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Software for visualization and analysis of signals
from devices for measurement of shape deviations

Oprogramowanie do wizualizacji i analizy sygnatéw pomiarowych
z urzadzen do pomiaru odchytek ksztattu

MACIEJ SIENILO
JULIA SKRZESZEWSKA
MARTA WISNIEWSKA *

The software developed at the Institute of Metrology and Bio-
medical Engineering is presented, which can be used for com-
parative analysis of rotary profiles of mechanical elements
measured with FMM. The distinguishing feature of the softwa-
re amongst solutions offered by the machine manufacturers
is the ability to compare profiles recorded applying different
measuring machines and at different times. In addition, the
software allows to estimate the impact of the most important
components of measurement uncertainty. As a result, it can
be successfully used to evaluate the wear of mechanical com-
ponents, such as motor pistons.
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Zaprezentowano oprogramowanie opracowane w Instytucie
Metrologii i Inzynierii Biomedycznej, ktére moze by¢ wykorzy-
stywane do analiz poréwnawczych profili obrotowych elemen-
tow mechanicznych mierzonych urzadzeniami do pomiaru od-
chytek ksztattu (FMM). Cecha, ktéra wyrdznia program na tle
rozwigzan proponowanych przez producentéow maszyn, jest
mozliwo$¢é poréwnywania profili zarejestrowanych z uzyciem
réznych maszyn pomiarowych i w réznym czasie. Ponadto
oprogramowanie umozliwia oszacowanie wplywu najwazniej-
szych skfadowych niepewno$ci pomiaru. W rezultacie moze
by¢ z powodzeniem stosowane do oceny zuzycia elementow
mechanicznych, np. tlokéw silnikow.

St OWA KLUCZOWE: urzadzenie do pomiaru odchytek ksztat-
tu, oprogramowanie urzadzen FMM, odchytka walcowosci, od-
chytka okragtosci

The cylindrical parts play a crucial role in mechanical
devices. They are widely used in permanent joints or for
power transmission systems. The vast majority of such
elements, i.e. cylinders or cones, have a constant cur-
vature, whereas the local radii of the others, i.e. pistons,
changes. The quality of manufacturing of these compo-
nents is crucial for ensuring reliability of whole mechani-
cal systems, cost of their maintenance or their impact
on the natural environment. Therefore, it is not surpris-
ing that the geometrical requirements imposed on these
parts, referring to both their dimensional accuracy and
departures from their nominal form, are becoming more
and more strict.

Measurement of variation in radius with a use of dedi-
cated metrological equipment — form measuring machine
— is the most common method for assessment of depar-
ture from nominal form and orientation of mechanical ele-
ments (roundness and cylindricity especially).
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However, some additional preparatory steps have
to come before measurement of each mechanical part.
Among these activities there are for example: centring and
levelling of the measured object. Then, during a round-
ness deviation measurement a circumferential surface of
the measured part is scanned. However, these are just
angular radius variations, not local dimensions, i.e. radius,
that are registered. Next, measurement data is processed
by dedicated software and analysed. In effect, the op-
erator gets information concerning form deviations of the
measured element, for example roundness (RONt) or cy-
lindricity (CYLt) parameters. Nevertheless, if the standard
algorithms and procedures are applied, the local dimen-
sions of the measured part are not calculated.

The form measuring machines can be divided in 2
groups, depending on the method of signal registration:
analogue (equipped with a pen recorder) — which are no
longer manufactured, and the digital ones (with a comput-
erised data registration and analysis). The most important
mechanical parts of FMM are outlined in fig. 1, where the
machine with a rotating table is presented.

Thanks to computer use, the mundane interpreting
measurement results by the instrument’s operator has
been replaced with the digital data processing. Due to
the digitalisation that facilitates automatization of position-
ing, analysis of the measured profiles, filtration, harmonic
analysis or exclusion of parts of the measured profiles, i.e.
with discontinuities or dirt, the completely new generation
of the FMMs has been developed [1+3].
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Fig. 1. Main components of the FMM equipped with a rotating table

Commercial software of modern FMMs

The leading global manufacturers of the FMMs, such
as Taylor Hobson, Carl Zeiss, Mitutoyo or Mahr, have
developed their own software dedicated to their instru-
ments. However, the main functionalities of these systems
are quite similar. Therefore, the authors decided to pre-
sent such software, taking Ultra by Taylor Hobson as an
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example. This software works under Windows platform
and is compatible with Talyrond machines. Not only does
this program support signal transmission from the machine
to the computer, but also it enables user to diagnose the
machine, choose the measurement settings or analyse the
obtained results. Among other capabilities given by Ultra
there are: introducing rotation of a table to specified angu-
lar position or at demanded angle, the table displacement
and tilting, contacting a stylus with measured surface. Also,
this software is equipped with the algorithm of fully-auto-
matized centring and levelling of the measured mechanical
part. Among numerous functions of Ultra software there
are as well: automatic exclusion of a part of signal, filtra-
tion and choice of the bandwidth to be excluded, choice
of the reference element and selection of parameters to
be calculated. Talyrond 365 may take an advantage of
more than 20 parameters describing the measured profile
quantitatively. The values of all estimated parameters may
be exported to text files both manually and automatically,
depending on the user’s preferences. Finally, in the Ultra
software a measurement procedure can be designed and
repeated many times automatically, just after program-
ming all steps of the measurement cycle.

In spite of the manufacturers’ efforts to design compre-
hensive and universal software, their programs are not free
of severe drawbacks. One of the disadvantages of these
systems are not intuitive interfaces, lack or limited export
of raw measurement data sets, limitations of the functions
devised to automatize the measurement process. All these
limitations are the more serious, the more complex and
sophisticated measuring tasks are taken on. Also, these
programs do not give opportunity to visualise, analyse and
compare the results of different measurements, for exam-
ple measurements of the same profile but made at differ-
ent times. Such option would be an attractive solution for
manufacturers of mechanical elements, as it would enable
them to conduct efficient quality control and investigation
of pace of their products’ wear during exploitation. Then,
necessary improvements of the manufacturing process
could be implemented without unnecessary delays.

Due to lack of compatibility of measurement data file
formats between the instruments devised by different
manufacturers, or in extreme cases even when machines
by the same producer considered, it is impossible to read
and analyse measurement results obtained with numer-
ous FMMs with a use of software delivered by the devices’
makers. Therefore, comparing results becomes exceed-
ingly difficult issue.

Another burning issue of form metrology seems to be
the further development of numerical algorithms and soft-
ware in order to equip them with an automatized system of
calculating the measurement uncertainty. Nowadays, the
measurement results are given without this value that is
crucial for ensuring credibility of the obtained parameters.
In result, machine’s operator has to create the uncertainty
budget and calculate the uncertainty himself, using the in-
strument’s specification, his experience and usually mak-
ing experimental research on his own just to assess an
impact of factors that may affect the form deviation meas-
urement results.

Software dedicated to the FMM measurement
results analysis

Taking into consideration the limitations of widely used
software that have been already listed, the authors gave
a try and started working on the devising software, written

1039

in the MATLAB environment, which would be free of these
drawbacks. The idea of the proposed program is based on
the following assumptions:

e software can be used to analyse data from various
FMMs, unless an export of the results from the program
delivered by instrument’'s manufacturer to the text file is
impossible,

e the measurement result is presented with its expanded
uncertainty estimated using the most important compo-
nents of the uncertainty budget,

e program gives an opportunity to compare and contrast
profiles and form parameters of cylindrical elements which
are measured at different times and with different form
measuring machines applied to,

e the software calculates RONt and CYLt values automat-
ically, ensures visualisation, filtration and spectral analy-
sis of the measured profiles.

The basic version of the developed software (fig. 2) con-
sists of 6 integrated modules. Each of them is saved in
a separate file. The modules are as follows:

e data import and configuration module,
e reference element fitting module,

e data interpolation module,

e angular fitting module,

e filtration and spectral analysis module,
e visualisation and reporting module.
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Fig. 2. Main window of the software

The data import and configuration module is used for
choosing initial program parameters such as form meas-
uring machine manufacturer and model, the measured
element, paths of data files or setting the position of each
analysed profile. This module can also be applied to de-
fine a number of the measured data points and their in-
creased quantity after interpolation if it is required.

In the module algorithms and data analysis procedures
are included as well. Also, data referring to metrological
parameters of machines used in experimental researches
is collected there. This data refers to i.e. inductive sensor
characteristics and its nonlinearity or amplification coeffi-
cient, non-parallelism of spindle axis and column, column
nonlinearity or spindle run-out. These parameters differ
depending on the choice of form measuring machine and
they may have a significant impact on the overall meas-
urement uncertainty. They are applied, as well as infor-
mation concerning eccentricity and non-levelling of the
measured element, to estimate the measurement uncer-
tainty values. Screen capture of data acquisition window
is presented in fig. 3.

The reference element fitting model enables user to
calculate parameters of the element (line, circle or cylin-
der) fulfilling the least square (Gaussian) criterion. What
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is more, a sum of the maximum and absolute value of
minimum local form deviations in order to calculate profile
parameters, i.e. RONLt. In order to do so, the widely used
algorithms applicable to form measuring machines are
used [4,5]. The measurement data interpolation module
is used only if a number of points in the profiles under
comparison differs. Then, it is unified with a use of spline
interpolation.

The angular fitting module applies if the rotation of one
of the compared profiles on another one is necessary in
order to estimate roundness deviations from the reference
element. Two fitting algorithms may be applied to do so.
One of them bases on the phase difference between the
same harmonics of both profiles. The other one is per-
formed by using a cross-correlation function of the inves-
tigated profiles. Then, the angular difference between
signals is transformed into a difference expressed in data
points. Data points of one of the profiles are moved this
distance in order to fit both signals.

The filtration and spectra analysis module is used to
calculate phase and amplitude of profile harmonics. Then
data may be filtered with a use of low-passing Gaussian
filter. The filter bandwidth is selected by the software user.

Last but not least, the visualisation and reporting mod-
ule generates the charts presenting the analysed profiles
in the polar coordinates. Also, it is shows the differences
between form deviations of the compared profiles. What
is more, this module is responsible for illustrating cylindric-
ity deviations and local differences between them if more
than one profile is analysed. Then, the results of spectral
analysis are presented graphically with a use of the algo-
rithms implemented in this part of software. Finally, this
module is reliable for producing reports from the measure-
ments and exporting them to *.pdf files.
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Fig. 3. Data import window
The measurement uncertainty evaluation

In the software there are the widely known algorithms
of estimating an impact which the eccentricity and non-
levelling of the measured mechanical element have on the
obtained results are implemented. These algorithms have
already been presented in [6,7].

What is more, according to the necessities of laborato-
ries being a part of Institute of Metrology and Biomedical
Engineering at Warsaw University of Technology, an influ-
ence of the crucial metrological properties of the FMMs
being an equipment of the Institute on the measurement
results has been evaluated. The instruments that have
already been taken into consideration are Talyrond 200
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and Talyrond 365, both by Taylor Hobson. When factors
such as run-out, sensor’s amplification or column’s non-
straightness were analysed, the maximum values of er-
rors have been estimated.

When an impact of sensor’s characteristics nonlinear-
ity or non-parallelism of spindle and column are thought
through, the theoretical analysis has been performed and
dependency of the expanded uncertainty on these fac-
tors is evaluated. However, it has to be outlined that the
accurate estimation of an impact of sensor’s nonlinearity
requires determining this characteristics after each modi-
fication of measuring gauge, i.e. change of stylus or its
angle. Then, the proper parameters can be imported to
the program.

Conclusion

To sum up, capabilities of the proposed software are
sufficient for determining form deviations of the measured
mechanical elements. What is more, program enables user
to estimate and take into consideration the measurement
uncertainties that are specific for the measurement with
a use of FMMs. The software may be developed and sup-
plemented with further modules which may introduce i.e.
other algorithms of reference element fitting, depending on
the current needs being a result of the properties of meas-
ured elements. The authors are also going to implement
other algorithms introducing corrections due to eccentricity
and non-levelling of the measured part, spindle run-out or
stylus tip shape. It is possible to add extra software func-
tionalities such as advanced data analysis modules that
would be applicable to profiles of elements with discon-
tinuities, too. Introducing an option of excluding distorted
parts of signal from analysis is worth to be done, as well.

Among the other improvements to be made there are:
e generating reports in other file formats, i.e. *.csv, *.xlsx,
e development of user’s interface,

e introducing warnings and error alerts,

e integration of data from meteo station in order to assess
impact of environmental conditions,

e introducing compatibility with CAD to automatically com-
pare the results with the geometrical product specification.

Finally, the current version of software includes only the
most important factors affecting the measurement uncer-
tainty. The further development is required in order to ob-
tain a comprehensive uncertainty budget.
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