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MODELING THE EFFECT OF GEOMETRIC ERRORS
ON THE STATIC CHARACTERISTICS
OF GUIDE RAIL SYSTEMS

Daniel Jastrzebski, Piotr Pawetko, Grzegorz Szwengier

Summary

This paper presents modeling of geometric errors in guide rail systems and how these errors affect their static
characteristics. The finite-element method was used for computational analysis, supplemented with technical
modeling of butt joints. Different types of geometric errors were assigned to individual elements of guide rail
systems, with variations in distributions of clearances and preloads. Selected results of the computational
analysis are presented.
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Modelowanie wptywu btedéw geometrii tocznych podzespotéw prowadnicowych
na ich charakterystyki statyczne
Streszczenie

W artykule przedstawiono sposéb modelowania biedéw geometrycznych wystepujacych w tocznych
podzespotach prowadnicowych. Celem modelowania byto ustalenie wptywu tych btedéw na charakterystyki
statyczne podzespotéw. Zastosowana metoda elementow skonczonych, wzbogacona
o efektywna opcje technicznego modelowania potaczen stykowych, byla podstawowym narzedziem analizy
obliczeniowej. Przyjeto hipoteze przypisywania poszczeg6lnych rodzajow btedéw geo-metrycznych do
odpowiednich elementéw konstrukcyjnych podzespotu tocznego — uzmiennione rozktady wartosci luzéw lub
zaciskéw wstegpnych. Zaprezentowano przyktad prowadzonej analizy obliczeniowej.

Stowa kluczowe: prowadnice toczne, btedy geometryczne, sztywnosé

1. Introduction

The high operational performance of modern technological machines
(including cutting machines) is possible through the use of modern efficient
construction components. This general rule also applies to guide systems, where
traditional sliding joints are increasingly often replaced with rails.
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The basic advantages of these connections are high efficiency, non-
occurrence of stick-slip type relaxation oscillations, and accurate positioning of
machine units. These characteristics positively influence the technical
characteristics of the entire machine. Guide rail systems can be selected during
preliminary machine design, and it is easy to predict their behavior during
operation.

This paper presents a model — with respect to the static properties — of
a guide rail system, i.e. a runner block and a profiled guiding rail. Modeling is
based on the finite element method [1], supplemented with the correction of
external loads used for contact modeling, developed at the Institute of
Mechanical Technology of the West Pomeranian University of Technology
[2, 3]. This procedure includes the possibility of modeling geometric errors of
a rolling joint in a trolley-rail component. The analytical determination of the
static properties includes simulations of errors in the diameters of rolling
elements and errors in the geometry of rails and runner blocks.

2. Object of research

The objects of modeling and calculation were single ball rail systems
(runner block and rail), manufactured by Mannesmann-Rexroth [4]. The analysis
involved a Star ball rail system, (size 25, number 1651 — according to the
manufacturer's nomenclature) [4], and recommended preloads 0.02, 0.08 and
0.13 C, where C (dynamic load capacity) means radial loading of constant
magnitude and direction which a linear rolling bearing can theoretically endure
for a nominal life of 100 km. In this study, C was equal to 22 800 N (Fig. 1).
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Fig. 1. Studied rail system Mannesmann Rexroth,
catalogue number 1651.25
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3. Modeling the rail systems

Modeling procedures consisted of two main stages. The first was the
creation of a replacement model of an elementary track-ball-track system
(Fig. 2), based on Hertz theory [5]. After building and solving this model, the
elastic properties of the system were determined. A prerequisite condition for the
proper analysis of these models is the characterization of each single contact
element, which reliably describes the properties of the part of the structure that is
being replaced by the model. Numerical analyses were carried out using the
finite-element method (FEM), using the procedures of contact surface modeling
[3, 6].
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Fig. 2. Modeling of a single rolling segment using a finite
contact element

In this proposed method of modeling the rolling segment, a special contact
element was introduced. In terms of physical modeling, this element is a one-
sided translational spring, fastening the block to the rail at contact points. It has
a linear dimension (length), equal to the diameter of the rolling element, and its
properties are referred to as the geometric point of contact of a rolling element
(a ball) with the track of a movable element (body of the runner block). Contact
elements of this type may be used for sub-models — a single pair of a runner
block and a rail — and for models of entire joints that use such couples [3, 7, 8].

Reliability in modeling requires that the contact element be supplemented
with parameters describing the characteristics of its work. In this study, these
parameters were obtained by matching the properties of this element to the
description of the rolling segment behavior resulting from Hertz theory. The thus
developed element was used in the second stage of modeling to replace
elementary track-ball-track segments with single contact elements. It signify-
cantly simplified the guide rail system modeling and helped reproduce their
complex nature of operation (Fig. 3). Models based on such elements allow the
conducting of engineering analyses that provide a variety of information about
the behavior of the system, including the loads occurring on the individual
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rolling elements. This method also enables the modeling of geometric errors of
the system, using the method of variation of parameters of distributions of
clearances or preloads.

Runner block

Fig. 3. Modeling of the runner block — rail system

4. Geometric error modeling
4.1 Modeling the errors in the diameters of the rolling elements

Performed as numerical experiments, a series of calculations were made in
order to examine the impact of ball diameter errors and geometric errors of the
track surfaces on the static characteristics of the runner block-rail system.

The values of the modeled errors were introduced to a set of data that
described the model of the system, and the following calculations provided the
characteristics of deformations and static stiffness of the system for the external
load due to a resulting force in a direction perpendicular to the mounting surface
of the runner block.

In the examination of the impact of errors in the ball diameter, it was
assumed that the diameters of the balls, 4.75 mm, have a tolerance in an inwards
direction with a zero upper and negative lower deviation. Assuming the
tolerance T =0, 2 and 5 um for all the balls working in the system (4 rows 13
balls each), lower deviations of their diameters were drawn (according to the
distribution of equal probability) from the range (-T, 0 ) (Fig. 4).
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Fig. 4. Scheme of modeling errors in the diameters of the rolling
elements in the rail system (a), using contact elements (b)

4.2 Modeling track parallelism errors

Parallelism errors of the contact surfaces were simulated in the same way as
errors in the diameter of the rolling elements. A specified error tolerance was
also assigned to the contact elements. The values of tolerance T = 0, 2, and 5um.
Lower deviations in their diameters were assumed from the range (-T, 0). The
parameters reproducing the parallelism error in the contact elements changed
linearly along the length of the contact parts of the track. The value of this error
was defined as T = A—A, [I(Fig. 5).

a)

Fig. 5. Diagram of parallelism error modeling in the
rail system (a) with the use of contact elements (b)
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4.3. Track linearity errors

In track linearity error modeling, it was assumed that within the tolerance
range (along the running track) an arc is drawn, defined by three points
(beginning, middle, end). The greatest value of deviation occurs at the ends of
the contact section arc, and a zero value in the middle of the arc. As previously,
the values of tolerance T = 0, 2 and 5 um for all the contact elements in the
system (4 rows 13 pieces each) (Fig. 6).

Fig. 6. Diagram of linearity error modeling in the rail
system (a) with the use of contact elements (b)

5. The analysis of results

The results of the series of calculations concerning the rail system with the
simulated geometric errors and for different values of preloads are presented as
graphs in figures 7+12 (C = 22 800 N — dynamic load capacity, T =0, 2, 5 um
— tolerance) (Fig. 7).
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Fig. 7. Characteristics of displacements of the block-rail system, with ball diameter errors,
with a preload force perpendicular to the mounting surface of the runner block
270
230
190
£
e
4 150 .
5 4
£ -
= s
w0 o
110 z 3 fr’ o~ without preload (T=0)
—+— without preload (T=5)
=C=preload 0,02C (T=2)
70 - —&-preload 0,08C (T=0)
—&-preload 0,08C (T=5)
——preload 0,12C (T=2)
30 : : : : ;
0 1000 2000 3000 4000 5000 6000

7000 8000 9000

Force, N

Fig. 8. Characteristics of stiffness of the block-rail system, with ball diameter errors,
with a preload force perpendicular to the mounting surface of the runner block
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Fig. 9. Characteristics of displacements of the block-rail system, with parallelism errors,
with a preload force perpendicular to the mounting surface of the runner block
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Fig. 10. Characteristics of stiffness of the block-rail system, with parallelism errors,
with at preload force perpendicular to the mounting surface of the runner block
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Fig. 11. Characteristics of stiffness of the block-rail system, with linearity errors,
with the preload force perpendicular to the mounting surface of the runner block
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Fig. 12. Characteristics of stiffness of the block-rail system, with linearity errors,
with a preload force perpendicular to the mounting surface of the runner block
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6. Conclusions

The presented graphs reveal the significant effect of errors in the production
of rolling elements in a guide rail systems (here referred to as ball diameter
errors) in their static characteristics. This impact increases with the increase
in preload and is most visible at 8 and 12% of the dynamic load capacity
(Fig. 6 and 7). A comparison of the model with the greatest errors in this study
(T =5 um) with a model without errors (T =0 pum) shows that the stiffness of
the systems in the direction of force F — in the range of its low values - is
reduced even a few times.

Comparing the results of the presented analyses for various preloads (0.02,
0.08, and 0.12 C) with the data provided by the manufacturer, considerable
differences can be shown in the values of the coefficients of stiffness at the same
load capacity. It is particularly evident for lower loads (up to 4 000 N). This
information may be important for the design of machines and technological
devices requiring high stiffness.

In conclusion, the presented method of testing the impact of geometric
errors on the the static characteristics of guide rail systems can be a com-
plementary tool in the selection of guide rail systems, complementary to the
procedures recommended by the manufacturers. This study shows the significant
impact of geometric errors on the static characteristics of guide rail systems.
Particularly noteworthy is the declining influence of these errors with an
increase in preloads.

However, in many cases the application of high preloads is not
recommended for operational reasons, e.g. because of an increase in positioning
errors. In such cases, systems with low preloads must also ensure a high quality
of mounting, since the errors are caused not only by the faulty production of
elements but may also be due to inappropriate assembly.

References

[1] O.C. ZIENKIEWICZ: Metoda elementéw skonczonych. Arkady, Warszawa 1972
(in Polish).

[2] G. SZWENGIER, D. JASTRZEBSKI: Pakiet Helicon — modelowania uktadow
korpusowych obrabiarek hybrydowg metoda elementéw skonczonych. Prace
Naukowe ITM Politechniki Szczecirnskiej, 9(1992), 99-111 (in Polish).

[3] G. SZWENGIER: Modelowanie i obliczenia projektowe uktadéw prowadnicowych
obrabiarek. Prace Naukowe Politechniki Szczecinskigj, 512(1994)13 (in Polish)

[4] REXROTH STAR GmbH, Linear Motion and Assembly Technologies,
Schweinfurt 2002.

[5] H. HERTZ: Miscellaneous Papers. MacMillan, London 1896.

[6] J.S. PRZEMIENIECKI: Theory of Matrix Structural Analysis. McGraw Hill Book
Co., New York 1968.



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Modeling the effect ... 41

[7]1 D.JASTRZEBSKI: Modeling static properties of load-carrying system of machines
tools using hybrid finite element method. Advances in Manufacturing Science and
Technology, 32(2008)1, 9-28.

[8] D. JASTRZEBSKI: Application of the hybrid finite elements method in modeling
of static properties of machine tools load-carrying subsystems. Advances in
Manufacturing Science and Technology, 32(2008)2, 5-20.

Received in January 2012




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /OK
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


