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Abstract
Recently, topology optimization technique has acquired lot of interest across the

industries because of its ability to develop lightweight efficient designs that also
brings other functional benefits. But one of the difficulties is the complexity of the
design to manufacture. Recent developments prove that complex designs can be
easily manufactured using additive manufacturing. With the synergy of topology
optimization and additive manufacturing, industries are aiming to gain more bene-
fits. Siemens Energy, with the knowledge and capability to manufacture components
using additive manufacturing, is now interested in implementing non-traditional de-
sign technique like topology optimization to take the next leap in the development
of its products. In the process of implementation, Siemens Energy face some issues
in handling the STL geometries from topology optimization. The STL files possess
some defects that prevent the engineers to use the geometries similarly to other files
handled in CAD system. This thesis is to develop a method to repair the STL issues
within Siemens NX environment and transform the STL file to CAD format. The
method would assist design engineers at Siemens Energy to fix the STL issues in
future that enable the STL geometry to be used similarly to other CAD files. The
thesis also explores the feasibility of automation of the repairing process in order to
reduce the manual labour.

This was achieved by the exploratory study that began with literature review
to explore about STL file format and various STL errors followed by exploration of
Siemens NX CAD in the direction to repair STL. Later automation feasibility was
investigated in NX. The method to fix STL issues is devised using use cases. STL
issues were successfully addressed to develop a CAD format of the models using
NX CAD. The limitations and feasibility of automation in NX was studied. NX
Open tool with C# language was used in the project. A method that shall help the
design engineers to fix the STL issues is proposed. In the end, future work towards
automation and other possible explorations are summarised.

Keywords: Polygon modeling, STL error repair, Siemens NX CAD, Automation in
NX
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Nomenclature

3MF 3D Manufacturing Format
AM Additive Manufacturing
AMF Additive Manufacturing Format
API Application Programming Interface
ASCII American Standard Code for Information Interchange
ASTM American Society for Testing and Materials
CAD Computer Aided Design
CAE Computer Aided Engineering
DfAM Design for Additive Manufacturing
FE Finite Element
GRIP Graphic Interactive Programming
IDE Integrated Development Environment
JT Jupiter Tessellation
KBE Knowledge Based Engineering
PBF-LB Powder Bed Fusion - Laser Beam
PLY Polygon File Format
SGT Siemens-Energy Gas Turbine
SLA Stereolithography
SNAP Simple NX Application Programming
STL file STereo-Lithography file
TO Topology Optimization
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1
Introduction

For decades, forming and casting were used as the primary manufacturing method
followed by subtractive manufacturing to process the manufactured components.
While the forming and casting process provided the overall volume of the product,
subtractive manufacturing processes such as milling, turning were used to provide
the desired shape by removing material. In 1987, an alternative approach to this
traditional manufacturing called Additive Manufacturing (AM), also known as 3D
printing, emerged where successive layers of material were added along one direction
to get the desired shape [1] of an object. This novel technique brought potential
advantages along with its own shortcomings.

One of the benefits of AM is the ability to manufacture complex designs. AM is
capable of manufacturing components that consume more energy if manufactured
conventionally at a lower expense. Also AM is capable of manufacturing compo-
nents that cannot be manufactured using conventional manufacturing techniques
[2]. In parallel, the researches in the design domain revealed that the analysis lead
design techniques capable of generating more effective designs that are lightweight
but complex to manufacture [3]. Topology Optimization (TO) is one such design
technique that is capable of developing designs with best distribution of material
for the given set of loads and constraints. Provided the complexity of the optimized
design, TO becomes the natural design technology for AM as it fully exploits the
potential.

Siemens Energy is looking to use the advantage of AM and TO. But a potential
problem is identified that limits Siemens Energy from fully utilizing the benefits.
This section will describe the background of the problem followed by aim, limitation,
delimitation and research questions.

1.1 Background
Siemens Energy is a global company that provides energy generation and energy
harnessing solutions for small, medium and large-scale organizations [4]. Siemens
Energy manufactures gas and steam turbines, hybrid power plants operated with
hydrogen, power generators and transformers. From Sweden, medium gas turbines
are designed, manufactured, assembled and delivered to customers all over the globe.
All the components of the gas turbines were initially manufactured using subtractive
and joining processes. Later, AM department was established in the organization
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1. Introduction

with the focus to replace the conventional manufacturing method with AM for cer-
tain components of gas turbine [5].

Initially AM was introduced to build prototypes in shorter lead time. By identify-
ing the potential, application of AM was expanded to eliminate the labor intensive
manufacturing of complex components that required more precision and consistency.
The burner front of gas turbines were the first point of interest since it had com-
plex system responsible for fuel feeding, internal cooling and other more functions.
Initially, one EOS M280 Powder Bed Fusion - Laser Beam (PBF-LB) printer was
installed at Siemens for the repair work of conventionally manufactured burners [5].
Later complete burner front of SGT700 was developed using AM. The traditionally
manufactured burner front composed of 13 individual components with 18 welds
were united to a single piece AM component as shown in the Figure 1.1.

Figure 1.1: SGT-700 burner with additively manufactured burner front

The new design of the burner front improved the cooling, allowing lower operating
temperature which contributed to a longer lifespan of components and the gas tur-
bines [5]. Siemens Energy is looking to use AM to produce other components of the
gas turbines to improve the functionality of the components, example by improved
cooling.

1.2 Problem Area
Since manufacturing constraints of traditional manufacturing is no longer appli-
cable to AM, AM facilitates more design and manufacturing freedom. This en-
abled Siemens Energy to investigate new design methods like TO. By using TO, the
amount of material required to build a component is optimized but also the created
design is capable of fulfilling other functional demands.
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1. Introduction

Before engaging in TO, the Computer Aided Design (CAD) were manually created
by design engineers at Siemens Energy. Siemens Energy used NX CAD as the CAD
tool and the native CAD models were in part format. The native CAD models
use Non-Uniform Rational B-Spline (NURBS) to represent the 3D object. During
printing process, the native CAD files were converted into Stereolithography (STL)
file format using tessellation process because the 3D printing systems use STL as
the input format. A STL file describe the outer surface of an 3D object using tri-
angular facets [6]. Usually an STL file developed from native CAD file encloses the
boundary of 3D CAD model without any problem. Therefore, the STL file can be
directly used for printing.

In case of designs from TO, the STL files are not created in the similar way. The
STL files are developed as a result of Computer Aided Engineering (CAE) Analy-
sis. The topology of the input CAD represented as NURBS is tessellated into user
defined mesh on which CAE analysis is performed to obtain optimised geometry.
The optimised geometry is extracted from the CAE solver as a STL file in this the-
sis work. This STL file when inspected consist of errors that prevent extraction of
solid model from the geometry and also consists of unrealistic or infeasible solutions.

It is necessary to obtain the solid geometry of optimized model to directly use with
other CAD files. The STL files do not provide rich description of geometry as
NURBS. The tessellation of geometry into triangular facets give rise to erroneous
STL geometries that do not provide information on volume, mass and it is not
possible to integrate STL models with other models in CAD environment. So the
underlying need is to investigate the issues in STL file so as to enable Siemens
Energy engineers to handle the topology optimized geometry together with other
geometries in Siemens NX CAD environment.

1.3 Aim
According to Siemens Energy, the output of topology optimization, the STL format,
contains a number of issues and infeasible solutions such as load transfer through
point contact, self intersecting facets. Despite of the geometric issues, the STL files
can be printed but the output performance like structural rigidity, fluid flow through
channels in the printed component will not be desirable. Therefore, the STL file
need to be repaired and the issues have to be fixed to develop an error free 3D solid
geometry. The aim of the thesis work is to investigate to find a practical method
and make recommendations on how to convert 3D geometries from STL format to
a NX representative model. Also investigate on automation of the repairing process
and develop a technique that shall help in the fixing process. The overall aim of the
thesis can be put into following points:

1. To analyze the Topology Optimized model and study the problems associated
with the generated STL file (in geometry)

2. To investigate and recommend the best practice strategies to generate a near net
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1. Introduction

shape CAD model from STL files

3. Investigate on possibility of automation of STL repairing technique that will aid
Siemens Energy engineers in converting the STL file to NX CAD geometry

1.4 Specifications of Research Questions

To be focused on the topic, the thesis work aims to answer the following research
questions

1. What are the issues in topology optimized STL file that prevent design engineers
to use it along with other CAD files in NX environment?

2. What are the steps involved in development of NX CAD model from the opti-
mized STL file?

3. Is automation of STL repair possible? If possible, how to automate the STL
repair technique?

1.5 Demarcation

The thesis work is performed for 20 weeks with certain boundary limits which are
as followed below.

1. The scope of project is limited to propose a method to convert the STL geome-
try to CAD geometry in NX. Investigating on method of Topology Optimization or
additive manufacturing is not included in the scope.

2. The reference to the original STL is lost while using a third party tool. Also there
is a possibility of data loss or depreciation of STL quality when an third party tool
is used to repair STL model and then bringing into NX environment. Therefore one
other limitation is to repair the STL file within Siemen’s NX environment using its
built-in utilities.

3. The thesis involves development of solid NX CAD geometry from STL file. This
does not include CAE analysis nor physical prototyping of the developed CAD
model.

4. Throughout the thesis work, NX CAD version 2007 is used [7]. The findings from
this work may or may not be applicable to other versions of NX CAD.

4



1. Introduction

1.6 Research Ethics
The thesis work follows the six principles of Economic and Social Research Council’s
framework [8] for research ethics. The confidential information shared by the partic-
ipants are respected and not shared outside the research group. Also the anonymity
of the research participants are respected by not mentioning the personal informa-
tion. The report uses data and facts of Siemens Energy with the granted permission
and uses data from external references that are cited to acknowledge the work of
the original author.
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2
Theory

For this thesis work, the output of topology optimization is a STL file. In ideal
case, the STL file obtained from TO shall be directly used as input for Additive
Manufacturing. This can be illustrated as a process flow as shown in the figure 2.1

Figure 2.1: Ideal process flow between TO and AM

The thesis work is more focused on working with the STL file. So this chapter will
elaborate about STL file and briefly describe TO and AM processes to provide an
holistic understanding.

2.1 Topology Optimization
A conventional product development process starts with concept sketch followed
by CAD design, then the CAD model is verified by performing iterations of CAE
analysis and the approved design is prototyped and released for manufacturing.
This human intuition based designing approach is more time consuming and usually
iterations of CAE analysis and CAD model revisions need to be performed to obtain
the desired result [9]. With the help of TO, the number of manual CAE iterations
and CAD revisions can be minimized. According to Liu.J. and To.A.C., Topology
Optimization is defined as the mathematical method that optimizes material layout
within a given design domain based on loading and boundary conditions to achieve
desired performance [10]. TO also facilitates in creating new ideas and concepts
that outmatch the human-based design [11]. These design outputs of TO are usually
unconventional and difficult to manufacture using subtractive manufacturing [2]. In
recent developments, various manufacturing constraints are made available in TO
solver tools so that the unconventional results can be manufactured using the specific
manufacturing method.

2.1.1 Topology Optimization workflow
A typical topology optimization problem starts with the objective or goal. Gener-
ally, optimization can be applied to any continuous field that can be represented
mathematically. Typical examples are fluid problems and structural problems. For
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2. Theory

structural applications, maximize stiffness and minimize mass are some of the exam-
ples of objectives that can be defined. For fluid problems, minimize pressure drop
and homogenization of cross section velocity are examples of the objective functions
[12]. In this study, the focus is on fluid problems. The optimization problem is
subjected on a design space which is a bulk volume of material that to be optimised
based on fluid flow through the material. A non-design space is a region that is ex-
cluded from optimization. For example a hole for holding a bearing is a non design
space where changing geometry of the hole is not permitted. The loading conditions
and constraints are defined on the non design space. The loading condition can
be a force, pressure or fluid flow rate depending on the problem. Then the FEA
solver is run for the desired objective. The FEA solver uses the different loading
conditions to get the result. Based on the result, the material layout is changed
and the algorithm is run in iterations till the result is converged. The workflow is
depicted in the figure 2.2.

Figure 2.2: Workflow of Topology Optimization.

An example of 2D CFD (Computational Fluid Dynamics) based TO is illustrated
in the figures 2.3 and 2.4 [12]. The square box in figure 2.3 represents the design
space of a channel. The triangles represent the finite element mesh. The red region
represent the fluid entry into the channel and the green region represent the fluid
exits. The figure 2.4 shows the result of topology optimization. For the given
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2. Theory

boundary conditions, the result is converged and the dark blue area in the design
space represent the presence of material and the flow of fluid is restricted. The light
blue region represent the void and fluid is allowed to flow through this area.

Figure 2.3: Input conditions of TO [12]

Figure 2.4: Result of TO [12]

The result of topology optimization can be visualized as an image as shown above
and can be extracted from the solver as a basic 3D geometry if it is a 3D TO problem.
Common file formats of such basic 3D geometries are STL, 3MF (3D Manufacturing
Format) and PLY (Polygon File Format).

2.2 STL file
Stereolithography (SLA) was the first commercially available rapid prototyping tech-
nique, developed by 3D Systems, and STL file was used as the input file format for
printing. Ever since STL file format has been widely used across AM industry and
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2. Theory

it is considered to be the defacto industry standard [13] [14]. An STL file consists of
tessellated triangles that describe only the periphery geometry of a 3D object with
hollow interior[15] [16]. STL is also referred to as "Standard Tessellation Language"
and "Standard Triangle Language" [6].

Figure 2.5: (a) Regular CAD model represented using NURBS along with the
cross section view. (b) STL geometry of the same CAD model along with the cross
section view (with facet edges shown). In NX CAD, Show cap option is enabled in
section view (green color). The cap in section view of STL denotes that the STL
file is watertight

While creating a STL file from a solid CAD geometry, the exterior of the solid object
is divided into finite number of triangles using tessellation algorithm. The built-in
algorithm constructs the simple boundary representation that covers the surface
of the object with triangular facets[17]. Therefore, a mesh of tessellated triangles
represent the solid geometry (see figure 2.5). Attributes such as units, layer, color
that are available in CAD systems are ignored during tessellation process [18]. This
allows the model to be light-weight, simple and easy to print.

The tessellation information of the facet can be stored in two different formats.
i) ASCII encoding :
American Standard Code for Information Interchange (ASCII) format is a character
encoding format that represents data as readable text and can be read by any text
editor. STL file exported as ASCII format encodes the triangle normals as nx, ny, nz
and triangle vertices as v1, v2, v3. A typical ASCII format of a facet and an entire
STL file is shown in figure 2.6.

10



2. Theory

Figure 2.6: ASCII description of each facet in a STL file is shown in the left. The
vertex coordinates and normals are denoted as floating point numbers. An STL
consist of numerous facets and each facet information is organized in linear fashion
as shown on the image in right. Every STL file starts with "solid" as the first line
and end with "endsolid" as the last line.

ii) Binary encoding :
Binary files encode the data in binary language and comparatively small in file size.
Binary files contain more information than an ASCII file and are efficient for data
processing [19]. A binary file starts with 80 character header followed by number of
triangles in the file as a four byte unsigned integer. The information on the vertex
and normals are provided as 32 bit floating point numbers. For every triangle there
is a two-byte attribute count element that encodes additional information of the
triangle used for checking [20]. The generic binary format of STL is displayed in the
figure 2.7

Figure 2.7: Binary STL format

While Binary STL file is recommended for CAD and AM, ASCII format is preferred
for manual debugging in text format.

11



2. Theory

2.2.1 Rules for STL files

2.2.1.1 Vertex to Vertex rule

Each triangular facet must share two vertices with each of its adjacent facet, that is
no facet is allowed to share two adjacent facets along one edge [21]. A vertex cannot
intersect an edge of another facet as shown in the figure 2.8.

(a) Acceptable STL facets (b) Violating vertex to vertex rule

Figure 2.8: Illustration for vertex to vertex rule.

2.2.1.2 Facet Orientation rule

Each facet is defined by normals and coordinates of the vertices. In order to be con-
sistent with all the facets, the direction of the normal is always considered pointing
outward and the the vertices are listed in the counter clockwise direction when the
facet is looked from outside of the object [22] as shown in the figure 2.9.

Figure 2.9: Illustration of definition of vertices and normal of a facet

12



2. Theory

2.3 Issues in STL files

STL files cover the periphery of a 3D CAD object using planar tessellated triangles.
A planar surface can be more accurately tessellated with the triangular facets. How-
ever, to capture big curvatures of smooth and curved surfaces more accurately, the
mesh is further refined. Hence, smooth surfaces are discretized into more triangular
facets to achieve better approximate description of the surfaces. Excessively refined
mesh can lead to large file size and more computation time while large mesh size can
lead to falsified results (see figure 2.10). Hence the tessellation has to be carefully
performed [23]. Similarly STL has no information on the unit of measure which
leads to issues in scaling.

Figure 2.10: Relation between Facet size, computational cost and accuracy

The above mentioned problems are inherent to STL files which can be sorted by
careful handling. The context of the issues in STL is defined to the irregular ge-
ometrical issues that are developed during tessellation process in STL generation.
STL files are simple and compact as they contain only triangular surfaces that are
developed based on vertex coordinates and normals. However, there is no continu-
ity between the facets and because of deficiencies like redundancy in format, lack
of topological information, poor approximation method along with data exchange
issues, STL files are prone to errors [24]. It is reported that approximately one in
every seven STL files contains various errors [25]. The errors lead to non watertight
STL geometries, which lead to manufacturing and CAD handling problems.
The common STL issues are described below.

• Degenerated facets: Facets that result in nearly zero area are termed as de-
generated facets. Usually degenerated facets are introduced during tessellation
process as a result of the stitching algorithm that attempts to prevent shell
puncture. The edges of the facet lie closely collinear although all of the ver-
tices are distinct [26]. Degenerated facets were found in use cases provided by
Siemens Energy and some examples of degenerated facets are shown in figure
2.11

13



2. Theory

(a) Degenerated facet with insignificant
facet face

(b) The red lines represent the edges of a
degenerated facet

Figure 2.11: Degenerated facets

• Folded facets: Tessellation of surfaces with large curvatures can lead to facets
that form sharp edges with the adjacent facets owing to small angle between
them. These facets appear to be folded because of the small angles. This is
illustrated in the figure 2.12

(a) Folded facets shown in 2D along with
facet normals

(b) The green edges denote the particular
facet is a folded facet

Figure 2.12: Folded facets

• Self Intersecting facets: Self intersections or overlaps are formed due to nu-
merical round-off errors during tessellation process [26]. Since the vertex co-
ordinates are denoted as floating point numbers in 3D space, self intersection
occur if the tolerances provided are more liberal. Figure 2.13 illustrates some
examples of self intersecting facets.
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2. Theory

(a) Self intersecting facets shown in 2D
along with facet normals

(b) Self Intersecting facets amongst regu-
lar facets

Figure 2.13: Self Intersecting Facets

• Missing facets: Due to numerical approximation, the tessellation algorithm
may fall short of merging the facet boundaries leading to bad STL with cracks
and gaps as shown in figure 2.14. This lead to an open 3D geometry that is
invalid for manufacturing.

(a) Missing facets shown in 2D along with
facet normals (b) Missing facets amongst regular facets

Figure 2.14: Missing facets

• Inconsistent normals: In some cases, the normals of the facets are flipped
resulting in facets with opposite outward normal adjacent to each other. The
figure 2.15 illustrates the phenomena
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2. Theory

Figure 2.15: Inconsistent normals shown in 2D along with facet normals

• Non-manifold geometries: Non-manifold geometries are the virtual 3D geome-
tries that cannot exist in the real world. The non-manifold geometries are
developed as a result of approximation of fine features during tessellation pro-
cess. The term non-manifold geometries denote the following issues

1. Open geometry: In CAD, a geometry with no thickness or one or more
facets missing is said to be open geometry because it has no volume and can-
not be manufactured.

2. Non-manifold edges: Usually each facet edge should have only one adjacent
edge. If more than two facets share an edge, then the edge is called a non-
manifold edge. The non manifold edge separates two lumps of a solid block as
shown in figure 2.16 and since the resulting edge is indefinitely thin, the part
cannot be manufactured.

3. Non-manifold vertex: Two separate regions of a body connected by a single
point or vertex is termed as Non-manifold vertex. Similar to non manifold
edges, non manifold vertex also lead to infeasible and unrealistic geometry.

Figure 2.16: Non manifold geometries

• Redundant facets: Facets which are isolated and do not have at least two
adjacent facets tend to stick out of the topology of the 3D model. These are
considered as redundant facets. The figure 2.17 illustrates redundant facets.
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2. Theory

Figure 2.17: Redundant facets with two non adjacent edges

2.4 Available STL repair techniques
Previous research studies aimed to address the STL errors by different techniques.
Snyder et al use chamfer mapping technique to close the noise induced gaps in the
edges [27]. Barquet and Sharir [28] used partial curve matching technique and op-
timal triangulation technique to identify and fill holes found in the boundary of
polyhedrons. Bohn and Wozny [29] worked on identifying the erroneous triangular
facets and filled the holes with triangles. According to Y.Ito and K.Nakahashi [14],
the intersections can be removed by two following approaches 1) re-triangulation
near the intersection - suitable for simple geometries and 2) converting intersecting
surfaces into one continuous surface before meshing - effective for complex geome-
tries. S.Liu proposed an algorithm to follow to automate the repair of STL files.
First to repair the hole followed by repairing the overlaps then repair inconsitent
normals and repeat them till the STL is fully repaired [15]. A combination of the
above techniques is used in repairing the STL files in this study.

2.5 Available STL repair tools
The STL issues detailed in the section 2.3 were attempted to repair using many com-
mercial tools. The thesis work is focused to find repair solution within NX CAD
environment however, a basic study was performed on the available tools that are
dedicated to repair STL files. Some tools are free for all the users while some tools
require paid license for usage. While some tools are online platform based, some
are offline based. Each tool available for STL repair consists of specific benefits and
shortcomings. Some commercially available STL repair tools are listed below.

Autodesk Meshmixer:
A versatile and user-friendly tool that supports several repairing functions and re-

17



2. Theory

garded to be highly ranked tool for repairing mesh [30]. Meshmixer is available
for free for non commercial purpose however the tool will be no longer developed
by Autodesk since the functionalities are integrated to Autodesk Fusion 360 [31].
Autodesk Fusion 360 can be used for commercial purpose on paid subscription and
can handle CAD geometries, CAM, CAE and PCB tools. The annual subscription
fee of Autodesk 360 is nearly 5000 SEK [31].

MeshLab:
A free, open-source 3D mesh processing software that is ideal for advanced STL
repairs consist of rich toolset that can clean, heal, inspect, edit, render. The tool
is in constant development and can handle large STL files [30]. The tool requires
good level of technical knowledge to use it appropriately [32].

Blender:
Defacto standard tool for 3D modeling and animation [30] that possess powerful
functions to repair STL files. The tool is open source however, sophisticated to use.

Autodesk Netfabb:
An advanced well-known software for repairing STL files [30]. The tool is available in
Premium and Ultimate versions that include advanced features like post processing
and lattice optimization. The premium Netfabb version costs around 50000 SEK
for annual subscription [33]. Apart from being a standalone tool, Netfabb is also
integrated Fusion 360 which also includes functionalities of Meshmixer [30].

Materialise Magics:
A professional mesh preparation tool that allows extensive manual control over
meshes [34]. The tool is available in subscription basis.

Other tools such as 3D Builder, Microsoft 3D tools, Simplify3D, Ultimaker Cura
and PrusaSlicer are also used to repair STL issues.

2.6 Other File Formats Available
The thesis work with STL file format. There are other file formats that possess some
more capabilities than STL file as follows.

PLY:
Polygon File Format (PLY) [35] is similar to STL format developed in Stanford
graphics lab. PLY file consist of vertex list, face list and list of other elements like
texture coordinates, color of the object, transparency. Similar to STL file, PLY can
also be stored in ASCII and binary formats.

AMF:
Additive Manufacturing File format (AMF) [36] is an open file format that contains
the description of model in XML format. AMF can store the information of geom-
etry along with information on material, texture.
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3MF:
3D Manufacturing Format (3MF) [37] is a human readable 3D printing format devel-
oped by 3MF Consortium, founded by Microsoft. 3MF contains 3D model, material,
property information in zip compression along with the capability to carry digital
signatures, 3d textures and print ticket. The file format is free and open to use in
CAD tools. The format consist of rules that limit the user to create a 3MF format
file only if the geometries are manifold without gaps, open edges.

OBJ:
OBJ [38] is a open source and neutral file format developed by Wavefront Technolo-
gies used to store 3D data and geometric objects. In contrast to STL, OBJ allows
the user to store information of the model in three different ways. 3D model can be

i) tessellated with polygonal faces, similar to STL or

ii) defined with free form surface curves, curved lines or

iii) defined as free form surfaces patches, NURBS

OBJ format’s ability to store information as free form surfaces and surface patches
allows the user to save more precise information at lower file size. OBJ format is used
in aerospace industries because of the capability to store precise information using
surface patches. OBJ also allows the user to store color and texture information of
a model in Material Template Library (MTL) file format.

2.7 Additive Manufacturing
According to American Society for Testing and Materials (ASTM), Additive man-
ufacturing is a process of joining materials, usually layer by layer to make objects
from 3D CAD geometry. In consumer market, AM is also referred to as 3D print-
ing. The major benefits of AM include reduction in product development lead time,
cost reduction and ability to manufacture complex models [39]. In 1980s, the AM
technique was widely used for prototyping and it was also referred to as Rapid Pro-
totyping (RP).

According to Gibson [20], the process involved in AM can be explained in eight
different stages as shown in the figure 2.18. A typical AM process starts with the
CAD model to be manufactured. A solid 3D CAD geometry can be used as the
input and the 3D model should comply Design for Additive Manufacturing (DfAM)
principles for successful printing. The 3D model which is developed from various
CAD software is converted into CAD neutral format like STL that is widely accepted
by AM machines. Later the converted file is manipulated in the AM machine’s build
area to check the scale, position and orientation for building. One additional step
here is to preprocess the input model. This includes processes like establishing
support structures, determining infill percentage and similar steps. Then the AM
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machine is setup prior build process which include steps like leveling the build plate,
loading material, checking energy source, etc. The build process is mostly automated
because the machines are capable to function without human intervention. However,
some supervision may be required to check the material run out, software glitches,
power fluctuations etc. After the completion of the build, the component is removed
from the machine and the build plate. The build removal can be a simple process or
highly technical process based on the technology involved. The extracted component
may need additional cleanup like support structure removal, heat treatment, surface
finish and other similar processes which are usually considered as post processing
step. After the post processing technique, the part is ready to use.

Figure 2.18: AM process in eight stages [20]
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Research Methodology

This thesis is an exploratory study with the focus to find solution within NX CAD
environment. For better understanding of thesis problem and to develop a method
for repairing STL file, different research techniques were handled. Primary research
techniques such as interviews, brainstorming and online forum discussions were
utilised and secondary information sources including research papers, databases,
company websites were explored. More information on the research methods are
detailed in this chapter.

3.1 Literature review
Databases such as Google Scholar, Chalmers library were searched with keywords
like Stereolithography files, STL issues, topology optimization, additive manufac-
turing to acquire more knowledge on the concepts involved in the thesis work. The
literature study was also used to explore the problems and solutions in detail. The
literature review aided in gaining knowledge about TO, STL files and AM. The
study was focused on the rules of STL files and types of geometric issues that are
commonly found in STL files. The approaches that already used to repair STL were
helpful in addressing the STL issues in this thesis work. Alternative file formats
and tools adapted for additive manufacturing and STL repair opens the scope for
research in other areas.

3.2 Interviews
Throughout the project, three interviews were planned to acquire specific knowledge
from domain experts. A set of questions were used to drive the initial questionnaire
followed by questions from the information provided by the interviewee. The first
interview was conducted with a CAD expert at Siemens energy which also included
brainstorming of ideas. The focus of the interview was to enquire the unexpected
issues encountered while working with NX commands. By tracking the root cause
and exploring different ideas, the outcome of the interview was a robust idea to
convert STL files to solid body by creating boundary spline across each cross sec-
tional plane. Despite the idea was robust and promising, the STL issues such as
intersection, gaps and the shortcomings of NX to develop surface from the curves
limited the approach. The idea was not successfully developed at present, but future
development can make this possible.
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The second interview was aimed to explore the automation capabilities of NX from
a program developer at Siemens Energy. The unstructured interview was helpful
in gaining the knowledge and insights on NX Open. The main outcomes of the
interview were the suggestions on NX Open, databases available for NX Open and
programming language to be followed which were immensely useful in the develop-
ment of the STL repair method.

The third interviewee was an automation expert with previous experience in pro-
grammming for NX customization. The interview was focused on developing au-
tomation script for fixing STL issues. The unstructured interview aided in gaining
insights on tool used for NX Open. The outcomes of the interview included sugges-
tions for User Function Programs (see chapter 4), troubleshooting of programming
scripts (also explained in Chapter 4) that were significant in the exploration of
automation methods.

3.3 Forum Discussion
The forum discussions were used to address the knowledge gap in programming to-
wards fixing STL issues. The forums dedicated to NX and NX automation based
discussions were identified and served as knowledge source for exploring the possibil-
ity of automation in NX CAD. Forums such as NX Journaling, Siemens Community
and Stack Overflow were used to learn programming through examples. The queries
and solutions that were provided by other users of forum were the main medium of
learning NX automation. The discussions initiated by other users provided idea on
syntax for using NX commands. Some project specific discussions were initiated by
the thesis student to pose questions related to STL repair and the suggested solu-
tions from other forum users were tried to execute in the thesis work. The forum
questions and the responses are included in the appendix B and C
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A closed geometry with mass and volume can be handled along with other CAD
models in PLM system. Owing to the imperfections in the geometry of the STL
files, the TO outputs were could not be handled similar to other CAD files. In order
to work with other CAD models, the STL files need to be repaired such that the TO
output possess mass and volume without any facet errors. To repair the STL files,
an intermediate tool is required. A CAD tool is used for this purpose. Therefore,
the process flow between TO and AM is not same as described in Chapter 2. The
realistic process flow between TO and AM includes CAD system as shown in the
figure 4.1.

Figure 4.1: Realistic process flow between TO and AM due to STL issues

For this thesis work, NX CAD tool is used to investigate and repair the STL issues.
This chapter will detail the capabilities of NX with respect to handling, editing and
repairing STL and the related issues and brief some of the important commands used
in fixing the STL files. The chapter will also outline the automation capabilities in
NX along with specific tools used in exploring the automation technique.

4.1 Types of facet bodies
As introduced in chapter 2, STL files can be stored in two different formats. NX
CAD can execute ASCII format and the resultant is a point cloud of vertex points.
A binary STL file can be imported into NX CAD and the resultant is a 3D geometry
with facets. A binary STL file can be imported into NX CAD in 3 different types
namely, convergent facet body, NX facet body and JT facet body.

JT (Jupiter Tessellation) facet body is a CAD neutral data format developed by
Siemens Digital Industries. JT facet bodies are lightweight bodies that are com-
monly used for data visualization and data exchange between multiple CAD pro-
grams [40]. NX facets offer higher level of details than JT facet bodies and used
for reverse engineering, analysis and data visualization. Convergent facet bodies
are recently developed that can work with any imported feature, surface and facet
geometry directly without the need of conversion. Convergent facet bodies are used
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for reverse engineering, analysis, optimization and 3D printing.

Figure 4.2: Types of facet bodies available in NX CAD

Convergent facet bodies are of two types namely convergent sheet body and conver-
gent solid body. A convergent facet body is represented as convergent sheet body
if the facet geometry consist of gaps such that the body is not watertight whereas
the convergent facet body is represented as convergent solid body when the facet
body is watertight. The watertight facet body possess volume and mass if assigned
a material and the watertight facet model can be handled along with other CAD
files. In other words, the convergent solid body can be integrated to an assembly and
can be Boolean operated with other CAD models which are required by Siemens
Energy engineers. Though the convergent solid bodies can be handled similar to
traditionally designed CAD files, the convergent solid body can contain STL issues
such as intersections and sharp facet edges that are not desired in the final design.
Hence obtaining smooth convergent solid body without errors is desired to handle
the STL file similar to other CAD files in Product Lifecycle Management (PLM)
system.

The convergent sheet body can be distinguished from convergent solid body using
the body color. Convergent sheet body is bluish grey in color while convergent solid
body is grey in color similar to a solid NURBS CAD represented in NX CAD. One
more method to distinguish convergent sheet body from convergent solid body is by
taking the cross section in NX CAD. Since the convergent solid body is watertight,
the cross section view command with show cap option enabled will have green cap
that fills the gap between inner periphery and outer periphery. However, convergent
sheet body does not possess green cap when the cross section view is taken.

In the part navigator entry, convergent bodies are populated in model history while
JT and NX facet geometries are populated as non-timestamp geometries. The dis-
cussed points are compiled into a table 4.1. The criteria of comparison were chosen
to contrast the characteristic and capabilities of different facet body types with re-
spect to handling and repairing STL issues.
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4.2 Commands to handle STL issues
Most commands which work with 2D geometry, surfaces or solid geometries do not
support facet bodies. NX CAD has a separate commands for facet bodies which
will allow the user to work with STL files. In order to help the user, NX CAD tool
consist of a dedicated toolbar for working with facet geometries. The commands to
handle the facet geometries are consolidated in polygon modelling toolbar as shown
in the figure 4.3.

Figure 4.3: Polygon modeling toolbar displaying the polygon modeling task envi-
ronment command and other available commands [42]

The commands used in polygon modeling are history free, meaning, the commands
used do not populate as an entry in the part navigator. The part navigator consists
of distinct facet bodies in the STL file and do not contain history of commands used
on the STL file. This limits the ability to edit the previously executed commands.

4.2.1 Polygon modeling task environment
The polygon modeling toolbar consists of set of edit tools that can be used to repair
facet bodies. The polygon modeling toolbar consist of polygon modeling command
that leads the user to a dedicated task environment as shown in the figure 4.4. The
polygon modeling task environment consolidates all the solid modeling commands
such as extrude, create hole feature and surface modeling commands like divide facet
face, offset and more options that are compatible with facet geometries and are not
available in polygon modeling toolbar. Morph mesh task environment in the polygon
modeling toolbar consist of commands that can be used to deform the existing facet
body. A cage around the existing facet body can be constructed and the cage can
be interactively reshaped. However, morph mesh is not used in the STL repair work.

Figure 4.4: Polygon modeling task environment and the available commands [42]

4.2.2 Cleanup facet body
Cleanup facet body, available in the polygon modeling toolbar, aid in visualising and
automatic repairing of the issues in facet geometry. The Cleanup facet body uses
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background algorithm to identify the position of various imperfections and allows
the user to choose if the identified issues need to be repaired. The command can
diagnose the degenerated facets, folded facets, self intersection facets, inconsistent
normals and laminar slits. Laminar slits are the imperfections that do not possess
laminar continuity between the edges. The Cleanup facet body command window
is shown in the figure 4.5

Figure 4.5: Cleanup Facet Body command window displaying different facet issues
allowing user to decide if the issue has to be analyzed or repaired or not to be checked
[42]

The command also allows the user to set two threshold values as shown in the
figure 4.5. The minimum angle folded facets allows the user to set the minimum
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angle between adjacent facets below which the facets are considered to be folded
facets. The other user defined value is the minimum facet number. If number of
facets fall below the user set threshold value, then the facet body is discarded. The
cleanup facet body command also allows the user to set if the input body has to be
hidden, unhidden or deleted. The tolerance factor is the global tolerance value that
is multiplied with tolerances in detecting individual imperfections. In other words,
every defect such as degenerate facets or folded edges posses a tolerance value for
detection and it varies depending on the facet body. The tolerance factor that is set
by the user is multiplied to automatically computed tolerance values. The cleanup
facet body command also possess the ability to preview the result and also can
populate the result in an information window.

4.2.3 Snip facet
Snip facet command divide the facet bodies. There are different methods of snipping.
The facets can be snipped by selecting the facets directly or by drawing a closed
polygon region or by projecting a curve or using a dividing plane. The selection by
region method allows quick manual selection of facets using brush tools, also possess
options to select tangent facets, flood fill and other options. The selected facets can
either be divided into separate facet bodies or can be deleted from the body. Snip
facet body command window is shown in the figure 4.6.

Figure 4.6: Snip Facet Body command window along with different filter selection
to be used for selecting facets [42]

4.2.4 Fill Hole
Fill hole command is used to address the missing facets by closing holes in the
faceted models. Faceted models created by optical scanning often fail to scan the
entire component leading to holes. The fill hole command help in transforming the
non-manifold faceted bodies to watertight manifold bodies. The fill hole command
can
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1) fill one hole or fill all the holes that exist in the
selected facet body [42]

2) close a open hole (notch) along a laminar edge
of a facet body [42]

3) bridge the gap between an island of facet and a
surrounded hole [42]

4) bridge the gap between two holes [42]

5) fill the gap between two laminar edges [42]

In the fill hole option, the command also allows the user to select the holes based on
maximum number of edges. The holes with number of edges greater than the user
specified value are not filled during the process. The option to select the smoothness
allows the user to choose the transition at the the hole region. The user can select
linear or refined or tangent based or curvature based continuity. The hole fill dialog
box is shown in the figure 4.7
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Figure 4.7: Fill hole command window displaying the list smoothness options [42]

4.2.5 Smooth Facet Body
Smooth facet body command is used to smoothen the sharp edges formed between
facets and results in cleaner topology with better continuity between the facets. The
dialog box of smooth facet body is shown in the figure 4.8.

Figure 4.8: Smooth Facet Body command window with the list of facet selection
in the selection filter [42]

Smoothness can be defined to the free edges of the facet or the mesh. Smoothness to
the edge align the edges that do not have adjacent facet for better continuity while
the mesh option has the ability to smoothen entire facet body. The mesh smoothen
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option also allows the user to lock boundary which ensures the free edges and its
vertices to be unaltered. Both the options allow the user to choose the smoothing
factor and number of iterations of smoothing algorithm to be executed on the facet
body.

4.2.6 Other Useful commands
1) Remesh Facet Body
The remesh facet body command modifies the triangular density of the mesh re-
sulting in higher quality of topology. The remesh facet body command allows the
user to customize the average size of facet and also include options to lock the sharp
edges as shown in the figure 4.9

Figure 4.9: Remesh Facet Body command window [42]

2) Convert Facet Body
The command Convert Facet Body allows a convergent facet body to be converted
into a NX facet body and a NX facet body to a convergent facet body at any point in
time. Owing to more functional capabilities of convergent bodies, the STL files are
imported as convergent body while working. But due to automation limitation of
convergent bodies, the working faceted body is converted to NX body. The convert
facet body command also allows the user to choose automatic cleanup feature while
converting

3) Merge Disjoint and Merge Touching Facet Bodies
Merge disjoint facet bodies bridge the gap between two disjoint faceted sheet bod-
ies resulting to a single merged faceted sheet body. The command is useful for
facets that are created using optical scanning. Merge touching facet bodies com-
mand is useful in sewing two facet sheet bodies that are touching at a common edge.
Faceted sheet bodies that are snipped during repair process can be united together
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using both the commands. From the observation, working with merge disjoint and
merge touching facet bodies can result in undesirable result like development of gaps
or sharp edges near the interfaces. Therefore post executing these two commands,
quality of the facet body need to be checked. If the quality is deprived, necessary
corrective actions need to be taken.

4) Combine Facet Bodies
The overlapping faceted sheet bodies can be united to form a single faceted sheet
body using combine facet bodies command.

5) Facet Edges
Facet Edges command toggle the display of edges or the outline of the triangular
facets. Switching on the facet edges facilitate the user to identify if the facets are
self intersecting or presence of laminar slits and other STL issues. The command
can be found in View tab –> Display group –> Effects.

4.3 Automation

4.3.1 NX Capabilities
The CAD tool of NX supports various programming applications that help in cus-
tomization of NX to meet the specific needs of companies. The figure 4.10 illustrates
the different automation tools supported by NX CAD.

Figure 4.10: Automation tools in NX [41]

Knowledge Fusion is a programming method that uses the engineering knowledge
bases in conjunction with formulae and rules to develop powerful solutions [41].
The method uses rules and attributes to drive product design. In addition, external
knowledge bases like spreadsheet and databases can also be used to drive the design.
Knowledge fusion can be directly used in the NX user environment. All other NX
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programming tools use a common object model called common Application Pro-
gram Interface (API) that allows the user to develop automation using different
programming languages. NX automation tools support C++, C, Java, Visual Basic
and Python for programming.

NX Journaling [41] is a method that enables user to record the modelling sessions
such that the recorded modelling steps can be replayed or executed on other files.
The interaction made during the recorded session is available as a automation script.
Journal supports programming languages like Java, C++, C, Python and Visual
Basic. User can set the preferred journaling language in File –> Preferences –>
User Interface. This method is very useful in automating repetitive workflows. Also
journaling allows the user to edit and enhance the recorded scripts if required. Jour-
naling is a basic automation technique that comes integrated with all Mach series of
NX. The journaling method directly embed the data of the modelling session in the
source code. So the script can be replayed on a different model if the hard coded
values of the source code match with the working model or the journal script should
be edited to remove the hard coded values. Though journaling is less powerful in
terms of handling complex automation, both SNAP and NX Open functions can be
executed using NX Journaling environment.

NX Open is a powerful collection of APIs that possess vast libraries that can au-
tomate complex tasks, integrate third party applications and customize the user
interface of NX [41]. NX Open can work with common APIs that include NX Open
for .NET, NX Open for Java, NX Open for C++, and NX Open for Python and
can also work with Classic APIs like Open C, Open C++ and NX Open GRIP.
NX Open initially used classic API and the functions available for Open C and
Open C++ are collectively called as User Functions, UFUNC or UF programs.
Over 5,000 UF programs were especially available for automation purpose and
may not be found in NX CAD User Interface. The classic APIs are maintained
by Siemens but no longer actively enhanced. UF programs are made available in
Common API but few commands are especially available in classic API. Example:
UF_MODL_intersect_objects is available to use in classic API but not available in
Common API. But the Common API include commands that are available in UI of
NX CAD which are not available in Classic API. So the library of Common API is
bigger that Classic API. This is illustrated in the figure 4.11. One other advantage
of using common API is that all Common API language have equal NX capabilities
and user need not worry about missing functionalities.

SNAP (Simple NX Application Programming) is an easy to learn programming
tool that is designed for people with little or no previous programming experience
[41]. SNAP is based on NX Open but do not possess all the functionalities of NX
Open. Similar to SNAP, GRIP (Graphic Interactive Programming) is an interme-
diate scripting language that uses English-like words to create geometry, modify
existing geometry, perform file management functions and some advanced opera-
tions. GRIP is an old automation technique which is not developed anymore.
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Figure 4.11: Capabilities of SNAP and NX Open [41]

4.3.2 Automation tools used
From the above mentioned programming tools, NX Open is versatile and possess
the ability to work with facet bodies. NX Open is a collection of APIs and it is not
an application with User Interface. The databases for each programming language
containing functions and commands of NX Open are available as Reference Guides
in Siemens documentations [41].

From the research, it was evident that Visual Basics and Java were more widely
used programming language for NX Open. But these languages are complex and
time consuming to learn. Since the thesis student had no experience in the pro-
gramming, an easy and quick to learn tool was preferred. Owing to easy syntax
and beginner friendly applications, Python was initially selected for programming
using NX Open for Python API. Spyder was used as the Integrated Development
Environment (IDE). Though the language was easy to use, it was difficult to work
with NX Open packages in the IDE. Further research on selection of programming
language through interviews and internet searches suggested that C# is next easy
language that can be used for programming. Also Microsoft Visual Studio, an IDE
for C# possess an unique feature IntelliSense that aid in programming which was
very much helpful in understanding the codes.

The NX Open for C# API was used for automation. The reference guide available
for C# was used to develop the programming script in Visual Studio. The script
developed in Visual Studio can be saved as CS file or dlx file. The dlx file can be
executed in NX CAD by loading the file using File tab –> Execute –> NX Open
command. The CS file can be loaded using play option in the journal commands.
These methods of loading the script are not advocated while the script is in de-
velopment. Automation scripts are prone to errors or bugs if not written in the
right syntax. Debugging tool available in Visual Studio is advised to use during the
development phase.

The debugging option in Visual Studio allows the user to attach the code in IDE
with NX CAD. The step wise execution of the script can be visualized in IDE with
the corresponding input, output parameters in each line of script updating for each
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step. Debugging enables the user to find the bug and reason for the error as NX Ex-
ception. Siemens documentation possess a list of NX Exceptions with the possible
reasons which can be used to work with the bug. In addition, loading the project
libraries of NX Open in Visual Studio allows the user to use IntelliSense features
that greatly help in programming as well as debugging.
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To examine STL issues and develop a method to repair STL files, three use cases
were studied. The use cases were the outputs of CFD based topology optimization.
The topology optimization process was carried out in MATLAB using the script
developed by research students at Linköping University. The use case one and three
are the TO outputs of internal fluid flow through channels while the use case two
being the fluid flow in use case one extracted as a STL file. The three specific use
cases were provided based on the complexity and the number of STL issues in the
input files. The STL files studied are shown in the figure 5.13.

(a) Use case 1 (b) Use case 2 (c) Use case 3

Figure 5.1: Convergent bodies of imported use case files

The first two use cases were generated using MATLAB script that included smooth-
ing algorithm while the third use case did not include smoothing algorithm during
optimization. The use case one and two were considered to be less complex with
fairly better topology as compared to third use case which is considered to be the
most complex STL file. The three use cases were executed separately to analyse
and repair the STL issues. This chapter consists of sequential steps to be followed
in repairing STL files.
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5.1 Importing STL file

The binary format of the STL files were obtained as TO output from research stu-
dents at Linköping University. The STL files are imported in NX CAD as convergent
facet bodies since convergent facet bodies facilitates more features than NX facet
and JT facet bodies. The import commands allows the user to perform automatic
cleanup option. However, the automatic cleanup option lead to approximations at
all regions which is not desired. Hence, STL file need to be imported without ap-
proximations and the automatic cleanup facet body option is not performed while
importing. The STL import command window is shown in the figure 5.2.

Figure 5.2: Import STL command window

5.2 Analyze the input

Before emphasising on the repair work, the STL file need to be studied on the quality
of optimization, amount repairing effort required and approach perform the repair
work. It is also important to understand the function of the working component to
identify what geometries need to be preserved. The three use cases vary in quality
of topology and approach to repair the STL files.

It was stated that the use case 2 is the inverse Boolean of use case 1. From the
figure 5.3, it is evident that the use case 1 possess internally optimized channels
that correspond to the external profile of use case 2. The section view with "Show
cap option" in the Cap settings in NX CAD is useful to recognize if the STL is fully
enclosed by facets. The presence of cap in section view of use case 2 denotes that
the STL file is watertight. In contrast, the section view of use case 1 signify that
the STL file is not fully enclosed by facets.
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Figure 5.3: (a) Use case 1: CFD based TO output of a solid cuboid with specific
loading and constraint conditions (b) Use case 2: The corresponding fluid flow in
the cuboid extracted as a STL.

Despite being a convergent solid body, the use case 2 contains geometry imperfec-
tions. If the imperfections are minimal and under acceptable limit, the use case 2
can be directly saved as part file and can be handled like other part files. Since the
STL file contains sharp edges that are not acceptable, the STL imperfections need
to be repaired. Since use case 1 and use case 2 are Boolean inverse, there are two
approaches in fixing STL. First approach is to repair the STL files individually and
the second approach is to fix one STL and perform a Boolean inverse to get the
other model. Both the approaches were followed to study the benefits and short-
comings of both techniques. However, in the report, latter approach is explained
since the former method is straightforward and follows similar repair technique as
use case 3 which is explained in detail in the following sections. Since the use case
1 is a standard cuboid, a solid cuboid of the same dimension can be created and
subtracted from the repaired STL of use case 2.

The STL file of the use case 3 is shown in the figure 5.4. The component possess
a smooth curved profile because during topology optimization, the curved profile is
assigned as non-design space. The holes on top of the component are the inlet for
cooling air and the rear opening forms the exit for cooling air. The issues in STL are
visible in the section view. This problem can be compared to use case 1 where the
exterior profiles are smooth but geometry issues found in interior channels. Since
the manual STL repair process involve more manual selection of imperfect regions,
one approach is to hide the external facets and work on interior channels or take
cross sections to view the imperfect regions. The former method is better because
the latter will consume more time and labour. From the observation, the STL files
of use case 1 and 2 possess better continuity in geometry as compared to use case
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3. This model possess more sharp edges, gaps and non-manifold vertices.

Figure 5.4: Use case 3 with the STL issues in the section view

5.3 Preserve the non-design space

For every topology optimization problem, the loading conditions and constraints
should be applied only on the non design spaces. So every TO based STL file has
non design space. The non design spaces are usually smooth with no errors. If the
non design spaces are not preserved, then geometric approximations like smoothing,
applied during repair process will affect the geometry of non design space and they
can undergo dimensional and geometric changes. This is not desirable and so it is
important to identify the non design spaces and divide it from the design space.

Use case 1 will be extracted from repaired use case 2. So use case 1 is skipped
from the following steps and use case 2 and use case 3 are studied in this section.
Note that use case 1 is similar to use case 3. Hence while working on use case 1
individually without considering Boolean approach, the preserving non-design space
was similar to use case 3.

In use case 2, the flat profiles illustrated in the figure 5.5 are the non design spaces.
Using snip facet command, the non design spaces can be divided. In the figure 5.5,
it can be observed that the use case 2 transformed from convergent solid body to
convergent sheet body.
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Figure 5.5: Dividing the non design spaces in use case 2

In case of use case 3, the curved surfaces forming an aerofoil profile is the non design
space and the loading conditions of inlet air is provided that generated the internal
flow channel and the inlet openings in the component. The method of preserving
non design space in use case 3 is shown in the figure 5.6 and 5.7.

Figure 5.6: 1) Use case 3 before snipping the preserved geometry. 2) Tangent
facets selected for snipping [42]
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Figure 5.7: 3) Rough brush selected, remaining non design spaces are selected and
selected regions set to ’Divide’ and selected OK. 4) use case 3 facets are split and
can be seen in part navigator [42]

5.4 Fix the STL issues

The facet imperfections can be better identified when the facet edges are toggled
on. The divided facet bodies can be hid in order to access the facet issues in the
interior regions and to get better visibility of STL issues. The automatic command
to cleanup facet body can be used to analyze and repair the STL issues. The STL
issues identified by NX CAD can be visualized using the analyze command. Show
result in the information window allows to see the number of imperfections in the
selected faceted body. The convergent sheet body becomes convergent solid body
when the number of imperfections for each type of issue is achieved zero. Though
this does not hold good all times, the STL files are repaired till the number of STL
issues become zero. From the observation, despite repair option in cleanup facet
body command tries to fix the STL imperfections, not all issues can be automat-
ically fixed. Manual method is used to repair the imperfections that could not be
fixed by automatic clean up method

All the use cases followed a common approach till dividing the non design space.
The fixing of STL issues depend on individual STL files. The approach to repair
use case 2 is detailed first followed by use case 3.
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5.4.1 Repairing use case 2
The automatic cleanup result of use case 2 with minimum folded angle as 10 and
tolerance factor as 1 is given in the figure 5.8

Figure 5.8: Cleanup facet body result of use case 2 [42]

Despite of absence of STL issues, the facet body was not found to be smooth. Closer
look on use case 2 is shown in the figure 5.9.

Figure 5.9: Rough edges of the use case 2 shown in zoomed view

In this case, smooth facet body command can be used with the lock boundary option
enabled. Lock boundary option prevents the facets that share edge with non design
space from undergoing any changes. User can set the desired smoothing factor and
iterations. Use case 2 was smoothened with smoothing factor of 10 and number of
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iterations as 1 and the result is shown in 5.10. Localized smoothing is also possible
to improve the smoothness at specific regions.

Figure 5.10: Use case 2 after smoothing with relatively less sharp edges

The smooth STL file with no imperfections other than missing facets can be con-
verted into a convergent solid body using fill hole command if the profile non design
space is planar or tangential. The use case 2 possess planar non design space, hence
the fill hole command with linear continuity is used. The result is shown in the
figure 5.11

Figure 5.11: The non design space area in use case 2 covered using hole fill. The
convergent sheet body becomes watertight

One of the graphic errors observed during the process is the failure of automatic
conversion of convergent sheet body into convergent solid body despite being wa-
tertight. The result shown in figure 5.11 is a convergent solid body but the body
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color does not represents the convergent sheet body. The source of error could not
be tracked, but a way to fix is to convert the convergent facet body to NX facet
body and then convert back to convergent facet body. The corresponding result is
shown in the figure 5.12

Figure 5.12: Convergent sheet facet body converted to convergent solid body using
convert facet body command

As mentioned in chapter 5.2, the convergent solid body can be used along with other
parts. The convergent solid body has volume and if assigned a material, it can give
the mass. Verifying the obtained result was a challenge. The model can be verified
by performing a FEA analysis with same load conditions and check the performance.
But a preliminary check is required to verify the quality and accuracy of the model
before performing CAE test. Since the input STL do not possess mass or any other
parameter to compare, one method of comparing the result is by overlapping the
bodies. The visual verification of use case 2 is shown in the figure 5.13a. If the
obtained result nearly approximates the net shape, then the model is acceptable.
But the degree of acceptable approximation need to be defined.

The method to obtain use case 1 is to perform an inverse Boolean of use case 2
against a cuboid of the dimension in use case 1. The convergent solid body of use
case 1 is shown in the figure 5.13b
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(a) Verification of Use case 2 result - Red
body is input STL, Grey body is the re-
paired convergent solid body

(b) Use case 1 obtained from inverse
Boolean of use case 2

Figure 5.13: Convergent bodies of use case 1 and 2

5.4.2 Repairing use case 3
The automatic cleanup result of use case 3 is provided in figure 5.14

Figure 5.14: Cleanup facet body result of use case 3 [42]

The remaining STL imperfections can be fixed manually. Commands like section
view, snip, fill hole can be used to repair the geometry. Knowledge about the product
is necessary to carefully repair the STL. In the use case 3, the region highlighted in
the figure 5.15 consists of non manifold vertices that may act as small channels or
can be can be dirty geometry as a result of poor optimization result.
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Figure 5.15: Non manifold geometries in use case 3

The non manifold geometries in use case 3 are decided to be snipped at places
where no useful information could be sensed. The snipped facets can be suppressed
or deleted. The snipped use case is displayed in the figure 5.16. The gaps created
during this process filled using fill hole command.

Figure 5.16: Use case 3 with non manifold geometries removed

Non manifold geometries were also found in the inner channels of the STL geometry
as shown in 5.17. As per the product and design expert, these non manifold geometry
may signify the function of turbulators to distribute the air flow. Removing the non
manifold geometries can affect the fluid flow in the channels. The presence of non
manifold geometries signify the heat distribution in the region. Brainstorming to
address this issue resulted in 3 different methods. 1) Create small obstructions
that can function same way as the non manifold geometries so that the effect of
turbulators are not compromised. 2) Create three to four approximate obstructions
in the channels such that the fluid distribution remain same. 3) Narrow down the
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area at the non manifold region so that the required of heat distribution is achieved.
The third idea was considered since the other two ideas were difficult to implement
and can lead to many iterations if obstructions are misplaced.

Figure 5.17: Non manifold geometries in the internal channels of use case 3

To transform the non manifold geometry, smooth facet body command was used. For
better results, the non manifold regions were remeshed and then smoothened. The
smoothing factor and iterations determine the internal channel area. The resultant
STL file is displayed in the figure 5.18

Figure 5.18: Smooth facet body result of use case 3

The smooth facet body command can also repair some imperfections like degener-
ated facets, folded facets, self intersections and non manifold geometry. Smoothing
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can also lead to over approximation leading to loss of useful information. For ex-
ample, smoothing of small and minute channels can lead to disappearance of the
channels because of smoothing parameters being large compared to the geometry
size. This is not desirable. In some cases, the dimension of features cannot be deter-
mined, one of the shortcomings of STL files, which make it difficult to predict the
level of smoothing. Therefore, the level of smoothing need to be carefully handled.

Facet geometries tend to create gaps and more intersections during repairing process
due to approximations. The combining process of non design space with the smooth
internal channel created missing facets and self intersections. The gaps are addressed
by fill hole while the self intersections were addressed by snip facet body and fill
hole command. The resultant convergent solid body is shown in figure 5.19. The
repaired use case 3 is verified by overlapping the raw STL file. It was found that the
repaired STL traced most part of the raw STL except the erroneous areas. Since
the deviation was found only at the erroneous regions and the overall function of
the component is retained, the developed model was accepted.

Figure 5.19: Convergent solid body of use case 3 and verification of fixed geometry
with raw STL. The red color body is raw STL and grey color body is the repaired
solid model

5.5 Automation
The cleanup facet body is an inbuilt command and not all the issues could be
successfully fixed. Some issues like degenerated facets, inconsistent facets could
be repaired by cleanup facet body command or by smoothing facet body. Some
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issues were not fixed using cleanup facet body command and this section details the
automation work done to repair those STL issues.
From the study of three use cases, the most abundantly found STL issues were self-
intersecting facets and laminar slits. Laminar slits get resolved if the self-intersecting
facets are addressed. In the approach to repair self-intersecting facets, initially NX
Journaling was used to record the script used in cleanup facet body command.
However, back-end script used in repairing the self-intersecting facets could not be
obtained. The algorithm used in cleanup facet body command is proprietary of
Siemens NX and not accessible for the users. Hence algorithms need to be devel-
oped to fix STL issues.

User Functions commands available in Open C [43] were explored and commands
specific to facet bodies were used to develop script for automation. Using the com-
mands available, a script to remove redundant facets was developed.

5.5.1 Redundant facets
The facets with two or more than two adjacent facets can be identified by the
commands available in NX facet package. The algorithm is given below.

Algorithm 1: Redundant facet

Foreach facet body in the STL file
Foreach facet in the facet body

Find adjacent facet for each facet
If number of adjacent facets <2

Remove the facet under consideration
end if

end foreach
end script

The automation script was developed in C# language and successfully executed on
sample files. During this process, forum discussions were utilized. One of the findings
include, convergent facet body do not work with ’AskAdjacentFacet’ command line
of NX API. It was found that NX facet body respond to all automation commands
but the convergent facet bodies respond to some of the facet body commands. The
redundant facets identified using the algorithm were attempted to preserve but NX
facet body package was limited to delete the identified facet.

5.5.2 Self Intersecting facets
Self intersecting facets can be due to various reasons such as an edge sharing three
facets, intersection due to numerical round off during tessellation. The issue is
piercing of one facet with other facet. An algorithm to repair self intersecting facets
is given below.
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Algorithm 2: Self Intersecting facets

Foreach facet body in the STL file
Foreach facet in the facet body

Find the face of facet for each facet
Ask if any edge intersect the facet face
If any edge intersect the facet face\newline

Remove the facet under consideration and
the facets that possess intersecting edges

end if
end foreach

end script

Extensive search on ’ask if facet face is intersected by edge’ were performed, forum
discussions were conducted and programming experts were consulted but commands
to execute the idea was not feasible. Multiple suggestions such as convert facet
bodies into surfaces, create bounded plane were attempted, but the algorithm could
not be successfully developed into an automation program.
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Discussion

One of the observations is the time taken to repair all the STL issues in the given use
cases. The time taken to repair the STL issues for different use cases is summarised
in the table 6.1. The use case 1 was considered to be inverse Boolean along the
report. Effort to repair the use case 1 without considering Boolean operation was
also performed to contrast the difference. From the observation, the time taken to
repair the use case 1 using repaired STL of use case 2 was ten minutes and the time
taken to fix issues in use case 2 was 45 minutes. Therefore, 55 minutes is the lead
time to obtain error free CAD from raw STL of use case 1 using Boolean operation.
The direct manual repair work on use case 1 consumed one and half hours. The
difference is approach result in difference in lead time. Hence wise decision on
approach in analyze step can save time in repair work.

Use case Time taken Approach
1 10 minutes Boolean from use case 2
1 1.5 hour Manual repair of raw STL
2 45 minutes Manual repair of raw STL
3 45 hours Manual repair of raw STL

Table 6.1: Time taken to repair all STL issues (first iteration)

From the observed lead times, a distinct difference in lead time can be noticed with
use case 3 with respect to other use cases. The reason for taking long time to repair
use case 3 is that the topology of the model is poor. The issue with optimised file
is not entirely due to geometric imperfections, the output of optimization itself was
poor. Comparing the given use cases, the topology of use case 1 and 2 were better
and continuous as compared to use case 3. The functions of geometric representation
were not clearly known while working with use case 3. For example, the non mani-
fold geometries in use case 3 were considered to be turbulators at one region while
considered to be dirty geometry in other region. Hence, the quality of raw STL also
determines the amount of repair work required. In addition, it is a recommendation
that the engineer need more knowledge about the product in order to mitigate the
topology issues as well as geometry issues.

It was stated that the use case 1 and 2 were developed from recent TO algorithm
as compared to old algorithm of use case 3. From the experimental work to fix
issues, it can be observed that the STL outputs of newer algorithm are smooth,
continuous and possess lesser STL issues. So the time and effort required to repair
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the newer STL will be relatively less. However some attention need to be given to
the minimum cross section dimension while performing topology optimization. The
geometric issues in the areas of small thickness such as channels and turbulators,
can lead to slender geometries after repairing and smoothing. It is recommended to
maintain the minimum thickness dimension as two times the existing dimension.

NX CAD possess various features to handle STL issues. Maximum utilization of
commands in polygon modeling can help in fixing STL issues. However it is to be
noted that NX CAD can give rise to STL issues while fixing them. For example
while stitching the preserved geometry with design space facet body as in use case
3, the command create flaws along the interface of the joint and to the other regions
as well. Hence some repair work is required to fix these issues.

Regarding automation, Classic API possess more user function programs than Com-
mon API. But classic API do not possess some internal features as Classic API. It is
recommended to use Common API since it will be developed for future by Siemens
Digital Industry but Classic API will not be developed further. The databases for
each programming language is available over internet which provides the complete
list of functions and methods available in NX CAD. Given that all functionalities
can be achieved independent programming language in Common API, the selection
of programming language depends on the engineer’s experience in programming.
The user function programs in the database of Open C and Open C++ consist of
examples which also help in understanding the syntax and functions. Forums are
useful in finding solutions and clearing doubts.

NX CAD possess few user function programs for facet body. The NX facet body
is recommended for automation purpose since convergent facet body is recently
developed, not all the functions are capable to work with convergent facet body.
Some issues observed while working with automation:
1) After execution of automation program, often the model not be recognized for
cleanup.
2) After execution of automation program, there are graphic issues developed in
working model.
The reason of the issue is not known but converting the facet body to convergent
body and then back to NX facet body can help in eliminating this issue.
An insight of an interviewee is that entire repair technique cannot be automated.
Some human intervention and engineering skills required to address various issues.
The CAD system does not understand the reason for creating a channel or the
reason to snip non manifold geometries in one region while smoothing in the other.
Though this issue can be overcome if the CAE performance change can be actively
visualized with the change in the CAD model, this development is not available at
this point of time.
From the knowledge of repairing the use cases, a generic method is developed. The
method to repair the STL issues vary depending on the input files. The generic
method can be illustrated as a process flow as shown in the figure 6.1
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Figure 6.1: Method for repairing STL files
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The first step in converting STL to CAD format for topology optimized structure
is to import the binary STL geometries into NX CAD. Then analyze the imported
file to determine the non design space, water-tightness, approach to repair the STL.
Then preserve the non design space using snipping tool and hide or suppress. Run
clean up the facet bodies command available in polygon modeling command. If all
the issues are fixed by the inbuilt automatic STL repair command, check for require-
ment of smoothing if not subject the STL file to custom built automation programs.
If not all issues fixed, run manual repair technique. When the STL is clean from all
imperfections, check for smoothing. If smoothing required, run smooth body facet
command. After smoothing check, use fill hole option or combine facet bodies to
reinstate the design space. Verify if the model is free from errors and match the
input raw STL by overlapping STLs. If the deviation is within acceptance, the new
solid convergent facet body is the required CAD format of STL file.
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The problem in handling the STL geometries for TO structures was addressed in
this work. In order to check if all the requirements of the thesis work achieved, the
research questions are recalled and answered and some recommendations for future
work is been provided in this chapter.

Research Questions:

1. What are the issues in topology optimized STL file that prevent design engineers
to use it along with other CAD files in NX environment?

The geometric issues that are commonly found in STL files are listed in section 2.3.
Not all the issues found in all STL files. The STL issues vary for each STL file.

2. What are the steps involved in development of NX CAD model from the opti-
mized STL file?

A generic method to repair TO structures is detailed in the chapter 6. Using the
method, future STL files can be repaired.

3. Is automation of STL repair possible? If possible, how to automate the STL
repair technique?

Automation of STL repair process is possible in NX CAD. In some cases, human
intervention is required to understand and work on the STL files. Hence not the
entire process can be automated but processes that do not require human interven-
tion can be automated. NX Open can be used to automate the repair of STL.

The erroneous TO STL use cases were converted into error free solid 3D models.
Siemens Energy’s requirement to build a watertight model that can be handled with
Boolean operations was developed successfully. The method to assist in conversion
of STL to CAD format is demonstrated. Using the generic method, future STL files
can be converted by Siemens Energy engineers. The tools and commands used can
be directly used for future works.

There are some limitations to the developed method. The developed technique is
not robust. In other words, the STL files being repaired is subjected to change
between Engineers and change between iterations. Since the method involves more
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manual work, it is hard to obtain same result with different iterations. Also STL
files are not similar to other CAD files which are developed parametrically using
dimensions. Handling STL files is difficult, however, the method can be made more
robust by automating the repair work. With limitations and benefits of different
tools and capability of NX automation explained, there are good potential to de-
velop the automation work further. Further exploration in automation can help in
reduction of lead time and can reduce the manual labor.

One other limitation of the developed technique is the verification of the result. The
developed convergent solid body is overlapped with the raw STL for verification.
The technique is not robust. Since CFD based FEA could not be performed during
the thesis work, overlap technique was performed. One approach to overcome the
issue is by fixing the STL issues during TO. Since Matlab codes are used for TO,
further research towards obtaining TO structures without STL issues while perform-
ing TO can eliminate the need to repair the STL files. This approach can reduce the
lead time and eliminate manual effort required to repair STL files. Alos the output
of the technique will be more robust since it will not change with iterations unless
input parameters are changed.

STL file format consist of basic information of 3D geometries. In the hierarchy of
usefulness of the model, STL file forms the lowest level. Other file formats such as
OBJ, 3MF as discussed in section 2.6 provide richer information than STL file for-
mats. While STL allows the user to save with imperfections, 3MF format does not
allow the user to save non manifold bodies. If the topology optimization performed
in Matlab is capable of optimizing to derive 3MF format, the open geometries and
laminar slits can be eliminated. OBJ format allows the user to store the model data
as surface curves and surface patches (NURBS) which help in extracting accurate
geometry and also eliminate the imperfections due to polygon facets. Extracting the
TO output in the above format and investigating on the result can also be extended
as a separate research work.

Further study to convert the non parametric solid model into a parametric CAD can
help in performing changes to the optimized component. Future research to develop
parametric component from STL can help immensely in the rapid development of
products.

Third party tools that are specifically intended to handle STL geometric issues are
available as discussed in section 2.5. Since the thesis work was focused on exploring
NX capabilities, other STL repair tools were not investigated in detail. Though
there are foreseen issues in using third party tools like losing reference of STL files
when imported into CAD system, the other tools can be still explored to investigate
if the third party tools can save more time and eases the work to repair STL file.
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A
Thesis Workflow

Inorder to provide the context of the thesis work, a workflow with some steps outside
the thesis work is illustrated in the form of IDEF0 diagram in the figure A.1
The first step in the process is selection of component that to be optimized and
printed. The selection of the component typically relies on cost for traditional man-
ufacturing, scope of material reduction in the existing component, etc. The selected
components are optimized using an CAE tools. ANSYS, NX CAD, Altair Inspire
are some commercially available tools for topology optimization. For this thesis
work, the input topology optimized STL files are provided by the research students
working on TO research project at Linkoping University. MATLAB script devel-
oped by research students at Linkoping University is used for performing topology
optimization. The input for topology optimization is a bulk volume of material
consisting of design and non design spaces. The loading conditions and constraints
are programmed in MATLAB. The 3D model is divided into finite number of small
elements consisting of information on density of the material. As the simulations
run for optimizing, the density information in each element is analysed. According
to different loading conditions, the material is retained only where the load is car-
ried by the component. The elements take density information as 0 when material
is not required in a particular location and take value 1 where the material need
to be present. Based on the density information, the topology of the component is
obtained. The output of topology optimization is a 3D geometry in the STL format.
The STL consists of number of errors and is the input for the thesis.

The literature study on different STL issues were used to diagnose the issues in the
provided STL files. First step in the thesis is to perform literature study on STL and
other CAD formats. Check how the STL errors are approached in previous research
studies. Explore different options for repairing STL errors in NX CAD tool. Develop
a method to manually repair the erroneous STL files. Verify if the repaired STL file
functions similar to raw STL file. Implement the developed method on other use
cases. With successful manual repair of STL, explore feasibility of automation of
the work.
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B
Forum Discussion 1

The command AskAdjacentFacet was not working with convergent facet body. The
question was raised in a public forum

Figure B.1: Stack Overflow question

Sample script attached
It was found that the convergent facet do not work with all the UFunc programs

III



B. Forum Discussion 1

Figure B.2: Stack Overflow question
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B. Forum Discussion 1

Figure B.3: Stack Overflow question
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B. Forum Discussion 1
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C
Forum Discussion 2

Question while working with intersection facets -

Figure C.1: Stack Overflow question
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C. Forum Discussion 2

Figure C.2: Stack Overflow question
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C. Forum Discussion 2

Figure C.3: Stack Overflow question

-
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