evans, 
19891 and more specifically for machining accuracy by 
raniguchi, 19831 and raniguchi, 19961. His famous 
graph predicting machining accuracy is depicted in fig. 
1.2. 

Fig. 1.2: Trends in precision machining by Taniguchi 

Current trends are well predicted in this graph. Future 
trends in Precision Engineering will mainly be determined 
by trends in IC technology, information displays and 
storage, biomedical engineering, MEMS and consumer 
products needs. Developments will continue at a fast 
pace, spurred on by micro-engineering and 
nanotechnology developments so the need for high 
precision machinery will increase in future. 

'Design for Precision' will play a major role in the 
development of future high precision products and 
machinery. Designs will be realised in multidisciplinary 
design groups using total design methodology. Due to the 
increasing cost of advanced designs, the design must be 
'right the first time'. Therefore 'Predictive Design' is a 
necessity. This paper will summarise basic information on 
'Design for Precision' and indicate the state of the art and 
future trends in this important area of Precision 
Engineering. 

2. Elements of precision 

In precision instruments and machines many parts 
interact to achieve a final accuracy. Each part contributes 
to the total accuracy due to deviations caused by 
geometric, kinematic and dynamic effects. Although in 
practice the interaction between these effects plays an 
important role in the overall system behaviour, here we 
will focus on these effects separately. 
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2.1 Definitions 

Throughout this paper the terms instrument and machine 
will both be used to indicate an apparatus. Metrological 
terms are defined according to the ‘International 
vocabulary of basic and general terms in metrology’. In 
‘Design for Precision’ concerning machines and 
instruments rather than pure metrology, accurate 
positioning and machine tool operations are key items. 
Therefore, definitions given below, are extended from the 
International vocabulary mentioned above: 

0 Accuracy of an operation: closeness of the 
agreement between the actual value resulting from 
an operation and a target value of the quantity. 
Accuracy is a qualitative description. 
Uncertainty of an operation: parameter, associated 
with the result of an operation that characterises the 
dispersion of the values that could reasonably be 
attributed to the quantity. 
Resolution: smallest difference between indications of 
displaying device that can be meaningfully 
distinguished. 
Repeatability (of results of operations): closeness of 
the agreement between the results of successive 
operations of the same quantity carried out under the 
same conditions. 
Reproducibility: closeness of the agreement between 
the results of operations of the same quantity carried 
out under changed conditions. 

Other definitions, for measuring as well as manufacturing 
machines are given in [ASME 889.4.1-19971 and [ASME 
85.54, 19931 respectively, and quantitative descriptions 
are given in IS0 guidelines. Bryan in his tutorial on ‘Axis 
of rotation’ describes practical verification methods for 
precision spindles and shafts, starting from the late 1930’s 
till recently [Bryan, 19961. 

0 

0 

0 

0 

2.2 Geometry 

In the initial design of machines and instruments, 
geometry results from the designer’s intentions on the 
functions that the machine has to perform. In that first 
stage, geometry usually consists of primitive shapes, i.e. 
cylinders or tubes for shafts, beams or closed box 
structures for supporting loads and flat or cylindrical 
surfaces for guiding parts. In practice however, these 
ideal shapes cannot be reproduced. Lines will never be 
perfectly straight and circles never completely round due 
to finite machining accuracy. Here, a careful selection of 
the machining operation may significantly improve the 
accuracy of the part [Knapp, 19981. In general, more 
moving axes during machining give more errors, although 
small movements from an additional axis might be useful 
for compensation of geometric imperfections. 
Accuracy is not only affected by macroscopic shape 
errors of a part, but also by microscopic deviations, i.e. 
surface finish. For many applications this is an essential 
factor in the total performance. In contact bearings, the 
effect of surface finish on wear and friction is obvious. The 
effect of surface finish on connections between clamped 
parts is less obvious but essential when properties like 
stiffness, damping, hysteresis and thermal conductivity 
and diffusivity are concerned. Geometry not only changes 
in (mechanical) machining operations. Unless sufficient 
isolation is applied, (e.g. seismic, acoustic and thermal 
isolation) geometry will be influenced by the environment. 
Most material components for instance, expand and 
deform under the influence of temperature change, and 
for unsealed natural granite, the shape of structures highly 

depends on moisture ingress. Other environmental effects 
that can affect geometry are vibrations, electric and 
magnetic fields. Some materials ‘age‘, frequently resulting 
in dimensional change (secular instability). 

Deviations of perfect shapes are also introduced due to 
the fact that machines are assembled from many parts. 
Here, considerations about form- or force closed 
constructions, as well as the choice between monolithic 
structures and bolted or glued assemblies are essential. 
In the case of assembling, parts can be machined very 
accurately on feature specific machines [Knapp, 19981, 
although hysteresis at the interface might negatively affect 
the overall reproducibility. In the classical form closed 
method of assembly each part must have tight tolerances, 
otherwise backlash occurs or, in the case of negative 
over-measure, a high and undefined stress level will be 
introduced during assembly. Force closed constructions 
on the other hand solve this problem by demanding 
statically correct connections, i.e. kinematic-, semi- 
kinematic- [McKeown, 19981 or pseudo-kinematic- [Smith, 
19921 design connections, thereby highly reducing 
tolerances on geometrical shapes. Even in force closed 
constructions, some geometrical imperfections, like 
squareness and flatness errors of guiding beams, will. 
affect the overall accuracy. However, these errors are 
reproducible and might therefore be reduced by software 
compensation. 
Due to the fact that the mechanical structure of a machine 
has a finite stiffness, the geometry will change under 
loading. Especially if the load changes, both in place and 
size, as is the case with moving carriages, this can 
severely affect machine performance. With correct 
models, these errors can be predicted and compensated 
for [Spaan, 19951. 

Another problem related to geometry, is the fixation of the 
workpiece itself. Both for manufacturing and measuring 
machines, the workpiece must be fixed in such a way that 
it is not significantly deformed by the fixation itself. At the 
same time the piece must be rigidly connected to the 
machine frame or table. Also, especially in the case of 
manufacturing, thermal expansion of the workpiece must 
be possible without intolerable stress levels. Comparable 
problems, related to fixation, apply to the mounting of 
sensors in high precision instruments. This is where 
kinematic- or semi-kinematic design has an important 
application. 

2.3 Kinematics 

Machines are usually not static. Different parts perform 
different motions, to be described by kinematic 
relationships. These mathematical descriptions of 
constructions and mechanisms only describe what 
happens in theory, based on theoretical lengths, positions 
and set-point curves. In practice however, these factors 
are realised with a finite accuracy and therefore, the path 
followed will be different from the ideal one with respect to 
its form, speed and acceleration. 

In modern machines, displacements are often generated 
by a combination of mechanical parts, such as actuators 
and sensors under servo control. Properties like actuator 
power and speed, sensor resolution, control strategy and 
mechanical reproducibility together determine the 
accuracy of the prescribed path. In the case that more 
than one axis is under control, the synchronisation of axes 
is another factor that affects accuracy. An example is the 
case of milling a circular contour by simultaneously 
controlling two orthogonal linear axes. 
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2.4 Dynamics 

The fact that machines are not static but contain 
accelerating parts, means that dynamic effects can play a 
major role in their behaviour. An effective way of 
minimising the effect of acceleration on relative place 
uncertainty is by choosing appropriate motion profiles, 
e.g. set-point curves that contain no jump in the second 
derivative, like an inclined sine function instead of a 
parabolic one. Preventing 'play' or lost motion is also very 
effective in reducing dynamic positioning errors. The parts 
themselves can also be designed for minimum forces. In 
case of rotating parts this means, that symmetry is 
important for reducing unbalance and also the mass 
moment of inertia should be minimised. In case of 
translations the mass should be kept small and driven as 
close through the axes of reaction as possible [McKeown, 
1973-1 9971 (see section 3.6). 
Another factor that determines the response of a machine 
to dynamic forces is stiffness. For minimising forces and 
maximising stiffness in general, it is not only the amount 
and sort of material that matters but how it is distributed. 
Often dynamic disturbances come from outside the 
instrument, like floor and acoustical vibrations. In these 
cases, the stiffness to mass ratio again is essential in 
minimising the response to these inputs. Isolating the 
machine from the disturbance (see section 5.7) can 
reduce the input itself. 

3. Desiqn principles 

Design of high precision machines has been analysed by 
a number of people. Pollard described the mechanical 
design of scientific instruments in his Cantor Lectures 
[Pollard, 19221. Loewen has put forth a list of major 
principles [Loewen, 19801. McKeown has defined the 
'Eleven Principles and Techniques' in [McKeown, 1986, 
1987, 19971. Teague and Evans have set out basic 
concepts, published as twelve 'Patterns for Precision 
Instrument Design' [Teague, 1989-19971. On the basis of 
these surveys, section 3 and 5 have been set up. 

3.1 Rules of Abbe and Bryan 

The Abbe principle was first published in 1890 in [Abbe, 
18901: 'The measuring instrument is always to be 
constructed that the distance being measured is a straight 
line extension of the graduations on the scale that serves 
as the reference...'. The principle is also known as 'the 
principle of alignment' [Rolt, 19291, 'the Abbe comparator 
principle' [Reindl, 1964, and 'the first principle of machine 
design and dimensional metrology' [Bryan, 1979~1. As a 
restatement to cover those situations where it is not 
possible to design 'in line', Bryan defined a generalised 
Abbe principle as: 'A displacement measuring system 
should be in line with the functional point (i.e. centre of 
stylus ball or tool tip) whose displacement is to be 
measured. If this is not possible, either the slide ways that 
transfer the displacement must be free of angular motion, 
or angular motion data must be used to calculate the 
consequences of the Abbe offset'. 

Another basic principle of measurement is the Bryan 
principle [Bryan, 1979a1, formulated as: 'A straightness 
measuring system should be in line with the functional 
point at which straightness is measured. If this is not 
possible, either the slide ways that transfer the 
measurement must be free of angular motion or angular 
motion data must be used to calculate the consequences 
of the offset'. 

Vermeulen developed a 3D-CMM, (see fig. 3.1), in which, 
by using intermediate bodies (A and B), Abbe errors are 
prevented in all three directions in the horizontal mid- 
plane [Vermeulen, 19981. This machine satisfies the 
Bryan principle as well, making the machine non- 
susceptible for straightness errors of certain guides. 

Fig. 3.1: 3D-CMM satisfying Abbe- and Bryan principle to 
a high degree 

3.2 Kinematic design 

Maxwell describes kinematic design as: 'The pieces of our 
instrument are solid, but not rigid. If a solid piece is 
constrained in more than six ways it will be subject to 
internal stress, and will become strained or distorted, and 
this in a manner which, without the most exact 
micrometrical measurements, it would be impossible to 
specify' [Maxwell, 18901. Lord Kelvin established 
Cambridge Scientific Instruments firmly on this design 
philosophy in the interest of achieving highest precision at 
lowest cost. GSlP used it extensively, especially in 
metrology instruments. Pollard stressed the importance of 
kinematic design as opposed to the usual machine tool 
design of couplings in instrument mechanisms, not only to 
the user and the minimising of variance, but also to 
economic manufacture [Pollard, 19221 [Pollard, 1929- 
19511. The importance of kinematic design for today's 
precision engineers is clearly described in [Blanding, 
19921. McKeown emphasises its importance in his 'Eleven 
Principles'. Teague states it gs part of his patterns. Less 
known world-wide is Van der Hoek, who was bath an 
employee of Philips Electronics and professor at the 
Eindhoven University of Technology from 1962 till 1985. 
His lecture notebook contained about 200 examples of 
sound versus poor design, in which kinematic design is a 
key to solution [Hoek, 1962-19861, [Hoek, 1985-19891. 
Other books that describe kinematic design are [Slocum, 
19921, [Smith, 19921, [Nakazawa, 19941 and [Koster, 
19961. 

Kinematics evolved from mathematics and is hence 
somewhat 'idealised' in its components. e.g. rigid bodies, 
straight lines, perfect circles and 'point contacts' etc. 
Nevertheless it is a good starting point for mechanical 
design that is correct in principle. The basis for kinematic 
design is constraining the right number of degrees of 
freedom (d.o.f.), i.e. translations or rotations. For 
constraining one d.0.f. for rotation, necessary in e.g. 
coupling elements in feed drives, bellows are typically 
used [DeBra, 19981. In fig. 3.2 some examples of fixing 
one d.0.f. for translation are given. The classical solution 
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is the use of a slender rod (fig. 3.2a). Due to its finite 
length, sideways displacements result in a parasitic 
motion in the constrained direction. The same function is 
performed without this disadvantage by a folded leaf 
spring (fig. 3.2b). In fig. 3 . 2 ~  an alternative consisting of 4 
rods is shown. 

a. b . -" +4 c. 

Fig. 3.2: Single d.0.f. constraints for translation 

Fig. 3.3 shows some examples for constraining 2 d.0.f. for 
translation. This can be achieved by 2 rods (fig. 3.3a and 
b) or a hinged leaf spring (3.3~). 

Fig. 3.3: Two d.0.f. constraints for translation 

Two d.0.f. for translation and one for rotation are 
constrained by for example 3 rods (fig. 3.4a and b) or a 
normal leaf spring (fig. 3.4~). 

@:qsF a. b. C. 

a. -. 

Fig. 3.4: Two d.0.f. constraints for translation, one for 
rotation 

With combinations of these basic elements kinematic 
mechanisms or fixtures can be constructed. Fig. 3.5 gives 
an example of a fixation for a table-top. Due to the 
application of three hinged leaf springs, the table-top is 
constrained in 6 d.o.f., with a thermal centre at the 
intersection of the normals to the leaf springs. 

Fig. 3.5: Six d.0.f. constraints with thermal centre (TC). 

Fig. 3.6 shows how an xy0-stage can be constructed from 
three folded leaf springs. 

Fig. 3.6: xye-stage with three folded leaf springs 

An illustrative example of the application of kinematic 
design is the kinematic support shown in fig. 3.7. The 
classic version with six fixed supporting surfaces is 
enhanced by making the surfaces flexible around an 
elastic hinge [Schouten, 19971. In this way the friction 
force along the surface is greatly reduced while the ' 

contact stiffness normal to the surface is only slightly 
reduced. Due to the improved ratio between stiffness and 
friction, the hysteresis (see section 5.l)was reduced from 
0.42 for the classic non-hinged version to 0.03 pm for the 
new version. 

Fig. 3.7: Symmetrical kinematic support with TC, where 
friction is recognised as principal cause of hysteresis 

3.3 Thermal loop 

A thermal loop is defined as: 'a path across an assembly 
of mechanical components, which determines the relative 
position between specified objects under changing 
temperatures'. In principle. a thermal loop should be as 
small as possible to minimise the influence of spatial 
thermal gradients. Thermal expansion in a thermal loop of 
a machine can be compensated mechanically by adapting 
the effective length of machine components and by 
choosing materials with the appropriate coefficient of 
thermal expansion, e.g. Harrison's 'grid iron' pendulum 
[Evans, 19891. The fixed point or axis, from where 
components expand with respect to each other, can be 
chosen by creating a thermal centre (TC), such as in fig. 
3.5. Although coefficients of thermal expansion are not 
better known, than within 0.5.106 'C-' [Breyer, 19911, the 
influence of thermal expansion can be reduced by 
measuring ,expansion of machine components due to 
controlled temperature changes (Kunzmann, 19881 and 
subsequently creating equal thermal lengths by choosing 
the proper fixed point. 
To obtain thermal stability of f 0.5 %/day in an air- 
conditioned assembly hall and f 0.1 'C/day in a precision- 
climatised cabin is quite a problem [Breyer, 19911. Heat 
sources localised internally or externally of the machine 
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lead to changes in the temperature profile in the machine. 
This may cause unequal thermal expansion rates in a 
thermal loop, due to different thermal time constants of 
machine components, (see section 5.5). Hence 
Donaldson strongly recommends, as a principle in his 
publication about Machine Tools [Donaldson, 19801 to 
take the heat out at the source. Wetzels experienced a 
thermo-mechanical stability problem with an integrated 
heat source. After having removed this source thermal 
drift was reduced with one order [Wetzels, 19981. 
Internal heat disturbances have responses that can be 
middled and compensated partially (See section 6).  
However environmental temperature variations can only 
be responsive and not predictive, because the input is 
unknown [de Bra, 19981. 

3.4 Structural loop 

According to [ANSI, 19921 a structural loop is defined as 
'an assembly of mechanical components, which maintain 
relative position between specified objects. A typical pair 
of specified objects is a cutting tool and a workpiece: the 
structural loop includes the spindle shaft, the bearings and 
housing, the slide ways and frame, the drives, and the tool 
and work-holding fixtures'. All mechanical components 
and joints in the propagation path from the drive to the 
point of reaction, e.g. the end-effector (cutting tool or 
probe) or the centre of gravity, must have a high stiffness 
to avoid deformations under changing load. The design of 
a machine or an instrument contains one or more 
structural loops. 
Essential in recognising good structural loop design is the 
split-up in series and parallel paths. Along a series path 
stiffness should not change to abruptly. Improvement of 
the series path is possible by stiffening the most compliant 
part preferably by 'transferring' material from more rigid 
parts. Parallel path improvement is in contrary done by 
improving the stiffest part further, preferably -for a system 
with equal mass- at the cost of more compliant parallel 
paths. 
Due to physical limitations, the measuring system of a 
closed loop system is unavoidably located at a certain 
distance from the end effector. In addition to good 
structural loop design, the path between measuring 
system and end-effector has to be as stiff as possible to 
minimise deviations, e.g. by minimising the length of this 
path, called the 'measuring circle' [Kunzmann, 19961. 

3.5 Metrology frame 

A metrology frame is a reference frame for displacement- 
measurements, independent of the machine base, i.e. the 
external forces upon the metrology system must be 
constant [Bryan, 1979bl. DeBra suggests to see the 
metrology frame as an example of a broader principle, i.e. 
the principle of 'separate functions' [DeBra, 19981. In fact 
the routes for force and position information are 
disconnected, an idea which is present as well in the 
design of the rotary table of fig. 5.8 [Philips, 19941. 
In [Teague, 1989-1 9971 historical applications of the 
'metrology frame' are discussed, to overcome the problem 
of deformation of machine parts. The first example of a 
metrology frame found so far is on the Rogers-Bond 
Universal Comparator [Rogers, 18831. More recent 
examples are found at NlST in measuring machines by 
Hocken et al, at NPL in interferometric time standard 
comparators, at LLNL in the 'Ultimat' CMM [Bryan, 
1979b], the 84" SPDTM [Bryan, 1979al and the LODTM 
[Donaldson, 19801, and at Cranfield Precision in the 
Nanocentre by McKeown et al (see fig. 3.8) and Wills- 
Moren [Wills-Moren, 19821 and [Wills-Moren, 19891. 

hydrostatic -r workhead spindle 

\ Metrology frame 

Gal 
es 

attached to z-carriage 

Fig 3.8: Nanocentre, using a Zerodup metrology frame 
for complying with Abbe in two axes and direct 
measurement of horizontal straightness error 
motion. 

reague, 1989-19971 advises to make the metrology 
frame as small as possible, to minimise environmental 
influences. [Bryan, 1979bl suggests either to build the 
metrology frame in zerodur or to use temperature control 
(e.g. an oil shower). Furthermore the plane of supports of 
the metrology frame should coincide with the bending 
neutral axis of the machine base. 

3.6 Drive offset 

By combining sound mechanical design with closed loop 
control, enhanced operating speed, accuracy and 
flexibility of movement can be achieved. Typical examples 
are the Compact Disc player, the waferstepper, advanced 
CNC milling and turning machines and fast component 
mounting (FCM) machines. In the development of servo- 
controlled positioning devices it is essential to consider 
the place where the actuator force is loading the slide to 
supply the (resulting) force generated by inertia, tool- or 
measuring forces, friction, etc. As stated in one of the 
'Eleven Principles' [McKeown, 1986, 1987, 19971, drives 
should be placed to operate through the axes of reaction. 
If this is not possible, the deviation from the axis of 
reaction -called drive offset- induces moments on the 
machine slides. The effect of resulting rotations of a slide 
on it's controllability is minimised, if both the drive- and 
measurement-axis are at the same side of the centre of 
rotation [Rankers, 19971. 

3.7 Force compensation 

3.7.1 Weight compensation 
In many 3D-CMM's vertical rams are used. In order to 
avoid loading the vertical slide's driving system with the 
(constant) weight of the ram, force compensation might be 
applied, thereby eliminating undesired heat dissipation in 
the motor. Constant forces can be obtained in many ways, 
e.g. using additional weights, which is unfavourable from 
a dynamic point of view. Alternatives are magnetic fields, 
cylinders under pressure or vacuum, or 'constant rate 
springs', e.g. tensators [Tensator, 19971, [Rosielle, 19981. 
Depending on the stroke of the slide and the 
specifications on admissible force variations, one type of 

562 



Keynote Papers 

weight compensation is more suitable than another. 
Weight 'relieving' in which Coulomb friction is reduced on 
guide ways, was used in many high precision machines 
designed by GSIP. 

3.7.2 Reaction force compensation 
Due to a limited mass and support stiffness of stationary 
machine parts, reaction forces as a result of a driving 
forces, cause a motion of these stationary parts [Rankers, 
19941, [Rankers, 19971. Excitation of machine frames 
caused by reaction forces becomes increasingly important 
in situations of direct drive actuation at high frequency, 
e.g. fast tool servo cutting [Patterson, 19851 and cutting of 
non-rotational symmetric surfaces [Renkens, 19971. In 
addition to commonly used approaches to reduce the 
motion of the frame, such as increasing stiffness and 
mass of the frame, or increasing the (active) damping, 
Rankers mentions more fundamental approaches 
[Rankers, 19971. A first example is to accelerate a counter 
mass between the load and the frame in opposite 
direction [Weck, 1995bl and [Weck, 19971. Secondly a 
simultaneous counteracting force can be applied to the 
frame by a second motor without tight requirements with 
respect to positioning accuracy. 

3.7.3 Parasitic stiffness compensation (negative 

Instruments and mechanisms based on elastic elements 
have the advantage that actual backlash and friction, 
causing virtual play [Koster, 19961 are absent. Sizing of 
flexures is based on allowable stress in combination with 
desired stroke, considering manufacturability and 
necessity to suppress the fixed motions rigidly. However, 
the stroke is restricted by the elastic limit of material and 
the stiffness of the elastic elements results in an opposing 
force linear proportional to the displacement. In those 
instances where the driving force becomes too high to 
handle, be it through the sheer size of actuators required 
or their heat production as a disturbance to the machine 
functions, either flexures have to be discarded as a design 
option or this undesired effect of force buildup has to be 
compensated. This is best done with passive elements for 
obvious reasons. The classical approach is referred to as 
creating 'negative stiffness'. With a device also containing 
flexures and rigidly connecting this with the rotational or 
translational flexure stage so as to obtain a near zero 
stiffness design, this problem can be overcome at the cost 
of increased complexity. Van Eijk gives several examples 
of creating negative stiffness [Eijk, 19851. 

stiffness) 

3.8 Symmetry 

In [Teague, 1989-19971 it is recommended to incorporate 
symmetry to the maximum extent possible in properties of 
machine elements (e.9. mass- and force distribution or 
stiffness), the entire instrument and properties of the 
environment. In designing, manufacturing, assembling 
and operating a precision instrument, any departure from 
symmetry has to be weighed against the resulting 
compensation to overcome the problems produced by the 
asymmetry. To avoid thermal asymmetry, inducing 
significant distortions of the machine components, a 
thermal centre as symmetry axis for thermal expansions 
(see section 3.3) can be applied [Vermeulen, 19981. To 
overcome the effect of asymmetry about a horizontal 
plane, caused by gravitational forces, machines can be 
equipped with a vertical axis, e.g. the LODTM, 
[Donaldson, 19831. Three-dimensional symmetry is 
superbly achieved by a tetrahedral structure, e.g. the 
Tetraform by Lindsey of NPL [Lindsey, 19881, [Slocum, 
19921, [Corbett, 19971. In addition to its proponents 

Hocken mentions some adversaries of symmetry 
[Hocken, 19951, e.g. vibrational energy is not reduced by 
symmetric design, in fact it is often enhanced. 

3.9 Repeatability 

According to the definition, given in section 2, repeatability 
means that the results of the same machine action carried 
out under the same conditions are equal. The machine 
action can either be a measurement on a CMM or 
manufacturing a product.on a machine tool. [Bryan, 19931 
propounds determinism i.e. the deterministic performance 
of machines under automatic control, as a sound basis for 
design, build and performance testing: 'The basic idea is 
that automatic machine tools and measuring machines 
are perfectly repeatable just like the stars*. They obey 
cause and effect relationships that are within our ability to 
understand and affordably control. There is nothing 
random or probabilistic about their behaviour. Everything 
happens for a reason. The list of reasons is small enough 
to manage by common sense, good metrology, and a 
reasonable investment of resources'. Practically, design 
for repeatability demands: 

Application of statically determinate high stiffness 
design, minimised hysteresis in the parts-connections 
(section 5.1) 
Minimising of friction and maximising stiffness of the 
bearing systems, (section 5.2) 
Optimisation of Performance of drives (section 5.3) 
and control systems (section 5.4) 
Consideration of sensor qualities including sensor 
mounting (section 5.5) 
Attention to the thermal stability of the design and 
adequate isolation against vibrations (section 5.6). 

Repeatability is essential to predictive modelling (section 
4). The closer the instrument is resembled by the model, 
the better the prediction of it's behaviour and the more 
scope for software error compensation (section 6). 

Here Bryan is quoting [Loxham, 19701. He goes on to 
summarise seven exceptions to the deterministic nature of 
classical physical laws, according to Kidder (LLNL) and 
Hocken [Bryan, 19931. These exceptions apply to 
molecular and atomic size masses and have no practical 
significance in the field of manufacturing. 

4. Modellina for predictive design 

As indicated in section 1, there will be an increasing need 
for ultra precision machinery in the near future. As a 
result, .design approaches are changing dramatically in 
this field. The complete understanding of the behaviour of 
precision machines is necessary to predict the component 
dimensional errors. By adding all the component errors 
together in an error budget, the machine designer can 
make a prediction of the accuracy of the overall machine 
[Blaedel, 19981, [Thompson, 19891. A very good overview 
of nowadays machinery and processes is given in the 
recently published book 'Nanotechnology' raniguchi, 
19961. As the development of ultra precision machinery 
generally is very expensive, 'right-the-first-time'- design is 
getting more and more important. Although extensive 
analysis of design concepts is expensive, a lot of money 
can be saved by systematic analysis early in the design 
process. Accuracy of machines and instruments is mainly 
determined by five error sources, i.e. deviations 
concerning kinematic-, thermo-mechanic-, static- and 
dynamic- and control system behaviour (see fig. 4.1). 
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Fig. 4.1: Design flow chart for (components of) machines 
and instruments 

Starting from the design specifications, one can create a 
conceptual design, which must then be analysed by 
modelling and simulation and improved. A flowchart can 
be drawn, showing the kind of modelling- and simulation 
activities, necessary to check the conformance to it's 
functional specifications. In addition to kinematic models 
for estimating effects of motion errors, FEM part modelling 
can be used to study (thermo)-mechanic- and static 
aspects including thermal expansion and diffusivity 
respectively stiffness and strength. For both the first 
approximation and necessary validation, calculations 
based upon simple elastic and thermal theories can be 
used. Dynamic aspects of the mechanical system 
concerning effects of both inertia and stiffness have to be 
analysed as well. Additionally the control system and the 
mechanical system have to be tuned in order to get good 
dynamic behaviour of the closed loop system. Fig. 4.1 
shows design to be an iterative process. The further the 
design process evolves, the more detailed models and 
simulations get. Hereafter, the most important analysis 
activities and approaches are discussed in brief. 

4.1 Kinematic analysis 

Having developed a design concept for a precision 
machine or measuring instrument, error modelling 
strategies, being developed mainly during the last two 
decades, can be used to predict kinematic errors [Soons, 
19931, [Krulewich, 1995a,b]. These modelling techniques 
are based on estimating the effects of motion errors of 
e.g. linear carriages, rotary tables and spindles. 
Successful use of lumped parameter models to predict 
and compensate for bending deflections were used as 
early as 1972 [Wills-Moren, 19821. For each axis i, 
motions errors can be described by means of a 
translation- ,i and rotation , R  error vector. The effect of 
rotations of carriages at specified positions in the 
structural loop may be calculated by the outer vector 
product of rotation vector iR and local position vector ,P,  
being defined in the Cartesian co-ordinate system of 
specific carriage. Here, the origin of the co-ordinate 

system is connected to the sensor which is reading the 
scale position of belonging axis i. Vector , R  contains a 
fixed contribution from squareness errors between 
machine axes as well. The total kinematic error at a 
specified machine position may be described by an error 
vector to be calculated from contributions of all axes 

[Spaan, 19951: dp(x,y,z)=T(,Rx ip+ ii). 
Fig. 4.2 contains a schematic representation of this 
modelling approach for one axis i. 

I 

P / Y  
X 

Fig. 4.2: Modelling approach for kinematic errors 

Kinematic modelling must be applied to the subsequent 
structural loops of a machine, i.e., one can start at the 
workpiece position passing through all the elements and 
joints of machine carriages, ending at the probe- or tool 
position. Rotary tables and spindles are treated in the 
same way as linear carriages. In [Spaan, 19951, the 
modelling technique has been applied to a five axis milling 
machine. Its relatively simple approach rapidly offers the 
designer information about the effects of a design 
proposal for a change in the structural loop. 
Another modelling method based on a description of 
kinematic errors using homogeneous transformation 
matrices is widely used as well. Here, the error 
parameters ,Rj, iT, are used as matrix elements [Paul, 
19811, [Soons 19931, [Portman 19971. In the latter, a 
description of second order effects for high precision 
applications is presented as well. 

4.2 Thermo-mechanic analysis 

As indicated by many authors, thermal effects may have a 
significant contribution to the uncertainty of precision 
machines and instruments Voshida, 19671, [Camera, 
19761, [Attia, 19791, [Balsamo, 19901, [Cresto, 19911, 
[Schellekens, 19921. An excellent overview of work in this 
field is given by Bryan et a1 in their keynote papers for 
CIRP - General Assemblies of 1968 and 1990 [Bryan, 
19681, [Bryan, 19901. 
Generally, the temperature profile in a machine can be 
described by an instationary function T= T(x, y, z, t) . As a 
result of these spatial and temporal gradients, in 
combination with thermal properties of the material used, 
shape and size of a machine will change in time. 
Especially the instationary behaviour makes error 
estimations very difficult to describe. Therefore, numerous 
attempts have been made to describe (quasi) stationary 
situations T= T(x, y, z) [Soons, 19931, [Trapet, 1997al. 
Here, as a first approach, error modelling is mainly based 
on expansion and bending of (large) machine elements in 
the thermal loop, considering a stress-free deformation 
(otherwise modelling becomes very difficult) [Boley, 19601, 
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[Trapet, 1997al. After having calculated expansions and 
deformation, the kinematic model discussed in section 4.1 
can be used to calculate the thermal error vector 
dp( T( x, y, 2)). In [Soons, 19931, this approach was 
successfully applied to a milling machine, giving a thermal 
error reduction of about 70%. 
As machine tools unavoidably have internal heat sources, 
it may sometimes be necessary to use instationary 
descriptions T = T(x, y,z, t). From this relationship, thermal 
effects on the tool position relative to the workpiece can 
be calculated. Nowadays, finite element (FE) and finite 
difference (FD) modelling techniques are widely used 
[Soons, 19931. Soons used state-space models as well, to 
predict the temperature field in a five axis milling machine 
due to heat generation in the main spindle drive. 
However, there are still difficulties in specifying thermal 
boundary conditions. In contrast to disturbances as a 
result of internal heat sources, the modelling of 
environmental effects, such as door opens, can only be 
responsive, not predictive. 

4.3 Static analysis 

The structural loop of machines and instruments can be 
affected by (quasi) static forces, e.g. changing weight 
forces of slowly moving machine parts, (nominal) 
machining forces [Spaan, 19951, and forces as a result of 
cabling, air- and vacuum hoses. Acceleration forces, 
having much higher frequencies, will be considered in the 
next paragraph. 
Due to finite stiffness of machine components, e.g. 
beams, spindles, carriages, including bearing systems 
and joints, the forces mentioned above will cause 
positioning errors at tools or probes. As a first approach, 
deviations can be estimated fairly easy by means of 
stiffness calculations based on simple linear elastic 
theories or theories about Hertzian contacts. Nowadays 
advanced software packages are available, such as 
Unigraphics@, I-DEAS@, Algor@, Pro-Engineer@ [FEM, 
19981 to be used for both linear and non-linear analysis at 
e.g. complex plate frame type structures, beams, trusses 
and 3D solids, made of homogeneous isotropic as well as 
composite materials (see section 5.1). Interesting 
approaches in this field are reported in [Reinhart, 19971, 
which describes 3D-CAD with integrated FEM analysis 
early in the design stages, called ‘Virtual Prototyping’. 

4.4 Dynamic analysis 

Since machine structures generally are assembled out of 
many different components, to be seen as a combination 
of masses and springs, the total structure will behave 
according to an interaction of these elements 
[Timoshenko, 19741. Many good textbooks are published 
about this subject, e.g. [RaO, 19901. 

Since most driving systems do not act in line with the 
centre of mass, inertial forces cause rotations of machine 
parts, mainly due to finite stiffness of bearing systems and 
joints. In high precision machines, such as 3D CMMs, 
even low accelerations values may have significant 
influence on measuring accuracy [Weekers, 19971. 

Machine dynamics may have significant influence on 
system performance. Position- and tracking accuracy as 
well as on smoothness of motion are highly reduced by 
mechanical step response in the structure. In addition to 
nominal acceleration levels as a result of inertial effects of 
slides and spindles, vibrational accelerations may 
continue after an external force or a set point motion 
profile has been applied to a mechanical component. In 

addition to the way the set point is applied (acceleration or 
‘jerk’), the vibrational behaviour highly depends on the 
system’s natural frequencies and the amount of damping 
(see section 5.1.2). 
In order to foresee deviations as a result of internal 
vibrations, it is of vital importance to model and analyse 
machine dynamics, i.e. to find the lowest natural 
frequencies and vibration modes of the mechanical 
structure in the relevant frequency range (limited by 
several times the bandwidth of the servo system). Here, 
lightweight- and (dynamically) stiff design is particularly 
important for those machine components that determine 
the lowest natural frequencies and the static stiffness. 
Even reaction forces of actuators on machine frames may 
cause intolerable deviations, especially for high precision 
machines, such as wafer steppers or SPDT machines 
using fast tool servo systems for the manufacturing of 
non-rotationally symmetric parts. As the mass of the 
frame is limited and its connection to the world suffers 
finite stiffness, resonance due to reaction forces may 
occur (see section 3.7) Weck, 1995bl [Weck, 19971, 
[Renkens 1997, [Rankers 19971. A schematic diagram 
summarising the indicated effects is given in fig. 4.3. 
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Fig. 4.3: Simple dynamic model of driving system with 
frame (kF), actuator (ka) and bearing stiffness (kb) 
(no damping considered). 

For multibody systems like manufacturing machines and 
wafer steppers, modelling and evaluating the machine as 
a whole may be inefficient and excessively time 
consuming. Therefore, [Rankers, 19971 proposes to divide 
the total system in substructures and components 
successively, and model and analyse them separately. 
Afterwards these models are added to an overall system 
model, to be used for mode shape analysis resulting in 
natural frequencies and vibration modes of the overall 
system. 
Dynamic models, such as lumped mass models, are very 
helpful to analyse the dynamic behaviour of a chosen 
concept. Here, the model, which consists of a number of 
masses connected by a series of mechanical 
compliances, can be described by a set of ordinary 
differential equations. Model reduction techniques [Hoek, 
1962-19861, [Nijs, 19881, [Koster, 19961, [Rankers, 19971, 
[Rosielle, 19981 are used to diminish the complexity of the 
description, advantageous for mathematical treatment and 
interpretation of results. 
For rather complex (sub)-structures ‘mode shape 
analyses’ offer an excellent tool to analyse the behaviour 
[RaO, 19901, [Ewins, 19841, [Rankers, 19971. For that 
purpose, the static model of section 4.3 can be used, for 
determining natural frequencies, as well as mass, mass 
moment of inertia, and the location of the centre of gravity. 
For a ceramic plate frame type slide construction, to be 
applied in an SPDT machine, the result of a modal shape 
analysis is depicted in fig. 4.4 [vermeulen, 1996al. 
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Fig. 4.4: Mode shape analysis of plate-frame-type slide 
construction 

4.5 Control system analysis 

In most cases a closed loop control system will be added 
to the mechanical system for positioning and multiaxis 
contour control. Examples of closed loop control in ultra 
precision machines are SPDT machines, ceramic grinding 
machines operating in 'ductile mode' as for mag-disc 
substrates, wafei steppers, and optical disk mastering 
machines. In order to get good dynamic behaviour, the 
control strategy should be matched very carefully to the 
dynamics of the mechanical system. The optimised 
design of the control system highly depends on. the 
behaviour of the mechanical system, e.g. its natural 
frequencies, the presence of friction and other disturbing 
forces. 
Generally the control system contains position and 
velocity feedback, and sometimes for the very highest 
performance, velocity and acceleration feedforward loops 
are added as well (see section 5.6). As indicated in 
[Groenhuis, 19911, the mechanical design mainly 
determines the order of the controlled system. The more 
degrees of freedom (determined by the number of lumped 
masses and springs), the higher the order of the model. 
[Rankers, 19971 indicated three main sources of dynamic 
influence, i.e. flexibility in the actuator system, guide way 
systems flexibility, and mass and stiffness of the machine 
base. All these effects may increase the order of the 
controlled systems since they introduce additional 
degrees of freedom. As depicted in [Groenhuis, 19911 a 
fourth order model (two degrees of freedom) is the 
minimum and generally adequate order to describe the 
dynamic behaviour of a mechanical closed loop system. 

5. Desian features for precision 

5.1 Stiffness of constructions and mechanisms 

In addition to (dynamic) stiffness requirements of high 
precision components to obtain a desired kinematic 
function, stiffness is necessary to overcome additional 
side effects such as positional errors due to friction, 
essentially Coulomb friction. Friction forces whenever 

present, will load the stiffness of components to a 
maximum before sliding in any direction. The positional 
uncertainty associated is called 'virtual play' [Hoek, 1962- 
19861, [Koster, 19961, [Rosielle, 19981, and amounts to 
twice the maximum friction force divided by the stiffness. 
Uncertainty in position is hence uncertainty in the internal 
potential energy content of the construction. Designing for 
high stiffness can be conceived as designing for a 
minimum potential energy content. 'Bigger is better' might 
be true for stiffness reasons, for example when a force 
transmitting area of a cross section is concerned. But if 
the efficient use of material in a design is also aimed for, 
e.g. in high precision slide constructions or aerospace 
applications, the mass and thereby the kinetic energy 
content should be minimised as well [Riven, 19891, 
[Slocum, 19921, [Smith, 19921, [Rivin, 19961. DeBra 
emphasises the importance for a design to get it's 
functional dependence right, but meanwhile to separate 
'material' from 'geometry' [DeBra, 19981. On the basis of 
the latter principle, this section about stiffness of 
constructions and mechanisms is further divided in 
'Geometry at the component level' on the one hand, and 
'Material selection' on the other. 

5.1 .I Geometry at the component level 
Certain movements are desired to obtain functions, others 
are preferably avoided. This because the latter result in 
undesired energy storage, e.g. kinetic energy, or potential 
energy in elasticity of material components. Vibrations are 
a typical example of such energies flowing back and forth. 
If there are many free movements within the design, 
energy flow becomes chaotic, different vibration modes 
store energy from or release energy to each other. 
Because this energy flow eventually may affect 
movements, which are necessary for functional reasons, it 
is most desirable only to allow functional movements and 
to suppress deliberately all other movements of 
components in a design. This calls for high stiffness in the 
directions in which movements are not functional. Such 
stiffness can best be obtained by correctly placing 
material in the right shape and direction, and by using as 
little material as possible (i.e. stiff-lightweight design), 
especially on functional moving parts. Stationary frames 
are affected to a much smaller extent by this idea, 
although here too, saving mass has certain benefits. A 
design, in which the material involved is used poorly in 
terms of deriving stiffness from solids, is often 
characterised by unfavourable loading. If the loading is 
very localised, large deformations and high local stresses 
occur, and unfavourable lever ratios result in high forces 
and undesirably induced bending moments (see fig. 5.2). 
In precision equipment, the often-unintended load is 
usually caused by inertial forces, moving-weight forces, 
and internal friction, which should be minimised. Good 
design has uniformly distributed loading. Ideally, the 
stress level under load should be the same value for all 
material used. However, even if there is a uniform stress 
level over the construction, it definitively does not mean 
that the structure is optimised to a point where 
improvement is no longer possible. One could have 
attained a local design optimum and a different design 
may simply be more favourable for the loads and 
purposes intended [DeBra, 19981. 

Designs are either assembled from separate parts or 
inversely produced by removing material from a volume 
leaving the required components in place. Regardless of 
the method, the outcome can be regarded to consist of 
truss, beam, plate or solid volume-like parts. Solid 
volumes should be avoided where possible, i.e. they 
should be hollowed out. Stiff and lightweight structures 
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can then be obtained by using closed boxes of plate 
material. These boxes should only to be joined and 
loaded at the ribs and corners. Large unsupported plate 
areas will usually resonate due to lack of out-of-plane 
bending stiffness in thin plates. Here thicker plates, made 
of material with a lower density may beneficial. 
Alternatively, the plates are made of a lightweight 
sandwich design, offering two thin stress skins separated 
by a shear resistant web (honeycomb or foam). 
Alternatively, a statically determined truss structure can 
be used, which offers high stiffness at the system nodes, 
especially for relatively large protruding- or span lengths 
in a construction. Optimising truss structures involves 
preventing sharp angles between the trusses at the joints. 
Tube-like trusses help both to improve buckling resistance 
as well as natural frequency, which is higher than for solid 
rods of equal mass. Tetraform is a prime example. Node 
connections however become more complex. 

5.1.2 Material selection 
The choice of materials for a machine design is a key 
factor in determining final machine performance. Many 
criteria may be considered, including temporal stability, 
(specific) stiffness, homogeneity, thermal expansion and 
diffusivity etc. Often, these criteria vary for differing 
machine elements and the approaches are numerous 
[Hocken, 19951. Smith and Chetwynd introduce property 
groupings and use charts and profiles in order to compare 
different materials in the performance of precision 
instruments and machines [Smith, 19921. Teague and 
Evans have listed several criteria to be considered 
[Teague, 1989-1997. Criteria used for thermal loop 
design are described in section 3.3. For structural loop 
design, specific stiffness (the response to static and 
dynamic loading defined as the ratio of the modulus of 
elasticity to the density), internal damping (the specific 
damping capacity), and deformation under point loading 
(determined almost exclusively by the modulus of 
elasticity) are crucial. The former two are further 
discussed in this section. 

5.1.2.1 Specific stiffness 
As a general conclusion from section 5.1.1, it can be 
stated that good design of high precision machines and 
instruments, requires design for stiffness instead of 
admissible stress or lifespan, and as a result, for a readily 
optimised geometry, it is the modulus which determines 
selection of the material. Moreover, in situations where 
components are accelerated, e.g., CMMs, next generation 
step-and-scan wafersteppers, and SPDT machines, high 
moving masses cause high inertial forces as well as a 
substantial heat dissipation in the slide's driving system, 
having a negative influence on the systems accuracy. In 
addition, high masses lower the values of the subsequent 
natural frequencies. Therefore, optimising the stiffness per 
kg for a given geometry means selecting a material with 
high specific stiffness. 

Metals, like cast iron, steel and aluminium, have in spite of 
their moderate specific stiffness, the advantage that 
conventional joining techniques, can be applied, e.g., 
welding and thread tapping. Granite, having a comparable 
specific stiffness, is generally used as a structural material 
in machines, which operate in dry environments, e.g., for 
filtered and dried air bearing slide ways. As granite can 
absorb moisture and swell, it may not be appropriate to 
use it in a machine where cutting fluid splashes all over it 
[Slocum, 19921, [Meijer, 19891. For this reason many 
builders seal the granite with very thin epoxy resin. 

Technical structural ceramics are commonly used in 

applications where high resistance is required. Ceramics 
like B4C, SIC, Si3N4 and A1203 have high refractory values 
and extremely high resistance against wear, corrosion, 
and erosion. Until now, designing in technical ceramics 
meant performing calculations of stress, and stress 
intensity factors [Klostermann, 19871, [With, 19961. The 
low toughness, in comparison to metals, resulted in a 
statistical approach of the fracture mechanics (Weibull 
statistics). Technical ceramics however, have a high 
specific stiffness. as well (factor of 3 to 7 compared to 
steel), and therefore, .application of technical ceramics in 
high precision machines is interesting (Slocum, 1994b]. 
However, in consequence of transformations at high 
temperature sintering, ceramic parts may have internal 
defects, and show considerable non-uniform shrinkage 
deformation. Therefore, uniform sheet thickness, relatively 
simple structures, and the absence of sharp edges and 
point or line forces are essential. 

Vibrations caused by slide movements, or coming from a 
cutting process or the environment, will negatively 
influence performance (see section 5.7.2). Whilst the 
specific stiffness of massive ceramics is good, vibration 
damping is poor. Therefore, instead of massive ceramic 
structures, a laminated build-up of thin ceramic tiles is 
highly preferable. Here, glued lap joints are barriers for 
vibrations, so that damping is increased (see section 
5.1.2.2). However, for stiffness reasons, a very small lap 
joint thickness is required, in practice mainly depending 
on the flatness of the tiles used. Semi-manufactured 
alumina substrate tiles (applied in the manufacture of 
IC's), having a flatness within a few 0.01 mm, enable the 
laminate stiffness to be mainly (>95%) determined by the 
stiffness of the tiles D/ermeulen, 1996a,b], [Rosielle, 
19961. Thereby, almost a factor of 3 in mass reduction is 
possible, compared to an aluminium or steel plate frame 
structure with the same stiffness. 

As a result of the air space program of NASA during the 
1960's, advanced fibre composites were introduced. 
During the last decade, new high-tech fibres like high 
modulus (HM) carbon, aramid, and polyethylen, as well as 
advanced thermohardening and thermoplastic matrices 
were developed. However the strength of metals can be 
improved with additional alloy-elements or heat 
treatments, its modulus of elasticity is nearly constant, 
except for AlLi alloys [Rivin, 19961. Here, fibre composites 
differ from metals, as the former's modulus changes 
dramatically with the change in fibre fraction. In addition to 
the fibre quantity in a matrix, its orientation can be 
changed dependant on the load case of the structure. For 
a tensile-compression load, mainly unidirectional (UD) 
fibres can be applied. Especially UD HM carbon fibres 
have a substantially higher specific stiffness than 
conventional construction materials. However, for getting 
in-plane stiffness, which is required when building plate- 
frame type structures, only some 40% of the UD modulus 
remains as in-plane quasi-isotropic modulus [Lubin, 
19821. Even then, for HM carbon fibres a gain factor of 2.5 
in specific stiffness can be obtained. 

In [Kerstiens,'l990], structural components for high-speed 
grinding and milling machines (slides, spindles), and 
bridge-type robot centres (beams), made of carbon fibre 
are described and compared to metal alternatives. 
Dependent on the application and fibre orientation, a 
specific stiffness gain with a factor of 2 to 3 is possible. In 
addition, as a result of internal damping, an increase of 
the dynamic stiffness is obtained. Manufacturing costs are 
doubled, but for equal machine performance, costs are 
about the same. 
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Reinforced ceramic and metallic composites have 
performance characteristics beyond those of conventional 
massive ceramics or metals [Lanxide, 19901. Reinforced 
composites allow for a density and thermal conductivity 
approximating those of aluminium, combined with steel 
like values for modulus and tensile strength. In addition to 
a high specific stiffness, reinforced composites are tough 
and, unlike ceramics, have tolerance for damage. 
Reinforced ceramic matrix composites are made by a 
directed metal oxidation process. Another infiltration 
process (without oxidation) is used to make reinforced 
metal matrix composites. 

5.1.2.2 Internal damping 
The response of a structure to a time-varying input 
depends on the stiffness, damping, and mass of the 
structure. According to [Slocum, 1994a1, high stiffness 
and damping are each necessary, but are not individually 
sufficient requirements for a precision machine. 

Although extensively studied, and heavily relied upon in 
machine tool design, the mechanism of damping in a 
material is difficult to quantify and one must generally rely 
on empirical results [Lazan, 19681. In fact, damping highly 
depends on alloy composition, frequency, stress level and 
type (i.e. tension or shear), temperature, and joint preload. 
Traditionally, machine tools have been built of cast iron, 
which has moderately good damping properties, or steel 
weldments, whose damping properties are not as good. 
Polymer concrete was then developed, and typically had 
on the order of 5 to 10 times the material damping of cast 
iron and was easier to cast. However, the use of polymer 
concrete led to marginal increase of machine weight and 
decrease of thermal diffusivity. However it is quite widely 
used for precision grinding machines. 

Structural joints in machine tools have long been known to 
be a source of damping by the mechanisms of friction and 
microslip. Numerous theories are available for predicting 
structural joint damping by these mechanisms [Tsutsumi. 
19791, [Murty, 19821, [Ferri, 19951. In [Slocum, 19921 and 
[Slocum, 1994a1, the Tetraform structural concept for 
machine tools and instruments, developed by Lin, is 
described. ,Here, besides viscous shear and squeeze film 
damping in the legs, damping at the spherical joints is 
achieved by application of adjustable sliding bearing 
technology, developed for the Nanosurf 2, in which thin 
(<2 pm) PTFE layers are used. 
However, the amount of damping obtained in structural 
joints is still an order of magnitude less than what is 
desired for optimal performance. In addition, as far as the 
accuracy of the machine is required, it would be best if the 
joints behaved as rigid interfaces, instead of slip planes 
[Slocum, 1994a1. 

In machines with rotating components (e.g. grinding 
wheels), there is often enough energy at multiples of the 
rotational frequency (harmonics) to cause resonant 
vibrations. The amplification at a particular frequency can 
be reduced using a tuned mass damper, which pulls the 
resonant peak down into two smaller peaks. A tuned 
mass damper consists of carefully selected mass (at least 
3-10% of the structure’s mass), spring, and damper 
elements attached to a structure. The design of a tuned 
mass damper is quite straightforward [Meirovitch, 19751. 
However, the limitation of these dampers is that it can 
only remove energy at a small frequency range. As the 
machine configuration or boundary conditions change 
(e.g. the moving parts in a CMM, or the depth of cut taken 
by a boring bar), the damper will lose some of its 
effectiveness. 

By contrast to tuned mass dampers, constrained layer 
dampers add damping at all frequencies and are 
insensitive to the vibration amplitude. This type of 
damping mechanism has been used in many systems, 
among others consumer products, helicopter blades, and 
machine tools. Damping is achieved by imposing shear 
strains on the alternate layers of visco-elastic and 
structural materials, which is caused by relative motion. 
Motion of a structure is generally greatest far from its 
neutral axis, especially when interface surfaces move in 
opposite directions. The design can be developed using 
numerical methods [Haranath, 19871, or closed form 
solutions that were formulated many years ago [Nashif, 
19851. 
Viscous shear forces stretch the structural constraining 
layer, so thin layers are not as effective. 

In the interest of reducing vibration in precision machines 
and components, e.g. fixtures, [Slocum, 1994al proposes 
a concept of a replicated internal viscous damper. The 
design principle is similar to that of a constrained layer 
damper. The replicated internal viscous damper uses 
internal beams covered with a viscous fluid that are 
replicated in place inside structural members. In the case 
where the centre of a structure is cored to make room for 
the damper, although the static stiffness is decreased by 
up to 25% depending on the design, the dynamic stiffness 
can be increased by an order of magnitude. Design theory 
as well as experimental results show that Q factors on the 
order of 20 are obtainable. This is one to two orders of 
magnitude lower than would normally occur in the material 
of the structure or in its joints. 
[Marsh, 19961 describes a passive damping method 
based on both constrained layer and replicated viscous 
damping. Here, visco-elastic layers are embedded within 
the structure as opposed to being applied externally. An 
analytical solution to the amount of damping in modes is 
presented using a modal strain energy approach. Several 
full-scale structures have been built and tested, that offer 
modal loss factors (l/Q) between 0.1 and 0.3, depending 
on the constraints of added weight and available space for 
shear members. 

5.2 Bearing systems 

5.2.1 Full film bearings 

5.2.1 .I Static bearing stiffness 
Full film bearings, mostly aerostatic or hydrostatic 
bearings, are increasingly used in PE applications to 
provide a high accuracy long-stroke motion. The latter is 
mainly as a result of low limiting friction and a high 
averaging effect of surface imperfections. The choice of 
lubricant depends upon the type of application. 
Hydrostatic bearings exhibit much greater film stiffness 
than aerostatic bearings, usually by a factor of about five, 
due to the higher supply pressures. Important differences 
lie in the performance under dynamic loading. Hydrostatic 
bearings have ’ superior damping characteristics to 
aerostatic bearings and this may be a critical feature for 
some application. Instability phenomena in the latter are 
mainly caused by the compressibility of air and molecular 
transit times in the bearing gap, in combination with gap 
thickness variations and pressure changes [Blondeel, 
19801. In [Plessers, 1988a,b], a stability (Nyquist) criterion 
is described to evaluate instability phenomena. Both 
numerical and experimental methods are used to derive 
dynamic stiffness and damping coefficients. 
Compared to hydrostatic bearings, aerostatic bearings 
have negligible friction and hysteresis. Viscous friction is 
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proportional to both relative speed and viscosity of the 
fluid. The latter is extremely low for air compared to oil 
(factor of 10’ to lo5), and therefore, air spindles can be 
applied in a much wider speed range. When designed for 
equal stiffness, the friction in an air spindle might be a 
factor of 3 to 10 lower compared to a hydrostatic system, 
but the mass moment of inertia of hydrostatic spindles is 
about a factor of 30 less, being advantageous for 
application in CNC production machines [Kraakman, 
19971, [Schouten, 19971. However, in addition to a 
minimum required surface area for a high bearing 
stiffness, the spindle stiffness has to be high enough to 
attain a favourable dynamic behaviour. A drawback of 
hydraulic systems is the need for return pipes and much 
more complex filtering and conditioning systems. 

On account of its simplicity, both aerostatic and 
hydrostatic thrust as well as journal bearings with parallel 
gap shapes (both inherent and orifice types) are often 
used in PE slide constructions and spindles. In addition to 
analytical descriptions characterising fluid film flows, 
design methods and software are available to determine 
bearing dimensions, necessary for a certain load capacity 
or stiffness [Holster, 19671, [Kraakman, 19761, [Kraakman, 
19771, [Blondeel, 19801, [Stout, 19811, [Plessers, 
1988a,b]. In [Wang, 19931, bi- and tri-conical gap shapes 
are used, giving a stiffness gain of about 2 to 3, compared 
to parallel gap shape bearings. 

As air is highly compressible compared to oil, aerostatic 
bearings need far more surface area and much smaller 
film thicknesses (5 instead of 30 pm) to achieve 
comparable stiffness values. In consequence of the 
relatively small modulus of air (about a factor of l o 3  less 
than oil), conventional aerostatic bearing systems tend to 
determine the overall obtainable static machine stiffness. 
However, using a compliant bearing surface (membrane), 
the compressibility of air might be compensated passively 
[Al-Bender, 19921. Thereby, even infinite static stiffness 
can be obtained over a large range of the load capacity, 
provided that a stiffness of the membrane and the air gap 
are equal. This principle of stiffness compensation can be 
used in axial as well as journal bearing systems [Blondeel, 
19761, [Snoeys, 19771, [Bryant, 19861, [Snoeys, 19871, 
[Holster, 19871. Additionally, the load-displacement 
characteristic of the bearing may even compensate for the 
(static) elastic deformation of connected machine parts, 
e.g. slides and spindles [Kazimierski, 19921. At Philips 
Research Laboratories, double hydrostatic bearings are 
used with pressure feedback to a double-restriction 
membrane, to create infinite stiffness for Single Point 
Diamond Turning (SPDT) operation [Kraakman, 19691. 

5.2.1.2 Dynamic bearing stiffness 
To improve the dynamic aerostatic bearing stiffness as 
well, active stiffness compensation can be applied. In [AI- 
Bender, 19941, three methods of active control are 
described to enhance dynamic stiffness, viz. support 
control, conicity control, and supply pressure control. 
Support control is most simple and applicable to all 
bearing types. However, it is not compact and quite 
expensive. In conicity control the deflection of a compliant 
convergent surface is additionally controlled by a piezo- 
electric actuator. As described in [Al-Bender, 19971, this 
method of active compensation is found to be most 
effective, owing to the low actuated mass and the large 
bearing force gain and bandwidth. It achieves infinite 
static stiffness and still, at 100 Hz, a tenfold increase in 
stiffness is possible compared to the passive value. [AI- 
Bender, 19981 describes the development and application 
of active front radial bearings in HF electro-spindles, as 

and effective and competitive alternative to both 
magnetic- and ball bearings, for its infinite static stiffness 
and active control bandwidth of 700 Hz. 
Supply pressure control finally, has in contrary a limited 
bandwidth and relatively low cross over frequency. Until 
now, for a system with a great number of aerostatic 
bearings, the costs for active stiffness control are 
significant, since at least an equal number of sensors and 
actuators is required. 

5.2.2 Active magnetic bearings 
In many high precision applications, the limitation of 
friction losses in bearings is an engineering challenge. As 
magnetic levitation is contact-free, there is virtually no 
friction and wear, so magnetic bearings offer long life and 
reduced maintenance. The rotational speed is on1 limited 
by the strength of the rotor material (400 N/mm for soft 
magnetic iron), and peripheral speeds of up to 350 m/s 
have been reached. Magnetic bearing systems are 
particularly suitable for applications in which there should 
be no contamination from lubricants, as in vacuum. In 
addition, it is fairly easy to adjust the position of the 
bearing forces and suppress the effects of unbalance. A 
difficulty however, is that in practice, magnetic levitation is 
always accompanied by an unstable equilibrium of forces, 
so that height control with feedback is necessary. Active 
magnetic bearing (AMB) systems were built as early as 
1938 by Kemper for experiments and later for momentum 
wheels in. space applications. Due to the enormous 
progress in electronics, the number of industrial 
applications has considerably increased during the last 15 
years. [Schweitzer, 19881, [Higuchi, 19901, [Allaire, 19921, 
rrumper, 19931, [Schweitzer, 19941, [Matsumara, 19961. 

In general, five control loops are required for an AMB 
system with one d.b.f. The associated electronics, 
however, make such bearing rather complicated and 
expensive, and for this reason, AMBs have been 
designed that have one or more non-controlled d.0.f. 
[Kamerbeek, 1983, 1984). The drawback here is that the 
load-carrying capacity and stiffness corresponding to the 
non-controlled d.0.f. are reduced [Hendrikson, 19741, 
[Sabnis, 19741, [Kamerbeek. 19971. Electromagnets are 
usually arranged in two radially opposed coils for each 
d.o.f., giving an eight-pole radial bearing system. 
However, a minimum of six poles with six windings would 
suffice, but, contrary to systems using passive elements, 
such as flexures and fluid film bearings, control becomes 
more difficult. in AMB systems, since force generation in 
the x and y directions is then coupled. 

Y 

For small rotor displacements and small control currents, 
(compared to the nominal air gap and the bias current 
respectively), the AMB force is quite linear. However, due 
to a negative coefficient of proportionality of the rotor 
displacement (the open-loop stiffness), AMB systems are 
characterised by open-loop instability. Besides position 
feedback, Kamerbeek applied velocity feedback, having 
the advantage of less heat dissipation in the control coils 
[Kamerbeek, 19831. Although the losses in AMBs are 
usually less then 20% of that in fluid film bearings, and 
less then 5Y0 of the loss in mechanical bearing systems, 
they may be examined in some applications. Especially 
for larger rotor displacements, non-linear and non-ideal 
effects appear, such as copper losses, hysteresis effects, 
stray fields, saturation of the iron, and eddy current 
losses. Especially for high performance AMBs, these non- 
ideal properties, which mainly depend on the material 
used in the flux-loop and the bearing arrangement 
(hetropolar or homopolar configuration), have to be 
considered. For conventional soft magnetic iron, such as 
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silicon iron, the maximum flux density is limited to about 
1.5 T, thereby limiting the maximum static bearing force 
density to about 20-40 N/cm2 (comparable to air 
bearings). 

For the general class of linear permanent magnet electric 
machines, rrumper, 19961 presents a design and 
analysis framework, with which complex magnet arrays 
and winding patterns can be addressed. The models 
resulting from the analysis, serve as design tools for the 
development of high-resolution, power efficient, linear 
magnetic levitators, such as used in wafer steppers (fig. 
5.1). To improve power efficiency, the levitator uses a 
permanent magnet Halbach array, primary developed for 
use as an optical element in particle accelerators. In 
rrumper, 19931, useful geometries of such magnet arrays 
for synchronous machines are presented in different co- 
ordinate systems. 

9 f l  
levitated platen 

&inch wafer 

lihearmotordator 

Fig. 5.1: Six d.0.f. magnetically levitated stage 
rrumper, 19961. 

Another six d.0.f. magnetically suspended stage is 
described in [Holmes, 19961. Here, additional neutrally 
buoyant oil floatation is used in order to achieve extremely 
high disturbance rejection and position resolution, 
competitive with piezoelectric actuators. This hybrid stage, 
which was designed for STM applications, attains atomic- 
scale motion control inside 100 pm cube of travel. 

5.3 Flexures 

The advantages of flexures over classical hinges are the 
absence of play, and sliding- or rolling friction as a source 
of structural hysteresis [Koster, 19961, [Rosielle, 19981: 
hence, there is no need for lubrication systems and 
maintenance. Even for ultra precision mechanisms, the 
level of material hysteresis in flexures, e.g. as a result of 
non-elasticity, or dislocation mechanisms in metals, is 
insignificantly low, and extremely precise measurements 
are necessary to detect this phenomenon [Lazan, 19681. 
The linear operating force of flexures presents no big 
challenge in motion control (see section 5.6). Care must 
be taken to avoid mechanical flip flops due to internal over 
constraints as a result of for example design or 
manufacturing defects, undesired damage such as pre- 
buckling, external assembly- or thermal miss-alignment. 
Provided that such problems are avoided, overload 
protection is envisaged, and buckling-, as well as modal 
analysis is required. Although the length of stroke is 
limited, flexures are often advantageous in ‘Design for 
Precision’, featuring predictability and repeatability 
[Eastman, 19351, [Eastman, 19371, [Jones, 19511, [Jones, 
19561, [Geary, 19541, [Hoek, 1962-19861, [Hoek, 1985- 
19891, [Paros, 19651, [Eijk, 19851, [Smith, 19921, [Koster, 
19961, [Rosielle, 19981. 
Single motion flexures can be divided in two main groups, 
i.e. rotation and translation. For rotation, fig. 5.2 contains 

some execution examples (a,b,c) as well as the schematic 
representation (d). 

-6  

a. b. 

C. d 

Fig. 5.2: Execution examples of one rotation 

The alternative 5.2b is preferable to 5.2a from the point 
that a symmetrical loading results in four times higher 
stiffness. This becomes clear from fig. 5.3, where the 
dimensionless stiffness reduction c(a)/c(O) is set against 
the dimensionless distance of the force’s line of action to 
the cross section’s neutral axis a/h . Alternative 5.2~‘  is 
(thermally) symmetrical about the rotational axis (TC). 
The schematic representation is shown in fig. 5.2d. 

- I  

- 2. 

Fig. 5.3: Dimensionless stiffness dependent on the force’s 
line of action. 

Fig. 5.4a contains an example of an elastic universal joint, 
(with it’s schematic representation shown in fig. 5.4b), 
leaving two rotational d.0.f. free, whilst constraining the 
remaining rotation and three translations. 

a. b. 

Fig. 5.4: Elastic universal joint: two rotational d.0.f. 
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An elastic spherical pivot is shown in fig. 5.5a. Different 
from the schematic representation (fig. 5.5b), where the 
three translational d.0.f. are fixed with three rods, the 
execution example contains three 'folded' leaf springs (cut 
by wire EDM), as explained in section 3.2. As the fold- 
lines are orthogonal, translation stiffness at the (fictitious) 
intersection point P is equal in all directions (580 NIpm) 
[Rosielle, 19961. 

Intersection 
; point 

a. b. 

Fig. 5.5: Elastic spherical pivot: three rotational d.0.f. 

For translation, fig. 5.6 contains examples of one d.0.f. 
When applying the driving force F halfway length I of the 
leaf springs, as in alternative 5.6b, these springs are free 
of (opposed) normal forces. The disadvantage of the 
lowering effect (0.6x2/1) of the parallel motion alternative of 
fig. 5.6 might be compensated by a double parallel 
mechanism, which was among others implemented in the 
roughness measurement instrument by Rank Taylor 
Hobson. 

b. 

Fig. 5.6: Five d.0.f. constraint parallel motion without 
symmetry. 

thin-walled 
triangular tube 

monolyth 

ed leafspring (6x) 

Fig. 5.7: Five d.0.f. axis-symmetric linear motion 
produced by wire EDM. 

C. 

The elastic guide in fig. 5.7 on the other hand, has a true 
axis of symmetric translation without lowering effects. An 
additional 'folded' leaf spring is applied for optimal 
symmetry. Internal stress is avoided by the monolithic 
fabrication process, using wire EDM [Rosielle, 1994a,b], 
[Haitjema, 19971. 

5.4 Drives: properties and accuracy 
Machine tool feed drives control the position and velocity 
of slides or axes in accordance with commands generated 
by CNC interpolators. In [Srinivasan, 19971, a list of 
requirements on feed drive performance is given: 'control 
over a wide range of speeds, precise control of position, 
ability to withstand machining loads while maintaining 
accuracy, rapid response of drive system to command 
inputs from the machine tool CNC system, and precise 
co-ordination of the control of multiple axes in contouring 
operations'. These requirements are best met by closed 
loop control of feed drives based upon real-time sensing 
of position. 
Demands on feed drive performance have become more 
stringent as machining technology has evolved to meet 
the requirements of a broader range of applications, e.g. 
high speed machining. Precision machining applications, 
such as SPDT have similarly tightened positioning 
accuracy requirements on feed drives. In [Smith, 19921, a 
variety of actuators is described, that are capable of 
operating at the nm level. Each actuator is discussed in 
terms of its relative merits, such as dynamic response, 
repeatability, size, linearity and cost. 

5.4.1 Short stroke actuators 
Whereas recent low voltage type piezos based on thin, 
layers are giving more extension at typically 100 V, many 
precision applications still apply high voltage piezos, 
which, at present, tend to be stiffer under static conditions. 
Compact actuators can generate large forces. Piezo 
elements typically have 0.1% strain under 1000 V/mm. 
Hence, single piezo elements are limited in maximum 
stroke to the pm .range, which often necessitates two 
stage actuation. The total length of stroke obtainable 
depends on the number of discs in a piezo stack, and 
amounts typically to a maximum of about 100 to 200 pm. 
Here, typical material expansion rates are 1 mm/s. 
Piezo material itself may have an internal hysteresis, 
which can be in the order of 20% of the stroke length. 
Therefore, accurate positioning over large strokes is best 
done with closed loop control. In [Ge, 19961, an approach 
is described for modelling the hysteresis non-linearity of 
piezo-ceramic actuators under non-cyclic input variations, 
By implementing the model in a feedforward control loop, 
tracking control accuracy was improved significantly (see 
section 5.6.1). 

Manufacturers tend to clamp piezo stacks with a 
preloaded spring to avoid mechanical hysteresis in the 
many contact surfaces. A preload itself, e.g. by a weight, 
shifts the range of piezo movement without reducing it, 
whereas stiffness, e.g. from an external elastic 
mechanism will reduce the stroke that can be obtained. 

Nowadays, linear piezo actuators are used in numerous 
applications like positioning systems [Wulp, 19961, shape 
control of optical components [Schothorst, 19971, vibration 
control, smart structures [Koster, 19971, laser cavities 
[Schellekens, 19861, measuring lasers [Wetzels, 19981, 
optical delay lines [Mierlo, 19931, AFMs and STMs 
[Vorburger, 19971, piezo driven Stewart Platform 
[Beltman, 19971, etc. 
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5.4.2 Long stroke actuators 

5.4.2.1 Piezosteppers 
The above limitations tend to shadow the otherwise clean 
electrical to mechanical transfer. Designers have thought 
around the obstacles and created actuators for longer 
strokes like the classical inchworm@, a stepping device 
which can be used for long stroke actuation by repeated 
stepping motion, as well as for single movement with 
nanometre resolution. Besides linear motion types, 
designers have come up with numerous rotational drive 
systems, e.g. for rotary tables and mirrors. Large 
rotations, when required are mostly step type or inertial 
drive systems, providing tangential motion at large radii. 
Though all bearing types mentioned in section 5.2 are 
potential candidates for high precision piezo driven rotary 
tables, it can be useful to consider driving more d.0.f. than 
just the rotation. [Philips, 19951 describes the design of a 
rotary table, depicted in fig. 5.8, that can be moved within 
0.1 pad  and some nm position accuracy of the rotation 
axis, due to closed loop control and calibration facilities. 
Three piezo stepper drive-units are equally spread around 
a rotary table with an axial air bearing. All mechanisms 
are cut into a single plate by wire EDM, which is freely 
programmable, and thereby other than traditionally 
circular holes can be applied in order to make a more 
compact design [Rosielle, 19911. Due to the application of 
high accuracy sensors, many disturbances including 
temperature change, can be compensated for in closed 
loop control. The relatively low rotational speed of 1 rpm is 
a challenge to increase further. 

-Radial piezo 
actuatw (3x) 

[Tangential actuator (3x.X piezo 8 

Fig. 5.8: rotary table,with nm range positioning system for 
the axis of rotation. 

5.4.2.2 Electromagnetic actuators 
Currently, electrical actuation is predominantly used in 
machine tool feed drives. Rotary motors are used in 
conjunction with rotary-to-linear power transmission 
elements. The need for the latter is eliminated using linear 
DC or AC motors. While brushed DC motors retain a 
purchase price advantage over the other motors because 
of simpler associated electronics, they are subject to 
brush wear and require higher maintenance. Furthermore, 
brush friction in such motors is non-linear and can limit 
control loop performance. AC motors are powered by AC 

line power, but rely upon sophisticated electronic control 
of frequency and amplitude. Smoothness of generated 
force, i.e. low force- and velocity ripple, is an important 
performance measure for all motor types and requires 
specific design features and electrical power control to 
minimise force ripple [Bollinger, 19821, [Slocum, 19921. 

Linear power transmission elements are used in feed 
drives both to convert rotary actuator motion and to 
achieve speed reduction. Lead screw drives, using nut 
transmission elements, are most commonly used at this 
stage of development [Gross, 19831, veck ,  19841. Many 
of the problems with lead screw drives are the result of an 
improper kinematic mounting of the nut. When properly 
designed however, they are capable of submicron-level 
motion repeatability. The advantage of lead screw drives 
in some applications is that stiffness is present above the 
bandwidth of control, as opposed to linear motors, which 
therefore require excessive bandwidth. Backlash in lead 
screw drives is reduced by preloading the nut, at the 
expense of increasing Coulomb friction, and thereby, 
increasing virtual play and lowering drive efficiency. 
Smoothness of motion in ball screw drives is limited due 
to entry and exit of the balls in the ball-nut, causing 
velocity ripple. 
The behaviour of friction wheel drives - also known as 
traction drives, or capstan. drives - on the other hand, is 
more predictable and reproducible due to a prescribed 
level of preload at the statically determinate wheel 
contacts, thereby superior for the machining of optically 
smooth surfaces [Takahashi, 19901, [Rosielle, 19941. At 
CUPE, LLNL [McKeown, 19981 and Philips Research 
Laboratories, friction wheel drives have been used in 
SPOT machines since the 1980s, in combination with 
laser interferometer measuring systems [Bryan, 1979a1, 
[Gijsbers, 19801, [Donaldson, 19841, [Donaldson, 19861. In 
[Bispink, 19921, ball screw as well as friction wheel drives 
are investigated in both constant velocity and reverse 
tests. Bispink found that friction wheel drives have a factor 
of 10 smaller position error signal. However, they have 
lower stiffness and a lower maximum force level. In 
[Taniguchi, 19961, experiments with nano-positioning 
systems are described. Here, an aerostatic nut-and-screw 
transmission is used in combination with a nano- 
servomotor with air bearings as well. The nut surface is 
made slightly concave, giving a 50 Nlpm thrust stiffness. 
Applying motor encoder feedback as well as scale 
feedback, result in a deviation of the feedback signal from 
sine wave commands of some nm. CUPE/CPE have done 
the same with oil hydrostatic lead screws to 2 nm 
resolution and control [McKeown, 19981. 

According to [Klafter, 19891, one of the primary causes of 
poor tracking in indirect driven machines, especially at low 
speed, is the mechanical link between the actuator and 
the output. Hence a design without such transmission, i.e. 
a direct drive system, is desirable in some cases. For 
these systems, e.g. linear motors, voice coil actuators, 
and torque motors, it is essential to employ very high 
resolution encoders, being available nowadays for linear 
as well as rotational measurements. Direct drive systems, 
are advantageous for their ease of maintenance, little 
friction and higher stiffness due to fewer compliant parts. 
Direct drives include lower drive inertia, higher 
acceleration capability, elimination of transmission 
resonance, and transmission related frictional effects and 
(virtual) play [Pritschow, 19901. Pritschow indicated higher 
positioning performance achievable using direct drive 
motors. 
An advantage of indirect drive systems is the accurate 
tachometer velocity information, even at a very low slide 
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travelling speed due to the application of a transmission 
element. Moreover, the inertia of the load as well as 
external- and internal forces converted to the motor shaft 
are reduced by the transmission ratio, thereby reducing 
the size of the actuator. Depending on motor constant and 
electrical resistance, heat dissipation of the actuator, 
might be smaller, especially when hold currents are 
supplied. In addition, the source of heat might be placed 
at a greater distance and thereby isolated from the 
workpiece. 
Transmission elements affect the nature of the feed drive 
control problem significantly. Feed drives including gears 
or ball screws for speed reduction generally have high 
transmission ratio values. Consequently, the feed drive 
control loop is effectively uncoupled from the machining 
process and the structural dynamics loop. In the case of 
direct linear actuation however, where the ratio equals 
unity, the structural loop and the feed drive control loop 
interact significantly. Robust controllers are needed here, 
such as H" synthesis and sliding mode control [Brussel, 
1 9981. 
In [Renkens, 19971, a spindle unit is described, using a 
direct drive voice coil actuator. With respect to current 
spindles the objective was to reduce the axial error motion 
down to i0.01 pm, increase the axial stiffness up to 1000 
Nlpm with a bandwidth of 700 Hz, and create the ability to 
produce non-rotationally symmetric parts with optical 
surface quality (Ra c 10nm). 

Direct drive systems have the important drawback that 
load variations are directly felt by the motor, and in 
reverse, variations in motor force, such as cogging and 
force- and torque ripple, directly influence the accuracy at 
the load. Cogging results from end effects of steel 
laminations, crossing the alternate magnetic poles. Force- 
and torque ripples arise from higher-order field harmonics 
due to both the magnet array geometry and the stator 
current distribution. In addition to the application of non- 
ferrous core motors, state feedback, feedforward, and 
motor ripple compensation can be applied to reduce the 
variation in actuator force. [Braembussche, 19961 
describes that only a simple ripple compensation method 
is necessary and sufficient in order to achieve acceptable 
tracking errors. In [Kim, 19961, an analysis of the force 
ripple in a surface-wound permanent magnet linear motor 
with Halbach array is presented, as being highly 
dependant on the number of phases. The force ripple is 
found to be less than 0.1% for motors using four or more 
phases. Disc armature motors, normally used in high 
acceleration applications for their small mass moment of 
inertia, have many self supporting copper coils, running 
through an axial ma netic field. For the very high number 
of coils (order of 10 ), compared to traditional radial field 
permanent magnet DC motors, the torque ripple is 
negligibly small and in consequence, these motors might 
be applied as direct drive in applications where high 
smoothness of motion is required, e.g. SPDT operations 
[Vermeulen, 1996al. 

9 

5.5 Sensors 

Sensors can be incorporated in precision machines for 
two reasons: either in measuring instruments for which 
the sensor is a prerequisite, e.g. CCD cameras in vision 
system, or to obtain higher system accuracy, for example 
using a position sensor in a control loop or a temperature 
sensor for thermal error compensation. The sensors, 
which are dealt with in this section are limited to the latter 
group. These are position and velocity sensors for control, 
acceleration sensors for active vibration isolation, and 
temperature sensors for thermal error compensation. 

Parameters characterising the behaviour of a sensor are 
the uncertainty, repeatability, resolution, bandwidth and 
measuring range. Below, a short list of most'important 
sensors is dealt with [Doebelin, 19901. [Smith, 19921, 
[Slocum, 19921. 

5.5.1 Digital position sensors 

5.5.1.1 Laser interferometers 
Laser interferometers are based on the interference of two 
beams, i.e. a reference and a measuring beam, emitted 
by a coherent laser source. These beams are split in the 
interferometer either by a polarising beam splitter or by an 
amplitude beam splitter. Both possibilities are used by 
different manufacturers. To increase stability often slightly 
different frequencies (heterodyne interferometry) are 
used. Whether this is done and which frequency 
difference is used also varies for different manufacturers. 
One or more photodiodes detect changes in the optical 
path difference of the beams by counting interference 
fringes, generated in the measurement after the 
measuring- and reference beam are made to interfere. 
Interpolation between the fringes is used to increase the 
resolution to the nm level By using different optics, in 
addition to position, also angle, flatness, and straightness 
can be measured [VDI, 19851, [Kunzmann, 19931, 
[Flugge, 19961. 
The accuracy of laser interferometers is limited by the 
stability of the wavelength of the laser light, which 
changes due to variation in the refractive index of air. This 
index varies with temperature, pressure, humidity, COZ 
content and contamination by other gasses, and can be 
computed from Edlen's formula [Edlen, 19661, [Birch, 
19941. An other source of error is non-linearity in the 
interpolation process, due to misalignment of and 
imperfections in optics (beam splitters) optics [Quenelle, 
19831, [Hou, 19921, and pNu, 19961. When laser 
interferometers are used as a measuring tool for 
measurement of length, rotation, straightness or flatness, 
the equipment used, e.g. laser source, optics, mechanics, 
electronics and software, have to be calibrated 
[Schellekens, 19863, [Kunzmann, 19921. Although nm 
resolution is easily achievable nowadays the relative 
uncertaint will -for measurements in air- not come far 
below 1 0  due to the error sources indicated above. 

5.5.1.2 Scales 
Scales are based on a repetitive pattern of a reflective- 
transmissive- conductive- or magnetic material embedded 
in a substrate, giving a periodic signal. The accuracy is 
mostly limited due to deviations in the embedded pattern 
and lies in the pm to sub-pm range. Conventional optical 
encoders typically operate on the principle of counting 
Moire lines by means of a light source and a photodiode, 
they can be linear or rotary. 

Diffractional optical scales used as grating, increase the 
resolution to the nm level, whilst an uncertainty of about 
10 nm. Here, two beams split from a laser of LED fall on 
the ruler and diffract with different orders. After that, the 
beams are brought to interfere. The interference signal is 
essentially counting the lines of the scale passing by. To 
improve the interpolation, other signals with different 
phases are generated, e.g. by means of quarter 
wavelength plates. Main advantages to conventional 
optical scales are the higher line density, up to 2000 
instead of 125 lines per mm, and the improved 
possibilities for interpolation [Kunzmann, 19931, [Flugge, 
19961, [Spies, 19971. Travelling speed at maximum 
resolution however, is presently limited by electronics in 
commercially available systems. 

Y 
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Other scales, based on a magnetic, inductive or 
capacitive measuring principle have resolutions and 
uncertainties in the same range as conventional optical 
scales. 

5.5.2 Analogue position sensors 
In general, analogue position sensors like LDVTs, eddy 
current- and photonic sensors, have dynamic ranges 
(defined as the ratio of position measuring ran e and 
resolution) in the order of about lo3 to lo'? Only 
capacitive position sensors can have dynamic ranges 
comparable with optical scales. In fig. 5.9, the dynamic 
range of most common position sensors is depicted 
against the bandwidth. All sensors regarded here are non- 
contact sensors avoiding friction and hysteresis. 
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Fig. 5.9: Dynamic range against sensor bandwidth 

5.5.2.1 Capacitive sensors 
Two electrically conducting parallel plates or concentric 
cylindrical parts, having a certain voltage difference and 
overlapping surface may form a capacitor. By changing 
the distance or the overlapping surface of the two parts, 
the capacitance value will change, and thereby capacitors 
can measure distance or displacement. By adding a third 
parallel plate in between the two others, being attached 
elastically to the sensor housing, capacitive sensors can 
be used as well for accurate angle measurement 
(differential method). Practical values vary from 0.01 pF 
for small probes, to 100 pF for the larger ones. Capacitive 
sensors can have very high resolutions down to the 
picometre level at about 10 kHz bandwidth [Bonse, 1995). 
The range however, is limited to at most 1 mm. Capacitive 
sensors are highly temperature sensitive. They are used 
for velocity and acceleration measurement as well. 
[Doebelin, 19901. 

5.5.2.2 Inductive sensors 
Inductive sensors measure the variation of inductance 
between two or more coils, which depends on the position 
of a ferromagnetic core. There are two coil configurations. 
The first type uses two coils in a Wheatstone measuring 
bridge. The second configuration type uses three coils: a 
primary coil, inductively coupled to two secondary coils. 
The use of two measuring coils allows for differential 
measurements; these sensors are called LVDT or RVDT 
for linear- and rotary- variable displacement measurement 
respectively. From the two measuring coils additional 
information about the moving direction is obtained, and in 
the mid-position of the core, the sensors are independent 
of temperature changes. Inductive sensors may have very 

[Nijsse, 1997 

large ranges, differing from 0.1 mm to about 5 m, and 
linearities between 0.05 and 1%. The resolution can be 
very low down to one tenth of a nm and the accuracy can 
be as good as a few tenth on a nm (Wetzels, 19981. The 
bandwidth is mostly limited to several hundreds of Hz. 

5.5.2.3 Eddy current sensors 
In varying magnetic fields, currents are induced at the 
surface of a conductive material (for aluminium: typically 
0.1 mm skin depth). Measuring the change of self- 
induction of the coils generating the alternating magnetic 
field can sense these so-called eddy currents. Although 
these probes have a significant non-linearity of 0.1 to 
lo%, resolutions of a few nm can be obtained, and the 
maximum stoke amounts to about 10 mm [Doebelin, 
19901. The best target material for eddy current sensors is 
aluminium; copper and brass are good alternatives. The 
use of steel however, is better avoided because of the 
varying permeability due to the microstructure of steel or 
surface layers [Weekers, 19971. The disadvantage of all 
high-magnification, eddy current sensors is their 
sensitivity to micro cracks, sub-surface stresses, and lack 
of homogeneity in the target material. If the target moves 
in and out with respect to the head, there is no problem, 
but transverse movements can cause errors as high as 
2.5 pm. [Bryan, 19671. The advantage of eddy current 
sensors is their relative immunity to oil and dirt on the 
surface. 

5.5.2.4 Optical sensors 
A wide range of optical sensors is available including laser 
triangulation sensors [Mohrke, 19911, focal error detection 
[Bouwhuis, 19851, [Renkens, 19941, and fibre optic 
sensors, CCDs, PSDs and array detectors [Doebelin, 
19901. The range and resolutions depend on the applied 
hardware and software: Focal error detection sensors 
have nm resolution and pm range, whereas triangulation 
sensors, CCDs and PSDs have sub pm resolution and 
mrn range. A clean target surface is a prerequisite for 
these types of sensors. 

5.5.3 Velocity sensors 
Velocity sensors are often used in servo systems to 
implement damping as will be explained in section 5.6. 
Linear velocities can be measured with voice coils 
[Renkens, 19971, [Goossens, 19971. For angular velocity 
information in both direct and indirect drive systems, 
mostly tachometers are used. In voice coils as well as 
tachometers, a back-EMF signal is induced, linear 
proportional to the speed. Tachometers are available in 
versions with or without brushes. Increasing the number 
of coils can reduce voltage ripple in tachometers, which 
increases costs as well, or by filtering which causes time 
delay. Resolution and accuracy depend on the 
application: in measuring instruments or to obtain higher 
system accuracy. Linearity is typically in the order of 
0.1 %. 

5.5.4 Accelerometers 

Measuring and differentiating the displacement of an 
accelerating body relative to a compliantly suspended 
mass can derive acceleration information. Here, most 
commonly strain gauges and piezo electric transducers 
are used. During the last decade however, silicon 
acceleration sensors have become commercially available 
as well, being produced in large quantities at small costs, 
(using etching technology) for the application in air bags. 
For high accuracy measurements however, force 
balanced accelerometers are applied. Here, a mass- 
spring combination is used in a feedback loop with a voice 
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coil actuator keeping the mass in zero position. The 
current (force) needed is a linear proportional measure for 
acceleration. 

5.5.5 Temperature sensors 
Temperature detectors are usually based on either a 
temperature dependent resistance (Resistance 
Temperature Detector, RTD) or on the Seebeck effect, 
which generates a thermo-voltage proportional to the 
measured temperature change (thermo-couple). 
Two types of RTDs are mainly used for practical 
temperature measurement i.e. thermistors and platinum 
resistance thermometers (Pt-RTD). Thermistors have a 
high negative temperature coefficient dR/dT and are non- 
linear but very stable. They show high sensitivity and 
resolution and uncertainty down to the mK range at 
normal workshop conditions. No complicated electronics 
are necessary. Pt-RTDs show better linearity but 
sensitivity is much lower and asks for complicated 
electronics means to reach mK resolution and uncertainty. 
Thermocouples may be used too but they ask for a very 
stable reference temperature and require very sensitive 
and stable voltage measurement equipment to get mK 
accuracy. 

5.5.6 Sensor mounting 
As sensors are often part of a structural loop, kinematic, 
stiff-, and thermo-mechanically stable sensor mounting is 
essential, as close as possible to the place of which 
information is required. The location of sensors is of vital 
importance for the accuracy of high precision machines, 
and sometimes, even a metrology frame is essential. The 
Abbe and Bryan principles have already been mentioned 
in section 3.1. Besides, sensors should be isolated from 
heat sources and vibrations (see section 5.7). Sometimes 
it is advantageous to measure displacements before the 
transmission for the higher resolution at lower costs. All 
the errors in the transmission however, will affect the 
output. A final rule for sensor mounting here, is that a 
slide's measurement and driving system should be at the 
same side of the centre of rotation. Othewise, an 
additional phase shift of 180" will occur, which is 
disadvantageous for stability [Slocum, 19921. 

5.6 Control 

As disturbances acting upon high precision machines 
introduce inadmissible deviations from prescribed 
functions, machine control is essential. Control of machine 
tools commenced in the early 1950's with the invention of 
Numerically Controlled (NC) machines by Parsons [Koren, 
19971. A major progress, especially on flexibility, occurred 
with the introduction of the Computer Numerical Control 
(CNC) and adaptive control in the early 1970s. 
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Fig. 5.10: Hierarchical levels in CNC controllers, from 
[Koren, 1997) 

In a review about the last three decades, Koren describes 
three types of motion control, depicted in fig. 5.10, i.e. 
servo control of individual machine-axes, interpolators to 
co-ordinate the motion of several axes, and adaptive 
control to adjust real time the process variables in order to 
rnaximise system performance. 

5.6.1 Servo control 
In the past few decades, many types of feedback 
controllers have been developed, both analog and digital, 
as well as hybrid implementations [Srinivasan, 19971. In 
digital controllers the effects of limited cycle frequency of 
sampling might reduce system performance [Renkens, 
19971, [Goossens, 19971. In addition, controllers applying 
state space estimation are used. The majority of industrial 
feedback control systems contains a PID-controller, 
having proportional gain (P-action) for servo stiffness, 
integral gain (I-action) to eliminate steady state errors and 
to reject external disturbances, and differential gain (D- 
action) to provide damping, which gives the system 
stability. For the latter either velocity feedback, using 
tachometer information, can be applied, or the 
differentiated position feedback signal. In the case that 
transmissions are used in combination with feedback of 
the actuator position, a resonancelanti-resonance pair is 
induced inside the control loop near to the transmission 
resonance frequency [Srinivasan, 19971. Here, 
transmission related deviations are not dealt with inside 
the control loop, unlike feedback of the position of the 
load. 
For effective rejection of disturbances, such as motor 
torque- and tachometer voltage ripple, as well as 
disturbances from contact bearings, a sufficiently high 
control loop bandwidth is required [Donaldson, 19841. The 
effect of disturbances on the output position is expressed 
by the sensitivity [Bosch, 19981. H"-controllers 
simultaneously filter disturbances and handle model 
uncertainties, for example at the subsequent resonance 
frequencies [Damen, 19971, [Braembussche, 19981. In the 
latter case, a notch filter, used in classical controllers to 
filter a small frequency band, will not avail. 
The required servo stiffness of the control loop depends 
on the application. For diamond turning, a static stiffness 
of 10' to lo9 Nlm is acceptable [Kouno, 19841, but in 
precision grinding of brittle materials, more than 10" Nlm 
is required [Kanai, 19901. Classical PID-controllers are 
Single-Input-Single-Output (SISO) systems. More 
advanced controllers have Multiple Inputs and Multiple 
Outputs (MIMO), e.g. observer based controllers, which 
apply a state space approach [Eijk, 19981. MIMO systems 
can be simplified to multiple SISO systems by conversion 
of dependent to independent variables. 
In the design and analysis of feedback systems, various 
optimisation methods can be used. A rule of thumb to 
guarantee sufficient stability tells the ratio of the first and 
second undamped resonance frequency to be in between 
3 and 10. A very powerful tool is the frequency response 
method, using Bode- and Nyquist diagrams, and having a 
close link to experimental information [Rankers, 19971. As 
an example, in order to investigate the frequencies of 
interest, e.g. bandwidth, notch filter frequency, and tamed 
action frequency, the Bode diagram of the open loop 
response can be used. Two main problems with PID 
controllers in contouring applications are the relatively 
poor tracking of corners and non-linear contours, and 
significant overshoot [Koren, 19971. To reduce these 
effects, a smooth motion profile can be chosen, e.g. an 
inclined sine, instead of a trapezoidal function [Rosielle, 
19981. Another effective method is the use of different 
controller strategies, for example, feedforward controllers, 
sophisticated axial controllers, like fuuy logic and 
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repetitive controllers, or cross coupling controllers [Koren, 
19971. 

5.6.2 Feedforward control 
In a feedback system, controller action is generated only 
after an error signal has occurred. Application of 
feedforward control however, can lead to significant error 
reduction up to a factor of 20 [Bosch, 19981, [Eijk, 19981. 
Feedforward control -this can be velocity or acceleration 
feedforward- uses a priori knowledge of the mechanical 
system, e.g. inertial effects in a machine, or cogging 
effects in a motor. Application of intelligence however, is 
at the expense of calculation time, resulting in lower 
sampling frequency and lower control power. Feedforward 
can be implemented as the inverse of the feedback loop 
[Koren, 1997). However, if the inverse function includes 
unstable poles, alternative forms of feedforward 
controllers have to be used. Tomizuka and others propose 
the use of frequency domain criteria romizuka, 19891, 
e.g. zero phase error tracking controllers (ZPETCs). 
These controllers however, act very well in tracking 
complex trajectories but have poor performance in 
machine systems with large unmodelled disturbances 
romizuka, 19871. 

5.6.3 Interpolators 
Interpolators are used successfully, in contouring 
systems, where a co-ordinated movement of separately 
driven axes is necessary [Koren, 19751, [Koren, 19811. 
The interpolators, located at level 2 of fig. 5.10, generate 
command signals for each segment of the produced part, 
based upon an initial and final point, and some type of 
curvature, which is typically linear, circular and 
occasionally parabolic. Precision and productivity can be 
improved using real-time interpolators, instead of 
conventional CAD/CAM off-line decomposition [Shpitalni, 
19941. 

5.6.4 Adaptive control and compensation 
Adaptive control and compensation, located at level 3 of 
the control architecture of fig. 5.10, improves 
performance, either by enlarging productivity, e.g. in 
rough cutting, or by improving accuracy, e.g. in optical 
quality finishing operations. Ro and Hubbel applied two 
different types of adaptive control in ball screw driven 
positioning systems, for both micro and macro 
movements, having very different underlying friction 
mechanisms [Ro, 19931. For high precision purposes, 
real-time compensation techniques are used for errors 
caused by varying machine temperature, geometry errors 
of the machine, tool wear, etc. [Peklinik, 19701, [Soons, 
19931, [Spaan, 19951, (see also section 6). 

5.7 Isolation 

For many different reasons, precision machines have to 
be isolated against external disturbances. In reague, 
1989-19971, Hocken mentions a quotation of Maxwell 
[Hocken, 19951: ‘In designing an experiment the agents 
and phenomena to be studied are marked off from all 
others and regarded as the field of investigation. All others 
must be so arranged that the effects of disturbing agents 
on the phenomena to be investigated are as small as 
possible’ [Maxwell, 18901. The major disturbing agents are 
vibration, temperature changes, humidity, acoustic noise, 
and electric and magnetic fields. The former two are 
discussed below in more detail. In specific situations, 
other effects, like variations of gravitational load, 
atmospheric pressure and EMC might have significant 
influence. Teague and Hocken mention three design 
strategies for machines to become resistant to 

environmental disturbances: 1) uncouple the machine 
from the environment, 2) design the machine so that 
environmental disturbances are minimised, and finally, 3) 
control the environment [ANSI, 19731. Other references 
regarding this matter are: [Pohl, 19861, p’oung, 19721, 
reague, 19861 and [Binnig, 19821. 

5.7.1 Thermal isolation 
Machine drives are one of the major sources of internal 
heat dissipation. To minimise this effect, the drive systems 
have to be adjusted to the load (see section 5.4). Small 
cycle times can reduce power dissipation, but at the same 
time limit productivity. For external heat sources, other 
techniques can be applied, e.g. encapsulation of heat 
source, and insulation of temperature sensitive materials 
(see section 3.3) from its surroundings rrapet, 1997bI 

In [Smith, 19921, the physical meaning of thermal material 
properties is dealt with. The smaller a material’s 
coefficient of thermal expansion a, the smaller the effect 
of differential temperatures within a component. 
Temperature differences depend reciprocally proportional 
to the thermal conductivity 1, and as a result, it is the 
quotient a/1 that expresses the material sensitivity for 
spatial gradients. Mainly therefore, and for its good 
availability and machinability as well, aluminium is a 
favourable construction. material. Therefore, CMM 
manufacturer Zeiss developed a special ceramic-surface- 
coated ageing resistant aluminium (CARAT@). In scales, 
exotic materials with negligible a are used, such as Invar@ 
and Zerodur@ glass ceramics. The latter is applied for 
structural components as well, e.g. in the Nanosurf by 
Lindsey, Smith and Robbie at NPL [Lindsey, 19881. 
In the case of an time dependent temperature distribution 
in a machine, different time constants of components 
become predominant. The exponential path temperature 
change with time is governed by the volumetric thermal 
diffusivity Upq, (p: density, cp: specific heat). For rapid 
response, this coefficient should be large. A mixture of 
different materials however, might cause potential 
problems [Lingard, 19911. From temperature experiments, 
performed at PTB by rampwise increasing the 
environmental temperature with 2OoC, the time constants 
of different CMM components appear to vary from 
typically 4 to more than 30 hours [Kunzmann, 19881. 
When a body is over-constrained, internal stresses arise; 
For a small stress level the material’s modulus should be 
small, which is in conflict with the demand for high 
stiffness (see section 5.1). Therefore, kinematic design, 
when possible, is highly preferable (see section 3.2). 

Other frequently applied manners to minimise the effect of 
environmental temperature changes are temperature 
controlled rooms [Neumann, 19881, [Kunzmann, 19881, 
and oil - and air-showers, with which a thermal stability 
within a few mK is possible [Bryan, 1979b], [Bryan, 19821. 
This approach to thermal stability is widely used today on 
ultra precision machines, e.g. the LDTM [Bryan, 1979al 
and the LODTM [Donaldson, 19841. 

5.7.2 Vibration isolation 
In [DeBra, 19921, successful precision engineering is 
described as ‘The balance of robustness of the machine 
and how benign the environment can be made through 
isolation to minimise the strains caused by vibration that 
compromise a machine’s accuracy’. Seismic disturbances 
as a result of natural or cultural ground motions can 
compromise measuring accuracy and affect surface finish 
in diamond turning operations. In machine shop floors, 
typical ground vibrations have frequencies of 10 to 20 Hz 
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and amplitudes of a few pm [Riven, 1979al. 
In addition to ground motions, vibrations might result from 
machine utilities, such as electricity, signal wires, air, 
vacuum, hydraulics and cooling fluid. Even acoustic 
coupling from neighbouring machine tools and fans can 
be significant, since acoustic energy is broadband in most 
cases. 
Passive vibration isolation implies the application of a high 
mass on low stiffness springs, i.e. a second order system. 
Therefore, the attenuation of the amplitudes of vibration of 
the isolation on the one hand, and, for example, the tool 
or measuring system on the other, is given by the 
reciprocal squared ratio of their first natural frequencies. 
Multiple isolation stages can have higher natural 
frequency and give more attenuation above the critical 
frequency due to a steeper slope. 
In [DeBra, 19921 and [Riven, 1979a,b], different kinds of 
isolators for precision machines are explained, some of 
them commercially available. For many applications 
polymer isolators may provide adequate isolation at low 
cost. Riven, for example, describes rubber-metal 
equifrequential isolators, based on the volumetric 
incompressibility of rubber and a proportionality between 
load and stiffness. However, when isolation requirements 
are tighter, pneumatic isolators are better. Air springs do 
not have the distributed property of slinky modes, present 
in metal helical springs. Hysteresis can be minimised 
using rubber roll seals between the piston and the 
isolation cylinder. 
In isolation systems, additional damping is required to 
improve transient settings. Pneumatic isolators have the 
advantage that damping can be applied easily, by 
connecting each air spring through a laminar restriction to 
a different chamber, which has, in the ideal case, eight 
times the volume of the compliance.chamber. In addition 
to damping, automatic height levelling is easy by 
individually changing the pressure in the legs [DeBra, 
19921. However, as air is filled through the damping tanks 
to the air spring chamber, the levelling system might 
become too slow. 
For faster system response, active suspension and 
isolation can be applied [DeBra, 19921, [DeBra, 19941. 
Here, a feedback loop is used to influence the height and 
orientation of the machine by means of a position or 
acceleration sensor and a magnetic or electrostatic 
actuator. Permanent magnet DC actuators based on 
Lorentr forces are easily controllable due to the linear 
reaction between current and the supplied force 
[Vermeulen, 19981. In fully active isolation systems -which 
will be used much more in future- the natural frequency 
can be adjusted electronically, so that the frequency 
response of the vibration transmission can be shaDed 
arbitrarily. 

6. Error reduction and comDensation 

In Precision Engineering nowadays two methods of error 
minimisation are applied, as mentioned in [Sartori, 19951, 
[Weck, 1995al and [Teague, 1989-19971. In the first 
method, called ‘error reduction’, positioning uncertainty is 
minimised by proper design, based on design principles 
(section 3), modelling (section 4) and design features 
(section 5) .  Since a design will always be a compromise 
of many design philosophies, certain errors remain. A 
second method, called ‘error compensation’, can be 
applied to compensate for residual errors, for instance 
using geometric calibration- temperature measurement 
data. This type of error compensation may be applied in 
measuring machines. However, errors in positioning- 
machines and machine-tools have to be compensated 

real time in order to get an accurate result. The effect of 
error compensation strongly depends on the design of the 
machine and the ability to measure the errors of the 
machine which are in principle deterministic in a major 
sense as Bryan indicated in his papers [Bryan, 19841, 
[Bryan, 19931. Therefore high repeatability is a need, 
asking for an excellent design. 
As the first method of error minimisation has been 
described in previous sections, this section focuses on the 
latter method of error compensation. 

6.1 Error compensation of measuring machines 

Error compensation in measuring machines is generally 
based on the addition of a compensation vector 
dp(x, y, z,. .) to scale- or interferometer readings 
p(x, y, z,. .). The vector dp may be a vector function of co- 
ordinates dp = f( x, y, 2, .  . ) . The functions F( x, y, z, . . ) 
depend on the mechanical machine structure and the 
accuracy of the scales and the probe and geometry errors 
like straightness, squareness and waviness. These 
properties however may be influenced by the temperature 
distribution within the machine. 
Also dynamic errors due to the inertial and modal 
behaviour of measuring machines can be corrected 
[Weekers, 19971. It may be clear that compensation of this 
type of errors is much more difficult than the (quasi)-static 
errors discussed before. [Weekers, 19971 and [Knapp, 
19881 showed that machine dynamics i.e. inertial effects 
and vibrations may cause considerable errors during 
probing. 
To apply error compensation, different error models and 
measurement techniques were developed by many 
researchers [Hocken, 19771, [Zhang, 19851, [Jouy, 19861, 
[Sartori, 19881, peeuwsen 19891, [Balsamo, 19901, 
[Kunzmann, 19901, [Soons, 19931, [Kruth, 19941, [Sartori, 
19951, [Lingard, 19911. They showed that it was possible 
to develop very good error compensation for measuring 
machines. The compensation techniques are nowadays 
commercially available and used by many manufacturers 
of CMMs. 

The techniques to analyse the error structure of CMM 
may be divided in parametric and volumetric techniques. 
In the parametric description the error parameters ,R,, ,T, 
(as indicated in chapter 4) are measured directly at 
discrete positions and from these results, the error vector 
can be calculated, using adequate models. For these 
calibration techniques, laser interferometers, levelling 
instruments, autocollimators and hole- and ball plates may 
be used [Kunzmann, 19901, [Soons, 19931. 

The volumetric approach to determine the error structure 
of a CMM is based on volumetric length measurements 
with artefacts like a double ball bar (DBB), a checking 
gauge of Renishaw or with laser interferometer, slip- or 
step gauge. It is important to measure sufficient lengths 
throughout the measuring volume [Krulewich, 1995a,b], 
[Jouy, 19861, [Soons, 19931, [Florussen, 19981, 
[Krulewich, 19981. Using sophisticated modelling 
techniques, parametric errors ,T,(x,y,z). ,R,(x,y,z), may 
be estimated from the volumetric errors. In return, these 
parametric errors are used to calculate the error vector 
dp by an appropriate model [Florussen, 19971. 
Impressive results are reported by some authors [Soons, 
19931, [Spaan, 19951, [Krulewich, 1995a,b] and 
[Krulewich, 19981, but is has been proven too that it is not 
easy to estimate all the error parameters correctly from 
volumetric measurements using the DBB or the checking 
gauge as manufactured by Renishaw. 
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Recently activities are reported dealing with the so-called 
‘Virtual CMM’ (VCMM) [Trapet, 1997al. In this approach 
extensive error compensation of geometric-, thermo- 
mechanic- finite stiffness- and probing errors is applied. 
Residual errors are estimated from measurements of well- 
known artefacts and careful analysis. As a result each 
(corrected) measurement point p, has a residual error 

field dPi where IdPil<A,. where A, is the upper error 

limit. From pi the measurement result M is calculated in 
the usual way for CMMs, but now many different values of 
M may be calculated using dP, and simulate the 
measurement many times. From these results a mean 
value and an statistical uncertainty value SG can be 
calculated. In this way an approach for traceable 
measurements of products on CMMs may be realised. 

6.2 Real time error compensation of machine 
tools 

Real time error compensation of CNC machine tools and 
positioning machines (e.g. wafersteppers) by programmed 
positions or trajectories has been applied since the early 
1970’s [Hocken, 19861, [Soons, 19931, [Krulewich, 
1995a,b], [Spaan, 19951, [Ni, 19971, The main problem is, 
that the compensation values for each position have to be 
known beforehand. Particularly error compensation of 
thermo-mechanic and finite stiffness effects of 
manufacturing machines is difficult since these errors are 
time- and task dependent. Many authors have reported 
about different approaches to overcome these problems 
[Hocken, 19861, [Donmez, 19911, [Schellekens, 19921, 
[Spaan, 19951, [Weck. 1995a1, and [Krulewich, 1995a,b]. 
Thermo-mechanic errors are the worst to compensate for 
due to their complicated structure [Spaan, 19951. Most 
approaches use many temperature sensors to measure 
the outer machine temperature distribution and as a result 
to calculate the resulting tool drift. Here statistical 
techniques as well as neural network approaches are 
used to get robust relations between measured 
temperatures and tool drift [Spaan, 19951, [Veldhuis, 
19941, [Ziegert, 19941, [Srinivasan, 19921, [Moriwaki, 
19961. Impressive improvements of machine accuracy 
were reported, showing that both approaches are effective 
in thermal error compensation [Spaan, 19951, [Krulewich, 
1995a,b]. Fig. 6.1 shows the effect of geometrical and 
thermal error compensation on a milled workpiece with 
and without online error compensation. Here the extracted 
zero drift from the measured workpieces as a function of 
manufacturing time, is depicted. 

b m l  , 
0 

-20 with compensation 

Fig. 6.1 : Zero-point drift (z-direction) extracted from 
two workpieces milled with and without 
compensation [Spaan, 19951. 

Compared to measuring machines, error compensation of 
machine tools has been developed not so well due to both 
measurement- as well as implementation problems of the 
algorithms and while additional measurement equipment 
is needed. For instance, due to the internal heat sources 
in a milling machine, ten to fifteen temperature sensors 
have to be connected to the machine body to estimate the 
temperature distribution of the machine efficiently. Sensor 
placement and effect analysis is of major importance 
[Spaan, 19951, [Ni, 19971. 
Now first error compensation of geometrical and some 
thermal effects are commercially available for machine 
tools. Also some finite stiffness effects (straightness) may 
be compensated. Recently, first results were published 
about compensation of cutting force induced errors [Yang, 
19961. These errors may become significant in hard 
machining. 
Generally the real time software error compensation is 
embedded in the controller of the machine tool. An 
interesting development is the so-called NC-code 
compensation [Spaan, 19951. This method adapts the NC- 
code to compensate the programmed trajectory for the 
modelled errors. 

7. Future trends in precision desiqn 

As indicated before, Precision Design is one of the basic 
disciplines in Precision Engineering. Precision Design 
offers the tools to improve the accuracy of precision 
machinery. 
During the last decades Precision Design has been 
developed very rapidly which resulted in numerous high 
precision machines and instruments, such as CMMs and 
SPDT machines. Knowledge on Precision Design further 
developed in order to thrust back the frontiers of accuracy 
and resolution. The development of supporting software 
for design activities was of great importance, such as 
tools to predict the behaviour of machines, and foresee 
problems, without hardware realisation. Moreover, the 
integration of high accuracy sensors, closed loop control 
systems and advanced control software led to more 
accurate and flexible machinery. 

Nowadays, needs for precision are mainly driven by 
developments in information technology. Research on IC- 
technology and technology for data handling and storage 
on tapes and discs, but also liquid crystal and plasma 
display technology are driving forces for Precision 
Engineering in general and Precision Design in particular. 

The growth of the IC-technology is well indicated by the 
expansion of DRAM capacity from 245 kb in 1982 to 256 
Mb in 1997. Line width and distance of traces have been 
reduced from 2 to 0.2 pm. Very large- and even ultra large 
scale ICs (VLSls and ULSls respectively) are common. All 
the many processing and illumination steps of the photo 
lithography process on silicon wafers of up to 12” 
diameter, ask for extreme requirements on velocity, 
acceleration, and especially reproducibility of the scanning 
and positioning stages, down to some tens of 
nanometres. 

Next step will be x-ray lithography to overcome the 
restraints of the illumination wavelength, limiting the line 
width of traces to about 0.15 pm. Due to the short 
wavelength of about 13 nm for soft x-ray lithography, only 
mirrors can be used to deflect the x-ray beam from the 
source, through the mask at the wafer surface. Here, the 
uncertainty of the mirror shape has to be below 20 nm 
and a surface roughness less than 0.5 nm Ra is required 
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at 200 mm diameter. In order to get enough x-ray 
reflection, high precision multi-layer coatings are 
necessary raniguchi, 19961. As a result, new 
technologies have to be developed, not only for the 
stepper itself, but also for machines for mask making and 
inspection, as well as the manufacturing of high precision 
optical components. Here, also 'Design for Low 
Contamination' is getting part of concern of 'Design for 
Precision'. 

Research and development of high density optical disk 
systems further shift the limits for data handling and 
storage. For systems like CD-Audio, CD-ROM, CD-Video 
and recently DVD-systems as well, maximum tolerances 
of track pitches and pit dimensions further decrease. Both 
recordable and rewritable versions are available. Here 
again, decreasing wavelengths, in combination with 
increasing numerical apertures (NA) are required. Recent 
developments like dual layer (DVD9) and even double- 
sided dual layer systems (DVDl8) further increase the 
information density. The writing accuracy of laser beam 
recorders asks for nanometre accuracy rotary tables and 
mastering beam systems. Consumer DVD rewritable 
systems (DVD-RW) will soon reach the tens of nanometre 
accuracy level for writing reproducibility. 

For PC terminals and HDTV, new flat screen systems are 
recently developed. For the former, thin-film-transistor 
colour LCDs are available, and for HDTV, plasma display 
panels (HD-PDP) were developed recently with new 
fabrication techniques. Both LCD and PDP systems need 
very accurate alignment techniques of opposite electrodes 
and well-controlled etching and film deposition processes 
[Taniguchi, 19961. 

Finally, developments in astronomy have to be mentioned 
here. In the next decade, astronomic measurements will 
require stability in length of nanometres and nanoradians 
in angular position [Sartori, 19981. 
Precision Engineering and therefore Precision Design as 
well, faces a decade of fast growth and striking new 
challenges. 
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