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1. Introduction

Some years ago the analysis and simulation of complex tolerance chains was not possible to be
performed because of a lack of computer support. Nowadays modern computer based systems for
calculating tolerance chains or multi-body-problems or elastic deformations are available on the
market. With these systems the designer is able to model a more or less detailed view on a parts or
products behaviour.

The problem on this aspect is the exclusive focus on one or another aspect. These systems do not
model the effect of the interdependencies of different phenomena, such as tolerance zones, or elastic
deformations. But both effects are quantitative comparable and effect on the function of a technical
system with interdependencies on each other.

In this work the authors will describe the theory coupling both mentioned effects, show an application
field and focus on the expansion of the theory to support kinematical effects as well as. This leads to
an intelligent, function-oriented evaluation of tolerance zones and elastic deformations. The design
system mfk with its product model therefore is the base for this mentioned analysis tools.

2. Motivation

The need of computer aided simulation tools is known in engineering design for a couple of years
now. The simulation of more-dimensional tolerance chains under form-, positional- and dimensional
tolerances is nowadays possible with systems as VisVSA™ or CETOL6Sigma™. The calculation of
elastic product behaviour is known for longer times now. The logical close-up to the elastic behaviour
of a tolerance technical system is the logical consequence. Other works are dealing with this aim, too.
Application fields for this new method are various. One can find several aspects in medicine
technology, mechanical engineering and others. In all these branches the functional behaviour of a
system can not be modelled without focus on both mentioned aspects.

Taking a simplified example from mechanical engineering for producing cutting-pieces needs to have
an acceptable concentricity of the work piece to tooling support (figure 1). Here it is obvious that
besides tolerance based deviations also elastic deformations resulting from initial tension as well as
operating forces influence this quality parameter concentricity. Furthermore the kinematical position
of the slider relative to the guidelines plays an important role for the resulting work piece quality. This
leads further on to the kinematical aspect.
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Figure 1. Motivation for the Method

3. Concept

The concept for the integration of elastic deformations and tolerance zones into computer supported
analysis tools is part of the design system mfk. The method is based on a mathematical representation
of technical surfaces (figure 2). In general every technical relevant surface can be approximated and
represented by a mathematical equation. In our case of elastic deformations and tolerance zones a
component of waviness is part of this equation. This results from characteristics of technical
applications: e.g. regular distribution of fixing holes on flanges, n-bow equal thick in the processing of
tolerances provoked by vibrations or restraints.
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Figure 2. Basic Concept of the linking procedure

It is important that the number of base points is high enough to represent the waviness in a correct
way. The generated nodes or mathematical functions are superposed for each contact surface. In this



manner there exist two resulting functions for a mating contact, one for each contact surface. These
two functions can be put together with a phase parameter for the assembly variants or to simulate the
kinematical behaviour of the system. With the use of a commercial system for tolerance chain
calculation VisVSA™ [N.N. 2003] it can be shown, in what way elastic deformations and tolerance
chain calculation are coupled.

3.1 One-Dimensional Contact Situation

Previously only line-functions could be considered, so that the original conversion possesses validity
only for the one-dimensional case. Such an equation must be set up for both the elastic deformations
and for tolerance zones. Subsequently the equations can be superposed through superposition for each
involved contact surface wherefrom an integral description of the involved mating surfaces results.
The four statistical moments (mean value, standard deviation, skewness, kurtosis) that are necessary
for the integration of the gathered information into a simulation system, are calculated mathematically
out of the total equation. These can be integrated into a commercial tolerance analysis system that
represents the kernel of the hybrid simulation [Lustig 2003].

3.2 Representation of Contact Surfaces with Point Coordinates

As already mentioned above, point data out of discretised surfaces can be transferred into a function
equation. Previously this possessed validity to the one-dimensional-case, which is too far away from
the description of real conditions. On this account a two-dimensional view of all involved contact
surfaces must result from this circumstance. Since the original data to generate the above described
line-function remains the same, there has to be made a success in connecting any amount of surface-
coordinates (-points) in a suitable manner. Basically different mathematical tools can be used in this
context. Some strategies are described as follows.

The base of the executed views is formed by the approach that surfaces can be represented through
multiplication of two (lines-) functions, one for each coordinate direction in the right-angled
coordinate system (figure 3) [Schloder 2003].
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Figure 3. Surface functions out of two line functions

The generation of a surface function can be generated from the mathematical point of view through the
use of interpolation and approximation, whereby the approximation does not consider the real position
of a surface point, but only produces a function from which all surface points have a minimal distance.
Therefore this procedure is excluded.

All interpolation procedures have common that always differently natured polynoms are multiplied in
order to receive a total equation.

In the interpolation with polynoms of the order n, the order of the surface function arises through the
amount of sampling points. Here certain function parameters must be determined, which can be
calculated by inserting the coordinates of the sampling points and subsequently solving the resulting
equation system.

The interpolation with Lagrange-polynoms requires other functions as basis functions. It is demanded
that they have the value one at the sampling point and at all other nodes the value zero. These
Lagrange-polynoms are also multiplied in the two-dimensional area in order to receive a surfaces
function. In a similar manner, but only under use of other basis functions the interpolation with
Newton-polynoms can be carried out.



In the practical use of these procedures there often appear distinct weaknesses regarding the demanded
quality of the surface function, what has manifold causes. When using polynoms of the order n or
Lagrange-polynoms, all polynomial elements must be newly calculated when the data of the sampling
points changes, because each element depends on all sampling points. This requires a high effort in
time and in calculation process. On this account the interpolation with the use of Newton-polynoms is
mostly used, because when the number of sampling points is increased only the corresponding amount
of elements have to be added.

Another problem lies in the number of sampling points itself. Generally the order of the polynom of
the surface function generated by using the presented interpolation methods depends on the amount of
the related surface points. Accordingly with a slight number of surface points a low polynomial order
can be expected, with a large amount of points the polynomial order will be very high. Interpolation-
functions tend to a stronger waviness with the increase of the polynomial order. With the increasing
number of interpolation-points (that means increase of the polynomial order), the waviness
considerably increases therefore. The results for surface functions determined by interpolation are
therefore useless for further application, because the overshooting within one surface is simply to high.
For this reason the determined surface functions generated through interpolation describe a real
component surface too inexactly for further consideration.

Because of the fact that out of given point data no reasonable surface function for future application
can be determined, the further proceeding will deal with the direct superposition of the point
coordinates. The point data determined out of the elastic deformations and the fabrication contingent
surface-deviations are coupled additive individually and result therefore in a point data model of a real
component surface. The statistical moments can be calculated directly out of this data and can be
integrated into a tolerance analysis system for further processing and simulation.

4. Method on the example

The example was presented in figure 1. It is a simplified representation of a technical system, e.g. for
turning or for other cutting processes. The main drive for the workpiece is placed on the left side, the
tooling support is placed on the right side.
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Figure 4. Motivation on the example: Model with tolerance based deviations



The cutting process is modelled with a cutting force of 150 kN and a feed force of 60 kN. The forces
are coupled into the structure by bar-elements. The aim is the evaluation of reaction forces in the
guidelines by the simulation model. The number of supporting points to get deviations can vary from
case to case. And of course these points have a correlation with the hardpoints for Finite-Element-
Calculation. The reaction forces of the cutting process in the guidelines are calculated on this base.
Both guidelines (upper and lower) are influenced by tolerance deviations, as shown in figure 4, in two
directions as a function of z-coordinate or given as a discrete table.

The superposition of both effects for the calculation model was generated as an summary of the
deviation of the nodes. The generation of a surface function would be possible and effective for a two-
dimensional problem. For the mentioned functional-oriented criteria on kinematical behaviour the
elastic deviation and the tolerance based deviation were shifted relative to each other by 200mm. The
calculation was performed on VisVSA™,
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Figure 5. Results for the Example

It is obvious that the effect is not negligible and the cutting result is directly dependent on the
mentioned factors. The deviations vary in a field of 30um for the first guideline and 15um for the
second guideline after the superposition (figure 5 and 6); whereas the elastic tolerance based
deviations vary in a field of 15um and 8um, which is nearly half of the coupled deviation. By using
these information the quality relevant deviation of concentricity gets a value of 21pm under both
influences. The kinematical superposition of the effects results in a variation of the concentricity of
both axis from 16um to 21um depending on the tolerance zones, elastic deformation resulting from
forces and the kinematical status of the technical system.
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Figure 6. Concentricity as function of the offset shift



Further on the interpretation of results can be obtained along nodding, yaw, rolling to get an exacter
behaviour in all three dimensions. The aim of this paper was to show the coupling of elastic deviations
and tolerance based zones as well as the kinematical influence on an example.

5. Conclusion

The described method is suitable for the common simulation of elastic deformations and tolerance
zones within functional relevant areas of a product. These influences were observed and optimized
previously only separate and independent from one another. With this new acquisition, a combined
sensitivity analysis and optimization becomes possible. How indicated, also further evaluation
algorithms can be used case-specific. Based on the simple example of a strongly simplified tool
machine it could be shown how both effects are superposed.

References

Hochmuth, R., Koch, M., Meerkamm, H., "Synthesis and Analysis Steps according Product Precision in Early
and Later Development Stages", Proceedings Design 2002, Dubrovnik, 2002, pp.361-366

Hochmuth, R., "Methoden und Werkzeuge als Teil eines Assistenzsystems zur rechnergestiitzten Analyse und
Optimierung robuster Produkte", Dissertation, Universitdt Erlangen-Niirnberg. Diisseldorf: VDI-Verlag, 2002
Liu, C., Hu, J., "Variation Simulation for Deformable Sheet Metal Assembliesusinf Finte Element Methods",
Journal of Manufacturing Science and Engineering, Vol. 119, 1997, pp. 368-374

Lustig, R., Meerkamm, H., "Konzept zur Integration zur Integration elastischer Deformationen in die
rechnerunterstiitzte Toleranzanalyse", Proceedings Symposium DfX 2003, Neukirchen, 2003, pp. 35-42

N.N., "Solutions, Training Manual”, Schulungsunterlagen, 2000. Engineering Animation Incorporated, 2321
North Loop Drive, Ames, lowa 50010,

Schloder, T., "Erweiterung eines Konzepts zur Kopplung elastischer Deformationen und Toleranzen um die
Beschreibung flichiger Kontaktzonen", Studienarbeit, Lehrstuhl fiir Konstruktionstechnik, Universitdt
Erlangen-Niirnberg, 2003

Dipl.-Ing. Ralph Lustig

University Erlangen-Nuremberg, Institute for Engineering Design
Martensstraf3e 9, D-91058 Erlangen, Germany

Telephone: +49-(0)9131-8527987, Telefax: +49-(0)9131-8527988
E-mail: lustig@mfk.uni-erlangen.de




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


