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Direct Surface Triangulation Using Stereolithography Data

Yasushi Ito* and Kazuhiro Nakahashi'
Tohoku University, Sendai 980-8579, Japan

An efficient and user-friendly approach is presented for constructing unstructured surface grids directly on
three-dimensional CAD surface data. This system has the following features: 1) use of stereolithography data
as surface definitions, that is, background grids for surface meshing; 2) automatic reconstruction of geometric
features for initial front setup; 3) graphical user interface for easily controlling surface mesh density by inserting
line sources and point sources on the surface; 4) adoption of an advancing-front surface triangulation method,
which minimizes the necessity to divide the surface into a number of patches; and 5) outer boundary generation
from templates in the system. The resulting system has been applied to several airplane configurations, and a
notable reduction in turnaround time has been achieved.

I. Introduction

OMPUTATIONAL fluid dynamics (CFD) has become an in-

dispensable design and analysis tool for many different types
of geometric configurations and field regimes. The effectivenessof
CFD usage in an actual design environment, however, is often lim-
ited. Most of these limitations are due to difficulties in generating
the computational grid in a reasonable amount of time.

The grid generation method should be automated as much as pos-
sible. This is true for volume grid generation; it is now possible to
create volume grids automatically. For the surface grid generation,
however, user interventions are often required because the surface
mesh directlyaffects the solutionaccuraciesin CFD problems, espe-
cially for the aerodynamicevaluationof airplanes. The aerodynamic
performance is usually evaluated by surface values, such as pres-
sure, skin friction, and so on. These values are highly affected by the
definition of sound geometric features, as well as the surface grid
density. This suggests that surface grid generation methods must
easily facilitate changesin grid density to obtain the best result with
limited computational resources. Although controllability is often
incompatible with the automation of grid generation, it is essential
for surface meshing.

Surface grid generatorsare naturally expected to be user friendly;
however, this is not usually the case. The main reason for this stems
from the employment of a so-called mapping method, in which a
three-dimensional surface usually needs to be inputted not as one
body, but as a collection of surface patches. Each patch should
be defined as a topologically rectangular array of discrete data
points for mapping from a three-dimensional free-form surface to
a two-dimensional plane. The triangulation is then performed on
the two-dimensional domain. This procedure often requires hun-
dreds of hours of manipulation to obtain a satisfying surface grid
from patched geometry. Surface decomposition is not essential to
generate a high-quality surface mesh and should be avoided.

To define an object surface precisely and efficiently requires a
close link between CAD and grid generator. CAD software has
many output formats. One of the most common output formats is
an initial graphics exchange specification (IGES) format. Several
approachesfor surface meshing have been proposed using the IGES
format.!~* Although IGES files include detailed information about
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geometry, they must be converted to a suitable representation for
surface meshing. Unfortunately, this conversionis tedious and time
consuming.

Another famous CAD output format is the stereolithography
(STL) format. The STL file format has become the de facto standard
in rapid prototyping? This file is made from pure geometric infor-
mation from a model (this is composed of triangularfacets and their
associated unit normals) so that it is very simple and easy to manip-
ulate the defined geometry. However, the STL file is not designed
for surface meshing so that it often has ill-conditioned facets, such
as overlapping facets and gaps. Because of this problem, the use of
the STL file has been limited.

In this paper, the STL file is employed as a background grid for
surface meshing. To revise the ill-conditioned facets included in
the STL file, a strategy to use both the automatic revision and the
graphical user interface- (GUI-) based interactive correction for the
STL data is employed. Commonly encountered patterns of the ill-
conditioned STL facets are recognized and fixed automatically. The
remaining ill-conditioned facets are corrected utilizing a GUI tool
developed here. This strategy of using both automatic and interac-
tive procedures is the essence of the present approach for realizing
surface grid generation for complex geometries.

To minimize user interventionsin surface grid generation, the di-
rectadvancing front method for surface meshing® is applied directly
to the three-dimensionalsurfaces. One of the advantages of this ap-
proach is that the surface does not need to be divided into many
patches. Furthermore, the initial fronts are usefulin determining the
local grid densities by distributing the grid points, which have been
numbered by the user. The initial fronts, however, must be set up
beforehand. This front setup sometimes becomes tedious and time
consuming.

In the present approach, an automatic reconstruction of the
geometric features, such as wing leading and trailing edges, wing-
fuselage junctions, and other body boundaries,is introducedto con-
struct initial fronts automatically. The primitive idea of using geo-
metric features was mentioned by Lohner’; however, he used them
only to recover surface features. In this paper, we also use them to
control surface grid density efficiently. The initial fronts are con-
structed on these geometric features, which are easy to reconstruct
from the CAD surface data. To enhance the controllability of grids,
initial fronts can also be specified by the user through the use of a
GUL

In this paper, we discuss a surface grid generation method in
which user interventions are minimized, whereas the controllabil-
ity of the grid is enhanced. This is achieved through the use of
an advancing front algorithm*®=° coupled with an automatic re-
construction of the geometric features from STL data. The easy
controllabilityis also enhanced by the use of a GUL

II. Surface Grid Generation Method

A flowchart of the surface grid generation procedure is shown
in Fig. 1. After reading geometry data in STL format, geometric
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| STL file input (see Fig. 2a) |

| Reconstruction of geometric features (see Fig. 2b) |
v
| Construction of initial front |

| Surface meshing by the advancing front method |
v
| Surface recovery (see Fig. 2¢) |

| Computational boundary definition & gridding |
2
| Volume grid generation |

| Surface& volume grids output |

Fig.1 Flowchart of surface grid generation.
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Fig. 2 Surface grid generation process for a chess piece: a) typical
STL data having very coarse triangles, stretched triangles, and some
gaps between triangles; b) ridge reconstruction from STL data; and c)
generated surface mesh.

features are reconstructed. Grid points are distributed on these
curves to set up initial fronts for the advancing front method. Point
sources and line sources may be added to control local grid density.
The advancing front method is then applied directly on the STL-
defined background grid. After that, the surface recovery procedure
is applied to the generated surface grid for accurate representation
of the original surface model. For a flow computationaround an ob-
ject, the remaining work defines the computationalouter boundaries
and the volume grid generation.

It is desirable to automate the grid generation procedure. How-
ever, the controllability of the local grid density is also very im-
portant. In the present approach, users can interactively perform
the following steps in the surface meshing process using the mouse
and keyboard: 1) addition of point sources and line sources, that
is, ridges (see Sec. I1.C); 2) specification of division parameters at
each ridge (see Sec. I1.C); and 3) specification of the maximum and
minimum length of the grid (see Sec. II.D). The GUI environment
has been constructed with Microsoft Visual C++ 6.0 and OpenGL.

The remaining steps are 1) correctionof STL data (see Sec. II.A),
2)reconstructionof geometric features (see Sec. I1.B), 3) initial front
setup from the user-specified parameters (see Sec. II.C), 4) surface
meshing (see Sec. I1.D), and 5) surface recovery (see Sec. ILE).

These steps are not essential to control the surface mesh that will
be generated, and so they should be performed automatically. An
example of the surface grid generationof a chess piece is shown in
Fig. 2.

A. STL Data
The present approach uses an extracted STL format for surface
meshing. An STL output is designed for rapid prototyping. Arbi-

trary three-dimensional free-form surfaces are approximated as a
set of triangular facets. The output is available in either ASCII or
binary format and in either metric or imperial units. The STL can
also be scaled automatically to accommodate the dimensions of the
prototypingequipment. The output file contains only pure geometric
information. In other words, only the coordinatesof each triangular
facet and its correspondingunit normal vector indicate the external
objects’ surface. Because of the simplicity of the STL file, other ge-
ometry datasuch as a structured surface grid can be easily converted
to this format if necessary. This is another advantage of using STL
data as an input data format for surface meshing.

The process used to generate an STL file from a CAD dataset
is called tessellation. The accuracy of an STL file is determined
from two user-specified tolerances: the size of each triangle and the
maximum distance between the surface and a triangular facet (sag
value). Large flat areas are represented by a small number of very
coarse triangles as shown in Fig. 3a, and cylindrical and conical
surfaces are represented by stretched triangles as shown in Fig. 3b.
Therefore, the triangulated surface given by the STL file must be
retriangulated for CFD use.

In the present approach, STL data are used as a background grid
for surface meshing. For this purpose, a set of STL facets must
cover the original surface without overlaps or gaps. STL data, how-
ever, often contain some ill-conditioned facets due to errors in the
tessellation process because the STL file format does not provide
for consistency and completeness tests.'” Decreasing the sag value
ensures the greatest accuracy of the three-dimensional geometry;
however, it increases the likelihood of triangulation errors. These
facets often cause some conflicts in the following steps, for exam-
ple, when ridges are automatically reconstructed from the original
STL data, or when the local direction of surface meshing is calcu-
lated. In the present method, most of the ill-conditioned facets are
automatically corrected or removed by the following procedures.

The ill-conditionedfacets can be classified into two types: highly
stretched facets (Fig. 4) and sticking facets (Fig. 5). The highly
stretched facets, whose minimum interior angle is less than 1 deg
and whose area is almost zero, are considered ill conditioned.

The highly stretched facets are detected and corrected as follows:

1) Calculate lengths of all edges.

2) At each triangular facet, three edges are lined up in ascending
order by their lengths.

a) Box b) Cross cylinder
Fig.3 Examples of STL data.
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Fig.4 Models of highly stretched facets in STL data: a) type 1, isolated
highly stretched facet; b) type 2, connected highly stretched facets; c)
automatic correction of type 1; and d) automatic correction of type 2.
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a) Protruding facet ¢) Automatic correction of a

b) Overlapping facets d) Automatic correction of b

Fig. 5 Examples of sticking facets in STL data.

3) The following reference value & is used for the detection of a
stretched facet:

L+l
" I cosa

where [, I, [; (I; > I, > [;) are lengths of its three edges and « is
a small angle such as 1.5 deg. If the value £ is less than unity, the
facet is considered to be highly stretched.

4) If I; > 0.05 [, the facet is type 1, as shown in Fig. 4a. This
facet is corrected by swapping the longest edge (Fig. 4c).

5) If I3 < 0.05 [, the facet is type 2, as shown in Fig. 4b, and is
removed together with the neighboring facet (Fig. 4d).

Because the area of the stretched facet is almost zero, as men-
tioned, these revisions do not reduce the accuracy of the modeling.

The stickingfacets can be foundusing the facet normals. When an
angle between two normal vectors of adjacent facets is larger than,
for example, 160 deg, they are flagged. If three flagged facets share
three nodes, one of them is a protruding facet, as shown in Fig. Sa
and revised in Fig. 5c. If two flagged facets share three nodes, they
are overlap facets, as shown in Fig. 5b and revised in Fig. 5d.

The remaining ill-conditioned facets that do not meet the com-
monly encountered patterns will be revised by means of the GUI
tool developed here.

B. Reconstruction of Ridges

In the second step, geometric features are reconstructed from the
STL-defined configuration. The geometric features include ridges
and surface boundaries, such as wing leading and trailing edges.
An example of the ridge reconstruction is shown in Fig. 6¢. The
reconstruction of these curved features is important in accurately
representing the original configuration. These ridges also become
the initial fronts of the surface meshing procedure in the next step.

Theridgesare defined as aggregatesof boundaryedges. Boundary
edges consist of two types of edges: surface boundary edges and
inner boundary edges. Surface boundary edges are defined as edges
that have only one neighboring facet. Inner boundary edges have
two neighboring facets and are searched using a folding angle that
is calculated using the normal vectors of two facets on both sides of
eachedge. The edge is considered a candidate edge for constructing
aridgeif the folding angle is larger than the specified value. (Default
value is 30 deg.)

Figure 6 shows the reconstruction process of the geometric fea-
tures for an airplane configuration. Figure 6a shows the ridges de-
tected from the STL datausing only the foldingangles. These ridges,
however, have not yet been connected to each other in this stage,

a) Initial ridges

.

b) After eliminating needless boundary edges

P
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¢) After the recovery of boundary edges

Fig. 6 Ridge reconstruction of an NAL experimental supersonic air-
plane model.

but may be isolated, and do not represent the model properly. Some
manipulation is required to eliminate or reconnect some ridges to
recover the proper features accordingly.

First, distances between every two candidate edges at their mid-
points are calculated. If the distance is less than half of the smaller
edge length between two edges, either of the edges is removed from
the candidate list. This removal is based on the number of connect-
ing candidate edges on both ends of the edge or the strength of the
folding angle.

Second, the connecting angles of two candidate edges are calcu-
lated. If the angle is less than 3 deg, either of the edges with the
same criterion is removed. Note that some exception is needed to
avoid removing the essential candidate edges, for example, at the
wing tip. The ridge in this phase is shown in Fig. 6b.

Third, several inner boundary edges are added from the ends of
the ridges in consideration of the folding angle and the direction.
The edge addition is stopped when the ridge encounters a ridge,
or the folding angle is less than a specified value (default value is
3 deg).

Fourth, kinks in the ridges should be identified automatically. The
kinks divide the ridgesinto a set of smoothridges. The smooth ridge
is required so that spline interpolations can be used in the following
step.

The final ridges reconstructed in the aforementioned procedures
are shown in Fig. 6¢. These steps can be performed automatically.

C. Initial Front Setup

In the third step, the initial front for the advancing front method is
constructed. Node points are distributed on each curved feature by
specifyingdivision parameters,the number of pointsand the spacing
parameters used in the Vinokur’s stretching function,'! using a GUI
command.

Accordingto demand, pointsourcesand line sourcescan be easily
added on the user-specified region to control the local grid density.
Figure 7 shows a simple example of a square area. If ridges are
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Fig. 7 Control of local grid density: a) line source and point source
insertion for a square area and b) triangulation of part a.

Fig.8 New temporary node position.

automatically generated on this area, they are made of the only
edges surrounding it. It is relatively easy to control the grid density
alongthe boundaries. However, itis difficultto clusterthe grid points
inside of the domain or at an intermediate point of the boundary.
Adding a point source and a line source, as shown in Fig. 7a, users
can gather the grid points anywhere, as shown in Fig. 7b.

D. Triangulation

Many researchers have described in detail the surface-meshing
algorithm using an advancing front method ®%!? Here, we discuss
an outline of the triangulationprocedure. After the initial front s set
up on the background grid, the following steps are repeated while
any front edge exists:

1) Search for the shortest front edge that is used as a base for the
triangle to be generated from the list of front edges.

2) Generate a new triangular cell properly in consideration of
already created nodes, lengths of neighboring front edges, local
curvature, and so on.

3) Remove the selected front edge from the list and add the new
front edges to the list if generated.

Surfacetriangulationfor three-dimensionalsurfacesis done using
the direct advancing front method® with several importantimprove-
ments in the reliability and efficiency by the following modification
of the algorithm, which is how to determine a new temporary node
position in item 2. First, the new node position r; is determined as
follows:

ri=ry+ 8@y xX5)

where ry; denotes the position vector of the midpoint M of the
frontedge A B, n), denotes the unit normal vector of the cell of the
background grid that contains the midpoint M, and s denotes the
unit side vector of the edge AB (Fig. 8). A length § is determined
with the curvature of the background grid at the point, then the node
is mapped to the background grid to verify that it is on the surface.
There are, however, many cases where the node is not located on
any cell. By gradually shortening the length §, we can obtain the
node on the surface without failure in these cases.

The maximum and minimum lengths of the grid are specified at
eachclosedregion surroundedby the initial frontedges. The surface
meshing process is then advanced, for example, as shown in Fig. 9.

E. Surface Recovery
The new node position of the surface grid is temporarily deter-
mined with a first-order correction not to fail in the triangulation.
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Fig. 9 Surface meshing process for an NAL experimental supersonic
airplane model at the junction of the wing leading edge and the fuselage;
the front is advanced from panel a to panel ¢, and the triangulation is
terminated at panel d.

n; n;

X

b) Surface recovery on
aridge

a) Quadratic recovery

Fig. 10 Surface recovery.

The generated surface grid may not, however, represent the original
configuration accurately if the STL-defined original data is not fine
enough. To improve the grid quality, a surface recovery algorithm
is applied after the surface triangulation.

The recovered point location is usually given by a quadratic tri-
angle shape function. In Ref. 7, a midpoint location x is estimated
from a Hermitian polynomial as

x = 0.5x; + 0.125r; + 0.5x, — 0.125r,

n; X (s X n;)

(i=1,2), §=Xx, — X

[n; x (s X n;)|

where x; and x, are nodes location of the edge and n; and n, are
unit normal vectors at each node (Fig. 10a). Note that these nodes
and edges belong to the background grid. However, if x; or x; is on
aridge such as a wing trailing edge, the obtained midpoint location,
which is on the broken lines of Fig. 10a, is a great distance away
from a background grid. This implies that the way to estimate the
normal vector at each node, which is mentioned as follows, is very
important:

1) Flag edges if the folding angles are larger than a certain value.
The default value is 0 deg for boundary edges, 30 deg for the others.

2) Ateachnode, selectthe cells and the flagged edges surrounding
the node. The cells are dividedinto local zones by the flagged edges.
The normal vector at the node is calculated at each zone.

3) Apply the quadratic triangle shape function for each cell. The
normal vectors at three nodes depend on the cell to be applied as
shown in Fig. 10b.
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Fig. 11 Enlarged view of a Boeing 747-200 inboard nacelle: a) back-
ground grid (this grid is defined as a set of triangular panels and is
very coarse), b) faced shading of the generated surface grid (the coarse
background grid affects this grid), and ¢) and d) surface recovery (this
smooth grid can be obtained after the surface recovery).

Figure 11 shows an example of the surface recovery for a Boeing
747-200 inboard nacelle. The background grid is very coarse, as
shownin Fig. 11a, and it affects the generated surface grid, as shown
in Fig. 11b. After the surface recovery, the surface grid, shown in
Fig. 11c, becomes very smooth.

F. Outer Boundary and Volume Grid Generation

For volume grid generation in CFD applications, outer bound-
aries must also be created to cover the computational region. Here,
the outer boundary generationis simplified just by choosing an ap-
propriate boundary template, such as a half/full sphere, a half/full
cone, and so on. After the outer boundary is generated, the volume
grid is generated using Delaunay tetrahedral meshing.'3

III. Applications
A. National Aerospace Laboratory Experimental Airplane Model

The unpowered National Aerospace Laboratory (NAL) experi-
mental airplane will be launched to altitude of 15,000 m by a solid
rocketboosterin 2001 (Ref. 14). It was designed for aiming the nat-
ural laminar flow on the wing. The configurationdata were prepared
on CATIA CAD software and the STL output was generated. After
the reconstruction process of the geometric features, as shown in
Fig. 6, surface triangulationis performed (see Fig. 9).

The generated surface grid has 100,044 node points and 200,084
cells. The required CPU time on a Pentium IIT (900-MHz) personal
computer is about 10 min for the surface grid generation process.
This applicationrequired an additional 30-60 min for the interactive
operationson a GUI screen, such as creatinginitial frontsin this case.
By saving all of the preprocessing work in a file, a user can restart
the surface grid generation from an intermediate step.

B. Blended-Wing-Body Airplane Model

The blended-wing-body (BWB) airplane was modeled on the
CATIA CAD software as shown in Fig. 12. After the reconstruc-
tion of geometric features, several ridges were added at the engine
nacelles to control the local grid density (Fig. 13). Surface triangu-
lation was then performed as shown in Fig. 14.

The generated surface mesh has 46,933 nodes and 93,431 cells.
The required CPU time on a Pentium I1T (900-MHz) personal com-
puter is less than 1 min for the surface grid generation process in
this case. Total required time for this surface mesh is about 1.5 h.

Fig.12 STL data of BWB airplane.

Fig. 13 Reconstruction of geometric features for BWB airplane.

Fig.14 Surface mesh of BWB airplane at the outboard engine nacelle.

Fig.15 Reconstruction of geometric features for the NAL experimental
airplane model and the solid-rocket booster.
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Fig.16 Triangulationfor the NAL experimental airplane and the solid-
rocket booster: a) general view, b) pitot tube, c¢) front connection of the
airframe and the rocket, d) front fitting, and e) rear fitting.

Pressure distribution on the symmetry plane

Fig. 17 Euler calculation for the NAL experimental airplane and the
solid-rocket booster.

Most of the time has been spent specifying the division parameters
at each ridge by trial and error.

C. NAL Experimental Airplane Model and Solid-Rocket Booster

Figures 15-17 show the CFD calculation process of the NAL
experimental airplane piggybacked on a solid-rocket booster for
launch. This airframe itself is the same one mentioned in Sec. I1I.A,
but some detailed components, such as a pitot tube, are added. The
reconstruction of geometric features and the addition of the ridges
were performed as mentioned before (see Fig. 15). The number of
the ridges becomes 501, and 213 closed regions are made of the
ridges. This configuration is so complex that about4 h were needed
for mouse operation, such as the addition of ridges and specitying
division parameters at each ridge. This half-model surface mesh,
shownin Fig. 16,has 105,112nodes and 208,497 cells. The required
CPU time on a Pentium ITT (900-MHz) personal computer was about
3 min for the surface grid generation process.

Two types of the outer boundary shape were prepared for the cal-
culation in transonic flowfields (hemisphere) and supersonic flow-
fields (half cone) to obtain better results. We needed only 10 addi-
tional minutes for each of the outer boundary generation processes.
The volume grid, which consists of tetrahedra, was then generated
by a Delaunay method. The half-sphere-typegrid has 658,532 nodes
and 3,570,327 tetrahedra.

Euler calculationswere performed based on these volume girds.'
Figure 17 shows the pressuredistributionat a freestream Mach num-
berof1.2andan angleofattack of zerobased on the hemisphere-type
grid.

IV. Conclusions

An efficient and effective surface triangulation method has been
developed. STL data are employed to define a configuration as
output of CAD system. Because the original STL data are not al-
ways suitable as a background grid for the surface meshing, ill-
conditioned facets are automatically detected from the geometri-
cal information and revised. The automatic reconstruction process
of geometric features ensures accurate representation of the STL-
defined geometry. The initial front setup based on the geometric fea-
tures minimizes user interventions. The easy control of the surface
grid density has been shown. The significant reduction of time for
surface grid generation and the improvements in quality of surface
grids were demonstrated.
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