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ABSTRACT

Internet becomes very common tool for communication and data sharing. Virtual reality(VR) on web browser,

and virtual prototyping and virtual manufacturing is widely used in many engineering fields. The reduction of overall

development process and error minimization during data conversion becomes very crucial where sharing data via

Internet and VR. This paper deals with the advantage and disadvantage of VRML format used in RP(Rapid Prototyping),

and a software for RP data preparation is developed. If VRML format as an international standard for VR, is replaced

with STL format, the weak points of STL format can be overcome and the technique related to virtual prototyping

and virtual manufacturing can be addressed more systematically by sharing the data. The system developed in this

work shows a good window to get access to a more realistic observation of an object for an RP system from a

long remote sites in a more systematic way.
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1. Introduction

The needs for Rapid Product Development(RPD) are
growing to deal with the rapid change of market, develop
and produce high-quality product. Rapid prototyping, as
one of RPD techniques, is used to verify 3 dimensional
CAD models, evaluate its functionality, and manufacture
tools for test and production.

The technique to reduce the time for development of
new products are currently combined with the Internet,
and it is realized by fast network speed and Virtual Reality.
Man can see, hear and touch in the environment provided
by computer with virtual reality. This environment is
referred to as Virtual environment or Cyber space, and
man can get information by maximum use of sensible
organs. 3 dimensional vision is provided to human via
virtual reality like the same way as that man see objects
through his eye in real world. Man can acknowledge

information easily and fast in virtual environment so that

virtual reality is applied to various fields, especially in
virtual manufacturing, and virtual prototyping are used
in the filed of engineering. Virtual manufacturing is still
in the process of the simulation and visualization, and
is expected to be studied more in the future. In this paper,
the solution for rapid and efficient product development
is proposed with connection to the RPD and Virtual reality
techniques via Web for sharing CAD/CAM information.

1.1 Related works

Many researches on RP have been studied in the field
of hardware, software and materials after development of
the first commercial RP equipment in 1987, and the
precision and economics of the RP equipments have been
issued a lot these days. But surface quality of the RP
products is not so good without post-process provided,
and the precision is not as gooed as that of machining.

Kevin" proposes the characteristics of a new file format
which compensates the weakness of current STL file
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format. Hae-seong Jee” develops a visualizing technology
and neutral feature models for 3D printing. Young-ho
Chai” studies virtual clay modelling and proposes virtual
prototyping systems including tactical elements. Tanaka®
develops a system for verifying part assembly and
visualization. But, in the case of parts interference, an
algorithm for checking the interfering regions, interfering
volume, and shifting shapes without interference is not
provided. Sung-soo Kwon® develops a simulator for car
driving, and Hyoung-joong Kim® designs GUI for car
navigation system with use of virtual reality. In the case
of RP, rapid and efficient communication between a
manufacturer and a designer is necessary to solve the
problems of 3 dimensional model data generated from
different CAD systems. Thus the generation of RP data
and sharing techniques are proposed in this paper using
WWW and virtual reality.

2. YVRML model as input of rapid prototyping

STL file format as a standard input to RP is formed
by Albert Consulting Group, which approximates 3
dimensional solid model with triangular facets, and the
developers of CAD systems have selected it as standard
output. Most commercial CAD systems support STL file
format, and some softwares have been developed to convert
several standard inputs like IGES, STEP to STL. Previous
algorithms for RP are based on the input of STL file.

2.1 Characteristics of STL file format

STL file format is composed of a normal vector and
three vertices in each triangle. Vertices should be arranged
counterclockwise to the direction of normal vector
following Right Hand Rule, and Vertex to Vertex Rule
should be satisfied which means a vertex in a triangle
should be the vertex of all the adjacent triangles .

ASCII and BINARY format are used in STL file, and
BINARY format is generally preferred because its size
is approximately a quarter of ASCII format. BINARY file
describes the name, the number of all triangles, three
vertices and normal vector of all triangle counterclockwise.

The profit of STL file format is to translate data easily
between different CAD/CAM systems. That is to say, STL
file can be easily obtained to other CAD/CAM systems
if a model is divided by triangular mesh, and any additional
information is unnecessary. But many modelling data are

composed of surfaces, and the translation of the surfaces
to the triangular mesh is impossible without errors.

The con of STL file is that it needs big storage due
to the repetition of vertex and does not have topological
data because it converts CAD model into many triangles
within tolerances. Consequentially, data translation gets
slow and complicated if STL file is inputted.

In the case that the model is composed of many
surfaces, numerous triangles are needed, and efficient data
transaction gets difficult because STL format does not
have topological relation between vertices and facets.

New file formats to substitute STL file are studied
by L. E. Roscoe”, P. Vuyyuru”, and M. J. Wozny'” to
tackle the problems in STL file format, but they are not
used because commercial CAD systems do not support
them.

2.2 Virtual reality and VRML

Virtual reality means the virtual world where human
can see, touch, smell, hear and taste. The concept is
proposed by Jaron Lanier in 1989 for the first time. Virtual
reality in mechanical engineering is applied to virtual
prototyping and virtual manufacturing.

Gregory Lee'” defines virtual prototyping as the
operation to visualize and test before generating CAD
model substantially, and the technique to verify any
assumption given to the development of new products.
And it can deal with the design change efticiently because
it is applied before the prototyping is built. Assembly test
and kinematical motion test is done by the virtual reality
applied.

Kazuaki Iwata'”' defines virtual manufacturing as the
way to use virtual reality to production system by the
simulation of manufacturing process and the computer
model to produce in lot size.

Due to the development of virtual reality, [IVR (Internet
Virtual Reality) has been studied which enables the internet
users to experience 3 dimensional virtual reality to without
any additional hardware systems. Virtual reality spreads
rapidly with the browser for virtual reality using web.
This that prototyping and
manufacturing can be used anywhere only if internet and

web browser are provided. CAD models are visualized
)

means virtual virtual

without any CAD system or viewer."
VRML(Virtual Reality Modelling Language), which
is used for modelling virtual reality, is established with
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Fig. 1 Sharing VRML via WWW

specification 1.0 by Anthony Parisi, Gavin Bell, Mark
Pesce.

VRML is currently adapted as international standard
(ISO/IEC 14772-1), and it is in the basis of the Open
Inventor and spreads to global world via WWW with the
development of OVLib, fast VRML analyser. It can define
an object which allows interactive action with multimedia
and can be programmed by JavaScript.

Nodes, the definition of an object, are arranged in
hierarchical structure which is called as Scene Graph, and
they are distinguished from others and make an effect
on others. Nodes have fields to represent their property,
their own name, and hierarchical child or parent node.
Child node inherits all the properties of its parent, which
makes VRML called as object-oriented language.
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Fig. 2 Nodes of VRML and Geometry nodes

3. Rapid prototyping using VRML

3.1 Advantage
If VRML file is used in RP, its own advantage can
be utilized while geometric error is not added in the

comparison of STL input. Substantial advantages are as
follows:

1. Models are visualized through web browser, and
the model data are shared on WWW without any data
manipulation.

2. Model data are shared with the related techniques
such as virtual reality, virtual prototyping, and virtual
manufacturing.

3. Sales to the virtual market are prepared with the
same data using interactive action with multimedia.

4. More than 90 % of real models are composed of
CSG elements, and they can be used directively in RP.

5. Model, support structure and their slices are
visualized through virtual reality. If there are errors in
CAD models, the though
communication on the web.

errors can be solved
6. Processes are implemented fast due to the produced
file size because vertices data are not repeated as in STL.
7. Topology between triangles or edges is easily
detected through vertex index.
8. Algorithms for RP are used without modification.
9. Errors do not happen during translation from VRML

to STL and vice versa so that those two are compatible.

- V};E;[ls ac;]. — *{Real siace S

Visualization Virtual
or remote site|| Prototyping
P
Rapid
VRML Prototyping
Sales for Virtual
Virtual market || Manufacturin

Fig. 3 Usage of VRML on prototyping process

3.2 Compatibility with STL file
IndexFaceSet node in STL and VRML are compatible.

IndexedFaceSet arranges all vertices and normal vectors
on coord field and normal field without overlapping.
Vertices to compose each surface are recorded with
following constant direction in Coordindex field, while
normal vectors are recorded following surface sequence
in normallndex field, so that the same data are stored
as the STL file format. VRML represents not only
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triangular facet but also polygonal facet, color, texture
and event which allows interactive action with users.

Table 1. IndexedFaceSet

IndexedFaceSet { exposedField SFNode color NULL
exposedField SFNode coord NULL
exposedField SFNode normal NULL
exposedField SFNode texCoord NULL
field SFBool ccw TRUE
field MFInt32 colorindex [] # {-1,2 )
field SFBool colorPerVertex TRUE
field SFBool convex TRUE
field MFInt32 coordIndex [] # [-1,% )
field SFFloat creaseAngle 0 # [0,% )
field MFInt32 normallndex [] # [-1,© )
field SFBool normalPerVertex TRUE
field SFBool solid TRUE
field MFInt32 texCoordindex [] # [-1,% )
eventin MFInt32 set_colorIndex
eventln MFInt32 set coordIndex
eventln MFInt32 set_normallndex

eventin MFInt32 set_texCoordIndex

VertexD] Soaper |
meﬂ |* wppearanceAppexrancef j
v i materia Material §-

enexc) diffuseColor 01:03 }
geometry IndexedFaceSe {

Vertex[END)] coord Coordinate §

polnt {
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Facef1 :;;nt!l[ o

 cordIndex

Facef[Z - et LA

: 3420 400

Facet[END] 53401, 643 71]

Fig. 4 STL to VRML translation

STL file format represents only geometry data, so
VRML and STL are translated into each other without

errors. But, if IndexedFaceSet is used, file size becomes
small because the definition of vertices and normal vector
is not repeated.

3.3 Data structure for rapid prototyping

Extrusion, ElevationGrid node and CSG element in
VRML are stored in the same way as IndexedFaceSet
by dividing a model into triangles within tolerance. This
means RP algorithm based on STL file is applied directly,
and, in special cases, geometric data can be obtained using
CSG element within tolerance.

Fig. 5 shows the Scene which represents all scenes
in VRML and the data structure to store an object.

Scene Graph |
CCylinder* pCyl Cyl 1 ->
CCone* pCone {Conl*Con2t >
CSphere* pSph Sph | -»>
CBox* pBox >
CExtrusion* pExt > Exti M Ext2 >
CElevationGrid* pEGrid*Ele 1 H*{ Eles
CindexedFacetSet* pSTL STL1 -»>
ClIndexedFacetSet |
ClndexedFacetSet* pNext = |p=====--- >
CVertexArray* pVertexArray
CEdgeArray* pEdgeArray
gacthrray* pFacetArray
CNormal* pNormal
CColor* pColor —>{_Color array

Fig. 5 Data structure for VRML

3.4 Reconstruction of topological relation

There is a need for reconstructing topological relation
on facet and edge for rapid and efficient CAD data
transaction. Reconstructed topological relation simplifies
the algorithms for the orientation decision, automatic
generation of support structure, and slicing. Each vertex,
edge, facet and normal vector are added and removed by
allowing pointer to define dynamic array. And, by allowing
random access to all geometric elements, more efficiency
can be obtained if compared to a linked list which needs
sequential access. VRML inherits all definitions such as
coordinate transformation and color from a parent object
to a child object, and all properties should be adopted
to each objects inherited. An algorithm which reconstructs
the basic data in Fig. 6 in array is shown in Fig. 7 and
its overall steps are as follows.
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Lint nindex CEdge
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Fig. 6 Data structure for IndexedFacetSet

step 1) Read vertex coordinates from VRML. and store
them in Vertex array.

Step 2) Read facet data from VRML, and triangulate
Store  the
counterclockwise, while triangle index is assigned to

them. vertex index in Facet array
pFacet in each vertex.

step 3) Store vertex index to nTemp in Vertex array.
Vertices in Vertex array are sorted in increasing order
based on the build direction on Z-axis.

step 4) The vertices are removed which are overlapped

three or more times during the sort. The facet index of

pFacet list of a vertex to be removed should be linked
to the pFacet list of a vertex to be remained. To classify
a vertex index to be removed or remained, the vertex
indices to be removed are changed to (-) sign.

step 5) If all the overlapped vertices are removed,
the vertex index stored in Facet array is changed to (+)
sign.

step 6) Compute a unit normal vector of all facets
and store it to Normal array.

step 7) Sort Normal array in increasing order based
on build direction of Z-axis and remove the normal vector
overlapped. Update the normal vector index of all facets.

step 8) Store 3 edges of all facets to Edge array,.
For the next efficient searching, store a vertex which has
the larger value in Z-axis to nUpperVertex and a vertex
which has the smaller value in Z-axis to nLowerVertex.
Store the facet index to nNeighborFacet{0] in Edge array.

step 9) Sort all edges in decreasing order based on
the value of Z-axis in nLowerVertex. All edges are dual,
and each edge of'dual edges is included in different triangle.
And the facet index in nNeighborFacet[0] is moved to
nNeighborFacet[1] of the other edge, and the edge
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overlapped is removed. If the dual edges are not composed
of two edges, it means there is a hole or overlapping error
in CAD data. Update the index stored in pEdge on Vertex
array.

step 10) To store the adjacent edge index to
nNeighborEdge in a triangle, get triangle data stored in
nNeighborFacet of each edge. Store the corresponding
edge index to nNeighborEdge of the triangle.

step 11) 3 vertices vi, v2, v3, the ones of facet fn,
and 3 facets, Sfl, St2, Sf3, the ones with these vertices,
are computed intuitively from the data structure. 3 triangles
fnl, 2, fn3 which share an edge with fn, are obtained

by expression (1) and store them to nNearFacet in Facet

array.
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With use of the data structure mentioned above, the
data on facet, edge, vertex are obtained, and the next
operations such as the orientation, support structure, and
slicing are processed efficiently.

3.5 Verification of reconstructed data

There can be some errors in STL of VRML file which
are converted from commercial CAD systems. The
operations such as the orientation, support structure, and
slicing can not be processed properly if errors are included
in STL file. Most errors in STL file are the hole error
where some adjacent triangles do not exist, the overlapping
error where more than 3 triangles are overlapped in one
edge, and the normal vector error where the direction of
normal vector is reversed. The hole and overlapping errors
are detected by checking the data structure. If only one
triangle shares only one edge, less than two triangles are
adjacent to one triangle, or less than two facets share one
vertex, then there is hole error in STL file.

|_’ - -

- I . —

Ned ™ —tf; _N:o >0 > Ok
Nb - Neo< 0 ---> Flipped
-

-
No ¢« Neo= 0 ---> Retry
2) Check facet orientation

P
) Vo FO:V0—=>V1—™>V2
1) Vector from bounding box  3) Reorder vertices in CCW direction

v3 Vertices in neighbor
facets must place in
V2 A y1 reversed order
V4 ? F1:V1>V4->V5
F1:V2=*VI*V3
Vo vs F1:VO-=V2-+v4

4) Vertices of neighbor facets

V2

5) Propagate to ail facets

Fig. 8 Normal vector correction for a solid object

If one edge is shared by more than three facets or
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one triangle is adjacent to more than four triangles, then
there is an overlapped error.

Fig. 8 shows an algorithm which corrects the direction
of normal vector. Considering the fact that the sequence
of vertices shared are reversed if vertices of two adjacent
facets are arranged counterclockwise, the direction of all
triangles are corrected by computing the direction of one
triangle. Considering the direction of vector, Nb, from
somewhere far away to an object, dot product of the Nb
and the Nf0, which Nb collides with for the first time,
should have (+) sign, if the object is solid. If the inner
product has (-) sign, the normal vector is reversed. If the
inner product is 0, the end point of Nb moves a little
and the inner product is computed).

N, - Ny=0 @)

All normal vectors in one object can be corrected if
normal vectors of 3 adjacent facets of the base facet are
corrected and other adjacent facets are corrected
sequentially. If facets which are not checked exist after
the end of correction, it means there are more than 2 objects

exist and the objects are divided and corrected.

3.6 Union operation of an object

VRML supports multiple objects, but does not support
Union operation between objects. Union operation between
the objects interfered makes them one independent object
and it can be used in RP. The bounding box of each object
is computed and, if the interference between objects exists,
then the interference between real objects is computed
and the objects are combined into one object.

(step 1) Compute the intersecting lines between two
objects by considering the triangles included in intersecting
region of bounding box. If the triangles intersect at a point,
then skip them. If they intersect on surface, triangulate
them with removing intersecting regions and find the
intersecting line. If the intersection between all triangles
does not happen, it means two objects are totally separated
or included. To decide this case, different group ID is
assigned to each object and step 5 is implemented.

If all intersecting lines are found, an intersecting loop
is formed by connecting all the end points. If the loop
is opened, hole errors exist. If many intersecting loops
are formed, it means the intersection happens many times.
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Cuagiors) Caesiors)

5. Two groups sharing a 6. Merge remained surface
parting loop must have group into a solid
different removal flag

Fig. 9 Illustrative example of Union operation

(step 2) A triangle with intersection is divided into
two polygons whose edges are intersecting lines. Those
polygons are triangulated, and previous facet data are
removed. Different group ID is assigned to the facets in
each object.

(step 3) Decide which surface group is removed in
an object. Select a triangle and extend the normal vector
from its center to a triangle of other object. If the joining
angle is 90 degree, the extension of normat vector intersects
the edge of 2 triangles. So, compute the normal vector
whose joining angle is not 90 degree.

(step 4) Compute the joining angie between two
vectors, If the joining angle is less than 90 degree, it is
not removed. If the extension of the normal vector does
not intersect other surface group, the surface group remain
after union operation.

(step 5) Surface group to be removed is decided by
the fact that the one of two surface groups with the same
intersecting loop should be removed and the other one

11

should not be removed.

(step 6) Remove the triangles which are assigned to
be removed, and combine the triangles remained into one
object. The algorithm mentioned above is developed to
use efficiently the muitiple objects in VRML with use
of Edge and Facet array based on Vertex array.

4, Experimental result

Software for error verification , support generation,
file viewer and converter between STL and VRML is
developed with use of Visual C++ 6.0 and OpenGL.

Fig. 10 Dialog box for translator

Software developed makes it possible to share and
visualize VRML file, and algorithms for RP can be used
directly without any modification. The software corrects
errors in IndexFaceSet with direct use of previous module
for STL error correction, generates support structure for
multiple object in VRML with direct use of previous
module for automatic generation of STL support structure.
Thus the development of additional algorithm to use the
modules for STL is not needed.

Fig. 10 shows the interface for conversion between
STL and VRML. This conversion supports STL file of
BINARY and ASCII types and VRML 1.0 and VRML
2.0 (VRML 97).

Geometric data are shared and visualized via internet
and virtual reality with use of the converter. Fig. 11 shows
the result of the models converted. The number of vertices
is decreased to the average of 16.8% by removing the
vertices overlapped. And the file size compressed is
decreased to 43%~76% which is essential for internet
connection.

Fig. 12 shows the part for automobiles in VRML and
Fig. 13 shows the model converted in STL. Fig. 14 shows
a dialog box for error correction, and Fig. 15 shows a
dialog box for generating support structure for SLA
systems.
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Low data ; STL
uncompressed cotmpressed
facet vertex
ASCIL (BINARY ASCII IBINARY
Hammer 774) 22321  137KByte 7K Byte 18KByte 15KByte
Spider 9286| 27858 1801KBytc| 454KByte|  243KByte 139KByte
Car 16,646 49938} 3,097KByie 813KByte 402K Byte 329KByte
Translated data ; VRML
vertex uncompressed compressed
X i ratio ratio ) ratio ratio
number |ratio  [size size
(ASCII)  |(BINARY) (ASCID) |(BINARY)
Hammer 377|116 8% 32KByte 38% 140% 9KByte| 50% 60%
Models for festing, | SPider | 4670]16.7% | 637KByte| 35% 140% [105KByte] 43% 76%
Car 8,477116.9% | 1,148KByte 37% 141% |193KByte| 48% 58% w
Fig. 11 Conversion benefits.

WMy Documents#fan.sti

:#My Documentsifan2.stl

Fig. 13 STL converted model Fig. 15 Support generation dialog

12



H C Kim. H T Choi, H K lee and S. H. Lee¢ :

DAWHOCHANWMy soltware WVRARPW Autoull, wi

g v
TRD. g Ry ARG B (331
2 108 peih

Fig. 17 Multi-object application example

The web browser used is Internet Explorer 5.0 and
VRML plug-in is WorldView.

5. Conclusion

Fig. 16 demonstrates the model and support structure
can be shared by Web browser via Internet connection.
It can be used to a manufacturer and a designer of the
model when automatic correction of error is impossible
and the discussion on build direction and precision is
needed. Fig. |7 demonstrates the models are verified prior
to the real build with using the multiple objects, the
characteristics of VRML.

This study adopts the data sharing and VRML
techniques to RP to minimize the errors during data
conversion and total time for development.

It demonstrates that VRML can be used as input to
RP and VRML is compatible with STL file format. The

B
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advantages are studied when VRML is used and the
efficient data structure for RP is proposed. Some necessary
points are checked, when VRML is used for RP input,
and an algorithm for union operation between objects is
proposed. Converter between STL and VRML is
developed, and it demonstrates that RP can be implemented
with  VRML model by using RP algorithm without
modification.

Consequentially, if VRML model is used as input of
RP, the compatibility with STL format is maintained and
efficient processing is obtained by avoiding the problem
of vertices overlapped. And visualization and data sharing
are possible with WWW and virtual reality. The
development of simulator for total build process is

proposed for future work.

Acknowledgement

This work was supported by Pusan National University
Research Grant, 1999.

References

1. Kevin K. Jurrens, "Standards for the Rapid Prototyping
Industry,” NIST, RP workshop, October 1997.

2. Hae-Seong lJee, "Virtual Models for 3D Printing,"
Transactions of the Socitey of CAD/CAM engineers,
pp. 1-11, May 1999,

. Young-Ho Chai, "On the Virtual Clay Modeling Using
a Force Reflecting Haptic Manipulator,” Transactions
of'the Socitey of CAD/CAM engineers, pp. 12-18, May
1999.

frd

A0 RN - RITEE S 345, MIEAUTE RIS BT B R
L O R v fENE & bk oo ik - WL R T 24,
" [1#2CG, pp. 14-23, February 1999.

5. Sung-Su Kwon, Chea-Won Chang, Kwon Son,

Kyung-Hyun Choi, "Development of Vehicle Driving
Simulator using Virtual Reality," KACC, Proceedings
of the 13th Korea Automatic Control Conference,
October 1998.

. Hung-Jung Kim, Myoung-Hwan Choi, Hung-su Kim,
Bung-Wook Choi, "GUI Design for Car Navigation
System Using VR Technclogy," KACC, Proceedings
of the 12th Korea Automatic Control Conference,
October 1997.

. "Stereolithography Interface Specification," 3D Systems



H C Kim, H T Choi, H K Lee and S. H Lee : International Journal of the KSPE, Vol. 3, No. 2.

Inc., June 1988.

8. L. E. Roscoe, K. L. Chalasani, T. D. Meyer, "Living
whth STL files," Proceedings of the 6th international
conference on Rapid Prototyping, pp. 145-151, 1995.

9. P. Vuyyuru, C. F. Kirschman, G. Fadel, A. Bagchi,
C. C. Jara-Almonte, "A NURBS-Based Approach for
Rapid Product Realization," Proceeding of the Fifth
international Conference on Rapid Prototyping, Dayton,
Ohio, pp. 229-238, 1994.

10. M. J. Wozny, "Data Driven Solid Freeform
Fabrication," IFIP Transactions B-3 : Human Aspects
in Computer Integrated Manufacturing, pp. 71-82, 1992.

11. Gregory Lee, "Virtual Prototyping on Personal
Computers,” Mechanical Engineering, Vol. 117, No.
7, pp. 70-73, July 1995.

12. Kazuaki Iwata, Masahiko Onosato, "New Trends in
Manufacturing System," Journal of the Japan Society
for Precision Engineering, Vol. 62, No. 1, pp. 112-115,
1996.

13. Thomas J. Alexandre, "3D visualization of multimedia
content on the World Wide Web," Computer Networks
and ISDN Systems 30, pp. 594-596, 1998.

14. "VRML97," |International Standard ISO/IEC
14772-1:1997.

15. Michael Bailey, "The Use of Solid Rapid Prototyping
in Computer Graphics and Scientific Visualization,"
SIGGRAPH '96 Conference, New Orleans, LA, August,
6, 1996.

16. Kun-woo Lee, "Principles of CAD/CAM/CAE system"
Addison Wesley Longman, Inc. 140-148, 1997.

14



