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Abstract A new visualization method for an illustrative
visualization of physical parameters in immersive workspa-
ces is presented. Through the newly developed visualization
pipeline, FEM results such as stress, temperature and result-
ing deformation, as well as the underlying constraints can
be visualized in virtual and augmented reality applications.
Special features are the use of 3D glyphs for mapping stress
direction and gradient as well as data preparation and the
resulting data format, which was especially developed for
use with VR systems. This article demonstrates the current
state of VR developments, which were done at the Virtual
Reality Center Production Engineering of the Institute for
Machine Tools and Production Processes, for improving the
analysis of complex FE datasets, and gives an outlook to
future research activities.

Keywords Computer aided engineering ·
Tensor visualization · Finite elements analysis

1 Introduction

Simulation of physical parameters such as stresses, forces,
and temperature fields on assemblies have been performed
using desktop PCs ever since finite elements method (FEM)
simulation software, such as ANSYS and IDEAS, emerged.
These applications generate complex datasets and processed
for graphic display using visualization modules. These tools
provide few interactive options and often have a user inter-
face that is designed for experts and not very intuitive. In
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addition, simulation files cannot easily be mixed with other
files such as design review applications. The examination of
component properties using a desktop PC therefore has to be
performed without reference to the machine or system as a
whole. Furthermore, the functionality of commercial FEM
simulation programs is limited to a few standard methods,
leaving the potential of innovative visualization and interac-
tion methods largely untapped.

Aiming at improving the design process of machine tools
using virtual reality (VR) systems [1,2], new visualization
methods for analyzing FEM results in immersive environ-
ments were developed at the Institute for Machine Tools and
Production Processes (IWP) of Chemnitz University of Tech-
nology. The major goal on the software side was visualization
of the direction and gradient of stress using 3D glyphs.

In the field of scientific visualization multidimensional
data is visualized in 3D-space for getting a better under-
standing of the underlying process. The mapping of numeri-
cal results in a 3D space ease the recognition of coherences.
Usually data sets, produced out of calculations, contain dif-
ferent amounts of scalar, vector and tensor data. In this arti-
cle the visualization of second order tensor data is attended
exclusively. Higher order tensors are often be found in the
field of structural mechanics for describing states of stress
under the influence of external forces.

For visualizing second order tensors there have been devel-
oped several methods so far. For representing tensor in 3D
space glyphs and hyperstreamlines are very suitable. Glyphs
enable the representation of values at a particular point
whereas hyperstreamlines [3] can visualize descriptively a
continuous development of tensor data with the help of tubes
and helix shapes. The main focus of this contribute builds the
glyph based representation of principal stress values of the
engineering mechanics whereby the use of hyperstreamlines
will not be considered.

123



170 S. Scherer, M. Wabner

2 State of the art

Methods and tools for visualization of FEM results in
immersive work environments using VR and AR technol-
ogies were developed with the goal of optimizing consistent
product and process design [4]. The VR laboratory of RWTH
Aachen University, for example, enriched the VR environ-
ment with visualization methods for color-coded represen-
tation of strain fields on machinery and for overlaying the
original model with the deformed grid model. Furthermore,
user interaction was expanded so that the user can freely
position the starting point of a force in space and control the
travel paths using a haptic input device [5].

The Iowa State University in the United States created a
VR application for analyzing stresses in a tractor. The result-
ing application does not just facilitate analysis but also lets
the user modify component shapes. The user can view the
stresses that exist in the machine and interactively edit crit-
ical areas, for example by deforming areas to reduce stress.
The strains on the machine are shown by traditional color-
coding of model nodes [6].

VISENSO GmbH offers modular visualization software
for VR applications with its commercial Covise platform
[7]. The basic modules can be used to visualize fluid and
structural mechanical simulation results on a desktop and
in immersive environments. The existing approaches to dis-
playing FEM results in the immersive environments studied
could only be used with VR systems while the study was con-
ducted, revealing a need to develop software modules that
ensure usability of both VR and AR systems. In addition,
the projects examined only involve the color-coded display
of comparative stress and do not include visualization of the
principal stress (stress direction), which is the focus of the
studies presented below.

One of the first representation forms for stress tensors
is the “stress quadric” of Frederick and Chang [8]. Further
glyph based methods for the illustration of principal stress
states were developed from Lamé and Haber [9]. The con-
cept of the “stress ellipse” was assigned during the founda-
tion time of the elasticity theory between 1820 and 1830.
The “stress ellipse” of Lamé is a glyph which three axes
were defined from the absolute value of the highest, mid-
dle and smallest principal stress value (Sigma 1, 2 3). The
ellipse is oriented according to the principal stress direction.
For a more accurate representation of the stress intensity the
ellipse is colored due to a defined colour scale. Hereby the
warm colours (e.g., red) and brighter graduations are used
for high stress values and colder colours (e.g., blue) and
darker graduations stand for low stress values. For mapping
the normal stress there exists methods like “Cauchys stress
quadric” and “Reynold Glyphs” [10]. In the context of glyph
based visualization also the method of Hashash et al. [11]
has to be mentioned which uses a so called HWY-Glyph for

the representation of the shear stress dimension on a certain
point. To the latest development belong the “Superquadric
Tensor Glyphs”, which were introduced in 2004 from Kindl-
mann [12]. The Superquadric Tensor Glyphs were already
used in the medical field fort he representation of MRT-
Tensor fields of the human brain.

In the field of structural mechanics the University of West
Bohemia in Pilsen developed a vector based depiction for
analyzing principal stress states at each nodes of the 3D
Model in a better way [13]. The graphical representation is
only suitable for a punctual analysis of the stress states with
a high zoom factor. Examining a greater assembly surface
stress direction and tendency can not be recognized due to
the filigree line based glyphs.

3 Glyph-based representation of stress tensors

Glyphs (icons) are a way of graphically coding numeric infor-
mation. A glyph is a graphic unit which can communicate
various data attributes by its appearance (shape, color, orien-
tation, position, etc.). A special characteristic of glyphs, as
compared to simpler concepts, is the number of data attributes
which can be communicated. Glyphs are primarily used for
representing multidimensional data. There are glyph-based
methods that represent a multitude of tensor values by reflect-
ing tensor eigenvectors and values in terms of shape, size,
orientation, and surface characteristic of geometrical prim-
itives such as cubes and ellipses. A way in which glyphs
can be used for graphic visualization of the stress tensor in
mechanics will be described below.

3.1 Stress tensor

The stress tensor can be best explained by selecting three
plane sections, each perpendicular to a direction in a Carte-
sian system of coordinates wherein the three forces in the
sectional planes correspond to rows in the stress matrix.

S =
⎡
⎣

σx τxy τxz

τxy σy τyz

τzx τzy σz

⎤
⎦ (1)

The sketch of a very small cut-out volume element shows
the assignment of the matrix content to the sectional planes
(Fig. 1):

The principal stresses required to visualize stress direction
can be calculated using the equation

det (S − σ E) = 0 (2)

where in E is the 3 × 3 unit matrix. Multiplying the determi-
nant results in a third-degree equation whose solutions σ1, σ2,
and σ3 are the eigenvalues representing the principal stresses.
They are the characteristic values of the stress matrix S. The
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Fig. 1 Assignment of the matrix content (1) to the sectional planes

respective principal stress direction is calculated from the
equation

(S − σ E) ĕ = 0 (3)

where in the calculated principal stresses are inserted for S.
The eigenvectors e1f́b-e3 represent the principal stress direc-
tions.

3.2 Reflection of stress tensors in geometrical primitives

A method based on 3D glyphs was developed from
Kindlmann’s studies [12], and is designed to reflect princi-
pal stress values in geometrical primitives. The extension of

Fig. 2 Principal stress vectors form the coordinate system

Kindlmann’s idea is marked by the use of principal stress
vectors as a coordinate system for the glyph to be created,
where the principal stress intensity values determine the
length of these vectors. The shape and orientation of the
geometrical primitives are thus determined by three vectors
(Fig. 2). Various geometrical primitives such as cuboids, tet-
raeders, spheres and lines can be used for reflecting multidi-
mensional data. However, this requires a preliminary study
into which shape of glyph is suitable for the data to be rep-
resented. Tests have shown that the tetraeder is very well
suited for visualizing stress direction and gradient since the
tip of the tetraeder indicates an exact direction. The tendency
of the stress direction can be captured with a single glance
compared with the depiction of main stress in the FEM-Soft-
ware ANSYS (Fig. 3). In the VR-application in addition to
stress direction, the 3D glyphs also reveal the type of stress
(tensile/compressive stress). Starting from the model grid,
the glyphs pointing outwards indicate tensile stress and the
bodies pointing inwards indicate compressive stress. Another
advantage is topology due to which the glyph shape requires
little geometry and the application clearly performs better,
compared with cuboids. A change in the form of representa-
tion should be adjusted to the respective job (analysis of the
stress gradient, comparison of the principal stresses, etc.).
During analysis in the VR environment the user can inter-
actively define which form of glyph to use for representing
principal stresses (Fig. 4).

4 Representation in virtual environments

The data has to be brought into a specific structure to show
the results in the VR visualization software. A data reading
routine was implemented that creates a data container for
each node. Each node is thus assigned a data object which
contains the associated scalar, vector, and tensor values. The
reader module reads ASCII and binary-coded files and pro-
cesses the linear elements (tetrahedrons with four nodes) and
parabolic elements (tetrahedrons with ten nodes) these files

Fig. 3 Visualizing
tensile/compressive stress in
ANSYS (left) and in the
VR-application (right)
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Fig. 4 VR-based FEM analysis of an assembly (stress direction dis-
play using cuboid shaped glyphs)

contain. Since the use of parabolic elements in the FEM
software results in a more precise calculation of property
values (from experience the authors can say that the compar-
ative stress according to Mises is 1.5–2 times greater with
parabolic elements than with linear elements), these values
should be represented accurately in the VR visualization.
Therefore an import function for the parabolic element type
was implemented in addition to the data reader module for
linear elements. Furthermore, filter modules for creating the
grid surface and for placing sectional planes were developed
for each element. Mapper modules represent physical vari-
ables at a certain point in the three-dimensional space. Spe-
cific values are represented graphically by assigning colors or
generating geometrical shapes and their properties. The map-
ping modules required were specifically designed for visu-
alization in VR environments. The data format used, which
separates the geometrical information from the FEM result
values, enables fast display of selected data.

A power wall with stereoscopic projection was used as
an output system to evaluate the modules designed in a VR
environment. The designed VR demonstrator enables the dis-
play of the calculated properties from structural mechanics
(Fig. 4) and underlying boundary conditions (Fig. 5) as well
as thermodynamics.

The demonstrator was developed with the VR/AR-soft-
ware Studier Stube [14] a client-server architecture in which
the server is responsible for reading the data, generating the
grid, and for calculations. The Studier Stube application func-
tions as VR client which performs the rendering and interac-
tive functions. There is a bidirectional communication layer
between server and client.

The object of the demonstrator is a chuck which is used
in a drill press co-designed by IWP. The physical prototype

Fig. 5 Boundary conditions “Constraints”

for this project is available in a test building at IWP. The
physical prototype of the chuck was optimized with regard
to weight/mass (structural analysis). A topology optimization
aimed at saving material was performed as part of a gradu-
ation paper project. The chuck was to become more light-
weight but retain its stiffness. Furthermore, the heating up of
components was simulated to localize critical temperature
fields and study their impact on deformation of the compo-
nent (thermal analysis). The component properties calculated
using the ANSYS software were used in the demonstrators
described here.

The success of a VR application depends on the quality of
the user interface. It should be designed so that it allows fast
access to the required data. Intuitive controls are a prerequi-
site. Icons are to be used wherever possible since capturing
an image is faster than reading labels. The number of naviga-
tional planes used should be easy to grasp. The user interface
required to control the FEM analysis was implemented using
the Studier Stube interactive concept. The basic components
available (virtual tablet with controls and input pen) have
been modified according to application (Fig. 6). Use of a
physical tablet with an overlay by virtual controls proved to
be too heavy in longer sessions and required recalibration for
each session and thus an extra effort. It was perceived to be
more convenient to operate the controls on the virtual tablet
placed relative to the head position in the VR scene, which
is why this design was chosen.

5 Conclusion

The newly developed VR-based methods allow the study of
component characteristics in the machine environment and
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Fig. 6 User interface for
controlling the FEM analysis

the merger of results from structural and thermal analyses
into one application, which results in a more efficient and
informative process of analysis. Use of stereoscopic visu-
alization methods and glyph-based display support human
perception and improve comprehension of complex data.
The VR-based interactive options in six degrees of freedom
enabled direct access to specific portions of a dataset.

The result of this research differs from previously designed
methods of VR analysis of FEM findings in its glyph-based
display of stress direction and type. Hereby the use of Eigen-
vectors as coordinate system for generating the glyphs defines
a new way for visualizing the direction, tendency and type of
principal stress in the field of structural mechanics. Another
unique feature is interactive scaling of displacement vectors,
which makes component deformation visible through scal-
ing levels of different size. Another innovative feature is the
provision of both structural and thermal analysis findings in
one application enabling, for example, direct comparison of
the impact of force action and heat on the component shape.
Yet another special feature is data preparation and the result-
ing data format which also allows visualization on mobile
AR systems.

References

1. Weidlich, D., Kolbig, S., Polzin, T., Neugebauer, R.: Vr-unt-
erstützte entwicklung von werkzeugmaschinen. ZWF 100(1–2),
59–65 (2005)

2. Benölken, P., Riegel, J., Scherer, S., Weidlich, D.: Intuitive kon-
figuration von werkzeugmaschinen in der virtuellen realität, proc.
In: Konferenz Simulation und Visualisierung, vol. 17, pp. 231–
243. Otto-von-Guericke Universität, Magdeburg (2006)

3. Hesselink, L., Delmarcelle, T.: Visualizing second-order tensor
fields with hyperstreamlines. IEEE Comput. Graph. Appl.
13(4), 25–33 (1993)

4. Benölken, P.: Effiziente visualisierungs- und interaktionsmetho-
den zur analyse numerischer simulationen in virtuellen und erwe-
iterten realitäten. Diss. TU Darmstadt (2005)

5. Kuhlen, T., Müller-Held, B., Cerfontaine, C.A.: Interaktive,
vr-gestützte finite-elemente-datenanalyse von werkzeugmaschi-
nen. In: Vortrag Proc. 4. Paderborner Workshop AR and VR
in der Produktentstehung. Heinz Nixdorf Institut Universität
Paderborn, 9–10 Juni (2005)

6. Vance, J.M., Ryken, M.J.: Applying virtual reality techniques to
the interactive stress analysis of a tractor lift arm. Finite Elem.
Anal. Des. 35(2), 141–155 (2000)

7. http://www.visenso.de
8. Chang, T.S., Frederick, D.: Ontinuum mechanics, pp. 38–40. Sci-

entific Publishers Inc., Boston (1972)
9. Haber, R.: Visualization techniques for engineering mechan-

ics. Comput. Syst. Eng. 1(1), 37–50 (1990)
10. Schorn, S.A., Moore, J., Moore, J.G.: Methods of classical

mechanics applied to turbulence stresses in a tip leakage vortex.
In: Int. Gas Turbine and Aeroengine Congress and Exposition,
AMSE, Houston (1995)

11. Yao, J.I., Wotring, D.C., Hashash, Y.M.A.: Glyph and hyper-
streamline representation of stress and strain tensors and material
constitutive response. Int. J. Numer. Anal. Methods Geomech. 27,
603–626 (2003)

12. Kindlmann, G.L.: Superquadric tensor glyphs. In: IEEE/Euro-
graphics Symposium on Visualization (VisSym), pp 147–154
(2004)

13. Jirka, T., Stankova, H., Dalikova, K., Mahn, U., Skala, V., Masek,
B.: Using a non-standard visualization method for analysis of
rotating bending tests. In: Eigth International Research/Expert
Conference “Trends in the Development of Machinery and Asso-
ciated Technology” TMT, pp 499–502. Neum, Bosni a Herzego-
vina, 15–19 September (2004)

14. Fuhrmann, A., Gervautz, M., Szalavari, Z.: Studier Stube Sch-
malstieg, D. An environment for collaboration in augmented real-
ity, virtual reality. Syst. Dev. Appl. 3(1), 37–49 (1998)

123

http://www.visenso.de

	Advanced visualization for finite elements analysis in virtualreality environments
	Abstract
	1 Introduction
	2 State of the art
	3 Glyph-based representation of stress tensors
	3.1 Stress tensor
	3.2 Reflection of stress tensors in geometrical primitives

	4 Representation in virtual environments
	5 Conclusion


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


