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Summary

One of the most common techniques to measure a surface or form is mechanical
probing. Although used since the early 30s of the 20th century, a method to
calculate a task specific uncertainty budget was not yet devised. Guidelines and
statistical estimates are common in certain cases but an unambiguous method
for all kinds of measurements and measurement tasks is absent. A new method,
the virtual measurement machine, already successfully implemented in CMMs,
is now applied on a specific group of stylus measurement instruments namely
for:

• roughness;

• roundness;

• contracers (form measurement).

Each of these types of machines use the same measurement principle; a stylus
is pressed against the object with a well specified force, moved across the ob-
ject and the trajectory of the stylus tip is registered. The measurement process
and its disturbances can be described theoretically and mathematically. Each
disturbance or influencing factor which contributes to the uncertainty of the
measurement is modeled and with this model simulated (virtual) measure-
ments are generated. The virtual measurement depends upon the magnitude
and range of the influencing factor. Some examples of influencing factors are;
tip geometry, measurement force, probe gain factors, squareness of measure-
ment axes, etc...
The sensitivity of each factor upon the measurement is calculated with so-called
virtual measurements. Recalculation of the describing parameters of the mea-
sured object with the virtual measurements gives the amount of uncertainty
attributed to the influencing factor or machine parameter. The total uncertainty
budget is composed out of each contribution in uncertainty of each machine
parameter. The method is successfully implemented on two machines: the SV
624-3D (roughness and shape) and the RA 2000 (roundness, form and cylindric-
ity). It is shown that an on-line uncertainty budget can be calculated specifying
each contributor.
As not only gain factors need to be calibrated, but more input variables, e.g.
calibration data of machine parameters, are required by the uncertainty calcu-
lation, calibration artefacts are developed to perform such a task. The artefacts
can be used to perform a total and fast calibration on the shopfloor directly
traceable to the appropriate primary standard.
Combining the virtual measurement machine, implemented for roughness,
roundness and form in high quality software, with the calibration artefacts, a
powerful measurement tool is realised which allows to calculate a task spe-
cific uncertainty budget for these types of machines and creates a traceable
measurement result which can be accredited by accreditation organizations.
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Samenvatting

Mechanisch aftasten is de meest gangbare techniek om een oppervlak of vorm
van een object te meten. Ondanks het feit dat deze technieken al sinds de jaren 30
van de vorige eeuw bestaan, is er nog steeds geen methode om de onzekerheid
direct uit te rekenen voor een bepaalde meting op een bepaalde machine.
Richtlijnen en statistische schattingen zijn er voor specifieke gevallen, maar een
algemene methode ontbreekt. Een nieuwe methode, de virtuele meetmachine,
is nu toegepast op een specifieke groep van taster meetmachines namelijk:

• ruwheids meetmachines;

• rondheid en vorm meetmachines;

• profiel meetmachines.

Al deze meetmachines karakteriseren zich door het drukken van een taster met
een bepaalde kracht op het object, het object dan af te tasten en de uitwijking
te registreren. Het meetproces en al de verstoringen daarop zijn theoretisch en
analytisch goed te beschrijven. Elke verstoring of machineparameter die een
significante bijdrage levert aan de meetonzekerheid, wordt gemodelleerd en
met dit model worden virtuele metingen gegenereerd. Deze virtuele metingen
hangen af van de grootte van de machine parameter en het bereik van waar-
den die deze kunnen hebben. Enkele voorbeelden van machineparameters zijn;
tastergeometrie, meetkracht, versterkingsfactoren van de taster, haaksheid van
meetassen, etc...
In de berekende virtuele metingen zit de gevoeligheid van een bepaalde ma-
chineparameter op de meting, dus op dat bepaalde object. Herberekening van
de beschrijvende parameters van het object geeft de invloed van de machine-
parameter op de totale onzekerheid van de meting voor deze beschrijvende
parameters. Deze methode is met succes ge implementeerd op twee machines:
de SV 624-3D (ruwheid en profielmeting) en de RA 2000 (rondheid,vorm en
cylindriciteit). Het blijkt dat er ’on-line’ een taak-specifiek onzekerheidsbudget
berekend kan worden, gespecificeerd in de afzonderlijke machineparameters.
Aangezien voor deze methode niet alleen de versterkingsfactor van de ma-
chine gekalibreerd moet worden, maar alle machineparameters die gebruikt
worden in de onzekerheidsberekening, zijn er kalibratie artefacten ontworpen
en gerealiseerd om de machine snel op de werkvloer te kalibreren. Met deze
artefacten is de grootte van de machineparameter te herleiden naar een juiste
primaire standaard.
Met deze virtuele machines, geı̈mplementeerd in computerprogramma’s voor
ruwheid, rondheid en vorm en de bijbehorende kalibratie artefacten is een
krachtige combinatie gerealiseerd, die het mogelijk maakt voor deze groep van
machines een taak-specifiek onzekerheidsbudget te berekenen, hetgeen de me-
ting herleidbaar maakt op een wijze die erkend kan worden door laboratorium-
accreditatie organisaties.
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Chapter 1

General introduction

In this thesis a new method for measurement uncertainty calculation of compli-
cated measurement processes showing different error sources is presented. The
aim is to calculate a task-specific measurement uncertainty budget, based on un-
derstanding of the measurement process, which shows the contribution of each
error source separately. Although primarily used to estimate the measurement
uncertainty, the method can also be used to improve the measurement result
as major contributors are identified and appropriate measurement adjustments
can be undertaken. The method is applied to three different stylus measuring
machines, for roughness, roundness and shape measurement respectively. The
method is implemented in software which has resulted in processing packages
for each measurement machine with embedded uncertainty calculation. Once
the machine is calibrated and the magnitude of the errors incorporated in the
budget are known the calculation is done automatically and can be performed
on shop floor level. The calculated uncertainty is a task-specific budget which
means that the uncertainty is calculated for the measurement on that particular
machine on that particular specimen for the measurement task under study.

1.1 Stylus measurement of surface roughness, roundness and
shape

In order to measure an object one has to probe it in some way. Hence the term
probe is used. In measurement of surface roughness, roundness and shape two
types of probes are commonly used. The contactless and contact probe. A con-
tactless probe does not come in direct contact with the measured object, whilst
the contact probe does. Contactless probes are based on different measurement
principles, the three most commonly used are:

• optical;

• electronic;

• atomic force.

1



This thesis however deals with the contact probe abound, namely the stylus
probe. The word stylus originates from the latin word stilus∗. The formal mean-
ing of stilus is a pen, used to write in wax. With the sharp point of the stilus one
could write, with the broad side one could smoothen the wax again [MR61].
Thus stylus instruments are measurement instruments using a pen to scan or
probe the object under investigation. The part in contact with the object is called
the stylus tip.

One of the first stylus measurement machines for surface metrology was
made by Schmalz in 1929 [Sch29] and depicted in figure 1.1. Around the same

Figure 1.1: Roughness measurement machine designed by G. Schmalz, taken from his article [Sch29]
at page 1463. The apparatus measures two profiles simultaneously with probes f . The movement
of mirrors c, connected to the styli, is projected via lens i onto photographic paper l. Although
the trajectory of the stylus tips is transferred optically to the photographic paper, the principle of
measurement is a stylus.

era Abbot and Firestone invented a profilometer similar to the ones used today
[AF33]. During the second world war Taylor Hobson developed the Talysurf,
one of the first commercially available roughness testers. From that time on
the designs of measurement machines for roughness, roundness and shape
measurement using a stylus have not changed drastically. In the field of the sub-
nanometer resolution a large breakthrough was made by Binnig and Rohrer in
1982 [BR82] when they developed scanning tunneling microscopy (STM). The
STM is based upon tunneling of electrons through an insulator. The tunnel tip is
held closely to the surface (approximately 1 nm) using a piezoelectric drive such

∗Stilus comes from the greek word στιζω, ‘stidzo’ which means 1) to sting, to tattoo 2) a brand,
3) pinning characters into something[MT].
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Z-axis X-axis Y-axis Best Resolution
Roughness ±300 µm 100 mm 100 mm 1.0 nm
Shape ±50 mm 100 mm – 0.05 µm
AFM/STM ±10 µm 100 µm 100 µm < 0.1 nm

Measurement-axis R-axis Z axis
Roundness ±5 mm � 250 mm 600 mm 1 nm

Table 1.1: Indication of measurement range of various stylus machines. The coordinate system used
is depicted in figure 1.5.

that the tunnel current is kept constant. The control voltage of the piezoelectric
drive gives a topographic map of the surface. Although a stylus is used here,
the method qualifies as a contactless measurement. A major drawback is the
STM’s inability to scan non-conductive samples. The atomic force microscope
(AFM), also developed by Binnig in 1986 [BQ86] overcame this disadvantage.
Instead of keeping a tunnel current constant, here the force between tip and
sample is kept constant. Three modes can be distinguished: ‘contact mode’ in
which the tip is pushed upon the surface with a specific force, ‘non-contact
mode’ where the tip hovers over the surface (5 - 15 nm) and the change in
attractive van der Waals forces is detected and last the ‘tapping mode’ in which
the tip is oscillated by the piezoelectric drive and moved toward the surface
and the reduction in oscillation amplitude due to the surface is measured. The
latter method is a contact measurement as the tip taps the surface although the
tip is moved to another position in contactless mode, avoiding drag damage
to the surface. An indication of the measurement range for each instrument
is given in table 1.1. As optical measurement methods of surfaces are on the
rise one can argue about the use of stylus instruments. Various optical and
stylus measurement techniques are given in [Whi94]. Obvious disadvantages
of stylus measurement are:

• slow measurement especially in three dimensional (3D) measurement;

• contact of stylus with object;

• limited materials to be measured due to scratching of soft materials;

• limited penetration depth depended upon tip geometry.

There is a variety of optical techniques: confocal, auto-focus, interferometric,
oblique angle, etc., etc., each have their characteristics and advantages which
fall outside the scope of this thesis. On the other hand, the use of the conven-
tional stylus machines for roughness and roundness is widespread. Also stylus
instruments have a good range to resolution ratio in vertical and horizontal
direction.

3
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d
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Figure 1.2: Principle of measurement. Recording of the trajectory a of stylus tip b (connected to
stylus c) caused by the relative movement of specimen d to the reference v in which the stylus is
mounted.

1.1.1 Principle of measurement

A diamond, ruby or steel stylus tip is pressed against the object with a well
specified force as depicted in figure 1.2. The stylus is moved by a drive unit
relatively to the object with a certain velocity and records the trajectory of the
stylus tip caused by the object. The trajectory is recorded relative to a reference.
This reference can either be fixed in the machine, the reference guide, or moving
along with the stylus. The last type of reference is called a skid, a stylus with a
very large radius fixed closely to the recording stylus. The transducer converts
the movement of the stylus tip into an electrical signal amplified by the ampli-
fier. The amplified data is digitized by an analog-to-digital converter and sent
to a computer for further processing. Different shapes of stylus tips are possible.
In roughness measurement, normally a rounded conical diamond tip is used
with a radius of 2 µm which is defined in the International Standardization
Organisation (ISO) standards [ISO 3274]. In roundness measurement, the tip is
usually a ruby or steel ball, with a variety of diameters used. Various setups
of this principle are currently used. The most common are the beam setup and
the elastic spring setup. Each type will briefly be illustrated. An example of
an elastic spring setup is used in the Talystep, see figure 1.3. Here the vertical
displacement of the stylus tip g is measured from the change in inductivity of
coils d caused by movement of kernel e, rigidly connected to the stylus shaft f .
The stylus is connected to the frame by leaf springs a, which suppress almost†

all degrees of freedom except vertical displacement. The coils are connected to
the frame with more rigid leaf springs b which also act as damage safety for the
object. With an adjustable spring connected to point c the measurement force
can be settled. The weight of the stylus shaft is counteracted by a fixed spring
connected to point h. The Talystep setup resolution is in the order of magnitude
of tenths of nanometers. The stylus is mounted in a very stable frame, resulting
in a standard deviation in noise level of about 2 nm.

†A small lateral movement due to bending of the leaf springs is also present, resulting in a
small cosine error.
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Figure 1.3: Schematics of Talystep. Leaf springs a connected to the stylus f , leaf springs b, connected
to the coils d, adjustable spring connection c, kernel e, stylus tip g and spring connection h.

The most commonly used setup is a beam, see figure 1.4. Here the probe
tip f is mounted upon the stylus a connected to kernel c which rotates around
pivot d. The change in inductivity between the fixed coils b and the kernel is a
measure of displacement of the probe tip. At pin e a non-adjustable spring is
connected which sets the measurement force. The beam setup resolution is in
the order of tens of nanometers. The standard deviation due to noise level of
this type of stylus is about 5 nm.

The schematic setup of a roughness tester is depicted in figure 1.5. Rough-
ness measurement can be extended into three dimensions. Using a second axis,
the Y-axis, the object can be moved perpendicular to the drive axis. After each
track the object is moved with a predefined step. In this manner 3D topographic
maps of the object are generated.

Measurement of roundness requires a different setup. Two setups are pos-
sible, rotating table or rotating stylus. The rotating table setup, shown in figure
1.5, consists of a high precision rotary table, a R-axis for radial movement and
a Z-axis for axial movement. The object is placed upon a precision rotary table
and the measurement force is set. The table, usually an air-beared spindle, starts
rotating with a well defined angular speed. The probe measures the deviation
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Figure 1.4: Schematics of beam probe. The probe consists of stylus a, fixed coils b, kernel c, pivot d,
spring connection e and stylus tip f .

of the object relative to the reference, the precision spindle in the rotary table.
The absolute value of the diameter of the object is not measured. Cylindricity
can be measured by recording roundness at discrete heights or by a helix scan,
a continuous recording of the deviation of the object while both rotating the
table and translating the position of the stylus using the Z-axis. The rotating
stylus setup measures the same type of deviation, only the arm rotates around
the (not moving) object under measurement. The roundness tester treated in
this thesis uses the rotating table setup.

Shape measurement is performed with a form tracer, which can be consid-
ered as a roughness tester with an extended vertical range and a macroscopic
tip radius. This radius can be traced along a variety of different shapes e.g.
internal gear teeth, turbine blades, threads, gages, fine details in small moulds
and so on. In order to achieve the large range to measure these macro shapes,
the beam is much longer (200 mm) in comparison to the beam of a roughness
tester (50 mm). As large angles are also required, software compensation of
cosine errors is usually implemented. To balance the beam and stylus, a contra
weight is mounted at the other end of the beam.
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Figure 1.5: Schematics of a roughness tester (left) and a roundness tester (right). The stylus tip a
is connected to the stylus b. The stylus is connected to the X-axis c, referred to as the R-axis in
roundness. These axes can be moved vertically by the Z-axes d. The specimen e is placed upon the
Y-axis f and in the case of roundness upon the rotary table g. Both machines use a heavy granite
or steel table (with suspension) h to dampen environmental vibrations.

1.1.2 Transformation and imaging effects due to measurement

One should bear in mind that the stylus comes in contact with the measured
object and thus interacts with the object and in this way is distorting the mea-
surement and even the object itself. These interactions are sources of deviation
of the ‘true’ surface and the image taken by the measurement instrument. Even
further, the image or trajectory as picked up by the stylus tip is electronically
magnified and digitalized introducing even more errors in the raw data given
as the measurement result. Damage due to stylus roughness measurement is
depicted in figure 1.6. This example clearly shows that not all materials are ap-
propriate to be measured by stylus roughness measurement. The local contact
pressure induced by the combination of a small tip radius and measurement
force exceeds the local permissible stress and plastic deformation of the surface
occurs.

In STM measurement, although categorized as contactless, deviations due
to the interaction from the probe tip with the local topography of the surface
occur. If the tunnel tip current is held constant electrons could flow through
neighboring peaks in the surface distorting the local height image.

An AFM image is also subject to distortion. Manufacturers of tips claim tip
radii made out of monolithic silicon of less then 10 nm, but the tip radius is
subject to wear during measurement. If the tip shape is unknown or changes
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10 µm

Figure 1.6: Microscope image (magnification 1000 ×) of damage done by a 2 µm probe while
measuring a copper-nickel alloy with a measurement force of 0.75 mN. The tracks of the stylus are
marked by arrows. Notice the double tracks made the measurement and return run of the probe.
Other scratches are due to the rough polishing of the sample. Similar tracks on this sample where
measured with an AFM resulting in depths of around 5 to 10 nm.

during measurement, it will distort the image in an uncorrectable fashion.

1.2 Processing of raw data

The data obtained from the measurement is a direct digitalization of the tra-
jectory of the probe tip. As the data is contaminated with the macro form of
the object and high frequency noise the data needs to be processed. After pro-
cessing, the comparison with product specifications (e.g. a parameter, given at
design time, must not exceed a certain value or fall outside a specified range)
can be performed. Processing data of roughness, roundness and form is done
according to various ISO standards. The following successive steps are made:

• correction of the nominal form by regression;

• filtering of the data to exclude noise and macro form‡;

• calculation of appropriate parameters and graphs.

Contrary to this processing scheme, the processing of shape measurements
consists of fitting different geometric items for example circles, lines and step

‡The data can be rewritten as a summation of waves each having different wavelengths,
amplitudes and phases. The desired data contains only a part of these wavelengths.
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heights. This kind of processing depends on the shape of the object and the
interests of the user. Therefore it is not possible to make a general processing
scheme. In the following paragraphs a short overview of each processing step
is presented.

1.2.1 Regression

The measured data contains part of the nominal form due to the geometric
shape of the object or tilt of the reference axis from the apparatus with the
object. The reference is calculated by a least squares algorithm or another mini-
mizing method. After calculation the reference is subtracted from the data. The
remaining data is known as the primary data. The reference is also referred to
as the mean line or mean plane.

1.2.2 Filtering

Filtering is the suppression of certain undesired wavelengths in the data with a
weighting function. From the primary data, long wave components, also called
waviness, are removed with a long wave filter, noise with a short wave filter.
Filtering can be done in several ways. In the pre-computer age, a circuit con-
sisting of two capicitators and two resistors was used to filter the measurement
data directly. This is the 2-RC filter. The 2-RC filter only removes the waviness
of the data. As it is a true analog filter, it delays the measurement data a some-
what. This is called phase-delay. With current extended calculation capacities it
is possible to sample and filter data digitally. The filtered data can be calculated
by convolution of the data with a filter function. The calculation is possible in
the time (spatial) or frequency (wavelength) domain. In the frequency domain,
the convolution of two functions becomes a multiplication of these functions.
With the aid of Fourier transform the amplitude and the phase of each harmonic
is calculated. The low and high frequencies are suppressed by multiplying the
amplitude spectrum with the appropriate filter functions. These filter functions
are defined by a certain limiting frequency, the frequency with 50 % (Gaussian
filter) or 75 % (2-RC filter) transmission. For each measurement type (rough-
ness, roundness) the limiting frequencies, or cut-off frequencies are fixed in
ISO standards, dependent upon the measurement length or periodicity of the
surface§. The filter currently used according to the standards [ISO 11562] is the
phase corrected Gaussian filter which replaced the 2RC filter in 1996. The trans-
mission charasteristics are given in equation 1.1 for the long wave component¶

§In roughness λc, the long wave limiting wavelength, also known as the cut-off wavelength,
is standarized at 0.08, 0.25, 0.8, 2.5 or 8 mm. The short wave cut-off, λs is set at 2.5, 8 or 25 µm
[ISO 3274].

¶In Fourier transform direct filtering,

H( f ) = 1 − e
−π

(
α f
fco

)2

(with f the filtered frequency and fco the limiting frequency) is used for the removal of the long
wave component.

9



and in equation 1.2 for the short wave component.

a1

a0
= e
−π

(
αλco

λ

)2

, α =

√
ln 2
π

(1.1)

a2

a0
= 1 − e

−π
(
αλco

λ

)2

= 1 −
a1

a0
(1.2)

In equations 1.1 and 1.2 λco is the cut-offwavelength, a0 the amplitude of wave-
length λ before filtering, a1 the amplitude of the wavelength in the mean line
and a2 the amplitude of the wavelength in the short wave component. This filter
is applied to all two dimensional (2D) roughness and roundness measurements.
In the case of 3D roughness measurements, a true standardization has not yet
been achieved [Sto93] although the ISO standards organization is now work-
ing on such surface standards. While filtering cylindricity one must take care
not to remove cylindrical features by applying 2D filters at each measurement
section.

1.2.3 Parameters and graphs

After filtering, different aspects of the data can be described with parameters
and graphs. In the next sections some parameters and graphs will be briefly
discussed. The examples used in the sections; e.g. Rt, RONt, Rsm, CYLv etc., and
the explanation of autocorrelation and power spectrum is given in Appendix
A. A complete review of surface parameters is given in [CLL+00].

Parameters

In general 4 categories of parameters can be distinguished:

• amplitude (peak valley);

• amplitude (mean of ordinates);

• spacing;

• hybrid.

Amplitude (peak valley)

This category of parameters gives the maxima and minima of the data. For
example Rt (roughness) or RONt (roundness) is the sum of the highest peak
and the deepest valley relative to the mean line within the complete length of
the data. This sort of parameters is used to identify the total range of the data.
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Amplitude (mean of ordinates)

In this category of parameters the statistical mean (absolute, squared, quadratic
etc) of the data is taken within a specific length. An example is the famous
Ra (roughness) parameter, the mean of the absolute ordinates. The mean of
ordinate parameters are used to give an impression of the distribution of the
ordinates.

Spacing

Spacing parameters describe the width of geometrical elements in the data.
Rsm (roughness) is the mean width of a profile element, which consist of a
subsequent peak and a valley. Together with the mean height of a profile
element, it is possible to give a characterization of the elements. The properties
of profile elements can be used for lubrication characteristics, bearing properties
and surface changes due to wear.

Hybrid

Hybrid parameters use information of both measurement axes. Rdq, the stan-
dard deviation in the slope of the data, is the most common hybrid parameter.
This parameter is useful for the assessing reflectivity or friction.

Parameters are helpful in characterizing the surface. However, only stating
the most commonly used and requested parameter Ra can lead to premature
conclusions of surface functionality as depicted in figure 1.8. Although both
surfaces have the same Ra value, one contains sharp peaks, with very good
adhesive properties whilst the other contains deep grooves, used to retain oil
in lubricative applications. In this example only the skewness parameter , Rsk,
of the surface differs. This shows the necessity to accompany the data not only
with a complete set of ISO parameters, but also with all available information,
including graphs.

Graphs

Another useful way to describe the data are graphs. As a Fourier transform
of the data is already calculated, the power spectrum is used to visualize and
identify the prominent frequencies in the data. The inverse transform of the
power spectrum, the autocorrelation, shows the correlation, the amount of
randomness, of the data. Different manufacturing processes have their own
distinguished autocorrelations, a few examples are depicted in figure 1.7. An-
other set of graphs is the Abbot or material ratio curve and height distribution.
The height distribution is the distribution of ordinates of the data. The Abbot
curve gives the cumulative height distribution as depicted in figure 1.8. Accom-
panying the Abbot curve, a complete set of parameters together with a special
designed Gaussian filter, see [ISO 13565], is used to describe potential wear in
cylinder liners in the automotive industry.

11



4 µm

−4
4

−4

0.5

−0.5

2 µm2

−2
0.3

−0.3

1−3

−1−3

0 4 20
x mm→

z ↑

0

0

0

0

0

0

12

Figure 1.7: Various registrations of manufacturing processes after processing (left) and their au-
tocorrelation functions (right). From top to bottom: turning, milling and a periodic quasi random
surface, which repeats this random part every 1.25 mm (note the peak in autocorrelation at the
repetitive distance of each random part).

1.3 Measurement uncertainty and its applications

In this section a brief introduction to ‘single or task specific’ uncertainty and
the use of a calculated uncertainty budget will be given. The calculation of
uncertainty itself will be explained in more detail in chapter 2.

1.3.1 Measurement uncertainty

After processing measurement data an estimate of the measurand is deter-
mined. The measurand Y, the particular quantity subject to measurement, can
be any parameter of the data, e.g. Ra, RONt and CYLv. According to ISO
standard [ISO 14253] and the GUM [Gui95], the uncertainty interval in which
the result of a measurement y resides, e.a. the dispersion of the values that
can reasonably be attributed to the measurand, must also be calculated or
estimated. The measurement uncertainty is dependent upon influencing quan-
tities x, quantities that are not the measurand but affect the result of it. The
uncertainty of measurement of each influencing quantity expressed as a stan-
dard deviation is called the standard uncertainty, u(x). In order to obtain the
combined standard uncertainty uc(y), also known as the total standard un-
certainty, the root of the sum of each squared standard uncertainty weighted
with its derivative to the measurement is calculated. The combined standard
uncertainty uc(y) is multiplied by a coverage factor k‖ to obtain the expanded

‖k is usually in the range of 2 - 3, dependent upon the desired level of confidence and the type
of distribution chosen. Choosing an appropriate k is treated in more detail in the GUM [Gui95].
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Figure 1.8: Two profiles and their Abbott curve (top and left are graphs of a surface consisting of
grooves, the other graphs of a surface consisting of peaks) share the same commonly used ‘surface
quality grade’ Ra value of 0.286 µm but totally different properties. The Abbott curve however
shows the difference.

uncertainty U = k · uc(y). With this complete statement of measurement and
expanded uncertainty given as: y′ = y ±U, the fulfillment of specified require-
ments can be tested and the object of measurement can thus be accepted or
rejected according to the design specifications. A measurement alone, without
uncertainty, cannot be correctly evaluated. It is of the utmost importance that
an uncertainty of measurement accompanies the measurement.

1.3.2 Acceptation or rejection

During the design phase the specification or tolerance of a parameter can be
given as a one-sided or double-sided specification, e.g. Rv must not exceed
10 µm or Rv must be in the interval (10.0±0.5 µm). Two different situations can
arise [ISO 14253]:

• conformance or non-conformance with specifications;

• neither conformance nor non-conformance.

In the case of conformance or non-conformance with specifications or tolerance
limits, the zone of measurement with added extended uncertainty falls inside
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or outside the design specifications as depicted for measurement one and mea-
surement two in figure 1.9. No discussion can arise between the supplier and

y′2 = y2 ±U2

tolerance limits

y′1 = y1 ±U1 y′3 = y3 ±U3

value of measurand

Figure 1.9: Conformance (measurement one), non-conformance (measurement two) and neither
conformance as non-conformance (measurement three) for a double-sided tolerance upon the value
of a measurand.

purchaser about the acceptation or rejection of the object. Discussion will arise
in the case of overlap of the design specification and the zone of measurement
with added extended uncertainty, as shown for measurement three in figure
1.9. In this case it is uncertain if the object should be accepted or rejected. The
american standard, developed by the American Society of Mechanical Engi-
neers, ASME, tries to overcome this problem [ASM01]. Three sorts of decisions
rules of acceptance and rejection are distinguished. First is simple acceptance
and rejection using a N : 1 ratio. This means the expanded uncertainty U re-
quires to be no larger as N/k of the tolerance limits or specification zone. Once
this uncertainty requirement is met, the product is accepted only if value of
the measurement falls inside the specification zone. The second decision rule
uses binary decision combined with Z% guard bands. Two situations can arise,
the specification zone can be reduced by a guard band or the specification
zone can be increased with a guard band. If reduced, this leads to so called
‘stringent acceptance’ and ‘relaxed rejection’, which means only products are ac-
cepted if the measurement result falls within the (reduced) acceptance zone.
If the specification zone is enlarged, ‘stringent rejection’ and ‘relaxed acception’
occurs. Now products are rejected if the measurement result falls outside the
(increased) specification zone. The width of the guard band is calculated by
ecomical reasons, and subject to risk analysis [ASM03]. The last descision rule
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uses a transtion zone rather then guard bands. The transition zone typicaly
lies in between the acceptance and rejection zones. If the measurement results
lies in the transition rule some documented outcome occurs e.g. the product is
delivered at reduced costs, otherwise a binary rule is used. In the ISO standard
[ISO 4288] two comparison rules for measured values of surface texture with
tolerance limits are given. The first is the 16%.-rule which states that 16% of the
measured parameters may not exceed the tolerance limit. The second is even
more straightforward, the max.-rule, which states that none of the measured pa-
rameters shall exceed the specification given as the maximal permissible value.
In this time of miniaturization and precision manufacturing, the uncertainty
interval (and its calculation) is of major importance while practicing precision
engineering as products and limits become smaller and tighter. The difference
between failure and success can be even in the region of nanometers.

1.3.3 Research dealing with uncertainty in task-specific
measurements: an overview

While studying the accuracy of multi-axis machines [Soo93] and calculating
software correction to improve the accuracy of 3D coordinate measuring ma-
chines [SS89], abbreviated as CMMs, the idea was born to use the computer to
simulate the inaccuracy, or task-specific uncertainty of CMMs. In Germany
at the PTB (Physikalisch Technische Bundesanstalt) the virtual CMM, was
proposed[TW95]. The virtual CMM performs a point by point simulation of
measurements emulating the behavior of the CMM. This simulated measure-
ment with incorporated (simulated) disturbances is then compared to the simu-
lated measurement without these disturbances present. The comparison yields
the specific measurement uncertainty for the specific task. Shortly after the
proposal of the virtual CMM, work on a proposed guideline sponsored by the
European Commission [Tra98a, Tra98b] was started. This guideline was a co-
operation between the metrology laboratories PTB and NPL (National Physical
Laboratory), CMM manufacturers Zeiss and Brown & Sharpe and metrologic
service providers Feinmess and the Eindhoven University of Technology. In
the guideline the following items where treated:

• considered CMM errors;

• assessment of each error;

• definitions of these errors;

• software interfaces and database virtual CMM;

• implementation of the virtual CMM on various CMM brands;

• verification procedures.

The research at the PTB was continued by Schwenke [Sch99], one of the par-
ticipants of the guideline. Here different influences where modeled, calculated
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according to a Monte Carlo∗∗ scheme and put into a database used for differ-
ent measurement machines in manufacturing technology. Simultaneously in
the U.S.A. simulation by constraints started. This method generates paramet-
ric states while using constrains laid out by the parametric error description
of the CMM and uses these states to generate virtual measurements [Phi97].
In Italy the ‘Expert CMM’ was developed [Bal99]. This continued along the
path layed out by Virtual CMM but introduced the idea to keep groups of
contributors separate in order to fine tune the accuracy of the measurement.
The concept of a modular database using Monte Carlo simulation is further
developed by Kunzmann and Schwenke [SSWK00]. Each disturbance is mod-
eled in basis, physical, technical and processing modules to be picked and
placed in a modeled measurement machine in order to calculate the uncer-
tainty. At the same time the virtual roughness tester [HM00b] was proposed,
estimating the uncertainty in more detail for roughness measurement using the
budget method. The budget method means that for each influencing factor virtual
measurements are calculated with respect to the standard deviation of the influencing
factor, related to its nominal value. The method gives a full overview of all differ-
ent uncertainty contributors on the specific measurement. Further development of
the budget method for roughness is done by Haitjema and Morel [HM00a].
The next step was the use of the budget method to calculate the uncertainty
for 3D roughness measurement [MH01] and roundness measurement [MH02].
A good overview of the status and calculation of task specific uncertainty in
coordinate measurement is given by Hocken and Wilhelm [WHS01]. A major
conclusion drawn was the absence of calibration artefacts and standards to be used
to quantify the input variables needed to complete the uncertainty calculation. In the
Netherlands another method to simulate a virtual CMM was developed using
surrogate data [vDDHS01]. Here the autocorrelation of the different axes of
the CMM at different wavelengths is used as a constraint to generate a vir-
tual CMM axis [vDDH01]. Also an automated calibration artefact, the laser
stepping gauge which is used to measure the small wavelengths needed for
input of the smallest wavelength range, is developed [vDHS02]. More general
calculation methods of task specific uncertainty estimation are discussed by
Schellekens and Haitjema [vDMHS01, SMHvD02]. Here the relation of budget,
surrogate data and Monte Carlo methods are derived from the concepts stated
in the GUM [Gui95]. A harmonization in the field of software specifications of
uncertainty calculation is pursued by NPL [CDH01]. Different aspects such as
formulation, calculation according to GUM, Monte Carlo and validation of the
results are dealt with. In Japan another method to calculate task-specific uncer-
tainty is proposed [AT02]. Instead of using the fact that uncertainty decreases as
the measurement of size decreases, a homogeneous uncertainty distribution is
assumed in the complete working volume of the CMM based on the maximum
permissible error of that CMM given by calibration. This is called the spatial
constraint. The task-specific measurement strategy is reflected in the calcula-
tion of a specific co-variance matrix of input variables needed to obtain the
uncertainty of the desired feature. Different trails of measurements are made

∗∗Monte Carlo and other simulation methods will be explained in more detail in chapter two
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with a Monte Carlo randomizer using the basis function resulting from the de-
composed (task) specific co-variance matrix as a constraint. Although the result
can be over-estimated as the correlation effect between measurement points is
attenuated, the method is very simple to use once task specific co-variance ma-
trices are known. In optical research the concept of virtual measurements is also
applied. The virtual interferometer [PB02], already suggested in [vDMHS01]
was developed. A virtual Fizeau interferometer is build up with 3D solid mod-
els. Various influences are simulated by finite element calculations and put into
states of the virtual interferometer. The effect of the influencing factor is then
calculated with ray-tracing.

1.4 Research objectives and thesis outline

Based upon the literature research and the growing demands to supply uncer-
tainty with measurement results, the absence of fast and adequate uncertainty
calculation is a lack in current measurement engineering. In this thesis a new
method of uncertainty calculation is presented and implemented for various
stylus measurement techniques.

The research presented in this thesis deals with the application of the concept
of virtual measurements for use in the calculation of uncertainty for roughness,
roundness and shape measurement. The objectives are:

• to obtain a task-specific uncertainty budget for these types of stylus ma-
chines;

• the uncertainty budget must be traceable;

• the uncertainty budget must be accepted by accreditation organisations;

• development of new artefacts to calibrate all incorporated input quanti-
ties;

• the algorithms needed to calculate the budget must be implemented in
high quality software.

Task-specific means here that the uncertainty budget is calculated for a
specific feature measured using a specific inspection plan [WHS01]. This is
completely different to a general uncertainty budget, where a global estimation
is made for the uncertainty of a measurement for any feature and any inspection
plan. For example, once a year the machine is calibrated and the scope†† for
each parameter is set. The scope depends on the machine, but also on the
specifications and measurement procedures of the laboratory. The task-specific
uncertainty budget can be regarded as an instance of the general budget.

The budget can be used for improving the measurement parameters as
major contributors to the uncertainty budget for that task are identified. It
is also possible to use the algorithms for the compensation of measurement
††Scope is the best achievable uncertainty of a parameter e.g. U(Rt) = 40 nm ± 0.03·Rt, k=2.
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data. Compensation however is not explicitly investigated in this thesis. Once
a compensation is known, it can be used to compensate the measurement,
or used as a standard uncertainty. The uncertainty budget’s main purpose is
the acceptation or rejection of workpieces. As the calibration of these types of
stylus machines historically only consists of the gain factor of the ordinates‡‡,
other calibration techniques and artefacts must be developed. Two artefacts
are designed to meet such demands. The first developed artefact contains a
sequence of geometric items enabling the calibration of different aspects of a
roughness measurement machine. The second developed artefact is a dynamic
probe calibration platform. This platform is based on a principle already used in
literature [Hai96, HK97, Whi94, Pri02] but the setup used in this thesis enables
direct accurate comparison of the length standard and the probe.

In chapter two the principles, concepts and methods of uncertainty calcu-
lation are reviewed. First the principle of traceability and definitions of uncer-
tainty are given. Next the principle of the virtual machine is clarified. Different
methods of estimating uncertainty using a virtual machine or virtual mea-
surements, e.g. Monte Carlo, budget and combined method are described and
derived from the concept of uncertainty.

Chapter three deals with the implementation of the concept to surface
roughness. First the uncertainty contributors are identified. For roughness in
two and three dimensions a model has been derived for each contributor and
this model has been implemented. The next sections focus on calibration and
validation of the method.

Chapter four deals with roundness, straightness and cylindricity. In analogy
with roughness, first the model is derived and implemented in software. The
second part deals with calibration and validation.

In chapter five, the same setup is used for shape measurements.
In chapter six the calibration artefacts and calibration methods are eluci-

dated. First a single trace artefact is described. The test artefact and results
are shown. The second part contains the design and results of the dynamic
probe calibrator. The last part is reserved for a new noise reduction method.
This method is a new way to calibrate measurement axes and remove noise
in a sequence of repeatable measurements. Three sequential steps are made:
extrapolation of the total power in the object, extrapolation of the power by
frequency and finally the exclusion of non-significant frequencies.

Finally, in chapter seven conclusions are drawn and a summation of recom-
mendations for future research are given.

An overview of the developed software, stand-alone versions to completely
process and calculate uncertainty for roughness, surfaces, roundness, cylin-
dricity and shape measurements which also include different calibration and
manipulation tools, is given in appendix C.

‡‡Radius, force, noise, flatness etc. are used in the general uncertainty budget (and adjusted if
outside specification) but not directly implemented in a task-specific uncertainty budget.
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Chapter 2

Uncertainty estimation

In this chapter the need for and calculation of measurement uncertainty is
treated. First the definition of traceability, the path of comparisons leading to
the primary standard is given. The mainstream GUM approach for evaluating
measurement uncertainty is then followed by a short overview of the use and
capabilities of the so called ‘virtual machine’. Different implementations of the
virtual machine used for numerical approximation of measurement uncertainty
are elucidated.

2.1 Concept of uncertainty and traceability

2.1.1 Traceability

Traceability is the property of the result of a measurement or the value of a
standard whereby it can be related to stated references, usually national or
international standards, through an unbroken chain of comparisons all having
stated uncertainties [VIM93]. As the type of measurements delt with in this
thesis are all dimensional measurements, the primary standard used is length.
The definition of the unit of length is:

The metre is the length of the path travelled by light in vacuum during a
time interval of 1/299 792 458 of a second [dPeM83].

This definition states the speed of light, a fundamental physical constant, as
299 792 458 m/s and links one metre to the definition of a second given by:

The second is the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of the
ground state of the caesium 133 atom [dPeM68].

Based on these definitions, the ‘Mise en Practique’ [Qui01] gives the guidelines
of how the primary standard can be realized. One of the possibilities is based
upon an optical frequency standard: the Iodine (I2) stabilized Helium Neon (He-
Ne) laser with a frequency of 473 612 353 604 kHz and a relative uncertainty
of 2.1 · 10−11.
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Thus in order to achieve traceability two essential elements are required:

1. unbroken chain of comparison;

2. measurement uncertainty.

For accredited dimensional testing laboratories, other elements are: documen-
tation and procedures, competence, reference to S.I. units and calibrations at
regular intervals. When achieved, the measurement is an ensured accurate rep-
resentation of length whose trace can be followed to the national standard. If
no uncertainty is stated, measurements cannot be compared, at least not in a
meaningful way, and the trace to the highest standard is lost.

2.1.2 Measurement uncertainty

As stated in the previous section, one of the essential elements to achieve trace-
ability is measurement uncertainty. Uncertainty of measurement is defined as a
parameter, associated with the result of a measurement, that characterizes the
dispersion of the values that could reasonably be attributed to the measurand Y
[VIM93]. The measurand is usually not measured directly but determined via
a functional relationship from other quantities Xi, so-called input quantities:

Y = f (X1,X2, . . .Xi) (2.1)

As each input quantity may also be a measurement itself, the functional re-
lationship f may be difficult to express explicitly or mathematically. Suppose
a measurement is performed upon measurand Y. The result of this measure-
ment y is an estimate of Y and also depended upon the estimates of the input
quantities xi:

y = f (x1, x2, . . . xi) (2.2)

The combined standard uncertainty uc, an estimate of the standard deviation of
measurement y is dependent upon the associated uncertainties of the estimates
of the input quantities u(xi). According to the GUM [Gui95], two different types
of uncertainty evaluation, type A or type B are possible.

Type A evaluation

The input estimates xi are obtained from n repeated independent observations
of a random variable Xi. The input estimate is taken as the average of the
observations. The associated uncertainty on that average is calculated with the
experimental standard deviation of the mean:

u(xi) =

√√
1

n · (n − 1)

n∑
k=1

(xik − xi)2 (2.3)
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Type B evaluation

If the input estimates xi are not obtained from n repeated independent observa-
tions, the associated standard uncertainty is evaluated by scientific judgment
based on all available information and data of the variability of the input quan-
tity.

Combining uncertainties

The next part of the calculation is the combination of all individual associ-
ated uncertainties u(xi) to form the combined standard uncertainty uc(y) of the
measurement:

u2
c (y) =

N∑
i=1

(
∂ f
∂xi

)2

u2(xi) + 2
N−1∑
i=1

N∑
j=i+1

∂2 f
∂xi · ∂x j

u(xi, x j) (2.4)

with a total of N uncertainties of individual influences and ∂ f
∂xi

the sensitivity
coefficient, also denoted as ci, of each uncertainty. Correlation, the mutual
dependence of two input quantities is expressed with u(xi, x j) the covariance of
xi and x j, defined by the joint probability density function. If all input variables
are independent, the covariance is reduced to zero and equation 2.4 becomes:

u2
c (y) =

N∑
i=1

[ciu(xi)]2 (2.5)

Equation 2.5 is commonly known as the law of propagation of uncertainty.
However this propagation is based upon the assumption of the mutual inde-
pendence of input quantities. When applied to the calculation of uncertainty,
existence of correlation between input quantities should always be checked,
and if necessary equation 2.4 must be applied.

2.2 Concept of virtual machines

A virtual machine is a machine only existing in a computer and not as a matter of
actual physical reality. The term ’virtual machine’ was adopted by mechanical
engineering from software engineering, were it means the virtual computer,
typically implemented in software on top of a ‘real’ hardware platform and
operating system, that runs compiled programs. The ‘virtual machine’ is a
trend in mechanical engineering to describe the modeling of a machine and the
simulation of quantities which have effect on this machine. These quantities
can be physical as well as computational. A computational quantity denotes
the effect of different kind of processing schemes and the kind of processing
algorithms used. The analytical results, or the output of the virtual machine is
of course only as good as the model behind it. The model could be incomplete
or oversimplified. It is the responsibility of the designer of the virtual machine
to make sure that there are sufficient implemented effects which are modeled
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in enough detail to obtain adequate results. At this time virtual machines are
used for two different applications:

• predict behavior of a (new) mechanical design;

• estimation of measurement uncertainty.

The first application, prediction of behavior, is widespread. For example
a model of a frame is made in a finite element package, material properties
are attributed, forces and thermal sources are applied and the stresses and
displacements are calculated. Furthermore it is possible in some applications
to vary these results by adjusting the known input parameters.

The second application uses a different approach. Here the type of ma-
chine is already designed and manufactured, and all influences are modeled
afterward. This virtual machine then generates ’virtual’ measurements used to
estimate measurement uncertainty. One of the most known applications of this
type of virtual machine is the virtual CMM. This kind of application will be
discussed in the next sections.

The next logical step in using a virtual machine is the estimation of manu-
facturing uncertainty of products. Once a manufacturing machine e.g. a multi-
axis milling machine is modeled and errors which lead to manufacturing un-
certainty are mapped, the virtual machine can generate virtual products and
calculate an estimate of the achievable accuracy of producing a specific product.
Different strategies can be applied to create a virtual manufacturing machine.
Conventional 3D length measurements can be utilized to estimate geometri-
cal errors [Flo02]. Parameterization of these errors can be varied to simulate
geometrical influences. Another major error contributor of manufacturing is
temperature. Estimation and prediction of thermal behavior could be done an-
alytically [FDS03] or empirical [Deh98]. Parameters of these models can also
be varied to implement thermal errors. Cutting forces acting on machine parts,
which have finite stiffness, can work as an error source and should be con-
sidered. One could also manufacture a specifically designed artefact at best
precision, which incorporates different geometrical elements e.g. sphere, cylin-
der, flat surface and gully. These shapes can be measured off-line to quantify
the errors and these errors could be used to predict surface quality and form
tolerances. Once the artefact is stored in the Numerical Control (NC) code of
the machine, the artefact can be manufactured in different types of material, to
incorporate material properties.

Concluding, the virtual machine is a powerful and useful tool, which has
still a lot of possibilities open to investigate and apply.

2.3 Methods of estimating uncertainty using virtual machines

In measurement uncertainty estimation, the virtual machine is a model of an
existing measuring instrument which generates virtual measurements by vary-
ing the physical and computational disturbances which effect the measurement.
Implementation of the algorithms used to generate these measurements can be
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done in several ways. The most well known is the Monte Carlo implementation
[Sch99]. This method and two new methods, a first order approximation and a
combination of both Monte Carlo and this approximation method are reviewed
in the next sections.

2.3.1 Monte Carlo

Monte Carlo is a generic term of experimental mathematics which tries to
calculate solutions of a (physical) process via a model, simulating the same
behavior as the process, running the calculation a large number of times and
averaging the results.

A Monte Carlo approach to measurement uncertainty is possible in different
ways. One calculation scheme is to model each influence and then vary all at
the same time to obtain a measurement (one Monte Carlo run):

yk = f (x1 + r1k · u(x1) + x2 + r2k · u(x2) + . . . + xN + rNk · u(xN)) (2.6)

The random number r is taken from a probability distribution similar to the
one describing the associated influence. The standard deviation of probability
distribution of the random number is 1 with mean 0. The associated influence
xi has standard uncertainty u(xi) (k=1).

The combined measurement uncertainty can be approximated by:

u2
c (y) =

1
K
·

K∑
k=1

(yk − y)2 (2.7)

if K runs are made and the nominal measurement result is y. Note that the
sensitivity coefficient, ci in equation 2.5, is calculated implicitly by the relation
between yk − y. One of the advantages of this method is that the probability
density function of y is also obtained, depending upon the distributions of the
input parameters xi [CHS03].

A disadvantage of this method is the amount of simulations needed to
obtain an adequate result. Supposing the outcome of the Monte Carlo sim-
ulation is distributed according to a normal distribution, which is specified
by the central limit theory, the estimated standard deviation of the simulation
uncertainty can be calculated. In GUM [Gui95] the approximation of the rel-
ative standard deviation of the experimental standard deviation of normally
distributed random variable q is given by the ratio:

σ[s(q)]
σ(q)

=
1√

2 · (K − 1)
(2.8)

and can be taken as a measure of uncertainty for that experimental standard
deviation s[q]. This equation shows that for limited sampling, or simulation, the
uncertainty can be quite large (still 10 % for 50 simulations). Another calculation
scheme is to perform a set of multiple runs only varying one influence. In this
fashion the budget of the effect on the uncertainty budget can be set up:

yk(i) = f (x1 + x2 + . . . + xi + rik · u(xi) + . . . + xN) (2.9)
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Each associated uncertainty (with incorporated sensitivity) can now be calcu-
lated with:

[ciu(xi)]2 =
1
K
·

K∑
k=1

(yk(i) − y)2 (2.10)

In the case of roughness, roundness and form measurement, the measurement
process is relative straightforward, repetitive in the approach of samples and
can be described well in physical and computational terms. This gives the
opportunity to deploy a different strategy which includes more insight in the
measurement process.

2.3.2 Budget method

The budget method, or direct variational calculation is an approximation of
equation 2.5 and is given by:

u2
c (y) =

N∑
i=1

(
f (x1 + x2 + . . . + [xi + r · u(xi)] + . . . + xN) − y

)2 (2.11)

with r a random number with average 0, a standard deviation of 1 and an
absolute value of 1, so r = ±1. The combined uncertainty is calculated by
calculating the effect of a maximum deviation of one of the input quantities xi
(i.e. xi = xi + r · u(xi)) and summing those effects for all input quantities.

In practice two situations can arise. For example, due to physical restrictions,
only one variation (e.g. r = 1 or r = −1) of the input quantity xi + r · u(xi)
can be calculated. In the other situation, both possibilities can be calculated.
If only one direction of xi + r · u(xi) is known, the first order approximation of
the partial derivative ∂ f/∂xi at xi multiplied by the uncertainty in xi is:

∂ f
∂xi

u(xi) =
f (xi + r · u(xi)) − f (xi)

r · u(xi)
u(xi) +O2 =

f (xi + r · u(xi)) − f (xi)
r

+O2 (2.12)

The second situation arises if both directions of xi + r · u(xi) are known. The
approximation now becomes:

∂ f
∂xi

u(xi) =
f (xi + u(xi)) − f (xi − u(xi))

2 · u(xi)
u(xi) +O2 =

f (xi + u(xi)) − f (xi − u(xi))
2

+O2 (2.13)

which equals the local derivative of a second order polynomial fitted to f (x)∗.
The calculation of f (xi + r · u(xi)) is dependent upon the knowledge of the

∗If a second order polynomial is fitted through f (xi + u(xi)), f (xi) and f (xi − u(xi)), the local
derivative results in equation 2.13.
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measurement process. The different models of influences and the calculation of
virtual profiles will be presented in the next three chapters, subject to the type of
measurement. Derived from each virtual profile is the measurement parameter
under investigation, Y. In this fashion the contribution of each influence can be
modeled and calculated according to the physical and computational process.
Note that only the uncertainty is calculated, the probability density function
of y is not obtained. Correspondingly the probability functions of all input
quantities xi are not required.

The method requires only three comparable Monte Carlo ‘runs’ for each
input quantity† in order to obtain a good estimate instead of a lot needed
by Monte Carlo implementation, as calculated with equation 2.8, because the
‘random numbers’ used in the budget method state the uncertainty limits of
the input quantities.

2.3.3 Combined method

Some of the influencing factors cannot be calculated by direct variational cal-
culation. These influences do not have a minimum or maximum, but are con-
sidered to be random variables. This is the case for the deviation along axis and
noise. The systematic part of the deviation along an axis is treated as a random
variable as the measurement can be taken at different positions at the axis. Also
in this analysis the influence of the axis upon the measurement is of interest
and although the systematic part can be corrected, this part still attributes to
the measurement uncertainty.

The problem in simulation of noise and axis deviation is the creation of
virtual profiles with the same properties as the original, with whom a Monte
Carlo type calculation can be performed. In the ideal case the deviation is
totally deterministic and virtual profiles can be generated mathematically by
varying parameters of a known function. This is not the case when noise is
present in the deviation. The optimum case for simulation of a profile would
be known stochastic properties of the noise present and known determinis-
tic behavior of the axis deviation. In this case profiles can also be generated
by varying parameters of the deviation and obtaining a noise sample with a
generator and combining these two into a virtual profile. Obtaining these func-
tions is not easily achieved. A lot of reversal measurements must be made to
obtain the geometrical error of an axis, to this geometrical error a parametric
model function must be fitted. This model can either be described by ordinary
or orthogonal polynomials, splines or Fourier functions [Flo02]. Once fitted,
the parameters can be varied to obtain virtual profiles. The noise part can be
obtained by measuring an optical flat or a spherical reference lots of times at
one position, subtracting the known appropriate axis deviation and the mean
of all measurements (to eliminate the standard) from each measurement and
so obtaining the probability density function of the noise to generate samples.

†For each input quantity one run has to be done with respectively the values xi, xi − u(xi) and
xi + u(xi).
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With the aid of the random phase method presented in chapter six, the mea-
surements to obtain both the parametric model of the axis and the stochastic
properties of the noise present can be done much faster because of the dimin-
ished amount of measurements. Still the model fitted to the geometric error is
open for discussion.

A disguised way of doing the latter is the randomized phase technique. Here
the model function of the geometrical error is made by Fourier components.
A Fourier analysis of the axis deviation is made. The phase of each frequency
is randomized, keeping the power spectrum of the axis’s profile constant. The
axis deviation is transformed back and a profile is generated with the same
properties as the original deviation. The criterion of constant power spectrum
or autocorrelation can be derived with aid of equation 2.4.

Take for example the parameter Rt = Z(x1) − Z(x2), where the deviation ∆
in Z(x1) and Z(x2) results in a deviation in Rt, according to equation 2.4, as:

∆2(Rt) = ∆2(Z(x1)) + ∆2(Z(x2)) − 2 · (∆Z(x2)∆Z(x1)) (2.14)

The squared standard uncertainty u2 is the expectation of the average of the
deviation over a large ensemble < ∆2 >, the variance. If multiple profiles are
generated to simulate these deviations the following equation must apply:

< ∆2(Rt) >=< ∆2(Z(x1)) > + < ∆2(Z(x2)) > −2 · (< ∆Z(x2)∆Z(x1) >) (2.15)

The term < ∆Z(x2)∆Z(x1) > equals the autocorrelation of the error signal
with lag Z(x2) − Z(x1). Thus if simulated signals are used to calculate stan-
dard deviations for correlated measurements, the signals require ‘random’ de-
viations with the same standard deviation as the original. Furthermore, the
autocorrelation of the simulated signal must equal the autocorrelation of the
original signal [vDHS02, SMHvD02].

In practice the random phase method does not always work well. Due to
limiting sampling lengths, the Nyquist criterion and wavelengths do not al-
ways being a multiple of the sampling step, leakage of these frequencies occurs
as depicted in the power spectrum of figure 2.1 at the top right. The frequency
is built up from the surrounding (leaked) frequencies each with their phase ad-
justed to form the original frequency. Once randomized, all these frequencies
become visible and distort the profile as depicted in figure 2.1 at the bottom left.
An improvement can be made by preserving the phase diagram and adding
a (constant) random number to each phase. Although this method works well
with small phase adjustments, the edges are still distorted. This suggest that the
lower frequencies are out of tune with the higher frequencies with a breakpoint
at the original frequency of the sine. As the breakpoint is frequency dependent
this method can be utilized if the frequencies present in the signal are not to
low and a window of appropriate entry and exit length is employed. As shown
in table 2.1 using this type of randomizing phase in a Monte Carlo calcula-
tion scheme, good results for average and hybrid parameters are obtained for
Gaussian and uniform distributed noise but the peak to valley parameters are
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Figure 2.1: Original sine (λ = 220 µm, 10000 datapoints) its power spectrum with leakage and
different implementations of randomized phase.

inaccurate. These errors are due to the erroneous summation of the leaked fre-
quencies. Table 2.1 shows the result of the calculation of uncertainty for two
simulated measurements and three sorts of parameters. Both simulated mea-
surements consist of a sine with a period of 200 µm, a length of 1 mm containing
10000 equally spaced data points. The amplitude of the sine is 1 µm. To each
sine noise is added, to one a uniform noise between −0.5 and 0.5 µm and to
the other Gaussian noise with a σ of 1 µm. The theoretical results are listed as
‘calculated’ and explained in more detail in Appendix B. The ‘simulated’ result
are calculated by generating 100 of these measurements while using the known
stochastic properties of both noise diagrams. This is done to check whether
computer calculation errors are present. The ‘Monte Carlo’ result is obtained
by randomizing the phase of the simulated measurement and doing so 100
times. The ’combined method’ is explained later in this section. This discrep-
ancy again is demonstrated in table 2.2 were the randomizing method is used to
simulate a block and triangular function. In this table the parameters of a block
and a triangular function are tabled, each of these functions also consisting of
10000 equally spaced data points, a period of 200 µm, a total length of 1 mm
and an amplitude of 1 µm.

Combining a Monte Carlo scheme and the budget method leads to a solu-
tion. If a single noise or axis deviation diagram is made the influence of this
noise or axis deviation can be approximated by adding (parts of) this diagram
to the measurement and calculating a possible outcome of yk as used in equa-
tion 2.7. Still more different diagrams with the same properties are needed.
Using the same criterion as the randomized phase technique, namely leaving
the power spectrum of a signal constant, different signals are generated by flip-

∗Underestimated, see appendix B for details.
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Rt µm Rq µm R∆q -
Sine, A = 1 µm Nominal 2A 1

2

√
2A πA/λ

√
2

λ = 200 µm 2.000 0.707 0.022
Uncertainty U(Rt) U(Rq) U(R∆q)

Sine and Calculated 1.0000 0.0567 4.0852
uniform noise Simulated 0.9916 0.0565 4.0595

A between Monte Carlo 1.4929 0.0573 4.0458
−0.5 and 0.5 µm Combined Method 0.9939 0.0575 4.0456

Sine and Calculated 6.395 ∗ 0.5176 14.1199
Gaussian noise Simulated 6.881 0.5163 14.1169
σ = 1 µm Monte Carlo 6.959 0.5207 14.0295
µ=0 Combined Method 6.463 0.5202 14.0295

Table 2.1: Comparison between different simulation methods. Both simulated and randomized
phase Monte Carlo results are the mean of 100 runs. Calculations are listed in appendix B.

Rt µm Rq µm R∆q -
Triangle Nominal 2A

√
A2/3

√
(16A2/λ2)

A = 1 µm Calculated 2.000 0.577 0.020
λ = 200 µm Simulated 2.000 0.577 0.020

Monte Carlo 1.675 0.577 0.020
Block Nominal 2A A 0

A = 1 µm Calculated 2.000 1.000 0.000
λ = 200 µm Simulated 2.000 1.000 0.633

Monte Carlo 7.663 1.000 0.603

Table 2.2: Effect of block and triangle functions upon a Monte Carlo (100 runs) calculation using
randomized phase. Note the difference in R∆q between the calculated and simulated block due to
the numerical approximation of the derivative.

ping and reversing the original signal [SMHvD02]. For a traverse measurement
e.g. roughness this is achieved by reversing and flipping the signal around the
x-axis. This generates four possible outcomes in 2D, as illustrated in figure
2.2 and eight in 3D. For a circular measurement e.g. roundness, reversing is
replaced by rotating the diagram at certain angles. For a single roundness mea-
surements 2 ·N outcomes, with N the number of datapoints, can be generated.
The uncertainty of noise and deviation is now calculated according to equation
2.7.

If the combined method is used for the calculation of Rt, four possible
outcomes of Rt are calculated. With these outcomes and the original Rt, four
estimates of u(Rt) are obtained. If the original profile is purely random, cal-
culation according to equation 2.15 and the combined method gives the same
result.

Results of the budget method for traverse measurements, compared to
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original flipped reversed flipped and reversed

z ↑
x→

Figure 2.2: Four possible outcomes of an axis diagram using the combined method for traverse
measurements.

other simulation methods are given in table 2.1. The table shows good results
in comparison to the randomized phase Monte Carlo technique. No errors
occur by the calculation of peak to valley parameters. Also calculation time is
diminished to the minimum.

2.4 Conclusion

New methods are proposed to calculate measurement uncertainty. The budget
method, a fast second order approximation of the mainstream GUM approach
and the combined method, a sort of reversal method to calculate the influence
of noise and errors along an axis, using surrogate data.

These new methods offer an alternative solution to the calculation of uncer-
tainty using a Monte Carlo approach. The combination of methods, the budget
method for most influences and the combined method for parts of guidances,
proposed here are not intended to replace the Monte Carlo techniques, but
to enrich to the known spectrum of calculation methods. The combination is
fast, and leads to insight in the measurement process and its disturbances. De-
pending upon the desired level of information demanded by the user, one of
these techniques can be chosen. For example, if a probability distribution of the
calculated uncertainty is desired, Monte Carlo techniques must be employed.
However if only the uncertainty is demanded, as required by the standards
[ISO 14253, Gui95, ASM01] these methods offer a fast and practical work floor
solution.
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It is shown that the Monte Carlo random phase technique does not work
well for the creation of deviations along an axis. The combined method supplies
a fast solution for this problem. In the next three chapters, these methods will be
deployed on roundness, roughness and shape measurement. It will be shown
that fast, traceable results will be calculated and a total on-line uncertainty
budget is given.
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Chapter 3

Surface roughness

In this chapter the implementation of a virtual roughness tester is described
using the uncertainty estimation methods explained in chapter two. Both types
of roughness measurement, two dimensional and three dimensional, will be
treated with this setup. All important contributors to the uncertainty analysis
are modeled and results of the analysis are given. An overview of negligible
influences is also presented and discussed.

3.1 Surface roughness in two dimensions

In this section the uncertainty contributors of a conventional one track rough-
ness measurement are treated. The usual way to characterize a surface with
a roughness tester is to measure twelve tracks at different positions (and pos-
sibly orientations) and calculate the mean of the roughness parameters. If a
quick inspection of a surface is needed, only one representative track is made
[ISO 4288]. This measurement is used as input in the virtual roughness tester.
In the next sections, each input quantity seen as a disturbance upon the mea-
surement is modeled.

3.1.1 Calibration of z-axis (ordinate)

Historically the calibration of the z-axis ordinate is viewed as the major influ-
ence in roughness measurement as any error in the so-called pick-up or gain
factor which directly influences the measurement. The definition of the z and
x-direction of the axes is conform figure 1.5. Creating virtual profiles incorpo-
rating the z-axis calibration is relatively simple and is done by multiplying the
ordinates of the original raw data by the uncertainty in the calibration factor.
The budget method, following equation 2.13 is used to calculate the induced
uncertainty. Usually the calibration curve is linear for small deviations. Thus
only linear deviation is assumed. For example, if Ra for a profile is known, the
uncertainty is calculated for the profile with added percentage uncertainty and
for a profile with subtracted percentage uncertainty. From these two Ra’s the
uncertainty in Ra is calculated according to equation 2.13. Substituting gives:
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u = Ramax − Ramin The uncertainty in the calibration factor directly influences
any amplitude parameter, but not spacing parameters or dimensionless pa-
rameters. The shape of the Abbott curve and height distribution also remain
unchanged as the y-axis of the graph represents the relative material height.
The z-axis is calibrated with a step, sine or groove height specimen as stated in
the standards [ISO 5436].

3.1.2 Calibration of x-axis (abscissa)

The calibration of the abscissa can be simulated by variation of the step size
of the data. Calculation of virtual profiles is done by multiplying the step size
with the uncertainty. In order to separate the influence caused by filtering of the
data, the cut-off of the filters must be adjusted. The following will illustrate this;
if the step increases, the datapoints are more spread out, and if the cut-off value
remains unchanged the same result, at least for amplitude parameters, will be
obtained as with unchanged step size and decreased cut-off. These influences
can be separated by increasing or decreasing the filter cut-off the same amount
as the step size. This separation leads to the result where the uncertainty in
the calibration factor directly influences any spacing parameter, but hardly
influences amplitude parameters or dimensionless parameters whilst filtering
can influence any parameter. The x-axis can be calibrated with a sine reference
specimen [ISO 5436].

3.1.3 Regression

Tilt occurs in a measurement if the specimen is not aligned properly to the
reference axis of the stylus. To eliminate the tilt, a reference line is subtracted
which is usually calculated by a least squares method. If the sample is not
aligned properly, or just within the measurement range, subtraction of the
reference line leads to a different result compared to the well aligned sample.
This difference is due to the error made by subtracting instead of rotating. To
calculate the uncertainty created by this error, the angle obtained by the fit of
the reference line is used to rotate the sample and compare it to the nominal
measurement using equation 2.12. The sign of the regression angle is given
conform the right hand rule, a positive sign for rotating counter clockwise. The
data is rotated in opposite direction. Opposite rotation by the regression angle
α is performed with the following rotation matrix Rα:

Rα =
[

cos(α) sin(α)
− sin(α) cos(α)

]
(3.1)

Due to this rotation the step size will not be equidistant, but spread around
the nominal step size Snew = S/ cosα, dependent upon the ordinate of the mea-
surement point. A five point Lagrange interpolation is performed to resample
the measurement to the nominal step size Snew in order to prepare for further
processing. The regression influence is usually negligible if the specimen is well
aligned.
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3.1.4 Cut-off of filters

The filters used for processing can have a major influence upon the measure-
ment result. Slight variations in filter functions, either mechanical or software
implemented, can cause variations in the measurement. The filters are also
connected to the calibration of the x-axis or to the velocity of this axis if the
measurement is time-based. This effect is introduced by variation of the cut-off
of the used filter. To determine the actual cut-off wavelength and the actual
filtering characteristics a ’moving-table’ like apparatus can be used as will be
described in chapter six. An alternative is that a profile which contains sharp
peaks is measured both filtered and unfiltered and that the amplitude spectra
are compared. The influence of the short wave cut-off depends strongly on the
fine-roughness of the sample and on the stylus-tip radius used.

3.1.5 Stylus geometry

Simulation of the effect of the stylus geometry requires a different setup than
simple multiplication of ordinates or filter characteristics. Due to the nonlinear
effects of the locus traced by the stylus while probing the sample as depicted
in figure 3.1 at the left, an estimate of the ‘true’ surface is required. Using
this estimate which is based upon the raw data of the measurement, virtual
profiles incorporating the effect of measuring with larger radii can be derived
as depicted in figure 3.1 at the right. Information of tracing with smaller radii
is filtered by the size of the stylus radius used during the measurement.

Measured profile with R = 5 µm

True profile

Simulated profile with R = 6 µm

Simulated with R = 5 µm

Reconstructed true profile

16.0 µm

0.0

−8.0
0.0 1.0 0.0 1.0

x mm→

z µm ↑

Figure 3.1: 2D schematics of radius analysis.

Model

Using the digitized nature of the data, the stylus geometry is also modeled as
a discrete series of points [SR76, Coo84]. The calculation of the reconstructed
(true) profile at a certain measurement point is now calculated solely based on
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geometry. The corresponding coordinate of the reconstructed profile is obtained
by finding the minimum of the measured profile minus the discrete stylus
within the width of the stylus JR:

r(x) = min
[
m(k) − p(k)

]
; k ∈

〈
−

1
2

JR..
1
2

JR

〉
(3.2)

with r(x) the reconstructed true profile, m(k) the measured profile and p(k) the
geometry of the stylus. The discrete probe can be viewed as a moving window
with width JR and local x-coordinate k, reconstructing the true profile with all
available data at measured point’s global x-coordinate x. The calculation of a
simulated profile s(x), with larger radius or larger top angle, can be done by
finding the maximum of the reconstructed true profile r(k) and the larger stylus
p+(k):

s(x) = max
[
r(k) + p+(k)

]
; k ∈

〈
−

1
2

JR..
1
2

JR

〉
(3.3)

Illustration of the technique is depicted in figure 3.2. Top left is an example of a
discretized stylus probe. The width JR can be chosen at will, but must be large
enough to cover the radius and a part of the top angle. Usually lengths six times
the radius is sufficient for the width JR of the discrete probe as the maximum
height of the discrete stylus probe then exceeds the deviations in height of
the measured profile within that range. Measured, true, reconstructed and
simulated profiles are drawn. The measured points combined with the discrete
stylus leading to the reconstructed profile are displayed on the left (note the
difference in reconstructed and true profile due to filtering of the measured
stylus) and the simulated measurement of measuring with a larger probe,
based upon the reconstructed profile is depicted on the right.

Using this technique two distinct features of the stylus geometry can be
modeled namely:

• the radius;

• the top angle.

The influence of radius is calculated by enlarging the radius of the discrete
stylus, keeping the top angle constant∗. The influence of the stylus top angle is
done by enlargement of the top angle, keeping the radius constant. Calculation
of the uncertainty induced by the stylus radius and the stylus top angle is done
with equation 2.12 as only one side of the direction xi + r · u(xi) is known, using
r = 1. The stylus geometry can be measured using a microscope or by measuring
an uncoated razor blade. In the latter case, an overestimate is produced, as the
measurement incorporates the radius of the razor blade.

3.1.6 Stylus angle or stylus tilt

The stylus angle is calculated with the method of the discrete stylus. The recon-
structed profile is calculated in the same manner as in the geometry analysis

∗The top angle is kept constant, not the transfer coordinate k. Thus radius always fluently
deserts in the top angle.
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Discrete probe p

Unknown true profile

Simulated profile s; radius R+ ≥ Rm

Measured profile m; radius Rm

Reconstructed true profile r

Figure 3.2: Two dimensional radius analysis using the discrete probe technique.

only the simulated profiles are now generated with a tilted probe simulated by
varying the stylus angle in the same rotational direction. A numerical exam-
ple derived for the roughness measurement machine used, will illustrate the
method. Using the half range of the roughness tester of 300 µm† and the beam
length of 50 mm the stylus tilt’s maximum due to rotation necessary to keep
in contact with the sample, is 0.4 ◦. This is calculated in the ideal case of a zero
rotation of the probe tip when touching a sample in the mid of the total range
of the instrument. The stylus tip may be a little misaligned to the beam and the
beam may not be perfectly straight. Both misalignments are in the order of 0.1 ◦

giving a total deviation of 0.2 ◦. The total misalignment of the probe and the
x-axis can be up to 0.5 ◦, which gives a total possible deviation of about 1.0 ◦.

3.1.7 Measuring force

The stylus probe is pressed upon the specimen by the measurement force and
then pulled over the specimen with velocity vh. This is modeled by a sliding
contact of a sphere upon a surface as depicted in figure 3.3. Elastic stress
distributions beneath a sliding, normally loaded Hertzian spherical contact are
derived by Hamilton [Ham83]. Hamilton concluded that the radius of the circle
of contact a remains unchanged due to shear stress on the boundary and can

†The measurement range is ±300 µm, the stylus is set in the zero position at the first measure-
ment point.
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be calculated with the Hertzian formula (ball on plate):

a = 3

√
3πFRr

4

1 − υ2
1

πE1
+

1 − υ2
2

πE2

 (3.4)

where E is Young’s modulus, υ Poisson’s ratio, F the normal load. The reduced
radius Rr is:

Rr =
(R1 · R2)
(R1 + R2)

(3.5)

where R1 and R2 the radii of curvature of the two bodies in contact. By using
Mindlin law of macroscopic sliding Q = µF, with µ the coefficient of friction
and Q the frictional force the effect of friction upon the stress distributions is
calculated.

F

R1

a

E1, υ1

E2, υ2

R2

x

z

δ

Figure 3.3: Hertzian contact between two spheres 1 and 2. Here a is the radius of the circle of
contact, δ the approach of the spheres under the load F, E is Young’s modulus and υ Poisson’s ratio.
The origin is located in the center of contact.

According to Hamilton [Ham83], for normal load, with no friction, the
maximum shear stress occurs at x = 0 and z = −0.5 a. Due to the friction this
maximum moves slightly to the surface and a new region of failure develops
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at x = −a. This effect can be calculated with:

√
J

pmax
=

1
√

3

√
(1 − 2υ)2

3
+

(1 − 2υ) (2 − υ)µπ
4

+
(16 − 4υ + 7υ2)µ2π2

64
(3.6)

in this equation J is the von Mises yield parameter given as:

J =
1
6

{(
σx − σy

)2
+

(
σy − σz

)2
+ (σz − σx)2

}
+ τ2

xy + τ
2
yz + τ

2
zx (3.7)

and the maximum Hertzian pressure of:

pmax =
3F

2πa2 (3.8)

According to Bowden and Tabor [BT54] an observed relation between the Vick-
ers Hardness Hv and the yield stress Yr for work hardening materials can be
described as:

Hv = c · Yr (3.9)

with c ≈ 3.
Results of these equations can now be compared to tracks left by measure-

ment. A microscope image of a Nickel-Boron hard coated Rubert reference sine,
with period λ = 100 µm, amplitude A = 5 µm and Hv ≈ 750 N/mm2 measured
with a diamond tip with a radius of 2 µm is depicted in figure 3.4. At the peaks
of the sine plastic deformation has occurred whilst in the valleys only elastic
deformation took place.

Diamond probe Nickel coated sample
Young’s modulus E ·1011 N/m2 10.5 2.0
Poisson ratio υ − 0.2 0.3

Table 3.1: Properties of probe and specimen used as input in equations 3.4, 3.6 and 3.8.

Following equations 3.4, 3.6 and 3.8 with F = 0.75 mN and the values given
in table 3.1 the yield criterion J can be calculated once the local radius of the
specimen and the coefficient of friction are known. From geometry the local
radius of the specimen can be calculated with [Sma53]:

Rs =

(
1 + z′2

) 3
2

|z′′|
(3.10)

Using a friction coefficient of 0.12, which is the range of 0.10 to 0.15 as
stated in [BT54], and the local radius of the specimen of 50 µm, the stress in the
peaks is 2530 N/m2 compared to 2400 N/m2 in the valleys. Using the relation
stated in equation 3.9 the yield criterion of the specimen is approximately
2500 N/m2. The stress thus exceeds the yield stress at the contraform contact at
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the peaks, but not the conform contact at the valleys. However, these equations
and calculations are only an estimate. The calculations are dependent upon the
measurement force (which may vary a little during sliding), the coefficient of
friction, the local hardness, Young’s Modulus, Poisson ratio and the constant c
in equation 3.9 which are all not known exactly (at least not locally). The yield
stresses are also close to each other. Concluding; it is possible to explain the
scratches in the reference sample with these type of calculations, although the
results are to be taken lightly.

10 µm

Figure 3.4: Microscope image (magnification 1000 × and Nomarski interference contrast objective)
of a measured Rubert reference sine (λ = 100 µm). Due to the Nickel-Boron coating only damage
is present at the peaks of the sine as marked by the arrows. Top left is the magnification of the left
scratch.

Before measuring a surface with a stylus the application of that surface
should therefore be taken into account. If the surface is used in an optical
application requiring very high tolerance (mirror, lenses) it may be wise to
consider a non-contact measurement method. However if the surface is used
in an application with contact or a local deviation of a few nanometres is
acceptable (as in many applications) the stylus method can be used. To give
an impression, the depth of the scratches made in a Nickel Copper alloy (Hv ≈

300 N/mm2) as depicted in figure 1.6 are in the order of nanometres .
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The influence of elastic compression by the measurement force is estimated
with the Hertzian contact stress formula 3.4, the local radius of the specimen
with equation 3.10, the reduced radius with equation 3.5 and the Hertzian
compliance:

δ =
a2

Rr
(3.11)

Even though plastic deformation may occur it is not taken into account as
information is lost of the profile after measuring. The occurrence of plastic
deformation can be calculated and a warning can be stated after running the
algorithm. In analogy to the stylus geometry analysis, first a ‘true’ profile,
the surface without load must be reconstructed. The loadless or ‘true’ profile
is generated by adding the compliance, calculated for the measured profile,
to the measured profile simulating the release of elastic energy. Using this
profile new virtual measurements incorporating different measurement forces
can be generated. As expected the influence of force is very small for ‘normal’
surfaces. If the roughness tester is pushed to its limit, the force can become a
large influence for some peak to valley parameters. The measuring force can
be calibrated using a balance. Calibration of the measurement force is treated
in more detail in chapter six.

3.1.8 Sampling rate

The sensitivity of the chosen sampling rate upon the profile can be simulated by
leaving datapoints out. The virtual profile is calculated with half the datapoints
and doubled step size, ensuring the same total length of the data. The sampling
rate is standardized at 0.5 µm, as the mechanical filtering of the stylus radius
removes smaller wavelengths. This is the case for a sinodial feature, but small
defects on a flat surface still give a response. If this influence is responsible for a
large fraction of the combined uncertainty, the measurement strongly depends
on the sample rate and should be redone with a faster rate.

3.1.9 Measurement noise and axis deviation

The measurement noise and x-axis deviation are simulated with aid of the
combined method. The required input for this analysis is the measurement
of an optical flat which is considered to be an absolute flatness reference. In
order to incorporate any velocity dependent influences, the measurement of
the optical flat is performed by all velocities the measurement apparatus can
perform. Usually these velocities are fixed at 0.05, 0.1, 0.5, 1, 2 and 5 mm/s.
Dependent upon the measurement velocity, an appropriate noise input should
be picked from the list of input measurements.

3.1.10 Standard deviations

The only measure of spread used by conventional measurement is the standard
deviation, calculated for the mean of a parameter in the number of cut-offs
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chosen‡. The standard deviation is calculated with:

s =

√√√√√√√√√ N∑
i=1

(Pi − P)2

(N − 1)
(3.12)

where N the number of cut-offs and P the appropriate parameter such as Ra
or Rt. The standard deviation in the mean is calculated as sN = s/N As the
standardized number is set at five cut-offs, the prediction of σ5 is required. σ5 is
estimated by calculating s/

√
5 even if a larger or smaller amount of cut-offs is

measured. If a type D sample [ISO 5436] is measured, with a repetitive profile
every five cut-offs, the estimate s5 is not useful for a number of cut-offs which
is not a multiple of five. Some indication of the homogeneity, the amount of
uniformity, of the surface and the correctness of a chosen measurement length
can be derived from the standard deviation. In practice if s

N
exceeds 15 % for

the amplitude parameters Ra or Rq, performing the measurement with a larger
length or using a larger cut-off should be considered.

3.1.11 Stylus dynamics

Stylus dynamics can be divided into two categories:

• stylus flight;

• mechanical resonance of the stylus suspension.

Stylus flight

The stylus suspension is modeled by a second order system containing a mass
M connected to a spring with elastic rate K and dampened with damping
constant T as depicted in figure 3.5. In case of the stylus, this second order
system, combined with a static force F is in balance with a reaction force on the
surface Fr(t). Hence the following equation of motion:

Mz̈ + Tż + Kz + F = Fr(t) (3.13)

In case of stylus flight, the reaction force Fr(t) will be absent and the response
will be the free vibration of the system. By substituting z = u−zn, with zn = F/K
the nominal stylus displacement, given in equation 3.13 becomes:

Mü + Tu̇ + Ku = 0 (3.14)

This can be rewritten by dividing through M and substituting T/M = 2πζωn
with ζ the damping coefficient, and K/M = ωn

2 = 4π2 f 2
n with fn the natural

frequency, resulting in:

ü + 2πζ fnu̇ + 4π2 f 2
n u = 0 (3.15)

‡The number of cut-offs in a single profile measurement is standardized as five combined with
an entry and exit length total of three cut-offs.
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specimen

z0u

z

Figure 3.5: Schematics of stylus suspension. Mass M connected, spring with elastic rate K, damp-
ened with damping constant T. u and z are local coordinate systems, z0 is the nominal position of
the system.

The solution to the differential equation is the free response of the system:

z f (x) = e
−2π fnζ

x
vh × (3.16)zi cos(2π fn

√
1 − ζ2 x

vh
) +

v0 + 2πzi fnζ

2π fn
√

1 − ζ2
sin(2π fn

√
1 − ζ2 x

vh
)


with zi = z0+ zn the initial (t = 0) position and v0 the initial (vertical) velocity of
the system while using x = vh · t to transform into coordinates of the roughness
tester tracking the specimen with velocity vh.
Using equation 3.16 the possibility of stylus flight during a measurement can
be calculated. Both initial conditions can be calculated at each measurement
point§ using previous points. The calculated free response to these conditions
is compared with the data from the following point. If these match stylus
flight might have occurred. With virtual profiles created using formula 3.16 it
is possible to simulate tracking with higher velocities or with less dampening.
However, no flight is recorded yet by measurement of roughness specimens.
No uncertainty is calculated due to this effect; only a warning of possible flight
which might have occurred is given.

§Except the points in the range zero to the amount of points used in the calculation of the local
slope.
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Mechanical resonance

Mechanical resonance can occur if a specimen containing a wavelength λ0
when tracked by the stylus moving with horizontal velocity vh, approximates
the natural frequency f0 of the stylus suspension system.

λ0 =
vh

f0
(3.17)

A simple test is performed to check if resonance occurred during the mea-
surement. Using equation 3.17 the resonance wavelength is calculated. The
amplitude of this frequency is looked up in the amplitude spectrum. Target-
ing the area around this frequency in the spectrum, the resonance amplitude
is compared with amplitudes of nearby wavelengths. If a local peak is found
at this wavelength in this area, unwanted mechanical resonance has probably
occurred. For a usual tracking velocity of 0.5 mm/s and a resonance frequency
range of various roughness testers of 100 through 200 Hz, the mechanical res-
onance wavelength ranges from 2.5 to 5 µm. If filtered according to the ISO
standards, these frequencies are filtered by the short wave filter. If fine rough-
ness specimens are measured, a velocity adjustment must be made to a velocity
of 0.05 mm/s so the resonance wavelength decreases by a factor 10. Concluding,
if resonance is present, it is usually very small, and there is almost no influ-
ence upon the measurement if the correct measurement velocity is selected.
In the software the resonance amplitude is stated to judge if another veloc-
ity is to be changed. A non-implemented strategy for creating virtual profiles
with simulated absence of the resonance wavelength could be done by setting
the approximate resonance wavelength equal to the neighboring wavelengths
in the range of f0 ± 5 %. Only if stylus flight occurs, mechanical resonance is
possible. As this is almost never the case¶, the algorithm does not state any
uncertainty. Dynamical measurements and the artefact used to perform these
are discussed in chapter six. The dynamical properties of the roughness tester
can be measured with the moving table, modal analysis and for a large step
specimen.

3.1.12 Negligible influences

In this section an overview of the negligible influences are given.

Temperature drift

The temperature in laboratory conditions is defined as 20 ± 0.5 ◦C with a max-
imum permissible drift of 0.2 ◦C/h. The measurement of a single 6.4 mm track
measured with the commonly used velocity of 0.5 mm/s takes 12.8 seconds. The
maximum measurement time of a single measurement is limited to 2000 seconds.
Hence the maximum temperature drift ∆T encountered is in the order of

¶Stylus flight occurs in a step measurement which is used to calibrate the z-axis, only in that
case the area directly near the step is not used in the calculation.
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0.11 ◦C. Combining this drift with the thermal expansion formula∆l = l ·αt ·∆T,
the maximum drift of a steel sample within the maximum measurement range
of 600 µm, thermal coefficient of expansion αt = 12 · 10−6 /K, the maximum de-
viation in z-direction of the specimen is ≈ 1 nm. Even if drift occurs the linear
part is eliminated by the leveling. The thermal loop depicted in figure 3.6 of
the roughness tester starts at the stylus tip, through the x-axis, down to the
base (either granite or steel) then back to the sample in x-direction and via the
leveling table back to the tip. In z-direction the tester is all made out of steel.
This also gives a maximum deviation within the measurement time and range
of around 1 nm. In x-direction, a steel sample can extend about 8.5 nm in the
usual measurement length of 6.4 mm. In some roughness testers the base is
made out of granite, with a thermal expansion coefficient of αt = 8 · 10−6 /K.
The difference in expansion coefficients of the x-axis and the base leads to a
deviation of maximum 2.8 nm. Two low power electromotive engines, which
control x and z-axis, acting as local heat sources are mounted outside the loop
and thus neglected.

engines
x

z

y

l1

l2

l3

Figure 3.6: Thermal loop of a roughness tester. Dimensions are: l1 = 400 mm, l2 = 120 mm and
l3 = 350 mm. l3 is taken as the average working height.

Vibrations

A modal analysis of a roughness tester has been performed. Modal analysis
is a method to measure eigenfrequencies and vibrational modes of a frame by
applying impulse input and measuring the acceleration of machine parts. At
strategic points, the acceleration of the frame is measured with accelerometers
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while an impulse is applied with a Caoutchouc impact hammer. The impulse
causes the tester to respond in the entire frequency domain. Combining the
geometry of the frame and the response of the tester a dynamical model can be
derived. This model gives the eigenfrequencies together with the characteristic
vibrational modes. Results of the first four eigenfrequencies are listed in table
3.2. The modal analysis is performed on a similar type roughness tester as
the one used to obtain the measurements, so these values may vary slightly for
each model. Due to the properties of the C-frame all four modes have maximum
amplitude between the tip and the specimen. The vibrational influences can

Mode Frequency Hz
1 34.5
2 63.9
3 81.2
4 103.3

Table 3.2: Results of the first four eigenfrequencies of a roughness tester. Results where obtained
by impulse response measurement and modal analysis.

be divided into two categories:

• constant ground vibrations;

• occasional impulse input.

The ground vibrations range from 0 to 10 Hz. Due to dampening most of
the amplitude of these vibrations is reduced. The impulse input caused by
doors, people and even distant construction work as depicted in figure 3.7
causes the frame of the roughness tester to respond in the entire frequency
domain, including the eigenfrequencies. Comparing the powerspectra of a
single measurement of an optical flat to the mean of twelve measurements
taken at different positions and orientations, shows a major peak at 28.25 Hz
for the single measurement as depicted in figure 3.8 top left and right. The
presence of this frequency is unusually high in this measurement compared to
the other eleven measurements in the set. This combined with the fact that it
is also present in measurements taken at different velocities as seen in figure
3.8 bottom left, suggesting this frequency to be the lowest eigenfrequency
of this particular frame. The purpose of this deduction is to show that the
eigenfrequency can be obtained from the measurements of the roughness tester
without special artefacts or methods. The influence is not directly stated as an
uncertainty to the budget, but is introduced via the noise analysis. Furthermore,
the amplitude of the disturbance is usually in the order of 0.8 nm, which is small
compared to the roughness measured. If a rather big impulse is introduced, the
operator of the roughness tester will notice and repeat the measurement.
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Figure 3.7: Measurement of an optical flat, disturbed by distant construction work. The drop
hammer period of the piling-driver is 1.5 seconds.

Drift and hysteresis

Drift can be measured with a repeatability experiment. Repeatability is the
closeness of the agreement between the results of successive measurements of
the same measurand carried out under the same conditions of measurement
[VIM93]. Twelve measurements are taken at the same position, directly after
each other. The spread in the parameters is mainly due to drift, hysteresis
and noise. Results of such a measurement are given in table 3.3. Linear drift
introduces an extra tilt in the measurement and will be eliminated through
regression. Hysteresis can occur in the probe, when the stylus changes direction
in the z-direction. This sort of hysteresis is checked by measuring a reference
sine and inspecting the peaks and valleys. A small constant step at that position
points to hysteresis. This step is not present in the measurement machine under
investigation. Although not present the uncertainty analysis, hysteresis of this
kind can be simulated by introducing the hysteresis step ±sh at each change of
sign in profile ordinate. It will directly affect amplitude parameters.

Geometry errors

Deviations from the perfect geometry of the frame lead to errors in the mea-
surement. The x-axis deviations are already taken into account by measuring
the reference plane. The remaining geometric deviations consist of squareness
errors in the xz and the xy-plane. The squareness error between axes in the
xz-plane will introduce a tilt in the measurement. This tilt will also be elimi-
nated through regression. A small second order alignment error in the xy-plane
can be introduced if the arm holding the stylus is not in line with the x-axis
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Figure 3.8: Powerspectra and autocorrelation of measurements distorted by the first eigenfrequency
of the frame. Top left is the powerspectrum of reference plane measurement, heavily contaminated
by vibrations, top right the powerspectrum of the mean of twelve measurements, measured at
different positions and orientations, bottom left the spectrum of another reference plain measured
with a velocity 0.05 instead of the usual 0.5 mm/s, bottom right is the autocorrelation of the
measurement contaminated by piling as depicted in figure 3.7. Note the difference in scales.

parameter Rt Rz Ra
nominal 9.896 µm 9.882 µm 3.123 µm
repeatability 4.3 nm 2.8 nm 1.5 nm
parameter Rq Rdq Rsm
nominal 3.476 µm 0.219 99.986 µm
repeatability 1.3 nm 0.0003 17.2 nm

Table 3.3: Repeatability, expressed as a standard deviation calculated from twelve measurements
of a reference sine with a period of λ = 100 µm and an amplitude of 9.9 µm.

containing the measuring rule. Such rotation will introduce a linear error in the
x-axis step and is thus taken into account.

3.1.13 Filter comparison (optional)

Although not a true contributer to the uncertainty budget, the deviation of the
still commonly used 2RC filter and the newly prescribed Gaussian filter can
be calculated. Using the processing parameters selected by the user, regression
type, cut-offwavelengths and so forth, the variation is the filter function used.
From these two calculated profiles, the differences in parameters give the com-
parison between the filters. This is a useful tool to compare older measurements
of standards with the present ones. In some cases the parameters of older stan-
dards are only stated ‘filtered with 2RC’. The spread caused by the filters used
(if they differ) should cover the difference in measured and stated parameters.
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3.1.14 Software

Improper calculation and rounding errors may cause deviations. A useful
method to check roughness software is to generate data-files containing sig-
nals of which the parameters can be determined analytically, such as sinu-
soidal, triangular and block-type signals. The filter-function can be checked
by Fourier analysis on both the raw and filtered signal, or by considering a
peak-response. For single roughness measurement, parameter calculation is
described in appendix E. For further testing other test methods are widely
available [CHE+04, CCDH99].

3.1.15 Examples of results

Results of the uncertainty calculation are given in tables 3.4, 3.5 and 3.6. In table
3.4 the uncertainty analysis is performed for parameter Rz and two different
machining methods of a roughness standard produced by Rubert, vertical
milling and turning, having a comparable overall roughness of Ra ≈ 2.5 µm.
Although it is difficult to draw generalized conclusions, in this case vertical
milling suffers more from stylus geometry influences in comparison to turning.
In the following table 3.5 grinding is added to the comparison. The uncertainty
analysis is performed for parameter Rq. The influence of stylus geometry is the
largest on grinding at this overall roughness of Ra ≈ 1.6 µm. The results show
clearly that influences can differ for each measured specimen. In table 3.6 the
uncertainty analysis is performed for selected parameters Rdq, Rsm and Mr1,
to illustrate that the measurement uncertainty for any implemented parameter
can be calculated. The sample is a Rubert-Song specimen, a fine roughness
repetitive semi-random surface. This example shows the large influence of the
short wave filter on specimens consisting almost only of fine roughness. The
radius has a large influence, although the profile is so smooth the stylus only
touches the surface with its radius, hence there is no influence of the stylus
angle. The calculated standard deviation in the mean of the parameters 2 · s

N
is

also given in all tables‖. Combining the result of the analysis with the standard
deviation in the mean 2 · s

N
, characterizing the homogeneity of the trace, the

specific traceable uncertainty of the measurement of the specimen can be stated.
As observed in the tables, some influences do not seem to have any effect upon
the uncertainty budget. As mentioned before, the calculation is task-specific and
thus sample dependent. In these examples, various manufacturing processes
are chosen to be subject to the uncertainty calculation to illustrate the caution
which should be taken by drawing generalized conclusions in ‘characteristic
roughness parameters’ with single trace measurements. Measurement force
has become a more important issue and influencing factor as the demand for
measuring optical free-form surfaces on micron scale has increased. In that case
a calculated deviation of several nanometres can mean a significant contribution
to the uncertainty budget.

‖2 represents the coverage factor k.
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The uncertainty calculation can be performed on any surface measurement
made by the roughness tester and for any parameter implemented.

vertical milling turning
Rz 13.258 µm 9.408 µm

y Nominal u(yi) u(xi)
x-axis 1 0.1 % * *
z-axis 1 1 % 132 nm 94 nm

regression 1 100 % * *
λc, µm 800 1 % 58 nm 75 nm
λs, µm 2.5 10 % 8 nm 2 nm

radius, µm 2 50 % 41 nm 1 nm
top angle, ◦ 60 10 ◦ * *

tilt, ◦ 0 1 ◦ * *
force, mN 0.75 20 % * *

sampling, µm 0.1 100 % 1 nm *
noise 1 100 % 1 nm 1 nm

expanded (k · uc) k = 2 300 nm 242 nm
k · s

N
790 nm 178 nm

Table 3.4: Results of the uncertainty analysis for parameter Rz for two different machining methods
having a comparable overall roughness of Ra ≈ 2.5 µm. * denotes that in this specific case the input
value y with uncertainty u(yi) has no significant influence upon u(xi).
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vertical turning grinding
milling

Rq 1.766 µm 1.944 µm 1.881 µm
y Nominal u(yi) u(xi)

x-axis 1 0.1 % * * *
z-axis 1 1 % 18 nm 19 nm 16 nm

regression 1 100 % * * *
λc, µm 800 1 % 2 nm 6 nm 2 nm
λs, µm 2.5 10 % * * *

radius, µm 2 50 % 1 nm * 10 nm
top angle, ◦ 60 10 ◦ * * *

tilt, ◦ 0 1 ◦ * * *
force, mN 0.75 20 % * * *

sampling, µm 0.1 100 % * * *
noise 1 100 % * * *

expanded (k · uc) k = 2 36 nm 40 nm 37 nm
k · s

N
26 nm 44 nm 180 nm

Table 3.5: Results of the uncertainty analysis for parameter Rq for three different machining methods
having a comparable overall roughness of Ra ≈ 1.6 µm. * denotes that in this specific case the input
value y with uncertainty u(yi) has no significant influence upon u(xi).

3.2 Surface roughness in three dimensions

In this section the additional uncertainty contributors of a surface measurement
using a roughness tester are treated. A surface measurement contains single
roughness profiles, parallel to each other and measured at equal distances apart.
These profiles are combined into a grid surface measurement. The major ad-
vantage is that a complete overview of a surface is given, instead of a profile. A
surface is three dimensional, so it should be measured accordingly. To perform
this task, the roughness tester is equipped with a third axis mounted upon the
base plate in y- direction as depicted in figure 1.5. In modern machines the soft-
ware controls the x and y-axes so an automatic surface scan can be performed.
The measurement is time consuming as the process consist of measuring a pro-
file, returning the stylus to the starting point, moving the y-axis and repeating
this as many times as needed. For a 1 mm2 area, measured with a grid size of
1 µm, at least one hour is required. The resolution in y-direction of the appa-
ratus used is 1 µm. Processing of a surface measurement proceeds according
the same steps of the two dimensional processing plan. First a regression is
performed then the surface is filtered and parameters are calculated. However,
only recently an attempt is made to standardize filter types and cut-off wave
lengths. As the choice herein is still dependent upon the user, shape effects in
the surface may or may not be filtered out and hence affect the measurement
result. This kind of effect is not implemented in the uncertainty calculation. In
the next sections the introduced disturbances acting on the measurement are
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Rdq Rsm Mr1
0.024 7.080 µm 8.4 %

Nominal U u(xi)
x-axis 1 0.1 % * 7 nm *
z-axis 1 1 % * * *

regression 1 100 % * * *
λc, µm 80 1 % * 75 nm 0.179 %
λs, µm 2.5 10 % 0.002 184 nm 0.338 %

radius, µm 2 50 % 1 91 nm 0.938 %
top angle, ◦ 60 10 ◦ * * *

tilt, ◦ * 1 ◦ * * *
force, mN 0.75 20 % * * *

sampling, µm 0.05 100 % * * 0.075 %
noise 1 100 % * 11 nm 0.038 %

expanded (k · uc) k = 2 0.004 439 nm 2.03 %
k · s

N
0.002 948 nm -

Table 3.6: Results of the uncertainty analysis for a variety of parameters calculated for a Rubert-
Song specimen. * denotes that in this specific case the input value y with uncertainty u(yi) has no
significant influence upon u(xi).

treated.

3.2.1 Similar y-axis disturbances

The following uncertainties are introduced by the y-axis and calculated in the
similar fashion as the x-axis influences in the two dimensional analysis:

• calibration y-axis;

• cut-off of filters in y-direction;

• sampling rate;

• standard deviations;

• step size in y direction;

• software.

The standard deviation is calculated for the complete surface and depend-
ing upon the measurement length, it is a measure of homogeneity. Instead of
dividing the measurement into lengths linked to the filter cut-off, local areas
can be selected by setting a independent length in x and y direction hence
dividing the surface.
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3.2.2 Regression

The nominal form and tilt of a surface is removed by a linear least square plane∗∗.
The approach is similar as with the two dimensional solution. From the angles
obtained from the regression plane, the surface is rotated by these angles and
processed after interpolation to an equidistant step size. The rotation matrices
are:

Rx =

 1 0 0
0 cos(α) sin(α)
0 − sin(α) cos(α)

 (3.18)

and

Ry =

 cos(β) 0 sin(β)
0 1 0

− sin(β) 0 cos(β)

 (3.19)

with α and β the appropriate rotation angles obtained by a linear least squares
plane fit. This influence can be diminished to zero if the specimen is well
aligned.

3.2.3 Squareness between x and y-axis

Squareness between x and y-axis deforms the measured surface. The sensitivity
of the specimen to squareness is simulated by introducing an extra out of
squareness error with angle β into the data as shown in figure 3.9. After shifting
each datapoint in x and y direction by dx = y sin(β) and dy = y − y cos(β), the
original grid is restored by interpolation. The region near the border where
interpolation is not applicable is not used in the uncertainty calculation. The
squareness can be measured with a laser interferometer or with a calibrated
grid. The squareness uncertainty may influence any parameter.

3.2.4 Stylus tip geometry

The method of discrete stylus tip is used, now modeled in three dimensions. In
analogy with equations 3.2 and 3.3 the minimum of the measured surface and
stylus tip and maximum of reconstructed surface with larger tip is calculated
within the stylus range Jx,y in two directions:

r(x, y) = min
[
m(k, l) − p(k, l)

]
; k ∈

〈
−

1
2

Jx..
1
2

Jx

〉
; l ∈

〈
−

1
2

Jy..
1
2

Jy

〉
(3.20)

and:

s(x, y) = max
[
r(k, l) + p+(k, l)

]
; k ∈

〈
−

1
2

Jx..
1
2

Jx

〉
; l ∈

〈
−

1
2

Jy..
1
2

Jy

〉
(3.21)

The stylus range can be varied in both directions. A square area is selected,
ranging six times the stylus radius in x and y direction. In an area of this size

∗∗To eliminate shape defects without filtering, different regression forms are offered e.g. sphere,
polynomial. If such a shape is used, first the plane is removed by subtracting and rotation, and
from these surfaces the selected shape is removed.
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y

x

Figure 3.9: Squareness β of 5◦ introduced in a surface measurement of a dutch guilder. The left lion
is the original measurement, the one on the right contains the extra out of squareness error. The
area within the dashed square is used for comparison. Outside this area the interpolation turns to
extrapolation calculating unwanted results. Dimensions of the measurement are 10.5 × 11.6 mm,
with a grid size of 100 × 100 µm.

the height covered by the discrete probe usually exceeds the local deviation
of the specimen. As the abscissa in both directions are not always equal, the
calculation range expressed in datapoints can also differ. An example of a
virtual surface simulated with larger radius, based on a measurement of a
Rubert-Song reference specimen is depicted in figure 3.10.

3.2.5 Measuring force

The main difference in comparison with the two dimensional counterpart is in
the calculation of the reduced radius. In the two dimensional case, the radius
of curvature in y-direction is assumed to be equal two the radius in x-direction
(two spheres in contact). In the three dimensional case, the radius of curvature in
y-direction is measured. Hence both radii in x and y direction can be calculated
and combined into the reduced radius [LvL91]:

1
Rr
=

1
R1x
+

1
R1y
+

1
R2x
+

1
R2y

(3.22)

With the compliance, calculated according to equation 3.11, an estimate is made
of the stored elastic energy in the surface at that point. These compliances are
added to the measurement data to obtain a zero force surface. Using the zero
force surface, the local compliance is calculated with different measurement
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z
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0.5 µm

−0.3

Figure 3.10: Example of a 3D radius analysis. The left surface is the measured Rubert-Song sample
with a tip radius of 2 µm. Dimensions of the measurement are 200 × 200 µm with a grid size of
1 × 1 µm. On the right the same surface measured with a virtual tip of 20 µm.

forces, namely F ± u(F). From these surfaces, the uncertainty is calculated with
the budget method.

3.2.6 Absolute flatness and noise

Using the combined method, the measurement of an optical flat is added and
subtracted in four orientations. This leads to eight different virtual surfaces from
whom the influence of noise and absolute flatness can be calculated following
equation 2.7. A typical measurement of an optical flat is depicted in figure 3.11.
This is the flat actually used in the simulations. Note the larger deviation in the
y-direction, due to drift and axis deviation.

3.2.7 Negligible influences

Temperature drift

The measurement of a surface can take up to one hour, measured at maximum
resolution. Within the 600 µm range of the tester a steel sample can drift about
1.44 nm. In x or y direction a usual measurement of 1 mm2 drifts 2.4 nm in
both directions. The difference in expansion coefficient leads to a possible drift
of 16 nm over 20 · 102 mm in x direction and 11 nm over 15 · 102 mm in y
direction. Although this drift is not treated as an extra input, the temperature
drift in z direction is introduced through the noise analysis, as a measurement
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Figure 3.11: Example of an optical flat measurement as used in the budget method to calculate
influence of absolute flatness and noise.

of a reference plain is used. Linear drift is eliminated through regression. The
thermal influences in x and y direction are covered by the calibration of the
abscissa.

Vibrations

Although the exposure time to vibration is much larger, the amplitude of the
vibration remains the same. A high resolution measurement is best started in
the evening, so the chance people disturbing the measurement is reduced.

3.2.8 Examples of results

The results of the uncertainty analysis are given in table 3.7. The measured
specimen is a Halle-PTB reference, measured over 1 mm2. In x-direction the
profile consist of a repetitive semi-random profile, repeated every 800 µm. As
the measurement length is only 1 mm in this direction, this periodicity cannot
be found in the measurement results. In y-direction the profile is constant.
The uncertainty analysis can be performed on any implemented parameter,
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in analogy with the two dimensional uncertainty analysis. To illustrate this
the following selection of parameters is chosen at will; the maximum peak to
valley height Sz, the kurtosis of the surface Sku and the arithmetic mean summit
curvature SSc.

Sz nm Sku SSc µm−1

1.331 µm 3.482 0.043
Nominal U u(xi)

x-axis 1 0.1 % * * *
y-axis 1 0.1 % * * *
z-axis 1 1 % 13 * *

regression 1 100 % * * *
Squareness 1 0.1 ◦ 68 0.006 0.003
λsx, µm 500 1 % 1 0.002 *
λsy, µm 500 1 % 1 * *
λcx, µm 2.5 10 % 2 0.005 0.001
λcy, µm 2.5 10 % 13 0.002 0.002

radius, µm 2 50 % 1 0.005 *
top angle, ◦ 60 10 ◦ * * *

tilt, ◦ * 1 ◦ * * *
force, mN 0.75 20 % * * *

sampling x, µm 1 100 % 31 0.003 0.006
sampling y, µm 1 100 % 72 0.043 0.011

noise 1 100 % 54 0.024 0.006
expanded (k · uc) k = 2 237 0.100 0.029

Table 3.7: Results of the uncertainty analysis for a variety of parameters calculated for a Halle-
PTB reference. * denotes that in this specific case the input value y with uncertainty u(yi) has no
significant influence upon u(xi).

3.3 Calibration

All incorporated uncertainties are calibrated and are traceable to the proper
standard. It is necessary to calibrate the roughness tester every year in order
to input the proper calibration data. Normally, only the z-axis is calibrated.
Step, groove and sine standards which are used to calibrate the z-axis, are not
sufficient to calibrate all incorporated machine influences. In each section the
references used to calibrate each influence are already mentioned. In chapter
six a new specimen is presented where in one profile all necessary inputs are
measured.
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3.4 Conclusions

An uncertainty analysis, based upon the methods derived in chapter two, has
been implemented for roughness measurements. Each possible contributor is
evaluated by measurements and analytical methods to see whether it should
be taken into account. Some specific conclusions can be drawn:

• The measurement force is not a major contributor to the budget, however
surface damage is almost always present. Caution is advised if measuring
optical parts where even the smallest damage leads to rejection;

• If measuring a relatively large surface area (1 mm2) in detail (stepsize
1 µm in both directions) the measurement machine takes a relatively
long time to measure the surface (approximately three hours). The most
important disturbing factor during that time are people walking in and
out of the laboratory room. If used for calibration, active vibrational
isolation must be applied;

• The influence of subtracting the regression line instead of rotating and
transforming around a calculated regression angle, which is common
practice, is mostly noticeable on the spacing parameter Rsm for mis-
aligned samples.
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Chapter 4

Roundness, straightness and
cylindricity

This chapter deals with roundness and form measurement. First, single round-
ness measurement and the uncertainties upon the measurement process are
treated. The next section of this chapter deals with straightness. The last mea-
surement technique treated is cylindricity. Finally, a short part is dedicated to
calibration. Afterward some conclusions are drawn.

4.1 Single roundness measurement

As already mentioned in chapter one, roundness can be measured by two
different types of machines; the rotating object or the rotating stylus type. In
both machine types the deviation of the stylus tip is measured with respect to
the (relative) movement of the object giving the roundness diagram. The most
common principle is the rotating table, and henceforth used to illustrate the
uncertainty calculation. Schematics of a roundness tester with a rotary table are
given in figure 1.5 ∗.

As the stylus tip must be able to enter holes to measure inner diameters, the
probe consists of a long stylus holding a ruby or steel ball at the end which is
in line with the r-axis. To accomplish this an ‘n’ shaped construction is used as
depicted in figure 4.1. One end of the stalk of the ‘n’ is the stylus holding the tip,
the other end of the stalk is connected to the r-axis. It is also possible to rotate
the complete construction (with screw b) 90 ◦ and the probe (parts d, e and f )
separately to use the roundness apparatus to measure horizontal straightness.

The measurement principle is similar to the roughness probe, treated in
chapter one and depicted in figure 1.4, and uses the change in inductivity be-

∗The rotating stylus machine has almost the same uncertainty budget as the rotating table.
The main difference is the influence of the deviation from a perfect sphere of the probe. If a
calibration is performed (see the calibration section of this chapter) the deviations will be added
to the spindle diagram, and can be used to correct or calculate uncertainty. If mapped for every
angle, the roundness deviation of the probe and the influence of the spindle can be separated and
both used to correct the measurement or calculate the influence upon the measurement.
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tween kernels, mounted onto the pivoting stylus arm, and fixed coils, mounted
upon the probes housing. If the measured object is a sphere or cone it is pos-
sible to change the angle of the stylus to measure at a sheer angle relative to
the object in order to avoid contact between the measured object and the stylus
shaft. The measurement is relative to the nominal diameter of the object, the
diameter itself is not measured. In the next sections the different contributors
and how they influence a single roundness measurement are treated.

a

b

cd

e

f

r

z

y

Figure 4.1: Probe mounting of a roundness tester. The ‘n’ shaped construction c is connected to the
r-axis a and can rotate around the screw b to allow horizontal scanning. d holds the controller for
force and measurement direction. The probe shaft e ends in the probe ball f and the connection
between d and e allows manipulation of the contact angle (rotation around the y-axis).

4.1.1 Calibration of the probe(ordinate)

A major contributor to the measurement uncertainty is the calibration of the
probe. The influence of the calibration factor is approximated linearly with
respect to the nominal value. Two virtual measurements, one at the ordinate
with added calibration factor uncertainty, r(φ) · (1+ur/100) (ur in %) and one at
the ordinate minus uncertainty r(φ) · (1− ur/100), are calculated to estimate the
influence upon the measurement. Following equation 2.13, the budget method
gives the uncertainty for each parameter.

Calibration of the stylus gain at a specific range can be performed by mea-
suring a so called flick standard, a round profile from which a small flat plane
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is cut. If measured this plane relative to the profile acts as a step height. The
calibrated gain is only valid for a small range around the nominal step height.

Using the probe calibrator described in chapter six, calibration of the gain
factor over a larger range can be performed. Here a direct comparison between
the deviation of the stylus tip and a laser interferometer is implemented by
moving a table and measuring its displacement by probe and laser simultane-
ously †.

4.1.2 Stylus tip geometry

The most commonly used stylus tip in roundness measurement is a sphere. For
special cases, such as a deep hole measurement, sometimes a cone is used. If the
stylus tip is not spherical, the algorithm must be adapted. In the ISO standards
[NEN-ISO 4291], a ball with a radius of 0.25, 0.8, 2, 5, 8 or even up to 25 mm is
standardized. In this thesis the assumed geometry of the stylus tip is a ball. The
algorithm used to estimate the influence of the stylus tip is the same as used
in roughness measurement; the corresponding coordinate of the reconstructed
profile is obtained by finding the minimum of the measured profile minus
the discrete stylus within the range of the stylus tip. The calculation of the
simulated profile with larger radius of the stylus tip is performed by finding
the maximum of the reconstructed true profile and the larger stylus tip radius.

One major difference in comparison with roughness measurement is that
the probe is stationary and the object rotates. The deviation of the stylus tip
invoked by the local diameter change of the object is measured. This sort of
measurement gives no information of the actual diameter of the object.

In order to calculate the influence of the stylus tip correctly, the nominal
diameter must be known and added to the measurement profile. To simplify
the process, first a transfer of the polar coordinate system to a local Carthesian
system is performed as shown in figure 4.2. In analogy with equation 3.2 the
range of the stylus is

〈
−

1
2 J.. 12 J

〉
. Within the range the center polar profile point

m(φJ=0, r(φ)) is set to the Carthesian coordinates m(0, z = r(φ)). The stage is now
set to add the nominal diameter and calculate the reconstructed true profile
point t(0, zt) following equation 3.2. Back-transformation to polar coordinates is
performed by simply setting t(φJ=0, zt). The same procedure is used to calculate
the profile incorporating the larger stylus tip p+(φJ=0, zp+ ) using equation 3.3.
As the diameter of the object increases the calculable effect of the tip radius
decreases. The effect is caused by the distance between the measured points
in Carthesian coordinates. The maximum number of measurement points of
the apparatus used in this investigation is 7200‡ resulting in a minimum angle
of 0.05 ◦. If the diameter of the object is 10 mm the theoretical range of 1 mm
probe radius is 450 datapoints. If the diameter is 250 mm the range is reduced
to 9 points. On the other hand, the global curvature of a smaller object is larger

†The probe calibrator can be used directly (without the laser interferometer) as well if a
calibration of the piezotube, the drive system of the table, with the laser interferometer has been
performed.

‡Usually even less then 7200 datapoints are taken.
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hence decreasing possible contact at larger distance from the measurement
point. In practice the stylus tip radius analysis does not have much effect, as
the effective range is too small and filtering is applied. In special cases, e.g.
a sample containing a high peak or valley, the influence of the stylus radius
manifests itself.

x

z
〈
−

1
2 J.. 12 J

〉

Ro

r(φ)

φ

m

m + 1

P

Figure 4.2: Stylus tip radius analysis for roundness. r(φ) is the local measurement value. Ro is
the nominal tip radius of the object probed by P. Measurement angle is φ. J is the range of the
discrete probe. The arrow near the coordinate system x − z shows where the local transformation
to Carthesian coordinates at point m is made. Compare with figure 3.2.

Calibration of the stylus tip radius can be done using different techniques.
The most commonly used technique is to assume a perfect ball and measure

its diameter with a one dimensional measuring microscope or using a screw
micrometer. With the measured diameter and the one nominally specified, the
influence of the probe can be estimated by the given method.

Another technique is to measure a clamped razor blade and assuming the
edge of the razor blade to have a negligible radius, the measured trace is a trace
of the stylus tip. To perform such a measurement, a straightness measurement
must be executed on the clamped razor, with high spatial resolution. This data
can be used in the geometrical model§.

§For rotating table machines, only part of the tip geometry is required as contact between
probe and sample will only take place at one hemisphere of the probe. For rotating stylus machines
the complete roundness map can be obtained by multistep techniques. The roundness map com-
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4.1.3 Contact angle probe

The relative angle between the probe and sample is almost zero at calibration.
If a complex form is measured, the angle can be adjusted from 0 ◦ up to 25 ◦.
As the stylus is aligned to the object ‘by eye’, the contact angle might not be
perpendicular to the measured specimen. This offset causes a second order
non-linear effect on the measured roundness profile. The effect is calculated as

d0

LLd
L

L

αp

β0

β

x0

Figure 4.3: Influence of non perpendicular contact angle. L and αp the length and contact angle of
the probe, d and d0 the deviation caused by the specimen with β and β0 their appropriate angles.
The deviations d and d0 have been exaggerated for the sake of clarity.

follows; a deviation d0 caused by the object imposes a rotation β0. The deviation
can be expressed as:

β0 = arcsin(
d0

L
) (4.1)

with L the length of the stylus shaft. If the stylus shaft is not perpendicular to
the object, the deviation d imposes a different rotation β, which is dependent
upon the contact angle αp of the stylus with the specimen. Depicted in figure

4.3, the sine of the angle αp equals: sin(αp) = x0
L and sin(αp + β) =

x0 + d
L , with

x0 the macro displacement caused by angle αp. The effect of the rotation is:

d =
(
sin(αp + β) − sin(αp)

)
· L (4.2)

Based on equations 4.1 and 4.2, a virtual measurement can be calculated. Using
equation 4.1 the angle β0 is calculated. Substituting this angle in equation 4.2 as
β, the deviation of the probe d, a virtual profile with incorporated stylus angle
can be calculated.

bined with an absolute diameter can be used to estimate the influence of the geometry. For every
measurement angle the appropriate local deviation of the stylus must be selected.

61



4.1.4 Imperfect centering of the object on the table

Imperfect centering of the object under investigation to the rotational axis of the
reference table causes an error which is eliminated by Fourier transformation.
If a Fourier transformation is made, the Fourier constant and first harmonic
represent the offset and centering respectively. This is given by the Limaçon
of Pascal as will be explained in this section. Due to the circular form of the
measurement data the procedure to eliminate centering error hence requires a
different approach. First consider the true effect of imperfect centering. This

R
w

e l

R

w

w2

w1

k

t
φ φα α e

0 0

Figure 4.4: Geometric proof of equation 4.3, describing the locus w(α) (w = w1 + w2) traced by a
circular specimen of radius R, placed eccentric upon a rotating table, displaced from the center of
rotation 0 by e at an angle φ .

situation is depicted in figure 4.4. If a circular specimen of radius R is placed
eccentric upon a rotating table where O is the center of rotation, displaced from
the center by e at an angle φ, the function w(α) describing the circle in polar
coordinates becomes [Whi94]:

w(α) = e · cos(α − φ) +
√

R2 − e2 sin2(α − φ) (4.3)

This is derived from geometry as follows. Looking at the triangle 4eRw de-
picted in figure 4.4 on the left, w can be divided into parts w1 and w2 by the
perpendicular line piece t. From geometry one obtains: w1 = e · cos(α − φ) and
t = e ·sin(α−φ). Using Pythagoras law in triangle4tRw2, the length of w2 equals
√

R2 − t2. Substituting t and adding w1 to w2 forms w(α) in equation 4.3. What
happens if angle α−φ becomes blunt? Or rephrased, if 1

2π ≤ (α−φ) < π? In that
case w is lengthened by k to form the right angle triangle 4(w+ k)lR as depicted
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in figure 4.4 on the right. From Pythagoras law follows w + k =
√

R2 − l2. The
lengths of k and l are calculated via triangle 4kle where k = e · cos(π − (α − φ))
and l = e · sin(π − (α − φ)). Substituting and using the goniometric identity
cos(π − β) = −cos(β) equation 4.3 is obtained. Using symmetry around the line
through e and w(α−φ) = w(−(α−φ)) the equation 4.3 proofs valid for every α.

In roundness measurement the measurement is relative to a reference ra-
dius, the suppressed radius Rs. Hence the measurement diagram obtained is¶:

Mr(α) = e · cos(α − φ) +
√

R2 − e2 sin2(α − φ) − Rs (4.4)

As it is difficult to estimate the parameters R, e, φ and Rs in equation 4.4
from the roundness data due to absence of information about R in a normal
roundness measurement and the non-linear relation of these parameters, an
approximation is usually used to eliminate centering errors. Using the Taylor
approximation with e << R equation 4.4 can be approximated by:

Mr(α) = e · cos(α − φ) + R −
e2

2R
sin2(α − φ) − Rs (4.5)

In practice with e << R, the term e2

2R sin2(α − φ) is neglected and formula 4.5 is
reduced to:

Mr(α) = e · cos(α − φ) + C (4.6)

which is called a Limaçon of Pascal. If a Fourier transform is performed, the
phase and amplitude of the first Fourier frequency equal φ and e and the
Fourier offset 1

2 A0 equals C. The error introduced by this approximation can
be calculated provided the radius of the specimen R is given. With the object’s
radius R and the estimates of φ, e and C which are obtained by the Limaçon
approximation, the true centering (without approximation) can be calculated
with equation 4.4. The difference in roundness parameters calculated with
true centering and the Limaçon approximation gives the uncertainty for these
parameters due to this approximation.

Summarizing the virtual profile is calculated with the following processing
scheme:

• Limaçon and true centering calculation according to equations 4.4 and
4.5;

• filtering if desired;

• selected reference calculation (minimum zone, maximum inscribed and
minimum circumscribed circles );

• calculation and comparison of roundness parameters.

If the desired reference is the least squares circle, the reference calculation after
filtering can be skipped.

¶Sometimes the magnification m of the graph is introduced as Mr(α) = m · (w(α) − Rs).
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4.1.5 Sampling rate

The influence of sampling rate is checked by leaving half of the datapoints out.
The angle between the data points is doubled to ensure the same form of the
specimen.

In contrast to roughness measurement, a minimum sample rate is not stan-
dardized and left to the manufacturers or users of roundness measurement
machines. If a comparison between two different machines with the same arte-
fact is performed, the influence of unequal sample rates of these machines can
be estimated by this analysis, using not half the sample rate but the difference
between these rates.

If the influence is large it is best to consider (if possible) a higher sampling
rate and perform another measurement of the specimen.

The maximum sampling rate for the tester under investigation is set at 0.05 ◦

(7200 PPR).

4.1.6 Filters

Apart from the software implementation, mechanical characteristics may cause
the real filter characteristics to deviate from the Gaussian filter. In analogy with
the roughness measurement implementation, filter influences are implemented
by a variation of the filter cut-offs. As apposed to roughness measurements,
high pass frequency filters are only used in very special cases, as it filters the
‘normal’ range of waves of interest, namely two to fifteen UPR dependent upon
the selected cut-off undulation. The implementation of the high pass filter is
realized to complete the budget.

The characteristics of the filters can be obtained by a moving table apparatus
driven by a wave generator or the novel multi wave standard [JL99] which
incorporates a superposition of different wavelengths.

4.1.7 Measuring force

The influence of the measurement force is calculated by the Hertzian contact
formulas. In comparison to roughness where the radius of 2 µm of the probe
is relatively small to the measurement force fixed at 0.75 mN, the force used in
roundness measurement, between 30 up to 90 mN, is relatively small compared
to the smallest nominal probe radius of 0.25 mm [NEN-ISO 4291]. The effect
of the uncertainty calculation, performed with the Hertzian theory, is in the
order of nanometres and the variation even lower. The measuring force can be
calibrated using a balance.

4.1.8 Stochastic and systematic spindle errors

Stochastic spindle error (radial noise)

The effect of stochastic spindle error is calculated by a noise diagram and a
Monte Carlo type implementation using the combined method as given in
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chapter two. A typical spindle noise diagram is displayed in figure 4.5. As the
spindle deviation and specimen are known from the reversal technique ‖, a
typical noise profile is estimated by subtracting the spindle and specimen from
a single measurement of that specimen. One advantage from roundness over
roughness measurement is the matching of beginning and end point. Leak-
age∗∗ due to the step made by fitting the beginning and end does almost not
exist in roundness††. As the profile is by definition circular thus periodic, the
requirement of constant autocorrelation imposed by randomized phase tech-
nique is fulfilled by rotating an obtained noise diagram by any angle (or phase)
θ around the initial measurement position. Thus the uncertainty induced by
spindle noise is calculated by rotating a noise diagram at different angles. In
practice seventy two virtual profiles are generated as the noise diagram is ro-
tated by consecutive angles of ten degrees, then added to the data or subtracted
from the data. Although random angles are also an option for calculation, the
constant angles are chosen to calculate a repeatable result for each individual
measurement‡‡

Systematic spindle error

The repeatable spindle deviation can also be treated in the same way as the
noise diagram, if it is not used as a correction. If the influence of the spindle
upon the measurement is to be calculated, the spindle diagram is rotated at
different angles and added to or subtracted from the data.

4.1.9 Angular errors

The influence of angular errors is difficult to estimate. Two different calculation
or estimation methods are possible. The first one is to consider a sort of angular
noise error which causes angle variation. The measurement value at angle α
can be written as: Mr(α). The error on the angle can be modeled as Mr(α ± θr),
where θr is a random angle picked from a yet to determine noise diagram or
distribution. After recalculation to the equidistant angle α, by interpolation, a
virtual profile is generated with incorporated angular noise. In analogy with
the axial noise estimation procedure, the first option to implement this method
would be to measure the noise diagram and to add or subtract the diagram at
different angles. As it is difficult to obtain the diagram of the angular noise by
measuring every deviation of each discrete angle the roundness measurement
machine is capable of (7200), a different implementation must be pursued. Still
using the distribution of the noise as base method, an error angle θr can be

‖The reversal method will be briefly discussed in the calibration section.
∗∗Leakage occurs if a Fourier transform is performed upon non-periodic data. The step made

by connecting the beginning and end of the data necessary to create periodicity spreads or leaks
spectral components away from the correct frequency. In roundness measurement the data is
periodic, in which case the continuous wraparound property is fulfilled.
††The error due to drift causes a small leakage error.
‡‡The influence of noise varies a little each measurement and an average effect is estimated by

the budget method. For peak to valley parameters, using random angles may calculate a different
uncertainty result for every calculation.
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Figure 4.5: Typical radial (spindle) noise of a roundness tester. The diagram is obtained by sub-
tracting a spindle diagram and the specimen itself from a single measurement. The specimen used
is a reference sphere. A spindle diagram is depicted in figure 6.16

generated for every angle α if the properties of the distribution are known. Any
systematic error would then be neglected. The angular noise error angle θr
can be measured for every plane np of a polygon mounted upon the table and
an autocollimator. From this small number of measurements, the distribution
properties can be estimated.

Another method is more parallel to the implementation of the linearity of an
axis. Suppose the linearity of the table is known, the influence can be introduced
by increasing the measurement angle by that amount. In doing so, the amount of
datapoints in one revolution will decrease. The nearest possible even number∗

of datapoints is chosen to satisfy the linear angle deviation condition, e.g. if the
linearity is within 0.1 %, the number of datapoints in a 7200 point measurement
will reduce to 7192 whilst the profile will be stretched. To finish the calculation
both profiles are now compared via the budget method.

The last method is chosen to calculate the addition of an angular error to
the total uncertainty budget. Note that in roundness only ordinate parameters
are used. For height parameters such as RONt, RONp and RONv∗ the chance
that the peak or valley occurs in that region is very small. For the parameter
RONq the loss of eight datapoints (in this example) is not very significant. In
practice this analysis will not be a large contributor to the uncertainty budget.

∗The implemented Fast Fourier transform algorithm requires an even number of datapoints.
∗The parameters are treated in appendix A
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4.1.10 Dynamics of the probe setup

Stylus dynamics are treated the same way as roughness. No uncertainty con-
tribution is calculated. The general construction of the roundness probe is the
beam setup. The dynamical system is described with a dampened mass-spring
system. Equation 3.13 applies, only the value of the parameters differ. With
the high frequency probe calibrator described in chapter six, the natural fre-
quency of the probe is measured as 50 Hz. With the slowest speed of 2 rpm,
the largest undulations per revolution which the roundness measurement ap-
paratus is capable of measuring mechanically is one thousand UPR, and the
highest filtering frequency is set at 500 UPR.

Tests for stylus flight and mechanical resonance are performed to check
whether these phenomena occur. Observed stylus flight has only occurred
while measuring a flick standard, the counterpart of the step standard in rough-
ness. A figure of the transfer function of the roundness tester is shown in chapter
six in the section of the probe calibrator, figure 6.10.

However, the table is capable of larger rotational speeds, namely 4, 6 and
10 rpm. With these speeds the possibility of excitation in the region of the
natural frequency of the probe by the measured object is increased. In general,
measurements taken at these rotational speeds show a larger amount of rejected
measurements due to oscillations and noise at higher speeds, especially at 6
and 10 rpm.

Concluding, if roundness is measured, the rotational speed of 2 rpm should
be used as it is a good balance between measurement time and sensitivity to
excitations of the probe inflicted by the measured object.

4.1.11 Drift and hysteresis

The influence of drift and noise is examined by a repeatability experiment.
Twelve measurements are taken of the same object, directly after each other.
Results of such a measurement are given in table 4.1. In contrast to roughness

parameter RONt RONq
nominal 56.26 nm 11.1 nm
repeatability 0.7 nm 0.8 nm

Table 4.1: Repeatability, expressed as a standard deviation calculated from twelve measurements
of a reference sphere.

measurement removing the reference does not eliminate the linear drift. Drift
can directly influence amplitude parameters as a drift step occurs at the transi-
tion of 0◦ - 360◦. The step is usually in the order of 10 nm - 25 nm. Elimination of
this drift can be performed by ‘glueing’ beginning and endpoint by subtracting
a fitted straight line which goes through the first and last three measurement
points of the data (assuming linear drift). Using this method the influence of
linear drift is calculated by adding and subtracting a straight line, representing
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the drift, to the unwinded data. The uncertainty is calculated with the budget
method. Drift is observed in measurements as 5 - 20 nm, and leads to a calcu-
lated uncertainty of around 1 nm in the result table 4.2. Hysteresis could occur
if the probe changes in measurement direction, but is never observed and hence
not implemented.

4.1.12 Negligible influences

In this section an overview of the negligible influences are given.

Temperature

The measurement time of a roundness profile is at most 30 seconds. As already
mentioned in the roughness measurement section, the standard laboratory am-
bient temperature is defined as 20 ± 0.5 ◦C with a maximum permissible drift
of 0.2 ◦C/h. Using these values, the maximum temperature drift ∆T encoun-
tered in this short period is about 1.7 · 10−3 ◦C. The measurement range of the
roundness tester under investigation is ±0.5 mm. Hence the maximum drift
of a steel object is less then 0.03 nm. The thermal loop depicted in figure 4.6
of the roundness tester starts at the stylus tip, through the r-axis, down to the
steel base then back to the sample in r-direction and via the rotational table
back to the tip. The r-axis is made out of ceramics. The difference in expansion
coefficients, namely αt = 12 · 10−6 /K for the steel base and αt = 6 · 10−6 /K for
the ceramic r-axis gives a deviation over a length l1 of 0.5 m of 5 nm. Two low
power electromotive engines, which control r and z-axis, acting as local heat
sources, are mounted outside the loop and thus neglected.

Vibrations working on the measurement frame

To quantify the dynamical characteristics of the frame, a modal analysis of the
roundness tester has been performed. The first resonance of the total setup
is measured at 6 Hz. Usually roundness is measured at a speed of 2 rev/min,
giving a total measurement time of 30 s. The frequency region disturbed by
vibration will be around 180 UPR, which is outside the region of interest (nor-
mally the filter cut-off of the short wave filter is set at 150 UPR hence filtering
the disturbances). Peaks in the powerspectrum in that frequency range for a
measured reference sphere (RONt ≈ 70 nm) are 1 - 1.5 · 10−6 µm2 giving an
amplitude of 1.3 nm for the disturbances. Vibrations appear as noise which is
also measured by the calibration, hence introduced in the budget by the noise
diagram.

In analogy with the sensitivity to excitations of the probe inflicted by the
measured object, the rotational speed should also be taken as low as possible,
as the rotational table will introduce more vibrations in the frame at higher
speeds.
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Figure 4.6: Thermal loop of roundness tester. Dimensions are: l1 = 500 mm, l2 = 150 mm and
l3 = 380 mm. l3 is taken as the average working height.

4.1.13 Software

The same influences apply in roughness measurements; improper calculation
and rounding errors may cause deviations. To identify these errors different
types of test signals are generated and used as raw data in the roundness
package. Test methods are widely available [CHE+04, CCDH99]. It should be
noted that these tests are difficult to perform on commercial software as the
file format used by these applications is not unified. Although for roughness
measurement an ISO standard [ISO 5436] file format is fixed∗, in roundness
measurement it is entirely left to the manufacturer. It is eminent to standardize
the roundness file format and if in the near future such attempt is made, the
programmers of processing packages should be consulted.

4.1.14 Some results of the uncertainty analysis

The uncertainty analysis is implemented in a software program, which will
be reviewed in Appendix C, and to illustrate the method, two different ring
calibres are measured and the analysis is presented here.

The two ring calibres each having different diameters are measured with a
magnification of 50, 000 ×. The rotational speed is two revolutions per minute.
All measurements are processed using a least squares reference circle and fil-
tered at 150 UPR with the Gaussian low pass filter. Results of the performed

∗Even if the file format is fixed by a standard, commercial roughness software programs usually
use their own internal standards. Hence testing the software by an impartial third party is difficult.
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Figure 4.7: Measurements of the TESA ring gauges. Left is the 17 mm artefact, right the 50 mm
gauge. Measurement results and uncertainty analysis are tabled in tables 4.2 and 4.3.

uncertainty analysis are tabled in tables 4.2 and 4.3. In these tables, the left
column represents the separate influence for which the uncertainty is calcu-
lated. The second column is the nominal value of each influence. The third
column gives the percentage of each influence used to calculate the virtual
measurements. These percentages are obtained by either calibration or esti-
mation. The fourth and fifth columns state the calculated uncertainty for each
influence onto parameters RONt and RONq respectively. At the bottom row
the expanded uncertainty is calculated.

Note the large influence of radius in the 17 mm calibre, due to damage
noticeable as a peak in figure 4.7.

4.2 Straightness measurement

Before continuing with cylinder measurement, straightness measurement is
treated. In this case, the roundness machine is used in the same fashion as
a roughness measurement machine, measuring along an axis. In the case of
a roundness tester the moving axis is usually the z-axis. The rotary table
is locked to prevent rotation of the object under investigation. The process-
ing of straightness measurement is almost similar to roughness measurement
only long wave filtering is not applied as the filter will remove straightness
features [ISO 12780-2]. Height parameters are used to describe straightness
[ISO 12780-1] and these parameters are given in appendix A.
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RONt RONq
TESA 17 mm ring gauge 0.274 µm 0.020 µm

influence y Nominal u(yi) u(xi) u(xi)
lin. probe 1 1 % 3 nm *
λc, UPR 150 5 % 10 nm *
λs, UPR − 10 % * *

sampling, ◦ 0.05 50 % * *
force, mN 30 20 % 1 mN *

radius, mm 1 20 % 13 nm *
noise 1 100 % 13 nm 2 nm

spindle 1 100 % 14 nm 3 nm
contact angle, ◦ 0 5 ◦ 1 nm *

drift 10 nm 100 % 1 nm 1 nm
angular 0 0.001 % * *

Limaçon 1 100 % 3 nm 1 nm
expanded (k · uc) k = 2 52 nm 8 nm

Table 4.2: Results of the uncertainty analysis for parameters RONt and RONq of a TESA ring
caliber with an inner diameter of 17 mm. * denotes that in this specific case the input value y with
uncertainty u(yi) has no significant influence upon u(xi).

4.2.1 Uncertainty analysis

The influences used in the analysis are a combination of the 2D roughness
analysis, adapted to the roundness measurement apparatus and some analysis
used in single roundness measurement. The following analysis is performed:

• calibration and linearity deviations of the probe;

• regression;

• cut-off of short wave filter;

• sampling rate;

• measurement force;

• probe radius;

• axis noise;

• axis straightness;

• contact angle.

In contrast to the roughness measurement analysis, the separation of axis
straightness and noise can be performed as the reversal method is easily ap-
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RONt RONq
TESA 50 mm ring gauge 0.104 µm 0.019 µm

y Nominal u(yi) u(xi) u(xi)
lin. probe 1 1 % 3 nm *
λc, UPR 150 5 % 2 nm *
λs, UPR − 10 % * *

sampling, ◦ 0.05 50 % 1 nm *
force, mN 30 20 % * *

radius, mm 1 20 % * *
noise 1 100 % 13 nm 2 nm

spindle 1 100 % 14 nm 4 nm
contact angle, ◦ 0 5 ◦ * *

drift 10 nm 100 % * *
angular 0 0.001 % * *

Limaçon 1 100 % 1 nm *
expanded (k · uc) k = 2 38 nm 8 nm

Table 4.3: Results of the uncertainty analysis for parameters RONt and RONq of a TESA ring
caliber with an inner diameter of 50 mm. * denotes that in this specific case the input value y with
uncertainty u(yi) has no significant influence upon u(xi).

plicable to the roundness tester†. The reversal method is treated in the section
calibration of roundness artefacts at the end of this chapter. The straightness of
the z-axis is depicted in figure 4.10. A typical noise diagram is shown in figure
4.11.

4.2.2 Result of the uncertainty analysis

Straightness measurements are performed on a straight gage using 28, 000
datapoints each 10 µm apart. Results of the uncertainty analysis are given in
table 4.4. In this table, the left column represents the separate influence for
which the uncertainty is calculated. The second column is the nominal value
of each influence. The third column gives the percentage of each influence
used to calculate the virtual measurements. These percentages are obtained by
either calibration or estimation. The fourth and fifth column state the calculated
uncertainty for each influence onto parameters STRt and STRq respectively. At
the bottom row the expanded uncertainty is calculated. The entry and exit
lengths are 5.25 mm‡, a Gaussian short wave filter with a cut-off of 25 mm is
used. The processed measurement is depicted in figure 4.8.

†Reversal for roughness measurement is possible but special probes are required, as the grav-
itational force is used to create the measurement force. Reversal of the standard itself is also
laborious. The noise elimination method, described in chapter six, is an alternative way to obtain
the roughness guidance errors.

‡The entry and exit lengths are used to apply a Fourier window, a function which smoothens
the signal at the transition points f (0) and f (L).
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Figure 4.8: Processed straightness measurement.

STRt STRq
Influence 0.770 µm 0.157 µm

y Nominal u(yi) u(xi) u(xi)
lin. probe 1 1 % 8 nm *

regression 1 100 % * *
λs, 25 mm − 10 % 337 nm 24 nm

sampling, ◦ 0.05 50 % 1 nm *
force, mN 30 20 % 2 nm *

radius, mm 1 20 % 206 nm 32 nm
noise 1 100 % 106 nm 19 nm

straightness 1 100 % 287 nm 178 nm
contact angle, ◦ 0 5 ◦ * *

expanded (k · uc) k = 2 998 nm 366 nm

Table 4.4: Results of the uncertainty analysis for straightness parameters STRt and STRq of a
straight edge. Note the absence of linearity of the axis as only height parameters are used to
describe straightness. * denotes that in this specific case the input value y with uncertainty u(yi)
has no significant influence upon u(xi).

4.3 Cylinder measurement

Four different cylinder extraction strategies are defined in the standards [ISO 12180]:

• bird-cage strategy;

• roundness profile extraction;

• generatrix strategy;

• points extraction.
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Bird-cage strategy

The extraction of the cylinder is to be taken in axial section planes (generatix)
and parallel planes (roundness). Hence the birdcage is a combination of the
following two extraction strategies.

Roundness profile extraction

The extraction of the cylinder is to be taken in parallel planes (roundness). The
cylinder is constructed out of radial sections, single roundness measurements
at different heights. The roundness profile extraction is the most common ex-
traction strategy.

Generatrix strategy

The extraction of the cylinder is to be taken in axial section planes (generatrix).
The cylinder is constructed out of axial sections, straightness measurements at
different angles.

Points extraction

The extraction of the cylinder is to be taken as a series of points within the
extraction window taken at random or patterned on the surface. This strategy
is common for CMM’s and never used for a roundness measurement.

Most roundness machines also offer the possibility of an helical scan, a contin-
uous movement of the column (the z-axis) while probing the specimen. The
helical scan measurement introduces a dependence between the z-coordinate
and the angleφ, which leads to a different approach in calculating the reference
cylinder. Sensible filtering of the data becomes impossible. Apart from the filter
implementation, all stated uncertainties can be applied to a helical scan as well.
In the next sections all implemented uncertainties are treated.

4.3.1 Similar disturbances to the single roundness case

The following influences calculated for a single roundness measurement act in
a similar fashion upon a cylinder measurement:

• calibration and linearity deviations of the probe;

• radius of the probe§;

• contact angle of the probe;

• sampling rate;
§Local three dimensional information is usually not available as the distance in z- direction

between scans is much larger as the diameter of the probe.
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• filters¶;

• measurement force;

• angular errors;

• drift and hysteresis.

4.3.2 Spindle errors

Systematic spindle error

The repeatable spindle error diagram is obtained with the reversal technique of
a roundness standard where the average of many measurements is taken. Once
calculated, its effect on the uncertainty is estimated by adding or subtracting a
virtual cylinder, created from the single spindle errors at the measured heights,
to the measured cylinder, where the virtual cylinder is rotated in 10 ◦ steps,
and calculating the standard deviation of the calculated parameter relative to
the nominal parameter according to the combined method. An example of a
virtual spindle cylinder is depicted in figure 4.9 on the right.

Stochastic spindle error

As the spindle deviations are known from the reversal technique method, a
typical noise profile is estimated by subtracting the spindle diagram and the
specimens diagram from a single measurement of that specimen. From this
single noise diagram a virtual cylinder is constructed, in the same fashion as
the virtual spindle cylinder. The main difference is that at the measured heights,
also a different starting angle (a sort of randomization by changing the sign of
the diagram and rotating it 10 ◦) of the noise diagram is introduced creating a
more noisy cylinder.

In order to take into account the different noise level at different heights,
reversal calibration is performed at five heights, each one fifth of the total
range apart. The noise diagram with the closest height match to the height of
the measurement is selected.

The influence on the uncertainty budget is also estimated by the combined
method in analogy with the estimation of the spindle error. A schematic virtual
noise cylinder is depicted in figure 4.9 on the left.

4.3.3 Linearity deviation of the column

Linearity of the z-axis is simulated in the same manner as the linearity de-
viations of the probe. Two virtual cylinders are constructed, one with its
z-coordinates with added uncertainty and one with subtracted uncertainty.
Parameters are calculated and the uncertainty is calculated with the budget
method.

¶The high pass filter is only used in very special cases as it removes the cylindrical features of
the data, but is still present to complete the budget.
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Figure 4.9: Schematic virtual noise cylinder and spindle cylinder . On the left the noise cylinder,
with the noise diagram rotated and sign-changed at every height z. The peaks are introduced to
show the rotation of the noise diagram at different levels. Right is the generated virtual spindle
cylinder. The cylinder is rotated entirely at an angle for each calculation in the combined method.

4.3.4 Straightness and noise of the column

An axis diagram of the column is obtained by reversal measurement. This
measurement is used as input in the extended method. Four virtual cylinders
are generated with an added (or subtracted) radial deviation obtained from the
axis straightness diagram. The extended method ensures that the introduced
axis deviation is correlated in the same fashion as the original axis deviation.
The diagram is depicted in figure 4.10, and obtained by reversal method. When
subtracting the straightness deviation and the object from a single measurement
of that object, noise remains. The obtained noise diagram, depicted in figure
4.11, can also be used in the same manner as the straightness diagram in the
uncertainty analysis.

4.3.5 Squareness between the column and the table

Squareness errors, the constant deviation from two nominally orthogonal ma-
chine axes, induce a constant deviation of form upon the measurement. The
calculation scheme is as follows: for every orthogonal frame joint the appro-
priate vector to the probe tip is calculated, from which a small rotation at that
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Figure 4.10: Measured straightness error of the z-axis.
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Figure 4.11: Noise error of the z-axis.

local coordinate simulates a squareness error. From the error vector, the differ-
ence between the nominal probe tip and the coordinate of the probe tip with
induced squareness errors, virtual cylinders incorporating such errors are gen-
erated. First let us consider the squareness errors in the r-z plane as depicted
in figure 4.12. Two axes joints can incorporate squareness errors, namely the
connection between the r-axis and z-column (S1, the squareness between the
r-axis and the rotational axis) and between the base and the z-column (S2, the
parallelism between the column and the rotational axis). Rotation of a vector
over an angle α in the r-z plane is performed by multiplication of that vector
with the rotation matrix Rrz:

Rrz =

[
cos(α) − sin(α)
sin(α) cos(α)

]
(4.7)
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As depicted in figure 4.12, the appropriate arms are:

S1 =

[
−a

0

]
; S2 =

[
−a

b

]
(4.8)

Multiplying the appropriate arms with the rotation matrix gives the position
of the probe tip in the original frame:

p1 =

[
−a · cos(φ)
−a · sin(φ)

]
; p2 =

[
−a · cos(φ) − b · sin(φ)
−a · sin(φ) + b · sin(φ)

]
(4.9)

where φ is the deviation from the right angles S1 and S2. The error vectors
are calculated by subtracting the position of the probe tip from the nominal
position: ξ = pi − Si, giving:

ξ1 =

[
a − a · cos(φ)
−a · sin(φ)

]
; ξ2 =

[
a − a · cos(φ) − b · sin(φ)
−b − a · sin(φ) + b · sin(φ)

]
(4.10)

Note that only arm b is a variable of the z-coordinate, which means that
only ξ2 is a function of z, thus the error vector ξ1 gives a static offset at each
measurement height. This static offset is eliminated by regression and therefore
not taken into account. Two virtual cylinders are constructed to estimate the
influence namely one with all squareness angles reduced (S2 positive), and
one with all squareness angles enlarged (S2 negative). In the y-z plane only

S1

S2

z

r

b

a

R

2

1

Figure 4.12: Squareness errors S1 and S2 in the r-z plane of the roundness tester under investigation.
R is the nominal radius of the object at height b.
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the squareness between the base and the column matters. Using the same
procedure as in the r-z plane, the following error vector is calculated:

ξ2 =

[
−b · sin(θ)

−b + b · cos(θ)

]
(4.11)

The error component in the y plane introduces a small shift in starting angle of
the measurement. For typical values of a roundness tester, namely b = 200 mm,
θ = 10 µrad, the error gives 2 µm offset in y-direction. If the global radius of the
object is taken as 25 mm, the shift is about 8 µrad. The smallest sampling angle is
873 µrad hence this error component is neglected. The deviation in z-direction,
a second order deviation, is also not taken into account. The squareness is
obtained by the reversal method.

4.3.6 Tilt

A geometrical measurement error is induced by misalignment of a cylindrical
work piece with the z-axis. Tilt is caused if the bottom of the cylinder is not at
right angles to the center line of the cylinder or if the leveling table is not set in
its zero position before measuring. The influence of tilt is that a perfectly traced
circle becomes an ellipse, with its parameters depending upon the direction of
the tilt. The function of an ellipse, depicted in figure 4.13 is given by:

R

a
θ

b = R r(θ)
R

a

β

Figure 4.13: Introduction of a geometric error while measuring a perfect cylinder at a tilt angle β.

r(θ) =

√
b2 · a2

b2 · cos2(θ) + a2 · sin2(θ)
(4.12)
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If a perfect cylinder is measured at a tilt angle β, the axis b represents the true
radius of the object, whilst axis a is deformed by the tilt angle according to a =
b/ cos(β). From the fitted regression cylinder the tilt angle β and the appropriate
orientation angle of the ellipse can be estimated. Tilt can be simulated by adding
an ellipse (minus R) for every angle, to the data at each measurement section.
Using this virtual cylinder and the budget method, the influence of tilt upon the
cylinder parameters can be estimated. In practice, the alignment must be within
microns to allow cylinder measurement hence the effect is usually negligible.

4.3.7 Negligible influences

Bending of the machine parts due to its own weight

Bending of the column (z-axis) and the moving arm (r-axis) due to the own
weight of the axes displaces the stylus tip. These displacements can be calcu-
lated by mechanics and are depicted in figure 4.14. First the displacement of
the probe in r-direction due to bending of the column imposed by the weight
of the combination of r-axis and probe. An estimate of the displacement d1 at
working height is calculated by [SBL66]:

d1 =
ML2

2EI
(4.13)

where M the moment working on the beam, L the length of the beam, E Youngs
modulus and I the moment of inertia. The moment of inertia for a square surface
is calculated by:

I =
a4

12
(4.14)

where a = B = H. The moment acting on the beam is a combination of the probe
weight, acting as a load at the end of the r-axis, and the distributed weight of the
axis itself. For each roundness measurement apparatus this calculation can be
made. The displacement d1 is around 0.7 µm for the roundness measurement
machine under investigation‖.

The displacement is dependent upon the working height Lw and arm length
at measurement. However, this part of the deviation due to bending is measured
and inserted in the uncertainty budget by the straightness error depicted in
figure 4.10. Note that in that figure the zero point of the z-axis is not the base of
the column, but taken at the table height, 0.18 m distant of the base, the lowest
possible starting point of the cylinder measurement.

‖For the roundness tester used in this thesis, the beam is made of steel, E = 200 · 109 N/m2 and
the dimensions are L× B×H = Lz × 0.09× 0.09 m, where Lz the vertical distance of the probe tip to
the base of the column. The load inflicted by the mass of the probe is 3 N. The arm is made out of
ceramics (ρ ≈ 4 ·103 kg/m3), with dimensions L×B×H = La×0.05×0.05 m and inflicts a distributed
load of 98 N/m at a working length of La = 0.4 m. Hence resulting moment is calculated as 9 Nm.
Substituting all values in equation 4.13 the displacement d1 results in around 0.7 µm, at a vertical
distance Lz of 0.5 m.
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Figure 4.14: Bending of the roundness measurement machine due to its own weight resulting in
displacements d1 and d2.

The estimate of the second displacement is calculated by addition of the
contribution of the probe load and the distributed arm load:

d2 =
FL3

3EI
+

qL4

8EI
(4.15)

However, this displacement is constant during each measurement (although
varying between measurement of objects having different diameter) and hence
negligible.

Temperature

Measurement of a cylinder varying five to ten sections takes five to ten min-
utes. Temperature drift in such time window is 3 · 10−2 ◦C. The deviation of a
measured steel cylinder in the maximum measurement range of 1 mm can be
up to 0.4 nm. The deviation between the r-axis and the steel base due to mate-
rial differences is at most 0.1 µm. Assuming a measurement speed of 2 RPM,
the deviation of a single section due to this difference in expansion is 5 nm as
calculated in the single roundness section. If the drift is linear, it is divided over
the sections (5 nm each) and introduced as a slope, which will be eliminated
by regression.
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Vibrations of the frame

Although the exposure time to vibration is much larger, the amplitude of the
vibrations remains the same.

Axial noise errors

Axial noise errors, due to the axial vibration of the rotational bearing, introduce
a small deviation the z-coordinate. The error is peak to peak around 20 nm. The
deviation is not simulated separately but is covered by the linearity deviation
in the column.

4.3.8 Example of results

1 µm

20 mm

2.4 µm

−0.7

240 mm

100

200

0 ◦90 ◦

3 µm

Figure 4.15: Processed reference cylinder.

A reference cylinder is measured with a magnification of 20, 000 ×. The
method of extraction used is roundness profile extraction. Six profiles are
scanned, each 35 mm apart in height. The rotational speed is set at 2 revo-
lutions per minute. The measurement is processed using a minimum zone
reference cylinder and filtered at 150 UPR with the Gaussian low pass filter.
Result of the performed uncertainty analysis is presented in table 4.5.

82



In this table the left column represents the separate influences for which the
uncertainty is calculated. The second column is the nominal value of each influ-
ence. The third column gives the percentage of each influence used to calculate
the virtual measurements. These percentages are obtained by either calibration
or estimation. The fourth and fifth column state the calculated uncertainty for
each influence onto parameters CYLq and CYLv respectively. At the bottom row
the expanded uncertainty is calculated.

CYLq CYLv
Influence parameter Reference 0.474 µm 0.634 µm

y Nominal u(yi) u(xi) u(xi)
lin. probe 1 1 % 18 nm 41 nm
λc, UPR 150 5 % * *
λs, UPR − 10 % * *

sampling, ◦ 0.05 50 % 29 nm 69 nm
force, mN 30 20 % * 5 nm

radius, mm 1 20 % 2 nm 4 nm
noise 1 100 % 59 nm 94 nm

spindle 1 100 % 53 nm 96 nm
contact angle, ◦ 0 5 ◦ 4 nm 2 nm

tilt 1 100 % * *
squareness 0 0.4 rad 74 nm 98 nm
lin. column 1 1 % 26 nm 88 nm

straightness 1 100 % 67 nm 119 nm
noise 1 100 % 57 nm 99 nm

angular 0 0.001 % * *
drift 10 nm 100 % 3 nm 5 nm

expanded (k · uc) k = 2 292 nm 513 nm

Table 4.5: Results of the uncertainty analysis for parameters CYLq and CYLv of a reference cylinder
with a diameter of 70 mm. * denotes that in this specific case the input value y with uncertainty
u(yi) has no significant influence upon u(xi).

4.4 Calibration of roundness artefacts

4.4.1 Reversal methods used in roundness measurement

The general idea of the reversal method is to separate artefact and machine by
reversing the sign of either artefact or machine in two succeeding measurements
[EHRE96]. If these measurement results are then added or subtracted, artefact
or machine is canceled in the equation. For single roundness measurements
reversal is achieved by measuring the artefact at 0 ◦ with the probe at 0 ◦, where
the measurement consist of spindle plus artefact, then rotating the artifact 180 ◦

and start probing at 180 ◦ hence the measurement consist of spindle minus
artifact. These measurements give spindle or artefact if added or subtracted
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Object Tester Object at 180 ◦ Tester

Figure 4.16: Schematics of reversal method to obtain straightness and squareness. The tilt of the
object and squareness of the tester is given by the dashed lines.

and divided by two. In cylinder measurement a large square gauge is measured
in these positions to obtain squareness and straightness. The 0 ◦ and 180 ◦

measurements consist of:

M0 = Sqaxis + Sqarte f act + Staxis + Starte f act (4.16)

M180 = Sqaxis − Sqarte f act + Staxis − Starte f act (4.17)

with Sq and St representing squareness and straightness respectively. Adding
equations 4.16 and 4.17 gives twice the squareness and straightness of the
column. The appropriate squareness angle can be found by fitting a regression
line.

4.4.2 Dynamical analysis using the flick standard

The flick standard is the step standard for roundness measurements as from a
perfect cylinder a small part is flattened. The flick is used in static and dynamic
calibration. Static calibration of the probe gain at specific ranges is performed
by measuring the step of the flick and adjusting the gain of the probe according
to the calibrated step. From comparison of the amplitude spectra the dynamic
response of the probe suspension can be estimated. First the flick is measured at
2 rpm and 10 rpm. Both power spectra are calculated. If the amplitude spectrum
of the 10 rpm measurement is divided by the amplitude spectrum of the 2 rpm
measurement, the result should be one for each single frequency. The first
frequency where the fraction starts to deviate from one is where the probe
cannot follow the profile of the flick. At a speed 10 rpm this first occurs at
300 UPR, which corresponds to 50 Hz. At 650 UPR (108 Hz) the transfer of the
probe is almost zero. These results correspond well to the results measured
with the high frequency dynamical probe calibrator as described in chapter six,
especially figure 6.10.
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Figure 4.17: Division of the powerspectra of two flick measurements, taken at two and ten revolu-
tions per minute.

4.5 Conclusions

An uncertainty analysis, based upon the methods derived in chapter two, has
been implemented for single roundness, straightness and cylindricity measure-
ments. For each contributor to the uncertainty budget, a consideration based
upon measurements and analytical methods is made to either use the contrib-
utor in the budget or neglect it. Some specific conclusions can be drawn for
roundness measurement machines:

• The rotational speed of the rotary table must be selected with care. If
the speed is taken too high, the probe setup is more sensitive to excita-
tions inflicted by the measured object and the table itself will introduce
more vibrations in the frame. If the measurement time is increased, the
measurement will become much more sensitive to temperature drift. In
practice 2 rpm proves to offer a good balance;

• Measurement noise and the spindle, if not corrected, are the highest con-
tributors to the uncertainty budget if the roundness measurement appa-
ratus is challenged to its measurement limits;

• The uncertainty contributed by the stylus geometry will only show no-
ticeable influence onto peak and valley (RONt, RONv and RONp) param-
eters;

• In cylindricity (and less noticeable in single roundness) measurement,
the minimum zone criterion is much more sensible to small disturbances
as the linear least squares reference. This is noticeable in the uncertainty
analysis as each contributor is present, in comparison in the single round-
ness least squares processed case;
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• The lowest natural frequency of 6 Hz, measured on the total setup of the
apparatus used in this thesis, is very low for a precision measurement
apparatus. Naturally, not all setups of roundness measurement machines
will suffer from this defect. However, it is shown that this frequency is
not very disruptive to the measurements, even without active vibration
isolation such as a massive dampened granite table. However if the ap-
paratus is used for performing accredited calibrations, active vibration
isolation is essential.
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Chapter 5

Form measurement

In this chapter the third measurement apparatus, more specifically the form
measurement machine, is treated. The form measurement machine can be con-
sidered as an enlarged version of the roughness measurement apparatus, de-
signed to measure macro properties of an object. Compared to a roughness
measurement machine, its advantage is a wider measurement range or vertical
stroke of the probe. Compared to a CMM its main advantage is the amount
of datapoints (usually starting from 100 to over 30, 000 points) which can be
gathered in a single trace to measure a contour, form or shape. For the accurate
description of a two dimensional shape, the form measurement machine is a
good alternative to a CMM, but it is not as flexible as a CMM. Industrial exam-
ples of the use of a form measurement apparatus are objects such as internal
gear teeth, turbine blades, threads, gages, fine details in small molds and so on.
An example of a measurement of a large screw thread is depicted in figure 5.1.

0.5

−0.5
0.0

0.0

x mm→ 5.02.5

x mm ↑

Figure 5.1: An example of a measurement performed with a form measurement machine, a large
screw thread.

87



5.1 Introduction

Although the mechanical setup of contour measurement is similar to a rough-
ness measurement machine, mainly differing in scale, the distinction becomes
apparent in the processing steps of the measurement data. In roughness and

c

a

b
x

z

y

d

Figure 5.2: Schematics of a form measurement unit, which can mounted by coupling a on the frame
of a roughness measurement apparatus as depicted in figure 1.5. The mass of the arm and stylus b
and probe beam d is counter balanced by mass c.

roundness measurement a strict processing scheme is followed: regression, fil-
tering and parameter calculation∗. In contour measurement the user or operator
can choose from a selection of geometrical forms and apply one independent of
a predefined scheme, only dependent upon the measured shape and required
properties of the object under investigation. The available elements can be split
in two groups; constructed elements and calculated elements. The calculated
elements are geometrical forms which are fitted through a certain range of the
measured data, whilst constructed elements can be constructed through these
calculated elements or positioned in the data at will.
The available construction elements are:

• point;

• line;
∗A detailed description of these processing steps is given in chapter one.
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• circle.

The calculated elements can be:

• local peak;

• local valley;

• least squares line fitted in selected region;

• minimum zone line fitted in selected region;

• least squares arc or circle fitted in selected region;

• distance and travel between two points;

• step fitted in selected region;

• flat groove type A1 [ISO 5436];

• rounded groove type A2 [ISO 5436];

• intersection between constructed or calculated lines and circles;

• angle between lines.

These elements are a basic selection of forms given in most contour pack-
ages. The list of items can be extended as required by the user. Filtering is
usually not applied although it is supplied in the software made in this project.
As mentioned earlier, the mechanical setup is similar to the roughness mea-
surement machine. The probe consists of a large beam (±300 mm) containing
a stylus tip with a tip radius of 25 µm). Due to the large mass of the probe
beam which is pivoting, the machine uses a counter-mass to balance the stylus
tip. The typical range is 50 mm with a measurement force of around 30 mN.
The form measurement apparatus used in this thesis uses the same frame as
the roughness measurement machine with interchangeable units mounted un-
derneath the drive axis. Although equipped with an y-axis, which in principle
makes three dimensional measurement possible, shape is traditionally solely
measured in two dimensions.

5.2 Uncertainty calculation for form measurement

In order to calculate the uncertainty of such a user dependable selection the
following is postulated: ‘construction elements are not subjected to uncertainty cal-
culation’. If a user defines a point at say (x, z) = (500, 250) µm it makes no sense
to calculate the uncertainty due to stylus geometry on that point. The only
uncertainty applicable on that specific point is user dependent and hence be-
yond the scope of this thesis. The following sections deal with the incorporated
influences of the contour measurement apparatus.
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5.2.1 Disturbances as modeled in roughness measurement

Due to the similarity between the measurement types, the following distur-
bances modeled in roughness measurement are directly used in the estimation
of uncertainty in contour measurement:

• calibration of z-axis (ordinate);

• calibration of x-axis (abscissa);

• sampling rate;

• measurement noise and axis deviation.

• cut-off of filters†.

• regression.

5.2.2 Stylus tip geometry

mi−1

zsi

R

( dz
dx )i

mi

mi+1

Figure 5.3: Calculation of a true profile point based on the local slope of the object under investi-
gation and the stylus radius.

As the data obtained by contour measurement is sparse in the drive direc-
tion, radius estimation using the digitized nature of the data, used in rough-
ness and roundness measurement, is not advisable. With a nominal radius tip
of 25 µm and a stepsize of a typical measurement varying between 10 and

†Filtering is usually not performed as the filter will deform the contour. If the contour is filtered
before fitting forms, the calculation of the effect of filtering is possible to complete the software.
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100 µm the digitized radius will contain a maximum of five points. Instead a
method used to correct for stylus radius in CMM’s measurement is used: from
the object’s material normal vector the position of the probe is determined by
adding the radius in that direction. The method is slightly adapted to be used
for uncertainty estimation:

• calculate the local slope of the object under investigation;

• subtract the nominal stylus tip vector to calculate the ‘zero stylus’ contour;

• recalculate local slope for the ‘zero stylus tip’ contour;

• add the stylus tip vector incorporating the uncertainty ;

• refit the forms on the recalculated shape.

If filtering is applied, as a final step the interpolation to an equidistant stepsize
is performed.

To calculate the local slope at a point xi, the two surrounding points are
used: (

dz
dx

)
i
=
−zi+1 · x2

i−1 − x2
i+1 · zi + x2

i+1 · zi−1 + x2
i−1 · zi

xi+1 · xi−1 · (−xi+1 + xi−1)
(5.1)

This equation is derived by calculating the slope of a second order polynomial
fit through the unequally spaced datapoints. From the local slope angle α the
stylus tip vector is calculated by dx = R · sin(α) and dz = R · cos(α). This vector
is subtracted from the measured profile with the radius R set at the nominal tip
radius to calculate the reconstructed true profile, in analogy with the roughness
stylus tip analysis. To the reconstructed true profile the stylus tip vector with
the radius set with incorporated uncertainty is added, after recalculation of the
local slope with equation 5.1. The forms fitted by the user are recalculated with
the simulated profile. The difference in properties of the form (such as radius,
center coordinates or slope) are compared in order to calculate the uncertainty
according to the budget method given in equation 2.12.

5.2.3 Probe arm length

As the length of the arm L used to measure the shape is large (exceeding
200 mm), the effect introduced by the pivoting of this arm onto the local x-
coordinate cannot be neglected. The always positive shift in x-coordinate is
dependent upon the locally measured z-coordinate and is expressed as:

∆x = L −
√

L2 − z2 (5.2)

The recalculated profile is subject to the same calculations as the original profile
and the results give the uncertainty according to equation 2.12.

5.2.4 Negligible influences

In this section an overview of negligible influences is given.
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Figure 5.4: Influence of stylus angle.

Measuring force

As noted in roughness and roundness, the effect on the calculated forms and
parameters of contour will be negligible. More important is the influence of the
force on samples used in for instance the optical industry such as lenses and
molds, as there is the possibility of scratching. The scratches or pits are in the
nanometre region, but still visible as defects on the mold as a trained human
eye is sensitive to such irregularities. The form measurement machine can be
used in such cases as a point measuring machine if the arm is lowered onto the
surface with controlled (slow) speed, to diminish the effect of impact forces.
This method however, is very time consuming.

Temperature drift

As the base, column and drive axis are the same as used for the roughness
measurement machine, the analysis given in chapter three applies. The major
difference is the increased length range in the z-axis, namely 50 mm instead of
600 µm. The enlarged range combined with a maximum temperature drift dur-
ing a measurement of 2000 seconds, ∆T of 0.11 ◦C gives a maximum deviation
in z-direction of the specimen of 66 nm. In x-direction the probe beam length of
300 mm is significantly larger then the roughness probe beam. The drift results
in a deviation in x-direction up to 0.4 µm. On a measurement length of 100 mm,
taken with a velocity of 0.05 mm/s, the deviation is 0.0004 %.

Vibrations working on the frame and probe setup dynamics

The first eigenfrequency of the form measurement apparatus has been mea-
sured at 10 Hz and is due to the probe setup dynamics. The transfer function
is depicted in figure 6.11, given in the section of the probe calibrator in chapter
six. As the sizes of the properties of a contour under investigation are usually
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of macro dimension, the low natural frequency does not pose a problem for
measuring these properties. However, if a large step is measured the probe
will bounce on the surface and the data taken just after the step is unusable
for processing. Hence if such data is not taken into account in the characteriza-
tion of the step, the vibrations are negligible in form measurement. The frame
itself is the same as used in the roughness measurement, as the probes are
interchangeable units. The first natural frequency of the frame is measured at
around 35 Hz. The amplitude of these vibrations is in the order of nanometres
and hence is too small to disturb a measurement of macro properties.

Drift and hysteresis

The same type of repeatability experiment as described in chapter three is
executed. Twelve measurements of a reference sphere are taken at the same
position, directly after each other. The dispersion in the calculated properties
of the sphere radius is mainly due to drift, hysteresis and noise. Results of
such a measurement are given in table 5.1. Hysteresis could occur if the probe
changes measurement direction, but has never been observed.

parameter radius center x center z
nominal 25.042 mm 13.073 mm −23.267 mm
repeatability 4 µm 41 µm 4 µm

Table 5.1: Repeatability, expressed as a standard deviation calculated from twelve measurements
of a reference sphere.

5.2.5 Software

The correctness of the algorithm used in the processing software must also be
checked to ensure proper calculation of calculated and constructed forms. A set
of software tests must be performed by calculating properties from well chosen
generated data. Other types of test methods are widely available [CHE+04,
CCDH99].

5.2.6 Example of results of the uncertainty analysis

The first investigated object is a glass roundness reference sphere. These spheres
are used to perform spindle calibration of roundness measurement machines.
The measured element is the radius of the sphere with a nominal value of
25 mm, measured with 200 points. In order to check whether the uncertainty
increases if the measurement range decreases‡, the circle is fitted in decreasing
ranges. Results are given in table 5.2. In this table the first column gives the
range of the measured data used to calculate the radius of the sphere. The sec-
ond column gives the actually calculated radius in that range. The third column

‡Expected as less information of the element is available.

93



states the expanded uncertainty for each radius. The next columns each state
the different influence and the calculated contribution to the uncertainty bud-
get. For these columns, the second row gives the percentage of each influence
used to calculate the virtual measurements. These percentages are obtained by
either calibration or estimation. Note the increasing influence of noise, rate and
calibration factors on the uncertainty as the range decreases. This effect is due
to the decrease of arc or curvature of the circle in the measurement data. Hence
these small deviations will have larger effect on the fitted radius. The influence
of stylus radius is a constant as the object is a sphere. The arm is dependent
upon the ∆Z which is largest in the 25 mm range.

Range Radius U Z-axis X-axis Arm Rate Radius Noise
25.0000 k = 2 0.5 % 0.1 % 300 100 % 40 % 100 %

25 25.0422 .2436 .1108 .0472 .0038 * .0156 .0001
22 25.0419 .2492 .1142 .0479 * .0001 .0141 .0003
18 25.0432 .2566 .1179 .0486 .0001 .0003 .0144 *
14 25.0436 .2626 .1208 .0492 .0001 .0008 .0146 .0015
10 25.0500 .2672 .1230 .0496 .0001 .0013 .0148 .0067
6 25.0707 .2722 .1245 .0500 .0002 .0074 .0149 .0062
2 25.2056 .4832 .1259 .1243 .0002 .1631 .0151 .0160

Table 5.2: Comparison of calculated uncertainty with decreasing measurement range of a calculated
reference sphere radius. All units are in millimeter except denoted otherwise. * denotes that in this
specific case the input value y with uncertainty u(yi) has no significant influence upon u(xi).
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Measured range in mm→

↑Measured radius and uncertainty in mm

Figure 5.5: Calculated uncertainty of a radius of a reference sphere dependent upon measured
range as tabled in table 5.2.
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The second example is the contour of a Matchbox Superfast Number 81
car model, named the ‘Blue Shark’, which incorporates a variety of shapes
and is excellent to illustrate the uncertainty analysis. The approximate size is
77 × 30 × 18 mm. Result of the uncertainty analysis performed upon a selec-
tion of geometric elements is tabled in table 5.3. In this table the first column
gives the selected geometric elements for which the uncertainty analysis is
performed. The contour with selected elements is depicted in figure 5.6. The
second column gives the unit of each elements, if applicable. The third column
states the measured value of each of the elements. The fourth column states
the expanded uncertainty. The next columns each state the different influences
and the calculated contribution to the uncertainty budget. For these columns,
the second row gives the percentage of each influence used to calculate the
virtual measurements. These percentages are obtained by either calibration or
estimation. Note the large influence of the x-axis calibration on line one. As the
line is steep, a small deviation in the angle will attribute to a large change in
the point of intersection with the z-axis. The influence of the stylus radius is
the largest on the journey between two points. As the radius is increased in the
calculation, the probe will blunten peaks more than valleys and increase the
traveled path.

Obj. Unit Val U Z-axis X-Axis Arm Rate Stylus Noise
k = 2 0.5 % 0.1 % 300 50 % 40 % 100 %

l1, a mm 103.1718 30.9372 .5159 15.205 2.4551 .9466 .9468 .0039
l1, b - -3.3208 0.9768 .0166 .4800 .0783 .0297 .0299 .0001
l2, a mm -13.5650 .2232 .0678 .0792 .0389 .0046 .0044 .0046
l2, b - .3608 .0052 .0018 .0022 .0011 .0001 .0002 .0002
α ◦ 86.9200 4.668 .1706 2.2955 .3233 .1478 .1511 .0091
d1 mm 41.7119 .0696 .0007 .0346 .0023 .0004 .0030 .0002
d1, ∆x mm 41.6816 .0742 * .0370 .0028 .0001 .0011 .0005
d1, ∆y mm -1.5905 .1640 .0169 .0614 .0122 .0073 .0491 .0073
d1, Jr mm 44.9046 3.9526 .0235 .0342 .0040 .1626 1.9692 .0028
d2 mm 74.9215 .1486 .0041 .0741 * * .0032 *
d2, ∆x mm 74.5137 .1492 * .0745 * * .0040 *
d2, ∆y mm 7.8064 .0796 .0390 * * * .0077 .0001
d2, Jr mm 80.2801 10.594 .0466 .071 * .1999 5.2925 .0048
d3 mm 10.7822 .0256 .0014 .0105 * .0039 .0020 .0057
d3, ∆x mm 10.6408 .0256 * .0106 * .0040 .0020 .0057
d3, ∆y mm 1.7403 .0174 .0087 * * * * .0006
d3, Jr mm 10.9806 .5138 .0032 .0103 * .0167 .2561 .0051
c1, R mm 16.5490 .2862 .0818 .0767 .0121 .0133 .0870 .0013
c1, cx mm 17.4322 .0390 * .0191 .0036 .0004 .0011 .0005
c1, cy mm -18.0161 .2846 .0745 .0767 .0121 .0133 .0921 .0013
c2, R mm 18.9950 .2064 .0944 .0154 .0001 .006 .0379 .0061
c2, cx mm 59.1138 .1122 * .0561 .0008 .0002 * .001
c2, cy mm -19.6066 .2048 .0913 .0154 .0001 .0060 .0429 .0060

Table 5.3: Results of the uncertainty analysis performed on a variety of geometric elements fitted on
the contour of a ‘Blue Shark’ as depicted in figure 5.6. The equation of a line is given by z = a+ b · x,
Jr is the Journey traveled along the contour, cx and cy are the center coordinates of the fitted circles.
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Figure 5.6: Selected elements fitted onto the contour of a matchbox ‘Blue Shark’ used to demonstrate
the uncertainty analysis. Results are tabled in table 5.3

5.3 Calibration

The calibration of a form measurement apparatus is carried out similar as the
calibration of a roughness measurement machine. As the size differs, the size
of the calibration artefacts, especially the linearity of z-axis, differs. Steps are
usually constructed out of separate gauge blocks. Although not constructed, a
similar specimen as described in chapter six, only scaled to match the criteria
imposed by the form measurement apparatus, can be used to calibrate the
apparatus in a single track.

5.4 Conclusions

An uncertainty analysis, based upon the methods derived in chapter two, has
been implemented for form measurements. Each possible contributor is evalu-
ated by measurements and analytical methods to see whether it should be taken
into account. Some specific conclusions can be drawn for form measurement
machines:

• The processing scheme is dependent upon the properties of the measured
form, and the needs of the user. With the setup of uncertainty analysis, fits
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of different geometric shapes such aspheres, sinusodials or polynomials
can be inserted in the processing software, and the uncertainty of the
properties calculated with these fits can be estimated;

• Some calculated parameters, such as the parameter a in the fitted line
equation z = a + b · x, the point of intersection of the fitted line and the z-
axis or the calculation of the coordinates of the center of a circle, can have
a high uncertainty. Close examination of the fitted element makes that this
sensitivity can be well understood; e.g. in the case of an almost vertical line
the point of intersection is very sensitive to the fitted angle: a small angle
variation may cause a large variation in the intersection coordinate. Such
a parameter should not be taken as a criterion in rejection or acceptance
of the measured objects.
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Chapter 6

Developed calibration specimens
and methods

In this chapter the artefacts and techniques necessary to calibrate the treated
measuring machines will be discussed. The first section is about the one track
calibration specimen used to calibrate the machine parameters of a roughness
tester. The artefact contains a series of geometric elements from which the pick
up factor, z and x-axis linearity, measurement force, parameters, noise, filters
and stylus tip geometry can be calibrated and checked. The measurement is
performed in one track to save calibration time and simplify the procedure.
The next artefact is a moving table apparatus. Although already described in
literature, the simple design, easy alignment and low costs make the artefact
an effective tool for probe calibration. The last part of this chapter is about an
algorithm used to reduce noise in repeated measurements and to remove the
noise bias in calculated parameters of these measurements. Another applica-
tion of this algorithm is to obtain traceable roundness spindle diagrams and
roughness drive axis profiles, which can be used in the uncertainty calculation.

6.1 One track roughness calibration specimen

The purpose of the specimen is to quantify the different (machine) parame-
ters such as calibration factor, stylus tip geometry and so on, which are nec-
essary as input for the virtual roughness measurement machine, e.g. in the
uncertainty analysis [HM00b, HM00a]. Different sets of standards are already
widely adopted (grooves, sines, step heights and so forth) and new sets are
being developed [FT02]. In this proposed specimen different geometric shapes
are placed after each other and measured in one track, in order to simplify the
calibration procedure and diminish calibration measurement time. Each geo-
metric element is used to measure a specific machine parameter used as input
in the uncertainty analysis. Combined with software which eventually allows
to estimate the machine parameters automatically from the measurement, a
(traceable) calibration of a roughness tester can be performed. The following
machine parameters are incorporated in the artefact:
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Figure 6.1: Exploded view of roughness calibration specimen. Gauge block b is clamped by bolts a
upon the artefact g, and holds leaf spring c in position. The razor blade d is clamped to the artefact
by means of bolts f and block e. Top right is a picture of the prototype. Overall dimensions are: L
× B × H = 60 × 40 × 28 mm.

• calibration of z-axis (ordinate);

• calibration of x-axis (abscissa);

• stylus tip geometry;

• cut-off long wavelength λc;

• cut-off short wavelength λs;

• measuring force;

• measurement noise.
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The layout of the artefact is depicted in figure 6.2 and the properties and
application of each section are given in table 6.1. An exploded view of the
specimen is given in figure 6.1.

1 2 3 4 5 6
7 8

Figure 6.2: Schematic layout of the specimen. Different sections are explained in table 6.1.

Section properties used for calibration of

1 flat surface setting up the mid range.
2 sines (see table 6.2 ) filters

x-axis
z-axis

3 grooves z-axis
10, 3 and 1 µm deep (pick up factor)

4 quasi random profile parameters
5 ramp z-axis

(linearity)
6 optical flat noise diagram
7 leaf spring force
8 razor blade stylus tip geometry

Table 6.1: Section layout of the specimen.

The total length is 50 mm. With this maximum length, a trace can be made of
100, 000 data points each 0.5 µm apart. This number of data points is the maxi-
mum number of points in a single trace most processing software of roughness
testers can handle. If the sample is longer, the step size will increase, and lateral
resolution will become insufficient for some elements to estimate the machine
characteristics.

6.1.1 Description of each element

First the sample must be aligned to the drive axis of the roughness tester. The
quasi random profile, element four, is used to align the specimen, i.e. the cal-
culated mean line is parallel to the elements. Once the artefact is leveled the
measurement is ready to commence.
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The first element encountered is a flat surface used as an autoset∗ point. This
surface is in the midpoint of the range of the tester. The total peak to bottom
value of the artefact is designed to be 0.40 mm. The range of the roughness
tester used in this investigation is 600 µm, so the artefact fits well within that
range.

The next section encountered are sines. The artefact incorporates four differ-
ent sines, used to characterize profile filters, x-axis and z-axis calibration. The
general equation of a sine is given as:

Y(x) = A sin(
2π · x

P
) (6.1)

where A the amplitude and P the period of the sine. The values of each sine are
given in table 6.2. The choice of these wavelength values is based on the cut-off
wavelengths defined by the ISO standard [ISO 3274] and wavelength- ampli-
tude ratios feasible by the manufacturing process. The wavelengths defined by
ISO are listed in table 6.3. As the surface of the artefact is manufactured on a
high precision diamond turning lathe, the servo system of the used lathe, the
used tool radius (started as 2 µm) and the production time dictate the smallest
achievable wavelength. Theoretically the 2.5 µm wavelength, defined as the
short wave filter cut-off, can be achieved with an amplitude of 0.08 µm by this
cutting process.

Calculation is as follows: substituting the general equation for a sine 6.1,
taken in the minimum at x = 3

4 P, in equation 3.10 for local radius one obtains
the amplitude A of the sine as a function of wavelength λ and tool radius Rtool:

A =
λ2

4π2Rtool
(6.2)

In practice, with a tool radius varying between 2−10 µm and a minimum ampli-
tude of 2 µm as dictated by the servo system and production time, a wavelength
of 30 µm is achievable. However, for the prototype the combination of 80 µm
with an amplitude of 2 µm was chosen. Already the entire manufacturing pro-
cess took over 48 hours, for a disc containing six prototypes. In future series
the smallest wavelength aimed at should be 25 µm.

The long wave filter characteristics, either from a mechanical filter or a soft-
ware algorithm can be examined with the 800, 400 and 250 µm wavelengths.
The short wave filter can be checked with the 80 µm sine. Using the appro-
priate filter equation, e.g. equation 1.2 for the Gaussian short wave filter, the
amplitude transfer of the filter can be calculated. For example the Gaussian
shortwave filter with a cut-off of 25 µm will reduce the amplitude of the 80 µm
sine with 6.54 %. If it is possible to enter any cut-off in the roughness processing
software, the filters can be inspected at more cut-offwavelengths. Calibration of

∗‘Autoset’ is a new feature of roughness testers, the displacement of the probe tip upon the sam-
ple in the z-direction is automatically performed to ‘autoset’ the tip in the midst of its measurement
range or any specified value within the measurement range.
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Profile Amplitude Period Number Total Length
in µm in µm of Periods in mm

A 10 800 8 6.4
B 8 400 8 3.2
C 5 250 10 2.5
D 2 80 20 1.6

Table 6.2: Properties of the four different sines incorporated in the artefact.

λc λs
mm µm
0.08 2.5
0.25 2.5
0.8 2.5
2.5 8
8 25

Table 6.3: Standard relationship between roughness cut-off wavelength of the long wave (λc) and
shortwave (λs) filters.

the x-axis is another application of this section. If used in this fashion, the sines
are classified as ‘Type C1: grooves having a sine wave profile’ in the ISO standards
[ISO 5436]. Once the periods are calibrated with a two dimensional measuring
microscope the sines are measured and the mean of the crossings through the
mean line or the roughness parameter Rsm is calculated. From these numbers
the deviation of the drive axis can be calculated. A direct comparison with the
standard is performed by mounting a retro reflector at the nose piece of the
probe and calibrating the axis with a laser interferometer. If the sine is measured
the wavelength of the specimen can be calibrated by searching the valleys (or
peaks) with the roughness tester and measuring the distance between them.
The Ra value of the sines can also be used to calibrate the z-gain or pick up factor.

The next geometric element consists of three grooves with a nominal depth
of 10, 3 and 1 µm. These grooves, classified as ‘Type A1: wide grooves with flat
bottoms’ are used to calibrate the pick up factor, or pick up gain. The gain cali-
bration is the first calculation performed, and used to correct the measurement
of the total track (if necessary). A linear least squares algorithm is used to fit
two parallel lines in the groove given by the following equation:

z(x) = αx + β + h · δ (6.3)

where δ takes the value of −1 in the bottom of groove and 1 at the upper
surface. The estimated height of the groove is twice the estimated value of h.
Only specific parts of the measurement data of the groove are used to fit these
lines. The surface of the bottom of the groove is accessed only over the central
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third of its width W, and the upper surface 1
3 W is ignored at each corner to

avoid rounding or errors of the groove’s corners. At the upper surface 2
3 W is

used at each side to fit the upper line. The fit is described in full detail in the
ISO standard [ISO 5436] and the line segments used in the fit are depicted in
figure 6.3.

2
3 W

1
3 W

W

2
3 W

1
3 W

Figure 6.3: Line segments used in estimation of groove depth according to ISO standard [ISO 5436].

This method establishes a very stable and reproducible algorithm to esti-
mate the depth of the groove and thus the calibration of the pick up gain.

After the grooves a quasi random profile is traced. This is known as a ‘Type
D1: unidirectional irregular profile’ as described in the ISO standard [ISO 5436].
The profile is repeated every five filter cut-offs. As there is not enough space
to repeat the most commonly used λc of 0.8 mm, a different strategy is taken.
Eight repetitions of 0.8 mm are made†. If the measurement length lr (without
exit and entry length) is taken as 4 mm, the parameters will remain constant
regardless of the starting point of lr. The quasi random profile is used to check
whether the ISO parameters are calculated properly.

The fifth element of the developed specimen is a ramp. Linearity of the probe
is calibrated with this shape. The deviation of the line compared to a leveled
calibration measurement of the ramp gives a measure of linearity.

The next part is an optical flat. This flat is used to obtain a noise diagram
of the roughness tester. The length of the optical flat is 7 mm, which is a suf-

†Five of the eight wavelengths are used for processing, the remaining are used as entry and
exit length.
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ficient ‡ ‘noise length’ to use in the uncertainty calculation, performed with
the budget method, of a standard measurement. If more data is required for
example for longer measurements or different speeds, the calibration method
of the optical flat and the random component elimination as described further
in this chapter, is advised.

The seventh element as depicted in figure 6.2 is a leaf spring used to cali-
brate the measurement force. According to Hooke’s Law the load of a linear
spring is proportional to the displacement. Thus if the elastic rate of spring K
is known, and the displacement is measured, the measurement force or load
F can be calculated. If a leaf spring is tracked by the roughness measurement
machine, the deflection of the leaf spring is a function of the constant measure-
ment force supplied by the probe and the position of the probe on the spring.
Using the equation of deflection of a beam under a force load [SBL66]:

z(x) =
F · x3

3EI
(6.4)

where E is Young’s modulus, I the moment of inertia and x the position of the
probe tip. The equation is valid throughout the measurement, as the constant
load is applied to each measurement point, neglecting the dispersed force of
gravity upon the beam as this is constant for each load. If the measurement is
made and the exact beginning of leaf spring bending is not known an offset in
x direction is present. This offset can be introduced by substituting x = u + c
and rewriting equation 6.4 :

z(x) = FK · (u3 + 3cu2 + 3c2u + c3) (6.5)

in this equation (3EI)−1 is substituted by K. Equation 6.5 shows the third order
term of the displacement u only depends upon F and K. Once a measurement
is made a third order polynomial is fitted through the leaf spring:

z(x) =
3∑

i=0

aixi (6.6)

Regardless of the selected part, the polynomial coefficient a3 depends only
upon F and K. Thus once K is known, the force can be calculated.

However, in practice some errors are introduced:

• alignment of the spring;

• form deviation of the leaf spring;

• cross-section deviation of the leaf spring;
‡The 7 mm length is sufficient length for use with a standard measurement as the cut-off of

such a measurement is 0.8 mm which calculates to a total measurement length of 6.4 mm including
entry and exit length.
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• vibration of the spring;

• alignment of the probe onto the spring;

• torsion of the spring under load.

Alignment of the spring is performed by fitting a regression line through
the beginning (horizontal) part of the spring and aligning the data according
to the calculated angle.

Form deviation of the leaf spring means the deviation from a straight line
in the x direction under zero load. These errors are introduced by cutting the
leaf spring from the bulk material and rolling during production of the bulk
material itself. The leaf spring used in the measurements is made of spring
steel with a thickness of 0.05 mm a width of 1.05 mm and the length traced by
the stylus, measured from the end of the gauge block, is 8.0 mm. The width
of springs may vary from 0.90 to 1.10 mm in one of the prototypes. The form
error causes a constant deviation in the third order term and can be eliminated
by calibrating the spring at two measurement forces. The following equation is
solved:

a3 = F · K + e f (6.7)

with e f the constant error of form.
The cross-section deviation of the leaf spring causes the moment of inertia

I to vary. The deviation is caused by the non parallelism of the two sides of
the spring and some contamination upon the spring. Thickness may also vary
a little as a result of contamination and edge corrosion. The influence can be
eliminated by using the same fit length and start position to fit the polynomial
given in equation 6.6. The same length and starting position can be enforced
by using beginning and end markers given by a strong change in derivative
due to the step at beginning (falling of the gauge block) and end (falling of the
spring).

The system of spring and probe suspension allows the probe suspension
to move in its first natural frequency, of around 100 Hz as measured with the
moving table described in the next section. Amplitudes of 10 µm have been
observed. The vibrational contamination is not a problem as it is filtered out by
fitting the shape of the spring instead of using only one point.

In order to eliminate the effects of alignment, which could result in an
oblique trace of the leaf spring, a well defined alignment procedure must be
followed. First the stylus tip is set up at the end of the spring and using the
y-axis§, the tip is set in the center line of the leaf spring. Now the trace is made
to the beginning of the spring and the artifact is rotated if the tip has left the
center line. This process is repeated until the artifact is aligned.

If the load F is not placed in the center of the beam it causes a moment
Mt working on the cross section of the beam. The magnitude of the moment
is Mt = F · 1

2 · b, with b the width of the beam. The torsion causes a small
§If an y-axis is not present, manual movement or a positioning table can be used as an alterna-

tive.
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displacement zt(x) of the beam. In order to examine the significance of the
displacement due to torsion, the ratio of this displacement and the displacement
due to bending, zt(x)/z(x), is estimated. The displacement due to bending is
given by equation 6.4. The angle due to torsion is given by [SBL66]:

αt(x) =
Mt · x
GIp

(6.8)

where G shear modulus, Ip the polar moment of inertia and x the position of
the probe tip. The ratio for this beam at the end of the is approximately¶:

zd(x)
z(x)

= 0.5 ·
b2

x2 (6.9)

As the complete beam length is taken to calculate the spring constant, the
integral must be taken and divided by the length L to estimate the influence.∫

1
L
·

zd(x)
z(x)

dx =
1
L
· −0.5 ·

b2

x
(6.10)

As the deflection of the beam is not significant around x = 0 mm, the mean
deflection percentage due to torsion is calculated between x = 1 mm and x =
8 mm and is around 5.5 %.

The last section is the razor blade categorized in the ISO standard [ISO 5436]
as a ‘Type B3’. From the trace the radius and stylus angles can be estimated.
The radius measured consist of the stylus and the edge of the razor blade:
R = R1 + R2. If the radius of the razor R2 is much less then the radius of the
stylus, the recorded radius equals the stylus tip radius itself. The top angle of
the blade can be estimated by fitting two straight lines in the data.

6.1.2 Results

A prototype of the artefact is made by precision cutting a bronze disc with a
diameter of 350 mm, with a diamond tool with a radius of 6 µm. After cutting
the disc, the sections containing the gauge block, razor blade and leaf spring
are milled. The samples are milled out of the finished disc. Measurements are
made and depicted in figures 6.4 and 6.5.

In order to calibrate the artifact correctly, it should be sent to an accredited
length measurement laboratory. At the university a preliminary calibration is
performed. The roughness measurement apparatus present has been calibrated
by roughness samples which in their turn have been calibrated by the NMI, the
dutch measurement institute. Also laser interferometer measurements have
been carried out to calibrate the x-axis and z-axis. Uncertainty of the length
measurements at the laboratory is 20 ± 300L nm, where L is the measure in

¶Calculation of the ratio zd(x)/z(x) is performed with equations 6.8 and 6.4. The displacement
due to torsion is given by: zd = sin(αt(x)) · 1

2 · b. For small angles this is approximated by zd =

(αt(x)) · 1
2 ·b. For rectangular cross sections, I = a · b3/12 and Ip = a · b3/3 [SBL66]. For steel E = 2.6 ·G

applies.
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meter. Repeated measurements of each section have been performed, and if
the standard deviation of these measurements exceeds the highest possible
accuracy, that standard deviation is given. Calibration of the leaf spring is
performed by two different probes each with a specific measurement force.
The measurement force of each probe is calibrated by a balance. Using each
probe to trace the artifact, the constants K and e characterizing the leaf spring
can be estimated. The probes used are a 2 µm radius probe with 0.7 mN force
and a 5 µm radius probe with 3.4 mN force. The balance has an uncertainty of
approximately ±0.05 mN. Results are reported in table 6.4.

0 10 20 27x→ mm

12

0

−12

z ↑ µm

Figure 6.4: Measurement of the artefact (I). Starting from left to right are the sines with periods
respectively 798.9, 399.9, 250.0 and 80.0 µm, followed by grooves with depths of 10.084, 3.019 and
1.022 µm. After the quasi random profile with a Ra of 1.64 µm the start of the ramp is visible.

0 4 8 12 0 4 8 12

200

0

−200
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Figure 6.5: Measurement of the artefact (II). The optical flat, leaf spring and razor blade measured
with different probes. Left is measured with a probe with radius of 2 µm and measurement force
of 0.7 mN probe, right is measured with a radius of 5 µm and a force of 3.4 mN.

The large difference in stylus radius is due to probe damage. After exami-
nation with a microscope probe tip damage was confirmed. This result shows
the need of an artefact incorporating all machine parameters. The calibration of
stylus radius is not frequently performed, if done at all. With the new proposed
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Section results

sine A µm λ µm
1 10.097 ± 0.020 798.9 ± 0.75
2 8.119 ± 0.020 399.9 ± 0.57
3 5.136 ± 0.024 250.0 ± 1.32
4 2.146 ± 0.020 80.0 ± 0.71

groove depth µm
1 10.084 ± 0.020
2 3.019 ± 0.020
3 1.022 ± 0.020

quasi random profile Ra µm Rq µm
1.640 ± 0.038 1.960 ± 0.037

leaf spring K e f
1.434 · 10−10 1.085 · 10−10

probe 0.7 mN: 0.67 ± 0.05 mN
probe 3.4 mN: 3.438 ± 0.05 mN

razor blade radius angle
probe 2.0 µm: 9.05 ± 0.5 µm 85.61 ± 0.50 ◦

probe 5.0 µm: 4.89 ± 0.4 µm 77.15 ± 0.50 ◦

Table 6.4: Measurement results from and obtained with the artefact. Notice the difference in nominal
and measured radius of the 2 µm probe due to damage.

artefact, defects of the stylus will be noted earlier.

In order to bring into practice the combination of artefact and uncertainty
analysis, the following experiment is executed:

• Two different roughness measurement machines are calibrated with the
prototype of the artefact;

• With both machines a reference specimen is traced six times;

• For each of the measurements series the results and uncertainty budget
is calculated.

The roughness measurement machines are a Mitutoyo SV 624-3D and a
Perthometer PRK with a C5D unit, build by Perthen-Mahr. The reference speci-
men is a specimen made by Rubert Precision Engineering, the so called composite
set of surface roughness comparison specimen, the selected surface from this set is
the example of the grinding production process. This sample is chosen as it is
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the closest approximation of a real surface encountered on the work floor. The
results of the calibration of both machines is given in table 6.5.

As the influence of long wave and short wave filter cut-off (λc and λs)
depends on the calibration of the x-axis, estimates are set at 1 % for the long
wave filter and 10 % of the short wave filter. The nominal values of these cut-offs
are defined in the ISO standard [ISO 3274] as 800 µm and 2.5 µm.

The percentages used in the analysis for force, stylus tip angle and stylus tip
radius are calculated in such order to recalculate to the nominal standardized
values; 0.75 mN, 60 ◦ and 2 µm respectively.

The traces of the endgauge, the optical flat, are also used as input in the
analysis.

Influence Mitutoyo Perthen
x-axis 0.1 % 0.1 %
z-axis 3 % 5 %
λc 1 % 1 %
λs 10 % 10 %
tip radius 5.65 µm ± 65 % 2.35 µm ± 15 %
top angle 76 ◦ ± 25 % 88 ◦ ± 35 %
force 3.34 mN ± 75 % 1.14 mN ± 35 %

Table 6.5: Calibration of the different influences performed by the prototype of the artefact for two
different roughness measurement machines.

If the analysis is correct, the measurand and uncertainty interval (including
the inhomogeneity of the surface) of both measurements must overlap. Results
for a selected group of parameters, taken from all four defined groups, namely
Rt (peak to valley), Ra, Rq (average of ordinates), Rdq (hybrid) and Rsm (spac-
ing) are given in Appendix D. The results show that for each parameter the
measurand combined with uncertainty overlap. If these values are compared
to the standard deviation calculated for each surface for each measurement ma-
chine, it shows that for most parameters, the uncertainty calculated with the
analysis is lower, ensuring less acceptation of faulty surfaces. For demands on
Rdq and Rq and Ra the surface might have been rejected on erroneous reasons.
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Figure 6.6: Exploded view of the dynamic probe calibrator. Corner cube b is glued onto optical flat
a which is glued upon the piezoelectric tube c. The piezoelectric tube is bolted to beam splitter e
via connector plate d. The laser interferometer is completed by the rigid retro reflector f . Top left is
a picture of the set up.

6.2 High frequency dynamical probe calibrator

A high frequency dynamical probe calibrator is used to obtain information
about the dynamical properties of the probe, not easily measured with the
calibration specimens available or with modal analysis. A dynamical probe
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artefact consists of a moving table, which can be driven by a function generator,
and a laser interferometer to measure the actual displacement of the table. The
following additional properties can be measured:

• eigenfrequency of the probe;

• dampening coefficient;

• transfer function of the probe;

• velocity during measurement.

The usefulness is extended by measuring properties which can be checked
by other artefacts; linearity of the z-axis and cut-off wavelengths of filters.
Reproducing the profile of an existing specimen for comparison is another
possibility. Various types of this sort of artefact have already been proposed
and constructed in literature [Hai96, HK97, Whi94, Pri02]. The nanometre ac-
curacy and temperature stability achieved for the calibrator for high precision
mechanical probes [Pri02] is not required. The basic needs for this calibrator
are:

• cheap;

• easy to use and align;

• horizontal or vertical use;

• uncertainty in region of tens of nanometres;

• range at least 10 µm;

• high frequency movement (> 500 Hz);

• low temperature sensitivity;

• directly traceable to the length standard using a calibrated laserinterfer-
ometer.

Based on the calibrator proposed in [HK97] the following configuration was
devised; a piezoelectric tube, holding a corner cube connected to the platform,
bolted to the laser interferometer optics as depicted in figure 6.6. With this
setup the optical path traveled by the laser in the reference and measurement
loop is kept as short as possible. The optics provide the counter mass of the
platform, so the setup requires the largest possible mass of the laser interferom-
eter optics available. The chosen optics are the Hewlett-Packard 10565B remote
interferometer and 10556A retro reflector.

The piezoelectric tube is a Physikinstrumente S-314.10, an open loop stack
of three piezoelectric elements, each placed at 120 ◦ relative to each other and
electrically connected in parallel, individually matched for equal displacement.
The total travel is 12 µm, with a mirror loaded resonant frequency of 4.4 kHz.
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The optical flat was specially made to fit the small corner cube. A hardening
adhesive is used to glue these together. Precautions were taken to achieve the
best parallelism between the piezoelectric tube top, optical flat and the corner
cube.

The measurement procedure is as follows. While the piezoelectric tube is
steered by a signal, e.g. a sine, block, sweep or arbitrary function, the probe
scans the surface of the optical flat. The two signals, the one measured by the
laser interferometer and the signal measured by the probe which can either be
a single roughness or a roundness measurement with the apparatus mounted
on a bridge, are compared to each other.

The optical path of the calibrator setup is depicted in figure 6.7.
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b

c

d

e
f

g

Figure 6.7: Optical path of the calibrator setup. Here a is the laser source, b the beam splitter , c the
corner cube of the reference branch, d the connection between the piezoelectric tube e and the beam
splitter, f the optical flat, traced by the stylus tip of the measurement machine under investigation,
holding the corner cube g of the moving branch.

6.2.1 Uncertainty budget

Different influencing factors add to the error budget of the calibrator:

• temperature expansion;

• drift;

• tilt;
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Figure 6.8: Frequency response of the roughness tester.

• surface quality of the optical flat‖;

• phase or amplitude difference between optical flat and small corner cube
caused by adhesive connection;

• alignment errors;

• laser interferometer uncertainty.

The measurement is a comparison between the interferometer and the
probe. All errors which the surface of the moving optical flat (the probe) and
the moving cornercube (the interferometer) measure in the same amount are
left out. This includes drift of the piezotube.

Errors due to the glued connection, e.g. a possible phase difference between
the optical flat holding the corner cube and piezoelectric tube, are measured
by the laser interferometer and the probe and hence negligible. However, the
adhesive connection between the optical flat and cornercube is not negligible.
The difference in expansion between the measurement and reference loop also
contributes to the error budget of the probe calibrator.

Temperature expansion has little influence as measurement time is very
short. The maximum measurement time is 80 seconds, for the usual measure-
ment length of 4 mm∗∗with a measurement velocity of 0.05 mm/s. The difference

‖As the optical flat is traced during a calibration, the quality of the flat directly enters the
budget.

∗∗4 mm is five times the specified (and most often encountered) cut-off wavelength of 800 µm,
the exit and entry lengths are left out.
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Figure 6.9: Noise level of the optical flat measurement after correction for tilt and optical flat.

in (thermal) length between the reference and measurement loop (the length of
the piezotube assembly) in this setup is 35 mm††. With a maximum permissible
drift in laboratory conditions of 0.2 ◦C/h this difference adds up to an error of
less then 3 nm.

The tilt of the optical flat in the complete range of 12 µm is measured with
an autocollimator and gives a maximum of 24 ” in the complete range of the
piezoelectric tube. The total tilt can lead to a deviation of 0.75 µm over a usual
measurement length of 4 mm as used in roughness measurement. Observed
tilt error, in the mid range of the piezoelectric tube, is around 0.3 µm. The
tilt is shown if the optical flat is measured at zero voltage compared to a
measurement with a constant voltage applied to the actuator. To eliminate
the tilt, the data measured by the probe should be leveled by subtracting a
least square reference line. Tests have been performed to see whether taking
a regression line is a sufficient compensation. Six measurements were made
at zero voltage and six measurements were taken at fifty volts, the mid range
of the piezoelectric tube. From all measurements the least squares reference
line was subtracted and the means of each set where compared by subtraction,
eliminating optical flat and drive axis. The remaining noise, depicted in figure
6.9 is in the order of nanometres with a top-top value of 20 nm and a mean
square deviation of 2 nm.

The surface quality of the optical flat and the deviation of the drive axis is
only present in the measurement made by the probe. Using random compo-
nent elimination, as described further in this chapter, it is possible to obtain a
calibration profile of the optical flat and the drive axis of the tester used and
subtract it from the data in order to eliminate these effects. A noise diagram
can be obtained by removing the optical flat and drive axis from a static mea-
surement. To calculate the specific uncertainty of the noise on a measurement,

††The length of the steel piezoelectric tube is 28.5 mm, the brass (α = 18.4 · 10−6 /K) coupling
plate is 7.5 mm.
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the noise diagram can be used as input in the budget method.
The phase or amplitude difference between optical flat and corner cube

caused by adhesive connection is not negligible. The tested probes are around
100 Hz and at lower frequencies no amplitude differences between the probe
and the laser interferometer have been observed. If the calibrator is used at
high frequencies of over 0.5 kHz, the connection might become a problem.
An estimate of the deviation caused by the adhesive is made in the following
manner: with the mass of the corner cube and the acceleration inflicted by
the piezoelectric tube on that mass, the stress upon the adhesive connection
is calculated. Using the generalized Hooke’s law, the strain is estimated. With
the strain an estimate of the displacements in the adhesive connection is made.
First the load on the adhesive connection is calculated. The mass of the corner
cube is estimated with the density of the material and the volume. The volume
is V = 134 · 10−9 m3. The material is glass, with a density ρ = 2600 kg/m3

resulting in a mass of 349·10−6 kg. The acceleration inflicted by the piezoelectric
tube is also estimated. Supposing a sinusodial movement, the acceleration is
derived as a = A · 4π · f 2, with A the amplitude of the displacement and f the
frequency of the movement. Substituting an amplitude of 6 µm at a frequency
of 0.5 kHz‡‡ calculates to an acceleration of 60 m/s2. Using Newton’s law of
force, F = m × a the total load onto the adhesive connection is calculated as
21 mN. The smallest area where the load is applied is the surface of the corner
cube in connection with the adhesive. This area is calculated as 54.3 · 10−6 m2.
Hence the calculated stress is σ = 387 N/m2. The calculated strain is calculated
with generalized Hooke’s law: ε = σE , where E is the materials Youngs modulus.
Youngs modulus of the adhesive is around 158 MPa hence the strain is ε = 2.45.
Strain is defined as :

ε =
∆L
L

(6.11)

where L is the initial length of the adhesive. The initial length covered by the
adhesive is about 2 mm. Thus the estimated displacements are in the order of
5 nm.

The laser may enter the interferometer at a small angle in relation to the
optical axis and resulting in a cosine error in the total range of the piezoelectric
tube. The tilt angle of the piezoelectric tube is measured as a maximum of 24 ”.
The mechanical tilt is (over)estimated at 1 ◦. The total alignment error due to
the misalignment of angle αA is calculated ∆A = Rpiezo − Rpiezo cosαA within
the measurement range of the piezoelectric tube Rpiezo. This results in a total
alignment error for the used 12 µm range of ∆A = 2 nm.

The resolution of the laser interferometer is 10 nm. The accuracy depends
on relative wavelength instability, digital noise and dead path errors,∗ which
are linear with the change in refractive index∆n. The change in refractive index

‡‡In practice the piezoelectric tube is not able to provide a 6 µm amplitude at 0.5 kHz. Hence
the estimated displacement is well over estimated.

∗The dead path Ld is the length difference between the measurement loop and reference loop
at the moment of zeroing.
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Figure 6.10: Frequency response of the roundness tester.

can be calculated with the updated Edlén equation [BD94, Mui88] and is given
in table 6.6. Digital noise has been estimated at 0.5 nm top-top [Pri02].

∆n ∆n · Ld
∆λ 1.27 · 10−6 nm < ·10−9 < 0.035 nm
∆T 8 · 10−3 K 8 · 10−9 0.3 nm
∆H 10 % rH 8.5 · 10−8 3.0 nm
∆CO2 150 ppm 2.1 · 10−8 0.7 nm
∆p 0.5 mBar 1.34 · 10−7 4.7 nm
total 5.6 nm

Table 6.6: Influence of change in refractive index upon laser interferometer accuracy caused by
environmental influences. The dead path length is 35 mm.

The total uncertainty budget of the dynamical probe calibrator is given
in table 6.7 and results in a total of 18 nm. In case of a non moving probe
calibration, the uncertainty of the reference plane can be neglected.

6.2.2 Results

The eigenfrequency of the probe setup of the roughness tester under inves-
tigation was measured at 100 Hz by comparing the standard deviation of a
generated sine with different frequencies. The measurement is depicted in fig-
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Influence Contribution
Temperature expansion 3 nm
Reference plane after correction 2 nm
Alignment error 2 nm
Adhesive connection 5 nm
Dead path errors 5.6 nm
Digital noise laser interferometer 0.5 nm
total (k = 2) 18.0 nm

Table 6.7: Uncertainty budget of the high frequency probe calibrator.

0 20 40 60 80 100
→ f Hz

500

400

300

200

100

↑ K %

Figure 6.11: Frequency response of the form tester.

ure 6.8. The mechanical filtering is shown by a generating sine which sweeps
from 25 to 125 Hz. The sweep response is given in figure 6.12. It shows a de-
cline in amplitude starting from 95 Hz. Measuring with a common velocity of
0.5 mm/s this frequency equals a wavelength of 5.26 µm, which is fairly large.
If high precision measurements must be made, the lowest measurement veloc-
ity of 0.05 mm/s should be used. The smallest wavelength possible to measure
without loss in amplitude due to transfer of the probe equals 0.526 µm. With a
generated sweep the measurement velocity of the machine can be checked. The
duration of the sweep is programmed to be 5 seconds and the measurement
length of three sweeps is 2.642 mm which calculates to a measurement speed
of 0.53 mm/s. The dampening ratio ζ can be estimated by measuring a block
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Figure 6.12: Response of the roughness tester upon a sine sweep with an amplitude of 1 µm ranging
from 25 to 125 Hz.

function and calculating the envelope function given by:

z(x) = u0 · eζ2π fnt (6.12)

where u0 the amplitude at t = 0 and fn the eigenfrequency. Performing the
measurements gives an estimate for the dampening ratio of 0.38.

The response of a roundness tester is measured by mounting the artefact
on a bridge. The bridge is rigidly mounted onto the base of the roundness
tester, but leaves the (rotation) table free to rotate. The measurement setup is
depicted in figure 6.13. In this manner the roundness measurement machine
performs a single roundness measurement, but the displacement is given by
the piezoelectric tube. The response is depicted in figure 6.10 and shows a
large drop at 50 Hz. With the slowest speed of 2 rpm the smallest undulation
per revolution, UPR, which can possibly be measured is 1000 UPR. A similar
test is performed on the form tester. As seen in figure 6.11, large resonance
started at 10 Hz. As the purpose of the form tester is only shape measurement,
mostly consisting of macro wavelengths, the performance is adequate.
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Figure 6.13: Use of the calibrator on a roundness measurement machine. The table a rotates freely
while the calibrator c is mounted onto the bridge b rigidly connected to base e. The stylus d presses
the stylus tip on the reference plane of the calibrator.

6.3 Noise elimination

In this section a new method to identify and correct noise in roughness and
roundness measurement is treated. The effect of noise in these measurements
is a bias as the parameters used to express the measurement results are mostly
deviations of themselves. The bias effect is observed in the measurement of
surface plates [Hai92]. It has also been observed for root mean square (rms)
values of wavefronts [DL01]. The latter uses a combinatorial method to remove
this bias in wave-front deformation. In the next sections, two methods to remove
and diminish the noise bias will be given. First the extrapolation to a zero bias
in the standard deviation of a profile will be explained. It is shown that only two
measurements are sufficient to calculate a significant reduction. This principle
is extended to obtain a complete ‘noise-corrected’ profile by considering the
power spectrum and the change of each Fourier component with averaging.
Combining the two methods and considering the statistical significance of
each Fourier component enables a further reduction, the random component
elimination. Finally examples and applications, including the calibration of the
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x-axis of a roughness tester, are given. The method is published in [HM05].

6.3.1 Parameter extrapolation

The parameter Rq is the root mean square of roughness measurement∗. A mea-
sure of total power in the profile is the mean square, Rq2. The power in a profile
consists of the power of the object and the power of noise:

Rq2
measurement = Rq2

object + Rq2
noise (6.13)

If n repeated measurements are made, the average contribution of noise de-
creases proportional to the number of measurements n [Cha83]:

Rq
2
n(mean) = Rq2

object +
Rq2

noise

n
(6.14)

combining equations 6.13 and 6.14 leads to the mean square of the object:

Rq2
object =

n · Rq
2
n(mean) −

〈
Rq2

measurement

〉
n − 1

(6.15)

where <> denotes the average of over a large ensemble. In figure 6.14, the
results are given of the extrapolation for a simulated block surface with an Sq
of 1.381 µm. The surface area is 0.01 mm2, period 10 µm and the amplitude is
1 µm. A normal distributed noise with a standard deviation of 1 µm is added.
At n = 1 the bare results are given, at n = 2 the average of pairs of two
measurements are given, at n = 4 the average of groups of four measurements
are given and at n = 8 the average of all measurements. At a simulated n = ∞
the results of four pairs of measurements are given when equation 6.15 is
used. The straight line gives the theoretical result. As the standard uncertainty
in the extrapolated sets does not decrease, e.g. averaging two profiles gives
Sq = 1.547 µm ± 12 nm and the reduced pairs give Sq = 1.376 µm ± 10 nm, it is
possible that the calculated parameter is lower as the ‘clean’ surface, but within
the uncertainty limits.

6.3.2 Fourier reduction

In the previous section the unbiased estimate of a single parameter is deduced.
Using Fourier transformation, it is possible to utilize the method for each indi-
vidual Fourier term of each measurement in the set and to obtain an estimate of
an unbiased profile. Each of the n profiles, consisting of N measurement points,
is rewritten as a summation of Fourier terms:

z(x) =

N
2∑

k=1

Ak · cos
(

2πkx
N
− φk

)
(6.16)

∗Sq is used in surface and RONq in roundness measurement.
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Figure 6.14: Extrapolated sets of two measurements (at n = ∞) compared to the mean of two, four
and eight measurements and the single results.

where Ak the amplitude and φk the phase of the kth harmonic Fourier term. The
power spectrum is related to the parameter Rq by:

z(x)2 = Rq2 =

N
2∑

k=1

A2
k

2
(6.17)

which equals the value of the autocorrelation with zero lag. Following the
derivation of 6.13 and 6.14 the the unbiased estimate of each independent
Fourier term of the object becomes:

A2
k object =

n · A2
k −

〈
A2

k,noise

〉
n − 1

(6.18)

Inverse transformation is performed with the phase of the mean of measure-
ments as this is the best estimate of the phase of the object. If a noisy frequency
is encountered it is possible that the power is reduced to a negative number. In
that case the power of the frequency is set to zero.

6.3.3 Random component elimination

Further reduction is possible by deriving a criterion using the total power in
a profile using 6.15 combined with the statistical significance of each Fourier
term in 6.16.

A roughness or roundness measurement consists of a deterministic signal
(the object) with superimposed noise. Noise can be classified in ergodic and
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non-ergodic. Ergodic noise is defined as noise which mean and autocorrelation
remain constant in time; ergo only the phase of these harmonics differs in
repeated measurements [BP86]. If the only noise present is ergodic, the standard
deviation of the phase of each harmonic might be considered as a criterion of
the amount of randomness rk:

rk = s
[
φk

]
(6.19)

with s the standard deviation of φk, the phase of the kth harmonic.
A general way to consider all sorts of noise, thus including non-ergodic

noise, is to consider the complex form of the Fourier transform:

z(x) =

N
2∑
−

N
2

Ck · e

(
j 2πkx

N

)
(6.20)

where Ck the complex coefficient of the kth harmonic. The randomness of the
kth Fourier term is proposed as:

rk =

√
s2 [<(Ck)] + s2 [=(Ck)]

A2
k

(6.21)

In this fashion all possible changes in the complex plane of a frequency is
equally weighted to decide the amount of noise contamination in the frequency
compared to other frequencies in the set of measurements.

The procedure of reconstructing a random component elimination profile
is as follows:

• perform Fourier transform;

• calculate rk for each kth harmonic;

• sort harmonics of the reduced profile in order of randomness, starting
with the least random harmonic as calculated with criterion rk;

• calculate Rq2
object using 6.15 ∗;

• perform the inverse transform adding the least random harmonics to the
spectrum until Rq2

elimination equals Rq2
object .

As the Fourier reduction is applied, it is wise to calculate Rq of the reduced pro-
file and compare it to the Rqobject calculated with 6.15. If these are equal, further
reduction using the random component elimination is not possible and only a
waste of calculation time. An example of the component elimination method
is depicted in figure 6.15. This is the same set used to calculate figure 6.14. As
shown a large reduction is achieved with random component elimination.

∗In case of surface measurement calculate Sq and for roundness RONq.
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Figure 6.15: Example of reduction methods, top left a simulated block function, surface area
0.01 mm2, period 10 µm and an amplitude of 2 µm. Bottom left is the mean of eight of these
blocks with added normal distributed noise with a standard deviation of 1 µm. Top right the
Fourier reduction result and bottom right the random component elimination result.

6.3.4 Results and applications

The parameter extrapolation method can be applied to diminish noise in re-
peated measurements. The advantage of this method is a large reduction in
noise bias in measured parameters even if only two repetitive measurements
are used.
The advantage in random component elimination lies in the ability to calibrate
the drive axis of a roughness tester with a set of measurements of a reference
plane taken at random positions and orientations. In this way the object is
randomized while the only non-randomized part is the axis, provided that the
measurement is taken at the same position on the drive axis. In the case of
non-triggered systems, for example an older roughness tester connected to a
computer which only reads the profile data, the measurement must be taken
at approximate equal starting positions and a cross correlation must be per-
formed to shift the data to equalize the data in x-direction. If the axis needs to
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Figure 6.16: Example of the calibration of a the spindle using the component exclusion method.
Left is the component exclusion, obtained with rotating a standard at 13 random angles, right is
the result of a reversal method, using 24 measurements.

be calibrated, the complete range must be measured. Depending on the avail-
able position information, parts of the axis diagram can be used to compensate,
but certainly can be used in the uncertainty calibration. Spindle calibration
in roundness measurement can be performed by rotating a sphere reference
specimen at random angles and applying random component elimination. In
that fashion, the noise and the specimen is randomized leaving the spindle as a
constant. A spindle calibration performed in this fashion is depicted in figure
6.16. Although high frequency noise is filtered by the elimination method, the
overall shape of the spindle is correctly obtained compared to the one obtained
by reversal.

6.4 Conclusions

In this chapter two calibration artefacts and a calibration method have been
presented. For each of these items specific conclusions can be drawn. The
following is concluded for the one track roughness calibration specimen:

• It is shown that it is possible to calibrate the roughness measurement
apparatus in a single track and use the results in the uncertainty analysis;

• The prototype is made of a bronze alloy, a soft material in comparison
to the usual stainless steel or Nickel coated artefacts. As the probability
increases that a track is made at the same position twice, due to the
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alignment needed to trace the leaf spring, the top layer of the artefact
must be coated or made out of a hard material;

• The clamping of the leaf spring as designed in the prototype is far from
ideal. The leaf spring with a thickness of 0.05 mm bends the gauge block
used to clamp it. Also the bolts (a in figure 6.1) used to attach the gauge
block bend the block a little. In the future series this must be improved;

• The smallest wavelength of the sines in the prototype is 80 µm. It is shown
that a wavelength of 25 µm is feasible and should be aimed at in the next
generation artefacts;

• If the artefact is provided by roughness measurement machines, cali-
bration of machine parameters such as the stylus radius, are performed
much more frequent hence defects affecting the measurement are noticed
earlier.

Next the conclusions for a high frequency dynamical probe calibrator are pre-
sented:

• The use of adhesive connections in the high frequency calibrator is a good
alternative to much heavier constructions using conventional connections
such as bolts and rings;

• The calibrator has proved to be a useful tool in the calibration of measur-
ing machines using a stylus.

Finally, conclusions for the random component elimination method are drawn:

• The presented method supplies a method to obtain a diagram of the drive
axis of a roughness measurement machine at little effort;

• The method is successfully used in obtaining a spindle diagram of a
roundness measurement apparatus.
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Chapter 7

Conclusions and recommendations

7.1 Conclusions

In this thesis a new method to calculate the uncertainty for roughness, round-
ness, straightness, cylindricity and form measurement with stylus instruments
is described. The developed method bridges the gap between practical metrol-
ogy and the requirement to supply an uncertainty budget with each measure-
ment as dictated by the standards [ISO 14253] and GUM [Gui95]. Furthermore,
in combination with newly developed artefacts and methods to calibrate the in-
struments, a powerful combination is realized which allows fast and traceable
calibration and measurement. Based upon the achieved results, some addi-
tional conclusions can be drawn.

The indicated method is sample and task specific and the calculated uncer-
tainties are mostly smaller than the common global uncertainty budget would
give, so measurement values can be shown to be more accurate. The measure-
ment uncertainty is not calculated with so-called rules of thumb (if uncertainty
is specified at all), the most frequently used method at this time, but is based
upon derived properties of the sample and the measurement machine used.

The presented method is applicable to all machines using a stylus for mea-
surement of roughness, roundness and form.

The results are traceable to the primary length standard. This traceability can
be ensured by calibration of the used calibration artefacts by any accredited
laboratory.

At this time, the RvA (Dutch Accreditation Council) has approved the use
of the virtual roughness tester for calibration of roughness specimen in the lab-
oratory at the Technical University in Eindhoven [vdP03]. The large number
of parameters, each supplied with a small uncertainty value was unique in the
world.
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A new artefact for roughness measurement is developed, incorporating all
input quantities. For roundness, cylindricity and form measurement recom-
mendations for such an artefact are given.

The methods are implemented in stand-alone software packages for measur-
ing roughness, roundness and form. An overview of the software is given in
Appendix C.

The developed method is applicable for all existing standards and parameters
as it generates simulated (virtual) measurements and applies the calculations
dictated by the standards on these measurements.

As the method requires less calculations than a full Monte Carlo implementa-
tion, the time to calculate the results is short and the delay by using the method
described in this thesis will hardly be noticed by the operator.

In comparison to a Monte Carlo implementation, only the uncertainties of in-
fluencing parameters are calculated, not the probability distribution functions
of the uncertainties. However, in practical metrology the operator is not inter-
ested in the probability distribution functions but in the acceptation or rejection
of a product based upon the uncertainty value [ISO 14253]. Furthermore the
Monte Carlo implementation, as it is used in the few implementations known,
requires the input of the probability distribution functions of each influencing
parameter, which is not always easy to derive∗.

As output the method states a specified result ordered by each uncertainty
contributor. From this result the major contributor can be identified. If the un-
certainty is too large due to this contributor, one can consider (if possible) to
redo the measurement with adjusted machine parameters.

Even though operators of measurement machines as treated in this thesis are
usually well educated staff, they do not always posses the knowledge to cal-
culate an uncertainty budget. Using the method implemented in processing
software enables anyone to state a measurement result, including a valid un-
certainty budget.

The results of the uncertainty calculations show that the probe gain factor
is not always the major influencing factor, however it is traditionally consid-
ered so (and usually the only one calibrated). This again shows the necessity of
this kind of uncertainty calculation.

∗To illustrate the difficulty of the Monte Carlo implementation, the stylus radius analysis is
taken. As shown in this thesis, an estimated profile for a different stylus radius can only be made
well for a larger stylus. For the budget method this is not a problem, the radius is increased and the
resulting parameter deviation is combined (quadratically added) with the other influencing factors.
For the Monte Carlo method however this gives a one-sided distribution while other influences;
e.g. the probe linearity, can make parameters both larger and smaller. If a bi-modal distribution is
taken, calculating the uncertainty using a Monte Carlo scheme reduces to the budget method.
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With the combination of the developed calibration tools, which calibrate almost
all influencing parameters of the machines under investigation expeditiously at
low cost and the implemented uncertainty analysis, a tool is developed which
leads to an overall acceptance and possible implementation of uncertainty cal-
culation for the treated types of machines.

In order to illustrate the need of a task specific uncertainty calculation an
overview of some existing uncertainty calculations is given in Table 7.1 in
comparison to the implemented method. The table shows that it is not trivial
to derive the uncertainty budget from machine specifications for any param-
eter (as illustrated by the cylindricity parameter CYLv). The main reason is
that only the accuracy statements of the axes is provided by the manufacturer.
Uncertainty calculated in this manner leads to overestimation (in the case of
cylindricity where the measured artefact is a reference cylinder and in the case
of straightness where a straight edge is measured) or underestimation (in the
case of form measurement, where only one influence is incorporated). In both
cases the calculated results are unreliable. The nature of the calculated param-
eter is also an important factor. For peak to valley parameters the uncertainty
budget is difficult to estimate by machine specifications as they are largely
sample dependent.

If an uncertainty budget is derived by a calibration institute for a specific
machine and parameter (in the case of roughness and roundness), the results
of both methods agree (although peak valley parameters may vary). However
such a budget is not always derived by a user of the measurement machine,
again emphasizing the need of implementation of the new method of uncer-
tainty calculation in software provided by manufacturers.

Uncertainty analysis, based upon the methods derived in chapter two, is im-
plemented for single roughness, surface measurement, roundness, straightness,
cylindricity and form measurements. For each contributor to the uncertainty
budget, a consideration based upon measurements and analytical methods is
made to either use the contributor in the budget or neglect it. The following is
an overview of these conclusions. Some specific conclusions can be drawn for
roughness measurement machines:

• The measurement force is not a major contributor to the budget, however
surface damage is almost always present. Caution is advised if measuring
optical parts where even the smallest damage leads to rejection;

• If measuring a relative large surface area (1 mm2) in detail (stepsize 1 µm
in both directions) the measurement machine takes a relative long time
to measure the surface (approximately three hours). The most important
disturbing factor during that time are vibrations, for instance people
opening and closing doors of the laboratory room. If used for calibration,
active vibrational isolation must be applied;

‖H = 175 mm
††Squared addition.
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Measured Uncertainty according Example
quantity to calibration Implemented

institute calculations Measured Calculated Method
or specifications Value U(k = 2) U(k = 2)

Roughness According to [vdP03]

Rz 30 nm + 0.03 · Rz 9.408 µm 312 nm 242 nm
Rq 3 nm + 0.02 · Rq 1.766 µm 38 nm 36 nm
Roundness According to [vdP03]

RONt 6 nm + 0.07 · RONt 0.274 µm 25 nm 52 nm
Straightness According to [Mit00]

0.8 µm/280 mm 0.770 µm 1.6 µm 0.1 µm
Cylindricity According to [Mit00]

Vertical Column 0.8 µm/280 mm 0.5 µm
Turntable + ††

at height H‖ 0.02 + 6 ·H/10000 µm 0.125 µm

CYLv 0.634 µm 1.03 µm 0.513 µm
Form According to [Mit02]

Z-axis 3 + |2 ·H|/25 µm 7.801 mm 7.2 µm 79.6 µm

X-axis 1 + 2 · L/100 µm 74.514 mm 5.0 µm 149.2 µm

Table 7.1: Comparison of existing methods and the implemented method. All values of the used
examples can be found in the main text.

• The influence of subtracting the regression line (which is common prac-
tice) instead of rotating and transforming around a calculated regression
angle (which is the best representation of alignment), is mostly noticeable
on the spacing parameter Rsm for misaligned samples.

Some specific conclusions can be drawn for roundness measurement machines:

• The rotational speed of the rotary table must be selected with care. If the
velocity is taken too high, the probe setup is more sensitive to excitations
as a result from the form of the measured object. The table itself will also
introduce more vibrations in the measurement frame and the dynamic
probe characteristics may make the probe miss the finer undulations. On
the other hand: if the measurement time is increased, the measurement
will become more sensitive to temperature drift. In practice 2 rpm proves
to be a good balance;

• Measurement noise and the spindle of the roundness apparatus (if not
corrected) are the highest contributors to the uncertainty budget if the
roundness measurement apparatus is challenged to its measurement lim-
its;
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• The uncertainty contributed by the stylus geometry will show noticeable
influence on peak and valley (RONt, RONv and RONp) parameters, which
are the ones used in practice;

• In cylindricity (and less noticeable in single roundness) measurement, the
minimum zone criterion is more sensitive to small disturbances than the
linear least squares reference;

• The lowest natural frequency of 6 Hz, measured on the total setup of the
apparatus used in this thesis, is very low for a precision measurement
apparatus. Naturally, not all setups of roundness measurement machines
will suffer from this defect. However, it is shown that this frequency is
not very disruptive to the measurements, even without active vibration
isolation such as a massive dampened granite table.

Also specific conclusions can be drawn for form measurement machines:

• The processing scheme is dependent upon the properties of the measured
form, and the needs of the user. With the setup of uncertainty analysis, fits
of different geometric shapes such as aspheres, sinusodials or polynomials
can be inserted in the processing software, and the uncertainty of the
properties calculated with these fits can be estimated;

• Some calculated parameters, such as the parameter a in the fitted line
equation z = a + b · x, the point of intersection of the fitted line and the z-
axis or the calculation of the coordinates of the center of a circle, can have
a high uncertainty. Close examination of the fitted element makes that this
sensitivity can be well understood; e.g. in the case of an almost vertical line
the point of intersection is very sensitive to the fitted angle: a small angle
variation may cause a large variation in the intersection coordinate. Such
a parameter should not be taken as a criterion in rejection or acceptance
of the measured objects.

In the sixth chapter two calibration artefacts and a calibration method are
presented. For each of these items specific conclusions can be drawn. The
following is concluded for the one track roughness calibration specimen:

• It is shown that it is possible to calibrate the roughness measurement
apparatus in a single track and use the results for uncertainty analysis;

• The prototype is made of a bronze alloy, a soft material in comparison
to the usual stainless steel or Nickel coated artefacts. As the probability
increases that a track is made at the same position twice, due to the
alignment needed to trace the leaf spring, the top layer of the artefact
must be coated with Nickel or made out of a hard material such as steel;

• If such artefact is provided together with roughness measurement ma-
chines, calibration of machine parameters such as the stylus radius, can
be performed much more frequently, hence defects affecting the measure-
ment are noticed in an earlier stage.
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Next the conclusions for the high frequency dynamical probe calibrator are
presented:

• The use of adhesive connections in the high frequency calibrator is a
good alternative (if applied correctly) to much heavier constructions using
conventional connections such as bolts and rings;

• The calibrator has proved to be an essential tool in the calibration of
measuring machines using a stylus to the highest accuracy.

Finally, conclusions for the random component elimination method are drawn:

• If noise is reduced by averaging repeatedly measured profiles, this method
reduces the noise far more efficient so for a comparable noise reduction
much less measurements need to be taken;

• The presented method supplies a method to obtain a diagram of the drive
axis of a roughness measurement machine at little effort;

• The method is successfully used in obtaining a spindle diagram of a
roundness measurement apparatus.

7.2 Recommendations

After any research project questions and new ideas come up. This section gives
a number of such recommendations.

• The method has been successfully implemented in roundness, roughness
and form measurement machines (using a stylus), a specific type of geo-
metric measurement machines. As the method proposed in this thesis is
not limited to this group of machines, it makes sense to research the possi-
bilities of implementing the method in other sorts of machines in the field
of metrology, e.g. measuring microscopes, hardness testers, AFMs, STMs,
CMMs etc. If generally implemented, measurements will automatically
be combined with a valid uncertainty interval. Hence the complete mea-
surement statement will become practice in applied metrology (instead
of exception);

• In the thesis the uncertainty contributors are assumed to be uncorrelated.
Although no large cross correlations effects are expected, it is possible
with some well chosen experiments to quantify the cross correlation coef-
ficients as required in equation 2.4 between different influencing factors;

• A single track roundness/cylindricity specimen has not yet been devel-
oped. Two setups are possible; using a helical scan to track various items
in a single measurement, or implementing different items at different
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heights using roundness profile extraction. The latter setup is more uni-
versal as not all roundness measurement machines are capable to perform
a helical scan. In the artefact sines, steps (or flicks in this case), a leaf spring,
a ramp and a razor blade can be implemented at various heights. A cylin-
der standard can be also be implemented by using the lowest and upper
roundness profile of the artefact as a reference cylinder. On these two near
perfect circles, the artefact can be aligned. However, the measurement of
straightness and noise of the column is difficult to implement and would
almost necessarily require the use of a second artefact to perform the
reversal measurement. As the artefact will also be expensive to manufac-
ture, the consideration must be made if such an artefact is economically
feasible;

• The influence of temperature has been disregarded for all measurement
machines. However, it is possible in shopfloor conditions (and even in so
called well controlled environments) that temperature gradients and drift
exceed the standardized values. In such cases a thermomechanical model
of the measurement machine might be used to calculate the temperature
effects;

• In roundness only one spindle noise diagram is used to estimate the influ-
ence of stochastic spindle errors. However from reversal measurements,
using twelve measurements for each reversal part, twenty four noise di-
agrams are obtained. These can also be used in the extended method as
spindle noise diagrams;

• The clamping of the leaf spring as designed in the prototype of the single
track roughness calibration specimen is far from ideal. The leaf spring
with a thickness of 0.05 mm bends the gauge block used to clamp it. Also
the bolts (a in figure 6.1) used to attach the gauge block bend the block
a little; a new clamping method, based upon more founded construction
principles must be implemented;

• The smallest wavelength of the sines in the prototype is 80 µm. It is shown
that a wavelength of 25 µm is feasible and should be aimed at in the next
generation artefacts.
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Appendix A

Overview of used parameters

In this appendix an overview of the parameters used in this thesis is given. The
parameters originate from the ISO standards [ISO 4287, ISO 11562, ISO 12180,
ISO 12780-1, ISO DRAFT] and if the parameter used is part of a standard set,
the set is given to complete the overview.

A.1 Roughness parameters

First the regression line, or reference line must be subtracted from the measured
profile. The standardized reference line used is the line calculated with the least
squares criterion.

A.1.1 Profile parameters

The parameters are categorized into four types:

• amplitude parameters, peak and valley;

• amplitude parameters, average of ordinates;

• spacing parameters;

• hybrid parameters.

Before continuing the overview, a few definitions must be treated.
Measurement length lm: the total length of the measured profile.
Sampling length lr: the cut-off length of the long wave filter.
Evaluation length ln: the length used for assessing the profile under evaluation.
The evaluation length is an integer value times the sampling length, usually
five. If a parameter is defined within the sampling length, the calculated profile
parameter result is the mean of each individually calculated parameter in each
evaluation length:

P =
n∑

i=1

Pi/n (A.1)
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where P is the appropriate parameter result, Pi the separate calculated parame-
ters within in each sampling length and n the total amount of sampling lengths
(ln = n × ls). As a rule of thumb, to eliminate entry and exit phenomena and
filter errors, the measurement length is set at eight times the sampling length.
The three remaining sampling lengths are equally divided into exit and entry
length and are not used for evaluation.
Profile ordinates Z(x): the ordinate value Z of the assessed profile after processing
(regression and filtering) at position x.

Amplitude parameters, peak and valley

Rp: the maximum profile peak height within the sampling length.

Rp = max [Z(x)] (A.2)

Rv: the maximum profile valley depth within the sampling length.

Rv = min [Z(x)] (A.3)

Rz: the maximum profile height within the sampling length.

Rz = Rp + Rv (A.4)

Rc: the mean height of profile elements within the sampling length. A profile
element is defined as a profile peak and adjacent valley. Height and spacing
discrimination is required to discern non significant elements from significant
ones. Height discrimination is set at 10 % of Rz and spacing discrimination at
1 % of ln.

Rc =
n∑

i=1

Ehi/n (A.5)

where Eh the height of a significant profile element and n the total amount of
profile elements within a sampling length.

Rt: the total profile height, sum of maximum peak and maximum valley within
the evaluation length.

Rt = Rp + Rv (A.6)

Amplitude parameters, average of ordinates

Ra: the arithmetic mean deviation of assessed profile.

Ra =
1
lr

∫ lr

0
|Z(x)| dx (A.7)

Rq : the root mean square deviation of the assessed profile.

Rq =

√
1
lr

∫ lr

0
Z2(x)dx (A.8)
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Rsk : the skewness of the assessed profile.

Rsk =
1

Rq3

[
1
lr

∫ lr

0
Z3(x)dx

]
(A.9)

Rku : the kurtiosis of the assessed profile.

Rku =
1

Rq4

[
1
lr

∫ lr

0
Z4(x)dx

]
(A.10)

Spacing parameters

Rsm: the mean width of profile elements within the sampling length.

Rsm =
n∑

i=1

Ewi/n (A.11)

where Ew the width of a significant profile element and n the total amount of
profile elements within a sampling length.

Hybrid parameters

R∆q: the root mean square of the slope of the assessed profile.

R∆q =

√
1
lr

∫ lr

0

(
dZ
dx

)2

dx (A.12)

As the profile is digitized with an ordinate spacing ∆X, the numerical value of
the slope at position xi is approximated as

dZi

dx
=

1
60∆X

[Zi+3 − 9Zi+2 + 45Zi+1 − 45Zi−1 + 9Zi−2 − Zi−3] (A.13)

which is the slope of a fitted fifth degree polynomial at interval [Zi−3..Zi+3].

Curves

The profile height amplitude curve is the probability density function of material
ratio as a function of level. The Abbot-Firestone curve is the cumulative material
ratio of the profile as a function of level. An example of an Abbott-Firestone
curve is given in figure 1.8.

A.1.2 Surface parameters

Characterization of surfaces is still in its infancy. New standards are being
devised [ISO DRAFT] which are based upon the recommendations of the Eu-
ropean phase II report leaded by Stout [Sto93]. In analogy to profile definitions
sampling areas A are defined, only these areas are not connected to a long wave
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filter cut-off component. With mathematical techniques newly introduced to
surface topography such as wavelets and fractals a new parameter rush seems
to be happening. However, the list of following parameters is commonly used.
Parameters are calculated with respect to the assessed surface ordinates, Z(x, y),
where Z is the ordinate value after processing (regression and filtering) at
position (x, y).

Amplitude parameters

Sp: the maximum surface peak height within the definition area of the assessed
surface.

Sp = max
[
Z(x, y)

]
(A.14)

Sv: the maximum surface valley depth within the definition area of the assessed
surface.

Sv = min
[
Z(x, y)

]
(A.15)

Sz: the maximum surface height within the definition area of the assessed
surface.

Sz = Sp + Sv (A.16)

Sa: the arithmetical mean deviation within the definition area of the assessed
surface.

Sa =
1
A

∫ ∫
A

∣∣∣Z(x, y)
∣∣∣ dxdy (A.17)

Sq: the root mean square deviation within the definition area of the assessed
surface.

Sq =

√
1
A

∫ ∫
A

Z(x, y)2dxdy (A.18)

Ssk: the skewness within the definition area of the assessed surface.

Ssk =
1

Sq3

[
1
A

∫ ∫
A

Z(x, y)3dxdy
]

(A.19)

Sku: the kurtiosis within the definition area of the assessed surface.

Sku =
1

Sq4

[
1
A

∫ ∫
A

Z(x, y)4dxdy
]

(A.20)

Spacing parameters

Sds: number of peaks per unit area.

Sds =
np

A
(A.21)

where np is the number of peaks in the definition area. In analogy to the profile
parameters Rc and Rsm height discrimination for Sds is required. The default
discrimination is set at 5 % of Sz.
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Hybrid parameters

Ssc: arithmetic mean of the principal curvatures of peaks within the definition
area.

Ssc =
1
−2n

n∑
k=1

[
∂2Z(x, y)
∂x2 +

∂2Z(x, y)
∂y2

]
f or kth summit

(A.22)

Sdq: root mean square of the surface slope within the definition area.

Sdq =

√
1
A

∫ ∫
A

(
∂Z(x, y)
∂x

)2

+

(
∂Z(x, y)
∂y

)2

dxdy (A.23)

Sdr: ratio of the increment of the interfacial area of the topographic surface
within the definition area.

Sdr =
1
A

∫ ∫
A


√1 + (

∂Z(x, y)
∂x

)2 × 1 + (
∂Z(x, y)
∂y

)2 − 1

 dxdy (A.24)

A.1.3 Other parameters

Two parameters are still mentioned in the draft of the ISO standard [ISO DRAFT],
but originate from Stouts recommendations [Sto93].

Std: texture direction of the topographic surface. This is the angle, with re-
spect to the y-axis, of the maximum value of the angular spectrum.

S5z: average value of the heights of the five peaks with the largest global
height added to the average value of the depths of the five valleys with the
largest global depth within the definition area of the assessed surface.

S5z =

5∑
i=1

∣∣∣ηpi

∣∣∣ + 5∑
i=1

∣∣∣ηvi

∣∣∣
5

(A.25)

where ηpi are the peaks and ηvi the valleys.

A.2 Roundness parameters

A.2.1 Single roundness parameters

In a single roundness measurement, the measurement is not divided into sam-
pling lengths. The parameters are calculated for a complete revolution. The
following definition is made:
Roundness profile ordinates R(φ): the ordinate value R of the assessed profile at
angle φ after regression and filtering.
The parameters are relative to a selected roundness reference. Gaussian filter-
ing is applied when the reference is subtracted from the profile. Four different
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reference criteria are commonly used, dependent upon the application of the
measured artifact:

• least squares criterion;

• maximum inscribed circle;

• minimum circumscribed circle;

• minimum zone circle.

Least squares criterion

The least squares reference circle is a circle where the sum of areas inside this
circle are equal to the sum of the areas outside the circle and kept to a minimum
separation. Removing the first harmonic and the offset of the Fourier analysis
equals the least squares circle.

Maximum inscribed circle

The maximum inscribed circle is the largest circle that is enclosed by the profile.

Minimum circumscribed circle

The minimum circumscribed circle is the smallest circle that totally encloses
the profile.

Minimum zone circle

The minimum zone circle is defined as the average of two concentric circles
positioned which enclose the measured profile such that their radial departure
is a minimum.

Parameters

In contrary to roughness, no spacing parameters exists, only height deviation
parameters are used.

RONp: the maximum peak height.

RONp = max
[
R(φ)

]
(A.26)

RONv: the maximum valley depth.

RONv = min
[
R(φ)

]
(A.27)

RONt: the maximum height.

RONt = RONp + RONv (A.28)
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Figure A.1: Effect of different roundness references schematically illustrated with a flick standard.
Top left is the least squares circle, top right the minimum zone circle (inner and outer circle), bottom
left the minimum circumscribed circle and bottom right the maximum inscribed circle.

RONq : the root mean square deviation of the assessed roundness profile.

RONq =

√
1

2π

∫ 2π

0
R2(φ)dφ (A.29)
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A.2.2 Straightness parameters

Straightness parameters are given in the ISO standards [ISO 12780-1]. The
straightness profile is taken with respect to a least squares or a minimum
zone reference. After removing the regression line a long wave pass filter is
used. The cut-off wavelengths are equal to the ones used for roughness. The
parameters are calculated with respect to the profile ordinates:
Profile ordinates Z(x): the ordinate value Z of the assessed profile after processing
(regression and filtering) at position x.

STRp: the maximum peak height.

STRp = max [Z(x)] (A.30)

STRv: the maximum valley depth.

STRv = min [Z(x)] (A.31)

STRt: the maximum height.

STRt = STRp + STRv (A.32)

STRq : the root mean square deviation of the assessed straightness profile.

STRq =

√
1
L

∫ L

0
Z2(x)dx (A.33)

A.2.3 Cylinder parameters

The calculation of cylinder parameters is similar to the calculation of roundness
parameters. First the nominal cylinder is removed by a least squares cylinder,
minimum zone cylinder, maximum inscribed cylinder or minimum circum-
scribed cylinder. Filtering can now be applied. Only a short wave filter should
be used as cylindrical features might be removed. If the roundness profile ex-
traction or generatrix strategy is used short wave filtering removes noise in the
measurement directions. The following definition is made:
Cylinder ordinates C(φ, z): the ordinate value C of the assessed cylinder at angle
φ and height z after regression and filtering. In analogy to single roundness the
following parameters are defined:

CYLp: the maximum peak height.

CYLp = max
[
C(φ, z)

]
(A.34)

CYLv: the maximum valley depth.

CYLv = min
[
C(φ, z)

]
(A.35)

150



CYLt: the maximum height.

CYLt = CYLp + CYLv (A.36)

CYLq : the root mean square deviation of the local cylindricity deviations where
A is the surface of the cylinder.

CYLq =

√
1
A

∫
A

C2(φ, z)dA (A.37)

The following parameters are solely defined for local radii, the radii of a refer-
ence circle associated to an extracted roundness profile whose cross section is
perpendicular to the axis of the least squares cylinder.

CYLrr: largest local radii minus the smallest local radii.

CYLat: angle obtained from the reference axis to an associated straight line
trough the local radii.

A.3 Powerspectrum and autocorrelation

The powerspectrum and autocorrelation are calculated with the aid of Fourier
transform. A clear discussion of the Fourier theory is given by Lowry and
Hayden [lH55]. The Fourier theory states that a periodic signal with a period
of 2π, meeting the Dirichlet conditions∗, can be written as a summation of
harmonical functions:

f (x) = d0 +

∞∑
n=1

dn sin(nx + αn) (A.38)

where αn the phase and dn the amplitude for every harmonic n. Using the
goniometric identity sin(x + α) = sin(x) · cos(α) + cos(x) · sin(α), and expanding
equation A.38 the following series is obtained:

f (x) = d0 +

∞∑
n=1

dn sin(αn) · cos(nx) +
∞∑

n=1

dn cos(αn) · sin(nx) (A.39)

Substituting an = dn sin(αn) and bn = dn cos(αn) in equation A.39 the familiar
Fourier series are obtained:

f (x) =
1
2

a0 +

∞∑
n=1

(an cos(nx) + bn sin(nx)) (A.40)

∗The Dirichlet conditions are in short: the function must be one valued; in the range of the
period 2π must have at most a finite number of discontinuities and at most a finite number of
maxima and minima.
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with

a0 =
1
π

∫ π

−π
f (x)dx (A.41)

an =
1
π

∫ π

−π
f (x) cos(nx)dx (A.42)

bn =
1
π

∫ π

−π
f (x) sin(nx)dx (A.43)

In order to generalize the series for a signal of length L the new variable
z = 2πx/L is used. As a measured signal is not by definition periodic with
the length L, discontinuities might occur if f (0) , f (L). Sometimes a window
function is used to smoothen the signal at the transition points f (0) and f (L).
The Fourier series can be written in complex form. Equation A.40 turns to:

f (x) =
1
2

a0 +

∞∑
n=1

pne
jn

2πx
L + qne

− jn
2πx

L

 (A.44)

where j the complex operator, pn = 1/2(an − jbn) and qn = 1/2(an + jbn). With
cn = pn and c−n = qn the series is rewritten as:

f (x) =
1
2

a0 +

∞∑
n=−∞

cne
jn

2πx
L (A.45)

the complex Fourier coefficient cn is calculated with:

cn =
1
L

∫ 1/2L

−1/2L
f (x)e
− jn

2πx
L dx (A.46)

The powerspectrum maps the power of each harmonic present. The power of
a single harmonic is given by:

Pn =<(cn)2 + =(cn)2 (A.47)

where<(cn) the real and=(cn) the imaginary parts of the complex Fourier coef-
ficients calculated with equation A.46. Examples of powerspectra are depicted
in figure 3.8.
The autocorrelation gives the coherence of the signal itself. It describes the
general dependence of the values of the data at one position on the values at
another position. For every lag τ in the x coordinate (x + τ) the mean is taken:

Aτ =
1

2L

∫ 1/2L

−1/2L
f (x + τ) f (x)dx (A.48)

With the aid of Fourier transform the autocorrelation can also be calculated by
taking the inverse transform of the powerspectrum. Examples of autocorrela-
tion functions are depicted in figure 1.7.
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Appendix B

Calculation of uncertainty on
theoretical profiles

This appendix deals with theoretical calculation of uncertainty upon parame-
ters of a generated profile, used to compare the extended method and a Monte
Carlo random phase technique. The results are used to see whether these cal-
culation methods give a correct answer. The used generated profiles consist of
a sine with added uniform noise and a sine with added Gaussian noise. As
the objective of the calculation is to compare different uncertainty calculation
techniques, the properties, such as standard deviation, of the two chosen noise
types need not be the same.

The compared uncertainty calculation techniques as described in chapter
two are:

• theoretical result;

• result calculated with generated profiles, using the known properties of
the added noise;

• result calculated by Monte Carlo using random phase;

• combined method result.

As mentioned, this appendix only deals with the calculation of the theoreti-
cal result of two generated profiles. To refresh the memory the calculated parts
of table 2.1 as presented in chapter two are given here.

u(Rt) u(Rq) u(R∆q)
Sine and uniform noise (between −0.5 and 0.5 µm)∗ 1.0000 0.0567 4.0852

Sine and Gaussian noise (σ = 1 µm) 6.395 0.5176 14.1199

Table B.1: Calculated uncertainty taken from table 2.1.

∗The variance of this distribution is 1/3 µm2
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First the way the profiles are generated. Each profile consists of 10, 000 data
points, 0.1 µm apart. Uniform and Gaussian noise generators are used. The
simulated results are generated with knowledge of the added noise profile,
the uncertainty contributor. For example the Gaussian noise with standard
deviation σ = 1 µm is generated 100 times and added to the sine representing
the object under measurement. The uncertainty is calculated by:

u(R) =

√√
N∑

i=1

(Ri − Rs)2

N
(B.1)

with Rs the appropriate parameter of the sine and Ri the parameter of each
outcome of sine with added noise. The simulation is done to compare these
results with the ones calculated analytically in order to view the variation due
to computer approximation. The Monte Carlo results are obtained in a similar
manner, only the profiles are generated by a randomizing phase technique. The
results clearly show the deviation for the range parameter, Rt. The cause of the
deviation is explained in chapter 2. The result of the budget method is obtained
by reversing and flipping the original (simulated) measured diagram and cal-
culating the parameters according to B.1. In the next sections the analytical
calculation of the uncertainty upon each parameter is reviewed.

B.0.1 u(Rq)

The uncertainty of the standard deviation of the surface, U(Rq), can be calcu-
lated with the aid of the addition of variance:

Var(X + Y) = Var(X) + Var(Y) (B.2)

with X representing the sine and Y the noise which are independently dis-
tributed and 2.12, resulting in:

u(Rq) =
√

Rq2
s + Rq2

n − Rqs (B.3)

with Rqs the Rq of the sine and Rqn the Rq of noise.

B.0.2 u(R∆q)

For R∆q, the standard deviation of the slope of the surface, first an estimate of
the parameter for noise, either normal or uniform distributed must be obtained.
Using the first approximation of the slope dy/dx = yi − yi−1/dx as utilized in
the calculation of R∆q in this comparison,† with yi the ith ordinate value of the
noise, the variance of slope can be derived:

Var(
dy
dx

) = Var(
yi − yi−1

dx
) =

1
dx2 Var(yi − yi−1) (B.4)

†In the calculation of slope, as defined in the ISO standard [ISO 4287], a local approximation is
made using the slope of a fifth order polynomial.
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as yi and yi−1 are independent, the substitution of yi = X and yi−1 = Y is made
resulting in:

1
dx2 Var(yi − yi−1) =

1
dx2 Var(X − Y) =

1
dx2 (Var(X) + Var(Y)) (B.5)

Substituting Var(X) = Var(Y) = σ2 completes the estimate. Applying B.2 and
2.12 the uncertainty is given by:

u(R∆q) =
√

R∆q2
s + R∆q2

n − R∆qs (B.6)

B.0.3 u(Rt)

The uncertainty estimate of Rt is dependent upon the distribution of the noise.
Over estimated, the total range of the uniform distribution is added to twice
the amplitude of the sine. The difference with the nominal Rt of the sine is the
range of the uniform distribution and thus the uncertainty in Rt due to this
distribution.
For the normal distribution, first an estimate of the distribution of the minimum
and the maximum must be made. The distribution of the maximum Yn of
sample size n taken from a distribution f (x) is given by [MGB74]:

f (Yn) =
[
n (F(x))n−1

]
f (x) (B.7)

with F(x) the cumulative distribution of f (x). The next step is to estimate the
distribution of the sine with added Gaussian noise. The probability distribution
of the sum of two random variables is given by the convolution of the distri-
butions of these variables. The height distribution, or probability distribution
of a sine is given in figure B.1 ‡. Ignoring the peaks at the beginning and end
(at y = −A and y = A), the distribution can be approximated by a uniform
distribution between −A and A. The convolution of the uniform distribution
and a normal distribution with zero mean and standard deviation σ is:

f (u) =
Ψ0

(
(u + A)
σ

)
−Ψ0

(
(u − A)
σ

)
2A

(B.8)

with:

Ψ0(x) =
1
√

2π

∫ x

−∞

e
1
2 t2

dt (B.9)

and the cumulative distribution of f (u):

F(u) =
∫ u

−∞

Ψ0

(
(t + A)
σ

)
−Ψ0

(
(t − A)
σ

)
2A

dt (B.10)

Substituting B.8 and B.10 in B.7 gives the distribution of the maximum of the
approximated sine and the normal distribution. F(u) and f (u) are depicted in
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Figure B.1: Height distribution of sine with amplitude A.

figure B.2 and f (Yn) is given in figure B.3. Bear in mind this is an under
estimate, as the higher probability of a maximum occurring near the extrema
of the sine (−A and A) is neglected. The distribution of the minimum is given
by [MGB74]:

f (Y0) =
[
n (1 − F(x))n−1

]
f (x) (B.11)

Which results in the same kind of distribution as the maximum, only mirrored
in the f (Y) = 0 axis. The estimated value for Rt is now given by the sum of
maximum minus minimum. Following 2.12 the uncertainty is given by:

u(Rt) =
√

Rt2
s+n − Rts (B.12)

where Rts+n the Rt of the summation of sine and noise and Rts of the sine.

‡Using a probability distribution for modeling the sine is done to emulate the effect of ran-
domness of the position of the maximum of the normal distribution.
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Figure B.2: Probability and cumulative distribution of the maxima of the combination of a uniform
approximation of a sine with range (−1, 1) and the normal distribution N(0, 1).
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Figure B.3: Distribution of the maximum of 10, 000 samples taken from the combined uniform
approximation with range (−1, 1) and normal distribution N(0, 1).
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Appendix C

Short overview of developed
software

This appendix deals with a short overview of developed software. The software
is divided into four different packages:

• Roughness;

• Roundness;

• Form;

• Noise removal.

Where the roughness and roundness software is split into two and three
dimensional parts. A summery of the functionality and a few screenshots are
given for each package.

C.1 Roughness software

C.1.1 Two dimensional software, ‘R2D’

Basic functionality is given by regression, filtering and calculation of ISO pa-
rameters. It is also possible to perform a batch analysis, where a select number
of measured files can be processed in the same manner as an example file.
Optional regression lines are the least squares line, an arc or polynomial func-
tions∗. Filter options are Gaussian or 2RC filtering, the filter function is drawn
if cut-off values are changed in order to show the changes in the frequency
domain imposed by that change. As Fourier filtering is used, it is also possible
to select a window. After calculation of the ISO parameters, powerspectrum
and autocorrelation, the parameters of the uncertainty analysis can be set. In
short, the following parameters per analysis are to be chosen:

• z- axis calibration: amount of variation of the gain;
∗Fifth order polynomial regression is possible.
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Figure C.1: Screenshot of R2D (two dimensional roughness) showing the selection of the regression
circle.

• drive axis calibration: amount of variation of the step size;

• regression: none;

• filtering: amount of variation of the cut-offwavelengths;

• stylus geometry: stylus radius and top angle and the variation upon those
parameters;

• measurement force: stylus and sample material, measurement force and
the variation upon that force;

• contact angle: estimate of the variation of the contact angle;

• sample rate: the new sampling step;

• stylus dynamics check: nominal displacement, dampening ratio, reso-
nance frequency of the stylus and the measurement velocity;

• noise analysis: file of previously measured optical flat.

After setting these parameters for the appropriate roughness measurement
apparatus, the uncertainty analysis is carried out for each ISO parameter. For
test purposes, a profile manipulation program is written, enabling generation of
profiles (sine, block, triangle random and spike profiles), adding or subtracting
profiles, performing various mathematics (adding lines, constants, taking the
log or absolute profile values and multiplying with a constant), calculating
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the cross correlation between profiles, shifting or cutting parts from a profile,
resample profiles using interpolation, merging and flipping profiles. This type
of tool proves to be a valuable addition to test a standard processing package. To
perform standard calibration of ISO standards, a calibration program is written
enabling calculation of the z-axis gain factor for measured calibration artefacts:
A1 (wide groove flat), A2 (wide groove rounded) and the step sample. The
stylus radius is calibrated by measuring and processing of the B3 (razor blade)
artefact.

Figure C.2: Screenshot of R2D showing the graph of the original measurement with filter line and
the graph of the calculated result.

C.1.2 Three dimensional software, ‘R3D’

In the three dimensional roughness processing software, the basic function-
ality is given by regression, filtering and calculating parameters. Regression
options are the subtraction of a least squares plane, a minimum zone plane, a
fitted sphere or polynomial shapes†. The optional filter functions are Gaussian
or bandwidth filters. The cut-off wavelengths, exit and entry lengths can be
set separately in x and y direction. In analogy with two dimensional rough-
ness, where the profile is divided into sample lengths, the total measured area
can be divided in sample areas, where for each sample area the parameters
are calculated. The filter and window functions are shown in a plot, creating
insight in changing the parameters of these functions. After calculation of au-

†The polynomial shapes consists of second, third, or fourth degree polynomials in x and y
direction.
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Figure C.3: Screenshot of R3D (three dimensional roughness) showing the selection of the filter
functions an appropriate values.

tocorrelation, powerspectrum and the surface parameters the parameters for
uncertainty analysis can be set. In short, the following parameters per analysis
are to be chosen:

• regression: none;

• z-axis calibration: amount of variation of the gain;

• x-axis calibration: amount of variation of the step size;

• y-axis calibration: amount of variation of the step size;

• squareness x and y-axis: squareness angle;

• filtering: amount of variation of the cut-offwavelengths;

• sample rate: the new sampling step in x and y direction;

• stylus geometry: the stylus radius and top angle and the variation upon
these parameters;

• measurement force: stylus and sample material, measurement force and
the variation upon that force;

• noise analysis: file of previously measured optical flat.
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After calculation, the results appear in a spread sheet offering an overview
of the contribution in uncertainty per parameters per influence. The raw data,
filtered data, autocorrelation and powerspectrum are also drawn. In the three
dimensional software it is also possible to construct test surfaces where various
combinations of sine, block, triangular and random surfaces can be generated or
added to measured surfaces. Spikes at specific coordinates can be introduced in
these surfaces. Various mathematics can be also be performed (adding planes,
constants, taking the log or absolute profile values, multiplying the axes with a
constant and flipping the surface). Profiles can be extracted to be processed in
the R2D program. Also it is possible to fly over the surface, using a birds eye
perspective.

Figure C.4: Screenshot of R3D showing the graphs of the calculated results. Clockwise: data,
powerspectrum, autocorrelation and processed data.

C.2 Roundness software

C.2.1 Single roundness software, ‘Roundness’

The single roundness program enables the processing, calibration and manip-
ulation of roundness measurement data. According to standard processing,
regression, filtering and the reference can be taken of the data. At each stage
the effect of that stage on the roundness data can be viewed by pressing a query
button. Possible regression and references are: least squares, minimum zone,
maximum inscribed, minimum circumscribed and offset only circles. The fil-
ters can be selected from Gauss or bandwidth. When processed, the parameters,
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Figure C.5: Screenshot of roundness software showing the original and processed data.

autocorrelation, powerspectrum, amplitude spectrum and phase spectrum are
calculated. The raw and processed data is shown in polar and carthesian plots.
Next the uncertainty analysis can be calculated. The following parameters per
analysis are to be chosen:

• probe calibration: amount of variation of the gain;

• angular error: amount of angular variation;

• Limaçon: none;

• filtering: amount of variation of the cut-offwavelengths;

• stylus geometry: stylus radius and stylus angle and the variation upon
those parameters‡;

• measurement force: stylus and sample material, measurement force and
the variation upon that force;

• contact angle: estimate of the variation of the contact angle;

• sample rate: the new sampling step;

• drift: estimate of the amount of drift;

• spindle analysis: file of previously measured spindle;
‡The diameter of the object and whether the measurement is an inner or outer one must also

be stated.
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• noise analysis: file of previously measured noise.

In the roundness software each virtually measured profile can be viewed.
Various calibration methods are implemented: the reversal method, the analysis
of Flick data measured at different speeds and the static probe calibration. Fur-
thermore, test data can be generated and directly processed. Test data include
a combination of sines, block, random, spikes and a Flick standard. Mathemat-
ical manipulation can be performed by the stand alone package developed for
roughness measurement.

Figure C.6: Screenshot of roundness software showing the test data generation.

C.2.2 Straightness software

No package has been developed. The measured data can be processed by a
combination of the roughness and the form program. The appropriate regres-
sion, namely the minimum zone criteria can be applied in the form package,
while filtering and calculation of the straightness parameters can be performed
with the roughness software.

C.2.3 Cylindricity software, ‘Cyl3D’

With the cylindricity software is possible to process cylindricity data measured
with the ‘roundness profile extraction’ strategy. After regression (least squares,
minimum zone, maximum inscribed or minimum circumscribed cylinder) and
filtering (bandwidth or Gauss filter) the parameters are calculated. The graphs
of the raw and processed cylinder including the carthesian plots of the extracted
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Figure C.7: Screenshot of cyl3d showing the original and processed data.

roundness profiles, the powerspectra, autocorrelations, amplitude spectra and
phase spectra, are drawn. After standard processing the uncertainty analysis
can be calculated. The following parameters per analysis are to be chosen:

• probe calibration: amount of variation of the gain;

• column: amount of variation;

• angular error: amount of angular variation;

• tilt: none;

• filtering: amount of variation of the cut-offwavelengths;

• stylus geometry: stylus radius and stylus angle and the variation upon
those parameters§;

• measurement force: stylus and sample material, measurement force and
the variation upon that force;

• contact angle: estimate of the variation of the contact angle;

• sample rate: the new sampling step;

• drift: estimate of the amount of drift;
§The diameter of the object and whether the measurement is an inner or outer one must also

be stated.
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• spindle analysis: file of previously measured spindle;

• straightness of column: file of previously measured straightness;

• radial noise analysis: file of previously measured noise,

• squareness analysis: length of appropriate arms and the straightness an-
gle.

Manipulation of cylinders is not explicitly implemented, but can be con-
structed by generated single profiles, created with the roundness software.

Figure C.8: Screenshot of Cyl3D (cylindricity software) showing the values to be entered in the
uncertainty calculation.

C.3 Form software, ‘RF’

The form software enables processing of measured contour data. As the user
is not compelled to follow a predefined processing scheme, the uncertainty
calculation can be performed at any time on the selected construction and
calculated elements. The available construction elements are:

• point;

• line;

• circle.

The calculated elements can be:
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• local peak;

• local valley;

• least squares line fitted in selected region;

• minimum zone line fitted in selected region;

• least squares arc or circle fitted in selected region;

• distance and travel between two points;

• step fitted in selected region;

• flat groove type A1 [ISO 5436];

• rounded groove type A2 [ISO 5436];

• intersection between constructed or calculated lines and circles;

• angle between lines.

Figure C.9: Screenshot of RF showing calculated uncertainty upon a variety of elements.

Position of elements and elements can be selected by snapping on the graph
or at the listbox displaying all items in the graph. When the user wants an
uncertainty analysis performed, the following parameters per analysis are to
be chosen:

• z- axis calibration: amount of variation of the gain;
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• drive axis calibration: amount of variation of the step size;

• stylus geometry: stylus radius and top angle and the variation upon those
parameters;

• stylus geometry: length of the probe arm;

• noise analysis: file of previously measured optical flat.

Effect of regression and filters can be calculated, by processing a contour
(filtering or regression) and recalculating the same objects.

The results are displayed in a spread sheet offering an overview of the
contribution in uncertainty per parameters per influence.

C.4 Noise elimination software, ‘ELIMINATOR’

The eliminator software implements the possibility of the noise elimination
and reduction methods described in chapter six. Single roundness, roughness
and surface data can be loaded. After calculation the ‘reduced’ and ‘eliminated’
profiles or surfaces are shown and can be saved for further processing in the
appropriate software package.
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Appendix D

Results of the uncertainty
calculation and one track specimen.

In this appendix the results of the uncertainty analysis for the experiment
described in chapter six is given. The experiment consists of:

• Two different roughness measurement machines are calibrated with the
prototype of the artefact;

• With both machines a reference specimen is traced six times;

• For each of the measurements series the results and uncertainty budget
is calculated.

As mentioned the roughness measurement machines are a Mitutoyo SV
624-3D and a Perthometer PRK with a C5D unit, build by Perthen-Mahr. Cal-
ibration of these instruments is given in table D.1. The reference specimen is
a specimen made by Rubert Precision Engineering, the Composite set of sur-
face roughness comparison specimen, the selected surface is the example of the
grinding production process.

As seen in the presented tables, all parameters overlap agreeing to the
expected result. The bottom row shows the uncertainty as given by the standard
deviation of the surface. Each result is performed on one of the profiles in the
batch measurement of six.

Some notes on the calibration of the roughness testers. The main difference
in the used machines is the method of sampling. The Mitutoyo uses a scale, the
Perthen uses a constant velocity and sample frequency. If velocity deviations
exits in the Perthen, they directly influence the x-axis uncertainty. The calibra-
tion is performed with the sine samples in the artefact. After measurement the
deviation upon the periods of these sines is a measure of the x-axis accuracy.
The x-axis of the Mitutoyo is calibrated with a laser interferometer at 0.001 %,
however this accuracy is not feasable with the artefact. Hence the calibrated
uncertainty of 0.1 %. The uncertianty of the cut-off wavelengths also depends
upon the x-axis accuracy and the implemented filter functions. Using a safety
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Influence Mitutoyo Perthen
x-axis 0.1 % 0.1 %
z-axis 3 % 5 %
tip radius 5.65 µm ± 65 % 2.35 µm ± 15 %
top angle 76 ◦ ± 25 % 88 ◦ ± 35 %
force 3.34 mN ± 75 % 1.14 mN ± 35 %
λc 1 % 1 %
λs 10 % 10 %
noise offset 100 % 100 %
regression 100 % 100 %
contact angle ±1 ◦ ±1 ◦

sample rate 50 % 50 %

Table D.1: Calibration of the different influences used as input in the uncertainty analysis. The
first eight are obtained by using the one track specimen. The contact angle and sample rate are
estimated. Regression is calculated from the measurements.

marge they are set at 1 % for the long wave filter and 10 % for the short wave
filter. An exact calibration can be performed using the high frequency calibra-
tor, however in this test it cannot be used as all calibration values must derivate
from the one track artefact. Using the sine with a perion of 800 µm, the Rq
values can be calculated with and without filtering. Theoreticaly the Rq value
must be halved by filtering with the Gaussian filter using a 800 µm cut-off. The
Perthen gives 0.7 %, the Mitutoyo 0.9 % deviation. For both machines 1 % is
used. The short wave filter is not calibrated, as a result of the absence of a short
waved sine in the artefact. As a safety estimate ten times the uncertainty of the
long wave cut-off is taken, 10 %.
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Influence Mitutoyo Perthen
parameter Rt 5.542 5.530
x-axis 0.0000 0.0000
z-axis 0.1632 0.2947
λc 0.0001 0.0013
λs 0.0035 0.0120
tip radius 0.0101 0.0137
top angle 0.0000 0.0009
force 0.0032 0.0035
noise offset 0.0118 0.0706
regression 0.0001 0.0006
contact angle 0.0000 0.0000
sample rate 0.0122 0.0648
inhomogeneity 0.0761 0.1666
total (k = 2) 0.363 0.705
s5 0.374 0.816

Table D.2: Results of the comparison for parameter Rt. All measures are in µm.

Influence Mitutoyo Perthen
parameter Ra 0.795 0.801
x-axis 0.0000 0.0000
z-axis 0.0223 0.0440
λc 0.0034 0.0024
λs 0.0006 0.0005
tip radius 0.0990 0.0019
top angle 0.0000 0.0009
force 0.0006 0.0001
noise offset 0.0002 0.0015
regression 0.0000 0.0000
contact angle 0.0000 0.0000
sample rate 0.0001 0.0000
inhomogeneity 0.0196 0.0187
total (k = 2) 0.063 0.096
s5 0.096 0.092

Table D.3: Results of the comparison for parameter Ra. All measures are in µm.
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Influence Mitutoyo Perthen
parameter Rq 0.977 0.979
x-axis 0.0000 0.0000
z-axis 0.0274 0.0536
λc 0.0028 0.0020
λs 0.0007 0.0007
tip radius 0.0131 0.0021
top angle 0.0000 0.0003
force 0.0007 0.0001
noise offset 0.0001 0.0018
regression 0.0000 0.0001
contact angle 0.0000 0.0000
sample rate 0.0001 0.0001
inhomogeneity 0.0216 0.0207
total (k = 2) 0.075 0.115
s5 0.106 0.102

Table D.4: Results of the comparison for parameter Rq. All measures are in µm.

Influence Mitutoyo Perthen
parameter Rdq 0.175 0.186
x-axis 0.0002 0.0002
z-axis 0.0052 0.0091
λc 0.0004 0.0005
λs 0.0013 0.0023
tip radius 0.0048 0.0018
top angle 0.0000 0.0003
force 0.0012 0.0004
noise offset 0.0002 0.0120
regression 0.0000 0.0001
contact angle 0.0000 0.0000
sample rate 0.0005 0.0025
inhomogeneity 0.0020 0.0010
total (k = 2) 0.015 0.031
s5 0.010 0.004

Table D.5: Results of the comparison for parameter Rdq. All measures are in µm.
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Influence Mitutoyo Perthen
parameter Rsm 67.222 66.206
x-axis 0.0602 0.0786
z-axis 0.0000 0.0000
λc 0.9435 2.7050
λs 0.3099 0.1078
tip radius 1.8445 0.0125
top angle 0.0000 0.0000
force 0.0000 0.0000
noise offset 0.3466 3.2378
regression 1.3595 3.1533
contact angle 0.0000 0.0000
sample rate 0.0040 0.2292
inhomogeneity 2.3805 2.8519
total (k = 2) 6.935 11.991
s5 13.972 11.662

Table D.6: Results of the comparison for parameter Rsm. All measures are in µm.
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Appendix E

Roughness software tests.

This appendix deals with some tests which can be performed on a rough-
ness or straightness program, to check whether the parameter calculations
are correct. As numerous tests already exist in literature [CHE+04, CCDH99],
this appendix is only meant to be used as a quick test for the software.
The test consists of the calculation of the ISO [ISO 4287] parameters on three
profiles; a sine, a block and a triangular profile. The profiles have amplitude
A and wavelength λ. The parameters are evaluated for one wavelength. This
implies the generation of a profile consisting of eight wavelengths in the eval-
uation length. In table E.1 the results are given. For each non trivial result the
derivation per profile is given in the next sections.

Parameter Sine Block Triangle
Rp A A A
Rv A A A
Rz 2 · A 2 · A 2 · A
Rc 2 · A 2 · A 2 · A
Rt 2 · A 2 · A 2 · A
Ra 2 · A

π A 1
2 A

Rq 1
2

√
2 · A A

√
A2

3

Rsk 0 0 0
Rku 3

2 1 9
5

Rsm λ λ λ

R∆q π · A
λ ·

√
2 0 0.4

Table E.1: Analytical results of parameters on three generated profiles.

E.1 Sine profile

Profile ordinates equation:
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Z(x) = A sin
(2π · x
λ

)
(E.1)

Ra =
1
lr

∫ lr

0
|Z(x)| dx =

2
λ

∫ λ/2

0
A sin

(2π · x
λ

)
dx =

=
2
λ

(
λ · A
2π

cos
(2π · x
λ

)∣∣∣∣∣λ/2
0

)
=

=
2 · A
π

Rq =

√
1
lr

∫ lr

0
Z2(x)dx =

=
1
2

√

2

√√√
−

(1
2

cos(
2π · x
λ

) sin(
2π · x
λ

) +
π · x
λ

)
A2

π

∣∣∣∣∣∣∣∣∣∣∣
λ

0

=

=
1
2

√

2 · A

Rsk =
1

Rq3

[
1
lr

∫ lr

0
Z3(x)dx

]
=

=
1
2

(
−

1
3

cos
(2π · x
λ

)
· sin

(2π · x
λ

)2

−
2
3

cos
(2π · x
λ

))
· A3

Rq3

∣∣∣∣∣∣∣∣∣∣∣∣
λ

0

= 0

Rku =
1

Rq4

[
1
lr

∫ lr

0
Z4(x)dx

]
=

=
1
2

(
−

1
4 cos

(
2π·x
λ

)
· sin

(
2π·x
λ

)3
−

3
8 cos

(
2π·x
λ

)
· sin

(
2π·x
λ

)
+ 3π·x

4·λ

)
· A4

Rq4 · π

∣∣∣∣∣∣∣∣∣∣
λ

0

=

=
3
2

R∆q =

√
1
lr

∫ lr

0

(
dZ
dx

)2

dx =
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=
√

2

√(
cos

(
2π·x
λ

)
· sin

(
2π·x
λ

)
+ π·xλ

)
· π · A2

λ2

∣∣∣∣∣∣∣∣∣
λ

0

=

=
π · A
λ
·

√

2

E.2 Block Profile

Profile ordinates equation:

Z(x) =

 A if k · λ ≤ x <
(

1
2 + k

)
· λ

−A if
(

1
2 + k

)
· λ ≤ x < (k + 1) · λ

k ∈ Z

Ra =

 A
λ · x

∣∣∣λ/2
0

if 0 ≤ x < λ
2

A
λ · x

∣∣∣λ
λ/2

if λ
2 ≤ x < λ

=
1
λ
· A · x

∣∣∣∣∣λ
0
= A
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√

A2·x
λ

∣∣∣∣∣λ/2
0
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2√

A2·x
λ

∣∣∣∣∣λ
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if λ
2 ≤ x < λ

=

√
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λ

∣∣∣∣∣∣∣
λ

0

= A

Rsk =


A3
·x

Rq3·λ

∣∣∣∣λ/2
0

if 0 ≤ x < λ
2

−A3
·x

Rq3·λ

∣∣∣∣λ
λ/2

if λ
2 ≤ x < λ

= 0

Rku =


A4
·x

Rq4·λ

∣∣∣∣λ/2
0

if 0 ≤ x < λ
2

A4
·x

Rq4·λ

∣∣∣∣λ
λ/2

if λ
2 ≤ x < λ

=
A4
· x

Rq4 · λ

∣∣∣∣∣∣λ
0

= 1

E.3 Triangular Profile

Profile ordinates equation:

Z(x) =


−4A · k + 4A

λ · x if k · λ ≤ x <
(

1
4 + k

)
· λ

4A ·
(
k + 1

2

)
−

4A
λ · x if

(
1
4 + k

)
· λ ≤ x <

(
3
4 + k

)
· λ

−4A · (k + 1) + 4A
λ · x if

(
3
4 + k

)
· λ ≤ x < (k + 1) · λ

k ∈ Z
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=
A4

5 · Rq4 =
9
5

R∆q =

√
1
λ

[∫ λ
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16 · A2

λ2 dx
]
=

√
1
λ

[
16 · A2 · x
λ2

∣∣∣∣∣λ
0

]
=

=
√
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E.4 Results

To test the software three generated profiles are used, a sine, triangular and
block profile. The profiles consist of 8, 000 measurement points with a period
λ of 100 µm, an amplitude A of 10 µm and stepsize of 0.5 µm. In this case the
evaluation length lr is 800 µm. Results are given in table E.2. Note the error in
the calculation of R∆q for the block profile, as the calculation of the derivative
uses seven points, hence smearing the influence of the block step over these
points.

Parameter Sine Block Triangle
Nominal Program Nominal Program Nominal Program

Rp 10 10.000 10 10.000 10 10.000
Rv 10 10.000 10 10.000 10 10.000
Rz 20 20.000 20 20.000 20 20.000
Rc 20 20.000 20 20.000 20 20.000
Rt 20 20.000 20 20.000 20 20.000
Ra 20

π = 6.366 6.366 10 10.000 5 5.000

Rq 5
√

2 = 7.071 7.071 10 10.000
√

100
3 = 5.774 5.774

Rsk 0 0.000 0 0.000 0 0.000
Rku 3

2 = 1.5 1.500 1 1.000 9
5 = 1.8 1.800

Rsm 100 100.000 100 100.000 100 100.000
R∆q π

10

√
2 = 0.444 0.443 0 3.463 0.4 0.400

Table E.2: Analytical and calculated results of parameters on three generated profiles.
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