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Abstract

With the rapid development of advanced manufacturing technologies, the fabrication of
complex structures with enhanced functional properties has been realized. As a result, a wide
exploration of the design space for functional geometric objects has been enabled in research and
engineering applications. Due to the iterative construction/optimization process of functional
structures, the geometries of these objects are complex. In the actual product development process
of complex geometry objects, a parametric CAD model with good compatibility and editability is
needed. However, the model construction efficiency for complex geometry objects in
contemporary CAD systems is low, and the manual construction processes for complex geometry
objects are repetitive, tedious, and time-consuming. Therefore, it is important to construct
parametric models automatically for complex geometry objects to improve modeling efficiency in

CAD systems, which is the aim of the proposed parametric design automation.

There are still some challenges to realize parametric design automation in CAD systems.
For parametric modeling, feature-based method is a powerful approach, where the model is
properly defined by several editable parameters so that the constructed CAD models are easy to
be modified. A CAD model can be flexibly defined and modified in many different ways. However,
the modeling efficiency will be low if all design parameters need to be carefully defined and set
values, especially for objects with complex geometry features. For design automation, many
approaches have been widely applied in product design and optimization processes, where the
models of the product are constructed/updated automatically according to specific rules. For
example, generative design is an iterative design process which can automatically update design
models algorithmically. However, the models created by design automation approaches might not
be parametric CAD models and post-processing operations and compatibility of these models in
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computer-aided environments are limited. Therefore, it is important to combine the advantages of

feature-based parametric modeling and design automation in product development processes.

In this research, feature-based parametric design automation methods in CAD systems
were proposed, developed, and applied. In my methods, associative relationships among design
parameters are built algorithmically for complex geometry objects so that the designers don’t need
to define and assign value for every parameter. The concept of associative features is extended to
CAD models which are constructed iteratively or by a loop cycle. The modeling process is
automatic, and the constructed models are parametric CAD models. A balance between modeling
efficiency and design flexibility is made. The concept of generative design is applied to either
create a design or build a CAD model iteratively with intelligent algorithms. In this research, two
typical types of complex geometry objects, fractal geometry design and material distribution

structures, were studied and their parametric design automation was realized in CAD systems.

In my case study, complex geometry models with a background in design and engineering
applications were automatically constructed in a CAD system with editable design parameters. For
CAD fractal modeling, a CAD fractal model of Koch Snowflake with variant indentation angles
was realized in its parametric design automation. A comparison of modeling efficiency between
traditional manual construction method (2880 seconds in average) and my proposed automatic
method (6 seconds in average) was made in building a fractal CAD model with 768 edges. For
modeling material distribution structures in CAD systems, several CAD models of topology
optimized structures were constructed automatically. A complex multi-scale structure with 2800
elements of 5 parameters each was automatically constructed in 45 minutes. In this research, all
CAD models built in my proposed methods were feature-based parametric models. My methods
were found to be of sufficient efficiency and flexibility for parametric design automation.
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Chapter 1 Introduction

Chapter 1 provides an overview of this thesis research. This chapter contains five
subsections: subsection 1.1 briefly introduces the research background and motivation, subsection
1.2 provides the scope of this research, subsection 1.3 presents the research objectives, subsection
1.4 provides methodologies proposed or applied in this research, and subsection 1.5 shows the

outline of this thesis.

1.1 Background and motivation

With the rapid development of advanced manufacturing techniques, such as additive
manufacturing [1,2] and hybrid additive-subtractive manufacturing [3,4], it is possible to
manufacture complex structures with lightweight and high-performance designs. Integrated with
advanced manufacturing technologies, structural design and optimization have been widely
applied in research and industry, which are the processes of finding the optimal design of a
structure to meet functional performance requirements while considering various constraints. Most
research of structural design and optimization focuses on how to get the optimal design or most
efficient material distribution of a structure, and the results of the design/optimization usually have
complex geometry characteristics [5,6]. While the research of structural design and optimization
are progressing fast with great achievements in the recent 15 years, developing an efficient model
construction method for the relevant complex geometry objects is in great demand in research and

industry.

In the actual product development processes, post-processing operations, such as surface
smoothing, edge chamfering, and assembling with other components are needed to further modify

the models to make a practical and manufacturable design scheme [7]. In addition, the models need



to be reused in different computer-aided platforms, such as CAE and CAM systems, for product
performance simulation and manufacturing analysis [8,9], and design changes may be further
required for these geometry objects after CAE and CAM analysis [10]. Therefore, during the
product development processes of functional structural design and optimization, the models of
these geometry objects are expected to have good compatibility with different computer-aided
systems, and flexible model modifications are expected to be realized. A parametric model,
especially a 3D solid model is needed. However, the research on efficiently constructing a CAD
model for the relevant complex geometry objects was not a major focus and there are still a lot of
challenges for realizing the automatic model construction processes for complex geometry objects.
Most of the complex geometry CAD models from the results of innovative structural
design/optimization are still constructed manually in current CAD systems. The manual CAD
model construction processes for these structures are repetitive, tedious, and time-consuming. In
many cases, the model construction processes even take much longer time than the structural

design and optimization process.

An issue arises on how to efficiently model these complex geometry objects in CAD
systems parametrically because there are gaps between parametric modeling and design
automation. For parametric design or parametric modeling in CAD systems, the model is defined
with sufficient and non-redundant parameters which are editable and may properly reflect the
design intent [11,12]. The design is flexible with sufficient editable parameters and the constructed
models can be easily modified. However, the model construction processes may be tedious and
time-consuming. For design automation, the aim is to efficiently represent a model and realize an
iterative update of the model during the generative design process[13]. The models are usually

simplified or non-parametric computer graphic models. The design parameters of the models are



massively reduced, which may cause the constructed model hard to be further modified after
getting the design resolution from the iterative design loop because of very few remaining editable
parameters. As for the model types, there are two mainstreams of representation for a geometric
object, a CAD model or a tessellation model [14,15]. The former is good for representing a solid
geometry that is compatible with CAD operations, complex numerical simulations, and digital
manufacturing while the latter is a model created by properly dividing datasets of polygons in
computer graphics which is good for complex geometry visualization. In the product development
processes, there should be a proper balance between model construction efficiency and design
flexibility. The models used in product development processes may be complex in geometry, but

a good CAD model is still preferable compared with computer graphics models.

In this research, automatic model construction methods for building parametric CAD
models with complex geometry features were proposed in a conceptual framework, developed in
a CAD environment, and applied in several design and engineering cases. The aim is to realize
parametric design automation for complex geometry objects in CAD systems. To be more specific,
the model construction processes of these objects are expected to be automatic to improve the
modeling efficiency, and the models constructed with the proposed methods are expected to be

parametric CAD models with sufficient parameters for flexible design changes.

1.2 Research scope

Figure 1.1 shows the scope of this proposed research, namely parametric design
automation, within product development process. Parametric design automation covers the stages
of product function design, product geometry design, product performance analysis, and product
manufacturing in the product development process. In the product function design stage,

parametric design automation can build a mapping between product functionality and design
3



parameters. Different values of design parameters lead to different geometric shapes, which can
lead to different product functions. In the product geometry design stage, parametric design
automation can realize automatic model construction of parametric product models in CAD
systems. The model construction process is automatic, which can significantly improve the
modeling efficiency. The constructed models are parametric CAD models, which have good
editability for further modifications, and the models are compatible with different computer-aided
systems. In the product performance analysis stage, parametric design automation can realize
automatic design updates for design optimization based on numerical simulation results. The
simulation result can be accurate and the design updates are efficient. In the product manufacturing
stage, parametric design automation can realize a lightweight design and improve product
performance. The digital product 3D models can be directly used in both additive manufacturing

(AM) and subtractive manufacturing (SM) for process simulation and tool-path generation.
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Figure 1.1 Scope of this research in product development processes
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There are many types of geometry objects whose parametric design automation in CAD
systems has been realized or needs to be realized in research and industry. The set of complex
geometry objects is an important category among them, because the manual model construction
processes for complex geometry objects in CAD systems usually take a long time, and the
modeling efficiency needs to be improved to shorten the product development time. The fractal
objects and the material distribution structures are two typical types of complex geometry objects.
They both have a lot of practical application value in research and industry, and their parametric
design automation in CAD systems have potential to be realized. In this research, the fractal objects
and material distribution structures were studied and their parametric design automation in CAD
systems were realized. Figure 1.2 shows the scope of the research and the sets’ relationship of two

categories studied with respect to complex geometry objects and parametric design automation.

Fractal Objects Material distribution structures

Complex Geometry Objects

Parametric Design Automation

Figure 1.2 Scope of this research in geometry types: fractal objects (F), and material distribution

structures (M)



1.3 Research objectives

The main objectives of this research is to develop methods to realize parametric design
automation in CAD systems, especially for models with complex geometry features. Based on the
above-mentioned scope, this research aims to realize parametric design automation for fractal
geometry objects and material distribution structures. The research goals and the expected research

outcomes are listed as follows:

(1) Develop a parametric modeling method for variable fractal geometry objects in a CAD
system. Currently, fractal objects are mainly modeled in computer graphics for visual
representation, the parameters of the fractal model are fixed, and fractal generators are statically
constructed and non-editable. In contemporary CAD systems, the CAD models are not constructed
iteratively and the fractal or fractal-like geometric objects are built manually in most cases. With
the author’s proposed method, fractal or fractal-like geometric objects are expected to be
constructed automatically in the CAD system. The CAD fractal model is expected to be
constructed iteratively and can be stored, represented, and edited in multilevel geometric
complexities. Design parameters are expected to be extracted from the fractal model and fractal
generators are expected to be constructed dynamically for each iteration cycle. As a result, the
design parameters of the fractal or fractal-like objects can be variable and editable. The model is
expected to be built as a feature-based CAD part model, which has rich information and is eligible

for most CAD operations.

(2) Develop a method for automatic CAD model construction for material distribution
structures. In structural design and optimization, material distribution structures are used to
represent material allocation in space, and the final optimization result is an optimum arrangement

of materials within a structural system to achieve the desired performance while minimizing
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weight or satisfying other specific constraints. The global design domain of a material distribution
structure is spatially divided into several subdomains and each subdomain acts as a design space
for local material allocation. Currently, the data of the material distribution structures are
represented in a 2D/3D matrix. The models of these structures are visually represented by
tessellation models, such as STL format. The parametric CAD models of such structures are
constructed manually. The proposed method aims to improve the CAD modeling efficiency of a
complex material distribution structure with parameterized and spatial repetitive features of its
microstructure geometry elements. The constructed CAD model is expected to be parametric, and
every component microstructure is expected to be editable for its design parameters. The model
should be well-compatible with a numerical simulation environment and further geometry

modifications are easy to implement.

1.4 Research methodologies
To achieve the realization of the proposed work, this research proposed or adopted the

methodologies as below:

(1) Feature-based modeling method. Feature modeling approaches have been developed
for more than 40 years and the feature concept has been developed into different categories
according to modeling domain perspective and engineering intents [16]. Feature technology has
been applied in many areas related to computer-aided systems, however, its application in
modeling fractal objects and material distribution structures in CAD systems are in relative infancy.
In this research, the application of feature technology is to build associative relationships among
component geometry elements for a complex model to realize parametric design automation in
CAD systems. New feature types were proposed and applied in the automatic CAD model

construction processes for fractal objects and material distribution structures.
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(2) Iterative generation method (IGM). In fractal modeling, The Iterated Function System
(IFS) is the most commonly used deterministic approach to generate or approximate a
mathematical fractal object. An IFS is a family of specified contraction mappings that map a whole
object onto the parts, unionize all the parts and iteration of these mappings will result in
convergence to an invariant set [17]. However, traditional IFS has some limitations in building a
fractal model in CAD systems. The proposed IGM is a built-in method of a CAD feature to
iteratively generate a fractal model with editable parameters in CAD system. It is an extension of
traditional IFS. As the IGM was a proposed method in this research, the detailed instruction of IFS

and IGM will be presented in Chapter 3.

(3) Topology optimization. Topology optimization is a computational method that aims to
find the optimal material layout for a given structure subject to certain design constraints [18]. The
goal is to find the most efficient and effective design by redistributing material in the structure to
reduce weight, increase stiffness, or minimize stress under various loading conditions. Topology
optimization has applications in various fields, including aerospace, automotive, and mechanical
engineering. It has the potential to improve the performance of existing designs while reducing
material and manufacturing costs. The process of topology optimization involves defining the
design space, loads, and constraints, and then using mathematical algorithms to iteratively remove
and/or redistribute material from areas of low stress or strain energy while updating the structural
design. The result is a structure with an optimized material distribution that meets the specified
structural performance requirements and satisfies all the constraints. The optimization output of
topology optimized structure is usually a 2D or 3D matrix representing the material distribution

spatially for the global macrostructure. In this research, topology optimization was applied to



optimize structures, and the optimization results provided input data of material distribution

structures for their automatic CAD model construction in my case studies.

1.5 Thesis outline

Chapter 1 provides a brief overview of this research. The background of parametric design
automation is introduced. The current gaps and motivation of this research are presented. The
scope of this research is provided, which is fractal objects and material distribution structures. The
objectives of the research are shown, and the proposed and/or applied methodologies are briefly

introduced.

In Chapter 2, a brief literature review of related research is introduced. Including fractal
geometry, material distribution structures, contemporary CAD systems, feature-based modeling

method, and topology optimization.

In Chapter 3, the research of modeling fractal geometry objects in CAD systems is
presented. A new feature type, CAD fractal feature, is proposed, and the relevant built-in method,
the iterative generation method is proposed and realized. An extruded Koch Snowflake CAD
model with parametric geometric variants was built as a case study for demonstration of the

proposed modeling method.

In Chapter 4, the research of an automatic CAD model construction method for material
distribution structures is introduced. In the proposed method, there are three sub-steps to realize
the automatic CAD model construction, which are shown in detail. A parametric CAD model of a
topology-optimized cantilever was automatically constructed in CAD system with my proposed
method in the case study. My method was proven to be of sufficient efficiency for CAD model

construction.



In Chapter 5, the parametric design automation of material distribution structures in CAD
systems is realized with feature-based modeling method. A new type of feature, named material
distribution feature is proposed and applied to construct the parametric CAD model automatically.
In addition, automatic CAD model construction of more complicated material distribution
structures, such as multi-scale topology optimized structures are studied in this chapter. A case
study of automatic model construction of a multiscale topology-optimized Michell structure with
muti-variable lattices is presented, which proved the proposed method is of sufficient flexibility to

model complicated material distribution structures.

In Chapter 6, the research is concluded, contributions are summarized, and the limitations

and future work of the research are pointed out.
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Chapter 2 Literature Review

Chapter 2 first provides an introduction to fractal geometry and material distribution
structures, which are the scope of this research. Next, the chapter reviews contemporary CAD
systems, which is the environment to realize the proposed parametric design automation. Then,
the adopted modeling method in this research is introduced, which is feature-based modeling
method. Finally, topology optimization is briefly introduced, which was the method applied in this

research to get input data of material distribution structures.

2.1 Fractal geometry

Fractal geometry is an extension of classical geometry and has been employed for modeling
geometrical objects which may not be easily described or efficiently modeled by Euclidean
geometry. In the observation of “Geometry of Nature” [19], such as clouds, coastlines, and some
biological structures, self-similarity exists widely when comparing the local geometric feature to
the global shape (see Figure 2.1 as a demonstration). In the past few decades, the mathematical
background, algorithm-based construction methods and the applications of fractal geometry and
fractal analysis in some specific areas have been developing fast. In this subsection, a brief
literature review of the mathematical description, construction methods, and industrial applications

of fractal geometry is introduced related to this research.

2.1.1 Mathematical description of fractal geometry

The mathematical definition of fractal geometry has been discussed and developed by
mathematicians and scientists for decades. The acknowledged founder mathematician, Benoit B.
Mandelbrot, regarded fractals as sets with non-integral Hausdorff dimensions and such sets have

the additional property of being self-similar in some sense, either strictly or statistically [14]. Then,
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researchers have made great fundamental contributions in different fractal geometry areas such as
the recognition of measure theory, iteration theory, dynamic systems [20,21]. Various attempts
have been made to give a mathematical definition of a fractal, but such definitions have not proved
satisfactory in a general context [22]. This research mainly focuses on how to efficiently and
conveniently model fractal geometry objects in CAD system. Instead of trying to give a precise
definition of fractal geometry, descriptive features of a fractal are provided to the best of the
author’s knowledge. A set § is regarded as a fractal if it has all or most of the following features

[22-25]:

* S has a fine structure that is irregular in detail at arbitrarily small scales.

* §is too irregular to be described by traditional geometry or a set of solutions of any

simple equation, either locally or globally.

* § often has self-similarity or self-affinity to some extent, which can be either strictly or

in a statistical or approximate sense.

* S usually has its ‘fractal dimension’ (defined and measured in some ways) strictly

greater than its topological dimension.

* § in many cases can be defined in a straightforward rule and can be obtained by

recursive procedure, although it has an intricately detailed structure.

* S is in some ways quite a large set (it is uncountably infinite) and its size is not

quantified by the usual measures such as length.

» S often has a ‘natural’ appearance.
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Figure 2.1 Self-similar geometry of Roman cauliflower [26].

In this research, the fractal object is defined as a geometric set, where each of its members
satisfies the following geometric characteristic: the local shape has geometric similarity to some

extent with the global shape.

2.1.2 Construction methods of fractal geometry

There are many methods to construct fractals. In computer graphics, typical methods
include recursive method [19,27], Lindenmayer System (L-System) [28—30], and iterated function
system (IFS) [21,31,32]. The recursion method is straightforward, and the recursive relation can
be directly derived from the self-similar feature of a fractal. However, this method is difficult to
manipulate in CAD system because the initiator is simply a set of simple geometric objects, such
as edges and cubes; it is hard to recursively build CAD features or expressions and the direction
of the fractal generation cannot be controlled explicitly. In the L-system method, the construction
of a fractal is assisted with a turtle graphics interpretation [28]. The turtle’s state is represented by
its current coordinates and the angle that the turtle is facing. The method is not a good candidate
for generating a fractal in CAD system because the current direction or orientation with respect to
the global coordinate system in CAD environment has to be constantly calculated. The IFS is a
good candidate for modeling fractal geometry in CAD system, where a set of affine
transformations can be derived once after the initiator and the generator are determined. Then the

IFS is determined, and the fractal is constructed by iterated steps (see Figure 2.3 for a
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demonstration example). In IFS, the fractal is treated as a geometric structure set which will be
copied and iterated with the transformations for higher-level generation. Thus, there is no need to
find any orientation in each iterative calculation in this method [33]. Due to the above advantages
of IFS, this method has been widely used and has become the most popular method in fractal
modeling. However, traditional IFS still has some limitations for modeling variable fractal models
parametrically. First, IFS is a function-based method, which is not object-oriented. The
encapsulation, reusability and extensibility of IFS are restricted. Second, the iterated functions in
a traditional IFS are usually fixed during the iterative construction process of a fractal model,
which lacks design flexibility if the required model is not strictly fractal and design parameters
need to be edited and may take different values for different iterations. To overcome these
limitations of a traditional IFS, the iterative generation method (IGM) is proposed in this research,
where variable design parameters are extracted and explicitly expressed as inputs of iterative
generation functions and the geometry generators can be created/deleted/edited dynamically in
different iteration cycles. The IGM is an extension, based on IFS, that has a higher level of
encapsulation and is applied as a built-in fractal construction method in a CAD fractal feature. The

theory of IFS and the proposed IGM will be explained in detail in Chapter 3.

2.1.3 Applications of fractal geometry in industry

Apart from a variety of applications in mathematics and physics, fractal geometry and
fractal analysis have been widely applied in industry. Fractal concepts, fractal dimension and
fractal analysis are useful tools for architectural and design criticism [25]. In architectural design,
many architectural works are fractal-like, such as Gothic buildings [34], and some quantitative
methods, such as the box-counting method [35] have been widely applied to analyze the fractal

aspects of architecture. In surface evaluation, such as in class industry [36], fractal dimension in
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combination with standard roughness parameters are applied for complex surface analysis [37]. In
antenna industry, fractal concept has been applied to design antenna elements or antenna arrays in
order to maximize the effective length or increase the perimeter of material that can receive or
transmit electromagnetic radiation within a given total surface area or volume [38—41]. In energy
storage and energy release, it is generally accepted that fractal geometry has the intrinsic
advantages of minimized flow resistance and strong heat transfer capability [42,43], and fractal
structures have been successfully applied to the design of highly efficient heat exchangers [44—46]
or thermal energy storage units [47] (see Figure 2.2). Similarly, fractal geometry has been applied
in micromixers [48,49], sensors [50,51] and drug delivery systems [52] for its potential to increase
the specific contact area to improve the performances of these devices. In signal processing fields,
such as image analysis and speech synthesis, fractal tools have been applied for studying complex
signals and sometimes fractal approach provides new means to solve specific problems in signal
processing, which might be with greater success than classical methods [53]. Also, from the
engineering management point of view, fractal geometry in conjunction with statistics can be used
as a useful and powerful tool for an explicit, objective and automatic description of production
process data, such as structures (e.g., defects, surfaces, cracks, time series from dynamic processes),

which are too complex and irregular to be described by conventional methods [54].

Figure 2.2 An application of fractal geometry in industry: Thermal energy storage unit with

fractal net fins. HTF: heat transfer fluid; PCM: phase change material [47].
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From the above applications, the author would like to point out that the fractal dimension
is an important parameter for fractal analysis in industry, which can be calculated or measured by
many methods such as the log-log method, and the box-counting method [55]. From the definition
point of view, the relationship among the number of fractal pieces Num of an object, the scaling

factor ¢, and the fractal dimension Dim satisfy the following equation:
Num = g=Dim (2.1)

Then, the fractal dimension Dim can be directly calculated as:

. log Num
Dim=-log, Num=-—2""

2.1)

log €

Take the Koch curve [56] (see Figure 2.3), for example, Num=4, 8:§. Then the fractal

_log4

~1.2619
log 3

dimension of Koch curve is Dim

VAN =

(a) Step 0 (b) Step 1 (c) Step2
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Figure 2.3 Iterative construction of Koch Curve.

2.2 Material distribution structures

Material distribution structures are widely used in research and industry for structural
design and optimization. In this subsection, a brief introduction to material distribution structures
is presented, and the data representation method and current modeling method for material

distribution structures are provided.

2.2.1 A brief introduction to material distribution structures

With the rapid development of advanced manufacturing technologies, especially for
additive manufacturing, the fabrication of complex structures with enhanced functional properties
has been realized. As a result, a wide exploration of the design space for functional
material/structure has been enabled in research and engineering applications. Several examples
below show innovative structural designs due to the benefits of emerging advanced manufacturing
technologies. The design of cellular materials has recently undergone a paradigm shift, where
cellular materials are no longer limited to traditional shapes such as honeycomb panels or
stochastic foams [57]. The lattice structures can be designed with hybrid lattice types [58], and
each type of lattice microstructure can have non-uniform and non-fixed geometries with multi-

variable parameters [59,60]. The manufacturing of many fractal geometries becomes feasible, and
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fractal structures can be produced with functional properties such as shock absorption [61]. Many
structural optimization methods, such as size optimization [62,63], shape optimization [64,65] and
topology optimization [66,67], can now have more design freedom because many

manufacturability issues for the optimized structures have been resolved.

The above examples of innovative structural design can be directly integrated with
advanced manufacturing technologies. Essentially, they are all aiming to find a feasible solution
for material allocation or arrangement in space to achieve the desired performance of a structure.
The structures in these examples can all be represented by spatial material distribution in
discretized design domains, which are categorized as material distribution structures. In this
research, the material distribution structure refers to a structure whose design domain is spatially
divided into several subdomains and each subdomain acts as a design space for local material
allocation. Figure 2.4 shows some examples of material distribution structures. In these material
distribution structures, the design domains are called global macrostructures, which are discretized

elementally, and each local element is a design space, which is called a local microstructure.

2.2.2 Current data representation method of material distribution structures

In current data representation methods of a material distribution structure, the matrix
representation is mainstream, where a 2D or 3D matrix is used to represent material spatial
distribution as the physical density field. In this research, it is called material distribution matrix.
For each element of the matrix, its indices of row and column represent the relevant position of
the local microstructure element with respect to the global macrostructure, and its value determines
whether or not the local microstructure should be allocated with elemental infill patterns. Figure

2.4 shows an example of a material distribution structure and its data representation. In this
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example, the model is a fractal structure named Sierpinski Carpet [68]. Figure 2.4 (b) is the binary
matrix representation of its 1% iteration model (see Figure 2.4 (¢)). Solid squares are used as infill
for local microstructure elements. Each matrix element can take a value of either 0 or 1, where 0

means the local region should be left void and 1 means the region should be filled with a solid

square.

(@) (b)
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Figure 2.4 Examples of material distribution structures: (a) Honeycomb cellular structure, (b)

Gyroid lattice structure, (¢) Menger Sponge fractal structure, and (d) Topology optimized beam

structure

(a)

1 1 1
1 0 1
1 1 1

(b) (c)

Figure 2.5 An example of a material distribution structure and its data representation: (a) The

models of Sierpinski Carpet within 4 levels of iteration, (b) The binary matrix representation of

the 1% iteration model, and (c) The 1% iteration model.
The matrix representation method of a material distribution structure is concise, and
convenient to be initialized and updated. In addition, the model visualization from the data matrix

is easy to be realized. Here, let us take topology optimization as an example. Before optimization,
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the physical density field of the original design domain can be conveniently initialized by assigning
a constant uniform value to all elements of its material distribution matrix[69]. During the iterative
optimization loop, the elements’ values of the matrix can be used to interpolate the mechanical
properties of each local element [70], such as elemental elastic modulus FE., for finite element
analysis, and the matrix can be updated algorithmically for each iteration [71,72]. When the
optimization loop ends, the final material distribution matrix represents the optimization result for
the optimized structure. Software with matrix visualization functionality, such as Matlab, can be
used to display the final structure by plotting its data matrix in a marching cubes based algorithm
[69,73]. An STL writer can be applied to post-process the data matrix [69,74], and finally the
structure model is created in STL format [75,76], which is friendly to additive manufacturing

systems.

The above advantages of matrix representation make it become the mainstream
representation method for a material distribution structure. During the initial structural design and
optimization stage, the matrix representation method is a good option. However, during the model
construction stage, the matrix representation method is not sufficient. First, as mentioned in the
introduction chapter (Chapter 1), a parametric CAD model, rather than a matrix plot model is
preferred in the structural development process. In current CAD systems, however, the material
distribution matrix cannot be directly read or imported to guide CAD model construction for the
relevant material distribution structure. Second, with the rapid development of advanced
manufacturing technologies, design and optimization for material distribution structures may have
more freedom, and the matrix representation method may not be flexible enough to represent
innovative structural designs. For example, the subdomains of a material distribution structure may

be non-equally divided, the local microstructure elements may have hybrid types of infill patterns,
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and the elemental infill patterns may be non-uniform with unique values of design parameters for
each specific local microstructure element. It is obvious that the matrix representation is not
sufficient to cope with the above challenges. A new data format is needed to represent material
distribution structures. The new data format is expected to be directly read by CAD systems as
guidance for automatic CAD model construction, and it can be capable of including more
information for each local microstructure element, such as types of infill patterns and relevant
design parameters, to improve the flexibility to properly represent material distribution structures
with more design freedom. In my proposed method, a new data format is proposed to represent
material distribution structures in its model construction stage. A data processing program is
designed, which can automatically process the original data from the material distribution matrix,
transform the data into the new proposed data format, and store it in a CAD readable data file. The
details for the proposed new data format and data processing program will be introduced in Chapter

4 and Chapter 5.

2.3 Contemporary CAD systems

Geometry modeling methods in CAD systems have been developing fast in the last few
decades and great achievements have been made in constructing geometry efficiently and
developing user-friendly operation interfaces. During the development of modern CAD systems,
much attention has been paid to parametrically model a digital product and the
communication/integration among different computer-aided product development systems, such
as CAD/CAM/CAE communication/integration. In parametric modeling, the product model is
defined, constrained, and represented by extracted geometry parameters, where the geometric
parameters are carefully selected to make sure that the model is fully defined but not over-

constrained or has ambiguity issues. Parameters should be defined in a user-friendly manner and
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should be rollback editable for realizing rapid design modifications. Solid modeling method and
surface modeling method are two mainstreams of geometry construction for contemporary CAD
systems. In the integration/communication among different computer-aided systems, change
propagation and information consistency should be carefully managed. Association and
interoperability among different systems are key factors to shorten product development cycle time.
In this subsection, a literature review of geometry construction methods in contemporary CAD
systems, and a summary of fractal modeling research and research of modeling material

distribution structures in CAD systems will be introduced.

2.3.1 Methods of geometry construction in contemporary CAD systems

Contemporary CAD systems nowadays are either based on solid modeling method or the
surface modeling method for geometry construction [77]. In solid modeling, constructive solid
geometry (CSG) has become the mainstream method of 3D model representation, where the CSG
object is built from standard primitives, using regularized Boolean operations and rigid motions
[78]. The CSG standard primitives are the parallelepiped (block), the triangular prism, the sphere,
the cylinder, the cone, and the torus, and shapes represented by these primitives must be
instantiated by the user to specific dimensions. The surface modeling method is used as a
convenient way to model free-form curves and surfaces, where the non-uniform rational basis
spline (NURBS) is modeled in CAD system to represent most of the surfaces [79]. Free-from
deformation with respect to surface modeling has been studied by many researchers and the
deformation can be applied either globally or locally [80,81]. Based on these great achievements,
contemporary CAD systems can model Euclidean geometry efficiently and conveniently. And such
CAD models are good enough to be reused in other product development steps, such as

performance-based CAE simulation and manufacturing-based tool path planning. However, no
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commercial CAD systems are dedicated to the efficient construction and manipulation of fractal
geometry objects. For example, the fragmentation feature of the fractal makes it impossible for the
NURBS method in surface modeling to model a fractal curve and the CSG-tree data structure in
solid modeling will hierarchically represent an object but the self-similarity in a fractal object
cannot be modeled in this way [33]. For the material distribution structures, current CAD systems
cannot directly use the optimization result of a material distribution structure to automatically
construct a parametric 3D solid model for it. In most cases, the feature-based CAD models of these
structures are still constructed manually. In most of current CAD model reconstruction processes
for material distribution structures, matrix plot models or non-parametric mesh models are first
imported to a CAD system, then trace drawing process is implemented manually by designers to
define the sketch, and finally, parametric 3D models are constructed. The processes are repetitive,
tedious, and time-consuming, and a reasonable parameterization of these CAD models for further

modifications needs advanced product development knowledge to reflect the design intent.

2.3.2 Research on modeling fractal geometry in CAD systems

Many research attempts have been made on modeling fractals in a computer-aided system
and most of the research efforts focused on physically fabricating fractal geometry objects, either
in the way of rapid prototyping (RP) methods, such as layer manufacturing (LM) technology
[82,83] and additive manufacturing [84-86], or using traditional subtractive manufacturing
methods, such as CNC machining [87]. Fractal objects were classified into several different
subtypes and the manufacturability of each fractal class was analyzed [82]. Specific data structures
based on iterated function system (IFS) were created and related algorithms were designed for
rapid prototyping of fractal geometry represented objects. For example, the radial-annular tree

(RAT) structure was developed to represent fractal curves in a computational form [33,88] and the
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radial-blossoming tree (RBT) was proposed and implemented to represent self-similar fractal solid
[89,90]. These specific data structures for fractal representation can be applied in the RP, and
related operations, such as traversal algorithms, were designed for efficient toolpath generation
processes. These research outcomes have bridged some of the gaps among CAD, RP, and fractal

geometry and they provide a promising future for manufacturing fractal design patterns physically.

However, modeling and representing fractals parametrically is still an open issue in CAD
and the communication between CAD and RP systems with respect to fractal models is still limited.
The abovementioned manufacturing-based fractal modeling research focuses on building and
representing fractal objects in RP systems, where the fractal models were generated as voxel-based
models or STL models in most cases [83,84,91]. Based on the authors’ knowledge, the following
limitations might happen to such models when communicating with CAD systems:

* Model transformation might be needed, which means some important information,
such as specific fractal representation data structures and fractal generation algorithms,
might be stripped off during the transformation.

* Some of the CAD feature operations, such as adding fillet, chamfer, assembly
constraints or Boolean operations with other CAD geometric objects, might not be
realizable.

* The model imported into the CAD system might no longer be parametrically defined

and editable.

Based on these inherent limitations, the design flexibility for these models in the CAD
system is restricted and efficient management of change propagation and information consistency

is hard to realize when communicating/integrating with RP systems.

The above limitations suggest that maybe a research attempt should be made to
parametrically model and represent the fractal objects directly in a widely used CAD system first,

such as Solidworks, Siemens NX, Catia, etc. Then it would be more convenient to perform the
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modifications of the fractal design model and communication/integration between CAD and RP
systems. To the best of the authors’ knowledge, the modeling of fractal geometry objects in widely
used CAD systems is still done mostly manually. Fractal geometry objects may consist of a
tremendous number of geometric entities as the level of iteration increases, so the manual design
process of CAD sketch-drawing or 3D modeling of a detail-designed fractal object is very tedious
and time-consuming (see Figure 2.3 the Koch Curve as an example; the number of vertices and
line segments increases sharply as the iteration step goes up). However, geometric entities of a
fractal object are not independent, and their relationships can be represented by an iterative
algorithm. Thus, the design automation of fractal geometry modeling in a CAD system is studied
in this research. This research aims to propose an object-oriented approach for modeling
parametric variable fractal design in a widely used CAD system. The feature-based modeling
method is applied in Chapter 4 to generate fractal-like or self-similar objects with finite iteration

steps. A brief review of feature-based modeling is in subsection 2.4.

2.3.3 Research on modeling material distribution structures in CAD systems

There are two mainstream platforms for material distribution optimization, and they use
different relevant methods to construct CAD models for material distribution structures after

getting the optimization results.

The first one is based on commercial structural optimization platforms (e.g.: OptiStruct
and solidThinking by Altair Engineering, TOSCA by Dassault Systems). In these platforms, the
material distribution structure is represented by a non-parametric mesh model. The mesh model
can be directly used in finite element analysis (FEA) of the optimization loop, and the commercial

software has a good design of user interfaces (UI). The users do not need advanced structural
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optimization knowledge to prepare for optimization. Instead, they only need to use Ul to select
their goals and constraints. However, the final structure usually has rough surfaces, and the
symmetric characteristics of a structure cannot be kept. Figure 2.6 is an example produced by me
that shows the non-parametric mesh/faceted model of an optimized material distribution structure
of a cantilevered beam. The prismatic design domain is 60x30%2 mm, which is fully constrained
in one end, and a unit-distributed vertical load is applied downwards on the middle edge of the
other end (see Figure 2.6(a)). The objective is to get the least compliance design with a material
reduction of 50 percent. After topology optimization in a commercial structural optimization
platform, the result is represented as a non-parametric mesh/faceted model (see Figure 2.6 (b)). It
can be seen from Figure 2.6 (b) that the final structure has rough surfaces, which is not an expected
design scheme. Also, even if the initial optimization problem is fully symmetric (both initial
geometry and boundary conditions are symmetric), the result might not be exactly symmetric.
Apart from the above drawbacks, there are two more disadvantages of using commercial software
for material distribution optimization. First, the research work behind commercial software is not
available in the literature, and commercial software limits the optimization problem to only a few
relatively mature topics, such as maximum stiffness design under the constraint of a certain
percentage of material remaining. Advanced topics for structural optimization cannot be
implemented, such as maximization of buckling load factors (BLFs) under certain constraints to
improve the stability behavior of the structure. Second, the models of solution from the commercial
software cannot be directly smoothed and parameterized. The gaps between non-parametric mesh
models and parametric CAD models are still huge. Some research has been done on automatic

CAD model reconstruction from the mesh model to a parametric model. The majority is based on
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getting the derived skeleton of the mesh models [92]. The CAD model construction processes (see

Figure 2.7) can be described as the following steps [93-95]:

1. Raw structural optimization results are derived into an optimized shape with smooth
surfaces. In this step, geometry processing algorithms are applied to the non-parametric mesh

model, such as mesh smoothing, mesh contraction, and remeshing.

2. From the smoothed mesh model, the skeleton of the 3D shape is automatically derived.
There are many related algorithms for obtaining a skeleton, such as medial axis transform [96-98].

The derived skeleton can either be a surface skeleton or a curve skeleton.

3. The skeleton is normalized, and the cross section of the structure is calculated.

4. A CAD model is reconstructed based on the information of the normalized skeleton and

the calculated cross section.

The above reconstruction processes of CAD models for material distribution structures can

build a parametric 3D solid model. However, the limitations can be summarized below.

1. The users need to have advanced geometry processing knowledge to post-process the

optimized structures for boundary smoothing and derivation of skeleton and cross section.

2. The methods are not applicable to all types of structures. Geometry is limited to beams

or thin-walled structures.

3. The skeleton normalization and calculation of cross section radius is based on the

average of local region. Many design details may be stripped off.
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4. The symmetric characteristics of the structure cannot be kept in both the optimization

and the reconstructed CAD model.

(b)
(a)
Figure 2.6 An example of a non-parametric mesh model of an optimized material distribution
structure of a cantilevered beam: (a) The design domain and boundary conditions, (b) The non-
parametric mesh/faceted model (Optimization and final model were produced in the software

Solidworks.)

(a) (b)
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(©) (d)

Figure 2.7 A brief illustration of CAD model reconstruction processes for a material distribution
structure from a mesh model (adapted from [94]): (a) Raw optimization result with rough
surfaces, (b) Smoothed boundary triangulation of the optimized shape, (¢) Skeleton extraction

and cross-section calculation, and (d) CAD model reconstruction

The second platform for material distribution optimization is numerical computation
software, such as Matlab. Specific optimization methods can be designed in detail in the numerical
computation software and advanced topics of material distribution optimization can be explored.
In this platform, the matrix representation is mainstream, where a 2D or 3D matrix is used to
represent material spatial distribution as the physical density field (see Figure 2.5 as an example).
As mentioned in subsection 2.2, the matrix representation is concise, but the data matrix cannot be
directly read by CAD systems to guide the automatic CAD model construction. Some research
[99-101] attempted to convert the matrix representation to a parametric CAD model. Translators
were designed to process the matrix plotted models and spline curves were used to fit the
boundaries of the structure. However, there are two major limitations of the translation methods,

which are summarized below.
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1. Most of the translators are image-based, which means the application is limited to 2D

structures. For 3D shapes, most of the translators cannot be applied.

2. The control points and splines are used to fit the boundary curves, and the CAD models
constructed are surface-based models with IGES format. The CAD models are not parametric 3D

solid models, which means the further modifications of these structures may be difficult.

In summary, the current research results of relevant automatic CAD model construction
methods for both platforms have limitations, and currently, there are no satisfactory methods for
automatic CAD model construction. Therefore, the CAD model construction for material
distribution structures is still done manually in most cases. In this research, a feature-based method
is proposed to automatically construct CAD models for material distribution structures. The data
of the matrix representation can be directly used, the models can be automatically constructed, and
the constructed models are parametric 3D solid models with sufficient design parameters for
flexible further modifications. A detailed introduction of the proposed method is in Chapter 4 and

Chapter 5.

2.4 Feature-based modeling method

Feature modeling approaches have been developed for more than 40 years and the feature
concept has been developed into different categories according to modeling domain perspective
and engineering intents [16]. Different types of features, such as form feature, geometric feature,
assembly feature, machining feature, CAE feature and functional feature have been developed and
applied for their specific use in computer-aided systems [102,103]. Brunetti et al. [104] introduced
a feature-based integrated product model that can capture product semantics in the conceptual
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design phase and link design with part and assembly modeling with parametric modeling
methodologies or parametric relationships. Ma et al [105,106] developed the associative feature
concept, which is defined as a set of semantic relationships among product geometric entities,
which may include assemblies, components, solids, faces, edges, vertices, surfaces, curves, points,
vectors, datum references. Thereafter, many derived feature concepts or feature-based modeling
methods were proposed and applied for their specific applications. Liu et al. proposed associative
optimization feature for product design-optimization integration [107]. Ren et al. proposed process
optimization feature for industrial processes optimization [108]. Li et al. applied [ 70] feature-based
modeling method for CAD/CFD integration [109,110]. Feature technology has also been proven
to be a very useful tool for complex system integration in a collaborative engineering environment,
since it can act as a powerful tool to control information flow, manage change propagation, and

maintain information consistency [111-116].

Although feature concepts or feature-based modeling methods are developing rapidly,
understanding the essence of feature or feature-based modeling is still a challenge for engineers
and researchers. Thus, instead of reviewing the evolution of feature modeling in detail or
introducing the broadening application scopes of this approach, the authors would like to introduce
the ontology description of feature and feature-based modeling approach: feature is defined as an
object class with rich and associated properties of product and process engineering from both
geometric and nongeometric aspects [117] and the feature-based modeling method is an object-
oriented approach to model physical or abstract entities among different stages of product lifecycle

management. The key advantages of feature-based modeling method are:

* Good for information encapsulation such as intent-based design [118].
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» Friendly to information abstraction, reuse, and inheritance with respect to different

types of features.

» Auseful parametric modeling tool for parts, assemblies, optimization processes, etc.

* A powerful method to represent associative relationships, realize integration in a
collaborative engineering environment and control/manage information flow

among different product development stages.

* Provides a unified templated framework for systematic design and modeling.

Based on the above advantages, feature technology has been applied in many areas related
to system integration, however, its application in modeling fractal objects and material distribution
structures is in relative infancy. In this research, the application of feature technology is to build
associative relationships among component geometry elements for a complex model to realize
parametric design automation in CAD systems. New feature types were proposed and applied in
the automatic CAD model construction processes for fractal objects and material distribution

structures.

2.5 Topology optimization

In material distribution structure optimization, computer algorithms are used to determine
the most efficient arrangement of materials for a given set of design and performance requirements.
This approach involves removing material from non-critical areas of the structure and
redistributing it to more critical areas, resulting in an optimal material distribution. Material
distribution structure optimization is commonly used in engineering design, particularly in

industries where weight reduction is critical, such as aerospace, automotive, and structural
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engineering. By optimizing the material distribution, designers can create structures that are

stronger and more durable, while minimizing their weight and cost.

In material distribution structure optimization, there are three typical methods (see Figure
2.8), including size optimization [62,63], shape optimization [64,65] and topology optimization
[119,120]. The design pattern or topology of the structure is known for both size optimization and
shape optimization. In size optimization, the sizes of the components which make up the structure
are optimized. In shape optimization, the contour of some part of the boundary of a structural
domain is optimized. Topology optimization is the most general structural optimization method,
which enables the creation, merging, and splitting of the interior solids and voids during the
optimization processes. Compared with size optimization and shape optimization, topology
optimization has a larger design space, and superior structural performance is expected. In this

research, material distribution structures based on topology optimization are focused.

Figure 2.8 Three different structural optimization methods: (a) size optimization, (b) shape

optimization, and (c) topology optimization
Topology optimization is a computational method that aims to find the optimal material
layout for a given structure subject to certain design constraints. The goal is to find the most
efficient and effective design by redistributing material in the structure to reduce weight, increase
stiffness, or minimize stress under various loading conditions. Topology optimization has

applications in various fields, including aerospace, automotive, and mechanical engineering. It has
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the potential to improve the performance of existing designs while reducing material and

manufacturing costs.

The process of topology optimization (see Figure 2.9 top as a demonstration) involves
defining the design space, loads, and constraints, and then using mathematical algorithms to
iteratively remove and/or redistribute material from areas of low stress or strain energy while
updating the structural design. The result is a structure with an optimized material distribution that
meets the specified structural performance requirements and satisfies all the constraints. The
optimization output of topology optimized structure is usually a 2D or 3D matrix representing the

material distribution spatially for the global macrostructure.
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The relation between topology optimization and parametric design automation for material
distribution structures can be represented in Figure 2.9. Topology optimization iteratively
optimizes the structural design by reducing and/or redistributing its material with the updates of
the values of design variables from the material distribution matrix in the optimization loop. The
optimization output provides the original data of the material distribution structure for its
parametric design automation in CAD. After processing and transforming the original data, the
model data file is created and analyzed. Then, the model data file is imported into the CAD system
and the CAD model will be constructed automatically with the designed plug-in and model
construction functions in CAD. In summary, the output of the topology optimization result
provides the original data of the material distribution structure as the input for its parametric design
automation in CAD, and the latter provides CAD model reconstruction and post-processing

operations for topology-optimized structures.
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Chapter 3 Feature-based Modeling for Realizing Parametric Design
Automation for Variable Fractal Geometry Design in CAD Systems
3.1 Chapter overview

Fractal geometry has been widely applied in computer graphics to visually represent
natural objects, which cannot be easily represented by Euclidean geometry. Other than visual
representation, parametric fractal-like CAD models have been used in industry for the design and
manufacture of products with self-similarity geometric features. However, contemporary CAD
systems cannot construct CAD fractal models efficiently, as most CAD fractal models are still built
manually by designers. The construction and modifications for such CAD fractal models are

tedious and time-consuming.

The research of this chapter aims to build and modify CAD fractal models more efficiently
in CAD systems. A method for automatically modeling parametric fractal-like geometry objects in
CAD systems was proposed. Feature-based modeling methods were applied to realize algorithm-
based CAD fractal model generation. A new type of feature, called CAD fractal feature was
proposed and implemented to bridge the gap between CAD and fractal geometry. The fractal-like
CAD model was constructed iteratively with a dynamic generator for each iteration cycle. Design
parameters were extracted as inputs for dynamic fractal generators, which allow users to define,
parameterize, generate, and edit a fractal design with variable parameters. The parameters of the
fractal generator can also take different values for different model construction iterations, which
makes the generated models not necessarily to be strictly fractal but can also be fractal-like. The
iterative generation method (IGM) was proposed as a built-in method in a CAD fractal feature for
modeling complex but self-similar geometric models in an objected-oriented approach with high
efficiency and sufficient design flexibility. As a result, designers do not need advanced knowledge
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of fractal geometry to build and modify CAD models with self-similar features. An extruded Koch
Snowflake CAD model with parametric geometric variants was built as a case study for
demonstration of the proposed modeling method. The proposed method was proven to have

sufficient efficiency and design flexibility in my case study.

The rest of this chapter is organized as below. Subsection 3.2 gives an introduction to this
research, where the background, gaps, and motivations of this research are introduced. The related
literature to this research has been reviewed in Chapter 2, including fractal geometry,
contemporary CAD systems, and feature-based modeling method in subsections 2.1, 2.3, and 2.4.
Subsection 3.3 gives a conceptual framework of the proposed method, and the partial relations of
the proposed CAD fractal feature are represented in the form of a Unified Modeling Language
(UML) diagram. A case study of generating a fractal feature in a CAD model with parametric
geometric variants is demonstrated in subsection 3.4. Remarks are made in the discussion part in
subsection 3.5. Subsection 3.6 concludes the research of this chapter. In the Appendix, a pseudo-

code of the proposed modeling method in Siemens NX CAD system is explained.

3.2 Introduction

Geometric entities with self-similarity features widely exist in the real world and Euclidean
geometry might not be adequate for efficiently describing and modeling such kinds of intricate and
complex geometries [19]. Euclidean geometry is the natural way of representing and modeling
man-made objects [121], however, it might be inept to describe some natural patterns, such as
mountains, coastlines, and clouds with classical geometries such as straight lines, circles, ellipses,
squares [122]. Then the concept of fractal geometry was proposed by mathematicians as an
independent geometry branch to represent geometries with self-similarity and non-integer

dimensionality [24].
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Due to the self-similarity feature of fractal geometry, algorithm-based methods, such as
recursion and iteration, have been widely applied in generating computer graphics models of
fractal objects in a virtual environment. These algorithm-based methods have good model
construction efficiency and have gradually become mainstream methods for visually representing
fractal objects in computer graphics [28,123,124]. However, other than generating and
representing a fractal pattern in a virtual visual device, such as a computer screen, the parametric
design and physical manufacture of fractal geometry are also of great application value in industry.
Computer graphics models of fractal objects are not sufficient to satisfy industrial design and
manufacture requirements, and parametric CAD fractal models are needed for product lifecycle
management in industry. For example, in aesthetic design industries, the fractal method has been
widely applied in jewelry design [125], whose final purpose of the design outcome is to efficiently
and conveniently design and manufacture the aesthetic physical design patterns. In such industrial
cases, parametric CAD models of variable fractal patterns with solid geometry are preferred
because of their better compatibility, reusability, and editability for different product development

stages.

Contemporary CAD systems have developed a variety of ways to model or represent three-
dimensional (3D) geometry objects or surfaces [7]. The solid modeling method [126] can be
applied as an information complete and unambiguous solution for defining and modeling 3D
shapes, while the surface modeling method [127] is often used as an efficient and convenient way
to model free-form curves or surfaces [128]. In other words, CAD systems nowadays are sufficient
and mature in general to model Euclidean geometric objects which can be defined in an analytic
or semi-analytic equation or in the way being represented by non-uniform rational basis spline

(NURBS). However, current CAD systems still cannot generate fractal objects algorithmically. As
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a result, the design processes of fractal objects in CAD systems have some challenges in efficiency
and convenience for the construction and modification of such models. In CAD environment,
geometry objects are built in a model tree structure, which contains a hierarchical list of features
or components in the order in which they were created. The model tree structure is good for
showing model construction history, representing geometric dependency, and adjusting feature
display. However, such a model construction approach might not be beneficial to realize some
algorithmic methods to iteratively generate a fractal-like CAD model. As a result, most of the CAD
fractal models are still constructed manually by designers. The construction and modification of
such models still require a lot of repetitive work and are extremely time-consuming, especially for
complex fractal objects with high iteration levels. Therefore, the study and development of
efficient parametric methods for the automatic construction of fractal models in CAD systems have
great potential to significantly improve the efficiency and convenience of the construction and

modification processes of fractal-like CAD models.

The research of this chapter aims to develop an automatic model construction method that
employs an algorithmic approach to iteratively construct fractal-like models in CAD systems. A
feature-based method for modeling parametric variable fractal design was proposed. An efficient
and flexible modeling interface was built for designers to generate CAD models with a self-
similarity design feature. The iteration generation method (IGM) was proposed to make the
creation, representation, and manipulation of the algorithmically constructed geometry objects
applicable to a CAD system. The concept of CAD fractal feature is proposed, which encapsulates
fractal geometry generation methods and associative relationships among composed geometry
elements within a CAD fractal model. Associativity among models with different iteration levels

was also realized and integrated into this CAD fractal feature. Thus, designers do not need to have
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advanced expertise on how to generate a fractal pattern or geometry objects with self-similarity
features with respect to its specific algorithm background. Additionally, the generator was
constructed dynamically in a parametric way to make design parameters variable and editable in
each iterative generation cycle for the final geometry. This results in the “self-similarity” property

being variable for greater design flexibility.

3.3 Conceptual framework

This subsection introduces the conceptual framework and the methodology of the proposed
feature-based modeling for variable fractal geometry objects in a CAD system. First, requirements
for the fractal objects to be modeled by the proposed method are discussed, as not all fractal solids
or surfaces can be modeled in CAD system with the proposed feature-based method. Second, the
proposed CAD fractal feature is introduced and represented as an object class. Next, the proposed
related object-oriented fractal generation method, namely the iterative generation method (IGM),
is presented as an extension of traditional IFS. Then, the modeling processes based on the proposed
modeling method are represented by a flow chart and a UML diagram. The relationships among

designers, CAD system and fractal geometry objects are explained.

3.3.1 Requirements for fractal objects

In this research, the proposed modeling method is limited to representing and modeling

fractal objects which must satisfy the following requirements:

(1) Regular fractal primitive.
(2) Contraction mapping.
3) Self-connected during any iteration step.

(4) No self-intersecting or self-overlapping during iterative generation processes.
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®)) Finite iteration.

(1) Regularity

The regularity of the model must be fulfilled to generate a model in a CAD system, which
is one of the requirements in conventional geometrical modeling. The regularity of a set can be

defined as follows.

Let S be a subset in X. The interior of S, i(S) is a set of points that belongs to the union of
all open subsets of S. The closure of S, ¢(S), is a set of points that belongs to the intersection of all

closed supersets of S. Then, the definition of a regular set can be stated as [77]:

A set S is regular if and only if S=c(i(S)).

This definition states that the set is regular if the closure of the interior of a given set yields
that same given set. Isolated, detached, dangling sets, and sets with open boundaries are regarded
as irregular sets [129]. Also, this regular set definition excludes geometries with non-orientable

manifolds such as Mobius strip and Klein bottle (see Figure 3.1 for an illustrative example).

It has been proven that if a set is regular, the relevant generated fractal objects with finite

iterations of contraction mappings from the set are regular [90].

Figure 3.1 Irregular sets examples: A set with isolated, detached, dangling and open boundaries

(left), and a set (Klein bottle) with non-orientable manifolds (right).
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(2) Contraction mapping
The contraction mapping is the basic requirement for the IFS theory which maps the whole
onto the parts and will result in convergence to an invariant set [21]. A transformation f: X — X

on a metric space (X,d) is called a contraction mapping if there is a contractivity factor such that

d(f(),f) =7 - dxy), Vxy €X (3.1)

The proposed iterative generative method (IGM) is an extension of IFS which consists of
a family of contraction mappings F={f1, />, ..., fa}, n € N on (X d) with corresponding contractivity

factors {rj, 2, ..., o} with r; € (0,1).

Thus, for all f;: X — X,

d(fi(x), fi(y)) =7 - d(x,y), wherei €N.

In existing CAD modeling, most of the geometric sets are closed and bounded, which are
called compact sets. It is necessary to introduce the Hausdorff metric of (X,d) for the contraction
mapping to deal with a compact subset in (X,d). For two non-empty compact sets S;, S> in (X,d),

the Hausdorff metric dp is defined as [24]
dy(S1,52) = max{max min d(x, y), max min d(x, y)}

Thus, forall f;: X — X,

dy (fi(S1), fi(S2)) <7 -dy(S1,S;), wherei € N and r; € (0,1) (3.2)

(1) Connectivity
It has been proposed by S. C. Soo et al [90] that three different types of connected models
can be generated by IFS, which are self-connected fractal models, host-connected fractal models,

and cumulatively connected fractal models. In my proposed method, I focus on modeling self-
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connected fractal models and more constraints have been made for self-connectivity. For any
intermediate state of the fractal object with finite iteration step £, it is required that the model

F¥(S) is self-connected.

(2) No self-intersecting or self-overlapping during iterative generation processes

During the iterative generation steps of a fractal object, it may be possible that the
primitives of a fractal model at the higher level are intersected or overlapped by other primitives
in the same or lower levels (see Figure 3.2 for an example). The topology and connectivity of the
fractal model would change when such an intersection or overlap happens. For these fractal objects
with features of self-overlap or self-intersection during the iterative generation processes, a
specific data structure is recommended to address this information during the CAD modeling, and
intersection/overlap inspection/detection should be rendered during the preprocessing stage of
manufacturing. It is a research topic to study the modeling and manufacturing of these self-
overlapped or self-intersect fractal objects, but it is not within the scope of this work. In this study,
I focus on CAD modeling fractal objects that do not have self-intersection or self-overlap features

during the iterative model generation processes.
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(2) (b)

Figure 3.2 Variant Koch curves with (a) self-overlap, or (b) self-intersection.

(3) Finite iteration

Mathematically speaking, a pure fractal object is in some ways quite a large set (it is
uncountably infinite) and its size is not quantified by the usual measures such as length, which
should go through infinite iteration steps if generated iteratively. In reality, however, fractal objects
should be generated through finite iteration. In the aspect of CAD modeling, the resolution of the
model representation is limited, and the time and memory needed for generating a fractal model
should be taken into account. In the aspect of manufacturing, machine resolution should be
considered, which limits the minimum machinable dimension. Stopping criteria for fractal
generation steps or a rule to decide the maximum level of iteration should be considered. In my
modeling method, the level of iteration N can either be user-defined or be calculated according to
the relationship between the dimensions of the fractal primitive and the machine resolution, which

could be expressed as follows:

D, 1s the shortest dimension (length, width, or height) of the minimum bounding box of the fractal
primitive. D, is the machine resolution, which represents the minimum machinable dimension. £

is a real number larger than 1, which represents the reciprocal of the scaling factor ¢, E=1/¢. For a
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regular fractal object with a constant scaling factor ¢ for each iteration, the maximum level of

iteration Nyq. should satisfy the following condition:

D
ENmax < futl 23
m

Then, Nuax can be calculated as:

D
log (p2)

Nmax = floor W

(3.3)

Where floor( - ) is the floor function to round off the value to the nearest small integer.

For a variable fractal-like object which might have variable scaling factor ¢; and the reciprocal E;

for the ith iteration step, the condition for N« should be satisfied as:

D
Ey-Ey..Ey < D—” <E -Ey~..;Ey _ "Ey 41 (3.4)
m

Then, it is easy to calculate N, for a variable fractal-like object with variable scaling factors.
3.3.2 CAD fractal feature

A CAD fractal model is constructed iteratively. Using the model of an extruded and

chamfered Koch snowflake as an example, the steps are exemplified as follows (see in Figure 3.3):

1. First, a fractal primitive is created by the built-in fractal primitive constructor.

2. Next, the initiator is activated to act on the fractal primitive to construct its initial

fractal pattern before iteration and initialize the related fractal data structure.

3. Then, IGM is applied to the fractal data structure with several iteration steps.
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4. Finally, CAD postprocessing operations are performed to generate the CAD fractal

model, such as extrusion, chamfering, filleting.

During the iterative generation processes, the geometric entities, such as points and line
segments are built via a specific parametric generation algorithm and their associative relationships,
such as the sequence of points in the generated point set and the order of connectivity are built by
dynamically adding/deleting/editing feature expressions. After all iteration steps, a validator is
activated to check the connectivity and closure of the generated fractal model and the inspection

process of self-intersection or self-overlap is implemented.

-

Primitive Initiator N=1

N=2 N=3 Postprocessing

Figure 3.3 CAD modeling process of an extruded Koch Snowflake model with the first 3
iteration steps (N=3).
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It can be observed that such design intent of iteratively generating fractal objects in CAD
with editable variable parameters cannot be predefined or represented by existing feature types,
and yet significant commonality exists among different instances. The templated framework of
modeling a fractal or fractal-like geometric object with variable design parameters using an

iterative generation modeling method in CAD is essential. It is named as CAD fractal feature.

The CAD fractal feature is very difficult to be represented with the traditional feature
concept because the model is constructed iteratively, the geometric entities and feature expressions
are created/deleted/edited dynamically, and the high-level knowledge of algorithm-based fractal

generation method are integrated whenever such features are involved.

To represent CAD fractal features consistently, the object-oriented approach offers an
excellent solution. The fractal primitive, the specific data structure, the parametric iterative
generation method, and the related validator could be integrated into an object class in CAD after
encapsulation which can conveniently and efficiently represent the iterative design intent,
algorithm-based model generation knowledge, and the associative relationships or topological
configuration of the geometric entities. It has been summarized by Ma et al [105] that a feature has
to be flexible, self-contained and consistent to integrate different applications. Here, “flexible”
means the data structure of the CAD fractal feature can be created, edited, and deleted by the end
user dynamically through the proposed iterative generation method and the variable design
parameters for the fractal object generator can be defined and roll-back edited through user
interface. “Self-contained” means the fractal feature can keep its validation and integrity before
and after any interaction with any integrated applications. The requirements of the fractal objects
in subsection 3.1 and the built-in validator for the inspection/detection of self-intersection and self-

overlap for the fractal model make it well-defined and represented by a self-contained object. The
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CAD fractal model is constructed iteratively with the built-in method to integrate associative
relationships among component geometric elements and the model has rich information to be

consistently integrated with CAE analysis or CAM processes.

To address the requirements for parametrically modeling variable fractal objects in CAD
system and keep the information consistency for the CAD fractal model to be integrated with other

applications, the proposed CAD fractal feature should have the following key characteristics:

* Built-in fractal primitive constructor to generate its related fractal primitives.

* Built-in initiator to construct its initial fractal pattern before iteration and initialize the related

fractal data structure.

* Methods available for iteratively generate a fractal model with editable parameters.

* Methods available for calculating the maximum iteration number Nu.. and multi-level

representation of the model.

» Self-validation for the consistency of its geometrical requirements.

* Methods available for communication with end users for adding/deleting/editing design

parameters.

* Methods available for constructing, storing, displaying, editing, indexing and destroying its

instances.

Based on the above concept, a fractal modeling toolbox for modeling fractal or fractal-like
objects integrated in a CAD system is developed in NX Open in this work, which is the Application

Programming Interface (API) of Siemens NX for design customization.
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The IGM is an essential built-in method for the CAD fractal feature to construct a CAD
fractal model iteratively and parametrically. It is an extension of the IFS with explicit expressions
of extracted design parameters to realize feature-based parametric modeling of fractal and fractal-
like geometric objects in a CAD system. The introduction of the concept of the IGM is found in

the next subsection.

3.3.3 Iterative generation method (IGM)

The IGM is an extension of the IFS. In this section, a brief review of traditional IFS is

introduced first and then the proposed IGM is explained in detail.
(1) Iterated Function System (IFS)

The Iterated Function System (IFS) is the most commonly used deterministic approach to
generate or approximate a mathematical fractal object. An IFS is a family of specified contraction
mappings that map a whole object onto the parts, unionize all the parts, and iteration of these
mappings will result in convergence to an invariant set [17]. Let § be a non-empty compact set in

(X,d), a combined transformation F: X — X can be defined by

F($) = fi(S)V £2(8) U f3(S) V..U fn($) = Ufi(S) (3.5)
i=1

Hence, the kth iteration of F (i.e. F*) will be
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(FO(S) =S

Fi(S) = F(FO) = | A0

ORGSO PIIGEO) (3.6)

F¥(S) = F(FF1(5)) = ((FF1(s
) = FE(5) Qf( 5))

Where n is the number of functions f; in the function group F and £ is a positive integer which
represents the number of iterations. Suppose that £ is large enough and the fractal is represented in
a very detailed and complex model, then the fractal set becomes invariant. That is, there exists a

unique non-empty compact set ACX that is invariant for F, i.e. which satisfies

A=F(A)= U}, f;,(4) (3.7)

Taking the Koch snowflake as an example (see Figure 3.4), its fractal primitive is a line
segment and the triangle initiator is applied which includes three transformations /;, 1>, and /3. The
IFS has four functions in total which are: F' = {f;, />, f3, f«} and Figure 3.4(c) illustrates the

transformations. The IFS for the Koch curve can be represented as the following:

Fi(s) = FEIS) = | Ao (8)
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Fractal Primitive Initiator

Generator Fractal Object (1% iteration)
Figure 3.4 IFS: Koch Curve example: (a) The Fractal Primitive, (b) The Initiator, (¢) The
Generator, and (d) The Fractal Object (1% iteration).

(2) Iterative Generation Method (IGM)

Based on the theory of IFS and feature-based parametric CAD modeling, I propose the
Iterative Generation Method (IGM) for modeling fractal or fractal-like geometric objects with
variable design parameters in a CAD system. The mathematical description of IFS and IGM for
modeling fractals is similar, which is iteratively acting on a regular set § with a family of finite

contraction mappings. As an extension to IFS, the iterative generator of IGM includes variable
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design parameters which affect the “behavior” of the generator and the final constructed fractal

model.

Definition. Let x;, x2, ..., x, be the total number of m extracted variable parameters for the fractal
generator. S is a regular compact set and g;: X — X is an iterative generation function which is a
compact mapping of § on the metric space (X ,d) with variables x;, x, ..., xn. Then, the iterative

generation function g; can be denoted as:

gi = 9i(8,x1, %2, ., Xm) forvi € {1,2,...,n} (3.9

The iterative generation function group G includes a total number of » iterative generation

functions {g4, g5 ,---, gn}- So the combined transformation G can be expressed as:
G(S) = G(S8,x1,%0, e, X)

= 0.(8, %1, X2, e, X;p) U 92(S, X1, X3, e, X)) U ...

U gn (S, X1, X, ey Xom) (3.10)

n
i=1

The main differences between IGM and IFS have three points. First, IGM is mainly based
on object-oriented programming/CAD feature modeling, which means the IGM is a built-in
method of a class/CAD feature type. This is why it should be called a “method”. A proper level of
encapsulation and reusability of IGM is guaranteed by the object-oriented approach. Second,
variable parameters are extracted in IGM, and the iterative generator will be explicitly affected by
the value of these parameters. This makes IGM keep more design flexibility for constructing the
fractal object by editing design parameters. The extracted design parameters x;, x2, ..., X, are not
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limited to be geometry dimensions, but can also be parametric equations such as expressions of
constraints or associative relationships among parts/faces/interfaces. Additionally, the fractal
generators are constructed dynamically for each iteration cycle and the variable design parameters
may take different values for different iteration steps, which will then lead to different iterative
generation functions for different iteration steps during the model construction processes. This
gives the IGM the capacity to model not only strictly fractal objects but also fractal-like objects or

objects with the feature of self-similarity but still can keep some variance of the “similarity”.

Apart from constructing a model iteratively, IGM takes advantage of parametric modeling
in CAD. In addition, efficient communications between the CAD system and designers or other
end users are implemented by adding/deleting/editing extracted design parameters with the
dynamic fractal generators. In a broad sense, IGM is an object-oriented method for parametrically
constructing a fractal or fractal-like object iteratively. The IGM is essential for a CAD fractal

feature, but its application is not limited to a CAD system.

Here, let us take an example of generating a parametric Koch snowflake with my proposed
IGM. Figure 3.5 shows a parametric snowflake generator. In this generator, the indentation angle
0, the orientation angle a, and parent segment length L are independent variable parameters. Other
than these independent parameters, there are 3 associative parameters in this generator, which are
children segment length /, scaling factor ¢, and fractal dimension Dim. Traditionally, Koch curve
and Koch snowflake have a fixed indentation angle of 60°, and their attributes, such as fractal
dimension and scaling factor are fixed. Koch curve with a varying indentation angle was proposed
by Vinoy et al. [130] for antenna design and its scaling factor ¢ and fractal dimension Dim were

then expressed by Vinoy et al. as a function of 6:
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-t 1
872(1+C()59)7L (3'1 1)

:log Num: log4
zog§ log[2(1+c0s8)] (3.12)

Dim

a

Figure 3.5 Koch curve generator with a variable indentation angle 6.
In the fractal modeling point of view by IGM, the indentation angle 8 is extracted to be the
variable design parameter for the parametric modeling of a generalized Koch snowflake. Then,
each of its iterative generation function g; and the function group G can also be expressed as

functions of 9:

9i=9:(5,6) fori€ {1,234} (3.13)
G=G(S,0)=Ul,g:(5,6) (3.14)
In the CAD modeling process, the indentation angle 8 will be an input parameter by the
end user for the fractal generator and the geometry objects of different shapes will be constructed
automatically for different 6. If the values of 8 are taken to be 45° and 75° respectively, for
instance, the iterative generator is shown in Figure 3.6. It is obvious that different indentation

angles 8 will lead to different fractal dimensions and sizes of the geometry. If 8 is within the range
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(0°,90°), the smaller the indentation angle, the constructed geometry will have a lesser fractal
dimension and more compact size. Then, after applying these generators to two equal initiators
(two equilateral triangles of the same size as Figure 3.5(b)) the Koch snowflakes of the first four
iterations are constructed with two different indentation angles (see Figure 3.7). It is noteworthy
that the length of each line segment component of the generators and the Koch snowflakes are
exactly the same, which can be expressed as a function of the indentation angle 8 for a specific
iteration:

o [;]”L (3.15)

2(14cos0)

where [V is the current line segment length, L is the primitive segment length, 8 is the indentation

angle, N is the number of iterations.

0=45° 6=75°

J&

Figure 3.6 Different Koch curve/snowflake generators with respect to different indentation angle

0. Left: 8 = 45° Right: 8 = 75°

0=45° 6=175°
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Figure 3.7 Generalized Koch snowflakes of the first four iterations with two different indentation

angles. Left: 8 = 45° Right: 8 = 75°
In IGM, the extracted parameters may also take different values with different iteration
steps. Thus, fractal-like geometry objects with not strictly self-similar features can be constructed
with IGM. In the construction processes of a Koch-like snowflake with variable indentation angles
by IGM, the value of the indentation angle 6 may change with respect to different iterations. Here,
6% is denoted as the indentation angle for kth iteration. Then, for the kth iteration, the related
iterative generation function g¥, function group G¥, current segment length * can also be

expressed as functions of 8%:

gk = gk(s,0%) forie {1,2,3,4}andV k€ Z* (3.16)
G* =G (5,6%)= UL, gk(5,6") (3-17)
k_ 1 kel _ 1 1 _r

" 2(1+cos6%) [2(1+cos€k)] X [2(1+cos€k‘1)] XX [2(1+c0591)]L (3.18)

Figure 3.8 shows the construction processes of a generalized Koch-like snowflake of the
first four iterations, where the indentation angles are different for different iterations and are set as
01=30°, 62=45°, B3=60°, 0*=75°, respectively. The constructed snowflake is not a strictly self-

similar or a strictly fractal geometry object according to the definition. Thus, more design
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flexibility can be realized by IGM without excessive increase of too much algorithm complexity

and computational cost.
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04=75°

Figure 3.8 Construction processes of a generalized Koch-like snowflake of the first four

iterations with variant indentation angles as: 81=30°, 82=45°, 93=60°, §4=75°.

If the indentation angles have a periodicity feature, for example, 64K*1 =30°,
OH+2 =450 @k+3=6(0°, 9***+4+=75° for V k € N, then, according to the property above, the
constructed geometry object will converge to an invariant set. It is also noteworthy that the
sequence for the parameter values with respect to iteration numbers will significantly affect the
final shape of the geometry. In Figure 3.9, two snowflakes from the first two iterations are
constructed with 81=30°, 82=75° (left) and 81=75°, 82=30° (right). It is obvious that they have
different shapes simply because the sequence of their variable parameter values is different.
However, according to the segment length in equation (3.18), the two models have the same

segment length.
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61=30°, 6>=75° 61=75°, 62=30°

Figure 3.9 Two different shapes of generalized Koch-like snowflakes of the first two iterations
with indentation angles as: 81=30°, §2=75° (left) and 81=75°, §2=30° (right).
3.3.4 Processes for the construction of a CAD fractal model
In this subsection, the construction processes of a CAD fractal model is introduced. First,
the CAD fractal modeling process is described in detail, including the procedure flow and the
information flow. Then, a partial class relation diagram in UML format is shown to represent each

component and their association relationships for the CAD fractal modeling framework.

Figure 3.10 shows the procedure flow and the information flow for the construction process
of a CAD fractal model. The procedure flow shows the sequence of steps, and the information
flow represents data transformation, dependency, and associative relationships among different
components. In the customized user interface (UI), the user needs to first select a fractal type. Next,
based on the fractal type selected, relevant available fractal initiators appear in the Ul and the user
needs to select a fractal initiator to initialize the CAD fractal model. Then, the design variables are
demonstrated in a sample graph and the user needs to input their values. After that, the maximum
iteration number N is calculated using either equation (3.3) or (3.4) based on the input

parameters. The iterative generation method is applied to the initialized model in a loop of Nyax
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times and a new model is constructed and stored in each iteration cycle. When the model
construction process is completed, a built-in validator for checking self-intersection and self-
overlapping is enabled. If self-intersection or self-overlapping exists in the model, the user will
receive a warning and redesign procedures need to be performed by either changing a fractal
initiator or modifying relevant values of the design parameters. The CAD fractal model will be
reconstructed and checked again by the validator. Finally, CAD postprocessing is performed

according to the users’ needs, such as filleting, chamfering, and extrusion.

Figure 3.11 shows the UML diagram which represents the partial relations defined in the
CAD fractal feature. Four types of associations, namely aggregation, composition, navigation, and
dependency exist in the fractal CAD modeling framework. Each ‘CAD fractal feature’ has one
‘Fractal initiator’ as a one-to-one composition, but possibly a few ‘Dynamic parametric generators’
depending on the objective geometry elements. For each iteration, there is a current fractal
generator, which is constructed dynamically and parametrically. The maximum number of
iterations is an important attribute for a ‘CAD fractal feature’, which has a direct effect on the
complexity level of the constructed CAD fractal model and the number of the composed ‘Dynamic
parametric generators’. The maximum number of iterations can either be user-defined or calculated
by a specific rule depending on attributes of a related ‘CAM manufacturing feature’ such as the
machine resolution according to the parameter list input by the user. Each ‘CAD fractal feature’
has one parameter list which can be directly created/edited by the user and related design
parameters may have default values and warning of exception value errors for the robustness of
the CAD fractal feature. A ‘CAD fractal feature’ may have a few ‘Fractal model validators’ for the

validation of self-intersection and self-overlapping in different regions.
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Notation:

-—— Select a fractal type
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Figure 3.10 Procedure and information flow for the construction of a CAD fractal model.
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+ ValidateModel()

Figure 3.11 UML diagram of partial relations defined in the CAD fractal feature.

3.4 Case study

In this subsection, an extruded Koch Snowflake CAD model with parametric geometric

(1) Automatic construction of an extruded Koch Snowflake CAD model with extracted

My main contributions in this case include:

variable design parameters.
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variants has been constructed in Siemens NX for the demonstration of my proposed feature-based
variable fractal geometry modeling method. In my case study, a plug-in named “Koch Snowflake”
is developed in the NX 12 system using NX Open API (see Figure 3.12). Feature-based modeling
is used as an object-oriented approach to construct the snowflake model and the proposed iterative

generation method (IGM) is applied as a built-in method for the CAD snowflake fractal feature.



(2) Application of the proposed IGM to construct dynamic fractal generators and the

parametric CAD Koch-like Snowflake feature.

(3) Multilevel representation of the Koch Snowflake CAD model with different

geometric complexities.

(4) Rich information and available postprocessing operations for the constructed CAD
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Figl-l-re 3.12 “Koch Snowflake” plug-in and its user interface in NX 12.
3.4.1 Automatic construction of a parametric extruded Koch Snowflake CAD model
In this case, three parameters are extracted to act as variable design parameters, which are
primitive segment length L, machining resolution /, and angle 8. The primitive segment length L
represents the length of the initial Koch line segment, the machining resolution d represents the
minimum precision length for the available manufacturing machine to make the fractal prototype,

and angle 6 represents the indentation angle of the Koch generator (see Figure 3.5). Figure 3.13
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shows the customized UI of this model creator, where a graphical example is on the top for an
illustration of these three design parameters. The end user will then input the values of these
parameters. An option for whether to extrude the snowflake sketch to generate a 3D extruded part

model is provided and the user can extrude the sketch to the desired length.

£ Create KOCH SNOWFLAKE D X
Graphical Example A
£\
/\
\ A
) Angle (8) /
/\ / \ /\
f N__f LI
N ' /
‘\ l— Machining Resolution (d) /
/
/ Primitive Segment Length (L) "\
7 i3
User Parameter Setting A
Primitive Segment Length(L) 0 mm v
Machining Resolution(d) 0 mm v
Angle(8) 0 s -

[] Generate 3D Part

Extrusion Length 0 mm v

oK Cancel

Figure 3.13 Customized UI for automatically constructing a variable Koch Snowflake CAD

model.

Based on the input values of L, d, and 8, the maximum number of iterations is calculated
in the background according to equation (3.3). To be more specific, the Nuax, in this case, can be

calculated by:
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L
log[2(1 + cosH)] '

Npax = floor

Then, the IGM is applied to construct the model iteratively and the general process is
described in Figure 3.10. A loop of Ny iteration cycles for the model generation is executed. In
each iteration cycle, a Koch generator for the current iteration is constructed according to the input
angle 6 and is then applied to each line segment of the snowflake model constructed in the
previous iteration cycle to construct a new snowflake model for the current iteration. It can be seen

that in each iteration cycle, mappings are built for each parent line segment to generate 4 connected

children line segments with a contraction factor of ————.
2(14cos0)

Finally, relevant validators are enabled to check whether the sketch curve is closed and
whether the constructed model has self-intersection or self-overlapping issues. A warning may
appear if the above issues happen, which will remind the user to adjust the input parameters for
the redesign process. It is noteworthy that the values of these design parameters in the customized
Ul are rollback editable and a new model will be constructed and overwrite the previous one if any

of the values are changed.

Figure 3.14 shows three extruded Koch Snowflake CAD models. The primitive segment
length L is set as 150 mm, the machining resolution d is set as 1 mm, and the extrusion length is
set as 100 mm for extrusion. Only the parameter angle 8 is different among three models, which
are 30°, 60°, and 75° respectively. Apart from the difference in the indentation angle 6, the three
constructed models also have different geometric complexities because the values of their
maximum number of iterations Nu.. are calculated to be 3, 4, and 5 according to the equation

(3.19).
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Figure 3.14 Extruded Koch Snowflake CAD models with L=150 mm, d=1 mm and different
indentation angles 8 as 30°, 60° and 75°.

It can be seen that if one design parameter has been changed, many associated/derived
parameters or properties of the geometry will change accordingly, which will significantly affect
the shape of the final constructed model. Thus, the various combinations of the extracted design
parameters will guarantee that my snowflake constructor has sufficient design flexibility. For all
fractal CAD models in Figure 3.14, the total time for background calculation and final model
construction for each model is within 20 seconds for most contemporary desktop computers. These

models contain 192, 768, and 3072 edges respectively on their end faces. The pseudo-code of the
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snowflake creator is in the Appendix. It is also noteworthy that the methods of design parameters
extraction are not unique and there are many other parameters and combinations for modeling a

variable fractal-like CAD model.

3.4.2 Applications of IGM to construct dynamic fractal generators and CAD snowflake

feature

In the present case, IGM is applied as a built-in method for the CAD snowflake feature. In
this subsection, the construction method for this CAD snowflake model is introduced. For an
understandable demonstration, three defined classes in my plug-in are introduced, including

Directed line segment, Dynamic parametric generator, and Snowflake initiator (see Figure 3.15).

The Directed line segment class (see Figure 3.15 top) is defined to construct and represent
the constitutive geometric element for the sketch of the CAD snowflake model. The snowflake
sketch is built on the XY plane so the Directed line segment and its start and end points StartPoint
and EndPoint are 2D elements with coordinates (x,y). Here, ¥ is denoted as the ith directed line
segment for the Ath iteration. Apart from the start point and the end point, this class also has
attributes of length, orientation angle, and next connected line. The length attribute, Length,
represents the length of the directed line segment, which is the Euclidean distance between its start
point and end point. The orientation angle, Angle, means the orientation angle of this directed line
segment with respect to the XY plane of the global coordinate system and the range is regularized
between [-m, r]. The Next connected line, *next, is a pointer for class Directed line segment, which
points to the address of the next connected instance of Directed line segment. In the kth iteration,

the ith line segment and the i+/th line segment are connected in sequential order, thus, [¥—>

next = l¥,,. In this way, a sequenced list of the Directed line segment can be built to represent a
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snowflake sketch model and relevant traversal algorithms can be designed. Also, this class has
three built-in methods, which are CreateLine(), GetLineProperties(), and EditLineAttributes().
CreateLine() constructs an instance of a Directed line segment with the input of the point elements
StartPoint and EndPoint. GetLineProperties() calculates the derived attributes Length and Angle.
EditLineAttributes() is a method for editing the attributes of a constructed Directed line segment
instance, such as changing the position of its StartPoint and EndPoint and the connectivity

relationships of its next instance.

The class Dynamic parametric generator (see Figure 3.15 middle) is defined to generate
the CAD snowflake model iteratively, which creates a dynamic mapping from a parent Directed
line segment instance as its objective line segment from the model of the last iteration to four
connected Directed line segment children instances in the current iteration. From Figure 3.15 top

to middle, the directed line segment ¥ is mapped into {IKFL, [K+t1 [k+1 [k+1

} during the current
k+Ith iteration by the generator, which means that the ith line segment for the model in the ith
iteration is now used to generate the 4i-3th, 4i-2th, 4i-/th, 4ith line segment for the model of current
k+1th iteration. The Dynamic parametric generator has a Current indentation angle as %1,
whose value can be defined/edited by end user to ensure design flexibility and avoid self-

intersection/sell-overlapping issues of the model if redesign processes are necessary. The relevant

associative relationships are built by the generator, which are as follows:

For line segment [57%, the StartPoint and the Angle attributes are the same as ¥, and its

Length has been contracted by the scaling factor of according to the equation (3.18).

1
2(1+cos@k+1)

Also, the next connected line segment is [X;"%,.
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Figure 3.15 Three defined classes: Directed line segment (top), Dynamic parametric generator

(middle), Snowflake initiator (bottom).
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From the above associativities, the following equations can be derived:

k3L —>StartPoint=1¥ —>StartPoint
U5 —>Angle=lf—>Angle

1
2(1+cosfk+1)

(3.20)

lk+1

ai3—>Length= X lfc —>Length

k3L —>next=15t,

Then, an incremental method is applied to construct line segment X%, 15+% and 151,

For their length and connectivity, the associative relationships remain the same, which are:

k31 —>StartPoint=I5} | —>EndPoint

k3l —>Length=I5t1 —>Length (3.21)

k+1 k41
LT —>next =g 45

where 7 takes the value of 4, 3, and 2 in turn to construct line segment XL 151 and 1% in

order.

For the orientation angle of these children line segments, the incremental relationships depend on

9k+1

the Current indentation angle of the generator, which can be expressed as:

k3L —>Angle=rectif y(155 —>Angle+0**1)
k31 —>Angle=rectify(15tL, —>Angle—2%x 9%+1) (3.22)
k3L —>Angle=rectify(I55 —>Angle+0*+1)

where the function rectify () operates on an angle and will regularize its range to [-7, 7]

Based on the above associative relationships, the generator will be applied to each line segment of

the previous model and the model of the current iteration will be constructed.

The class Snowflake initiator (see Figure 3.15 bottom) is defined to initialize an original

snowflake sketch, which is an equilateral triangle in this case. Directed Line Segment is used as its
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component element and pointers are used to construct and represent their connectivity. It is
noteworthy that during the initialization process of this case, the first element and the last element
need to be identified. Here, the initial address of the initialized sketch is named model®, where 0
means it is an initialized model before iteration, which is also the identifier of the first element.
For the last element of the initialized sketch, the pointer to the next is set as NULL. Then, for the
model constructed in iteration %, the initial element/ initial address of the model is identified as
model®, and the last element is identified with the pointer to the next as NULL. In this way,

traversal algorithms can be designed for desired operations of the model.

© Koch Snow Flake O X

oK Apply Cancel

Figure 3.16 An extruded CAD snowflake model with different indentation angles for different
iterations: 01=45°, 82=60°, 03=75°, 8*=60°.

Figure 3.16 shows a model of 4 iteration steps created with the indentation angles of
01=45°, 62=60°, B3=75°, *=60°, respectively, for each iteration step. It is noteworthy that the
IGM allows the parameters for generators of each iteration step to take different values and
efficient interactions between end users and the CAD system is available by setting/editing

parameters for fractal generators. When the user inputs the values of the parameters, the built-in
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IGM will select the type of geometric entities and calculate the positions in the background with
the relevant construction algorithm, and then the CAD fractal model will be constructed
automatically. The users do not need to have advanced knowledge of how the fractal-like CAD

model is constructed.

A detailed comparison of performance improvement with my proposed method is made for
the model construction of Figure 3.16. In Figure 3.16, the fractal-like CAD model contains 768
edges in each of its end faces. A desktop computer with a common configuration is used for the
model construction, which has the 10th Gen Intel® Core™ 15-10400 processor, 16 GB DDR4
RAM of 2666 MHz, Windows 10 operating system, and CAD software of Siemens NX 12. Six
volunteer CAD designers are invited to model this fractal-like CAD model with the same desktop
computer. All of them have at least a BSc degree in Mechanical Engineering and over three years
of experience in using NX in product design. The invited CAD designers are divided into two
groups, three people each, with/without advanced experience in fractal modeling in CAD. The
invited designers are allowed to use all available model construction methods in CAD. The average
time used for CAD designers with/without fractal modeling experience is 1560 seconds and 2880
seconds, respectively. With my proposed method, the automatic construction of the same model
takes only 6 seconds on average. This method is found to be of significant improvement in the
modeling efficiency of fractal-like CAD models. Therefore, the integration of computational
geometry algorithms with my proposed IGM in the CAD fractal feature plug-in is found to be of
sufficient efficiency for design automation. My new method may have even greater potential for
performance improvement for modeling more complex fractal-like CAD models, however, I was
not able to find CAD designers who are willing to take a long time to model more complex CAD

models as volunteers for comparison.
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3.4.3 Multilevel representation of a CAD fractal model with different geometric complexities

As described in subsection 3.3, the CAD fractal model is constructed iteratively. In each
iteration, a model instance is constructed and stored in the database. The user can then select one
stored model with respect to a certain iteration number to display, edit and postprocess. It is
common to use CAD models with different levels of details and geometric complexities among
different product development stages. For example, in the numerical simulation stage, the CAD
model should not be too complex or contain too many unnecessary details, a simplified model
might be used or defeaturing processes might be implemented. Thus, the multilevel representation

of a CAD fractal model makes it robust and widely used.

Figure 3.17 shows two sketches of a traditional Koch snowflake model with respect to
different iteration numbers and geometric complexities. The primitive line segment is set to 100
mm, and the maximum iteration number, Nqx 1s set to 6. The indentation angle 8 remains constant
and is set to 60°. Then, the snowflake sketches for iteration step N= 1-6 are constructed and stored.
The end user can select the iteration level of the sketch to display, edit, and post-process from the
customized Ul and then the current sketch properties, such as current segment length will be shown.
In Figure 3.17, the sketches of the snowflake for the 3™ iteration and 5™ iteration are selected to
be shown as an illustration, which contain 192 and 3072 line segments, respectively. It is obvious
that the number of iterations will significantly influence the geometry complexity of the CAD
fractal model, so the multilevel representation of the model can save significant time and

computational cost when the detailed design for the model is not necessarily needed.
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Figure 3.17 Multilevel representation of a Koch snowflake sketch: Primitive Segment

Length=100 mm, Nmax=6. Sketches of N=3 (top) and N=5 (bottom) are displayed.
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3.4.4 Operability of the constructed CAD fractal model

In this research, the fractal model is constructed in a CAD system. The constructed model
is a CAD part model, which has rich information and is eligible for most CAD operations. The

part model can also be added in an assembly environment and assembly features can be created.

Figure 3.18 shows a Koch Snowflake CAD part model (left) and its assembly (right) with
other components. For the part model (Figure 3.18 left), a through hole is made and the edges of
the end faces are chamfered, which demonstrates the proposed CAD fractal feature can interact
with other CAD features. Reference geometries, such as reference points and reference planes can
be created based on the model, and Boolean operations are available. Non-geometric attributes can
also be added/deleted/edited, such as color and material. The part model can also be added to the
assembly environment and assembly features with other parts can be added/deleted/edited. In the
assembly model (Figure 3.18 right), coaxial and symmetric assembly features are created between
the snowflake part and the shaft part, which demonstrates the usability of my CAD fractal model
in an assembly environment. The CAD fractal model can also be exported and reused in other

environments, such as CAM and CAE.

Figure 3.18 Operability of the constructed snowflake model: Part (left), Assembly (Right).
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3.4.5 Potential application of this case study

This subsection gives an example of the potential application value of my case study in
research and industry. A Koch-based fractal metasurface antenna was proposed and studied by Liu

et. al. [131]. A brief overview of the application research is as below.

Wideband antennas have become more and more popular recently in lots of fields such as
wireless communication, radar systems, and satellite navigation [131]. In advanced antenna design,
Koch curve has been used to develop wideband, multiband, or miniaturized antennas [132—135].
Liu et. al. [131] proposed and successfully implemented a novel wideband slot antenna with Koch
fractal metasurface structure as a boundary. The iteration factor (IF), iteration angle (IA), and
iteration order (IO) were used as design variables for testing the performance of the fractal
antennas. These variables were scaling factor &, indentation angle 6, and level of iteration N in this case

study.

_H

Ground - Substrate

Figure 3.19 Geometry of the proposed fractal metasurface antenna by [131]
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Antenna 3 _
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Figure 3.20 Photographs of the fabricated fractal metasurface antennas [131]
Table 3.1 Performance comparisons between the proposed fractal metasurface antennas with

different values of parameters [131]

Antenna 10 IF IA of three Koch edges Frequency range (GHz) BW (GHz)
Reference 1 0 o, 0%, 0 1.78-2.46 0.68
Antenna 1 1 045 607, 607, 607 1.63-4.78 315
Antenna 2 2 045 607, 607, 607 1.48-4.81 3.33
Antenna 3 3 045 607, 60°, 60° 1.01-3.98 297
Antenna 4 2 0.4 607, 607, 607 1.36-4.49 313
Antenna 5 2 05 60°, 60°, 60° 1.22-2.19, 2.81-5.01 3.17
Antenna 6 3 0.45 557, 55,55 0.98-4.02 304
Antenna 7 3 045 65°, 657, 65° 1.23-4.26 3.03
Final Antenna 2 045 60°, 55°, 55° 1.45-4.86 341

Figure 3.19 shows the geometry of the proposed fractal metasurface antenna. The
indentation angle, scaling factor, and level of iteration were design variables. Figure 3.20 shows
the photographs of the fabricated antennas and Table 3.1 shows their performance, frequency range

and bandwidth (BW), with respect to different combination values of these parameters. It can be
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seen that different values of parameters will lead to different shapes of the metasurface antennas,

and the performance will then vary from the shapes.

The case study of my research has good potential to be applied in advanced antenna design
because my proposed method can realize automatic model construction for Koch-like fractal
objects with variable design parameters. Additionally, the constructed parametric CAD models in
my proposed method can be directly used in CAM for tool-path generation of the metasurfaces,
which can be used as antennas with the required performance. My method can significantly reduce
the product development time for advanced antenna design. A mapping between design parameters,

product shapes, and functional behaviors can be built.

3.5 Discussion

In this research, a method for automatically modeling parametric fractal or fractal-like
geometry objects in the CAD system is proposed. Previously, fractal objects were mainly modeled
in computer graphics for visual representation, the parameters of the fractal model were fixed, and
fractal generators were statically constructed and non-editable. In traditional CAD systems, the
CAD models were not constructed iteratively and the fractal or fractal-like geometric objects were
built manually in most cases. Now, with my proposed method, fractal or fractal-like geometric
objects can be constructed automatically in the CAD system. Design parameters can now be
extracted from the fractal model and fractal generators are constructed dynamically for each
iteration cycle. As a result, the design parameters of the fractal or fractal-like objects can be
variable and editable. The CAD fractal model is constructed iteratively and can be stored,
represented, and edited in multilevel geometric complexities. The model is built as a feature-based
CAD part model, which has rich information and is eligible for most CAD operations. The model

can also be directly imported to other computer-aided environments for further use, such as in
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CAM for tool-path generation. The proposed method has been proven in the case study for its
sufficient efficiency and design flexibility, where an extruded Snowflake CAD model with variable

design parameters has been built automatically.

The time complexity of my proposed method in constructing a variable Koch snowflake is
O(4"), and this complexity belongs to an exponential algorithm O(2").Unfortunately, it is
inevitable to use an exponential algorithm for modeling any fractal objects because of its intrinsic
fractal characteristics. Compared with building a computer graphics model of a fractal object for
visual representation, my proposed method has the same time complexity for the built-in algorithm,
but the constructed models are parametric CAD models, which can be easily modified and used in
many different stages of product development process. Although the exponential algorithms
usually have a very long running time when the level of iteration N is high, it can stay at an
acceptable running time if the level of iteration N is under control. The practical machining
resolution in manufacturing can control the maximum level of iteration Nmax, and the actual level
of iteration N will not be more than 6 in most cases in the CAD model construction processes.
With the designed UI, the machining resolution has been considered as one of the input parameters,
and this guaranteed my proposed method in actual CAD model construction processes would not
reach a very high level of iteration. The CAD model construction time for a fractal object in my
proposed method has been proven to be acceptable in most cases when machining resolution has

been considered (usually within 2 minutes).
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3.6 Conclusion

3.6.1 Summary and contribution of this research

This research developed an automatic model construction method that employs an
algorithmic approach to iteratively construct fractal-like models in CAD systems. With my
proposed method, the design processes of fractal objects in CAD systems can now be
algorithmically and iteratively. As a result, the efficiency and convenience of constructing and
modifying fractal-like models in CAD systems have been revolutionarily changed. The feature-
based fractal models in this research have better compatibility, reusability, and editability for
product development. Such models are preferred in industry over computer graphics models
because they can be directly used in CAM tool-path generation. Then, new product development
time with self-similarity geometric features will be reduced dramatically. A new type of feature,
named CAD fractal feature, was proposed to bridge the gap between CAD and fractal geometry.
The feature-based modeling method was used, and the prototype can parametrically and
automatically construct a fractal or fractal-like object in a CAD system. A key built-in method of
the CAD fractal feature, the iterative generation method (IGM) was proposed as an extension of
Iterated Function System (IFS) to construct CAD fractal models with extracted variable design
parameters with a developed fractal generator, where different parameter values for different
iteration cycles can be edited by end users. The algorithms for constructing this complex
computational geometry have been integrated into a CAD system with my proposed IGM, so the
designers do not need advanced knowledge of fractal geometry to efficiently and conveniently
build a fractal CAD model or a complex CAD model with self-similarity features. The proposed
approach was proved in the case study, which was found to be of sufficient efficiency and design

flexibility for design automation and automatic CAD model construction of complex geometry
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objects with associated inner geometric relationships. For example, an extruded Koch Snowflake
CAD model with parametric geometric variants was built in Siemens NX 12 for demonstration.
The novelty of this work is the demonstration of an algorithmic approach employed to iteratively
construct geometrical entities within a 3D modeling software environment and the built-in
dynamic feature generation that is self-contained and modularized, such that a reusable parametric
generator for complex geometry types can be embedded into a convenient toolkit. This work is an
extension of the generic feature-based modeling [106,136] method. The scientific value of this
research lies in the practical availability of fractal definitions in new product development, where
CAM tool-path generation can be conveniently carried out. From the perspective of industrial
management and applications, the dramatic improvement in efficiency will lead to the broader use

of such fractal geometry designs.

3.6.2 Limitations and future work

It should be noted that the proposed method currently requires the fractal-like geometry
objects to be self-connected and self-intersection/self-overlapping is not allowed to appear for any
iteration. As a result, my method may not be suitable for constructing some types of fractal objects
that may be disconnected or have self-intersection/self-overlapping geometric features when the
iteration level increases. To automatically construct CAD fractal models in a broader scope with
less geometric requirements, intelligent algorithms to split disconnected fractal objects and
properly merge/unite self-intersect/self-overlapped fractal models in CAD systems are expected to

be developed and integrated with my proposed method in future research.
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Chapter 4 A Feature-based Automatic Model Construction Method
in CAD for Material Distribution Structures
4.1 Chapter overview

The material distribution structure has been widely applied in research and industry, where
the entire domain of the macrostructure has been equally or non-equally divided into several
subdomains and each subdomain is regarded as a design space for local material distribution in the
microstructure. In structural design and optimization, material distribution structures are used to
represent material allocation in space, and the final optimization result is an optimum arrangement
of materials within a structural system to achieve the desired performance while minimizing
weight. The optimized material distribution structures usually have complex geometry
characteristics, and it is repetitive, tedious, and time-consuming to manually construct parametric

CAD models after getting the structural optimization result.

The research of this chapter aims to improve the modeling efficiency for material
distribution structures in CAD systems. An automatic model construction method was proposed,
and feature-based modeling method was adopted. In the proposed method, there were three sub-
steps to realize the automatic CAD model construction. In the case study, a parametric CAD model
of a topology-optimized cantilever was automatically constructed in CAD system with my
proposed method. My method was proven to be of sufficient efficiency for CAD model
construction, and the constructed model is editable for each elemental component, which has

sufficient flexibility for further model modifications.

The rest of this chapter is organized as below. Subsection 4.2 gives an introduction to this

research, where the background, gaps, and motivations of this research are introduced. The related
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literature to this research has been reviewed in Chapter 2, including material distribution structures,
contemporary CAD systems, feature-based modeling method, and topology optimization in
subsections 2.2, 2.3, 2.4, and 2.5. Subsection 4.3 gives a conceptual framework of the proposed
method. In this subsection, the proposed method is represented in a flowchart, and three constituent
sub-steps are explained in detail. A case study of automatic model construction of a topology-
optimized cantilever beam in a widely used CAD system, Siemens NX 12, is demonstrated in

subsection 4.4. Subsection 4.5 concludes the research of this chapter.

4.2 Introduction

The material distribution structure has been widely applied in structural design and
optimization in research and industry. Over the past few decades, the data of material distribution
structures were stored in a 2D or 3D matrix as the physical density field and such data can be
plotted in software with matrix visualization functionality such as Matlab [69]. The design domain
was discretized into small squares or cubes as basic elements and a marching cube algorithm [73]
was designed for the plot. In this way, the visualization of material distribution structure models
was realized. Then, an STL writer was applied to the matrix, where the matrix data was post-
processed and the model was converted to STL format, which is friendly to manufacturing such as
3D printing [137]. However, for structural behavior analysis such as finite element analysis and
thermal expansion simulation, the data and the model are not sufficient in numerical simulation
environments. First, a good CAD geometry file is preferable in a simulation system, where a model
with solid geometry will be much more compatible to be imported, simulated, and exported than
the tessellation model. Second, the structure geometry might be further modified based on the
simulation results. Although some software provides users with auxiliary model conversion

functions which may help to convert an STL file to a CAD geometry model, the converted model
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is not feature-based, which makes it not well-parameterized for model modification and not
compatible with some CAD post-processing operations such as blending and chamfering.
Therefore, a feature-based parametric CAD model of a material distribution structure is preferred
in the numerical simulation environment for structure behavior analysis and further modifications
of the model geometry. To the authors’ best knowledge, such parametric CAD models are still

constructed manually in most cases, which is tedious and time-consuming.

Considering manufacturability constraints [138] and periodic boundary conditions [139],
the geometries of microstructure design are usually parameterized and may have repetitive features
in global spatial distribution for the macrostructure. Therefore, it might be possible to take
advantage of the associative relationships of spatial allocation positions among elemental
component microstructures to realize automatic model construction for material distribution

structures in CAD systems.

In the research of this chapter, an automatic model construction method for a feature-based
parametric CAD model of the material distribution structure was proposed. The proposed method
aims to improve the CAD modeling efficiency of a complex structure geometry with parameterized
and spatial repetitive features of its microstructure geometry elements. The constructed CAD
model is parametric, and every component microstructure is editable for its design parameters. The
model is also well-compatible with a numerical simulation environment and further geometry

modifications are easy to be implemented.

4.3 Conceptual framework
This subsection introduces the conceptual framework of the proposed automatic modeling

method for material distribution structures in CAD systems. First, the overall proposed modeling
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processes for material distribution structures are presented as a flowchart. Then, three constitutive

sub-steps are introduced in detail.

4.3.1 Overall modeling processes of a material distribution structure in CAD systems

The proposed model construction method for material distribution structures can be divided

into 3 sub-steps, which are shown below.

(1) Model data file creation.

(2) Microstructure element categorization, parameterization, encapsulation, and integration.

(3) Automatic CAD model construction.

Figure 4.1 shows the flowchart of the proposed modeling processes. In my proposed
method, the modeling processes can be realized in the following steps. First, the data of the
material distribution structure is mapped in a new format and a data file is created to store the
information. This data file should be directly read by CAD systems and guide the automatic model
construction processes. Second, the microstructure geometry elements are categorized into several
subtypes according to their geometric characteristics and are properly parameterized, encapsulated,
and integrated. A microstructure construction function is defined and integrated into a CAD system
to automatically construct a microstructure model with required input parameters. Finally, a plug-
in of a CAD system is developed to read the data file and activate the integrated microstructure
construction function to automatically construct the CAD model. Figure 4.1 shows the relationship
among the 3 constitutive sub-steps. The output of sub-step 1 is a data file, which is used as the
input data for the developed CAD plug-in sub-step 3. The result from sub-step 2 is a user-defined
microstructure construction function, which is activated in the developed CAD plug-in in sub-step

3 to automatically construct each microstructure element for the global macrostructure.
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Figure 4.1 Flow chart of the proposed modeling processes of a material distribution structure
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4.3.2 Model data representation and data file creation (sub-step 1)

As mentioned in subsection 2.2, the traditional data representation of a material distribution
structure was a 2D or 3D matrix. The matrix was a binary matrix with all the elements taking the
value of either 0 or 1. Usually, the value 0 means the local region should be left void without being

filled with material, and value 1 means the local region should be filled with material.

The traditional data representation was simple, and the modeling process was of high
efficiency. However, microstructure elements were not parameterized, and their geometries would
be fixed after being defined. To improve the design flexibility of the constructed model, the
component microstructure elements are classified into many subtypes according to their geometry
feature, and each subtype is parameterized with its unique design variables. In my proposed
method, the material distribution model is mapped by a material distribution list with the
information on spatial distribution, microstructure element subtype, and relevant parameter list of
the related design variables for each of the component microstructure elements. The new data
format requires more storage space because more parameters are included. However, compared

with the size of the model, such an increase in storage resource consumption is negligible.

Here, let us take an example of the model of a material distribution structure named
Sierpinski Carpet (see Figure 2.5). For a better illustration, Figure 4.2 extracts the 1% iteration of
the model and its data representation in the form of a binary matrix. Figure 4.2 (a) is the model of
the structure. The design domain of the structure is equally divided into 9 elements and each
element is a square region. Figure 4.2 (b) is the material distribution matrix of the structure, where
the 0 element in the middle means there’s no material allocated in the central element region for

the structure. In this matrix representation method, a CAD system cannot directly read and use the
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matrix data to guide a model construction process. Moreover, this representation only allows the
structure to be equally divided and each microstructure element is limited to be a solid square with

a specific fixed edge length.
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Figure 4.2 An example of matrix representation for a material distribution structure: (a) The 1%

iteration model of Sierpinski Carpet, (b) The binary matrix representation of the model’s data

In my proposed method, the design domain can be non-equally divided, and the component
microstructure elements are allowed to be rectangles with variable lengths and widths. The spatial
distribution information is extracted from the original matrix data, where the (i, j) element of the
original matrix is regarded as a rectangle element with its centroid position of (i-1,j-1) in the 2D
Cartesian coordinate system. The material distribution list of the 1% iteration model of Sierpinski
Carpet is shown in Table 4.1. A data file is then created and stores such information about the
model. Although the proposed data format might not be as simple as the traditional matrix
representation, it has good potential to include more information and each local microstructure

element can have variable parameters/dimensions.
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Table 4.1 Material distribution list for data representation of the 1% iteration model of Sierpinski

Carpet

Element Centroid Element Length Width
Number Position Type (mm) (mm)

1 (0,0) Rectangle 1 1

2 (1,0) Rectangle 1 1

3 (2,0) Rectangle 1 1

4 (0,1) Rectangle 1 1

5 (1,1) Rectangle Null Null

6 2,1) Rectangle 1 1

7 (0,2) Rectangle 1 1

8 (1,2) Rectangle 1 1

9 (2,2) Rectangle 1 1

4.3.3 Microstructure element categorization, parameterization, encapsulation, and

integration (sub-step 2)

In the structural optimization process, multi-variable hybrid geometric elements might be
used as candidates to obtain the final material distribution structures. The component
microstructure elements are categorized into many subtypes according to their geometry
characteristics and each subtype is parameterized with its unique design variables. For example,
Figure 4.3 shows three subtypes of basic 3D geometry elements, a block, a sphere and a
honeycomb cell, and Table 4.2 shows their design parameters respectively. For each type of
geometry element, an associative parameter list is encapsulated as the input parameter set for a
microstructure model construction, and these design parameters are initialized with default values
if not input by the user to improve the robustness of the model construction algorithm. Finally, the

construction functions of all the subtypes are integrated as a function named
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BuildAMicrostructure() with input data as follows: BuildAMicrostructure(Element Type, Centroid

Position, Sketch Plane, Design Parameter List).

(@) (b) (c)
Figure 4.3 Three subtypes of basic 3D geometry elements: (a) A block, (b) A sphere, and (c) A

honeycomb cell

Table 4.2 Design parameters of three geometry element subtypes

Type Design Parameters
Block Length(L) Width(W)  Hight(H)
Sphere Radius(R)
Honeycomb Incircle Circumcircle Extruded
cell radius(r) radius(R)  Length(L)

4.3.4 Automatic CAD model construction (sub-step 3)

A plug-in is developed in a CAD system, which can read the data file of the material
distribution list. A traverse algorithm is designed for the CAD system to read the material
distribution list line by line. While reading each line of the data file, the BuildAMicrostructure()
function is activated with the inputs as the current line of the data and a parameterized

microstructure CAD model is constructed automatically.

In my proposed method, more information is added and stored which allows the
microstructure elements to have more design parameters. The model constructed is a feature-based

parametric model, which has better compatibility, editability and design flexibility.
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4.4 Case study

In this subsection, the automatic CAD model construction of a topology-optimized 3D
cantilever is realized to validate the proposed method. A plug-in named “Create MD Model” is
developed in the NX 12 system using NX Open API. Feature-based modeling is used as an object-
oriented approach to automatically construct the CAD model of the material distribution structure.
A UI was designed in the developed plug-in which can directly read the data file of the proposed
material distribution list. In this case study, efficient 3D topology optimization proposed by Liu et
al [69] was applied to get the optimized structure, and the optimization output provided the input
data of the material distribution structure to be processed and imported into the CAD system. In
this subsection, the optimization problem is stated, the specific case is introduced, the result of the
final material distribution matrix is plotted, and the automatically constructed CAD model is

shown.

4.4.1 Optimization problem formulation: minimum compliance

The design domain is discretized by eight-noded cubic elements (see Figure 4.4 and Figure
4.5). Each node in the structure has three degrees of freedom (DOFs) corresponding to linear
displacements in x-y-z directions (one element has 24 DOFs). The degrees of freedom are

organized in the nodal displacement vector U.
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Figure 4.4 Global node IDs in a prismatic structure discretized by eight-noded cubic elements

[69]

Figure 4.5 Local node numbers within a cubic element
The objective of the minimum compliance problem is to find the material density
distribution X that minimizes the structure’s deformation under the prescribed support and loading
conditions. The structure’s compliance, which provides a global measure of deformation, is

defined as [69] :

¢(%) = FTU(X) (4.1)
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where F is the vector of nodal forces and U(X) is the vector of nodal displacements. Incorporating

a volume constraint, the minimum compliance optimization problem is

find X=[X1, X, o) Xy woer X ] T
minimize c(® =FTU(®)
subject to K(X)U(X)=F (4.2)

v®) = Xv—-17<0

XEy, y={xeR":0<x<I}

where the physical densities X=X(x) are defined by applying a basic density filter function [140]
to design variables x, n is the number of elements used to discretize the design domain, v=
[V1, V2, ey Vgy one) vn]T is a vector of element volume, and ¥ is the prescribed volume limit of the
design domain. The nodal force vector F is independent of the design variables and the nodal
displacement vector U(X) is the solution of K(X)U(X)=F, where the tensor K is the global stiffness

matrix.

4.4.2 Specific case: minimum compliance problem of a cantilevered beam

In this case study, the design domain is a 60mmx*20mmx4mm block which is fully
constrained in one end, and a unit distributed vertical load is applied downwards on the lower free

edge (see Figure 4.6).

The domain is meshed by Imm size cubes of 60x20x4. The maximum volume fraction is
set to be 0.3 and the filter radius is 1.5 element sizes. The structure is a single material structure

and Solid Isotropic Material with Penalization (SIMP) method [141] is applied in the topology
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optimization processes as the material’s Young’s modulus interpolation. The Optimality Criteria
(OC) [142] is applied as the optimization solver. Figure 4.7 shows the MATLAB plot of the
optimized result of the physical density field. The optimized structure has been tested to be mesh
independent. Figure 4.8 shows the MATLAB plot of the optimized result of the physical density
field for the same domain with refined 0.667mm size cubes of 90x30x6, which is used for mesh
independence test. It can be clearly seen that the optimized structures have very similar geometry

in Figure 4.7 and Figure 4.8 with different sizes of cubic mesh.

Figure 4.6 Topology optimization of a 3D cantilever beam: Initial design domain
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Figure 4.7 Matrix plotted model of the topology optimized beam in Matlab (1mm size cubes of
60x20x%4, reproduced from [69])

Figure 4.8 Matrix plotted model of the topology optimized beam in Matlab for mesh
independence test (0.667mm size cubes of 90x30x6)

4.4.3 Automatic CAD model construction in CAD system: batch modeling mode

In my proposed CAD model construction processes, two modes are realized and optional
for users, which are batch modeling and sequential modeling. The batch modeling mode is suitable
for CAD model construction of macrostructures which have the same type and same parameters

for all microstructure elements. This mode will set the parameter list of the microstructure elements

99



as default and then only the element index and spatial distribution information is read and passed
to the integrated construction function. The batch modeling mode is very efficient but has less
flexibility for the initial model construction of the optimized material distribution structures. The

sequential modeling mode will be introduced in detail in Chapter 5.

In this case study, all the elements are 1mm size cubes and the batch modeling mode is
activated to construct the CAD model automatically. Figure 4.9 is the automatically constructed

CAD model of the cantilever beam with my proposed method.
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Figure 4.9 Automatic CAD model construction of the optimized cantilever beam

In Figure 4.9, every geometry element of the CAD model is set as a block feature of
ImmxImmxI1mm. The model constructed is a feature-based parametric CAD model with 1434
block features and the parameters (length, width, and height) of each block element can be edited
by the user for post-processing. The CAD model is automatically constructed within 45 seconds

which demonstrates my proposed method is of sufficient modeling efficiency. Compared with the
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Matlab plotted optimized structure, the constructed CAD model has the same geometry which

validates my method is applicable.

4.5 Conclusion

4.5.1 Summary and contribution of this research

In this research, an automatic CAD model construction method for material distribution
structures is proposed as conceptual framework, developed in a CAD system, and validated by a
case study. A new data format is applied for the representation of material distribution structures.
Microstructure elements are categorized, parameterized, encapsulated, and integrated in a CAD
local microstructure construction function. A plug-in is developed in a CAD system to read the
proposed data file and activate the integrated microstructure construction function to realize
automatic CAD model construction for the entire material distribution structure. The CAD model
constructed is a feature-based parametric model which is compatible with a numerical simulation
environment and the model is easy to be further modified. In my case study, the proposed method

is validated to be of sufficient design flexibility and modeling efficiency.

4.5.2 Limitations and future work

The research of this chapter focuses on material distribution structures composed of simple
geometric microstructure elements. The proposed modeling method has the potential to handle
more complicated cases for microstructures with more design parameters. In the future, a library
of commonly used parametric geometry elements will be integrated into the microstructure
construction function and parameterized multi-variable lattice structure [143] CAD models will be

automatically constructed for further validation and application of my proposed method.
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Chapter 5 Feature-based Modeling for Realizing Parametric Design
Automation of Material Distribution Structures in CAD Systems
5.1 Chapter overview

The research of this chapter is the subsequent research followed by Chapter 4. This research
aims to realize parametric design automation of material distribution structures in CAD systems.
To be more specific, the output data of material distribution optimization results are expected to
be directly used to realize integration between structural optimization platforms and CAD systems,
the CAD model construction processes for material distribution structures are expected to be
automatic to drastically improve the modeling efficiency, and the constructed models are expected
to be 3D solid models with sufficient editable design parameters for flexible model modifications.
In this chapter of research, feature-based modeling method is adopted to realize the expected
parametric design automation. A new type of feature, named material distribution feature is
proposed and applied to construct the parametric CAD model automatically. In addition, automatic
CAD model construction of more complicated material distribution structures, such as multi-scale
topology optimized structures is studied in this chapter. The parametric design automation of multi-

scale structures has been realized in CAD systems.

The rest of the chapter is organized as follows. Subsection 5.2 gives an introduction to this
research, where the background, gaps, and motivations of this research are introduced. The related
literature to this research has been reviewed in Chapter 2, including material distribution structures,
contemporary CAD systems, feature-based modeling method, and topology optimization in
subsections 2.2, 2.3, 2.4, and 2.5. Subsection 5.3 gives a conceptual framework of the proposed
method. In this subsection, the proposed material distribution feature is introduced. A case study
of automatic model construction of a multiscale topology-optimized Michell structure with lattices

102



of multi-variables is presented in subsection 5.4. The CAD model is constructed in a widely used
CAD system, Siemens NX 12. My method is validated to be of sufficient editability for further
modifications. Subsection 5.5 concludes the research of this chapter, where the research is

summarized, and future work is pointed out.

5.2 Introduction

The fast development of advanced manufacturing techniques has made it possible to
manufacture complex structures to realize lightweight and high-performance designs. As a result,
a wide exploration of the design space for functional material/structure has been enabled in
research and engineering applications. Structural optimization is not limited to single-scale
problems. Concurrent multi-scale optimization methods for optimizing both macrostructures and
elemental microstructures have been developed. However, the optimized multi-scale structures
have complex geometry characteristics, and there are many challenges for constructing their CAD

models at an acceptable efficiency.

The research of this chapter is the subsequent research followed by Chapter 4. In this
research, I aim to study parametric design automation for more complicated material distribution
structures. In addition, the conceptual framework of CAD model construction for material
distribution structures is extended to a more generic way with a new type of feature defined. The
proposed method is applied to construct a CAD model of a non-uniform lattice structure
automatically in this case study. Sequential modeling mode is used to construct microstructure
elements with different values of design parameters. The modeling efficiency has slowed down
compared with the batch modeling mode applied in Chapter 4, but more design parameters can be
included, and the parametric design automation is validated to be much more flexible for

complicated cases in the sequential modeling mode.
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5.3 Conceptual framework

5.3.1 Material distribution structures with multi-scale geometric characteristics

With the development of advanced manufacturing technologies, material distribution
structures have the potential to have multi-scale geometric characteristics. Take lattice structures,
for example, the lattice structures can be designed with hybrid lattice types [58], and each type of
lattice microstructure can have non-uniform and non-fixed geometries with multi-variable

parameters [59,60].

Figure 5.1 shows an example of a multi-variable lattice structure. In the global
macrostructure, some regions have infills allocated with local microstructure lattices, while other
regions are left void without any materials arranged. The lattice may have many types and for each
type of the lattice, it can be parameterized with unique parameters. For each local microstructure,
its geometric feature is specific and unique which is mapped with a set of values of its design
parameters. For example, in Figure 5.1, the candidate lattice has 4 design parameters a, f3, v, and
0. Each parameter represents the ratio between the illustrated width of the lattice and the side length
of the squared microstructure element. For the lattices located in different regions, it might have
different values for the parameters, which will lead to different geometric shapes. In addition, each

lattice might have its unique non-geometry features, such as material density and color.
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Figure 5.1 Multi-variable lattice structure [138]

5.3.2 Material distribution feature

In order to represent complex multi-scale material distribution structures, the material

distribution feature is proposed and applied. The proposed material distribution feature should

have the following key characteristics:

The index or reference number of each spatially distributed microstructure element.

The belonged subtype of each microstructure element.

The parameter list for each microstructure element. The parameters can include

both geometric parameters and non-geometric parameters.

The spatial distribution information which represents the relative position between

each local microstructure element and the global macrostructure.

Methods available for communication with end users for adding/deleting/editing

design parameters for each microstructure element.
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* Methods available for constructing, storing, displaying, editing, and deleting the

global material distribution macrostructure.

The proposed material distribution feature is applied in my case study in subsection 5.4 to

realize parametric design automation for material distribution structures in CAD systems.

5.4 Case study

In this subsection, the automatic CAD model construction of a topology-optimized Michell
structure [144] with lattices of multi-variables is realized to validate the proposed method. The
same plug-in named “Create MD Model” developed in Chapter 4 is used to read the data file and
activate microstructure model construction function in the model construction loop. The sequential
modeling mode is realized in the research of this chapter and applied to automatically construct
the CAD model of a multi-scale structure. Feature-based modeling method is adopted. In my case
study, lattice structure topology optimization (LSTO) [138] was applied to get the optimized
structure, and the optimization output provided the input data of the multi-scale material
distribution structure. While in this case, a structure with symmetric shape and boundary
conditions is optimized, my method has also been shown to be applicable in asymmetric cases. In
this subsection, the optimization problem is stated, the specific case is introduced, the result of the
final material distribution matrix is plotted, and the automatically constructed CAD model is

shown.

5.4.1 Formulation of the problem: minimum compliance for a lattice structure

Figure 5.1 shows the multi-variable lattice used for LSTO with 4 design parameters a, 3, y

and 6. Each parameter represents the ratio between the illustrated width of the lattice and the side
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length of the squared microstructure element. The LSTO aims to determine the macro-structure

topology and the optimal distribution of the varying size lattices.

In my case, the minimum compliance problem is considered, which can be formulated as

below [138] :
find: xM=[p¥, pY, ...,p%]T,
x'= oy, 0, wor) 0y; Bey Bzs oo s BN Y10 V2o ooos Va5 81,82, oo, Sy 1T
minimize C=UTKU=YN_,u! ku;
subject to F=KU el

N
G = plpk < Nf™
i=1

where vector x™ denotes macro-element densities, vector x denotes lattice geometric parameters,
C denotes the global compliance of the macro-structure, U and F are the nodal displacement and
force vectors of the macro-structure, u; is the elemental displacement vector, G™ denotes the

volume constraint function, and f is the volume fraction upper bound.

5.4.2 Specific case: minimum compliance of a Michell-type structure

Figure 5.2 is the flowchart which shows the processes of LSTO. In my case, an energy-
based homogenization method (EBHM) [139,145] is applied to calculate the effective material
properties of each cell element, and the adjoint method [18] is used for sensitivity analysis. To be

more specific, the sensitivity analysis is implemented as follows:
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As a first step, second order polynomials are used to interpolate the relationships between the
lattice effective properties and its geometric parameters [138]. Then, the relative density p’ or the

elastic components DiLj can be expressed as:
pl or DiLj =a1+;ma+ af+asy+asd+ asd + araf+ asay + asad + aiff + anfy+ anfo +

a13y2+a14y5+ ais&* (5.2)

Then, the PAMP method [146] is adopted to interpolate the elastic matrix DM of an arbitrary

macro-element, written as

D= [d+(p{")(1 - d)] D} (5.3)
The global stiffness matrix K of the macro-structure can be obtained by assembling the macro-
element stiffness matrices £;, as:

K=Y"k; =%} [, B"D}{"Bd; (5.4)

where B is the strain-displacement matrix, and €7 is the domain for macro-element i.

According to the adjoint method [18], the derivatives of the objective function with respect to the

macro-element density p is calculated as:

ac T 0k; (5 5)
— _u. u .
apM LgpM Tt

Combining (5.3), (5.4), and (5.5), the sensitivity of the objective function with respect to p is

expressed as:
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ac

=-uf 55 ([, B"DY Bdyu—~u[ ([, B" 2% ch D

6le
(5.6)
=-s(p!")* (1 — dyul ([, B" D' Bd0))u,
Meanwhile, the derivative of the structure volume function G is given by:
aGM (5.7)

Mpl

Similarly, the sensitivity of the objective function with respect to the lattice structure design
variables, e.g. a;, can be expressed as follows:

oc_ 1%k (5.8)
da; Wi 3 ul

Combing (5.3), (5.4), and (5.8), it can be obtained that:

gg—dl——(f B"DYBd0)u=ul([,B

Ta“ ~Bd0)w
(5.9)

apM
da; Bd.Ql)ul

= [d+(p!"y (1 - d)ul ([ , B

o . . . . apM
where the derivative of the lattice effective elastic matrix a’ can be calculated from (5.2).
i

The sensitivities of the structure volume function with respect to the lattice structure design

variables are expressed as:

6ai t 6ai

— . . . . . . apf
In (5.10), the derivative of the relative density with respect to the lattice design variables ap‘ can

a;

be calculated from the interpolation function (5.2)

109



The method of moving asymptotes (MMA) optimizer [142] is used to solve the
optimization problem. Finally, the optimization result is a group of distribution of parameters,

xMand x", for each cell element.

[ Design of multi-variable lattice J

,

[ Define structural parameters for both scalesj |
[ Sampling and homogenization ] |

|

[ Initial design for both scales J

N
v
[ Evaluate D}’ based on PAMP-based interpolation method}

|

[ Finite element analysis ]

}

[ Calculate objective function ]

o —— c— — — — —

[Interpolate homogenized elastic
constitutive parameters

A 4 A 4

[ Calculate sensitivities at Macroscale ] [ Calculate sensitivities at Macroscale

. .

Apply smoothing filter at Macroscale Apply smoothing filter at Microscale

| |
'

[Update the design variables by MMAJ

Figure 5.2 Flowchart of LSTO (adapted from [138])
A Michell-type structure is used for LSTO and demonstration of my automatic CAD model
construction method. Figure 5.3 shows the original structure and boundary conditions of the simply

supported beam. The domain is meshed by 1mm size squares of 100x40. The maximum volume fraction is

set to be 0.4 and the filter radius is 1.5 element sizes.
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5.4.3 Optimization result: a multi-scale Michell-type structure

Figure 5.4 is the optimization result plotted by Matlab. The optimized structure is verified to be

mesh independent. The optimized structure has 2830 elements filled with multi-variable lattices and each
lattice cell has its own unique parameters’ values, which also means each element has its own specific

geometric shape, porosity, density, and mechanical properties.

| 100

40

F=1

Figure 5.3 LSTO of a Michell-type structure: Initial design domain and boundary conditions
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Figure 5.4 The LSTO result plotted by Matlab
Figure 5.5 and Figure 5.6 are the stress plot (von Mises) and elemental density plot of the
optimized structure. It can be seen that the regions with high values of von Mises stress are

allocated with lattices of high density, which demonstrates the optimization result is a reasonable

l 0.4

10.3

material distribution in space for the entire structure.

10.2

0.1

Figure 5.5 Stress distribution plot of the optimized structure (von Mises).
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Figure 5.6 Local elemental density plot of the optimized structure.

5.4.4 Data file creation

The original data from the optimization result is processed and a data file in the format of
comma-separated values (CSV) is created to store the information of the structure. Based on the
proposed material distribution feature concept, the element index, centroid position, element type,
and design parameters for each microstructure element are included. Table 5.1 shows the data for
a small region in the left part of the structure. The “Index” column is the elemental index for each
microstructure feature. (X, Y, Z) is the centroid position for each lattice. The candidate lattice type
in Figure 5.1 is regarded as type 3. The values of the parameters extracted from x are stored in
the columns of alpha, beta, gamma, and delta, which determine the lattices’ geometries. The values
of the parameters extracted from xM are stored in the column of “depth”, which determine the
extrusion length for each local lattice. The data can be directly read by my developed plug-in in

Siemens NX 12.
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Table 5.1 Data file of the optimized structure

Index X N z Type alpha beta gamma delta depth

1 0 0 0 3 0.240 0.240 0.240 0.240 1

2 0 1 0 3 0.240 0.240 0.240 0.240 1

3 0 2 0 3 0.240 0.240 0.240 0.240 1

4 0 3 0 3 0.240 0.240 0.240 0.240 1

5 0 4 0 3 0.240 0.240 0.240 0.240 1

3] 0 5 0 3 0.240 0.240 0.240 0.240 1

7 0 3] 0 3 0.240 0.240 0.240 0.240 1

8 0 7 0 3 0.240 0.240 0.240 0.240 1

5 0 8 0 3 0.240 0.240 0.240 0.240 1
10 0 ] 0 3 0.208 0.240 0.240 0.208 1
1 0 10 0 3 0.110 0.240 0210 0.108 1
1 0 11 0 3 0.057 0.210 0125 0.045 1
13 0 12 0 3 0.042 0.119 0119 0.040 1
14 1 0 0 3 0.240 0.240 0.240 0.240 1
15 1 1 0 3 0.240 0.240 0.240 0.240 1
16 1 2 0 3 0.240 0.240 0.240 0.240 1
17 1 3 0 3 0.240 0.240 0.240 0.240 1
13 1 4 0 3 0.240 0.240 0.240 0.240 1
19 1 5 0 3 0.240 0.240 0.240 0.240 1
20 1 4] 0 3 0.240 0.240 0.240 0.240 1
i 1 7 0 3 0.240 0.240 0.240 0.240 1
n 1 g 0 3 0.240 0.240 0.240 0.240 1
3 1 9 0 3 0.236 0.240 0.240 0.236 1
24 1 10 0 3 0.193 0.240 0236 0.123 1
5 1 11 0 3 0.130 0.236 0212 0.101 1
26 1 12 0 3 0.082 0.211 0213 0.070 1
7 1 13 0 3 0.054 0.204 0212 0.044 1
2 1 14 0 3 0.042 0.176 0161 0.040 1
s 1 15 0 3 0.040 0.097 Q.0%5 0.040 0.543

5.4.5 Automatic CAD model construction: sequential modeling mode

Based on the created data file, a 3D CAD model is automatically constructed in NX 12 by
the proposed sequential modeling mode (see Figure 5.7 and Figure 5.8). Figure 5.9 shows the local
details of the structure cell, where every cell element has its unique parameter values and lattice
geometry. In addition, every cell element can be selected and edited by users for further
modifications of the model. The original structure has 4000 elements, and the optimized structure

has 2830 elements filled with multi-variable lattices. It took about 1 second for model construction
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of each cell element and the entire CAD model was constructed in 45 minutes. Compared with the
batch modeling mode applied in Chapter 4, the sequential modeling mode needs to read and
process more parameters, the model construction process is slower, but it is more flexible.
Although the model construction process may take a longer time, the complexity of the model is

significantly increased, and the modeling efficiency is still acceptable for most users.

HT0Z0Z0|
SRR

Figure 5.7 The automatically constructed CAD model in NX 12 (front view).
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Figure 5.8 The automatically constructed CAD model in NX 12 (isometric view).
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Figure 5.9 Local details of the constructed model
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5.5 Conclusion

5.5.1 Summary and contribution of this research

In this research, parametric design automation for material distribution structures was
realized in CAD systems. Feature-based modeling method was adopted and a new type of feature,
named material distribution feature was proposed and applied. The data from the structural
optimization result was processed and stored in a new format, which can be directly read by CAD
systems. The sequential modeling mode was applied in a developed CAD plug-in to automatically
construct a CAD model for a multi-scale structure. Compared with the batch modeling mode
applied in Chapter 4, the sequential modeling mode was slower but had more flexibility. The CAD
model constructed is a feature-based parametric model. Each element was parametrically defined

and constructed, which allowed the user to select and edit for further model modifications.

Previously, the tessellation models of the material distribution structures were created
statically with fixed parameters. Such models have a lower level of information and bad
compatibility. The parametric CAD models of such structures were constructed manually. Now,
with my proposed method, parametric CAD models of material distribution structures can be
constructed automatically. The parametric design automation of complex material distribution

structures can be realized.

5.5.2 Limitations and future work

The research of this chapter focuses on realizing parametric design automation for material
distribution structures composed of complex geometric microstructure elements in CAD systems.

In this case study, the sequential modeling mode was applied and the overall result is acceptable.
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Based on the proposed material distribution feature concept and modeling modes, there are more

research work to be explored in the future.

For the modeling mode, it can be optimized to further improve the modeling efficiency. A
mixed modeling mode might be developed in the future which is a combination of batch modeling
mode and sequential modeling mode. With the mixed modeling mode, the data needs to be pre-
processed, and uniform and non-uniform regions are expected to be recognized before starting the
model construction process. Then, the batch modeling mode will be applied in the uniform regions
and the sequential modeling model will be applied in the non-uniform regions to further improve

the modeling efficiency.

For the storage consumption, the models constructed with my proposed method currently
take up a relatively large storage space. For example, the CAD model of Figure 5.7 has 2830
microstructure elements, which takes up about 200 MB storage space. Although it is acceptable
for most users with modern PC configurations, the size of the model is expected to be further
reduced. A smart union algorithm for merging neighboring microstructure elements during the
loop construction process of a material distribution structure is expected to be developed in the

future as an option for the users to reduce the storage consumption of the constructed model.

To further improve the design flexibility, a library of commonly used parametric geometry
elements will be integrated and multi-scale structures with hybrid types of microstructure cells will
be explored for their parametric design automation. In addition, non-geometric characteristics have
the potential to be included in the data file to further improve the flexibility of the proposed method.
For example, different microstructure elements might have different colors, material densities, and

other non-geometric properties. Such information will be included in the data file as future work
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to guide the automatic CAD model construction of material distribution structures with multi-

materials.
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Chapter 6 Conclusion and future work
6.1 Conclusion

In this research, parametric design automation methods for complex geometry models in
CAD systems have been proposed as the conceptual framework, developed in CAD systems, and
validated by case studies. The automatic CAD model construction for fractal objects and material
distribution structures has been realized. Associative relationships between geometric elements
have been built to capture design intent and improve modeling efficiency. The constructed models
are feature-based CAD models with editable parameters, which have good compatibility in

numerical simulation environments and are easy to be further modified for post-processing.

The novelty of this work is to integrate algorithmic approaches to construct geometrical
entities of fractal objects and material distribution structures into a 3D modeling software
environment. The models can either be constructed iteratively with dynamic fractal generators or
be built in a loop construction approach that realizes automatic local microstructure construction
for the global macrostructure. A balance between model construction efficiency and design
flexibility has been made for the parametric design automation processes. The models constructed
with my proposed methods are parametric solid CAD models, which have good compatibility and
reusability for product life cycle management. With my new proposed methods, the product
development processes for complex geometric objects can be modified to perform more efficiently,

and the product development time can be significantly reduced.

6.2 Research contributions

The main contributions of this research are summarized as follows:
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New methods of automatically constructing parametric CAD models for complex
geometric objects in CAD systems were proposed and applied. The modeling efficiency
for complex geometry objects in CAD systems was improved.

Advanced feature concepts were extended to realize parametric design automation in CAD
systems. CAD fractal feature was proposed to bridge the gaps between CAD and fractal
geometry. Material distribution feature was proposed to realize automatic CAD model
construction for material distribution structures.

The concept of iteratively constructing a complex CAD model was proposed and realized
in CAD systems. The proposed iterative model construction method may also have the
potential to be applied in generative design.

The design intent is captured and knowledge for building associative relationships among
geometry entities is encapsulated in built-in methods of proposed new feature types.
Algorithmic approaches to construct geometrical entities within a 3D modeling software
environment were proposed and realized.

A mapping between product physics optimization and digital CAD modeling was realized.

6.3 Limitations and future work

For fractal modeling in CAD systems, the proposed method currently requires the fractal-

like geometry objects to be self-connected and self-intersection/self-overlapping is not allowed to

appear for any iteration. As a result, my method may not be suitable for constructing some types

of fractal objects that may be disconnected or have self-intersection/self-overlapping geometric

features when the iteration level increases. To automatically construct CAD fractal models in a

broader scope with less geometric requirements, intelligent algorithms to split disconnected fractal
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objects and properly merge/unite self-intersect/self-overlapped fractal models in CAD systems are

expected to be developed and integrated with my IGM method in future research.

For parametric design automation of material distribution structures in CAD systems, the
proposed method currently has not realized automatic model construction for material distribution
structures with non-geometric characteristics. Non-geometric characteristics have the potential to
be included in the data file to further improve the flexibility of the proposed method. For example,
different microstructure elements might have different colors, material densities, and other non-
geometric properties. Such information will be included in the data file as future work to guide the

automatic CAD model construction of material distribution structures with multi-materials.

In addition, the manufacturing processes of models constructed with the proposed method
are expected to be systematically studied in the future. Intelligent decision-making algorithms are
expected to be integrated with the proposed parametric design automation to automatically choose
the most suitable manufacturing process type, such as additive manufacturing (AM) and
subtractive manufacturing (SM). Simulations of related manufacturing processes are expected to
be implemented automatically, such as tool-path planning for SM and simulations of 3D printing

process for AM.
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Appendix Pseudocode for automatically constructing a CAD fractal

model with variable design parameters

Algorithm: Automatic CAD model construction of an extruded Koch Snowflake with variable

parametric angle of the snow twig using NX Open API

Inputs:

L Length of the primitive segment for the fractal part
N Machine resolution

angleA Parametric angle of the snow twig

StretchLength Length of extrusion from the sketch

Output: A parametric CAD fractal part model with desired iteration level

//Prepare useful data structures and related functions

//function A(float a) checks if a float number a is close enough to an integer with the predefined

very small threshold
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Function bool A(float a)

{
return True if (abs(a-(int)a) < threshold)
return False in other cases

b

EndFunction

//data structure vPoint represents a 2D point (x, y) with the default initialized value (0,0)

Struct vPoint

{
double x=0;
double y=0;
}
EndStruct

//data structure vLine represents and initializes a 2D line segment with attributes of start point,

end point, orientation angle, connected next line segment

Struct vLine

143



vPoint start, end;

double angle=0, length=0;

struct vLine * next = NULL;

EndStruct

//function getPoint(vPoint * currentPoint, double assignX, double assignY') assigns the current

2d point with position(assign X, assignY)

Function vPoint getPoint(vPoint * currentPoint, double assignX, double assignY)

{
currentPoint->x = assignX;
currentPoint->y = assigny;
return *currentPoint;

}

EndFunction

//function getDist(vPoint P1, vPoint P2) calculates the Euclidean distance between point P1

and P2

Function double getDist(vPoint P1, vPoint P2)

double dist = 0;
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Calculate dist as the Euclidean distance between P1 and P2;

return dist;

EndFunction

//function getAngle(vPoint P1, vPoint P2) calculates the orientation angle of a line segment

starts with P1 and ends with P2, the range is between [-pi/2, pi/2]

Function double getAngle(vPoint P1, vPoint P2)

{
double angle;
Calculate angle as the orientation angle of the line segment;
Rectify the angle within the range [-pi/2, pi/2];
return angle;
b
EndFunction

//function getLine(vLine * currentLine, vPoint assignStart, vPoint assignEnd) sets up the
object line segment with the start point as assignStart and end point as assignEnd and calculates

the attributes of the line segment with respect to length and orientation angle

Function vLine getLine(vLine * currentLine, vPoint assignStart, vPoint assignEnd)
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currentLine->start = assignStart;

currentLine->end = assignEnd;

currentLine->length = getDist(currentLine->start, currentLine->end);

currentLine->angle = getAngle(currentLine->start, currentLine->end);

return *currentLine;

EndFunction

//Initialize NXOpen environment

Initialize NXOpen::Session *theSession

Initialize NXOpen::Part *workPart

Initialize NXOpen::Part *displayPart

//Get number of Features

b=allfeatures.size() //Set allfeatures.size to b

//Reinitialize and update the sketch if the design parameters have been updated

If (b>3)
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Delete all Features of workpart
Initialize NXOpen. :Sketch *sketchl

EndIf

/Mnitialize the sketch parameters of the fractal model
Set NXOpen::Point3d originl to (0.0, 0.0, 0.0)
Set NXOpen::Vector3d normall to (0.0, 0.0, 1.0)
Initialize CreatePlane
Initialize NXOpen::Unit *unitl
Initialize SetRightHandSide("0")

Initialize NXOpen::Sketch *sketchl

Initialize NXOpen::Features::Feature *featurel
Set name of ActiveSketch to SKETCH SNOW
Set LValue to L

Set NValue to N

Set AngleValue to angleA

//Calculate the maximum iteration number as NNew Valuie

logE

//Use the equation N, = ﬂoor(
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Set tmp to log(L/N)/log[2(1+cos(angleA))]
If A(tmp) !=0

NNewValue = (int)tmp + 1;
Else

NNewValue = (int)tmp;

EndIf

/Mnitialize length of extrusion, length of the fractal primitive line segment, switch unit of the

parametric angle of the snow twig from degree to radius
Set ExtrudelLength to StretchLength
Set length to LValue

Set theta to AngleValue*pi/180

//Apply the iterative generation method to each line segment of the current fractal sketch and

generate a new fractal sketch after the iteration

data structures:

currentLine  an existing array of sequential connected line segments of the current fractal sketch

model

newLines a new array of sequential connected line segments of the new generatated fractal
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sketch model after an iteration step

variables:

count

newStart

newAngle

newlLength

newEnd

the number of line segments of the current fractal sketch model

start point of a line segment of the newly generated fractal sketch
orientation angle of a line segment of the newly generated fractal sketch
length of a line segment of the newly generated fractal sketch

end point of a line segment of the newly generated fractal sketch

the (i+1)th line segment of the current fractal sketch model

//Calculate the total number of line segments of the current fractal sketch and set the value to

the variable count

Set 0 to the variable count and i

While (currentLine + i)->next != NULL //There exists a line segment that connects to

the current line segment in the desired sequence

Add1toi

Add 1 to count

EndWhile

//Dynamically allocate memory to the new fractal sketch model newLines as (vLine *)malloc(4
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* count * sizeof(vLine))

newLines = (vLine *)malloc(4 * count * sizeof(vLine));

//Dynamically apply the current iteration generators with the design parameter variable theta
of snow twig angle to each sequential connected line segments of the current fractal sketch

currentLine to generate the fractal sketch newLines after an iteration step

For (i = 0; (currentLine + 1)->next != NULL; i++)

//Construct the 1st line segment of the new fractal from the current fractal

Set newStart to (currentLine + i)->start

Set newAngle to (currentLine + i)->angle

Set newlLength to ((currentLine + i)->length) / (2 * (I + cos(theta)))

Set newEnd to (newStart.x + newlLength * cos(newAngle), newStart.y + newlLength *

sin(newAngle))

//contruct the 1st line segment

*(newLines+4*i+0)=getLine((newLines+4*i+0), newStart, newEnd);

(newLines + 4 * 1 + 0)->next = (newLines + 4 * [+ 1);

//Construct the 2nd line segment of the new fractal from the current fractal

Set newStart to (newLines +4* i+0)->end

Set newAngle to (currentLine + i)->angle+theta

Rectify newAngle to range [-pi/2, pi/2]
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Set newEnd to (newStart.x + newlLength * cos(newAngle), newStart.,y + newLength *

sin(newAngle))
//contruct the 2nd line segment
*(newLines+4*i+1)=getLine((newLines+4*i+1), newStart, newEnd);
(newLines +4 * 1+ 1)->next = (newLines + 4 * 1 + 2);

//Construct the 3rd line segment of the new fractal from the current fractal
Set newStart to (newLines + 4*i+1)->end
Set newAngle to (newlines + 4*i+1)->angle-2*theta
Rectify newAngle to range [-pi/2, p1/2]

Set newEnd to (newStart.x + newlength * cos(newAngle), newStart.,y + newLength *

sin(newAngle))
//contruct the 3rd line segment
*(newLines+4*i+2)=getLine((newLines+4*i+2), newStart, newEnd);
(newLines + 4 * i + 2)->next = (newLines + 4 * 1 + 3);

//Construct the 4th line segment of the new fractal from the current fractal
Set newStart to (newLines + 4*i+2)->end
Set newEnd to (currentLine + i)->end
//contruct the 4th line segment
*(newLines+4*i+3)=getLine((newLines+4*i+3), newStart, newEnd);

(newLines + 4 * i + 3)->next = (newLines + 4 * 1 + 4);
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EndFor

Set (newLines + 4 * i + 3)->next to NULL for the last line segment of the current fractal

//Get a point set as sequencial vertices of the current fractal sketch model

data structures:
pointSet an array of sequential vertices of the current fractal sketch model

currentLine an existing array of sequential connected line segments of the current fractal

sketch model

variables:
count the number of vertices of the current fractal sketch model
i the (i+1)th line segment of the current fractal sketch model

//Count the number of vertices of the current fractal model

For (i =0, count=2; (currentLine + i)->next != NULL; i++)

Add 1 to count
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EndFor

//Gather and store the sequential vertices of the fractal model to array pointSet
Allocate memory (vPoint *)malloc(count * sizeof(vPoint) to pointset

If (count==2) //There is only one line segment (2 vertices) in the model

//Add the start point and end point of the only line segment to the sequential point set.

*(pointSet+0)=currentLine->start;

*(pointSet+2)=currentLine->end;

Else

//Add the start point of each line segment (except for the last line segment) to the

sequential point set

For (i = 0; (currentLine + i)->next != NULL; i++)

*(pointSet + 1) = (currentLine + 1)->start;
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EndFor
/I Add the start point and end point of the last line segment to the sequential point set
*(pointSet + 1) = (currentLine + 1)->start;

*(pointSet + 1 + 1) = (currentLine + 1)->end;

EndIf
//Insert the fractal curve according to the pointset

For (i=0;i<count-1;i++)

Set x1 to (pointSet + 1)->X;
Set y1 to (pointSet + 1)->y
Set x2 to (pointSet + 1+ 1)->x
Set y2 to (pointSet + 1+ 1)->y

Insert x1,x2,y1,y2 to the sketch curve

EndFor
//pattern the curve to form a snowflake

Initialize NXOpen::Features::PatternFeatureBuilder* patternFeatureBuilderl

Set the origin of pattern to (0, 0, 0)
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Set the vector of pattern to (0, 0, 1)

Set pattern as circle PatternEnunCircular

Set the copies of circle as 3

Set the angle of pattern as /20 deg

//Select sketch feature to pattern

Set NXOpen::Features::SketchFeature™ sketchFeaturel toFindObject("SKETCH(1)")

Set reference point as coordinates1(0.0, 0.0, 0.0)

Set the center point of pattern as helpPointl(LValue/2, -(LValue / 2/ tan( pi/ 3)), 0)

//Finish sketch

Set NXOpen::NXObject* nXObjectla as patternFeatureBuilderl->Commit()

//Extrude the sketch to construct a 3D extrusion model if required

If (Extrude the sketch==True) //An extrusion is required by the end user

If (Check3DValue==True) //The sketch is well defined and closed for extrusion

Select sketch features NXOpen::Features::Feature*

nullNXOpen_Features Featurel
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Create extrude features NXOpen::Features::ExtrudeBuilder* extrudeBuilderl

Set extrudeBuilder] to CreateExtrudeBuilder(nulINXOpen_ Features Featurel)

Select the type of operation

SetType(NXOpen.:GeometricUtilities: : BooleanOperation::BooleanTypeCreate)

Set startExtend to (0)

Set endExtend to (to_string(ExtrubeLength))

//Select the features to extrude

workPart->Features()->FindObject("SKETCH(1)")

h
EndIf
h
EndIf
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