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Abstract

Solid Freeform Fabrication (SFF) processes have demonstrated the ability to produce parts with
locally controlled composition. To exploit this potential, methods to represent and exchange parts
with varying local composition need to be proposed and evaluated. In modeling such parts efficiently,
any such method should provide a concise and accurate description of all of the relevant information
about the part with minimal cost in terms of storage. To address these issues, several approaches
to modeling Functionally Graded Material (FGM) objects are evaluated based on their memory
requirements.

Through this research, an information pathway for processing FGM objects based on image
processing is proposed. This pathway establishes a clear separation between design of FGM objects,
their processing, and their fabrication. Similar to how an image is represented by a continuous
vector valued function of the intensity of the primary colors over a two-dimensional space, an FGM
object is represented by a vector valued function spanning a Material Space, defined over the three-
dimensional Build Space. Therefore, the Model Space for FGM objects consists of a Build Space
and a Material Space. The task of modeling and designing an FGM object, therefore, is simply to
accurately represent the function m(x) where x € Build Space.

Data structures for representing FGM objects are then described and analyzed, including a voxel-
based structure, finite element method, and the extension of the Radial-Edge and Cell-Tuple-Graph
data structures with FGMDomains in order to represent spatially varying properties. All of the
methods are capable of defining the function m(x) but each does so in a different way. Along
with introducing each data structure, the storage cost for each is derived in terms of the number of
instances of each of its fundamental classes required to represent an object.

In order to determine the optimal data structure to model FGM objects, the storage cost associ-
ated with each data structure for representing several hypothetical models is calculated. Although
these models are simple in nature, their curved geometries and regions of both piece-wise constant
and non-linearly graded compositions reflect the features expected to be found in real applications.
In each case, the generalized cellular methods are found to be optimal, accurately representing the
intended design.
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Symbols

[a] The ceiling of a; the first integer b equal to or larger than a such that 0 <b—a <1
la] The floor of a; the first integer b equal to or less than a such that 0 <a—-b< 1

A, the area of the surface p.

G° position continuity: no breaks or gaps exist over a G° curve or surface

G' tangent continuity: the tangent vector for a G* curve varies continuously; the orientation of the

tangent plane for a G! surface varies continuously

G? curvature continuity: the center of curvature for a G? curve varies continuously; the principal

curvatures for a G? surface vary continously

M? material continuity: the volume fraction of each material varies continuously over an M region,

Al)icgo (m(x) —m{(x + Ax)) =0

M1 material derivative continuity: the rate of change of the volume fraction of each material varies

continuously within an M?! region, ﬁm(x) is continuous at all points x in an M region
M a vector or array or composition points
S, storage cost for an object of type a
Swin storage cost for a Boolean object
Sy storage cost for a float object
Sint storage cost for an integer object
Sms storage cost for a Material System
Spir  storage cost for a pointer object

R radius of curvature
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U a vector or arracy of points in parameter space

V, the volume of the region of space ¢

X a vector or array of points in Build Space

Xnxm multidimensional array of data (mn floats or doubles)
b Boolean flag (true or false)

dp, number of materials in the Material System; dimension of the Material Space in which the

FGM object exists

m a composition stored in an FGM modeling system; a vector of volume fractions of materials in

Material System; the modeled point in Material Space

m* the intended composition to be stored in an FGM modeling system; the intended point in

Material Space

ny number of intensity levels represented in a voxel-based data structure {each intensity level maps

to a specific volume fraction of material)
u a point in parameter space
X a geometric point in Build Space
€, accuracy in approximating a desired or ideal geometry
€xn accuracy in approximating desired or ideal composition
kg curvature of curve or surface

K, material curvature

Vf(x) gradient of f(x) at xo;
X=Xp
” __(0f of of
Vi) x=xo (az’ Ay’ 9z ) lx=x,
Vf (x)-v directional derivative of f(x) at point xy in direction v;
Xo

(9709-9)] ., = (5) |-
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Chapter 1

Introduction

1.1 Motivation

With recent advances in Solid Freeform Fabrication (SFF), the ability to fabricate parts with Local
Composition Control (LCC}) is becoming a reality, opening the door to creating a whole new class
of parts with graded compositions. Despite the advanced capabilities of these SFF machines, access
to this new technology is limited by how information is represented, exchanged, and processed.
Designers need new CAD representations to capture their ideas as models with graded compositions
and manufacturers need algorithms capable of converting these models into machine instructions for
their fabrication. A method for maintaining this information, however, has not yet been adopted
as the preferred solution from the many approaches to representing volumetric data. This presents
an obstacle to the exploration of tools for capturing design intent, algorithms for processing models
for fabrication, and finally exercising the capabilities of LCC to produce FGM parts and tooling,
as each method maintains data differently and follows a different paradigm. One of the major
obstacles to choosing a solid modeling method through which to explore modeling FGM objects is
the memory required to accurately store information within the model. By investigating the memory
requirements for various approaches to representing parts with graded compositions, a decision about

which method should be preferred as the basis for the solid modeling of FGM parts can be made.

1.2 Scope of research

1.2.1 Thesis

With recent advances in Solid Freeform Fabrication (SFF) technology to achieve Local Composition
Control (LCC), Computer Aided Design (CAD) methods need to extended to truly realize the
potential of Functionally Graded Material (FGM) parts and tools. To better understand the CAD
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issues involved with modeling FGM objects, this dissertation identifies and compares several likely
candidate data structures in terms of how they might represent FGM objects. Through this work,

the following hypothesis is examined:

“A memory efficient and accurate approach to modeling FGM objects can be achieved by
extending solid modeling methods currently used for mechanical design. This extension consists
of incorporating methods to map from a Build Space to a Material Space into their underlying

generalized cellular decomposition or B-rep data structures.”

Through the exploration of this hypothesis, the information flow from concept to fabrication is
outlined, modeling issues for FGM objects are identified, several alternative approaches to FGM
modeling are discussed, and sample FGM objects are presented and their expected storage costs are

analyzed in terms of each data structure.

1.2.2 Approach

In order to study the memory required to model FGM objects, this dissertation will begin with an
overview of what FGM objects are and how they can be fabricated through SFF processes. Next, a
review of methods for model exchange is presented followed by proposed solutions for FGM modeling.
The decision for selecting one method over another remains an open question at this point. To
answer it, issues concerning the modeling of FGM objects are outlined, including the representation
of geometry and composition and how this information should be processed into machine instructions
for fabrication through SFF. The accuracy of representation of both the geometry and composition
are identified as the relevant parameters in evaluating modeling methods and a clean separation
is established between the representation of the object and its processing. To address the issue
of representation, data structures for maintaining FGM models are then introduced (voxel-based,
triangulated shells, finite element based, and generalized cellular decomposition), along with their
memory requirements in terms of the data they maintain. Since several of the modeling methods
approximate the designer’s intent, a relationship is established between the number of instances of
each of their data classes with the accuracy at which the intended geometry and composition is
captured. Since working with FGM objects is a new concept, a set of design tools are proposed
for defining FGM models as pathways for capturing the designer’s intent for material variation. In
order to explore the storage costs associated with modeling FGM objects, several hypothetical FGM
objects are introduced, using these tools, containing features that a real FGM part might possess
(such as curved surfaces and nonlinearly graded compositions). The storage costs associated with
representing the objects in each modeling method are analyzed, as functions of accuracy in shape
and composition representation. This dissertation then concludes with a recommendation for a

preferred solid modeling method based on memory considerations and suggests possible directions
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for future research.

1.3 Solid Freeform Fabrication

Solid Freeform Fabrication (SFF) refers to a class of manufacturing processes that build objects in
an additive fashion directly from a computer model. While some SFF processes are restricted to
building in a single material at a time, most can be adapted to exercise some degree of control over
the local composition [17, 35, 57]. Such Local Composition Control (LCC) provides the opportunity
to design and create parts with graded composition tailored for specific applications. These graded
compositions have become known as Functionally Graded Material (FGM) [20, 80] and refer to the
tailored distribution of material within a part designed for optimal performance.

The capability of LCC and fabrication of FGM parts could be utilized by a wide variety of
industries. Applications could range from multi-color visualization models to functional parts and
tools. For example, the potential to convey additional tissue information through multi-color medical
models would increase their usefulness in medical applications such as surgical planning [31]. Not
limited to prototyping, SFF processes can also build finished parts and tools. The possibility of
incorporating graded compositions could be used in applications requiring the optimization of the
mechanical properties of parts and tools at a local scale, potentially reducing distortion due to
internal stresses, increasing hardness at points of greatest wear, or resisting failure, for example by
locally controlled toughening [80]. The application of FGM compositions to drug delivery devices is

even being studied as a means to achieve optimal, controlled release of medicine into a patient [78].

1.3.1 Single material SFF processing

SFF processes build parts by repeatedly adding minute primitives of material according to a com-
puter model until the final object is created [3, 39]. Although there are many variations on this
process using different materials and mechanisms for adding material, the underlying philosophy
is the same: fabricate an object in an additive fashion directly from a computer model. Some of
these SFF processes, each capable of building parts in some additive fashion such as Selective Laser
Sintering (SLS) [6], Laminated Object Manufacturing (LOM) [10], Stereolithography (SLA) [34],
Shape Deposition Manufacturing [74], Selective Area Laser Deposition (SALD) [35], and 3D Print-
ing(3DP) [57]. To illustrate how SFF processes work, the 3D Printing process is explained here.
3D Printing manufactures a part by selectively binding powder together according to a computer
model. The build cycle begins by spreading a layer of powder over the print bed. A print head

then traverses the bed, selectively depositing binder ! over the regions corresponding to the interior

! Any liquid that can be delivered through a printhead (similar to an inkjet printhead) that binds powder together.
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of a slice of the computer model. After the layer is printed, the print bed is lowered and another
layer of powder is spread. The process of spreading powder, depositing binder, and lowering the
print bed is repeated, as shown in Figure 1-1(a}, until the entire volume of the object is printed. At
the end of the process, the bound powder becomes the manufactured object, effectively rendering
the computer model as a physical object. Post processing steps may also be performed, included
sintering and infiltration, in order to increase the density and strength of the object. Currently,
metal and ceramic parts are being manufactured through 3D Printing, but the potential exists to
build with any material supplied in powder form. A collection of parts manufactured with a single

material is pictured in Figure 1-1(b).

1.3.2 Local Composition Control through SFF with multiple materials

Considering that most SFF processes build parts on a point-wise basis, a analogy can be made
between how parts are constructed and how images and documents are rendered by the computer
on display or hard-copy devices. Following this analogy, the capability to generate mixtures of
materials similar to how varying intensities of color are generated through image processing is a
logical next step for SFF processes. Through the local control of primitives of different material,
the material in a part can be controlled on a local scale, achieving what has become known as
Local Composition Control (LCC). Although many SFF processes are capable of achieving LCC,
how 3D Printing could achieve it is explained here.

Similar to how an ink-jet printer prints color documents, 3D Printing can achieve LCC with
multiple materials. This is accomplished by using a print-head with several jets, as shown in Figure 1-
2, each depositing binders and/or slurries 2 of unique material. By varying the pattern in which the
jets deposit material on the powder-bed, the material composition can be controlled on the scale
of the binder droplets (= 100um). Regions of uniform and graded composition can be created in a
manner analogous to how continuous tone images are rendered on a hard-copy device from primary
colors. With this capability, graded compositions can be designed along with the geometry of the

part, tailoring the part’s physical properties for a specific purpose or function.

1.3.3 Modeling and processing for SFF

Solid Freeform Fabrication (SFF) processes build parts directly from computer models. These models
may originate from sampled volumetric data or solid models of parts designed within a CAD system.
The processing of these models for fabrication is unique to each SFF system (depending on the
architecture and mechanism of adding material) but the general philosophy can be understood by

looking at the information flow for 3D Printing, as shown in Figure 1-3.

2 A solution or colloid without binding properties, used as a transport mechanism for locally adding material to an
FGM object.
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Figure 1-1: (a) 3D Printing illustrating how SFF processes can build a part on a point-wise basis.
(b) Parts fabrication through 3D Printing demonstrating the flexibility of SFF to produce complex
geometries. [59]
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Figure 1-2: 3D Printing illustrating Local Composition Control by selectively depositing droplets of
different material into a powderbed to form a Functionally Graded Material object.

The process begins with a designer interacting with a CAD system to define the shape of the
object. The designer uses tools to modify the geometry of the part and the CAD system provides
visual and numerical feedback to the designer about the status of the design. The solid model is
represented internally by a proprietary CAD representation, which may be exchanged with other
designers and manufacturers using a similar system or translated into a neutral file format (such as

STEP [49, 29] or IGES [27]) for exchange between different systems.

design .
intent designer
$ 2
digital ietary CAD data structure
solid model proprietary ata structur
4 1
Convert boundary into triangles — STL fileg
Orient
Scale — STL file;
process Translate
planning
Slice into layers — SLC file
1
Raster layers into passes — Raster file
1
Encode into instructions — 3DP file
1 1
Apply binder according to 3DP file
l 4
Hiiched Bound powder
part

Figure 1-3: Information flow for 3D Printing.

Once the shape of the part is completely defined, process planning begins, generating the in-
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structions for the fabrication process. The first step in this process is the conversion of the model
from its native representation into a tessellation of triangles approximating its boundary. Next, this
tessellated model is oriented, scaled, and positioned in order to ensure its optimal fabrication. Once
correctly positioned, the model is sliced into layers of polygons. These polygons are then rasterized
into scan lines which are then encoded into instructions for the 3D Printer, indicating where to apply
binder as the printhead traverses the printbed.

Although capable of achieving Local Composition Control, the pathway for information flow in
current practice does not permit either the definition of FGM objects at the design stage or the

conveyance of the material variation downstream to the printer.
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Chapter 2

Previous work

2.1 Introduction

Computer Aided Design and Manufacturing methods aim to improve the design process and the
quality of the finished process by using computers to represent, design, and evaluate models and
from these models, generate plans for their accurate fabrication. Initially, CAD systems were simply
used to reproduce traditional drafting tools within the computer, enabling the creation and stor-
age of digital engineering drawings. As computers and modeling methods evolved, CAD systems
evolved as well, from simply representing engineering drawings to allowing the complete definition
and representation of solid parts and assemblies in three dimensions, along with all the relevant man-
ufacturing data (surface finish, bill of materials, etc.). Relative to Solid Freeform Fabrication (SFF),
the capability of solid modeling has enabled designers to create models and directly manufacture
the parts through an SFF process, in a manner analogous to producing hardcopy output directly
from a word processing program. One of the next challenges for solid modeling is the representation
of graded compositions, or Functionally Graded Material (FGM). With their representation, FGM
objects could then be designed and fabricated through SFF processes capable of Local Composition
Control (LCC). The current standards for data exchange do not allow this, as explained below in
the review of current data exchange methods, providing motivation for research into new model-
ing methods. To address this shortcoming, several solutions for modeling FGM parts have been

proposed by different groups and are also outlined below.

2.2 Current data exchange methods

Data exchange allows designers to communicate models between each other, the customer, and

manufacturers. Although there are as many methods to define an exchange specification as there
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are CAD systems, two paths are considered here. The first, the STL file format, is introduced
as the accepted specification for model processing within the SFF community. The second, STEP
(ISO10303), represents a neutral exchange standard proposed by the CAD community at large to

enable the complete and exact exchange of model information between various CAD systems.

2.2.1 STL file

In current practice within the SFF community, the processing of models for fabrication is based
on the STL file format. This format was introduced in 1987 by the Albert Consulting Group and
remains the most common specification for the transfer of models to SFF processing systems [42, 47].
Designers use the tools within a commercial solid modeling system to define a model. Once a model is
defined, the boundary of the model is tessellated into a collection of triangular facets, approximating
the intended design of the part, and written to a file in the STL format. This file is then used as
input to the data processor for generating machine instructions for the part’s fabrication. At this
point, the model may be oriented, scaled, or support structures added to ensure optimal fabrication.
The tessellated model is then sliced into layers and instructions unique to each SFF machine for
printing each layer are written to a file. This process of information flow is illustrated in Figure 1-3.

To represent a part, the STL format maintains a triangulated representation of the model’s
boundary. The file is organized as a list of solids, each of which maintains a list of facets defining
its boundary, as shown in Figure 2-1. The orientation of the facet is defined by: (1) the ordering of
the vertices such that they form a counter clockwise circuit when viewed from outside the solid and
(2) the outward pointing normal.

The appeal of the STL file to the SFF community comes from its simplicity. Since the STL
file is simply a list of triangles, algorithms to read, write, manipulate, and process models are
relatively simple to develop and implement (when compared to generalized boundary representation
methods). With the convenience of simplicity, however, comes penalties as well. These penalties can
be divided into three general categories: approximation tradeoffs, shortcomings in format definition,
and conversion errors [47].

Through the representation of solid models as a triangulated boundary representation within
the STL format, curves and curved surfaces are approximated, resulting in a loss of information
and accuracy. To provide a higher fidelity representation of a designer’s intent for curved objects,
more triangles must used, resulting in greater storage cost. Therefore, with the use of a triangulated
boundary representation, a tradeoff must be made in the accuracy of representation of the model
and the memory required to represent that model.

The definition of the STL format, itself, introduces problems. First, the STL file is unnecessarily
verbose, containing redundant data. The orientation of each facet, for instance, is doubly defined by

the ordering of its vertices and the associated normal. Second, truncation errors are introduced into
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STL File Format
solid <name>
facet normal 7, 7y 72,
outer loop
vertex z; y1 21
vertex ro Yy 22
vertex z3 ys 23
endloop
endfacet
facet normal 7, iy 7,
outer loop
vertex T ¥ 21
vertex Ts Yz 22
vertex T3 ys 23
endloop
endfacet

endsolid <name>

Figure 2-1: STL file format. The boundary of a model is described as a list of triangular facets and
their normals.

the representation through the use of single precision floating point numbers. This may result in
gaps between facets that cannot be easily detected due to the third problem with the format: lack
of topological information. Although the topology, or connectivity, between facets may be inferred,
the lack of explicit topology prevents models from being quickly validated as being solids; ¢e. having
watertight boundaries. STL models containing gaps and holes may be created and not detected
without the costly step of re-deriving all of the neighbor information between triangles [4, §].

The final categories of problems with the STL format are due to conversion from the original
solid model into the triangulated representation. During triangulation from the original model
into the STL file, any of the following errors may be generated: gaps (open shells) or dangling
facets formed, degenerate facets recorded, inconsistent normals assigned, or the topology of the
model altered [41, 47, 11]. All of these errors are a function of the accuracy and robustness of the
algorithms used to convert the native solid modeling representation with the designer’s CAD system
into the STL file.

To illustrate the STL format, Figure 2-2(a) shows the tessellated representation of a wheel (with
a radius of 269 mm), initially designed with swept, freeform surfaces. Figure 2-2(b) is a truncated
description of the part as an STL file. The STL model of the wheel has a total of 26906 triangular
facets with a reasonable approximation tolerance, requires 3.17 Megabytes to store the data in
ASCII format (1.34 Megabytes as a binary file). The model was created and converted to the STL

specification using the commercial CAD system SolidWorks 7™ 1,

1Solidworks: http://www.solidworks.com
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solid Wheel
facet normal -1.000000e+4-000 0.000000e+000 0.000000e+000
outer loop
vertex 7.095000e+001 2.913194e+002 7.026579e+001
vertex 7.095000e+4001 2.914028e+4002 7.636772e+001
vertex 7.095000e+001 3.106206e+002 8.149973e+001
endloop
endfacet
facet normal -1.000000e+000 0.000000e+000 0.000000e4000
outer loop
vertex 7.095000e+001 3.106206e+002 8.149973e+001
vertex 7.095000e+001 2.914028e4002 7.636772e+001
vertex 7.095000e+001 2.882984e+4002 1.048139e+4002
endloop
endfacet
facet normal -1.000000e+000 0.000000e+000 0.000000e+000
outer loop
vertex 7.095000e+001 3.106206e+4002 8.149973e+4001
vertex 7.095000e+4001 2.882084e+002 1.048139e4002
vertex 7.005000e+001 2.795565e4002 1.320610e4002
endloop
endfacet
facet normal -1.000000e+000 0.000000e+4000 0.000000e+000
outer loop
vertex 7.095000e+001 2.685262¢+4002 2.101446e+4002
vertex 7.095000e+4001 2.845330e+002 1.940968e4002
vertex 7.005000e4001 2.647845e+002 1.974923e+4002
endloop

facet normal -1.000000e+4000 0.000000e+4000 0.000000e+000
outer loop
vertex 7.095000e+001 2.647845e+002 1.974923e4002
vertex 7.095000e+4001 2.845330e+002 1.940968e+002
vertex 7.095000e+001 3.011244e+4002 1.720122e4002
endloop
endfacet
endsolid

(a) (b)

Figure 2-2: (a) Faceted approximation of a wheel (26906 triangles). (b) STL text file describing
part (3.17 Megabytes in ASCII format, 1.34 Megabytes in binary format)

2.2.2 STEP: STandard for the Exchange of Product model data

The concept of enterprise data management has become increasingly important in every facet of
the business world, with the goal of promoting the complete and neutral data exchange across an
organization. The STEP standard was developed for representing product data for data exchange
throughout a product’s design, analysis, and manufacture cycles [28]. Initiated in 1984, STEP was
intended to become an international standard based on existing specifications established by various
countries, such as IGES (U.S.), PDDI (U.S.), SET (France), NEDO (U.K.), and VDA/VDMA-FS

(Germany) [49]. To improve upon these specifications, the following goals for STEP were established:

Completeness: the capability to maintain all relevant product data over its life-cycle, from in-

ception to retirement.

Extensibility: able to be expanded to incorporate future representations, processes, products, and

methodologies.
Testability of additions: clear procedures for validating extensions to the standard.
Efficiency: permit product description and storage with minimal cost.

Compatibility: provide as much compatibility as possible with existing standards.
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Minimal redundancy: allow only one way of representation for each concept.

Computing environment independence: enable the exchange of data across systems and ar-

chitectures.

Logical classification of data elements: organize the standard such that future expansions can

eagily build on established data elements.

Implementation validation: establish a set of tests and protocols for validating new implemen-

tations using STEP, ensuring their correctness.

Today, STEP represents a comprehensive set of international standards for modeling product life
cycles across a broad spectrum of industries. While a great deal of the standard has been established,
it continues to grow as the new requirements for emerging products and processes are identified,

building upon existing parts of the standard.

application protocols

201 Explicit draughting

202 Associative draughting

203 Configuration controlled design

204 Machanical design using boundary representation
205 Mechanical design using surface representation
206 Mechanical design using wireframe representation
207 Sheet metal die planning and design

208 Life cycle product change process

integrated resources
generic
41 Fundamental product description
42 Geometric and topological representation
43 Representation structures
44 Praduct structures
45 Materials
48 Visual presentation
47 Shape variation tolerances
48 Form features
49 Process structure, property, and representation

application

101 Draughting
103 Electrical applications
104 Finite alement analysis
105 Kinematics

abstract test suites

description methods
1201 ATS for 201

11 The EXPRESS language reference manual
12 The EXPRESS-I language reference manual

implementation methods conformance testing
21 Clear text encoding of methodology and framework
the exchange structure 81 General concepts
22 Standard data access interface 32 Requirements on test

Jaboratories and clients
33 Abstract test suites
34 Abstract test methods

Figure 2-3: The structure of STEP.

STEP is comprised of six major classes, as shown in Figure 2-3 [29]. The top most class, applica-
tion protocols, define a protocol for the exchange of data for a specific application. These protocols
are developed using parts of the integrated resources. The integrated resources, in turn, are described
in terms of description methods, for which the schema language EXPRESS is used [60, 75]. In order

to ensure compliance with the standard, a STEP implementation must satisfy the specifications of
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the three remaining classes: implementation methods, conformance testing methodology, and the
abstract test suite.

The basis of solid modeling within STEP is Part 42 of the integrated resources: geometric and
topological resources [30]. STEP separates the implementation of the geometry resources from the
topology. Points, curves, and surfaces are each individually defined and then positioned and oriented
using the transformation operators. A wide variety of parametric entities for geometric represen-
tation are included in the standard, permitting accurate description of a model. The hierarchy of
these entities is illustrated in Figure 2-4(a). The connectivity between these geometric entities is
maintained through an associated topological graph, consisting of the classes shown in Figure 2-
4(b). An object recorded as a STEP file is shown in Figure 2-5. Figure 2-5 shows the surfaces
of a boundary representation of the wheel blade. Figure 2-5(b) is the description of the part as a
STEP file, containing a precise mathematical desciption of all of the curves and surfaces as well as
the connectivity between all of the topological entities. In this representation, the model consists
only 269 faces and requires 11.1 Megabytes of memory to store the data in text format. Although
larger than the corresponding text representation of the wheel in STL format (see Figure 2-2(a), the
STEP description provides a complete and accurate description of wheel’s design, including analytic
descriptions of the features (curves and surfaces) using trimmed NURBS patches and how they are
related to each other. This detailed information in a neutral format allows the exchange of the
product data to another system without loss of information. The model was an example provided
with the commercial CAD system SolidWorks 7™ | and translated into the STEP standard through
SolidWorks TM export interface.

2.3 Modeling of FGM objects

The modeling of parts with graded material compositions requires the attachment of composition
information to the model. Although there are existing methods for composite structures [73, 72], the
capability to model graded composition requires that a representation go a step beyond decomposing
models into subregions of uniform material. The following describes several of the approaches

proposed in the literature for modeling these FGM objects.

2.3.1 Voxel-based modeling

The use of voxel-based or exhaustive enumeration methods are commonly used for representing
volumetric data sampled from the real-world [37]. The structure of a voxelized model consists of
cells uniformly distributed over a 3D grid. Each cell maintains information about its composition.
Two classes of voxel-based methods exist: binary voxel and grey-value [37]. In the former class, a

binary value is assigned to each voxel, indicating whether it corresponds to a cell interior or exterior
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geometric representation item
placement
axisl placement
axis2 placement 2d
axis2 placement 3d
Cartesian transformation
Cartesian transformation operator 2d
Cartesian transformation operator 3d
point
Cartesian point
degenerate curve
evaluated degenerate pcurve
point on curve
point on surface
point on replica
vector
direction
curve
bounded curve
B-spline curve
uniform
quasi uniform
Bézier curve
B-spline curve
B-spline curve with knots
rational B-spline curve
composite curve
composite curve on surface
boundary curve
outer boundary curve
composite curve segment
polyline
trimmed curve
conic
circle
ellipse
hyperbola
parabola
pcurve
surface curve
intersection curve
seam curve
line
offset curve 2d
offset curve 3d
curve replica
surface
bounded surface
B-spline surface
uniform surface
quesi uniform surface
Bézier surface
B-spline surface with knots
rational B-spline surface
elementary surface
curve bounded surface
rectangular trimmed surface
rectangular composite surface
surface patch
elementary surface
conical surface
cylindrical surface
plane
spherical
toroidal
offset surface
swept surface
surface of linear extrusion
surface of revolution
surface replica

topological representation item
vertex
vertex point
edge
edge curve
oriented edge
path
open path
oriented path
edge loop
loop
edge loop
vertex loop
poly loop
face
oriented face
face surface
subface
face bound
face outer bound
vertex shell
wire shell
connected face set
open shell
oriented open shell
closed shell
oriented closed shell
connected edge set

(a)
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Figure 2-4: (a) Geometric and (b) topological entities defined with Part 42 of STEP (IS010303).




I1SO-10303-21;
HEADER:
FILE_DESCRIPTION (( 'STEP AP203" ),

1" )

FILE.NAME ('wheel.step’,
'1999-11-11T17:16:43",
( 'Jackson’ ),
( 'MIT Design Lab” ),
'SwStep 1.0",
'SolidWorks 98011°,

"y,
FILE.SCHEMA (( 'CONFIG_.CONTROL_DESIGN" });
ENDSEC;

DATA;
#1= EDGE.CURVE ( 'NONE', #70750, #70045, #32860, .T. ) ;
#2= ORIENTED_EDGE ( 'NONE', *, *, #56432, .T. ) ;

#3= ORIENTED_EDGE { 'NONE', *, *, #75214. .F. ) ;

#4= CARTESIAN_POINT ( 'NONE', ( -0.02277223799738261100, . ..
#5= CARTESIAN_POINT ( 'NONE', ( -0.02274808706025059600, . ..
#6= CARTESIAN_POINT ( 'NONE', ( -0.02276401048137489600, . .. )
#7= CARTESIAN.POINT ( 'NONE', ( -0.02278175100249919600, . ..} :
#8= CARTESIAN_POINT ( 'NONE', ( -0.02283056758760015800, . .. ) :
#9= CARTESIAN_POINT ( 'NONE', ( -0.022037092424179490100, . ..
#10= CARTESIAN_POINT ( 'NONE’
#11= CARTESIAN_POINT ( '"NONE’
#12= CARTESIAN_POINT ( '"NONE’
#13= CARTESIAN-POINT ( '"NONE’
#14= CARTESIAN_POINT ( 'NONE'
#15= CARTESIAN_POINT ( 'NONE’,

, ( -0.02303641726075882400, . ..
+ ( -0.02317545069753161600, . . .
» ( -0.02335419307990956000, . ..
o (-0.04164771119154294500, . ..
+ ( -0.04092825589242170300, . ..
( -0.04020880261889587400, ...

(a) (b)

Figure 2-5: (a) Surfaces defining the boundary of a wheel (269 surfaces). (b) STEP encoding of the
part (11.1 Megabytes).

to the modeled object. Grey-value go one step further, in which a value is assigned to each voxel
representing the density of a material or property assigned to that cell. Sources of real world data
for voxel models come from sampling methods that naturally generate data over a grid, such a X-ray
computed tomography, magnetic resonance, positron emission tomography, computed radiography,
digitized x-rays, and ultrasound [62, 77].

A summary of the advantages and disadvantages of voxel-based modeling methods has been

provided by Kaufman et al [38], which is reproduced here:
o Disadvantages of voxel-based models:

Discrete form Voxel-based methods provide finite resolution, approximating surfaces and
volumes as discrete primitives. This artifact of voxel-based methods also complicates

transformations and results in information loss during the transformations.

Loss of geometric information: Since a model is represented as discrete information, in-
formation about specific surfaces and features is not readily available for rendering and

design algorithms.

Memory and processing: In order to represent models accurate, large sets of voxels are

required.
e Advantages of voxel based models:

Insensitivity to scene complexity: All objects in a scene are represented as collections
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Figure 2-6: Photograph of actual brain, magnetic resonance imaging of brain, voxelized
model of brain. (image courtesy of University of Washington Structural Informatics Group
http://sig.biostr.washington.edu/) [77]

voxels in an ordered grid, allowing direct rendering without concern for intersections

between polygons (as in surface models).

Citing the fact that raster based graphics have dominated in 2D environments over vector based
approaches [19], Kaufman suggests that a similar migration is possible in the 3D modeling as memory
prices drop and processing speed increases [38].

Citing the close resemblance between how voxel-based methods represent parts and how SFF
processes build parts, several researchers have suggested the use of voxel-based modelers for SFF
model representation and design [9, 46]. Chandru et al introduces the Geometric Workbench for
Rapid Prototyping (G-WoRP), incorporating a voxel-based data structure for modeling parts with
design tools for capturing designers’ intent [9]. In their approach, they suggest that the process
planning for SFF fabrication is greatly simplified through the use of a voxelized representation. The
voxels in their data structure correspond directly with the material primitives added during the build
of the part, reducing the intermediate steps of generating an STL file, slicing it, and rasterizing the
slices. They also suggest the possibility of building composite structures by associating material
information with each voxel, thereby enabling the representation and design of parts with local
composition.

Despite advocating the use of voxelized models for modeling parts for SFF, Chandru et al [9]
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recognize that “the memory requirements of voxel models are enormous” [9]. They provide as an
example that a 400 x 400 x 400 grid requires 6.4 x 107 bytes of memory. To address this issue, they
suggest trading computation time with memory cost by compression, octrees, shells, or maintain

“the original geometric representation and use voxelization algorithms when necessary” [9].

2.3.2 Finite element modeling

In Computer Aided Engineering (CAE), designs and physical problems are often analyzed through
the Finite Element Method [2], allowing the study and prediction of engineering properties through-
out a finite element model. With its ability to represent volumetric data, the finite element modeling
is another avenue for establishing a representation for FGM objects.

In order to perform a finite element analysis, a simplified model of the problem is formed,
consisting of many finite elements (tetrahedra, bricks, etc.) interpolating nodes in space. These
nodes are positioned such that the shape of the mesh of elements captures the important features
of the problem being studied. Boundary and load conditions are then imposed on the appropriate
nodes and a set of governing equations are solved over the elements, determining the values at all
of the nodes, solving for the properties of interest throughout the model.

With its ability to represent volumetric data, the Finite Element Method has been proposed
as a solution for the representation and design of FGM objects, most notably by Pegna [50] at
a presentation in the 1998 Solid Freeform Fabrication Symposium. Pegna suggested that models
represented by point sets used in existing finite elements analysis systems could be used to model
spatially varying material distributions within FGM objects. Although proposed as a method to
represent FGM objects, Pegna does not give a predication of the memory requirements for modeling

FGM objects in such a manner.

2.3.3 Generalized modeling methods

While the preceding approaches to FGM modeling adopt analysis methods for volumetric data to the
design of FGM objects, another avenue to solving this problem is to extend solid modeling methods
currently used in Computer Aided Design (CAD) systems to handle graded material data.

The following sections introduce two possible approaches. The first proposes the extension of
Boundary Representation (B-rep) modeling to include material information. The second proposes
a generalized cellular decomposition scheme. Upon close review of the two methods, it will become
apparent that both approaches advocate the decomposition of models into general regions over which

material variations are mapped.
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Figure 2-7: (a) Proposed decomposition of solid model into atlases. (b) Proposed data structure for
rm-object modeling based [40].

rm-objects

Kumar et al. [42, 43, 40] have proposed the extension of solid modeling to handle heterogeneous
objects by using (r—sets) with information about material variation (r,,—sets). The shape of a
model is defined in terms of an r—set (a form of B-rep modeling). This geometry model is further
decomposed into atlases over which material variations are mapped, as shown in Figure 2-7(b). In
such a manner, FGM solid models are represented as r,,-objects, maintaining the geometry of the
model’s boundary and the volume fraction variation of each material throughout the object. In their
initial proposal (1997), Kumar and Dutta [42], r,,-objects were to be represented in a data structure
built upon the commercially available solid modeling kernel ACIS [65]. In their latest published
work (1999), a new cellular data structure (Kumar et al [40]) is proposed to maintain solid models
decomposed into cells with atlases defining their compositions and properties (see Figure 2-7(b)).
In order to define FGM models, Kumar et al. also propose a set of Boolean operators for
modifying the geometry and composition stored in the data structure. Examples of FGM objects
modeled as r,,-objects are given in Figures 2-8(a) and (b). They do not, however, provide an analysis

of the memory required to store r,,-objects.

FGM cellular decomposition

A generalized cellular decomposition approach to FGM solid modeling was proposed by Jackson et

al. [33, 32, 58]. In their approach, a solid model is decomposed into a collection of cells representing
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Figure 2-8: (a) Model motivating need for representation method for heterogeneous objects with
Tm-sets [40]. (b) Example of a graded bar represented as an r,,-object, decomposed into cells [40].

the vertices, edges, faces, and regions of the solid model. The topology (or connectivity between the
cells) is maintained through the use of a data structure known as the Cell-Tuple data structure (7,
8, 25, 26]. The geometry of each cell was maintained separately, similar to how the geometry is
maintained in existing B-rep modelers. Along with the geometry of each cell, material information
was also stored, allowing the modeling of both curved geometries and graded compositions for each
cell.

In their prototype implementation, the shape and composition of the cells were defined in terms of
Bézier curves, triangles and tetrahedra (linear in shape, but of any degree in composition). Control
points blended according to the barycentric Bernstein polynomials define the shape of each cell.
Likewise, control compositions defined in material space and another set of Bernstein basis functions
define the material variation of each cell.

Although Jackson et al [32, 33] state that their approach is general in nature, the examples
they provide were generated through a commercial meshing system 2 as an initial approach to
subdividing models into sub-regions (see Figure 2-9). Acknowledging the expense of storing meshes
in a relational database maintaining all of the topological data explicitly, Jackson et al. suggest
that further research should address methods to more logically subdivide models as well as the

development of additional cell classes for representing shape and composition.

2 Algor: http://www.algor.com
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Figure 2-9: (a) A pulley consisting of graded material defined as a cellular model with Bézier triangles
and tetrahedra. (b) A drug delivery device defined as a cellular model with Bézier triangles and
tetrahedra. [33, 32].

2.4 Discussion

This chapter has provided a brief overview of the state-of-the-art in solid modeling relevant to
modeling FGM objects.

For data exchange, the STL file format is recognized as the de facto specification in the SFF
community. Serving the same purpose (data exchange) but with more accuracy and wider accep-
tance, the STEP standard was presented as the state-of-the-art in solid model exchange. Given
the limitations of the STL format, the logical choice for data exchange for solid models should be
STEP (provided that both the transmitter and receiver of the model posses the facilities to handle
this format). For representing FGM objects, however, neither STL or STEP allow the definition of
regions of graded compositions, motivating the exploration of extensions to STEP to handle graded
materials.

Three classes of solid modeling for handing FGM objects were then introduced. Each addresses
the issue of material variation in space differently. The first two, voxel-based and finite element
based are commonly used for engineering analysis of volumetric data, but their use in mechanical
design is not as common. The generalized methods suggest extending the concepts behind existing
solid modeling methods used for design. The most common method, B-rep modelers, describe the
boundary of a solid in terms of a shell of faces, defined based on a wide variety of surface types.
Both Kumar et al and Jackson et al suggest that this paradigm can be followed for FGM object

modeling in which models are decomposed into regions that map material variations, similar to how
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shape is represented. By mapping each region into a material space, their compositions are defined.
Although several methods for representing FGM models have been introduced, no conclusions

have been drawn on the storage costs associated the representing an FGM object in each.
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Chapter 3

Identification of issues in FGM

modeling

3.1 Motivation

Before proposing a solution for modeling FGM objects, the issues involved in the design, repre-
sentation, and processing of FGM models must be understood. Only the most fundamental issues
concerning the representation of FGM objects are presented here: the definition of shape and com-
position in terms of a Build Space and Material Space. These concepts are then put in the context
of the overall information flow for SFF processing with LCC, clearly a separation between FGM

modeling and SFF fabrication.

3.2 Modeling shape versus shape and composition

3.2.1 Geometric modeling

Modeling the geometry (or shape) of an object is the primary purpose of most design systems. The
goal is simple: provide a system capable of maintaining a model’s geometry and provide the tools to
define that geometry by accurately capturing the designer’s geometric intent. Existing CAD systems
provide this functionality in many formats, but the basic idea is typically to define the boundary of
an object, whether it is a single part and a component of an assembly.

The Model Space maintained in the data structure can be considered the Build Space in R? in
which the model will be fabricated (see Figure 3-1(a)). The boundary of the model must clearly
divide this Build Space into the interior and exterior of the model. To accomplish this, any of a

number of solid modeling methods may be used (voxel-based, CSG, B-rep, cellular decomposition,
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etc).

The designer modifies the boundary of the object through a set of design tools (extrude, cut,
sweep, revolve, etc.) to generate the desired shape of the model. In addition to representing the
object, information about the geometric nature of the boundary may be requested. Geometric
interrogations may consist of calculating quantities such as surface normals, curvature, minimum
distance between features, surface area, or volume. Although material information may be associated
with a geometric model, it is added after the fact as an attribute to the enclosed region and is assumed

to be uniform throughout that region (see Figure 3-1(b)).

3.2.2 Geometric and material modeling

With the goal of modeling graded compositions, the issue of material modeling becomes as important
in the representation of an object as the geometric modeling of its boundary. The Model Space in
which the model is defined can now be considered as the combination of the Build Space and the
Material Space (see Figure 3-2).

Again, the Build Space is simply the three dimensional space in which the object is to be
fabricated. The Material Space, however, is spanned by the primary materials in the material
system. This concept is analogous to the blending of primary colors (Cyan, Yellow, Magenta, and
Black) in an ink-jet printer to produce a wide range of colors and tones for color hard-copy output.
To achieve Local Composition Control, an SFF process builds a part by selectively adding varying
quantities of different base materials. These materials comprising the material system create a
Material Space out of which an FGM is defined. The dimension of the Material Space (d,,) is the
number of materials out of which the object is to be composed.

To define an FGM object, a mapping from the Build Space (X) into the Material Space (M)
must be provided. This concept has previously been suggested by Kumar et al. [42, 43] (through
the use of atlases) and Jackson et al. [33, 32] (through the use of parametric cells with control points
in Build Space and control compositions in Material Space). This concept of mapping from Build
Space into Material Space is illustrated in Figure 3-3.

Before even exploring how one might maintain a digital representation of the model, it must be
understood that the underlying goal of any FGM modeling method is to define a function spanning
the material space for all the points in Build Space. This is accomplished by defining the concept of

a composition, represented by m, which defines the volume fraction of each of the primary materials
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Figure 3-1: (a) The Model Space represented by state-of-the-art solid modeling systems. (b) Asso-
ciating of materials to regions within a model.
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at every point in the Build Space.

M = materialg X material; x materials... (3.1)
P%materialo-
Y%material;

m(x) = eEMforxeX (3.2)
Y%materialy

For completeness, the material voids are always included to allow the definition of space exterior to
the object’s intended boundary. In addition, further restrictions are imposed on the composition
function such that the volume fractions always sum to unity and the volume fraction of each material

is non-negative:

[lm(x)||s = materialp + material; +...= 1.0 (3.3)

material; > 0 for 0 < i < d,, (3.4)

Other than the above constraints, no other limitations have yet been imposed on the nature of the
material variation. Tools for working with geometric information (the object’s boundary) are still
important, but how the material varies throughout the model is now equally important at the time
of design. The composition may vary smoothly or contain discontinuities, depending on what tools
are available for the definition of m(x) and how this information is modeled.

It is important to note that at this point in the discussion of FGM modeling issues, the manner in
which that data is represented in the computer or how the model is to be processed for fabrication
has not been discussed. Only the concept of a Model Space, consisting of a build space and a

Material Space, in which an FGM model is to exist have been identified.

3.3 Accuracy in representation

The previous section introduced the goal of FGM modeling: to represent the shape and material
variation of an object through a function m(x). The manner in which m(x) should be chosen, in

part, based on the accuracy of representing the designer’s intentions.

3.3.1 Shape

Accuracy in representing shape is an underlying goal of existing CAD systems. The designer has
an idea for the shape of an object’s boundary. The geometric accuracy is the maximum distance

between the desired shape and the shape actually stored in the digital representation (see Figure 3-4).
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build space

model space

Figure 3-4: The maximum distance between the intended object’s boundary and the modeled bound-
ary is the geometric accuracy (e,) of the modeled object.)

3.3.2 Material

With the representation of graded material information, the concept of material accuracy needs to
be defined. The material accuracy is the maximum difference between the intended volume fraction
for any material at any point in the object and the volume fraction actually maintained or computed

from the digital representation:

em = max{m*(x) —m(x)} for x € Build Space

= max{|mg(x) — mo(x)], [mi(x) — mq(x)|, ...} for x € Build Space

where m*(x) represents the desired material distribution for the object and m(x) is the distribution
actually modeled in the data structure. Figure 3-5 illustrates the concept of material accuracy for

the assignment of uniform material to a region in a model.

3.4 Processing FGM models for fabrication

The issue of processing FGM models for fabrication can now be discussed. With the definition of an

FGM object as a function m(x), the model must be transformed into machine instructions for its
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Figure 3-5: Visual interpretation of material accuracy, showing the difference between the desired
composition m”*(xp) and the modeled composition m(xp) at the point xo in Build Space.

fabrication. To achieve this goal, image processing techniques provide a two-dimensional solution

which may readily be adapted for three-dimensional models.

3.4.1 Image processing

Figure 3-6 outlines the steps in image processing, as presented by Ulichney [71, 70]. This process
starts with a continuous tone image (I, (x)) that defines the intensity of each of the primary colors

over the space occupied by the image.

%ored = r(x))
| P (x) = %green = g(x) forx € image (35)
Fblue = b(x)

Iin(x) may originate from a digital photograph, a computer graphics program, or a word processing
document.

The first step in image processing is the sampling of the continuous tone image at a grid of
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Figure 3-6: Steps of the information flow for image processing.
discrete points (n).

%red = r(n))
I’(l’l) = %green = g(n) forn € grld (36)
%blue = b(n)

These sampled values are then modified to compensate for errors inherent in display or printing
process. The Tone Scale Adjust step modifies values to account for any non-linearities between the
mapping of the desired values and the rendered value due to the nature of the Physical Reconstruction
Function and the halftoning method used. The Sharpen step attempts to modify the values of the
image to compensate for any loss of clarity during the halftoning step.

The next step in the information flow is the halftoning of the continuous values in the grid into
binary values. There are many methods for accomplishing this, including the use of dithering arrays
and error diffusion, but the underlying goal remains the same: determine a pattern of ones and
zeros over the sampling grid that will most closely reproduce the original image after the Physical

Reconstruction Function is applied.

lor0
Jn)=1{1o0r0| forne grid (3.7)
lor0

These binary values are encoded into instructions for the display or hardcopy device. The Physical
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Reconstruction Function is defined by Ulichney as the mathematical description of this device, cap-
turing the nature of pixel rendering (accuracy and intensity distribution) to reproduce the processed

image [70}:

%red = r(x))
Iout(x) = %green = g((;c)) for x € image (38)
%oblue = b{(x))

The left hand side of the above equation (I,,:(x)) represents the final, processed (displayed or
printed) image. Although this image was produced through a digital process (pixels on a monitor or
ink droplets on a page), ideally this final image will closely match the initial image: Ty (X) & Lip(x)
for x in the image. A measure of the quality of a display device and the image processing algorithms
used to drive it, is how close these two images match [70].

This information flow is illustrated in Figure 3-7 for a single color (red). The initial distribution

of red in the image is defined as:

cos(z) * sin(y) + 1
2

r(z,y) = (3.9)

This distribution is shown in Figure 3-7(a). The image is then sampled over a 77 x 77 grid, as shown
in Figure 3-7(b). The value at each grid point may take on any value between zero and unity. To
convert the grid of continuous tone value to binary values, the values are halftoned, generating the
grid of binary values shown in Figure 3-7(c). A simple Physical Reconstruction Function based on
diffusion of the ink during printing was used to simulate the rendered image Figure 3-7(d). For a

more detailed explanation about this process, consult Ulichney’s work on digital halftoning [70].

3.4.2 FGM model processing

As previously stated, an FGM object can be defined as the function m(x), providing a mapping
from a Build Space into a Material Space. For the processing of FGM models for fabrication through
Local Composition Control, the paradigm of information flow from image processing can be followed.
This process is outlined in Figure 3-8.

The process begins with capturing the designer’s intent in terms of a digital FGM model. At
this point, the model m(x) is maintained within a data structure selected to accurately capture the
designer’s ideas.

Once the model is completely defined, processing begins with the model first positioned in the
fabrication space, then sampled over a lattice of points, and then halftoned into discrete material
primitives. The object is then fabricated through an SFF process, whose properties are captured

mathematically by the Physical Reconstruction Function.
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(c) (d)

Figure 3-7: (a) Initial image: L (x). (b) Sampled image: I'(n). (c) Halftoned image: J(n). (d)
Physically reconstructed image: L,,;(x).

51



design .
intent designer
I I
digital
FGM model M (X)
\ i
Orient
Scale = my,(x)
Translate
process Retrospective Resampler
planning Tone Scale Adjust — m'[n]
Sharpen
4
Halftone | — J[n]
)
Physical
Reconstruction
Function
1 A
finished (x)
part Myt X

Figure 3-8: Steps of the information flow for FGM model processing.
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As an example, consider the definition of an FGM object in a two dimensional Material Space
consisting of stainless steel and voids. The processing begins with the part being oriented, scaled,
and positioned in the fabrication space in order to ensure an optimal build. The model is then
sampled over a lattice of points in the fabrication space. Just as the sampled image needed to
be filtered, Tone Scale Adjust and Sharpen steps are applied to help compensate for errors and
distortions introduced later. These values are then halftoned into binary values which are then used
to drive the fabrication (represented by the Physical Reconstruction Function). For 3D Printing, the
Physical Reconstruction Function depends on the nature of the droplet formation, flight, impact, and
diffusion into the powder bed. For Selective Laser Sintering, the Physical Reconstruction Function
would capture then intensity distribution of the laser and the nature of the melting and solidification

of the power.

3.5 Discussion

This chapter has introduced three important concepts: the Model Space in which an FGM object
should be defined, the definition of material accuracy, and how FGM models should be processed.
This Model Space consists of a Build Space and a Material Space.

Through the introduction of a Model Space, no reference was made to a solid modeling method.
Instead, emphasis was placed on the information that needs to be conveyed: shape and material
variation. The accuracy in capturing the designer’s intent for shape and composition is then defined.
Since the goal of any modeling system is to capture design intent, the measures of accuracy (e, and
€m) should be used as the parameters when evaluating any data structure upon which an FGM
modeling system and exchange standard will be built.

Following the paradigm of image processing for the process planning of FGM objects, a clean
separation is established between object modeling (part design and representation) and object fab-
rication. The processing steps are sufficiently general to apply to any point-wise manufacturing
process (SLS [6], 3DP [57], SDM [74], SALD [35], SLA [31]) and material system. The details of
the halftoning, its encoding into machine instruction, and the nature of the Physical Reconstruction
Function, however, are unique to each process and material system and are not addressed in this

work [79)].
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Chapter 4

Modeling composition through

decomposition

4.1 Motivation

Solid modeling schemes differ in the manner in which they define interior regions of models, and
how these regions are related to each other to form a complete object. In most existing approaches
to solid modeling for use in design tasks, attributes attached to regions within the representation
of an object are considered to be uniform or constant throughout each region. This permits the
association of a single material or manufacturing process with each region, facilitating the modeling
of composite structures. With the developing capability to locally vary the composition of a part
as it is fabricated, additional information must be associated with each region to represent how its
composition varies or grades throughout its interior. This requirement impacts both the complexity
of the representation schemes used for each region as well as the number of regions required to
accurately model an object. Both of these factors are related to how efficiently the data representing
an object data is stored.

To address these issues, this chapter introduces several modeling schemes for representing FGM
objects. The data structures to be considered include a exhaustive enumeration approach, a trian-
gulated boundary representation (a variation on the STL format) [47], a finite element mesh [2], the
Radial-Edge data structure [73], and the Cell-Tuple-Graph data structure [7, 8, 25, 26]. Regardless
of the data structure used, the concept of decomposing the model into regions with which material
information is associated is fundamental. The generality in the representation of regions and amount
of topological (connectivity) information explicitly recorded, however, is different for each method,
resulting in different degrees of generality, accuracy, and efficiency of interrogation algorithms. To

illustrate what information is maintained for each method, the object in Figure 4-1 is used. This
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chapter is concerned with outlining how the different modeling schemes represent FGM models as

well as formulating storage cost of each method in terms of the data it maintains.

. MIT FGM Object Modeler =] E3
(0,0,1)

(0,1,0

(1,0,0)

Figure 4-1: Model consisting of two tetrahedra used to illustrate various modeling methods. Shown
is the wireframe of the model.

The solid modeling data structures explored here increase in complexity from an exhaustive
enumeration scheme to the completely general methods (Radial-Edge and Cell-Tuple-Graph). For
each approach, the overall data structure is first introduced, followed by a description of each of
the classes needed in an object-oriented implementation of the data structure [54]. The storage
requirement for the entire data structure is then formulated in terms of these elementary data
classes, providing general expressions for the costs associated with modeling an object within each
representation. The analysis here is concerned with the minimal information needed to represent the
model and does not include additional information which may be useful for performing operations
on the model, such as interrogating the data structure, visualizing or processing the model, and

modifying its geometry or composition.

4.2 Nomenclature

The storage costs for the various approaches to modeling FGM objects are derived in terms of the
amount and classes of data they maintain and the number of instances of each class stored in the

data structure. The cost associated with a specific data class is represented by the symbol S, with
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the subscript a replaced by the name of the corresponding data type or class. The storage cost S,
is the amount of memory required to store a single instance of class a. The units are assumed to
be in bytes, although in all but the voxel-based approach the units are arbitrary. The symbols Sjpn:,
Siit, and Sy represent the number of bytes for primitive data types integer, floating point number,
pointer, respectively, which are machine-dependent.

The number of instances for a given class is represented by the parameter n,, where b is the class
name.

In some cases, attributes within an object are used in the derivation. This information is rep-
resented by naming the object followed by a period and the name of the attribute. The number of
facets ny bounding a facetted region r, for instance, would be written as r.n £

For each modeling method, the terms of the storage costs are initially grouped by data class,
identifying the amount and kind of data associated with each data class. This takes the following

form:

Smethod A= [Sclass B]class B + [SC[GSS C]class C (41)

where the storage cost for modeling method A, class B, and class C are represented by Spethod 4,
Setass By and Sciass ¢, respectively. In this example, modeling method A consists of only two classes:

B and C.

4.3 Voxel-based modeling

In the exhaustive enumeration approach to solid modeling, a region of space containing the object
is decomposed into a lattice of voxels [37]. If the model is composed of a single material of uniform
density, a binary value is associated with each voxel, indicating whether or not the voxel lies inside
or outside of the object. This modeling method, also known as binary voxel modeling, is usefule in
representing conventional composite structures where discrete materials exist within separate regions
of the model. For blended compositions, a vector of numerical values must be associated with each
voxel, representing the volume fractions of each material present within the voxel. These models are
known as grey-value vozel models and are commonly used for modeling sampled data sets of scalar
fields.

Figure 4-2 shows the two classes required in a voxelized modeling scheme for representing object.
The class Voxel-Model maintains information about the dimensions of each voxel (6;,4,,d;), the
number of voxels, or subdivisions, along each dimension (n,n,,n.), and the position of the lower
corner of the voxel model in the Build Space (o,,0y,0.). The pointer lattice provides a reference
into the 3D grid of voxels and matsys contains all of the information regarding the Material System

out of which the object is composed. Figure 4-3 shows the sample object represented as a voxel-
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based model. Each voxel maintains an array of values m, corresponding to the intensity level or

Voxel-Model
Ng,Ny, N, : integers
0z,0y,0; : floats Voxel

0z,0y,0; : floats m : array of values
lattice : pointer to array of voxels
matsys : MaterialSystem

Figure 4-2: Relationships between classes in an exhaustive enumeration method for modeling FGM
objects.

sample::Voxel-Model
ng,ny,nz = 20, 20, 20
$2,8y,8z = 0.05,0.05, 0.05
oz,o0y,ez =0,0,0
lattice =— v000
matsys =— : MaterialSystem
v000::Voxel v001::Voxel
1 1
i [0] ™= [0
v010::Voxel v011::Voxel
1 1
o ] == [3]
v100::Voxel v101::Voxel
- | -1
— |0 = |0
(a) (b)

Figure 4-3: (a) Voxelized representation of sample model. (b) VoxelModel object model.

volume-fraction of the corresponding material or physical property. The memory required to store
this array depends on the number of levels of intensity (n,) to be represented by each voxel as well
as the number of fields (materials) in m. To represent ny levels of intensity for each material, each
voxel must store an integer value from zero to ny — 1 for each material. Representing this value in
binary form, the number of bits required by a voxel to represent the intensity value of each material
is simply [lgny]. For a Material System with d,, materials, each voxel would require d,, [lgn,] bits.
Therefore, the total storage cost (in bytes) for the exhaustive enumeration representation presented

in Figure 4-2 is:

(4.2)

1
Svoa: = [3Sint #* ﬁsﬂt * Sptr ot SmF]Voxe]-Model e i [—nvozdm ﬂg n/\]

8 Voxel

where n,,, = nzn,n, is the number of voxels stored in the lattice.
Therefore, the storage requirement for the exhaustive enumeration method is directly propor-

tional to the number of voxels (regions) and the log of the number of levels of intensity for each



material stored in the data structure.

4.4 Triangulated shells

The next level of sophistication for modeling FGM objects is the use of a faceted Boundary Rep-
resentation (B-rep) modeler [47]. In this approach, a model is decomposed into regions of uniform
(constant) composition, bounded by shells of triangular facets. This is a modest extension of the

conventional STL format in current use for exchanging models for SFF [47]. The data classes

TriModel

n, : integer

r : array of n, pointers
matsys : MaterialSystem

{
TriRegion
e o | s [T | [mavene
' Y /P v : array of 3 pointers x : array of 3 floats
n : array of ny Boolean values
m : array of d,, floats

Figure 4-4: Relationships between classes in the triangulated boundary representation approach for
modeling FGM objects.

comprising this modeling method include: TriModel, TriRegion, TriFacet, and TriVertex (see Fig-
ure 4-4). The top most class, TriModel, is used to represent an individual FGM model, containing
a Material System matsys and an array of regions r into which the model is decomposed. Each
region is represented by an object of type TriRegion, containing a vector of volume fractions m of
the primary materials to define its uniform composition as well as references to the triangular facets
f defining its boundary. An array of Boolean values n is also maintained by each region, each value
indicating whether or not the orientation of the vertices about the corresponding triangular facet
form a counter-clock-wise circuit when viewed from outside the region. Each triangular facet is an
instance of a TriFacet and references three vertices v. Vertices are stored separately as TriVertex
objects, each storing a point x in Build Space. The sample object represented as a triangulated
model with its objects are shown in Figure 4-5. The storage cost for the data structure is a function

of the number of regions, facets (internal and external), and vertices needed to represent the model.

Stri = [Sint + anptr + SmS]TriModel + Z (Smt + T.nfSptr + T.T'Lbeln + deflt)
r€ Model.r TriRegion
+ [3nt”an9l55SPtr]Tn'Facet + [3n"°dessf”]TriVertez

= (Sint + Spt'l‘ + deflt)nT‘ + Z rng (Sptr + Sbln) + 3Sptrntria'ngles + 3Sfltnnodes
rEModel.r

+Sint + Sims (4.3)
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v
4 "

(a)
ra::TriRegion rg::TriRegion r~::TriRegion
sample:: TriModel ng = 4 ng = 4 np = [}
np =2 f=[fa,fp fc:fg) f=1[fq:fe fy. fq] f=fa:fo:fc\SdFesfy)
r=[rgq,rg,.rcl n=[0010] n=[1101] n=[110001]
matsys =— _ I'l.D _[r.0 _ [0.0
™~ loo ™= lo.o ™= |10
fa ::TriFacet fp ::TriFacet fe ::TriFacet fa ::TriFacet fe ::TriFacet fy =TriFacet
v =[v). v3, v3] v =[v), v3, vg] v =[u), v, v4] v = [vg,vg, v5] v = [v3, vq, v5] v = [vg, vg, v5]
vy ::TriVertex ug::TriVertex va::TriVertex vy ::TriVertex vg ::TriVertex
fg ::TriFacet 0.0 0.0 1.0 0.0 1.0
x = [0 x= |10 x= |00 x= |00 x= |10
0.0 0.0 0.0 1.0 1.0
(b)

Figure 4-5: (a) Triangulated shell representation of sample model. (b) Object model showing the
instances data required to represent the sample model in the data structure.
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With the region exterior to the modeled object explicitly represented by a TriRegion object, all of the
triangles are referenced exactly twice, once by each region incident to it. Each facet is reference twice
by definition, defining a facet of the boundary of a single region which is also a facet of the interface
between exactly two adjacent region. By representing the complement of the space occupied by the
model as a region within the structure, all of the facets (including those on the external boundary

of the object) are referenced twiced). Therefore,

z rny= 2nmangles (4.4)

rEModel.r
where 7 is a region in the model (stored in the array Model.r), r.ny are the number of facets bounding
the region, and 7riangtes 1 the fotal number of triangles stored in the data structure. The above

expression for the storage cost simplifies to:

Stri = (Sint + Sptr + deflt)nr + (5Sprt + 2Sbln)ntriangles + 3Sfltnnodes
+Sint + Sms- (45>

4.5 Finite element meshes

In order to facilitate the representation of graded regions (rather than the piece-wise constant regions
presented in the preceding two methods), analytic functions defining how the composition varies
must be attached to each region. Such a representation can be achieved through the use of a finite
element mesh, in which material or physical property fields are attached to the nodes in the mesh.
Interpolation functions associated with the volume elements are used to define the composition
m throughout each element as functions of the values assigned to the nodes. Although various
finite elements can be defined with interpolation functions of varying degree, for the purposes of this
analysis we will restrict the types of elements used in the finite element mesh to linear tetrahedra. The
inclusion of additional element definitions would likely reduce the memory costs by some constant
factor, but the trends in memory requirements will follow those of homogeneous tetrahedral meshes.

The main classes in a finite element modeling data structure for FGM objects include the FE-
Model, FE-Tet, and FE-Vert (see Figure 4-6). An FGM model would consist of a single FE-Model
object containing a Material System matsys and references to a set of n, elements r into which
it is decomposed. For the purpose of the memory analysis here, each region within the model is
represented by an FE-Tet object, defining a tetrahedral domain of the model and a linear variation of
the composition over the domain. Each tetrahedron maintains references to four vertices (v) which
are interpolated to define its geometry. The composition information may either be associated with

the vertices of the tetrahedra (similar to interpolating nodes in traditional finite element meshes) or
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the tetrahedra themselves (see Figures 4-7(a) and (b)). In the former case, FE-Tet objects maintain
references to 4 FE-Vert-M objects which are interpolated to define the tetrahedron’s geometry and
composition. In the latter case, by associating material information m with each tetrahedron of class
FE-Tet-M, only the geometry is defined by interpolating the referenced FE-Vert objects, permitting
the definition of composition independent of neighboring elements and allowing the representation
of discontinuities in composition between elements (which is a desirable design system feature).
Another variation on this modeling approach is the incorporation of backwards references from each
vertex to the tetrahedra which are incident to it. This additional topological information (stored in
FE-Vert-P and FE-Vert-PM objects) may be useful for increasing the efficiency of some operations
on the database, such as evaluating the variation of the geometry or composition across multiple

elements and the determination of external (boundary) facets.

FE-Model FE-Tet FE-Vert
n, @ integer

r : pointer to an array of FE-Tetrahedra
matsys : Material System

Figure 4-6: Relationships between classes in tetrahedral mesh approach to modeling FGM objects.

FE-Vert
x : array of 3 floats

FE-Vert-M FE-Vert-P
FE-Tet m : array of d,,, floats t : array of n; pointers
v : array of 4 pointers ng : integer
FE-Tet-M FE-Vert-PM
m : array of 4d,, floats m : array of d,, floats
(a) FE-Tet class. (b) FE-Vert classes.

Figure 4-7: (a) Tetrahedron classes for consideration in meshed modeling representations. (b) Vertex
classes for consideration in meshed modeling representations.
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(a)
sample::FE-Model r 4 ::FE-Tet rg::FE-Tet
ap =2 vy vy
r= [FA v = |Y2 v = Y2
TB v3 vy
matsys =— U4 vg
v) :FE-Vert-PM vg::FE-Vert-PM vg::FE-Vert-PM vq::FE-Vert-PM vs :FE-Vert-PM
0.0 0.0 1.0 0.0 1.0
x = (0.0 x = (1.0 x= (0.0 x = 0.0 x = |1.0
0.0 0.0 0.0 1.0 1.0
t=[r4] t=|[rq.7g] t=[r4.rgl t=[r4.7g] € =[r4)
ng =1 ng =2 ng =2 nyg =2 ng =1
1.0 _ [r.0 1.0 _[r.0 _ |'1.0
™ = loia ™= oo ™ = lo.0 ™= lo.0 == ol
(b)

Figure 4-8: (a) Tetrahedral mesh representation of sample model. (b) Object model showing the
instances data required to represent the sample model in the data structure.
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Stess = SFE-Model + SFE-Tee + [(3 + dm)Ss1tnu]pg versm (4.6)

Sfeos = SFE-Model + SFE-Tet-M + [3S1¢M0]pp vert (4.7)
Sfero = SFE-Model T SFE-Tet + Z (3 + dm)Ssie + v.ruSper + Sint]} (4.8)
vEFE-Model FE-Vert-PM
Sfery = SFE-Model + SFE-Tet-M + [ Z (3511t + v Sptr + Sint)} (4.9)
vEFE-Model FE-Vert-P

where SrE-Model = Sint + Sptr + Sms, SFE-Tet = 4nr-Sptr,

and SFE-Tet-M = 4(Sptr + deflt)nr-

Equations 4.6- 4.9 detail the storage costs for the four variations of the finite element approach
to modeling FGM objects. In Equations 4.6 and 4.8, the material information is associated with
the vertices and interpolated by the tetrahedron’s interpolation functions, whereas in Equations 4.7
and 4.9 each tetrahedron maintains its own composition information independently. In the first two
equations, references are maintained only by the tetrahedra to the vertices. For the cases in which
references are also maintained from the vertices back to their incident tetrahedra, represented in
the Equations 4.8 and 4.9, the storage cost is given in terms of the number of tetrahedra incident
to each vertex. Depending upon the topology of the model, therefore, the storage requirement for
each vertex will be different. The total storage cost of the model, however, can be determined by
recognizing that the total number of incidence relationships within the data structure from vertices
to tetrahedra is equal to the number of incidence relationships from tetrahedra to vertices. Given
that each tetrahedron references exactly 4 vertices, the number of references from the vertices to the

tetrahedra can be expressed in terms of the number of tetrahedra in the model:

np—1
# of vertex-to-tetrahedron relationships: Z vy = Z T Nyertices = Z 4 =4n, (4.10)
v€ Model reModel j=0

where v is a vertex in the Model, v.n; is the number of tetrahedra incident to the vertex v, r is a
tetrahedron in the Model, r.niyertices i1s the number of vertices incident to the tetrahedron r, and n,
is the total number of tetrahedra in the Model.

With this information, the storage cost for the various tetrahedral data structures can be sim-
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plified, as in Equations 4.11- 4.14.

Steoo =  4SptrNtetrahedra + (3 + dm)Sfiny + Sint + Sms + Sptr (4.11)
Steoy = 4(Sptr + dmSsu)ntetranedra + 3Ss1ny + Sint + Sms + Spir (4.12)
Stero = 8SptrNiectrahedra + [(3 + dm)Ssie + Sint]nw + Sint + Sms + Sptr (4.13)
Steyy =  4(28pir + dmSsit)Ntetranedra + 3571 + Sint]nw + Sint + Sms + Sptr (4.14)

Whereas Equations 4.6- 4.9 are equally applicable to a finite element mesh with any type of linear
volume element (by replacing Srg-Tet and Srr-Tet-m With the elements’ corresponding storage costs),

Equations 4.11- 4.14 apply to only the subset of tetrahedral meshes.

4.6 Generalized cellular decomposition or multi-region B-rep

The preceding sections introduced three methods for representing FGM objects. They are considered
specialized methods here since they restrict the decomposition of an object into regions (voxels,
triangulated shells, or tetrahedra). In current practice, however, CAD systems provide a wider
range of representations to precisely describe the boundary surfaces of solid models. This is achieved
through the use of generalized data structures which maintain the topology of a model in a relational
database. This allows the incorporation of various geometric representations that best describe the
geometry of the object’s model. This paradigm can be extended to the representation of FGM
objects, permitting the representation of models decomposed into regions of arbitrary topology.

Two possible data structures for achieving a generalized representation are presented in this
section. Both maintain the topology of a model in terms of a graph and reference definitions for
the geometry and composition of each topological entity external to the topological data structure.
The first method is known as the Radial-Edge data structure [73] and represents the basis for
exchange standards of 3D object models such as STEP [28] and IGES [64], and is widely adopted
as the modeling kernel within various solid modeling systems, such as ACIS [65]. The second solid
modeling method is the Cell-Tuple-Graph data structure 7, 8, 25, 26, 32] which can be considered
as a generalization and simplification of the Radial-Edge data structure for n-dimensional models.
Other generalized data structures for modeling solid models exist [1, 23, 56] but are not discussed
here since the methods choosen here reflect the general nature of these other methods and the same
trends should apply.

For both modeling methods, the geometry and composition is defined external to the topological
data structure, allowing a modular approach to the design of the FGM modeling system architecture.
For the purpose of FGM representation, the concept of an FGMDomain is introduced, represent-

ing a generic structure through which the geometry and material fraction variation is defined for
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the referencing topological entity of any dimension. The purpose of this structure is to map the
corresponding topological entity into build and Material Spaces, uniquely defining some part of an
FGM model. This mapping is subject only to the constraints that it is defined over the topological
entity’s interior and provides a one-to-one mapping into Build Space, guaranteeing that the domain
does not self-intersect.

The remainder of this section is divided into two parts, describing these concepts in more detail.
The first part introduces the frameworks of the two modeling methods and how they maintain the
connectivity between topological entities. The memory cost for each of these methods is defined in
terms of their fundamental components. The second part of the section describes the concept of
FGMDomains in more detail and provides the definition for a set of domains which could be used
to represent a wide class of FGM parts, and identifies the storage cost of each domain class. In
the presentation of these data structures, material information is associated with all FGMDomain
classes.

Although material information may not be needed at the lower dimensions (points, curves, and
surfaces), this information is associated with these classes in this analysis for three reasons: con-
sistency, unambiguous representation of composition, and flexibility for future development. The
concept of an FGMDomain is generic, as will be described in the following sections, and by associat-
ing material information with an FGMDomain, all FGMDomains are handled equally. In addition,
in order to provide an unambiguous definition of the composition at each point in Build Space,
material information associated with lower dimensional entities allows the unique definition of the

1 Finally, there is the possibility of

composition at points at interfaces between adjacent regions.
developing new FGMDomains for which the composition is derived from lower dimensional entities
(a mesh interpolating material information at nodes is one example) or defining design tools that
perform operations to create compositions over higher dimensional entities from the compositions
associated with the lower dimensional ones (such as lofting) . By including this information at the
lower dimensions in this analysis, the conclusions drawn will still apply to future work that may

require information at these levels.

4.6.1 Data structures for topology
Radial-Edge data structure

Overview of Radial-Edge Classes: The Radial-Edge data structure provides a unified method
for representing solid models [73]. The data structure maintains the topology of the models in terms

of two major sets of classes: (1) topological entities and (2) their uses. The former set of classes

L Another approach to handling the composition definition over interfaces is the use of half-open regions in which
compositions at points on a face are derived from one of the incident regions, determined from the orientation of the
face.
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represent the different topological entities of the model and include the entities Vertex, Edge, Loop,
Face, Shell, and Region. The second set of classes simplifies the implementation of the modeling
system architecture, providing information about how instances of the first set of classes are used.
Each instance of an object of type Vertexuse, Edgeuse, Loopuse, or Faceuse identifies a single role
that the corresponding topological entity plays in the connectivity of the model. The hierarchy of
the all the classes in the Radial-Edge data structure is shown in Figure 4-9. The following sections

will describe in detail the role of each class in the data structure and the data each maintains.

RE-Complex

Region FGMDomain

Shell

~

Faceuse Face FGMDomain
Loopuse Loop
Edgeuse Edge FGMDomain

Vertexuse Vertex FGMDomain

A
~

4

“~
~+
~

Figure 4-9: The classes comprising the Radial-Edge data structure and how they are related.

Topological classes: In the adaptation of the Radial-Edge data structure for FGM modeling,
each FGM object is represented by an instance of the Complex class, serving as the access point to
the database. The Complex node maintains the MaterialSystem (matsys) out of which the model is
created as well as a reference (regionList) into a circular list of Regions. The shape and composition
of the Complex are defined by the data stored in the lower dimensional topological objects, beginning

with the referenced Regions objects. In the traditional Radial-Edge data structure, references to
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Complex

Region

Shell

regionList : pointer
matsys : MaterialSystem

owningComplex : pointer
prevRegion : pointer
nextRegion : pointer
shellList : pointer

owningRegion : pointer
prevShell : pointer
nextShell : pointer
faceuseList : pointer

fgmRegion : pointer

(a) Complex (b) Region (c) Shell

Face Loop Edge
faceuseList : pointer loopuseList : pointer edgeuselList : pointer
fgmPFace : pointer fgmEdge : pointer

(d) Face (e) Loop (f) Edge

Vertex
vertexuseList ;. pointer
fgmVertex : pointer

(g) Vertex

Figure 4-10: Topological classes defined within the Radial-Edge data structure and their attributes.

other Complexes are maintained within this class, creating a circular list of Complexes stored in the
data structure. Since this information is not directly relevant to the memory analysis, and in the
interest of brevity, it is not included here.

Region objects within the Radial-Edge data structure represent sub-regions or volumes of space
within a Complex, bounded by Shells of Faces. The topology of a Region object is arbitrary, subject
to the requirements that at most one Region within the Complex is infinite in extent and all Regions
are bounded by Shells of Faces. A Region node in the data structure maintains an upward reference
to the Complex (owningComplex) to which it belongs and a downwards reference into a list of
shells (shellList) which define its boundary. Each Region node also maintains horizontal references
to the previous region (prevRegion) and the next region (nextRegion) contained in the model (these
regions may or may not be adjacent). In this way, all of the Regions in a single Complex are linked
together in a circular list. To define a region’s shape and composition, the Region node finally
references an FGMDomain object of dimension 3 (fgmRegion), defining the geometry and material
grading over the region’s interior.

The boundary of a Region is defined by a list of Shells. Each Shell represents an oriented surface
serving as a boundary to its referenced Region (owningRegion). A Region may be bounded by

multiple shells, permitting the representation of voids and disjoint regions. To provide this flexibility,
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the Shells are maintained in a circular list fashion, with each Shell referencing the previous Shell
(prevShell) and the next Shell (nextShell) bounding the region. The final piece of data maintained
by a Shell node is a reference into a list of Faceuses (faceuseList) which define the geometry and
orientation of the shell. No composition or geometric information is explicitly associated with the
Shell class. It is used purely to maintain the relationships between topological entities of dimensions
3 and 2 (Regions and Faces).

Each Shell is composed of a set of Faces, each of which represents a bounded section of the Shell.
A Face is a topological entity of dimension 2 and is orientable, with each side bounding a different
Region. The orientation of a Face is not maintained explicitly within its definition since orientation
is relative. For each Region to which a Face is incident, the Face has a different orientation. This
information is captured by the Faceuse objects stored in the list referenced by faceuseList. To
define the geometry and composition of the Face, the Face node also references an FGMDomain of
dimension 2 (fgmFace).

Just as Regions are bounded by Shells, Faces are bounded by Loops. A Loop consists of an
alternating sequence of Vertices and Edges, forming a circuit. Each boundary of a Face is represented
by a single Loop, and as such Loops are also orientable. The Edges and Vertices comprising a loop
are not explicitly maintained within a Loop node since the orientation depends on its use, but are
referenced indirectly through a list of Loopuses (loopuseList).

The Vertices and Edges comprising Loops represent the lower dimensional (0 and 1) entities
defining the model. Each Vertex or Edge may be referenced by multiple Loops, yielding multiple uses
for a given Vertex or Edge within a model (as maintained by the lists referenced by vertezuseList
and edgeuseList, respectively). As with Faces and Regions, the definition of a Vertex or Edge is
maintained by an externally referenced FGMDomain of the appropriate dimension (fgmVertex or

fgmEdge).

Topological uses: As stated above, each topological entity within a model may have multiple
roles within the relational database. A Face, for instance, serves as part of two different Shells
bounding two adjacent Regions. Similarly, an Edge may be a part of any number of Loops bounding
Faces incident to the Edge. To define all of the roles for the various topological entities, four
additional classes are introduced. An instance of each object represents one role the corresponding
topological entity plays in the connectivity of the parts in the entire Complex. These classes (shown
in Figure 4-11) include: Faceuse, Loopuse, Edgeuse, and Vertexuse.

Each Face in the model serves a portion of two different Shells, defining the interface between
two adjacent regions. To represent this information, a Faceuse is defined for each orientation of
the Face. Each Faceuse maintains a reference to the Shell (owningShell) to which it belongs as

well as to the definition of the Face (faceDef). All of the Faceuses defining the orientation of the
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Faceuse

Loopuse

owningShell : pointer
faceDef : pointer
prevFaceuse : pointer
nextFaceuse : pointer
faceuseMate : pointer
loopuseList : pointer

owningFaceuse : pointer
loopDef : pointer
prevLoopuse : pointer
nextLoopuse : pointer
loopuseM ate : pointer
edgeuseList : pointer

(a) Faceuse

(b) Loopuse

Edgeuse

Vertexuse

owningLoopuse : pointer
edgeDef : pointer
firstVertezuse : pointer
edgeuseCW : pointer

owningEdgeuse : pointer
vertexDef : pointer

prevVerteruse : pointer
nextVerteruse : pointer

edgeuseCCW : pointer
edgeuseMate : pointer
edgeuseRad : pointer

(¢) Edgeuse (d) Vertexuse

Figure 4-11: The Uses of topological entities within the Radial-Edge data structure.

owning Shell are linked together in a circular list, with each of its Faceuses referencing a previous
Faceuse (prevFaceuse) and next Faceuse (nextFaceuse) in the shell. In addition, since each Face
has exactly two uses {one for each region to which it is adjacent), each Faceuse maintains a reference
to its opposite mate (faceuseMate). Finally, to define the oriented boundary of the Face according
to the orientation of the Face relative to the Region, a list of Loopuses is referenced by a Faceuse
(loopuseList) for each Loop bounding the Face.

As previously described, the boundary of each Face is defined by one or more Loops. Each Loop
has two possible orientations relative to the orientation of the Face (clockwise or counter-clockwise),
requiring the orientation of the Loop to be defined for each orientation of the Face. To maintain this
information, the class Loopuse is introduced. Each Loopuse maintains a reference to the Faceuse
(owningFaceuse) for which it is maintaining the orientation of the boundary. Since a Face may
be bounded by multiple Loops (to represent interior holes), the Loopuses for a given Faceuse are
linked together in a circular list with each Loopuse referencing the previous (prevLoopuse) and the
next {nextLoopuse) Loopuse for the owning Faceuse. In addition, each Loopuse also has a mate
(loopuseM ate) oriented in the opposite direction, representing the same boundary of the Face on
its opposite side. Since a Loopuse represents one orientation of a Loop, each Loopuse references a
list of Edgeuses (edgeuseList), each of which maintain a correctly oriented Edge contained in the

Loopuse.
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Each Edge in a model has two endpoints (A and B), yielding two possible directions along which
the Edge may be traversed (A — B or B — A). To distinguish between the two directions, the class
Edgeuse is introduced and is used to represent each instance a given Edge is used in a Loop. Each
Edgeuse references the Loopuse (owningLoopuse) to which it belongs as well as the definition of
its Edge (edgeDef). The Vertex at the start of the Edge of the given Edgeuse’s orientation is also
referenced (firstVertexuse), thereby defining the orientation of the Edge for the owning Loopuse.
To maintain the order of the Edges in the Loopuse, each Edgeuse references then next Edgeuses
in the clockwise orientation (edgeuseCW) and counter-clockwise (edgeuseCCW) directions about
the Loopuse, permitting the circuit of Edges for a given orientation of a Face to be followed. Each
Edgeuse also maintains references to the opposing Edgeuse (edgeuseMate) on the opposite of the
owning Loopuse’s Face and to the Edgeuse on the radially adjacent Face (edgeuse Rad) to the owning
Loopuse’s Face.

The final class, Vertexuse, is used to represent each instance a Vertex is used within a Complex.
Each Vertexuse represents the role of the referenced Vertex (vertezDef) as the starting point for the
directed the traversal of an Edge, as defined by the owning Edgeuse (owningEdgeuse). In addition,
all of the possible uses for the referenced Vertex are linked in a circular list, with each Vertexuse

referencing the previous (prevVertezuse) and next (nextVertezuse) Vertexuses for the Vertex.

Storage costs associated with representing topology with the Radial-Edge data struc-
ture: The previously described data classes are used to completely define the topology of a solid
model (or how the topological elements defining the model are connected together) within the Radial-
Edge data structure. Referring to Figures 4-10 and 4-11, the cost for each instance of each class

within the modeling method is readily determined, as summarized in Table 4.1.

| Class || Storage cost |

Complex || Sptr + Sms
Region 5Sptr
Shell 4Sp¢r
Face 2S¢,
Loop Spir
Edge QSptT
Vertex 2Sptr
FaceUse 6Spir
LoopUse 6Spir
EdgeUse 7Spir
VertexUse 4S5ty

Table 4.1: Storage costs for each instance of each class within the Radial-Edge data structure.

The total storage cost attributed to representing the topology of a model maintained in the
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r 4 ::Region rg::Region rgo::Region
c.::Cnmelex ocwningComplezx = ¢ owningComplez = ¢ owningComplezr = ¢
regionList = ry4 prevRegion = ro prevRegion = ry prevRegion = rpg
matsys =— nextRegion = rpg neztRegion = ro nezxtRegion = r 4

shellList = s 4 shellList = s shellList = s~

5 4 ::Shell s g ::Shell s ::Shell
owningRegion = r 4 owningRegion = rg owningHegion = rgo
prevShell = s preuShell = s 4 prevShell = sg
nextShell sg nextShell = s neztShell = s 4
faceuseList = fuy faceuseList = fuy faceuseList = fug
fg::Face fp::Face fc::Face f4q::Face
faceuseList = fug faceuseList = fuy faceuseList = fuc faceuseList = fuy
fgmFace =— fgmFace =— fgmFace =— fgmFace =—
fe::Face ff::Face fgq::Face
faceuseList = fug FaceuseList = Juy FaceuseList — Jug
fgmFace =— fgmFace =— fgmFace =—
lg::Loop 1} ::Loop lc::Loop 1,::Loop
loopuseList = lug loopuseList = luy loopuseList = lug loopuseList = luy
le::Loop ly::Loop lg::Loop
loopuseList = lue loopuseList = lug loopuseList = lug
eg ::Edge ep::Edge ec::Edge ey::Edge ee::Edge
edgeuseList = eug edgeuseList = euy edgeuseList = eu,c edgeuseList = euy edgeuseList = eug
fgmEdge =— fgmEdge =— fgmEdge =— fgmEdge =— fgmEdge =—
eyr::Edge eg::Edge ey ::Edge e; :Edge
edgeuseList = euy edgeuseList = eug edgeuseLlist = euy edgeuseList = eu;
fgmEdge =— fgmEdge =— fgmEdge =— fgmEdge =—
vy ::Vertex wo::Vertex va::Vertex
vertezuseList = vuy vertezuseList = vug vertezuseList = vug
fgmVertezx =— fgmVertez =— fgmVertex =—
vg::Vertex v ::Vertex
vertezuseList = vuy vertezuseList = vug
fgmVertez =— famVertez =—

(b)

Figure 4-12: (a) Radial Edge representation of sample model. (b) Object model showing the in-
stances of topological entities required to represent the sample model in the Radial Edgedata struc-

ture.
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Radial-Edge data structure as a function of the number objects of each class is expressed as 2

Sre = Sptr + Sms + SSptrnr + 4Sptrns + 2Sptr'n/f + Sptrnl + 2Sptrne + 2Sptrnv +

6Sptrnfu + 6Sptrmin + TSptrniew + 4Sptrnou + 3 Sgema- (4.15)
Fgmdemodel
The storage cost associated with the definition of the object’s shape and composition is represented
by the last term, Efgdemodel Stgmd, which depends on the type and nature of the FGMDomains
used to model the object. Several possible FGMDomains are introduced in Section 4.6.2 along with
their storage costs.
Recognizing that each Face has only two Faceuses (one for each Region to which it is adjacent),

the above equation simplifies to:

Sre = Sptr + Sms + 5Sptrny + 4Sptrns + 14Spiny + Sperniy + 2Spirne + 2Sptrny +

6Sptrnin + TSptrnew + 4Sptenou + D Spgma- (4.16)
Ffgmdemodel

Cell-Tuple-Graph

The Cell-Tuple-Graph data structure {7, 8, 25, 26, 32] is a cellular solid modeling method, decom-
posing a model of an object into Cells. A Cell is a generic, topological entity of any dimension,
representing a vertex, edge, face, or region in the model. In this way, this data structure can be
considered as a generalization of the Radial-Edge data structure, providing a uniform framework for
representing topology and relating the topological entities to each other.

There are two approaches to implementing the Cell-Tuple-Graph data structure. The first ap-
proach is to maintain an incidence graph between Cells, in which each Cell maintains lists of incident
Cells of higher and lower dimensions. Information about adjacent Cells is determined by intersect-
ing lists of incident Cells to find which Cells share a common boundary. The second approach is to
implement the Cell-Tuple-Graph in a fashion analogous to the Radial-Edge structure. For this case,
connectivity between the Cells is explicitly maintained in graphs of Tuples which reference Cells. In
this way, adjacency information is explicit and neighboring Cells can be found in constant time. Due
to the fact that it is analogous to the Radial-Edge structure and provides faster access to searching
the data structure, only the latter approach is discussed here.

The Cell-Tuple-Graph data structure is composed of only four classes: CTG (Cell-Tuple-Graph),
Cell, Tuple, and FGMDomain. Cells represent the topological entities in the model, FGMDomains
describe their shape and composition, and instances of the Tuple and CTG classes are used to

maintain the connectivity between Cells. The relationships between these classes are shown in

2The number of instances of Regions, Shells, Faces, Loops, Edges, Vertices, Faceuses, Loopuses, Edgeuses, and
Vertexuses in a Radial-Edge model are represented by n,, ns, nf,ni, ne, ny, Tify, Ry » Neu, and nyu, respectively.
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Figure 4-13: (a) Cells in model. (b) Graph of tuples. Paths between tuples are colored according to
dimension: red=0, green = 1, blue = 2, dashed blue/yellow = 3. (c) Graph of tuples over boundary
with each tuple labelled.

73



Figure 4-14. More detailed descriptions of the data maintained by each of the classes and their roles

in the Cell-Tuple-Graph modeling method are provided below.

Cell
CTG d : integer FGM-Domain
cellD?main : pointer R fgmpomain : pointer .
t . pointer ng : integer

g : array of pointers

matsys : MaterialSystem (static)

!

Tuple

d : integer

c : array of d+ 1 pointers
t : array of d + 1 pointers
g:

pointer

Figure 4-14: Relationships between classes in Cell-Tuple-Graph data structure.

Cell: A Cell represents a d dimensional topological entity in the model. In reference to the Radial-
Edge data structure, a Cell may play the role of Vertex, Edge, Face, or Region within the model. The
shape and composition of the Cell is defined by an FGMDomain referenced by the Cell (fgmDomain),
allowing a separation between the implementation of the topological data structure and the geometric
and material representation. Cells are connected together through graphs of Tuples (described
below). Each Cell maintains a single reference to a Tuple in each unique CTG in which the Cell
appears. References into the ny graphs containing the Cell are maintained in an array of Tuples (g)
within the Cell object. A MaterialSystem is also defined to represent the material space in which
the model exists. Since the Material Space must be the same for all of the Cells in the model,
the allocation of only one MaterialSystem (matsys) is required per model. At the time of model
creation, a Cell of dimension 3 is defined to represent the Build Space. It is at this time that the
MaterialSystem is defined for the Cell class, establishing a Material Space for the Cells that will
define the object.

Tuple: A Tuple represents a unique collection of incident Cells (¢) in a model of differing dimen-
sions: ¢ = {cg,¢1,...cq}. Each Cell in a Tuple represents a section of the boundary of the next
higher dimensional Cell within the same Tuple: ¢; C d¢g41. Each Tuple is connected to d + 1 other
Tuples within the reference CTG (g) by d numbered paths.

CTG: A CTG consists of a collection (graph) of Tuple objects connecting all of the incident states

which differ by a single Cell together. Just as the Tuple’s role is to provide the incidence information
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between Cells of different dimensions, a CTG object provides the adjacency information between
Cells of the same dimensions, thereby allowing complete representation of a subdivided, manifold

section of a model.

- MIT FGM Object Modeler | - O] x] - MIT FGM Object Modeles | [O] x|

-
“*\\‘-
e

(a) (b)

. MIT FGM Object Modeler . [O] x] - MIT FGM Object Modeler _ O] x|

e

\

(c) (d)

Figure 4-15: Illustration of switch operator performed on tuple ¢, for dimension 1 (green). (a) Cells
in tuple ¢;. (b) Location of tuple ¢, in graph. (c) Cells in Tuple t,. (d) Location of tuple t, in graph.

All of the Tuples of a single CTG object can be accessed through the repeated application of
a single operator: switch . Given Tuple ¢, and a dimension k, switch(k,t,) returns the Tuple
tg = ta.ty. By definition of the CTG, Tuples t, and tz reference all of the same Cells except at
dimension k. These two Cells (t,.cx and tg.cx) are adjacent to each other (for k > 0) and as well
incident to the same Cells of lower and higher dimension in the model. Since all of the Tuples for

a single graph can be reached through this single operator, a CTG object needs only to reference a
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single Tuple.

A CTG also maintains a reference to a Cell (cellDomain) in which the subdivided manifold
exists. All of the Cells referenced by the graph are said to exist within the domain of this higher
dimensional Cell. To provide access between CTGs, the jmpswitch operator is defined. Given a
Tuple t,, and a Cell cg, jmpswitch(¢,, cs) returns a Tuple ¢, in a different graph (if one exists) than
the one referenced by to (ta.g # ty.9). The new Tuple will either contain the Cell ¢ within its
array of referenced cells (cs € t,.c) or the new Tuple will serve as a node in a graph defined within
Cell ¢g (ty.g.cellDomain = cg). With the addition of this operator, the CTG data structure can
represent Faces with internal Loops and Regions with internal Shells in a manner analogous to the

Radial-Edge data structure.

FGMDomain: To define the shape and composition of each Cell, the FGMDomain class is used.
The definition of a derived FGMDomain class is arbitrairy, subject to the only restriction that it
span the interior of the Cell referencing it, uniquely defining the composition of each point within

the Cell. A more detailed description of the FGMDomain class is given in Section 4.6.2.

| Class || Storage cost |
CTG 55 per
Tuple Sint + (2d -+ 3)Spt7-
Cell || 28int + (cong + 1)Sper [+Sms static]
FGMDomain [ depends on definition |

Table 4.2: Storage costs for different objects within the Cell-Tuple Data structure.

Storage required for a model maintained in the Cell-Tuple-Graph data structure:

Setg = 2Spnetg+ Y [Sint + (2tAd+3)Spir] + Y [2Sine + (eng + 1)Spr] + (4.17)
tEmodel cEmodel
5’ms + Z ngmd
Ffgmdemodel

where ¢ represents a Tuple in the Cell-Tuple-Graph, ¢ represents a Cell in the model, an fgmd is
an FGMDomain referenced by a Cell. The storage cost an FGMDomain is represented by Sggma
and is depedendent upon the defition of the domain. The following section (Section 4.6.2 introduces
several possible FGMDomain definitions for use in modeling FGM objects with a relational database

and establishes their storage costs.

4.6.2 FGMDomains

In most B-rep approaches to solid modeling, definitions for the shapes of curves and surfaces defin-
ing the boundary of regions are defined external to the topological data structure. This not only

simplifies issues in implementation but permits the expansion of the modeling system as new shape
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representations are introduced in the future. The same paradigm can be followed to model FGM
objects. The concept of an FGMDomain is introduced here as an abstract class to define shape and
composition of a point, curve, surface, or region. It is a generic concept and can be used to define
FGM models within either the Radial-Edge or the Cell-Tuple-Graph data structures. As previously
stated, this approach is not new but is a direct extension of how B-rep modelers currently repre-
sent shape. In such applications, a wide range of definitions have been established to provide the
flexibility and accuracy needed to represent a wide range of models. Some shape definitions within
the STEP standard (a file format for used for the neutral exchange of solid models) were given in
Figure 2-4(a) to illustrate the various possibilities for defining shape.

This section presents a set FGMDomains based on rational Bézier formulations which would
provide the capability to represent FGM objects with non-linear geometries and compositions. Al-
though the definition of FGMDomains is certainly not limited to the few introduced here, it is
anticipated that this limited set will enable the representation of a broad range of FGM objects with
complex shapes and compositions. Other possible definitions for FGMDomains are described at the
end of this section to re-enforce the generality of the approach and how it can be expanded in the

future.

Zero Dimensional FGMDomain

FGMPoint:FGMDomain
x : array of 3 floats
m : array of d,,, floats

(a) FGMPoint class.

Figure 4-16: Zero dimensional FGMDomain.

FGMPoint: The lowest dimensional FGMDomain is the FGMPoint. It defines a single point in
Build Space (x) as well as a point in Material Space (m). The storage cost for an FGMPoint, as

defined in Figure 4-16, is simply:

Spnt = (3 + dm)szt (4.18)

One Dimensional FGMDomain

FGM Rational Bézier Curve: Although a variety of representations for lines, arcs, and freeform
curves could be considered, this analysis will only be concerned with rational Bézier curves for
defining one dimensional FGM entities [19, 52, 55]. An FGM rational Bézier curve is a parametric

curve which maps a line in parametric space (0 < ¢ < 1) to a rational, freeform curve in the build
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(t = x(t)) and Material Spaces (t+ —» m(t)). In order to be well defined, the geometric mapping
must be one-to-one, without self intersections. Due to its general definition, an FGM rational Bézier
curve can be used to represent straight line segments as well as polynomial and rational curves,

enabling the representation of a wide range of curves within a model.

FGMRationalBézierCrv:FGMDomain
n, : integer

Ny, © integer

x : array of 3 x (n, + 1) floats

m : array of dy X (ng, + 1) floats

w, @ array of (n; + 1 floats

w,, : array of (n,, + 1) floats

(a) FGMRationalBézierCrv class.
Figure 4-17: One dimensional FGMDomain: FGMRationalBézierCrv.

The definition of FGMRationalBézierCurve is given in Figure 4-17(a). Each instance of the curve
maintains its degree of shape (n,) and composition variation (n,,). The shape and composition of
the curve are defined by control polygons and weights in Build Space (x,w,) and Material Space
(m, w,,), respectively. The mapping from parameter space into model space (using inhomogeneous

coordinates) is provided by the following pair of equations:

Na x; B nm m;B"™
x(t) = &z LB gy Zicp Umen BT (4.19)
> ico Wai By (1) 2ilo Wmi B (1)
where Bernstein polynomial basis of degree n on the unit interval ¢ € [0, 1] are defined by
ny . .
BM(t) = (1 — )9 (4.20)

n —2 _if0<i<n

Tn—3)!

i 0 otherwise

The memory required to represent an FGMRationalBézierCurve is a function of the degrees of

the mapping functions as well as the dimension of the Material Space.

Srbc = 2Sint + [4(na: + 1) + (dm + 1)(nm + 1)]Sflt (421)

78



Two Dimensional FGMDomains

Three classes of FGMDomains are introduced here to represent the shape and composition of topo-
logical entities of dimension two. The first two are parametric, based on rational Bézier formula-
tions [19, 52, 55]. The third is a more general representation for planar surface, with the topology

of surface’s boundary implicitly defined by an accompanying topological data base.

FGMRationalBézierQuad : FGMDomain
m, : integer
FGMRationalBézierTri:FGMDomain My, : integer
ng : integer ng @ integer
Ny @ integer N, @ integer
x : array of 3(ng + 1)(ng + 2) floats x : array of 3(mg + 1)(n, + 1) floats
m : array of 2= (n,, + 1)(n,, + 2) floats m : array of d,,(m,, + 1)(n, + 1) floats
w @ array of 5(ng 4+ 1)(ng + 2) floats w, : array of (mg + 1)(ng + 1) floats
Wy, @ array of 1{n, + 1)(n,, + 2) floats Wy, @ array of (mmy, + 1)(n, + 1) floats
(a) FGMRationalBézierTri class. (b) FGMRationalBézierQuad class.

FGMPlanarSurface : FGMDomain

f : pointer
N : array of 3 floats
d : float

m : array of d,,, floats

(c¢) FGMPlanarSurface class.

Figure 4-18: Two dimensional FGMDomains: FGMRationalBézierTri, FGMRationalBézierQuad,
and FGMPlanarSurface.

FGM Rational Bézier Triangular Patch: The FGMRationalBézierTri class is used to defined
the shape and composition of a two dimensional topological entity bounded by three edges through
the mapping of a triangular parameter space into the build and Material Spaces. As with the curve
case, the mapping into Build Space must be one-to-one in order to prevent self-intersections.

The data maintained by the FGMRationalBézierTri class include the degrees of the shape (n,)
and composition (n,,) variation as well as the control points and weights to define the shape (x,w,)
and composition (m, w,,). The mapping from parameter space into build and Material Spaces (using

inhomogeneous coordinates):

2 fij=n, WaiXiBi” (0)
2 jij=n. WaiB{ (0)

2 lij=n,, WmimiB{™ (u)
and m(u) = — = . (4.22)
Z|i|=nm wm; By ()

x(u) =

where i represents the index of a control point or composition and [i| = g9 +¢; + ¢2. The parameter
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u is the barycentric coordinate of the point in parameter space satisfying the condition |u] =
up + u; +uz = 1.0 and 0 < wg,u;,up < 1. The function Bf*(u) is the generalized Bernstein

polynomials of degree n, as defined by

11 1,2 . . . _ . . L
——uo uwitug if ig,41,30 >=0and ip + 41 +iz =n
BM(u) = { 't o (4.23)
0 othewise.

Since the influence of each control point and weight are summed over |i| = n, the number of control

points and weights required to completely defined the mapping for a Bézier triangle of degree n is:

n+1

Zl—Zz-—(n+1(n+2) (4.24)
lil=n
With the information, along with the data contained with each class instance (see Figure 4-18(a)),

the storage cost associated with a single FGMRationalBézierTri patch object is determined as:

dm + 1
Srotp = 2Sint + {2(7% +1)(ny +2) + ———2+—(nm + 1)(nm +2)| St (4.25)

FGM Rational Bézier Quadrilateral Patch: An FGMRationalBézierQuad also defines the
shape and composition for a two dimensional topological entity, except that an

FGMRationalBézierQuad is bounded by four edges, homeomorphic to a rectangle defined in param-
eter space. The data maintain by objects of this class include the degrees of shape (m,,n,) and
composition (my,,n.,) variation in the @ip and 0; directions in parametric space. The shape and
composition are defined by nets of control points in Build Space (x, w,) and Material Space (m, w,,).

The mapping from parameter space into model space is accomplished through the following pair of

equations:
x(u U ) — Z?0%:0 Zm 0 Waigiy x’LOll (UO)B (ul) and
0,U1) = . -
’ ZZ::O Z—-—O wmzohB (uo)Bn (ul)
EZ)IZO ZT—O Wm ipi Migi; B (UO)B?Im (u1)

m{ug,u1) = (4.26)

Zzo =0 Z:21 =0 Wmigiy Bmm (UO)B (“’1)

where (49, 71) is the index of a control point or composition and (ug,u;) is a point in parameter space.
The function B*(u) is the it* ordinary Bernstein polynomial of degree n, as defined in Equation 4.20.
Accounting for the data maintained by the class defined in Figure 4-18(b), the storage cost for an
FGMRationalBézierQuad patch is:

Srbqp =4S + [4(17% + 1)(7’&;5 + 1) + (d + 1)(mm + 1) Ny + 1 ]Sﬂt (4.27)
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General 2D Cell or B-rep Face: If a surface is planar and maintains a uniform composition,
information about the shape and composition variation needed not be explicitly defined. A single
composition (vector of volume fractions) can be associated with an FGMDomain along with the
equation for the plane and the topology of the planar face can be inferred from the topological
data structure. To accomplish this, the FGMPlanarSurface is introduced. This class maintains an
equation for the normal of a plane (n), its distance from the origin of the Build Space (d), and a
vector of volume fractions (m) defining the composition over the plane. Furthermore, the bounding
edges of the planar surface are determined through the interrogation of the accompanying topological
data structure, accessed through the reference to the corresponding Face or Cell (f). The geometry
of the face is defined by the points that lie on the plane (fi - x = d) and within the boundary as
defined its loops of edge. Through this class, complex, planar surfaces with arbitrary boundaries
and internal holes can be defined without the duplication of data maintained by lower dimensional
topological elements or the subdivision of the surface into simple facets. The storage cost of each

FGMPlanarSurface object is simply:
Sps = Sptr + (4 + dm) St (4.28)

Three Dimensional FGMDormains

Three dimensional FGMDomains define the shape and composition of a region with an FGM object.
Four derived FGMDomains classes are discussed here: the FGMRationalBézierTet, FGMRational-
BézierPent, FGMRationalBézierHex, and the FGMBRepRegion. The first three of these class are

based on Bézier volume representations [24].

FGM Rational Bézier Tetrahedral Region: The first FGM region class to be discussed is the
FGMRationalBézierTet. Instances of this class provide a mapping from a tetrahedral parametric
domain into a three dimensional Build Space and the model space according to the following pair

equations:

_ Djij=n, Wi B (0)
Z:|i]:nz wei BY (u)

2 lij=n,, Wmimi B ()
and m(u) = — = . (4.29
() Elil=nm Wi By (1) )

x(u)

As for the one and two dimensional classes, the shape and composition are defined by sets for control
points and weights in Build (x, w,) and Material (m, w,) Spaces. The control points and weights

are blended using the generalized Bernstein polynomials, as defined by

I
Bl'(u = ————ulullulul 4.30
1() 10!21!12113! 0“1 %2 3 ( )
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FGMRationalTetrahedron : FGMDomain FGMRationalBézierPent : FGMDomain

Tz : integer mg © integer

Ny integer My, @ integer

x : array of Petl(r=+2)(n=53) goqeq ng : integer

m : array of i (s 1) (1 42) (1 3) floats N ¢ integer

W, : array of (RetD(n=+(natd) g x : array of 3(m”+1)(";)+1)(”‘+2) floats

W : array of (nm+l)(nm6+2)(nm+3) floats m : array of Aoy (M 1) (M #1) (1 +2) oyt
w, : array of (m’+1)("’2+1)("”+2) floats
W, @ array of (mm“)(""é“)(""‘“) floats

(a) FGMRationalBézierTet Class (b) FGMRationalPenthedron Class.

FGMRationalBézierHex : FGMDomain FGMBRepRegion : FGMDomain

l; : integer r : pointer

[ © integer m : array of (d,,) floats

mg : integer

My & integer

ng @ integer

n., : integer

x : array of 3(l; + 1)(ms + 1)(n, + 1) floats

m : array of dp (I + 1)(my + 1) (ngy, + 1) floats
w, @ array of (I, + 1)(m, + 1)(n, + 1) floats
Wy, @ array of (I, + 1)(my, + 1){n,, + 1) floats

(¢) FGMRationalBézierHex Class (d) FGMBRepRegion Class

Figure 4-19: Three dimensional FGMDomains: FGMRationalBézierTet, FGMRationalBézierPent,
FGMRationalBézierHex, and FGMBRepRegion.
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where u = (ug, u1, w2, uz) is the barycentric coordinate of the point in a tetrahedral parameter space
satisfying the conditions |u| = ug +u; +us +uz = 1 and 0 < wug, ug, uz,ud < 1. i = (io,41,%2,%3)
is the index of a control point or weight. The indices of the control points and weights satisfy the
condition [i| = i + i1 + 2 + i3 = n, where n is the degree of the generalized Bernstein polynomial.

For a Bézier tetrahedron of a given degree n , the number of control points or weights defining

its shape or composition is

n+l 1 n+1

ZI=ZZJ—ZEH+1)—1(n+1)(n+2)(n+3) (4.31)

lil=n i=1 j=1 i=1
Therefore, the total storage cost for each FGMRationalBézierTet region object is

2 dm + 1

FGM Rational Bézier Pentahedron Region: The next FGMDomain to be discussed in the
FGMRationalBézierPent. Instances of this class are homeomorphic to a topological entity having
five faces, nine edges, and six vertices, also known as a wedge. The blending of the control points
in Build (x,w,) and Material (m,w,,} Spaces to map a wedge in parametric space to a region
in model space are accomplished through a combination of the ordinary and generalized Bernstein
polynomials. This mapping is given by:
x(uyv) = 250 2o, VX B ()BT (1) and
E]‘:o Zm:n, Wai;y B]mz (v)B;** (u)
22720 P lij=n,, WmisiXisi By (v) Bi'™ (a)

m(uv) = z;;tgozlilzimwmi;jB;""‘(v)Bi”m(u) : (4.33)

The coordinate u is a parametric point within the cross-section of the wedge and the coordinate v is
the parametric distance along the length of the wedge. Regions defined by this class can considered
as sweeps or lofting of a Bézier triangles along Bézier curves (see the class definitions above). The
degree of the shape (n;) or composition (n,, )variation of over the cross-section is independent from
the vacation along the length of the wedge (m, or myy,).

The number of control points and weights required to define a Bézier pentahedron is simply the
product of the number of control points to define a cross section (see Equation 4.24) and the order

of the variation along its length:

i 1= E (m+1)(n+1)(n+2). (4.34)
7=0 |lijl=n

l\D

Knowing the number of control points and weights as a function of degree, the storage cost for
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representing an FGMRationalBézierPent region is determined to be:

4(mg + 1)(ng + 1)(ng + 2) + (dm + D(mpm + D(ngm + D(nm + 2)
2

S’rbp'r' =4S + Sflt- (435)

FGM Rational Bézier Hexahedron: The final FGMDomain based on a Bézier formulation
if the FGMRationalBézierHex. Objects of this class define the shape and composition of three
dimensional topological objects homeomorphic to a cube (a brick). The shape and composition of
the region are defined by lattices of control points and weights in Build Space (x,w,) and Material
Space (m, w,,). The mapping is an extension of that for the quadrilateral path (Equation 4.26 into
a higher dimension; from a unit cube into a region in Build Space according to:
cw) = Lz LiZo Dhto Ui Bl (o) B () Bl ()
Yinzo Loivio im0 Waioi i Biy (UO)BZ'1 (w1) By (u2)
Z@O_o Zzlr_no 12—0 Wi igiyig Migiy zzBl (UO)BZIm (UI)BZm (u2)
Ezg_O Zzl =0 12—0 wmmszl (uo) Biy™ (u1) B (u2) .

m(u) (4.36)
The coordinate u = (ug, w1, u2) is the parametric location of a point within a unit cube the Cartesian
space. The index of the control point is represented by i = (ip,41,%2) The degrees of variation in
shape and composition along the g, 0, and Gy are l;,m,,, and ng; and l,,,,m.,,, and n,,, respectively.

The total storage cost for an FGMRationalBézierHex region is:

Sronr = 6Sine + [4(le + 1) (Mg + 1)(ng + 1) + (diy + 1) (L + 1)(mm + 1) (0 + 1)) Spie. (4.37)

General 3D Cell or B-rep Region: To efficiently represent regions of uniform composition,
a single composition vector can be used and the shape of the region inferred from the topological
data structure containing the lower dimensional entities (its boundary). This is analogous to how
composite structures are currently represented within B-rep modeling systems. Within the frame-
work described here, the FGMBRepRegion domain is introduced. This FGMDomain simply defines
a vector of material volume fractions (m) for the corresponding Region or Cell (r) stored in the
topological data structure reference by the domain. The composition of the region, interior to the
bounding Cells (or Shells) stored within the generalized solid modeling data structure, is considered
uniform or piece-wise constant. In this way, large regions of uniform composition can be defined
without further subdivision of the model into simpler FGMDomains. The storage cost of each such

region is:

Ser = ptr + deflt- (438)
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Summary of FGMDomain storage costs

The storage cost of each derived class of FGMDomain depends on the amount of data each class
maintains as well as the complexity (degree) of the composition and shape variation. These storage

costs are summarized in Table 4.3.

] FGMDomain | Storage cost [
FGMPoint (3 + dm)Sﬂt
FGMRationalBézierCrv 5Simt + A0t + 1) + (dm + Dt 1570

FGMRationalBézierTri || 2Siu + [2(ng + 1)(ne +2) + 8 (ny, + 1)(nm + 2)] Syt
FGMRationalBézierQuad || 4Sn: + [4(m; + 1)(ny + 1) + (dm + 1)(mp + 1) (0 + 1)] Stz
FGMPlanarSurface Spir + (dm + 4) St

FGMRationalBézierTet | 25 + 4(n:+1)(nm+2)(n1+3)+(d,,é+1)(nm+1)(nm+2)(nm+3) Spe

FGMRationalBézierPent || 4S;,, + | 2=t (et Dinet2)t(dntl)(mm t1)(nn ) (nmt2) | g,

FGMRationalBézierHex 6Sine + [4(l; + 1)(mgz + 1)(ny + 1)+
(dm + 1)l + D{mpm + D)0 + 1)] Spue
FGMBRepRegion Sptr + dm Stz

Table 4.3: Storage costs of FGMDomain definitions used in analysis of memory requirements for
generalized FGM modeling methods.

Other definitions for FGMDomains

Only a small subset of all the possible FGMDomains that could be defined have been presented here.
These FGMDomains were based on rational Berstein polynomials were chosen for their flexibility in
representing a wide range of shapes accurately (cylindrical and spherical patches [15], for instance).
For some applications, the rational formulation may not be needed. In addition, material informa-
tion associated with lower dimensional entities (vertices, curves, and faces) may not be needed but
is included for consistency. Additional FGMDomains could also be defined to further extend the
generalized cellular approaches to solid modeling, just as the STEP standard includes many repre-
sentations for sphape (see Figure 2-4). Other parameteric FGMDomains could be based on NURBS
(Non-Uniform Rational B-Spline) [15, 16, 19, 52, 55, 69] or simplex spline [14, 61] representations.
The Bernstein FGMDomains are special cases of these two. Procedural methods, similar to the

offset surfaces [45, 51] used in exisiting solid model representations [49], could also be introduced.

4.6.3 Relationship between FGMDomains and topology

At the beginning of this section, the generality of the Radial-Edge and Cell-Tuple-Graph data
structures was emphasized, permitting a decoupling between the representation of the topology of
the model and the shape and composition. The definition of the shape and composition in an
FGMDomain, however, must map completely onto the corresponding entity in the topological data

structure, defining the shape and composition to the entities boundary. In order to guarantee that
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this happens, the topology of the FGMDomain must be homeomorphic to the corresponding entity
in the relational database. Therefore, since the parametric FGMDomains discussed in this section
all map a parametric space of a given topology into the topological data base, the number of objects
stored in the database can be related to each instance of an FGMDomain in the model. This section

lists the number of topological entities generated for each case of an FGMDomain.

Relationship between FGMDomains and RadialEdge objects

The Radial-Edge data structure maintains the two major sets of classes: topological entities and their
uses. The number instances of each entity and use created for each instance of an FGMDomain are
listed in Tables 4.4 and 4.5. The relationship between the parametric FGMDomains and topological
objects is fixed. Each instance of a point, curve, parametric surface, or parametric regions results in
a since instance of a vertex, edge, face, or region, respectively. Each surface or region also requires
an object to represent its boundaries; either a Loop or Shell.

As for the roles of each topological entity, the number of Loopuses, Edgeuses, and Vertexuses
depend on the topologies of the surfaces and the number of Faceuses depend on the topologies
of regions. For a two dimensional FGMDomain (a surface), each Edge in a Face contributes 2
Edgeuses and 2 Vertexuses to the relational database. In addition, two Loopuses are also generated
to define the opposing orientations for each Loop bounding the Face. Therefore, each FGMDomain
corresponding to a Face contributes twice as many Edgeuses and Vertexuses as it has bounding
Edges, and twice as many Loopuses as it has Loops. Similarly, each three dimensional FGMDomain
contributes one Faceuse for each of its Faces, defining the relative orientation of that Face.

For the implicit FGMDomains that derive their topology from the topological database, however,
the relationship is entirely dependent, upon how the FGM object is decomposed in the FGMDomain.
An FGMBRepRegion, for instance, may be bounded by an arbitrary number of Faces and possibly
by multiple Shells (in order to represent voids within the region). Likewise, an FGMPlanarSurface
may be bounded by an arbitrary number of Edges and may also contain holes (defined by additional

Loops of Edges forming internal boundaries).

Relationship between FGMDomains and Cell-Tuple-Graph objects

The Cell-Tuple-Graph data structure maintains the topology of the model in graphs of Tuples, each
of which represent a unique combination of incident Cells in the model of different dimensions.
The relationship between the objects in this data structure and each class of FGMDomain is listed
in Table 4.6. Each FGMDomain is represented by a Cell in the Cell-Tuple-Graph data structure,
resulting in a one-to-one correspondence between the number of Cells and FGMDomains. The
Tuples, or unique incident states, is related to number of two dimensional Cells (Faces) in the

model. For each Edge bounding a Face, 4 Tuples are required to represent the four incidence states,
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L FGMDomainl Region Shell Face Loop Edge l Vertex

instance instance. instance instance instance instance
FGMPoint 1

FGMRationalBézierCrv 1

FGMRationalBézierTri 1 1
FGMRationalBézierQuad 1 1

FGMPlanarSurface 1 Nhotes + 1

FGMRationalBézierTet 1 1
FGMRationalBézierPent 1 1

FGMRationalBézierHex 1 1

FGMBRepRegion 1 Nyoids + 1

Table 4.4: The relationships between the number of topological entities in Radial-Edge data structure
and each derived class of FGMDomain.

| FGMDomain || fageuse foopuse pageuse | Leresuse |
FGMPoint
FGMRationalBézierCrv
FGMRationalBézierTri 2 2 6 6
FGMRationalBézierQuad 2 2 8 8
FGMPlanarSurface 2 2(1 4 nhotes) | 2Medges 2MNedges

FGMRationalBézierTet
FGMRationalBézierPent
FGMRationalBézierHex
FGMBRepRegion

Table 4.5: The relationships between the number roles of each topological entities in Radial-Edge
data structure and each derived class of FGMDomain.

two at either end of the Edge and two on either side of the Face. The number of isolated graphs of
Tuples (CTGs) in the model depends upon its topology. If all of the incident states are connected
(no voids in Regions or holes in Faces), then only one CTG exists. Such a model is considered to
be a subdivided manifold. Finite element meshes are one subset of subdivided manifold.

With the introduction of implicit FGMDomains (FGMPlanarSurface and FGMBRepRegion),
the possibility for disconnected graphs exists. The incident states for the topology for a void, for
instance, are clearly isolated from the Tuples in the Regions exterior boundary. The relationship
between CTG’s and FGMPlanarSurfaces, however, is not fixed (indicated by the “X” in the Table).
Paths of connected Tuples between a Face’s exterior and interior loops may exist depending on how
the surfaces bounding the Face’s hole through the incident region connect to the boundary of the
region. Therefore, no definite relationship can be asserted, depending instead on how the object is

decomposed into Cells.

4.7 Discussion

The preceding sections develop expressions for the memory requirements for several different model-

ing schemes, beginning with a simple exhaustive enumeration approach to general B-rep and cellular
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{ FGMDomain “ ctg’s cells tuples

instance instance instance

FGMPoint 1
FGMRationalBézierCrv
FGMRationalBézierTri
FGMRationalBézierQuad
FGMPlanarSurface X
FGMRationalBézierTet
FGMRationalBézierPent
FGMRationalBézierHex
FGMBRepRegion || nyeigs + 1

12
16

4nedges

JHNFY UUITY JUNY Y IR JUNPY NI Y

Table 4.6: The relationships between the number instances of each class in the Cell-Tuple-Graph
data structure and each derived class of FGMDomain.

decomposition methods. The memory required for each of the representations, in terms of the num-
ber of instances of their fundamental data classes, is summarized in Table 4.7. Note that the
generalized data structure storage requirements (Radial-Edge and Cell-Tuple-Graph) only represent
the cost associated with maintaining the topology explicitly; the representation of the shape and
composition are depends entirely on the nature of the model and how it was constructed. The term
ngdemodel Srgma represents the total cost associated with all of the FGMDomains used to model
the object. In addition, the definition of the FGMDomains also associate material information with
entities of zero, one, and two dimensions. This information is included for consistency of FGMDo-
main definitions (all FGMDomains maintain shape and composition information), the unabmiguous
definition of the composition at each point in the Build Space (each point in BuildSpace maps u-
niquely to one Cell and its associated FGMDomain), and to follow the paradigm set forth in B-rep
modeling in which analytic descriptions of vertex and curve geometries are explicitly maintained even
though this information is implicitly conveyed with the intersection of the higher order surfaces. This
generality allows the greatest freedom for the definition of future FGMDomain representations and

design methods which may employ material information associated with lower dimensional entities.

The four finite element methods presented in this chapter are slight variation of each other. Two
methods incorporate backwards pointers from the elements to the vertices. This information may be
helpful in the optimal design of algorithms for working with the data structure (this is beyond the
scope of this thesis). The other variation deals with where the material information is maintained. In
one pair of of finite element data structures, the information is associated with the vertices, similar to
how field values are associated with nodes in a finite element mesh. The composition of each element
is determined from blends of the values at the noes. In the other pair, the material information is
directly assocatied with each tetrahedron. How the material information is associated with the
elements greatly impacts how the mesh can represent discontinuities in material composition, as

shown in Figure 4-20.
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(a) (b)

(c)

Figure 4-20: (a) Modeling two piecewise constant regions with composition information associated
with (a) the two regions and (b) the vertices. In order to represent two piece-wise constant regions
when the material information is associated with the vertices, the interface region must be meshed
as in (c).
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Exhaustive Enumeration:
Syoe = 38t + 6Sflt + Sptr + Sms + %nvozdm [1g 'n/)\il
Triangulated B-rep Model:
Stri = (S'mt + Sptr + deflt)nr + SSptrntriangles + 3Sfltnnodes + Sint + Spns
FE-Model:
Steoo = 4Sptrntetrahedra + (3 + dm)sfltnnodes + Sz‘nt + Sms + Sptr
(FE-TET, FE-Vert-M)
Stem = 4(Spt7‘ -+ deflt)ntetrahed'ra + 3Sfltnnodes + Sint + Sms + Sptr
(FE-TET-M, FE-Vert)
Stew = 8Sptrntetrahedra + [(3 =+ dm)sflt + Sint]n'nodes + Sint + Sms =+ Sptr
(FE-TET, FE-Vert-MP)
Sten = 4(2Sptr + deflt)ntetrahedra + [3Sflt + Sint]nnodes + Sint + Sms + Sptr
(FE-TET-M, FE-Vert-P)

Radial-Edge:
Sre = ptr T Sms + 5Sptrnr + 4Sptrns + 14Sptrnf + Spt'r‘nl + 2Sptrne + 25ptr”v+
6Sptrnlu + 7Sptrneu + 4Sptrnuu + Sms + qumdemodel ngmd
Cell-Tuple-Graph:
SCtQ = QSPt""nCtQ + ZtEmodel[Si'ﬂt + (2td + 3>Spt7‘] + ZCEmodel [2Sint + (c.ng + 1)317”]
+Sm3 + Efgmdemodel ngmd

Table 4.7: Memory requirements for Exhaustive Enumeration, Triangulated B-Rep, Tetrehedral
Mesh, Radial-Edge, and Cell-Tuple-Graph solid modeling methods.
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Chapter 5

Bounds for voxel-based model

growth

5.1 Motivation

Exhaustive enumeration modeling methods represent objects as a lattice of voxels. Filled voxels
define interior sub-regions of the model while empty voxels are outside the model. In most appli-
cations of voxelized representations, the dimensions of each voxel and the total number of voxels
are determined by the resolution of some inspection process (eg. medical imaging) [37]. For design
applications, voxel dimensions remain variables to be determined by the designer. Since the storage
cost of an exhaustive enumeration method is related to the voxel size, the factors influencing the se-
lection of voxel size are explored to relate memory requirements to parameters more directly related

to the quality of the modeled object representation.

5.2 Voxel size dictates lattice size

In order to represent an object as a voxelized model, the object must be placed within a three
dimensional lattice of voxels. Each voxel within the lattice defines the compositions of the corre-
sponding sub-region within the FGM object. The total number of voxels within the lattice (ny,z) is
a functions of the physical size of the lattice (L; x Ly x L.) and the size of each voxel (6; x &, X 4;).
The physical size of the lattice is determined by the bounding box of the object to be modeled.

Given that the n,,, voxels must fill the space, the following inequality must hold:

Nuoxebydz > LyLyL. (5.1)
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Therefore, the total number of voxels (one factor affecting the storage cost) is inversely related to

the dimensions of the voxels.
= ][] o

5.3 Geometric constraint on voxel size

Voxel-based modeling provides a discrete representation of an object. Before investigating this
discretization’s impact on the representation of composition, its impact on single material modeling
must be understood. In a model consisting of a single material, the nature of the material boundary
defining the part surface is the most important piece of conveyed information. As a model is designed
(when the bounding surface is defined and modified), voxels are set as filled or empty depending upon
where they lie relative the the desired boundary. Obviously, all voxels that are completely interior to
the boundary are considered filled and do not present a problem. Voxels on the boundary, however,
may or may not be filled depending upon how they intersect the desired, designed boundary. To
understand which voxels get filled, let us define an algorithm that fills voxels to represent a new
feature added to the model, as described in Algorithm 1. The criteria used to determined whether
or not to change the state of a voxel to “filled” depends upon how much of a given voxel lies interior
to the new feature’s boundary, as illustrated in Figure 5-1.

X Modeled boundary.
Feature intended to be added.

| Desir?é boxnﬁerv. | R THEEEN

HEEEEER

[TTTTIT

[T 111 [T1

LTTTT] [ 1]
s /

ion i Model in data structure after addition
Model existing in data structure. of feature.

(a) (b)

Figure 5-1: (a) The addition of a feature to a voxel-based data structure. (b) Modified voxel-based
model to capture intended feature.

92



Intended boundary.
Mo@gled boundary.

Intended boundary.
\ Mogeled boundary.

(a) (b)

Intended boundary.
Modeled

|

Intended boundary.
boundary. 4X Modeled boundary.

(c) (d)

Figure 5-2: Examples of distretization of the intended boundaries of models into voxels.
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Algorithm 1 addFeature( lattice, feature); add a single material “feature” to a binary voxel
model.

Require: lattice is a 3D lattice of binary voxels. Each voxel represents the presence or not of
material: filled or empty.
feature references some feature the designer wishes to be added to the model.
Ensure: The voxels in lattice that are determined to be interior to the feature are set to filled in
order to represent the feature.
1: for each v;j; € lattice do {Iterate through the voxels.}
if (vi N feature) > 3(8,0,0;) then {Is majority of voxel within feature?}
vk, - filled {Yes, set the current voxel as filled.}
else {No, do not modify voxel.}
Vijk €= Vijk

o]

If the feature only partially fills a voxel, the discretized boundary over the filled or empty voxel
will be in error, some distance €, from the desired boundary of the feature. This error is a function of
the shape of the feature’s surface through the voxel, but will at most be the length of the maximum
dimension of the voxel, as shown in Figure 5-2 for several discretization cases. The overall accuracy
of the model is determined by the maximum deviation of the boundary from the intended to the
modeled. Since the walls of the voxels are parallel to the axes, this distance is always measured
parallel to the axes. Therefore, the accuracy at which a voxelized model represents the designer’s
intent is a function of the resolution of the lattice (size of each voxel) and is limited by the worst
case (Figure 5-2), yielding the following relationship between the voxel dimensions and the geometric

accuracy:
€, = max{d;,d,,68,}. 5.3
g v

Rewriting the above equation, we can express the maximum dimensions for the voxels as a function

of a desired accuracy for representing the geometry (shape) of a model.
0z < ey, 0y <e€g, 0, <g (5.4)

Therefore, the geometric accuracy imposes an upper limit on the dimension of the voxels.
In addition, to capture the geometry of small features in the model, the voxel dimension must
be less than or equal to the minimum feature size in the model (see Figure 5-3). Therefore, the

dimensions of the voxels must also satisfy another constraint:

dz < Mg, 5y < gy 9, < Hg (55)

where pg is the minimum geometric feature size in the intended design.
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(a) (b)

(c)

Figure 5-3: Intended designs for object boundary (m*(x)) and modeled boundary (m(x)). The
dimensions of the voxels are §;,d,,6; = a. (a.) Boundary of geometric feature lies along voxel
boundaries. (b.) Boundary of geometric feature lies off voxel boundaries but is still captured in
representation. (c.) Voxel mesh is too coarse to capture geometric feature.

5.4 Composition constraint on volume fraction resolution

To model FGM objects, vectors of volume fractions of the base materials in the material system
are assigned to each voxel, permitting the representation of compositions within a grey-valued voxel
model. The resolution in composition, however, is limited to the number of levels of intensity
allocated to each voxel. Even though the designer may wish to specify any volume fraction for
each material, the discrete representation of intensity levels results in the continuous value being
thresholded to the closest level representable by the voxelized system. This thresholding effect is
illustrated in Figure 5-4.

To quantify this error, let us assume that the desired presence (volume fraction) of a single
material (m;) can take on any value between zero and one: 0.0 < mj < 1.0. A voxel, however, can
only represent ny discrete volume fractions, requiring that the desired volume fraction be thresholded
such that the voxel’s assigned value is:

my = LA = 1) + 7]

nyx — 1
where my € [0,1]

(5.6)

1 2
and m; € {0.0,T_l',;:\-_—l,. i 10}

Although a designed composition (m;) may be exactly representable as one of the discrete levels of

the voxels, it is more likely that there will be some difference between the desired composition and
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Figure 5-4: Thresholding of continuous grading to discrete levels maintained in voxel representation
(a) ny = 2’ (b) (a) ny =3, (b) (a') ny =4, (d) ny="1.

a representable value: m; # m;. This difference leads to an error in the material volume fraction

assignment and is inversely proportional to the number of levels of intensity that can be represented:

1

=T (5.7)

{m; _mfl <€ =

In order to guarantee a certain accuracy in composition representation, therefore, a minimum reso-

lution of material volume fractions must be supported, as given by:

ny = [?;; + 1-’ (5.8)

Algorithm 2 Add a multiple material “feature” to an FGM voxel model: addFeature(
lattice, feature)

Require: lattice is a 3D lattice of voxels. Each voxel represents the d,, volume fractions corre-
sponding to materials in the material system, each at one of n) intensity levels.
feature is some feature the designer wishes to add to the model. A vector value function (m*(x))
associated with the feature provides a mapping from Build Space into Material Space.
Ensure: The voxels in lattice that are determined to be interior to the feature are set to a thresh-
olded composition which best approximates the feature’s composition.
1: for each v;jx € lattice do {Iterate through the voxels.}
2 if (vije N feature) > 1(8,6,0.) then {Is majority of voxel within feature?}
3: for | + 0 to dp, — 1 do {Yes, loop through the materials in system.}

4: Ui 4= [[[ oper fEQtUre.mdV/(3,6,6.) {Compute presence of my in voxel.}
—1)43 . )

5: Vijk-Ty LW(':‘TLIHLJ- {Threshold the desired volume fraction and assign.}

6: else {No, do not modify voxel.}

T Vijk < Uijk
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5.5 Composition constraint on voxel size

A desired accuracy in representing the composition also affects the size of the voxels used to approx-
imate the material variation throughout the model. Obviously the smaller the voxels, the closer the
grading will be to the ideal, desired grading. The relationship between voxel size and composition
accuracy can be quantified and depends on the nature of the grading. In this section, we explore
the impact of the desired grading on the required size of the voxels in order to guarantee a certain

degree of composition accuracy.

5.5.1 Constraint based on discontinuities in composition

Material
discontinuity.

100%
Material B

Material
discontinuity.

100%
Material A

i

100% Material A

100% Material B

(a) (b)

Figure 5-5: Examples of discontinuities in composition. (a) Discontinuity between two regions of
uniform composition. (b) Discontinuity with regions of graded composition.

The first constraint on composition stems from discontinuities in composition (points in the
model where ﬁm(x) is not defined) as illustrated in Figure 5-5. This constraint is analogous to
the geometric constraint described above for a single material, except in this case the boundary is
internal, separating two regions of differing composition rather than defining the external surface of
the model. Referring to Lines 4-5 of Algorithm 2, we can formulate an expression for the voxel size
in terms of a material accuracy: €,,.

First, let us consider a voxel enclosing the subregion z; <r < zij+a, y; <y <yj+a, zx <2<
zk + a, as shown in Figure 5-6(a). We will assume the voxel lies wholly within a feature of graded
composition which is being designed. Let us define a hypothetical composition variation for this

feature within the voxel such that the desired variation has an internal boundary between regions
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Figure 5-6: (a) Voxel to approximate a subregion of discontinuous composition. The discontinuity in
composition occurs of the plane 7. (b) The desired composition (m*(x)) over the subregion occupied
by the voxel.

of differing composition:

-
1.0
ifr—z;+y—y;j+2—2x < Pa
0.0
m*(z,y,z) =4 F 7 such that 0.0 < 3 < 1.0 (5.9)
0.0
otherwise
| 1.0

Figures 5-6(b) shows this desired material distribution for the voxel. Since a voxel can represent
only a single composition !, Algorithm 2 uses the average composition of the intended design to

assign to the voxel.

fzi'm yj+afz"+a mj (z,y, z)dzdydz

Ti Y; Tk
v =
a-’i
3
wl _ | %
- 3
v 1.0- %

In addition, since a voxel can only represent discrete values, this average composition must be

1The composition m associated with voxel Ujjk 1S expessed as v;jp.m.
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thresholded:

|2 (na=1)+1]

.. _ HA—I
Vjjk. 0 ﬂ.\—l%s-(ﬂ,x—l)+-h—1 (5.10)
n,\-—l

Through studying this composition assignment process, we discover two artifacts due to the
voxelized representation of the composition discontinuity: loss of accuracy in composition and loss
of information about the interface boundary between discontinuous regions. Although both involve
material assignment, the latter can be attributed to the minimum material feature size.

The first error is due to a difference between the assigned and the intended compositions:

€m = max{mo — my(z,y, z),m, — mi(z,y,2)|(z,¥,2) € ([zi,z; + a), [zi,z; + a),[zi,zi + a))}
(5.11)

Figures 5-7(a)-(c) shows the assigned volume fractions for different values of 3. When 3 < 3/—32

ny—1"’

(c)

Figure 5-7: Thresholding of designed material assigned to discretized regions of uniform composition
for (a) 8< ¢/—25,(b) B=1%,and (c) B= L.

ny—1"

we find that the material error is at its greatest, €, = 1, over the regionz —z; +y—y; +2 — zx < Ba.
Since 3 is a free parameter, subject only to the designer’s intent (0.0 < 3 < 1.0), no voxel size,
no matter how small, can guarantee an improvement in composition accuracy. For this reason, a

material accuracy cannot be considered as a valid constraint for restricting voxel size within FGM
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models containing discontinuous compositions.

The second effect of discretization concerns the material feature represented by the internal
boundary. As explained in the previous section, a voxel can only represent boundaries along a com-
bination of its eight faces. A design that includes a discontinuity in composition across a surface has
this surface as an internal boundary between regions of differing composition and can be considered,
itself, a geometric feature. For the example given above (Equation 5.9), this design feature is the
section of the plane (7 : —z;+y—y;j+2—2x = fajz; <z < zita, y; <y < yita, zx <z < zx+a).
In the voxelized representation, however, this feature consists of three of the faces of the voxel. Even
if the composition relative to either side of this feature can be represented exactly, the shape of this
feature becomes perturbed from the intended design. In this planar case, the largest distance this
feature will be perturbed is one half the dimension of the voxel. For more general cases (for the
design of curved or faceted interfacial surfaces, for instance) this error grows to that observed before
at the object’s external boundary (Equation 5.3). Therefore, to accurately represent the interface
at discontinuities in composition, the size of the voxels in the model is limitied by the intended

minimum material feature size in the model:

0z < fim, 5;9 < tim, and 6; < gy (5.12)

(a) (b)

Figure 5-8: Intended designs for material distribution (m*(x)) and modeled compositions (m(x)).
dz,0y,0: = a (a.) Boundary of material feature lies along voxel boundaries. (b.) Boundary of
material feature lies off voxel boundaries but is still captured in representation. (c.) Voxel mesh is
too coarse to capture material feature.
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5.5.2 Constraint based on gradient

Although a constraint on voxel size due to material accuracy when discontinuities exist is not possible,
the design of regions of smoothly graded compositions (Vm=(x) is defined for all x) does permit
the definition of such a constraint. In this case, since voxels can represent only regions of uniform
material, the error in composition is a function of the gradient in composition of the design function

(or how quickly the desired volume fraction of each material is varying) within a region.

2 A g |
.4 .4

(a) (b)

Figure 5-9: (a) Region of linearly graded material and direction (V) of grading. (b) The desired
graded to be assigned to the region.

For analysis purposes, we will begin by assuming the designer wishes to create a region of linearly
graded composition at a rate of M* along the direction ¥ = -\? (1,1,1) (see Figure 5-9). Over a

single voxel, the intended variation for each material (m; for 0 <! < d,) can be expressed as:

vam;

3 (z—zity—yj+2z—2x) (5.13)

mi(x) =m;| +
A

where m;| is the intended volume fraction for material [ at the lower corner (z;,y;, zx) of the voxel

A
vijk- The above equation represents the desired, ideal grading within the single voxel (see Figure 5-
10a). The voxel, however, can only represent a single intensity level for each material resulting
in an approximation error between the designed and modeled composition (see Figure 5-10b). If

Algorithm 2 is used to assign the composition within the voxel, the intensity level for each material
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(c) (d)

Figure 5-10: Examples of linearly graded designs thresholded to uniform composition assignments
to voxels.
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is set to its average value over the voxel:

sz—a yijta fzk—i-a.

z; Yj 2k

my (z,y, z)dzdydz

14 =
a3

3
+ \/T—Ml*a
A

= m]

As before, since a voxel can only represent discrete values, this average composition is thresholded

as it is assigned to the voxel:

Vijk- My = - (5.14)

To determine a constraint on the voxel size, let us express the error for each material as the maximum
difference between the intended volume fraction and the value actually assigned to each of the

materials:
€n = max {m;‘(x) — vijp.mu|l € [0,dp),x € {[zi, x5 + a), [y5,y; + a), [2k, 2x + a)}} (5.15)

Referring to Equation 5.14, the maximum error will occur at the points (2;,y;, zx) and (z; +a,y; +

a, z, + A). For this grading, the composition error can then be expressed as:

€m = i;"f max { Mg, Mf,...M; _i}. (5.16)

Rearranging the above equation, we can express a constraint on the maximum voxel size as a function

of composition gradient and composition accuracy:

2\/§em
a=
3max {Mg, M{,.. . M; .}

(5.17)

The above constraint for voxel size was derived assuming a constant grading along the diagonal of
the lattice of voxels. Figure 5-10 illustrates the relationship between voxel size, rate of composition
variation, and voxel assignment for a couple of cases of linear grading. In general cases, the grading
may vary and occur in any direction. As long as the intended grading, however, is subject to the

constraint that the variation is continuous throughout the object, a prescribed material accuracy
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{em) can be imposed. This desired accuracy dictates the maximum dimension of the voxels:

5, < 2v/3€m
T 3max{ﬁm3(x) 9, Vmi(x) - ¥,. ..6m;m_1(x) ,{,}
2
oy < - - Vaem — (5.18)
Smax{Vms(x) Y, Vmi(x) - V,...VmE (%) -0}
5, < 2\/§em

3max{Y7m5(x) v, Vmi(x) - ¥,. ..ﬁm";m_l(x) . \”f}

where x is any point in the object, m*(x) is the intended, continuous grading, and v is any unit
vector in R®. The denominator in Equation 5.18 represents the greatest rate of change in volume

fraction of any material along any direction V.

5.6 Discussion

This chapter identified the factors affecting the storage costs for the exhaustive enumeration approach
to modeling FGM objects. These factors include the geometric and material accuracies as well as the
physical size of the modeled object and nature of the composition variation. The storage cost for the
approach to implementing the exhaustive enumeration modeling scheme presented in Section 4.3,
however, was given in terms of the number of voxels and the number of levels of material intensities

represented by each voxel.

Svor = Svom [nvoz,n)\]

1
3Sint + 6S’flt + Sptr + Sims + gnvozdm “g n)ﬂ

Using the results from this chapter, the voxel size is a function of the geometric and material
accuracies, as well as the maximum rate of material variation within the intended design. The

number of voxels, in turn, can be determined from the dimensions of the model.

0 =6, =06, = 0(eg,€m, M)
= min{e,, -2;’/_%} (5.19)
Nyoz = TNwoz|Lay Ly, L]
- [ o2

where M* = max {6m3(x) O, ImX) V... Vmy (%) -o}

Therefore, the parameters affecting the storage cost of the voxelized method described in the previous

chapter are the size of the object, the geometric and material accuracies, and maximum rate of
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composition variation:

Svor = Svox[LzyLyaLmaafmydm]

= 35+ 05+ S+ S+ g [ [2][Z] 15 (51 +1) ] 52

a a 26
2v/3
where a = min{e,, p, T\g\—}?, i} and

M* = max{’ﬁmg(x) '\”'l , ‘ﬁm‘{(x) -{fl Yo 16m§m_1(x) \“fl}

The above expression only holds when the desired composition (m*(x)) is continuous. When discon-
tinuities exist, M * is undefined. Therefore, the concept of a material accuracy is not an appropriate
parameter in such cases, only the geometric tolerance which can be applied to boundaries at the
surface of the object and between the discontinuous region of different composition. The resolution

(ny) in such cases becomes an independent variable:

Svoz = Svox[Lay Ly, Lz, €g,n5,dm)
3t + 651t + Sytr + Soms + [L—] [ﬂ] [L—] [1g m] (5.22)

8 €g 1l eg 1l g

The preceding equations relate the storage cost to the intentions of the designer. If the SFF
manufacturing process is a constraint, the resolution at which the final product will be rendered is
fixed. Therefore, another interesting question to ask is how much memory is required to store an
object of a given size to be fabricated through a process with a given resolution. Instead of trying
to reproduce the designer’s intention to a prescribed resolution, restrict the resolution to that of the
machine since any more information would just be lost during the fabrication process. In this case,
the number of threshold levels each voxel would have to maintain is two (ny = 2) for each material,
indicating the presence or not of a primitive of each material at the corresponding grid point in the
lattice. Figure 5-11 is a plot of the memory requirements as a function of non-dimensional Build
Space volume (V*). The non-dimensional Build Space volume is the volume of region in which an
SFF machine fabricates an object (L, x L, x L.) normalized by the volume of a material primitive
(05 % 8y x d,). Curves are plotted for material systems of varying dimensions. Figure 5-12 relates
the storage growth to the Build Space volume for a process with a material primitive resolution of
0, =6, =94, = 10~%m. The final figure, Figure 5-13, provides the storage cost for representing a
Build Space with a cross-sectional area of L, x L, = 10~2 m? and the same primitive dimensions
as a function of Build Space height (L,).

In closing, it is important to note that the analysis here assumes that memory is allocated
to explicitly represent each voxel in the lattice, as described in the previous chapter. Compression
methods, such as run-length-encoding and octree data structures, could potentially be used to reduce

the storage cost, at the risk of increasing the complexity of implementation and algorithms for
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Figure 5-11: Storage cost (in bytes per material) required to represent a model as a function of

normalized Build Space volume (V* = ZeXLuxLey which is equivalent to the number of voxels
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Figure 5-12: Storage cost (in bytes per material ) required to represent a model as a function of
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Figure 5-13: Storage cost (in bytes per material ) required to represent a Build Space with a cross-
sectional area of L, x L, = 1072m? as a function of Build Space height (L.), for an SFF process
with a resolution of 8, = d, = §. = 107*m (slope = 1.25 x 102 ),
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designing composition. These approaches are not addressed in this thesis.
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Chapter 6

Bounds for meshed model growth

6.1 Motivation

Meshed schemes for representing solid models require that models be decomposed into sets of nodes
{points in space) and elements that interpolate these nodes. This requirement limits the scope of
models that can be represented exactly to only those that can be decomposed precisely into the
finite elements, thereby limiting the geometric and composition variations that can be represented.
Linear finite elements, for instance, are capable of representing only planar faceted models with
linear variation in composition with 100% accuracy. In the practice of Finite Element Analysis,
however, the shapes of higher order (curved) models are regularly approximated by large numbers
of smaller, lower order elements. The number of elements required for an analysis is determined by
how many are needed to provide a converged solution for the numerical simulation. For representing
FGM objects, the same approach can be taken, in which models are decomposed into meshes of finite
elements. For this purpose, however, the goal is not to find a converged solution for some analysis,
but to provide an accurate representation of some intended design, both in terms of geometry and
composition. This chapter examines the criteria for subdividing models into finite elements and

provides bounds for the rate of growth of the storage requirements for such models.

6.2 Curve meshing

Before exploring issues in surface and volume meshing, the number of straight line segments that
are needed to approximate a curve in space is investigated. First, the number of line segments to
approximate a circular arc within a given geometric accuracy (ey) is derived. This relationship is
then used to determine an upper bound for the number a linear segments necessary to approximate

any space curve as a function of its curvature (k).
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6.2.1 Approximating a circular arc

R s=RO

€

U

;

Figure 6-1: Error associated with approximating a circular arc with a straight line segment.

Consider the approximation of a circular arc of radius R with a chain of line segments. The
approximation error is defined as the maximum distance between any of the line segments and the
corresponding arc (see Figure 6-1). Let €, represent this error and d be the distance from the arc’s

center of curvature and the line segment. Then
e =R-d (6.1)

The length of the line segment (Al) can be related to the approximation error and the arc’s radius

using simple trigonometry:

. VAR —(@AI?

2

Al = 2\/e,(2R —¢,), (6.2)

If As is the arclength of a section of the arc that can be accurately approximated by a single line

€g =

segment, the length of corresponding line segment is:

I

.8
Al 2R sin 3

As
= 2Rsin — 6.3
2Rsin >R (6.3)

Solving for the arclength from the above equations, an expression for the length of the largest arc

that can be approximated by a straight line segment while remaining within a prescribed accuracy
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is formed:

20 —
As = 2Rarcsin (W). (6.4)

Using the bounds derived by Filip al [18], the maximum arclength of a circular arc that can be

approximated by a single line segment within a prescribed accuracy ¢, is

Asfilip = 2\/ QEgR. (65)

For small €, (more precisely ¢, < 2R), the higher order terms in Equation 6.4 can be ignored and

the two expressions have the same leading order behavior:

O(As) = 2./2¢R

Asfiip

The variation of arclength with the prescribed accuracy is plotted in Figure 6-2.
The expresion derived here (Equation 6.4) includes higher order terms and is exact for a circular
arc. By choosing to use Equation 6.4 instead of Equation 6.5, a tighter bound on the number of line

segments required to approximate a circular arc (as a function of arclength s) is formed:

Psecgments = | 2| (6.6)

) [2R arcsin (@)1 (6.7)

The convergence of the chain of straight line segments to the desired geometry of a circular arc is
illustrated in Figure 6-3. The number of line segments required to approximate a given circular arc

of unit arclength is plotted as a function of eﬁ in Figure 6-4.
g

6.2.2 Approximating a G! curve

For a curve that is tangent (G') continuous (see Figure 6-5(a)), the previously derived relationship
can be used to determine an upper bound for the number of line segments needed to accurately

approximate the curve. Replacing the radius of the arc with the minimum radius of curvature

1

(which corresponds to k4 maz) of the more general curve (R « =
gmaz

), the maximum arclength of
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Figure 6-2: The maximum arclength of a circular arc (As) that can be approximated by a single
line segment within a prescribed accuracy (eg), plotted as a function of . The actual, maximum
arclength that can be approximated by a single line is also plotted.
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(a)

(c)

Figure 6-3: Convergence to the shape of the arc with an increasing number of straight line segments:

(a) Ngegments = 1, (b) Ngegments — 2, and (C) Nsegments —
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Figure 6-4: The number of line segments required to approximate
plotted as a function 5
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(a)

(b)

Figure 6-5: (a) An arbitrary tangent continuous curve. (b) Approximation of a tangent continuous
curve with a chain of line segments.



any G! curve that can be approximated with a straight line segment for a given accuracy is found:

2 aresin (\/;gng,mac(Z'—EgKy,maT)) f 0
As = e o Fymaz 70 68)
s otherwise.

Therefore, the total number of line segments required to approximate an arbitrary tangent con-

tinuous curve as a function of its total arclength and maximum curvature, is:

Nsegments = IVZS—J {where s is the arclength of the curve) (6.9)

8K
g.mas for & 0,
[2arcsin (\/egrcg,maz(2—egng,maz)>-| g,maz 7 (6.10)

1 otherwise.

This expression gives an upper bound for the number of approximating straight line segments as
a function of the maximum curvature of the curve (or the length of the curve, in case the curve is
linear), as shown in Figure 6-5(b). Since the curvature is not required to be constant, an adaptive
subdivision scheme could be developed in which areas of less curvature are approximated by longer
segments, thereby reducing the number segments needed to remain within tolerance. The focus here,
however, is to provide an upper bound on the number of subdivisions, not to propose algorithms for
adaptive curve approximation. Such algorithms can be found in Wolter and Tuchy [76] and Cho et
al [12].

6.2.3 Approximating an arbitrary curve or curves

The above expression provides the number of equal length line segments required to guarantee that
the desired G curve is approximated within a specified tolerance. For cases in which the curve
contains discontinuities of the tangent vector, as shown in Figure 6-6{a), the concept of a minimum
geometric feature size (the distance between between tangent discontinuities) may impose a limit
on the segment size. If the distance between two points of tangent discontinuity (ug) is less than
the segment length found based on the curve’s curvature, this feature size becomes the limiting

constraint in the size of the line segment, as shown in Figure 6-6(b).

2 arcsin (\/egng,maz (2- fgng,maz))
As = min I (6.11)

Kg,maz
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(b)

Figure 6-6: (a) An arbitrary curve. (b) Approximation of an arbitrary curve with a chain of line
segments.

And the total number of line segments is

Rppgmanie = MOAX " Hrgimaz \‘ , ’Vi.l . (6.12)
2 arcsin (\/eg F— Ggﬁig,maz)) 7

6.3 Surface meshing

In finite element meshes, surfaces are decomposed into simpler elements, such as triangles and
quadrilaterals. In this section, only triangular meshes are considered for simplicity in analysis but
the trends and concepts are equally applicable to other types of elements. The upper bound on the
rate of growth of the triangular mesh that will be developed here will be applicable to any tangent

plane continuous surface.

6.3.1 Approximating the surface of a sphere

To begin the analysis of the growth of surface meshes, the approximation of a spherical patch with
a mesh of equilateral triangles is first considered. If the desired patch has a surface area of Asurrace,

the number of triangles of equal area required to tessellate the surface is simply:

Atriangfe

Nériangles = 0 ‘V Asurface ] (6.13)
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(a) (b) (c)

Figure 6-7: (a) A triangle approximating a patch of a sphere’s boundary. (b) Enlarged view of
triangle showing the circumscribed circle and the approximation error. (c) Approximation of circular
arc of radius R with a line segment of length D.

For an equilateral triangle, its area is a function of the length of its sides, a:

V3a®

Atriangie = _4 (6 14)

From the preceding analysis for the curve, an expression was formed for the maximum length
of a line segment to approximate a circular arc within a prescribed accuracy (see Equation 6.4). A
similar analysis can be performed here. Consider an equilateral triangle whose three vertices lie on
the surface of a sphere, as shown in Figure 6-7(a). The maximum distance between this triangle and
the sphere occurs at the centroid of the triangle, the point where the radius of the sphere is normal
to the triangle. This is the same error as would result from the approximation of a portion of a great
arc about the sphere with the diameter of the triangle’s circumscribed circle (see Figures 6-7(b)
and (c)). By relating the diameter of the triangle’s circumscribed circle (D) to the dimension of
the triangle (a), and substituting As from Equation 6.4 for D, an expression for the size of the
equilateral triangle as a function of geometric accuracy (e,) and radius (R) of the spherical patch is

found.

D[R] = Dld]
2R arcsin (W) = 2\/350'
=a = V3Rarcsin (L@g_—e-")) (6.15)

Substituting the above expression for a in into Equations 6.14- 6.13, the number of triangles required
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to approximate a spherical patch is found.

o) Asurfa.ce
Niriangles =

Atriangle

[ 4\/§Asurface -‘

3a?
4\/§Asurface 1
2
9RZ [arcsin (@)]

(6.16)

Note that the above derivation (Equation 6.16) does not take into account the nature of the boundary
curve of the patch; the assumption made here is that the limiting factor for the dimension of an
edge of the triangle a is the radius of the sphere R, not the curvature or miminum feature size of
the patch’s boundary curve(s).

To mesh an entire sphere of radius R (Asurface = 47R?), the number of required equilateral

triangles is:

16v/37 ] (6.17)

Niriangles = OI> 2
9 [arcsin (—Vfg(ZRR_Eg)N

Numerical confirmation of this expression is given in Figure 6-8, in which the predicted number
of triangles required to mesh a unit sphere is plotted with the number of triangles generated by

triangulation of a sphere on a commercial CAD system (SolidWorksT™),

6.3.2 Approximating an arbitrary surface patch

As in the case of the free-form curve, an upper bound for the number of equilateral triangles required
to accurately approximate a free-form surface patch can be formed and may be a function of two
things [18]: minimum feature size and curvaure. The first restriction on triangle size is due to the
minimum feature size (1,) of the surface patch or its boundary curve(s). The minimum feature size
of the surface patch is evaluated as the minimum width of the patch or the distance between tangent
plane discontinuities. The smallest feature of the patch’s bounary curve(s) follows the analysis in
the preceding section, and provides is also considered when determininig the minimum feature size
for the surface (u,). The second factor affecting triangle size is maximum curvature (£ maz). The
maximum curvature is either the maximum curvature of the absolute values of principle curvatures
of the surface or the maximum curvature of its boundary curve(s). To form an expression for a

bound on the number of triagnles required to approximate a free-form surface, Equation 6.16 is

modified to take into account the maximum curvature of the free-form patch (R — ) and its

1
Kg,max
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(predicted)
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(from triangulation)
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Figure 6-8: Number of triangles required to mesh a sphere to achieve a prescribed approximation
accuracy. The data was generated from the STL export module in SolidWorksTM .

mininum feature size,

4V34sursace
Ntriangles = O [#] (6.18)
3
wherea = min { V3 (As,pg,arcsin \/egn,g'ma,(l - egng,mm)) }
Kg,mazx

As for the curve case, the above represents an upper bound to the case when then surface is meshed
uniformly with equilateral triangles. For free-form surfaces with varying curvature, an adaptive

meshing approach would yield fewer triangles, see Cho et al [11].

6.4 Volume meshing

The formulation for the upper bound on the number of tetrahedra required to accurately represent
a model follows the same approach as the bounds for the curve and surface meshes. For analysis,
let us assume that each tetrahedron is regular, composed of four equilateral triangles. The number

of tetrahedra of dimension a in the mesh is simply:

Vre ion
Ntetrahedra = O | 52— (6.19)

Vi
tetrahedron
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where V,.¢gion i the volume of the region to be meshed. The volume of the tetrahedron, as a function
of the length of a side q, is:

V2a®
Vtetrnhedron - 12 (620)

The length of a side of the tetrahedron is determined by two factors: the geometry of the region
and the composition variation of the region. The first factor concerns the shape of the region’s
boundary and dictates the size of the triangles required to mesh the surface. This is explained in the
preceding section. The second factor depends on the composition. Just as the geometric curvature
(kg) or minimum geometric feature size (y,) determined the number of linear segments required to
approximate a curve, a material curvature(&,,) or minimum material feature size (um:) will place

an upper limit on the size of the tetrahedra in the mesh, as will be explained below.

6.4.1 Bounds on the number of tetrahedra due to geometric accuracy

The first factor to restrict the size of the tetrahedra is the shape of the boundary. As explained
in the previous section, the minimum geometric feature size or maximum geometric curvature of
the region’s bounding faces places a restriction on the size of the triangles in a mesh that still
guarantees that the boundary is approximated within a given tolerance. Assuming that the mesh
is made entirely of regular tetrahedra of identical size, Equations 6.13, 6.14, 6.19, and 6.20 can be

related to express the number of tetrahedra throughout the region as a function of the number of

7 3
31 Nirs B
Nitetrahedra = Olr (2_%) (At d) (Vmod)‘l (621)

3
MNtrg 2
O|72.418 ( Amod> (Vmod)‘l

where V.4 and Ap,.q are the volume of the model and its surface area, respectively. The above

surface triangles:

R

inequality provides an expression for the maximum number of regular tetrahedra to fill a region
interior to a surface meshed with n;.; equilateral triangles. The number of triangles required to
accurately approximate the region’s boundary is determined according to the previous section for

surface meshing.

6.4.2 Material curvature

The concept of material curvature {x,,) quantifies how quickly the rates of variation in the volume
fractions of the different materials are changing along a given direction. Consider the FGM block

illustrated in Figure 6-9(a). To evaluate «,, at a point x in some direction v (see Figure 6-9(b)), a
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parametric line is first defined such that p(u)|u=0 = x and p(u)| = v:
p(u) = x + vu. (6.22)

The variation of the volume fraction of each material along this line can expressed as a parametric

curve in Material Space (see Figure 6-9(c)), as a function of parameter u:

m” (X)atong p(u) = M*[p(u)] = m*(u) (6.23)

Let the curvature [66] for each material be defined as:

i (u)

3
2

1+ 77 (u)?]

__VVmi(x)-9]-¥ N (6.24)

[1 + (ﬁ?m;(x) -0)2] ’

The material curvature &, is a vector of values reflecting how quickly the rates of variation for each
of the materials is changing along a given direction. As will be explained below, the parameter &,,
will become one of the factors limiting the maximum size of the tetrahedra in a mesh to guarantee
a prescribed material accuracy.

A more general approach for evaluating material curvature can be adopted from Nielson et af [48].
They extend the concept of Gaussian curvature from surfaces [66, 67] to trivariate functions. In their
approach, the three principal curvatures (x1, #2, and k3) are evaluated as the eigenvalues of the

following 3 x 3matriz:

—1

* * * *2 * * * *
1 mi,:cz mi,zy mz‘,mz 1+ mi,w:c mi,zmi,y mi,wmi,z
G= * * * *omk *2 * mr
1+ m:Zm + mf% + m;‘?; Miye Mhyy Miy: MiaMiy Ltmiy, miymi,
’ s )
* * * * * * * *2
mi,zx mi,zy mi,zz mi,zmi,z mi,ymi,z 1+ mi,zz

(6.25)

The maximum of the absolute values of the principle curvatures (|k1}, |%2|, and |k3]|) would be the
limiting curvature used in determining the tetrahedron size. The Nielson al's work is introduced
for completeness but is not explored since the goal here is to simply determining a limit on the
tetrahedral size, not explore the differential properties of trivariate functions in depth. Extending
methods for the interrogration of surfaces [68] to material compositions, however, is a promising

direction for future research and should be explored in future work.
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Figure 6-9: (a) Hypothetical cube of graded material. (b) Parametric line p(u) through the graded
material. (c¢) Hypothetical variations of the volume fractions of the different materials along the
curve p(u).
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6.4.3 Bounds on number of tetrahedra due to composition accuracy

Just as the intended shape for an object restricts the dimensions of the tetrahedra, the second factor
affecting the size of the tetrahedra is the nature of the intended composition within the region.
Similar to approximating the geometry of surfaces and curves, the tetrahedra must approximate the
desired variation in composition, thus placing a restriction on the size of the tetrahedra in the mesh.
The composition variation may limit the size of the tetrahedra in two ways: minimum material

feature size (fm¢) or the maximum material curvature (Km)-

Restriction due to minimum material feature size

) Hme

Pt

e,
s,
e,

o
o....
1
1
0
e,
T '
LS

(a) (b) (c)

Figure 6-10: (a) Minimum material feature size determined by the minimum dimension of an internal
feature of uniform composition. (b) Minimum material feature size determined by the minimum
distance of the object’s boundary and an internal feature of the uniform composition. (c) Minimum
material feature determined by the distance between two discontinuities in material variation.

The first case arises from the desire to represent subregions of discontinuous material composi-
tions or gradings within a model, as shown in Figure 6-10. Similar to the minium material feature
size in the voxelized analysis, the minimum distance (#4m¢) between two material boundaries may
be used as an upper limit for the size of the edges (a) in the mesh. In addition, the distance beween
any point of discontinuity in the material derivative with another discontinuity (either a material
boundary or derivitive) must also be considered (Figure 6-10(c)) in order for the mesh to capture
the desired gradings. Substituting p,,, into Equation an upper bound on the number of tetrahedra

as a function of minimum material feature size is found from Equations 6. 19,

Viegi
_ gion
Ntetrahedra = O [—_—

Vtetmhedran

_ Olﬁlzl{ragianl =O[6J§"region.‘ (6.26)-

ﬁ#?—m -“'?nt

124



Restriction due to maximum material curvature

The second restriction applies to regions of smoothly varying composition, in which the composition
may not only vary linearly but according to a higher order function. The nature of the intended
variation places a restriction on the largest tetrahedron which can be used while still guaranteeing
the modeled composition remains within a prescribed accuracy (e,,) of the intended composition
function (m*(x)). For the curve and surface cases, the analogous limitation was due to the curvature
of the curve or surface, subject to the restriction that the geometry be tangent continuous. In this
case, the intended material composition must vary smoothly, requiring that Vm* (x) be a continuous
function of x for all materials, at all points within the region. Just as the curves and surfaces were
required to be G' continuous in the preceding analyses, we can say that the FGM variation is
required to be M! continuous.

For an M! continuous region of FGM material, the maximum material curvature of the desired
material variation m*(x) will dictate the maximum size of a tetrahedron that still guarantees the
approximation of the desired composition within the prescribed accuracy €,,. The derivation can be
treated in the same way the maximum length of a line segment was determined in Equation 6.10
for approximating a G* curve. In Figure 6-9(a) and Equation 6.22, the material variation in a
block was formulated along a line passing through point x as a function of parameter u, as the
parametric curve p(u) in Material Space. Following Equation 6.8, the maximum size of uniform
parametric subdivisions that still guarantee the approximation of the desired function within a
specified accuracy can be found for each material, using the curvature for each material. If the
maximum material curvature is known (for all x, |V| = 1, and m}(z) € m*(x)), the maximum
length for a tetrahedral edge that guarantees an accurate approximation of all of the materials can

be found:

2 arcsin (\/emmmi,maz@ - GmHm,»,mam))
a < (6.27)

KEm;,maz

where K, maz = MaX {Kmg maz> Kmi,mac: - - - Kma, _1,maz }- 1f the region of smoothly graded com-
position is approximated by a tetrahedral mesh of the above dimension, the error in approximation
for each material is guaranteed to be less than ¢,,.

Substituting the expression for a as a function of material curvature back into Equations 6.19

and 6.20, the volume and number of tetrahedra as a function of maximum material curvature is
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found.

6 2‘/7'(»3 ion
Ntetrahedra = O"i——g——’

a3

0 ’76\/5 frms maz ] (6.28)

2 arcsin (\/Gml‘émi,mam(2 - fm’fme,maz))

6.5 Relationship between the number of triangles and nodes
in a triangulated shell

The preceding sections derived relationships between the number of triangles in a mesh as a function
of the desired shape of an object. In triangulated B-rep data structure, however, the storage costs
are not just a function of how many triangles are present, but also a function of the number of nodes
(unique vertices) required to represent the mesh. Although the relationship between the number of
nodes and triangles is completely dependent on the topology of the model (or how the triangles are
related to each other), a bound for the number of nodes as a function of the number of triangles can
be determined.

To begin this analysis, consider a set of three operations for creating and modifying a triangulated

mesh.
Opr: Remove one triangle. Insert one node, three edges, and three triangles.
Oprr: Remove two triangles and an edge. Insert one node, four edges, and four triangles.

Oprrr: Remove two triangles to create a hole. Add six edges and six triangles to form the walls of

the hole.

Starting with a tetrahedron, any closed, triangulated mesh can be created by repeatedly applying
the above operations. The first two modify the mesh by adding nodes, to create a net increase of
two new triangles in the mesh, as illustrated in Figures 6-11(a) and (b). The third method does not
change the number of nodes in the mesh, but increases the number of triangles to form the boundary
of a hole through the region, as in Figure 6-11(c). Table 6.1 summarizes how the number of features

in the mesh are changed after the application of each operation. To relate the number of nodes in

Operation
Feature | Op;r | Oprr | Oprir
Tiriangles +2 +2 +4
Nnodes +1 +1
Nholes +1

Table 6.1: Modification to triangulated mesh.
the mesh to the number of triangles, let npewnodes represent the number of times operations I or
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(a) (b)

(c)

Figure 6-11: Topological operations for modifying a closed, triangulated shell. (a) The subdivision
of a face into three triangles (Opy). (b) The subdivision of an edge into two edges (Opyr). (c) The
creation of a hole through the shell (Opyr).

127



IT are applied and let 7,45 represent the number of holes (Opyrr) added to the model. From the

initial model of a tetrahedron, the number of features after a sequence of operations is:

Ntriangles = 4 + 2Nnewnodes + 4Nhotes aNd Npodes = 4 + Npewnodes- (6.29)

Therefore, the total number of nodes in a triangulated mesh model as a function of the number of

triangles and holes in the model is:

Nnodes — nnodea[ntrian_qles: nholes]
1
= 'z'ntriangles — 2N poles + 2 (6.30)

6.6 Relationship between the number of

tetrahedra and nodes in a finite element mesh

‘ e .
4 nodes, 1 rerrahedron

5 nodes, 4 tetrahedra

5 nodes, 2 tetrahedra

5 nodes, 3 tetrahedra
5 nodes, 2 tetrahedra

Figure 6-12: Methods to modify a tetrahedron with the addition of a new node.

As in the preceding section concerning models of triangulated shells, the relationship between the
number of tetrahedra and nodes in a volumetric mesh is entirely dependent on the topology of the
model, or how the mesh is constructed. Unlike the analysis of the triangulated mesh in which there
were only three operations for modifying its topology, there are many ways to modify the topology
of a tetrahedral mesh. Only the most extreme case resulting in an upper bound for the number of
nodes as a function of the number of tetrahedra is explored here.

Consider the case in which a tetrahedral mesh model is generated from an initial tetrahedron.

Each node added to the model is added outside the mesh, resulting in one new tetrahedron, three
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new faces, and three new edges.

Netrahedra = 1+ Nnewnodes (631)

Inverting this, the ratio of nodes added to the model per tetrahedron is 1 : 1. This represents the
worst case in terms of memory: the maximum number of nodes per tetrahedra. All other possible
methods of adding a node (subdividing an existing tetrahedron, triangle, or edge) result in multiple
tetrahedra. Therefore, the upper bound for the number of nodes in a tetrahedral mesh model is

bounded by:

Tinodes = O (ntetrahedra + 3) . (632)

6.7 Discussion

This chapter has introduced issues concerning the growth of meshed models (triangulated shells
and tetrahedral meshes). In each case, the number of elements in the meshes are a function of the
maximum edge size that still guarantees the geometric and material accuracy. Although adaptive
meshing techniques could be used to reduce the number of elements, only uniform meshes are
considered for simplicity of analysis, illustrating the trends in growth of meshed models as functions
of accuracy.

The triangulated shells, the maximum size of the triangles guaranteeing the accurate approxi-

mation of the boundary is found to be a function of:
1. the minimum geometric feature size (4,) in a bounding curve or surface, and
2. the maximum geometric curvature (£g maz) of a bounding curve or surfaces.

The above characteristics concerning the shape of the model determine the maximum dimension
of an edge in a triangle that still guarantees the geometric accuracy. Assuming a uniform mesh of
equilateral triangles of this dimension, the number of triangles required to cover the surface is readily
found. The number of nodes in a triangulated mesh, however, is dependent on the topology (genus)
of the object (number of holes). For a given number of triangles, however, an upper bound on
the number nodes can be established. Substituting this information for the growth of triangulated
shells into the expression for the storage cost from the preceding chapter (Equation 4.5) , an upper

bound on the storage cost of triangulated shells as a function of geometric accuracy (€) as well as
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the intended shape of the model (, and ;) is formed:

Strz' = St'ri[nregions, Nitriangles, nnodes]
= (Sint + Sptr + deflt)nregions + (5Sptr + 2Sbln)ntriangles + 3Sfltnnodes +
Sint + Sms

Stri = Stri[nregionsa N holes Asurface, €g,Kg,maz, ,U'g] < Stri [nregions, Ntriangles [Asurfacea €9, Kg,maz, ,U*g]]

IA

(Sint + Sptr + deflt)nregions + Sint + Sms +

3
(SSpt’r + 2Spn + §Sflt)ntriangles [Asurfacm €9, Kg,mazx, Ug] (633)

where Nyriangies is determined by the surface area of the model, the minimum geometric feature size
(11g) in any surface or bounding curve in the model, by the maximum of the curvature (x4 maz) of
any surface or bounding curve in the model, as well as the prescribed geometric accuracy, according

to Equation 6.18:

4\/§ASU.T
ntrz’angles[Asurface: €g, Klg,mazvﬂy] = 0 lr—3a2_f_ic£“ (634)
where ¢ = min {ug, (arcsin \/Eglig,maz(]. - egng,maz)) }
g,maxr

Tetrahedral models are subject to the same constraints imposed by the minimum geometric
features size and maximum geometric curvature. In addition, the nature of the intended material
variation (m*(x)) may further restrict the size of the tetrahedra. This chapter identifies two of these

factors:
1. The minimum intended material feature size within a region (u,,) or
2. The maximum intended material curvature within a region (km maz)-

Along with the previous geometric constraints for triangulated shells, the maximum edge length of
the tetrahedra that guarantees the accurate approximation of the intended geometry and composition
can be formed. From this, a bound on the number of tetrahedra is found.

The number of tetrahedra, however, is only one factor affecting the total storage cost of a
meshed model. The other is the number of nodes in the mesh. Although the relationship between
the nodes and tetrahedra is entirely dependent on the topology of the model (how the tetrahedra are
connected together), an upper bound for the worst case topology can be established, as presented
in Equation 6.32.

From these relationships, the growth of tetrahedral models as a function of geometric and material

accuracys (e, and €,,) as well as the intended shape and material grading (Vinterior, Asurface, Ky,
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mt, Kg, and £m,) can be formed from Equations 4.11 through 4.14:

Steu, = Steu [ntetrahedra; nnodes]
< Ste.. [Vinterior €95 €ms gy Bimts Kg, Km) (6.35)

Steco < [4Spir + (34 dm)Sput)ntetrahedra + (6.36)
3(3+ dm)Ssit + Sint + Sms + Sptr

Steoy < [4Sper + (4dm + 3)Ssulntetrancdra + (6.37)
9551t + Sint + Sms + Spir

Stere < [8Sptr + (3 +dm) St + Sint]ntetranedra + (6.38)
3(3+ dm)Ssie + 4Sint + Sms + Spir

Stern < [8Sptr + (4dim + 3)Sf1t + Sint]Ntetranedra + (6.39)

QSflt + 4Sint + Sms + Sptr (640)

where nscirohedre is determined by the volume of the model, the minimum geometric (pg) feature
of any surface patch or surface patch’s bounary curve, minimum material (ym,;) feature size, the
maximum geometric curvature(k,y mqz) of any surface patch or surface patch’s boundary curve, or
material (k) curvature in the intended model, as well as the prescribed accuraciess. Summarizing

these relationships from this chapter, the number of tetrahedra as a function of these variables is:

a3

GﬁWnterior -l

ntetrahedra[vinteriory €g9: Mg, Kgmazs €ms Hmt, ’%n,maz] =0 ’V

wherea = min { arcsin \/egng,maz(l — €gK9,maz ), Hgs

Kg maz

arcsin \/emﬁmi,mam(z — €mKm,maz), ;Lmt} .

Km,maz

Note that for tetrahedral meshing, the minimum feature size () is not only measured between ma-
terial boundaries, but between discontinuities in the material derivatives or between a discontinuity
in the material derivative and a material boundary.

In conclusion, this chapter has identified and quantified issues concerning the approximation
of an intended FGM design with either triangular facets or linear tetrahedra. For simplicity in
analysis, the restriction that the meshes consist of uniformly sized elements was imposed. Although
models could be meshed with fewer elements than predicted here, the results found here serve as
an upper bound for the maximum number of elements in each case and predicts the rate of growth
as a functions of geometric and material accuracys. Geometric feature size and curvature, factors

considered here, are regularly considered in commericial meshing systems during the approximation
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of solid models with finite elements. For the establishment of a solid modeling representation based
solely on finite elements, meshing methods will have to be extended, taking into account the intended
material feature size and curvature, both of which were described in this chapter and play a role in

limiting the distance between nodes in the tetrahedral mesh.
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Chapter 7

Approaches to FGM design

7.1 Motivation

The concept of designing Functionally Graded Material (FGM) objects is new to designers and
manufacturers. Existing CAD systems allow at most users to create piecewise constant FGM objects
using composite structures and assemblies by associating attributes with solids. Methods to capture
the designer’s intent for graded compositions have yet to be defined. The development of methods
for FGM design, however, directly impact the choice of data structure for FGM solid modeling
since these tools determine the range of parts that can be defined. In order to understand how the
designer’s intent might be captured, this chapter proposes three different classes of design tools and
how they might be used for FGM object creation. These tools are then used as the pathways for
capturing design intent in subsequent chapters, allowing the storage costs associated with the various
data structure to be related back to the designer’s original intent. The three classes of design tools

proposed in this chapter include: FGM fitting, design from an FGM library, and FGM blending.

7.2 FGM fitting

The first class of FGM design tools fall into the category of “fitting”. In this category, a desired
material variation is somehow defined and then approximated by the methods available for repre-
senting graded compositions within the data structure. This analogous to geometric surface design
by specifying a set of points and then approximating or interpolating the data with a surface (see
Figure 7-1).

An example of FGM fitting to some target function m*(x) is the design of graded compositions
as functions of distance within a finite element data structure [32]. Field values for the nodes in

the mesh are assigned according to their position: m; + m*(x;) where m; is the vector of volume
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(a) (b)

Figure 7-1: (a) Set of data points. (b) Surface fit of data points.

fractions associated with node i at the point x;. In general, the modeled function will not exactly
represent the intended grading except at the evaluated nodes. A target function may be cubic, for
instance, but a mesh consisting of linear elements will only provide an approximation of the desired
function.

One example of FGM fitting, that has been proposed for the design of compositions involves a
function of distance. In this approach, some reference feature is defined, such as a point, line (eg.,
axis), plane, or collection of triangles, and the composition is designed as a function of distance from
that feature. The desired variation may be any function of the distance (r) from the feature. In
the current implementation of the design system based on a finite element mesh representation, the
design function may be described in terms of a start (r;) and an ending distance (r.), the material
volume fractions at these distances, and the desired grading over these distances. The nodes that fall
within the specified range are assigned the desired composition: m; + m* [r (x;)] if ry < 7 (x3) < re.
Figure 7-2 illustrates the area over which a composition may be defined as a function of distance
in two dimensions, with one node lying within the range of assignment and two lying outside. The
current implementation allows the assignment of a uniform composition within the desired range,
linear variation, quadratic variation (with smooth blending at rs or r.), or cubic grading (with
smooth blending at both r; and r.). These methods of grading are illustrated in Figures 7-3(a)-(e)

in which the weights given to the two compositions are plotted as a function of parameter t such

that:
t = t(xi):@% (7.1)
m; = w,(t)mj] + we(t)m; (7.2)

The compositions m} and m; are the intended vectors of volume fractions to be assigned at the

distances s and 7. from the feature, respectively.
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Figure 7-2: Illustration of evaluation of distance from features (red) to node points (black) and the
offset region (yellow) in which the composition is to be fitted.

Figures 7-4- 7-10 illustrate how the composition over a finite element mesh may be assigned by
fitting the field values at the nodes of the mesh to a target function.

Figures 7-4 and 7-5 demonstrate the specification of a composition designed from a point within
a cube of linear tetrahedra. The Material System in this case consists of three Materials. All of
the nodes that are within a distance of %cm of the point (0,0,0) are first assigned a composition
according to a quadratic function grading between two compositions, as shown in Figure 7-4. Next,
compositions are assigned to the nodes that are at least é-cm distant from point (0,0,0) but no
further than 1 cm, as illustrated in Figure 7-5. The end result is a mesh whose nodes approximate
a piece-wise, quadratic material variation, with composition [0 1 0]7 at point (0, 0,0), composition
[100]T at a distance of +cm from point (0,0,0), and composition [0 0 1]7] beyond a distance of lem
from point (0,0,0).

The next example, in Figure 7-6, illustrates the design of composition from the diagonal of the
cube, from point (0,0,0) to (1,1,1). Compositions are assigned to the nodes that lie within a distance
of %cm of the line, resulting in an approximation of a target function by the tetrahedra stored in
the mesh. In this case, the target function is a cubic variation, with the composition m, = [1 0]7
along the line and composition m, = [0 1]” over the surface of a cylinder with radius 2 cm aligned
with its axis along the diagonal of the cube.

Figure 7-7 illustrates the design of a composition from a plane. In this case the target variation
is linear in nature, grading from m, = [1 0]7 at the plane 7 : z = Ocm to m. = [0 1]7 at the plane
Tz = lem.

Figures 7-8 and 7-9 illustrate the fit of a composition to a quadratic function of distance from the
boundary. Figure 7-8 is the initial model, represented within a commercial CAD system. The model

is then meshed into near uniform tetrahedral elements, generating the nodes shown in Figure 7-9.
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Figure 7-3: Grading styles for the design of FGM objects as a function of distance: (a) uniform, (b)
linear, (c) and (d) quadratic, and (e) cubic.

136



In this case, a desired composition of m, = [0 1]¥ is assign to the boundary of the model which
grades quadratically over a distance of Imm to m, = [1 0]7 within the model’s interior. The
minimum distance of each node to the boundary of the model is computed and its composition
defined according to the prescribed function. Figure 7-9(a) shows the nodes colored according to
their assigned compositions. Slices through the model material variation are illustrated in Figure 7-
9(b). One can see in this illustration how the idealized, quadratic function has been approximated
by the piece-wise linear tetrahedra, resulting in oscillations over the nearest slicing plane.

The final example, Figure 7-10 illustrates the fit of a composition designed from a subset of the
model’s boundary. In this case, the composition is designed as a quadratic function of distance from

the cavity of the model, with the desired grading occurring over a distance of 5mm.
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Figure 7-4: (a) Fit of composition (smoothly blended at r.) designed as a quadratic function of
distance within a unit cube from point pg = (0,0,0) (r, = Ocm, r, = %(:m, m, = [0 1 0]T,
m, = [100]T). (b) Rendering of nodes colored according to composition. (c) Rendering of material
variation over slices through cube.
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(b) (c)

Figure 7-5: (a) Previous design plus fit of composition (smoothly blended at r, = %cm and r, = lcm)
designed as a cubic function of distance within a block from point pg = (0,0,0) (m, = [1 0 0]7,
m, = [00 1]7). A uniform composition of m = [0 0 1]7 is assigned to all nodes beyond a distance
of 1 mm from point pg = (0,0,0). (b) Rendering of nodes colored according to composition. (c)

Rendering of material variation over slices through cube.
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File Mateiial Utiities Design Process About FGM Viewer...

Py=(0,0,0)

A =] .
Fle Maeddl Usibes Design Process About FGM Views: . Fle Maedal Utities Design Process About FGM Viewe: .

(b) (e)

Figure 7-6: (a) View of solid cube with composition designed as a cubic function of distance within
a unit cube as from the line passing through py = (0,0,0) to p; = (1,1,1) (rs = Ocm, r, = %cm,
m, = [10]7, m, = [0 1]T). (b) View of nodes in mesh. (c) View of slices through FGM cube.
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(b) ()

Figure 7-7: Fit of composition designed as a linear function of distance within a unit cube from
plane 7 : 2 = 0 (ry = Ocm, re = lem, my = [1 07 and m, = [0 1]7. (a) View of solid cube. (b)

View of nodes in mesh. (c) View of slices through FGM cube.
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(b)

Figure 7-8: (a) Design of tool on commerical CAD system. The dimension of the tools is 100mm x
50mm x 10mm. (b) Phantom view of the tool showing internal features (cooling channels).
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(b)

Figure 7-9: (a) Fit of nodes to intended composition (smoothly blended at r.) designed as a quadratic
function of distance from the boundary of the tool (r; = Omm, r. = lmm). (b) View of composition
grading over slices through FGM model.
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(b) (c)

Figure 7-10: Fit of composition (smoothly blended at r.) designed as a quadratic function of distance
from a subset of the boundary of a tool (rs = Omm, r. = 5mm ). The dimension of the tool is 100mm
xﬁﬁ'gx’mm x20 mm. (a) View of solid tool. (b) View of nodes in mesh. (c¢) View of slices through
FGM model.
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7.3 FGM library

Another approach to designing FGM objects is through the use of a library of FGM primitives. This
approach to FGM design is an extension of the use of libraries in solid modeling for shape design or
logic libraries in VLSI design.

In commercial CAD systems, the repeated design of features on a part can be simplified and
automated through the use of a library. The feature is first designed and stored in a library. As
a new part is created and a feature must added, instead of recreating the entire feature for each
instance, it is simply retrieved from the library and then mapped over the part. Figure 7-11(a) is an
example of a feature that might be stored in a library as a primitive for texturing surfaces [13, 36].

The application of the feature over two different parts is illustrated in Figures 7-11(b) and (c).

Macro-Texture
Library

Geometric Primitive

(a) (b) {c)

Figure 7-11: (a) A texture primitive stored in a feature library. (b) The mapping of the feature over
a plate. (c) The mapping of the feature over a torus.

The same approach to the design from a library could be applied to the material design of FGM
objects. A library of material primitives (designed to perform some specific task) could be defined
and then mapped into a part. With each primitive’s addition to the model, the primitive’s material

variation overwrites the previously designed composition in the part such that:

i M. e (X) for x € FGM primitive

* primitive

final(x) = (73)
m; ;. (%) otherwise

One example of how FGM primitives might be used to design an object is given in Figure 7-12. In
this example, a drug delivery device is created by mapping FGM primitives from a library into a pill.

The position of each primitive of the pill relative to the rate at which the pill is absorb determines
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when the drug in the primitive would be released [78]. This allows drug designers to tailor the release

profile for optimal delivery.

I FGM Library I

Drug Primitive A

Drug Primitive B

(a) (b) (<)

Figure 7-12: (a) Primitive of regions containing drug. (b) The initial pill consisting of a uniform
base material. (¢) The mapping of drug primitives into the drug delivery device. The placement of
of the primitives tailors the drug release profile.

7.4 FGM chamfer, fillet, and blending

Chamfer, fillet, and blend operations are commonly used in Computer Aided Geometric Design to
define the shape of a part (see Figure 7-13). The same approach may be taken for the design of
FGM objects. Just as chamfer, fillet, and blend operations create a new surface to join two tangent
discontinuous surfaces, material chamfer, fillet, and blend operations could be used to generate
intermediate regions to join two differing regions.

For a material chamfer operation, a face is selected and an offset distance A specified. A region
of uniform composition would then be generated, bounded by new faces offset distance A into the

neighboring regions from the original face. The composition assigned to the interface region could
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(a) (b) (c)

Figure 7-13: (a) Original design of corner of part. (b) Chamfered corner. (¢) Filleted corner.
be specified or taken as the average of the two neighboring regions’ compositions:

. ) % (mB + mA) for x € chamfer region -
m.. X)) = .
final
m}, ;.. (x) otherwise

Figure 7-14 illustrates the result of this operation in 2D.

_-.
= x T~
=2l 21
vg m o (x) E m,(x)
'-'L-R '-"'-‘, IO |
W W
S m ((x) S m |(x)
=30 3 0. =
> x = 2A x

(a) (b)

Figure 7-14: (a) Original material distribution over a cross-section of a block. (b) Material distri-
bution over block cross-section with material chamfer.

The material fillet operation could be performed two ways. The first method would require the
selection of a face and specification of an offset distance A. A region of graded composition (varying

linearly along the direction normal to the interface) would be created using the compositions initially
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assigned to either side of the interface (m*, m?) as the compositions to grade between:

. m3,,.(r) = 3 (m? + m*) + 55 (mP —m?) for x € fillet region
mfina:(x) = (7.5)

m (x) otherwise

*
initial

The distance r is the signed distance of the point x from the interface into region 1. The second
approach to creating a material fillet would begin with the specification of a maximum allowable
rate of grading for each material (Dm; (x)n) along with the selection of a face. In this case, the
offset distance would be computed based on the difference between the compositions in the regions

on either side of the interface and the limiting rates of material variation:

A_ B A_ B > ST
A=lmax |1n0 moJ, I_’jh mlhl,.__lﬂ_lj‘nfl—%i_” (7.6)
2 Vme (x) -0 Vmy (x) - fi Vmg,, 1 (x) -0

Figure 7-15 illustrates the process of generating a material fillet.

>

A

% X g X : r

4 2 10 S

g |me™ g Mot

S N

";? =

§ m ,(x) g m (x)

=9 / » = 0 -

3 0 3 0.

= x = 2A x
(a) (b)

Figure 7-15: (a) Original material distribution over a cross-section of a block. (b) Material distri-
bution over block cross-section with material fillet.

The final operation, material blend, is analogous to the previous two except that it generates
an interface region with a composition that smoothly blends into the two neighboring regions
(M*'continuous). As with the material fillet, the thickness of the blend could either be defined
explicitly or determined through the specification of a maximum rate of grading and material cur-

vature.

148



Jri 5
R ) = 1.0
3 ¢ 3
= =,

) v

§ mi(x) §
=0 - 3 0.
- x =

(a) (b)

Figure 7-16: (a) Original material distribution over a cross-section of a block. (b) Material distri-
bution over block cross-section with material blend.

7.5 Discussion

This chapter has proposed several methods to designing FGM objects. How these methods should
be implemented is not addressed since this depends entirely on what underlying data structure is
used to model the object. The introduction of these design methods, however, are proposed as
pathways for capturing designer intent and as such, can be used for quantifying the storage cost for
representing a FGM in terms of design intent.

It is also important to note that these design examples are direct adaptations of commonly used
geometric tools in existing CAD systems. In this way, the design of material compositions can be
seen as a logical extension of geometric design. Therefore, solutions for FGM design tools can be
expected to be based on the same principles as used to define computer aided geometric design tools.

As a final note, the design tools presented here obviously do not represent an exhaustive but
are only meant to motivate the investigation into FGM design methods. Additional design methods

have also been proposed based on Boolean operations [40] and sweeps [53] for instance.
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Chapter 8

The cost of representing

composition

8.1 Motivation

Although several methods for defining the composition of an FGM object have been introduced, the
basis for selecting one over the others as a preferred modeling method has not yet been established.
One major factor in this decision is the memory required by each method to represent an object.
To address this issue, this chapter introduces several hypothetical models illustrating issues that
will be of relevance to modeling and designing real parts by the chosen modeling method. For the
voxel-based, triangulated boundary, or tetrahedral mesh approaches, the idealized model must be
discretized or approximated, as described in the preceding chapter. The resolution of this approx-
imation is a function of the desired geometric and material accuracy, as well as the nature of the
intended design. For each case, the FGM object is described and the expression for the storage cost
is given for each approach. From this analysis, it is anticipated that justification for choosing one
modeling approach over the others based on memory issues can be made. In order to produce the
graphs showing the relative storage costs for the various data structures, the storage costs listed in
Table 8.1 were assigned to the primitive data types. For the storage cost associated with represent-
ing a Material System, the symbol S,,s is used and its contribution to the overall cost is considered

negligible (S,s = 0 bytes) in graphs of the storage requirements for the various methods.
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| Data type | Symbol for storage cost per instance | Value used in analysis |

integer Sint | 4 bytes
floating point number St | 8 bytes
Boolean Skin | 1 byte
pointer Spir | 4 bytes
Material System Sms | Sms

Table 8.1: Storage costs associated with primitive data types on a Silicon Graphics O, workstation
with 64 bit processor.

8.2 Case studies

8.2.1 Sphere of unit radius

The issue of geometric complexity, before even considering composition representation, requires a
certain degree of overhead. For example, the boundaries of real mechanical parts often consist of
smoothly blended surfaces with many features such as bosses, holes, fillets, and chamfers, requiring
accurate descriptions of the surfaces and the features. One of the simplest cases to consider illus-
trating one of these factors is the sphere. Although trivial in its complexity, its representation by
the various approaches to solid modeling highlight their fundamental differences in approach.

The first object to be considered is a sphere of unit radius (R = 1mm) positioned at the origin,
consisting of a single material. The only information that needs to be conveyed is the nature of its
boundary between the object interior and exterior, as illustrated in Figure 8-1. For uniformity in
analysis with subsequent cases, a two dimensional Material Space (d,, = 2) is used, in which one

material is the interior of the sphere and the second material is the empty (void) space surrounding

the object.
-
1
for |jx|[ < 1;
0
m*(x)=4 r = (8.1)
0
otherwise.
{ 1

Three methods of representing the sphere are analyzed here: voxel-based approach, triangulated
boundary, and the generalized decomposition methods (Cell-Tuple-Graph and Radial-Edge). The

sphere’s representations in the various data structures are illustrated in Figures 8-2, 8-3, and 8-4.

Voxel-based representation of a sphere

The first method considered here is the voxel-based data structure, as illustrated in Figure 8-2, in
which the object is discretized into a lattice of voxels. In this modeling method, the storage cost

is a factor of the physical size of the object as well as the desired resolution of the geometry and
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\

Figure 8-1: Geometric design of unit sphere.

Figure 8-2: Voxelized approximation of sphere.
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composition. Since this model consists of a uniform composition, only a binary value needs to be
associated with each voxel to indicate the presence or not of material (ny = 2). Substituting these
values into the expression for the storage cost of the voxelized method (Equation 5.22), the cost

associated with modeling the unit sphere as a voxelized model is:

Svoz|Lz = 2mm, L, = 2mm, L, = 2mm,

11243
€g,MA = 2,dm =2] = 3Sint + 6851t + Sptr + Sms + 4 [_]
€g

= 64+ % [53]3 + Sy bytes
g

The parameter €, is the geometric accuracy in modeling the intended spherical boundary of the

object.

Triangulated boundary

Figure 8-3: Triangulation of sphere.

The next level of sophistication in modeling the boundary of the sphere is the use of a triangulated
mesh, as shown in Figure 8-3. Through the approach presented in Section 4.4, the sphere would
be represented by two regions, corresponding to the spaces interior and exterior to the sphere’s
boundary. Each region references the mesh of triangles approximating the desired, curved boundary,
as well as a uniform composition assigned to the region.

The cost for representing a model in terms of a triangulated mesh is directly dependent on the
number of triangles in the model. According to Equation 6.34, the number of triangles required to

achieve a desired geometric accuracy is a function of the surface area, surface curvature, and the
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minimum feature size. For the model of the sphere, the number of triangles in the boundary is:

3a?

16\/§1r-|

ntriang!es[Asurface = 47rmm23€g; Kg,maz = lmm_la Ky = ?'mm] = O’>
where a = min {2, V3 (arcsin (1 — eg)) } (8.2)

Substituting the above into Equation 6.33, the storage cost for the unit sphere as a triangulated

mesh in terms of geometric accuracy is formed:

3
Striliregions = 2,a] < 3Sint +25ptr + 481t + Sms + (55ptr + 2Sbin + 55112 [W

16‘/5”] (8.3)

16\/§1r
3a?

where a = min {2, V3 (arcsin \/€(1— eg)) }

As e; — 0, the geometric accuracy is the dominant factor in determining the number of triangular

IA

52 + 34’( \‘ + Sis bytes

facets in the mesh and a ~ (3€g)% and N¢riangles ~ (3)2 4(” i For geometrically accurate models (small
€g

€4), the storage cost for the triangulated mesh modeling method grows as S.; ~ (:) 51(7”) =0 (")
€g

Generalized decomposition

(a) (b)

Figure 8-4: (a) Vertices and edges in generalized representation of sphere. (b) Faces in generalized
representation of sphere.

To represent the curved nature of the sphere’s boundary exactly, it is necessary to use a nonlinear,
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rational definition for the modeled surfaces. The Radial Edge and Cell-Tuple-Graph data structures
permit this, representing the shape of the model in terms of a set of FGMDomains that are related to
each other in a generalized, topological database. Using the FGMDomains defined in Section 4.6.2,
the sphere can be decomposed into two generalized regions (its interior and its complement, the
exterior), four rational Bézier triangles, six rational Bézier curves, and four vertices, as shown in
Figures 8-4(a) and (b). The FGMDomains used to model the sphere and their contributed costs
are listed in Table 8.2, along with the cost associated with representing the topology within the

Cell-Tuple-Graph data structure.

Classes “ instances l CC—Z';% I % | % ” &Lﬁ%’—te—s)

FGMPoint 4 4 20551
FGMRationalBézierCrv

Ng =2,Np =0 6 6 12S5in: + QOS_f[t
FGMRationalBézierTri

Ny =2,y =0 4 4 48 8Sint + IOSSﬂt

FGMBRepRegion 2 1 2 4541 + 2Sptr

CellTupleGraph 1 2Sptr

Cell 16 | 32Sint + 3255tr + Sms

[ Tuple || 48 ] 48S5n + 432Spir |
TOTAL 100S;n; + 22257, + 468Sp4r + Sms
= 4048 bytes +Sms

Table 8.2: FGMDomain and Cell-Tuple-Graph objects required to represent sphere object exactly
and the associated storage cost.

For the same set of FGMDomains, the cost associated with representing the object within the

Radial-Edge data structure is given in Table 8.3.

| Classes H instances “ W I
l FGMDomains ” 20S;nt + 2225flt + ZSptr |
Complex 1 Sptr + Sms
Region 2 1085,
Shell 3 85 tr
Face 4 8Sptr
Loop 4 4Sptr
Edge 6 125,
Vertex 4 8Sptr
FaceUse 8 485pr
LoopUse 8 48Sp¢r
EdgeUse 24 16855,
VertexUse 24 96.Sptr
TOTAL || 20S;n: + 222551 + 413Sp4r + Sis
3508 bytes +Spms

Table 8.3: Number of instances of Radial-Edge objects required to represent sphere model exactly
and the associated storage cost.

Graphically, the storage cost for the sphere modeled within these data structures is illustrated
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in Figure 8-5.

10"¢ . : e , : — —
3 ., S
vox
- Sln'
-,"' — gdg
10°F " -= e |
a8 * .,
[} 10 :' % E
N o .,
> r ‘.,
fa)
o
b
wl
Q 4
S 3
&0
=
(=]
it -
w2 3
10°E .
1
10 i i " i i 1 i " " " i
107 10,7 10°

e /R
g

Figure 8-5: Graph of storage cost for representing a unit sphere as a function of geometric accuracy
for the data structures considered.

Although the sphere is a trivial example, it serves to demonstrate the differences between the
representation methods considered in this dissertation. In the current implementation, the storage
costs associated with representing the sphere in the STL file specification and the STEP standard

are illustrated in Figure 8-6.
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Figure 8-6: Graph of storage cost for representing a sphere as a function of geometric accuracy in
the STL and STEP file formats.
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8.2.2 Bar with graded transition

With the capability of Local Composition Control, the intended composition of an object may not
consist solely of uniform or linearly varying composition, but may contain complex, graded regions
defined according to higher order functions. This is analogous to the geometric boundaries of real
mechanical parts containing curved and freeform surface patches and features. As the previous
example represented a simple, curved model for geometric considerations, one of the simplest designs
demonstrating a graded composition is an FGM bar consisting of two regions of uniform composition
at either end with a smoothly graded interface region between the two. With this as a case study,

the storage costs for the various modeling methods as functions of material accuracy are studied.

1 5 F'S 4 L 2 L 2 i 1

D 10 10 10
o
— O ~
c c
N e
. B
o
MIT Design Labcra‘ory
A A
Geometry of
8ar with smoothly graded
Hransition region of FGM
. [l_ ........

Figure 8-7: Geometric bar specimen to contain smoothly graded transition between two different
compositions.

Figure 8-7 shows the geometric design of the bar. It is divided into three equal segments along its
length, each 10mm long. The intended design consists of two materials plus voids, placing the model

in a three dimensional Material Space (d,, = 3). The composition at either end is uniform while the
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interface region smoothly grades according to a cubic function. This composition is expressed as:

(
1.0

00| for0<z<10,0<y<10,0<2<10

0.0

1.0 — 135 (z — 10)* + £ (z — 10)°

25z —10)2 - b(z—10)8 | for 10<2<20,0<y<10,0<z< 10

0.0
mi(x)=¢ - _
0.0
1.0] for20<z<30,0<y<10,0<2<10
0.0
0.0
0.0| for x otherwise
| 1.0

(8.4)

The coordinate system for the bar and the graded composition given above are illustrated graphically
in Figure 8-8.

Composition along length of bar
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Figure 8-8: (a) Desired decomposition of bar into uniform and graded regions. (b) Graded compo-
sition along length of bar.

Three different classes of methods for capturing the designer’s intent are compared here: voxel-

based, tetrahedral mesh, and generalized decomposition (Cell-Tuple-Graph and Radial-Edge). The
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information represented by each of these methods is shown in Figures 8-9, 8-10, and 8-11. To simplify
the following analysis, the geometric accuracy is treated as constant, with e, = lmm. In this way,
the variation in the storage requirements will depend solely on the desired material accuracy e,, for

representing the intended material variation.

Voxel-based representation of a graded bar

Figure 8-9: Voxelized approximation of bar.

Figure 8-9 illustrates the FGM bar decomposed into voxels. According to Section 5.6, the factors
affecting the storage cost of the voxelized representation included the physical size of the model,
the desired resolution in composition (geometric accuracy is considered constant), minimum feature

sizes (pg and ) and the nature of the desired grading (m*(x)):

Svox = Syoz[Lz =10mm, L, = 10mm, L, = 10mm,

€ = lmm, €, M, py = 10mm, g,, = 10mm] (8.5)

The minimum geometric features size is simply the width or height of the bar (u, = 10mm). The
minimum material feature size, defined as the minimum distance between two discontinuities in
composition or its derivative, is the same as the minimum geometric feature size since the variation
of the composition within the bar is smooth. The parameter M* is a function of the desired grading,
as defined in Equation 5.21. For the model considered here, M* would be defined by either material

mg or m; over the plane m : x = 15. Along the direction parallel to the length of the bar, ¥ = [1 0 0],
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the rate of material variation is the greatest.

Mt

N%mﬁ}

[52@-10)+ @ -102 0 0] %

[5305-10)+ 05 -102 0 0]-[1 0 o]

= —mm™!

20

Substituting the values for minimum feature size and M* into Equation 5.21, an expression for the

memory required to model the FGM bar as a function of material accuracy is formed:

Svoz = 3Sint +6Ss1t + Sptr + Sms + é[%O] [E]z [1g (L + 1) ]

8 a 2e,
3130711092 1
= 64+ g [;‘I [;] [lg (E": 4 1) ] + Sms (86)
where a = min{10~'mm, %—?ﬁl}

Tetrahedral mesh

Figure 8-10: Tetrahedral mesh approximation of bar.

The next modeling method to be considered for modeling the FGM bar is the tetrahedral mesh
scheme explained in Section 4.5. As was discussed in Section 6.7, the storage requirements for the
various tetrahedral databases presented are all dependent on the number of tetrahedra in the mesh.
The number of tetrahedra, in turn, is a function of the desired geometry (Vipterior, Hg, and kg),
the desired composition (gm¢ and k,,), as well as the geometric and material accuracy. Again, the
geometric accuracy is considered constant (¢, = 107'mm) to simplify the analysis. As was the
case for the voxelized analysis, the minimum feature sizes are equal to the width of the model:

Hg = ptm¢ = 10mm. Since the model consists only of planar facets, the geometric curvature is zero
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(kg = 0). The maximum material curvature, however, is nonzero since the desired composition is
graded according to a cubic polynomial for materials mq and m; through the interface region. For
material mg, the material curvature, along the direction of grading (v = [1 0 0]), over the interface

region (10 < z < 20) is given by Equation 6.24:

Kmg

v
3
=[100] {1 N (_‘mg(x) . 0)2] 3

\Y 6[10—Tg—0(z—10)2+553(m—10)3]-[100]}-[100]

: [1+ (ﬁ (1.0- 2@ - 10)2+ﬁ(x—10)3)-[100]>2] 2
_ 2 [10 - 25— 10)2 + = (z — 10)%]

[+ (& (10— Z5(a = 1002 + (2 —10)%))°]

3r — 45

2
2 2
- 9(z—10)*+180(z —10)34-9000(z —10)?
250 [{1 + [ 250000 - ] }

for 10<2<20,0<y<10,0<2<10

The material curvature is greatest over the planes m; : z = 10mm and 7, : £ = 20mm, where

Bm, maz = %mm‘Z. From this information, a bound for the number of tetrahedra to achieve the

desired geometric and material accuracy can be formed using Equation 6.41

— 3 — —1
ntetrahedra[%nterior = 3000mm € = 107 mm,

Hg = 10mm, pme = 10, Km,maez =

3 5 .|18000v2
=M ]1=0 ‘V———as -|

100 arcsin ( Sem(2 — %em))
3 ?

where ¢ = min

As €, — 0, the desired material accuracy dominates in the above expression and a ~ %\/367,1 and

3
5 3
3 3 2 _ -2
Ntetrahedra ™ ) (_‘2€m) =0 (Emz).

With a bound for the number of tetrahedra known, a bound for the storage requirements for the
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various tetrahedral modeling schemes can be established for this object (Equations 6.35- 6.40):

Stege < (4Sptr + 6Ssit)tetranedra + 18551 + Sint + Sptr + Sms
< 64ntetranedra + 152 + Sps bytes

Steor < (4Sptr + 15851 )nsetranedra + 9Ss1t + Sint + Sptr + Sms
< 136n4etrahedra + 80 + Sy bytes

Stero < (8Sptr + 6Sp1t + Sint)Ntetrahedra + 1851t + 4Sint + Spir + Sms
< 84netrahedra + 164 + Sy bytes

Stery < (8Sptr + 1581t + Sint)Ntetrahedra + 9S 1t + 4Sint + Sptr + Sms
< 156n¢etrahedra + 92 + Sy bytes

Generalized decomposition

(a) (b)

Figure 8-11: (a) Vertices and edges in generalized representation of bar. (b) Faces and regions in
generalized representation of bar.

The final two methods for representing the FGM bar are the Cell-Tuple-Graph and the Radial-
Edge data structures. For these representation methods, the object is subdivided in FGMDomains
as shown in Figures 8-11(a) and (b). The model of the bar consists of two piece-wise constant,
B-rep FGMDomains, a single Hexahedral FGMDomain, and the corresponding vertices, edges, and
faces. The intended material design is represented exactly by the use of an FGMDomain region
with cubic blending in the interface region. The number of instances and the associated storage cost
for the FGMDomains are tabulated in Table 8.4, along with the number of instances of Cell-Tuple-
Graph objects and the total cost for the representation of the bar within the Cell-Tuple-Graph data

structure. The cost associated with the Radial-Edge data structure is listed in Table 8.5.
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Clases [tarces | 35 | 3 [ T | S

FGMPoint 16 16 96571
FGMRationalBézierCrv

ng=1,n,-,=0 24 24 48S;nt + 2885 1

ny=1,n, =3 4 4 8Sint + 96Sﬂt
FGMRationalBézierQuad

(my,nz) = (1,1), (mpm,ny) =(0,0) 12 12 192 48Sin: + 2405y,

(mg,n) = (1,1), (Mm,nm) = (0,3) 4 4 64 16S;n: + 128551
FGMRationalBézierHex
(lz, mg,ng) = (1,1,1),

(lm, Min, M) = (0,0, 3) 1 1 6Sine + 485_f1t
FGMBRepRegion

with 1 boundary 3 1 3 95t + 3Sptr

CellTupleGraph 1 2S5ty

Cell 64 ] 128Sint + 128S,4r + Sins

Tuple 256 256.Sin¢ + 23045y

TOTAL 510Sin: + 90551 + 2437Sptr + Sims

19028 bytes + Spus

Table 8.4: FGMDomain and Cell-Tuple-Graph objects required to represent bar object exactly and

the associated storage cost.

[ Classes ” instances “

Storage(bytes)

closs

| FGMDomains || 126Sin: + 905571t + 3Sptr |
Complex 1 Sptr + Sms
Region 4 20S5p¢r
Shell 4 1655,
Face 16 32554,
Loop 16 165,¢,
Edge 28 56Spir
Vertex 16 325y,
FaceUse 32 1925,
LoopUse 32 1925p¢r
EdgeUse 128 896.Sp¢r
VertexUse 128 5128,
TOTAL || 1265;,: + 905Sﬂt + 19683,,” + Sins
15616 bytes + Sps

Table 8.5: The Radial-Edge objects required to represent FGM bar object exactly and the associated

storage cost.
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Graphically, the storage costs for the various methods for

dimensional, cubic grading is illustrated in Figure 8-12.
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Figure 8-12: Graph of storage cost for representing an FGM bar specimen as a function of material
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8.2.3 Graded composition from boundary of cavity in block

Whereas the first two cases addressed nonlinearities in shape and composition separately, more
general models may contain both nonlinear geometric elements and nonlinear material gradings. As
a first example, the design of a block with a cavity is presented, as shown in Figure 8-13, containing

both filleted features and nonlinearly varying compositions.
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MIT Design Laboratory
. 1o | 10 A

Geomefry of
Block with Filleted Cavity

Figure 8-13: Geometric design of block with cavity.

The object in Figure 813 represents a generic mold: a block with a cavity into which molten
material can be poured and solidified to form a part. It has been hypothesized that the thermal
inertia of a mold can be reduced by designing molds with internal cavities and passages [59], thereby
reducing the cooling time and increasing the cycle time for manufacturing parts. With the concept
of locally controlling compositions with porosity, the representation of such parts may be efficiently
handled by a suitable FGM modeling representation. To illustrate this concept, consider the model
in Figure 8-13 to be material designed within a two dimensional Material Space. The first material is
the solid material (mg) out of which the mold is fabricated and the second material is void space (m; ),
allowing the representation of porosity. By designing a composition that grades from fully dense
material mg at the walls of the mold to some porosity over some distance from the corresponding
surfaces, the role of the mold cavity to define the shape of the molded part is preserved while
decreasing the total mass of the mold, thereby reducing the mold’s thermal inertia.

The porosity in the fabricated part is achieved through mapping the composition from the con-
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(b)

Figure 8-14: (a) Intended density distribution over bar specimen, grading of fully dense material at
the surfaces z = 30mm and y = 10mm to 20% density at a distance of 10mm from these boundaries.
(b) View of halftoned bar illustrating porous macro-structure generated through the halftoning of
the continuous FGM model into binary material primitives.
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tinuous material volume fraction values (m(x)) represented in the FGM model to discrete macro-
structures using a suitable dithering lattice. If the dithering lattice satisfies the requirement that
adjacent resulting macro-structures are contiguous, the resulting structure will be structural solid
but containing the porosity. This concept is illustrated for the bar in Figure 8-14(a) with a com-
position graded linearly from full density material at the surfaces £ = 30mm and y = 10mm. In
order to convert the continuous value into a discrete value, a 9 x 9 x 9 dithering lattice was used, as

defined by:

D = {Djfor0<i<9,0<;<9 0<k<9}, (8.8)
min {|i — 4,7 —4], [k — 4]} +1
5

where D =

The intended composition variation (m*(x)) for the bar was sampled over a lattice of points (x;).
The intensity of the material was then compared with the threshold values in the dither lattice.
Wherever the intensity was greater than the corresponding value in the dither lattice, a material
primitive was placed!. The resulting structure after thresholding is illustrated in Figure 8-14(b),
demonstrating how the porosity represented in a FGM model can be translated into macro-structure
in the fabricated part.

Figure 8-15 illustrates how the composition grading within a model might be designed. Figure 8-
15(a) shows the highlighted surface of the cavity boundary and the desired grading of the density of
the material as a function of distance from this feature. The intended grading (m*(x)) is a quadratic
function of distance, r, smoothly blending the fully dense material at the cavity boundary into the
block interior with 50% porosity:

-

1—ir 4 Lp2
3 18 forr <3

m*(x) =m(r) = { ® (8.9)

otherwise
0.5

where 7 is the minimum distance of the point x from the cavity’s boundary, highlighted in Figure 8-
15(a).

Three approaches are considered for modeling this part: voxel-based, tetrahedral mesh, and
generalized decomposition (Cell-Tuple-Graph and Radial-Edge). The representation of the block
as a tetrahedral mesh is illustrated in Figures 8-16 and 8-17 and an exploded view of the model

decomposed into FGMDomains is shown in Figure 8-18.

1¥or a more detailed description of halftoning with a dithering array, see Ulichney [70] or Foley et al [19].
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Figure 8-15: (a) Initial compositions of block and the selection of the desired faces from with the
composition will be graded. (b) Desired grading from the selected feature.
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Voxel-based representation of a block with cavity

For the voxel-based approach, the parameters of the model are substituted into the expression for
the storage requirements as defined in Equation 5.21. The minimum feature size of the model (both
geometric and material) is the cavity wall’s thickness: (gy = gm = 10mm). The maximum rate of
change of the desired composition occurs at the cavity’s surface along the direction normal to the

surface, where

M* = v*fma(x)-‘}:%mm-l

This information allows an expression for the memory required to represent the model in a voxel-

based representation in terms of the desired geometric and material accuracy.

Syoz[Lgz = 100mm, L, = 50mm,

L. =30mm,a,€,] = 3Sint +6Ss1e + Sptr + Sms + %[29] [@-I [@-l [Ig (i +1

= ous e (1)1 5

where a = min{e,, 10,2\/56,“}

a a a

Tetrahedral mesh

Figure 8-16: Approximation of block geometry with tetrahedra within a finite element mesh. (2206
boundary (external) facets, 8685 tetrahedra, and 2197 nodes)
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Figure 8-17: (a) Nodes of the tetrahedral mesh colored according to their assigned compositions.
View of composition grading assigned to tetrahedral mesh over slices defined by the planes (b)
T T = Toffset, (C) MY = Yopsset and (d) 7 : z = zof pset-



The tetrahedral meshed model storage requirements, according to Equation 6.41, is a function of
the desired accuracy as well as the model’s volume, maximum geometric curvature, and maximum
material curvature. An illustration of the block represented as a tetrahedral mesh is given in Figure 8-
16. Figure 8-17 shows the composition over the tetrahedral mesh several different ways. The volume
of this model is Vipterior = 102350mm3. All fillets in the model have a constant radius of curvature
of 5mm, therefore kg mos = %mm_l. The final factor, the maximum material curvature, needs to

be evaluated. Since the grading only occurs along directions normal to the surface, the maximum

material curvature will occur along this direction as well.

6[67716 (X) . ﬁsurfa,ce} . ﬁsurface
[1 + Vma(X) : nsurface) ]

Kmo

Nsurface

2
Frmg(r)

[1 + %mg (r)Z]

3

2
8 forr<3

— (90—6r+r2)2

0 otherwise

The material curvature is greatest over the normal offset surface at a distance of 3mm from the
cavity’s boundary, or the interface between the quadratically graded regions and the uniform, porous
region. Over this surface, the material curvature is km maz = %mm"Q.

Substituting this information into the equation for the number of tetrahedra in the model, an
upper bound on the number of tetrahedra necessary to achieve the desired material and geometric

accuracy is formed:

3
Ntetrahedra [‘/interior = 102350mm »€g,
1

fhg = OIMM, Ky maz = gmm ,

9 a3

where ¢ = min {Sﬁarcsin‘/% (1 - %g), 5, 18arcsin\/%" (2 - %ﬁ)} .

The expression for bounds on the required number of tetrahedra can be substituted into Equation-

614100\/§-|

Mt = dmm, Km,maz = ”mm_2:| = O"

8 6.35- 6.40 to determine bounds on the memory requirements for the model within the variations
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on the tetrahedral modeling method, summarized as follows:

Steqo < 56Ngetrahedra + 128 + Sms
Steoy < 104nietranedra + 80 + Sms
Stere < T6Ntetrahedra + 140 + S
Stery; < 124ngetrahedra + 92 + Sis

Generalized decomposition

The generalized methods for representing the block with a cavity are capable of representing the
desired geometry and composition exactly. To accomplish this, the model is decomposed into FGM-
Domains, as shown in Figure 8-18(a) and (b). The numbers of each FGMDomain and the associated
storage cost are listed in Table 8.6. By choosing to use quadratic rational pentahedral and hexahe-
dral FGMDomains, both the curved geometry and nonlinear composition are represented exactly.
To maintain the adjacency relationship between all of the FGMDomains, a generalized data struc-
ture is used. Table 8.6 lists the storage requirements for maintaining relationships between the
FGMDomains within the Cell-Tuple-Graph data structure. The corresponding cost for representing

the topology within the Radial-Edge database is given in Table 8.7.

Observations

The storage costs for the approaches to modeling the block with a cavity are graphed in Figure 8-19
and 8-20. Unlike the storage costs for modeling the sphere and bar, which were functions of only
geometric or material accuracy, respectively), the storage costs for modeling this object are func-
tions of both accuracies. To observe the relationships between memory requirements and geometric
accuracy, the storage costs are plotted as functions of geometric accuracy for four different material
accuracies in Figure 8-19. Likewise, Figure 8-20 illustrates the variation of the storage costs as
functions of material accuracy for four different geometric accuracies. In each case, the storage costs
for the Cell-Tuple-Graph and the Radial-Edge methods are constant since they represent the intend-
ed geometry and material composition exactly. The requirements for the approximation methods
(voxel-based and tetrahedral), however, grow with increasing accuracy. In addition, each graph may
contain a break point for each approximation method at which the storage cost transitions from
being a function of the corresponding accuracy to being independent of that parameter. This is due
to the factor that only one of the following four parameters are used in determining the dimensions of
the voxels or the size of the tetrahedra: geometric accuracy, material accuracy, minimum geometric
feature size, or minimum material feature size. Consider Figure 8-19(b). For ¢, < 0.011mm, the

intended geometric accuracy is the dominant factor in determining the dimensions of the voxels. For
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(a)

(b) (c)

Figure 8-18: (a) Wireframe view of block decomposed into FGMDomains. (b) View of block with
FGMDomains colored according to class and degree of shape and material variation. (c¢) Exploded
view of three dimensional FGMDomains, colored according to their degrees of geometric and material

variation.
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Classes ” instances | St4s | cells | tuples ‘ Storage(bytes) tor‘jjjqzytes |
FGMPoint 80 80 4005
FGMRationalBézierCrv
ng=1,n,=0 80 80 160.5;,+ + 8805
Ng =2,Ny =0 68 68 136S;n: + 10208
e =11, =2 32 32 6450 + 544Sflt
FGMRationalBézierTri
Nge =2,Nm =0 12 12 144 245;n: + 4445y,
Ng =2,Npm =2 8 8 96 1650 + 256544
FGMRationalBézierQuad
(mg,ng) = (1,1), (M, nm) = (0,0) 23 23 368 9255t + 437Ss1
(mg,nz) = (1L, 1), (Mpm,nm) = (2,0) 24 24 384 96S;n + 60055y,
(mg,nz) = (2,1), (M, nm) = (0,0) 28 28 448 112850 + 756514
(M 2) = (2,2), (M, Mom) = (0,0) 12 12| 192 485, + 4685 11,
(Mg,ny) = (2 1), (Mm,nm) = (0,2) 28 28 448 11255, + 9245y,
MRationalBézierPent
(myg,mz) = (1 2), (Mum,nm) = (2,0) 4 4 165;nt + 21084
(myg,nz) = (2,2), (mpm,nm) =(0,2) 4 4 16S;ne + 32454
(mg,mz) = (2,2), (Mmpy,nm) = (2,0) 4 4 1650t + 3065
FGMRationalBézierHex
(Iz,mg,ng) = (1,1,1),
{lins M, ) = (0,0,2) 5 5 30S;nt + 2055
(lzymg,ng) = (1,1,2),
(Lo, M, ) = (0,0, 2) 12 12 728int + 6845y
(lz,mg,mg) = (1,2,2),
(s Mm, ) = (0,0, 2) 4 4 24S;n: + 4685,
FGMBRepRegion 2 1 2 45411 + 25ptr
CellTupleGraph 1 25ptr
Cell 430 | 860S;nt + 860S,tr + Sis
Tuple 2080 2080S;n; + 187205y,
TOTAL 3974S;n: + 89305y + 19584S,:r + Spis
165672 bytes + Sy,

Table 8.6: FGMDomain and Cell-Tuple-Graph objects required to represent FGM block-with-cavity
object exactly and the associated storage cost.
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[ FGMDomains || 1034Sin: + 8930571z + 25p4r |

| Classes || instances | Sterage(tyics] |
Complex 1 Sptr + Sms
Region 35 17555,
Shell 35 14OSptr
Face 135 2705,
Loop 135 1355,
Edge 180 360S5p¢r
Vertex 80 1605y,
FaceUse 270 16205,
LoopUse 270 1620Sp:r
EdgeUse 1064 74485,
VertexUse 1064 42565,
TOTAL || 1034S;; + 8930577 + 161875ty + Spmo
140324 bytes + Spms

Table 8.7: Radial-Edge objects required to represent FGM block-with-cavity object exactly and the
associated storage cost.

€, > 0.011mm, the material accuracy becomes dominant. Likewise, in Figure 8-19(d), the gcomet-
ric accuracy determines the size of the tetrahedra for ¢, < 0.009mm, while the material accuracy
becomes the limiting factor for ¢, > 0.009mm. A similar explanation holds true for the graphs in
Figure 8-20 in which the storage requirements are plotted versus the desired material accuracy. In
these cases, the breakpoints occur where the material accuracy constraint is relaxed to the point that
it no longer dominants and some other factor (usually geometric accuracy) limits the dimensions of

the voxels or tetrahedra.
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Figure 8-19: Graph of storage cost for representing a block (with composition graded from the
boundary of a cavity) as functions of geometric accuracy (a) €,, = 0.001, (b) €, = 0.0056234, (c)
€m = 0.17783, and (d) €, = 1.
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8.2.4 Cylinder butted to plate
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Figure 8-21: Geometric design of cylinder butted to plate.

One of the proposed design methods in Chapter 7 is the use of material blends. To illustrate
how such a design tool could be used and its impact the memory requirements, the design of the
composition in a model of a cylinder butted to a plate is studied. To begin the design, the geometric
design of a cylinder butted to the plate is created, as shown in Figure 8-21. The cylinder is uniformly
assigned one material (mg) and the plate is uniformly assigned a second, different material (m;).
This requires the definition of a three dimensional Material Space (the third material being voids).
Across the interface between the cylinder and plate, the composition initially is discontinuous. The
initial, piece-wise constant compositions are illustrated in Figure 8-22.

For the design of a blend region, the face incident to both of the regions would be selected as
the surface to be “filleted” and a distance over which the blend is to be performed is specified, as
shown in Figure 8-23(a). For this case, the distance of 10mm is given. From the existing geometry
and compositions, the model is modified so as to contain a smoothly graded region between the
piece-wise constant compositions in the plate and the cylinder. Figure 8-23(b) shows the material

filleted section between the two constant regions.
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m“=[0 1 01T

m*=[(1 0 01T

Figure 8-22: Initial, piece-wise constant compositions assigned to cylinder and plate.

(

1

o| for x € cylinder and r > 10,

1L _ 3 L .3 1 <
L Er 4 gt for x € cylinder and r < 10,

m*(x) = ¢ % 4 %r - ﬁ,ﬁ for x € plate and r < 10, (8.10)
L O =
.0-
1| for x € plate and r > 10,
_OJ
_0.

0| otherwise
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where r is the unsigned minimum distance from x to the interface.

m*=[0 1 0]T

Selected
face

m*=[10 0]T

}0

n*= material fillet

(a) (b)

Figure 8-23: (a) Selection of the desired face across which composition will be filleted. (b) Decom-
position of model into desired piece-wise constant regions and material fillet.

The preceding scenario describes how a designer might hypothetically design an FGM part using
material blends. To represent the initial and final models, however, a solid modeling representation
must be chosen. Three methods are analyzed here in terms of their memory requirements. The
representations of the model by the different approaches are shown in Figures 8-24, 8-25, and 8-26,
including the exhaustive enumeration of the object as voxels, a tetrahedral mesh, and the generalized

decomposition of the cylinder and plate into FGMDomains.

Voxel-based representation of cylinder butted to a plate

The storage requirement for a voxel-based model of the cylinder and plate (Figure 8-24) is initially
a function of the dimensions of the model (L, = 50mm, L, = 50mm, and L, = 55mm), feature
sizes (ug = 10mm and p,, =10mm), the desired geometric and material accuracies (¢, and €,,),
before the material filleting operation is performed. After material filleting, the maximum gradient
of the composition must also be considered. The point of maximum change in composition occurs

over the interface surface in the direction normal to the surface, where M* = Zmm~'. Referring
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Figure 8-24: Voxel-based representation of cylinder and plate.
to Equation 5.21, the storage cost for this model in terms of these parameters is:

Svoz|[Lz = 50mm, L,, = 50mm,
315012155 1
L. = 55mm, a,em] = 3Sin: + GSﬂt + Spn- + Spms + = [?1 [—] [lg (—— + l) ]

8 a 2€m
3150712155 1
= 64+ g [;] [:] [lg (m 1) ] + Sms bytes (811)
where a = min{e, 10, %}

Tetrahedral mesh

Figure 8-25 is a wireframe view of the model decomposed into tetrahedra. The storage cost for this
representation depends on the volume of the model as well as the desired accuracy in representing
the geometry and the material composition. Before filleting, only the geometric curvature must be
considered. After filleting, the material curvature must also be considered to capture the composition
intent of the smoothly graded interface region. The maximum material curvature occurs at an offset
distance of 10 mm from the interface surface between the cylinder and the plate, where the material
curvature is 5-33 mm™~'. For all four tetrahedral modeling methods presented in Section 4.5, the

storage cost is a function of the maximum number of tetrahedra needed to accurately convey this
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Figure 8-25: Tetrahedral mesh model of cylinder and plate (1708 boundary facets, 7985 tetrahedra,

and 1970 nodes).

information.

3 — —
Nitetrahedra [Vinterior = 40624mm y€gy g = 10mm, Kg,maz =

1

fmt = 10mm, KEm,maz =

gmm_,

— 3_m.)
200

400 arcsin
where a = min { 5v/3 arcsin \ / -59—

This bound for the number of tetrahedra can be substituted into Equations 6.35 to 6.40 to determine

a bound for the storage costs for the various tetrahedral modeling schemes, as below:

Steon
Stem
Stew
Sten

Generalized decomposition

647 setrahedra + 192 + S
136n¢etranedra + 80 + Sms
84ntetrahedra + 164 + Sy

156ntetrahedra + 92 + Sms

24385012

(8.12)
(8.13)
(8.14)
(8.15)

For the generalized representations, the model can be exactly decomposed into rational Bézier FGM-

Domains. Initially, the model consists of two general regions of constant compositions, bounded by a

collection of planar and cylindrical Bézier surfaces. During the material filleting process, the model

is decomposed into Bézier regions and additional surfaces, curves, and vertices to exactly represent

the desired grading through the interface. The decomposition of the model into these FGMDomains

can be seen in Figure 8-26(a) and 8-26(b). The curved geometry is represented exactly by rational
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(a) (b)

Figure 8-26: (a) Decomposition of cylinder and plate into regions to represent grading exactly within
a generalized data structure. (b) Edges and vertices in generalized representation of bar butted to

plate.
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quadratic functions while the composition is exactly modeled with cubic blending functions with the
FGMDomains. The numbers of instances of each FGMDomain class {and the degrees of the shape
and composition variation) are listed in Table 8.8 along with their costs. Also given in Table 8.8
is the total storage requirements for maintaining complete model within the Cell-Tuple-Graph data
structure. Table 8.9 lists the cost associated with maintaining the relationships between the same
set of FGMDomains within the Radial-Edge data structure. In both representations, the modeling

of the intended geometric and material design is exact.

Classes H instances | c‘;izgsss cclezflsss t;-;(?;l:: “ Stor‘z‘(l](iizyte”

FGMPoint 30 30 1805t
FGMRationalBézierCrv

1, = 1,n,, =0 33 33 66Sin: + 3965,

T, = ]., Ny, = 3 11 11 2252'7“5 + 264Sﬂt

Ng =2, Ny, =0 20 20 408t + 32057
FGMRationalBézierTri

Ng =2,Mm =0 12 12 144 24Sin: + 336571,

Ny = 2, Nm = 3 3 3 36 6Sznt + 1925flt
FGMRationalBézierQuad

(mg,ng) = (1,1), (Mp,nm) = (0,0) 5 5 80 208t + 100S £y

(my,nz) = (1,2), (Mp,nm) = (0,0) 8 8 128 3280t + 22455y,

(my,ng) = (2,2), (mm,npy) = (0,0) 3 3 48 12S;n: + 12054y,

(my,ne) = (1,1), (Mpy,nm) = (3,0) 6 6 96 24555 + 1925

(Mg, ne) =(1,2), (Mum,nm) = (3,0) 9 9 144 36S;n: + 360571
FGMRationalBézierPent

(ma,nz) = (1,2), (M, nm) = (3,0) 6 6 245,50t + 3845

(my,nz) = (2,2), (Mp,nm) = (0,3) 3 3 12850t + 3365

FGMBRepRegion 3 1 3 9541t + 3Sptr

CellTupleGraph 1 [ 28pir

Cell 152 l 30455, + 304Sptr + Sins

Tuple 676 6765, + 60845y,

TOTAL 12985 + 3413871 + 639355, + Sins

58068 bytes + Sy

Table 8.8: FGMDomain and Cell-Tuple-Graph objects required to represent FGM cylinder-plate
object exactly and the associated storage cost.

Observations

The storage costs for the various approaches to modeling the cylinder butted to the plate with
material filleting are graphed in Figure 8-27 and 8-28. To observe the relationships between memory
requirements and geometric accuracy, the storage costs are plotted as functions of geometric accuracy
for four different material accuracies in Figure 8-27. Likewise, Figure 8-28 illustrates the variation
of the storage costs as functions of material accuracy for four different geometric accuracies. The
same trends observed for the preceding models (of a block with a cavity) are observed here. The

storage costs for the Cell-Tuple-Graph and the Radial-Edge methods are again constant with respect
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L Classes H instances || M_%%qt_e_sz |
L FGMDomains " 3188;ns + 3413551 + 3Spr |
Complex 1 Sptr + Sms
Region 12 60Sptr
Shell 12 485p¢r
Face 46 92Sp¢r
Loop 46 46S5p¢r
Edge 64 12854,
Vertex 30 60Sptr
FaceUse 92 55255,
LoopUse 92 552554,
EdgeUse 338 23665y,
VertexUse 338 13525,
TOTAL || 3185 + 3413571, + 52605,
49616 bytes

Table 8.9: Radial-Edge objects required to represent FGM cylinder-plate object exactly and the
associated storage cost.

to the desired accuracy as they represent the intended geometry and material composition exactly.
The requirements for the approximation methods (voxel-based and tetrahedral) are also found to
grow with increasing accuracy. Just as in the preceding example, break points are observed for
each of the approximation methods, where the storage cost transitions from being a function of the
corresponding accuracy to becoming independent of that parameter. In Figure 8-27(b), for example,
the intended geometric accuracy is the dominant factor in determining the dimensions of the voxels
for €5 < 0.09mm. For ¢; > 0.09mm, the material accuracy becomes dominant. Similarly, in the
same graph, the geometric accuracy determines the size of the tetrahedra for €, < 0.003mm, while
the material accuracy becomes the limiting factor for ¢, > 0.003mm. A similar explanation holds
true for the graphs in Figure 8-28 in which the storage requirements are plotted versus the desired
material accuracy. In these cases, the break points occur where the material accuracy constraint is
relaxed to the point that it is no longer dominant and some other factor (usually geometric accuracy)

limits the dimensions of the voxels or tetrahedra.
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8.2.5 Drug delivery device

The design of a drug delivery device illustrates the storage cost growth when a model is designed
from a library of FGM primitives. In this case, the object is a pill of some base material (mg) into
which models of FGM primitives are placed. For simplicity, the primitives are assumed to consist
of equal proportions of the base material (mg) and some drug (m;). The size and location of the
primitives within the pill affect the profile of the drug release over time, allowing a designer to control

the drug release through the FGM design of the device [78].

8 L 7 ) [ L 5 N 4 . 3 L 2 ! 1

3

) .-
Y

|

MIT Design Loboratory

Geometry of
Drug Delivery Device

T [
Yo 5 KT T G ik ton)
B T T 3 T 5 ¥ 7 T 3 T T T

Figure 8-29: Geometric design of boundary of drug delivery device.

The initial design of the pill is illustrated in Figure 8-29 and is assigned a uniform composition.
For simplicity, a three dimensional material space is assumed, consisting of the base material or pill

material (myg), the drug (m;), and void space (mz).

| forx e pill,

m*(x) =¢ "~ - (8.16)

0| otherwise.
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Next, the designer makes use of a repository of FGM primitives, positioning copies of the primitives
into the pill. A sample library of two primitives is illustrated in Figure 8-30(a), each containing
some additional material (m;) representing the drug. Their placement into the pill is shown in
Figure 8-30(b). The composition of the drug delivery device is modified with the introduction of

each new primitive, such that:

( -
—

mO,a( )

-

myq(€)| for x € Drug Primitive A,

0

mo,b((.?)

-

m1 () for x € Drug Primitive B,

0
me(x) = 4 - : (8.17)

0| for x € pill and not in any Drug Primitive,

0| otherwise.

\ L

where {? and (,? are coordinates local to the primitives A and B.

It should be noted that with each primitive placement, the minimum geometric feature size does
not change but the minimum material size may. Since each primitive is being positioned wholly
within the boundary of the model, the extcrior geometry of the device is unaltered, leaving the
minimum geometric feature size equal to the height of the pill (4g = 4mm). With each new primitive,
however, discontinuities in composition are introduced, potentially reducing the minimum material
feature size (). The minimum material feature size, therefore, is determined by the minimum
dimension of all of the primitives as well as the minimum distance between any two primitives or a
primitive and the pill’s boundary.

The three approaches to FGM modeling are again considered for the drug delivery device. For
each case, the relationship between the storage costs and the geometric and material design intent

for the pill and each primitive are explored.
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[ FGM Library

Drug Primitive A

Drug Primitive B

(a) (b)

Figure 8-30: (a) Library drug primitives with minimum geometric and material feature sizes p, and
fm- (b) Placement of drug primitives into drug delivery device.
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Voxel-based representation of a drug delivery device

The first method to be considered is exhaustive enumeration with voxels of the space occupied by
the drug delivery device. Since no restriction is placed on the design of the primitives (except that
they be positioned wholly inside the pill), Equation 5.21 of Section 5.6 provides an expression for

the storage cost:

Svoz[Ly = 6mm, L, = 6mm,

L. =4mm,qa,€y] = 3Sint +6Sss + Sptr + Sms + g [gr [g] [lg (ﬁ + 1) ]
= 64+ g-dm [S]z E] [1g (ﬁ + 1) ] + Spms (8.18)
where a = min{eg, tim, 2:;/-%} and
M :max{ﬁmg(x) -ol , |6m;(x) v[} (8.19)

Note that the storage cost is no directly dependent of the number of primitives added. The
factors determining the memory costs are the dimensions of the pill, the dimensions of the primi-
tives (may limit p,,), the relative placement of the primitives (may limit p,,), the geometric and
material accuracies, minimum material feature size within a primitive, and the maximum rate of
change in composition (M*) within either primitive. As more features are added, however, the min-
imum distance between features will gradually decrease as their distribution within the pill becomes
increasingly dense, thereby decreasing the minimum material feature size (u,,) and increasing the

storage cost of the voxelized representation.

Tetrahedral mesh

The next class of modeling methods for representing the drug delivery device are the tetrahedral
mesh representations, as illustrated in Figure 8-31. For each method, the storage cost is a function
of the maximum number of tetrahedra required to accurately capture the geometric and material
design intent of both the pill base and the inserted drug primitives. The geometric properties of
the pill are readily determined from Figure 8-29 (g, = 4mm, and kg maez = %mm“l). Since the
primitives may consist of any material distribution in this analysis, the maximum material curvature
is left as an unknown (Km maz) as is the minimum material feature size (,¢), which both depend
on the nature of the grading within each of the primitives and their spacing from each other and
the boundary of the pill.

Depending on the placement of the primitives and their compositions, the limiting parameter is

determined and used in evaluating the bound on the number of tetrahedra necessary to represent
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Figure 8-31: Representation of the drug delivery device as a tetrahedral mesh.
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the model, according to Equation 6.41

a3

6\/§Vinte rior -l

ntetrahedm[V;nterior 1 €95 gy Kg maz, P'mt] =0 ’V

10 10
arcsin ?Eg(l - 69—3—), 4,

where a = min 8
a=m 10

arcsin \/emnm,.,mmm - emnm,mu),pmt} :
Km,mazx

The expression for the number of tetrahedra can be inserted into Equations 6.35- 6.40 to deter-
mine the bounds for the storage cost for representing the model in terms of a mesh of tetrahedra.
Again, the storage cost is not directly dependent on the number of features added to the model.
With each feature added, however, the minimum distance between discontinuities in composition
(#mt) may decrease, reducting the allowable size of the tetrahedra and increasing the storage cost

required to accurately represent the material composition of the model.

Generalized decomposition

(a) (b)

Figure 8-32: Representation of the drug delivery device as a collection of FGMDomains. Shown
are only the vertices and edges bounding the region of uniform composition, into which the drug
primitives are placed. (a) Initial vertices and edges of pill. (b) Vertices and edges of device after the
addition of a drug primitive.

The generalized modeling schemes represent the pill and the inserted primitives exactly through

a collection of FGMDomains stored in a topological database. The decomposition of the pill into
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zero and one dimensional rational FGMDomains is illustrated in Figures 8-32(a) and (b). Figure 8-
32(a) shows the vertices and edges of the initial design of the pill and Figure 8-32(b) shows the
additional vertices and edges after the addition of one primitive. The number and nature of each
type of FGMDomain present in the model are listed in Table 8.10. The primitives are each treated
as an FGMDomain, although they may in turn be broken into simpler, topological elements.

Each primitive inserted into the model adds additional FGMDomains to the data structure. Since
the primitives are considered here to be generic and may be arbitrarily decomposed into additional
FGMDomains, the number of primitives (nj, and nJ,) and their storage costs (n4,S4, and nZ SB)
are listed separately in Table 8.10. The terms nc‘,‘pc and nfpt are the number of cells and tuples
necessary to represent the topology of Primitive A. Likewise, nfpc and nfpt serve a similar role for

Primitive B.

Classes “ instances F%?I;SS- cells tg’;l:: “ Sﬂi‘?ﬁ—ﬁiy—“s)

FGMPoint 14 14 84514
FGMRationalBézier Curve

Ny =1,1,m =0 9 9 18S;n: + 108Sﬂt

Ng = 2,0y, =0 18 18 36Sin: + 2885,
FGMRationalBézier-
TriPatch

Ng =2,My, =0 6 6 72 125in; + 16851,
FGMRationalBézier-
QuadPatch
(mz‘vnz) = (17 2)3

(mm, nm) = (O, 0) 3 3 48 128 + 84Sﬂt
(m$7 nz) = (27 2))

(M, ) = (0,0) 6 6 96 24S;n; + 2405y,

FGMBRepRegion 2 1 2 2850 + 65512

FGMDrugPrimitive A ng, | ng | nange | oo ng,Sh,

FGMDrugPrimitive B ng, | ngy | nbnk. | bk, ng.Si,

CellTupleGraph 1+nf +ng, 2(1 +nj, +nk)Sptr

Cell 58 + ng,ngn. + ninl . (58 + g, + ndBpndch) (2Sint + 2Sp¢r)

+ (ndf‘p + ndBp) Sptr + Sms

Tuple 216 + ngpnj}pt + ndBpnfpt (216 + ngpng‘pt + ndBpndBpt> (Sint + 9Sp1r)

TOTAL 434+ nf, (204, + nfy) +nk, (208, + nE )| Sini + 97851+

[2064 +nd, (n{}pc +9ng, + 1) +nk (ndch +9n8, + 1)] Sptr+

ng,Sap + nESE + S,

Table 8.10: Cell-Tuple-Graph objects required to represent FGM drug delivery device object exactly
and the associated storage cost.

The Radial-Edge data structure uses instances of the classes listed in Figure 4-9 to maintain the
topology of models. For this approach to modeling the drug delivery device, each primitive inserted
into the data structure introduces a new shell, referenced by the pill, plus the topological entities

and their uses as required to maintain the relationships between the FGMDomains comprising the
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I Classes || instances || Storage{bytes) |
[ FGMDomains || 102Sips + 9785411 + 2Spsr l
Complex 1 Sptr
Region 2+ ngp + nfp 5 (2 + ndpndpr + ndpndpr) ptr
Shell 24 ”9,;"2?;;3 + ngpndBps 4 (2 + ndpndps + ndpndps) ptr
Face 15+ ngniy +ngnl 15 (2 + gy, +nEnk ) tr
Loop 15 +nj,ng, +nlnb, 15 (1 + ngniy +nEnl, ) i
Edge 27+ ngnl,, +nln 2 (27 + g ndpndp(;) ot
Vertex 14 + ndApnﬁpv + ngpndpr 2 (14 + ndpndpv + ndpndm) ptr
FaceUse || 30 +ngngq, +nbnl ., || 6 (30 +nind e, + ndpndpfu) ptr
LoopUse 30 + gy g, + b0l 6 (30 + g ndn, + "dp"dpzu) ot
EdgeUse || 108 +njng ., +n5nl 7 (108 + G e, + ndpndpeu) pir
VertexUse || 108 +njng ., +ninl . | 4 (108 + G ndpnd";wu> Sptr
TOTAL 10285t + 978511 + 1696507 + Smgt
ngy (5nyn + 4nfy, + 150, + 150y + 20, + 20, +
6 15 s+ 6t + T + 400l ) Spirt
nZ, (5n%, + 4B, + 1508, + 1508, + 208, + 25+
6nfh s + 618, + T8, + 405, ) Spur

Table 8.11: Radial-Edge objects required to represent the topology of FGM drug delivery device
object exactly and the associated storage cost.
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drug primitives. The accounting for the number of instances of each class in the Radial-Edge
representation of the pill are given in Table 8.11. The number of drug primitives inserted into the
Radial-Edge Data structure are represented by nf}p and n("fp. The numbers of Regions, Shells, Faces,
Edges, Vertices, FacesUses, LoopUses, EdgeUses, and VertexUses added to the model with each
additional Drug Primitive A are represented by nfpr, ndAps, n:;‘pf, nﬁpe, nfpu, nl’?pfu, né‘plu, nfpeu,
and nfi‘pw, respectively. The numbers of topological entities added with each Drug Primitive B are
similarly noted with the superscript ‘B’ in place of the ‘4’.

From this analysis, the storage cost of the drug delivery device in a generalized decomposition
modeling method is found to grow with the number of primitives (features) added to the model.
Therefore, for each new feature added to a generalized model, the storage cost increases by some

constant factor.

Observations

The storage costs for the drug delivery device can not be graphed since the exact material com-
position of the primitives and their positions are left undefined. This is done intentionally in this
analysis to emphasize the different approaches to FGM modeling and how their storage requirements
arc affected. Expressions for the costs of the voxel-based and tetrahedral data structures depend
on the material distribution in the final design, whereas the generalized data structure costs only

depend on the number features added to the model.
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8.2.6 Widget Mold

The final case to be considered illustrates how the generalized decomposition modeling methods can
be extended through the definition of new FGMDomains. The model used as the example is a generic
tool, for a “Widget Mold”, as shown in Figure 8-33. The composition for the object is designed
as a function of distance from the object’s boundary by locally controlling the volume fraction of
some material (m;) that increases the hardness of the base material (mg) [44]. In the analysis here,
the generalized decomposition methods incorporate a procedural FGMDomain, illustrating how the
introduction of additional FGMDomains to represent the interior of the model can further reduce
the memory requirements while maintaining the accuracy of the intended design. Again, the three
general approaches to representing the object are considered: voxel-based, tetrahedral mesh, and

generalized decomposition.
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Figure 8-33: Geometric design of Widget Mold.

Given the geometric design of the model in Figure 8-33, the intended composition (m*(x)) is
designed as a function of distance from the object’s boundary. In this case, the composition grades

linearly over the region within 5mm of the object’s boundary, creating a “skin” of linearly varying
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FGM:

0.7+ 2
03— 2 for r <5 mm and x € object,
0
[1.0]
m*(x) = ¢ |0.0| forr> 5 mm and x € object, (8.20)
10.0]
FO.O-
0.0| otherwise
1.0

\ L .

where 7 is the minimum distance of the point x from the object’s boundary.

Voxel-based representation of the Widget Mold

The storage cost for the Widget Mold in a voxel-based representation is again a function of the
dimensions of the model, the minimum feature sizes (uy and py,,), and the maximum gradient of
material variation.

The minimum geometric feature size of the mold is the thickness of the bottom of the mold:
ptg =4mm. With the linear variation in composition, the minimum material feature size is the
distance between two discontinuities in composition. Since the composition varies continuously
throughout the model, the minimum material feature size is the same as the minimum geometric
feature size: p,, = py. Throughout the “skin” of the object, the gradient in composition is constant
normal to the surface, yielding a maximum material gradient of M* = Zmm™!,

From this information, the expression for the storage cost of the Widget Mold as a voxel-based

model is:

Spoz|Le = 100mm,

L, = 66.67Tmm,
Le = 20mm,aseml = 85+ 657+ Sy + S+ ¢ [0 [ | [ 5] [18 (= +1)
= 64+ ‘2‘[%1 [66567] [%] [1g <% + 1) |+ Sms (8.21)
where a = min{e,, 4, 1—00@}
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Tetrahedral mesh representation of the Widget Mold

(a) (b)

Figure 8-34: (a) Representation of the Widget Mold as a tetrahedral mesh (wireframe view). (a)
Representation of the Widget Mold as a tetrahedral mesh (solid view).

Figure 8-34 illustrates how the Widget Mold could be represented as a tetrahedral mesh. Fig-
ure 8-35 shows the composition values can be assigned to the field nodes in the mesh to define the
composition. The memory required to represent this object as a tetrahedral mesh is a function of the
number of tetrahedra needed to model the object. Note that the desired composition variation within
the model is piece-wise linear, therefore the material curvature is zero and not a factor in determin-
ing the size of the tetrahedra. The geometry of the model, however, is curved and the maximum
curvature of all of the curves and surfaces occurs at the 5mm fillets. Therefore, £y maz = 5mm™".
From voxel-based analysis, the minimum geometric feature is found to be gy, = 4 mm. In order to
capture the grading from the boundary, the minimum material feature must be measured from the
mid-plane over the floor of the mold (where a discontinuity in the material derivative exists) to the
bottom or the floor of the mold: g, = 2mm. With an interior volume of Viperior = 96733mm?,

the storage costs for the Widget Mold as a tetrahedral mesh can be determined from Equation 6.41,

as

— 3
ntetrqhedra[vvinterior = 96733mm y€Egs

_ _ -1 _ _
g = 4mIn, Ky maz = SMM ™ iy = 2mm] = =

1 1
where ¢ = min {Sﬁarcsin\/ 359(1 — geg), 2} .

o |'580398\/§“
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(c) (d)

Figure 8-35: (a) View of the nodes in the tetrahedral mesh. (b) View of the material grading over
slices of a tetrahedral mesh representation of the Widget Mold. (c) View of material evaluated over
60% of each tetrahedron’s domain. (d) View of material evaluated over 40% of each tetrahedron’s
domain.
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The storage costs for the Widget Mold in the various tetrahedral mesh representations are:

Steos = O64Mietranedra + 152+ Sps bytes
Steqr = 136nsetrahedra + 80 + Sy bytes
Stere = 84Ntetrahedra + 164 + Sy bytes
Stery = 156Neirahedra + 92 + Sms bytes

Generalized decomposition

(a) (b)

Figure 8-36: (a) FGMDomain vertices and edges into which the Widget Mold is decomposed in a
generalized data structure. (b) A single FGMDomain representing the interior of the Widget Mold
in a generalized data structure.

In the previous cases, objects were decomposed into FGMDomains that exactly and explicitly
defined the intended material variation (m(x)). For this model, the concept of a procedural FGM-
Domain is introduced, in which the composition function is not represented explicitly but must be
evaluated relative to the geometry and topology of the model, similar to how offset surfaces can be

represented within existing exchange standards [30]. To accomplish this, the function m?"¢(x) is
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FGMDomain

FGMBRepRegion : FGMDomain

r : pointer
m : array of (d,,) floats

FGMProcRegion : FGMBRepRegion
p : float

n : degree of polynomial

m : array of d, x (n + 1) floats

Figure 8-37: Hierarchy from FGMDomain to FGMProcRegion.

associated with a single FGMDomain representing the interior or the model, where

4

i 3
0.7+ £

0.3 — %g for p < 5 mm,
0.0

mPro(x) = { - (8.22)
1.0

0.0| for p > 5 mm

0.0

\ L

The parameter p is the minimum distance of point x from the object’s boundary, as defined by
the collection of lower dimensional FGMDomains contained in the relational database maintaining
the part’s topology. Figure 8-37 illustrates the derivation of the Procedural FGMDomain from the
FGMBRepRegion class.

The storage cost for the Procedural FGMDomain is simply the cost of the FGMBRepRegion
domain defined in Figure 4-19, plus the storage required to maintain the floating point coefficients
and degree of the polynomial as well as the cut-off distance in Equation 8.22; an additional seven

floating-point numbers and one integer in this case (n = 1, d,;, = 3).

Sprer = Sint + [dm(n + 2) + 1] 5511 + Sper (8.23)

The FGMDomains needed to exactly represent this object are listed in Table 8.12. The FGMDomains
of dimensions zero and one are shown in Figure 8-36(a), along with the procedural FGMDomain for
the model’s interior (an FGMProcRegion) in Figure 8-36(b).

The topology for the model may be maintained in either a Cell-Tuple-Graph or Radial Edge data
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Classes || instances | gios | <dls | Leples | Sroragette) |

FGMPoint 29 29 174541
FGMRationalBézierCrv

ng =1,n, =0 46 46 92S;nt + 552541

Ng =2,Nm =0 12 12 24Sins + 192Sﬂt

Ng =3, =0 2 2 4Sins + 40571
FGMRationalBézierTri

ney=1,n, =0 4 4 48 8Sin: + 64Sf”

Ng =2,Ny, =0 8 8 96 165int + 224Sf1t
FGMRationalBézierQuad

(mg,ng) = (1,1), (M, ) = (0,0) 13 13 208 528Sins + 2605y

(me,nz) = (1,2), (mm,nm) = (0,0) 5 5 80 20S5;nt + 14054,

(mg,ng) = (1,3), (mm,nm) = (0,0) 3 3 48 125t + 1085y,

FGMBRepRegion 1 1 1 3Ss1t + Sptr

FGMProcRegion 1 1 Sint + 10571 + Spir

CellTupleGraph 1] 2Sp¢r

Cell 124 [ 248S5int + 2485,y + Ss

Tuple 480 480S;n, + 4320S,;,

TOTAL 957Sint + 1767511 + 457254y + Sins

36252 bytes + S

Table 8.12: FGMDomain and Cell-Tuple-Graph objects required to represent FGM Widget Mold
exactly and the associated storage cost.

structure. The storage costs associated with each method are listed in Tables 8.12 and 8.13.

Observations

The storage costs for the approaches to modeling the Widget Mold are graphed in Figure 8-38
and 8-39.
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Figure 8-38: Graph of storage cost for representing the Widget Mold (with composition graded from
the boundary) as functions of geometric accuracy (a) €, = 107, (b) €,, = 1073,(c) €,, = 107}, and

(d) em = 1.
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Figure 8-39: Graph of storage cost for representing the Widget Mold (with composition graded from
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’ Classes ” instances H Storage(bytes) [

class

[ FGMDomains || 2298;n; + 176751 + 25, ]
Complex 1 Sptr + Sms
Region 2 10S ¢,
Shell 2 8Sptr
Face 33 665 pir
Loop 33 33Sper
Edge 60 120S,¢,
Vertex 29 58Sper
FaceUse 66 396.5,¢,
LoopUse 66 396.5,¢,
EdgeUse 192 13445,
VertexUse 192 7685,y
TOTAL || 2295;,¢ + 176751 + 32025, + S
27860 bytes + Sms

Table 8.13: Radial-Edge objects required to represent the topology of FGM Widget Mold exactly
and the associated storage cost.
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8.3 Discussion

This chapter presented several hypothetical FGM objects and quantified their storage costs in terms
of accuracy for the objects’ representation in the various data structures outlined in the previous
chapters. Although the objects are relatively simple in complexity, they contain features that many
real objects might have, including curved surfaces, regions of uniform and graded composition,
and features such as holes or internal primitives. They also serve to illustrate how FGM models
resulting from the proposed design tools might be represented. In this way, the lessons learned from
this analysis apply equally well to real models with more of the features presented.

The first object, described, a unit sphere of uniform material composition, introduces how the
various data structures represent an object. Although trivial in complexity, its inclusion in this chap-
ter demonstrates how much more efficiently a generalized decomposition modeling method (based on
either the Radial-Edge or Cell-Tuple-Graph structures) is able to accurately describe the intended
geometry than the voxel-based or triangulated shell approaches.

The subsequent examples demonstrate that the same trend holds true for objects with graded
compositions, proving that a generalized modeling method incorporating a suitable library of geo-
metric and material representations (Bézier curves, surfaces, and regions in this case) is the preferred
approach to modeling FGM objects in terms of storage cost.

The storage costs for the generalized data structures are constant with the desired accuracy of
representation. The storage costs only grow with the number of features present in the model, as
shown by the case of the drug delivery device. For cach new drug primitive introduced into the
model, the storage cost grows by some constant. Therefore, the memory requirements for a model
stored in a generalized data structure would be proportional to the number of features the designer
wishes to include in the model, not the accuracy in representation.

The final example, the “Widget Mold”, illustrates how a generalized decomposition method
could be extended to include additional data classes to further improve its efficiency. In this case, a
procedural region class was introduced, efficiently allowing the definition of a material grading from
the boundary. To accomplish this, a polynomial function of distance is associated with the region
object. Instead of defining the composition explicitly as a parametric mapping into Material Space,
the composition at a point is evaluated as a function of its distance to the nearest boundary.

Finally, it is important to note that the storage costs presented here are bounds for the memory
growth as functions of geometric and material accuracy, assuming uniform meshes. Obviously,
adaptive subdivision schemes [11, 21, 22, 63] could be investigated to reduce the memory costs (as
well as compression techniques such as octrees [19, 37]), but these issues are beyond the scope of

this thesis.
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Chapter 9

Conclusions and Recommendations

9.1 Conclusions

New developments in SFF processes promise the capability of fabrication with Local Composition
Control, permitting the realization of Functionally Graded Material parts and tools, in which the
composition of the objects may consist of spatially varying compositions. This will open the door
to the possibility of fabricating a whole new class of parts in which the material variation is chosen
to optimize performance and the part is directly fabricated from the CAD model. To realize this
potential, however, current CAD/CAM methods need to be extended to enable designers and re-
searchers to model, design, and exchange FGM objects. The first major obstacle that needs to be
addressed is the selection of a data structure to hold information about the model’s geometry and
composition efficiently. Ideally, the chosen data structure will enable the accurate capture of design
intent in a form that can be freely exchanged between CAD systems and transmitted to various
manufacturing processes.

To motivate this research, limitations in the current practice of processing models through the
STL format were presented. Some of the drawbacks include its expense at conveying geometric
information, lack of explicit topological information, and the introduction of gaps, holes, and inter-
sections through non-robust processing algorithms. The STEP standard was then presented as a
more complete and robust exchange standard, adopted by a wider community for the exchange of
product information over a distributed environment. The part of STEP focused on solid modeling
was outlined, illustrating the many methods incorporated into the data standard for representing
geometry and the connectivity between the topological entities. It was noted, however, that STEP
presently makes no allowance for graded material information.

Next a paradigm for information flow for the processing of FGM models was presented, based on

the information flow used in image processing of digital photographs and documents for display on
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CRTs or hard-copy output. Qutlining the steps of how FGM models should be processed establishes
two major points. The first is that an FGM object modeled in a computer is nothing more than a

vector valued function, providing a mapping from a Build Space into a Material Space.

FGM Model = m(x)

Therefore, the ultimate goal of any modeling method is the specification of the function m(x) by
a designer. There are many ways of accomplish this, but each is simply an approach to accurately
and efficiently defining m(x).

The second major point regarding the information flow is the clear separation between the
modeling of the FGM object and its processing. The designer should work to define the function
m;,(x) within the environment that can most accurately capture his intent. Once this function is
defined, it is sampled and converted to a digital representation, analogous to image processing, for
fabrication through an SFF process capable of LCC. During this process planning stage, instructions
to fabricate the part to the designer’s specification are generated. Process parameters, such as the
placement of binder droplets in 3D Printing, now enter the information flow. The designer should
not be concerned with these parameters, since these are unique to each process. The intended design
m;, (x) specifies the desired composition for the fabricated object. In 3D Printing, for instance, the
introduction of a binder into the powderbed is usually just a means to bind powder together and
is burned out of the finished product during a sintering stage. The shape and composition m gy (x)
of the final product (what is left after the binder is burnt out) is the only thing that matters to
the designer. Furthermore, it may be possible for the design for an FGM object to be fabricated
through multiple SFF systems, each with their own set of process parameters. By requiring m;,(x) to
reflect the composition of the final product, not the process parameters, the model may be fabricated
through any of the available SFF processing methods. Following this paradigm will enable the vision
of a clean separation between between the design and manufacture of FGM objects and encourage
the neutral exchange of FGM object models between designers, researchers, and manufacturers,
promoting exploration of this new technology.

With the motivation for research in a method to represent FGM design intents, its representation
as a vector valued function, and a clean separation between design and fabrication established, several
modeling methods are proposed. These range from a voxel-based scheme to a completely general
data structure (Radial-Edge or Cell-Tuple-Graph). Each data structure is capable of representing
material information by decomposing the model of an object into sub-regions but beyond that, these
approaches to modeling FGM objects diverge. The voxel-based approach, for instance, uses a lattice
of cubes assumed to be of piece-wise uniform composition, while the tetrahedral modeling approach

interpolates field values at nodes in space. With each data structure, the minimal data classes
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required to define m(x) are described and an expression for the storage cost is formed in terms of
the number of instances of each class.

The generalized schemes represent the geometric and composition information over cells through
FGMDomains. Only a limited subset of FGMDomain classes were introduced here, based on the
Bernstein polynomials for providing a parametric mapping into a Build Space and a Material Space.
This approach to modeling FGM objects extends the current paradigm for B-Rep solid modeling (in
which a topological data structure is used to maintain the connectivity between a collection of face,
edge, and vertex geometries bounding a region) to representing cells of graded composition within a
generalized data structure. Conceptually, this is similar to Kumar et al’s approach to representing
FGM objects as collections of ry, sets [40]. It is important to note, however, that the FGM modeling
approach presented in this dissertation is based on an adapted Radial-Edge data structure, because
of its wide adoption in the IGES and STEP standards. This adapted Radial-Edge data structure is
extended to include mathematical descriptions of the material variation over each geometric entity.
In addition, the geometric and material descriptions were also associated with the topological entity
Region of this data structure. The description of the Region entity in this way is equivalent to
the concept of an atlas presented by Kumar et al. In order to provide concrete examples in this
dissertation, Bézier volume formulations are introduced to define a set of FGMDomains and then
used to model several hypothetical models. With both the IGES and STEP standards (as well
as many proprietary systems) based on the Radial-Edge data structure, the extension of existing
standards to include graded material information should be possible. The Cell-Tuple-Graph data
structure was introduced as an abstraction of the Radial-Edge data structure, providing a more
concise and simpler structure for maintaining the same information.

With the introduction of data structures for FGM modeling, several design approaches are intro-
duced. These tools are based on concepts from geometric modeling and serve to illustrate how one
might define the graded nature of an FGM object. Their implementation, however, depends upon
the underlying data structure chosen to represent m(x).

Since both the voxel-based and mesh-based modeling methods approximate design intent, trends
for the sizes of the voxel lattice or mesh were then established in terms of the desired geometric and
material accuracy of the representation. These trends were based on the nature of the intended design
and include properties such as rate of material variation, surface curvature, material curvature, and
minimum feature sizes. For the meshed-based approaches, the expressions given represent upper
bounds on the number of elements required to accurately capture the designer’s intent since uniform
meshes were assumed in the theoretical analysis.

Finally, several hypothetical FGM objects were introduced and their storage costs estimated.
These objects, although simple in nature, represent features that would be present in real models,

including non-linear surfaces, holes, protrusions, regions of uniform composition, and regions of
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spatially graded composition. In each case, the generalized cellular decomposition approach was the
most efficient at capturing the intended design. The finite element approach was next best, followed
by the voxel-based method. From the point of view of memory requirements, it is recommended
that modeling FGM objects as generalized, cellular decompositions be adopted as the paradigm for
the representation of FGM models and their design and exchange. By following this approach to
FGM modeling, the accepted standard of modeling of solids as B-reps can be extended, a designer’s
intent is most accurately captured, and the future expansion of a data structure is possible through

the introduction of new classes (FGMDomains) for mathematically describing material variation.

9.2 Contributions

Through this dissertation, the following contributions to CAD were made:

1. An information pathway for processing FGM objects based on image processing was intro-
duced. This pathway establishes a clear separation between design of FGM objects, their
processing, and their fabrication. Similar to how an image is represented by a continuous
vector valued function of the intensity of the primary colors over a two-dimensional space, an
FGM object is represented by a vector valued function spanning a Material Space, defined
over the three-dimensional Build Space. Therefore, the Model Space for FGM objects consists
of a Build Space and a Material Space. The task of modeling and designing an FGM object,

therefore, is simply to accurately represent the function m{x) where x € Build Space.

2. Data structures for representing FGM objects were described and analyzed, including a voxel-
based structure, a finite element method, and the extension of the Radial-Edge and Cell-Tuple-
Graph data structures with FGMDomains in order to represent spatially varying properties.
All of the methods are capable of defining the function m(x) but each does so in a different
way. Along with introducing each data structure, the storage cost for each was derived in
terms of the number of instances of each of its fundamental classes required to represent an

object.

3. In order to determine the optimal data structure to model FGM objects, the storage cost for
each of the methods was predicted for several hypothetical models. Although these models
were simple in nature, their curved geometries and regions of both piece-wise constant and non-
linearly graded compositions reflect the features expected to be found in real applications. In
each case, the generalized cellular methods were found to be optimal, accurately representing

the intended design.
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9.3 Future work and recommendations

9.3.1 Investigation into generalized FGM modeler

This thesis indicates that a generalized cellular decomposition approach to modeling FGM object-
s in terms of FGMDomains is a most memory efficient means to capturing the designer’s intent.
The work presented in this dissertation, however, assumed a static model with the object already
decomposed into FGMDomains. The next step is to establish a data structure based on these con-
cepts. Methods to translate existing solid models into this data structure without loss of accuracy
need to be explored, in addition to methods for modifyving the data structure to allow the accurate
decomposition of models into suitable FGMDomains, accurately capturing design intent. It is im-
portant to note that the generalized data structures presented in Section 4.6 closely resemble the
B-rep data structures used in many commercial modeling systems. With further investigation in
this area, it is hoped that exisiting systems based on B-rep data structures might be extended to
include FGMDomains, enabling FGM modeling and design through exisiting CAD systems. With
the extension of such systems, tools for design, visualization, interrogation, and processing could
then be incorporated as they are developed, helping to realize the potential of FGM design for SFF
with LCC.

9.3.2 Exploration of FGMDomains

This dissertation introduced a limited set of FGMDomains in Section 4.6.2 for representing com-
position variation over curves, surfaces, and regions in terms of Bernstein polynomials. Just as the
STEP standard includes a wide range of classes for representing geometry (see Figure 2-4), addition-
al FGMDomains can be defined, including NURBS regions and generalized cylinders or sweeps. The
efficient design and interrogation of compositions in terms of these FGMDomains, however, remain
open issues. Bézier curves, for instance, have a well known set of properties (such as convex hull and
subdivision) that make them appealing for use in design systems. Investigation of similar properties

which can be exploited for the design and interrogation of material variations is suggested.

9.3.3 FGM object design methods

Methods to design FGM objects need to be explored. Several design methods (such as FGM fitting,
chamfering, filleting, blends, and library) were proposed in this work to motivate the example models
for memory analysis. These methods closely parallel methods currently used for geometric design.
It is hypothesized that most geometric design operations have analogous operations for FGM design,
including lofting, filleting, chamfering, and sweeps. The complete definition and application of these

methods, however, remains an open issue.
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Investigation into this area is closely related to the underlying data structure chosen to model the
FGM objects. The information available for a specific design method and its execution is different for
each data structure. However, approaches to applying a proposed design method could be developed

for any of the modeling methods, demonstrating the concepts behind each FGM design method.

9.3.4 Establishment of a design methodology for FGM objects

Along with investigating individual design methods, these design methods need to be placed in the
context of an overall design process for FGM objects. This involves investigating how a designer
might interact with the model and establishing a design methodology. In existing solid modeling
systems, for example, objects are created through a sequence of extrusions, cuts, lofts, revolutions,
etc. The history of the design session is usually recorded, allowing the designer to “undo” operations
and modify the design as desired. Material information in these systems is assigned to regions as
attributes, as described in Section 3.2.1.

For FGM modeling, the specification of graded material information is closely related to the
geometric design. Consider, for instance, the design of composition as a function of distance from
the boundary. If the boundary is modified, the distribution of material within the model should
also changed. Ideally, a design system would allow the user to interactively modify the geometry
and the composition in any order and with the same ease of use afforded by existing CAD systems
for shape definition. How to achieve this goal remains an open issue and depends on the underlying
representation as well as the chosen design methods.

A finite element-based modeling system, for instance, requires a traditional B-rep to be de-
composed into elements. Once meshed, the relationship between the operations used to define the
geometry and the mesh data is unclear. Should geometric operations be performed on the mesh or
on the original model? If on the mesh, how are the geometric features represented and how is the
mesh modified with each operation? If the geometric operations are performed on the B-rep model,
any work done in designing the composition would be lost each time the geometry is modified unless
a method to relate the old mesh to the new mesh through the modified B-rep model is established.

One way around this problem would be to extend an existing CAD system based on generalized
B-rep or cellular data structure to include the concept of FGMDomains, as introduced in Section
4.6. This should be a modest extension to the underlying data structure in existing commercial CAD
systems. In this way, the geometry and the material distribution would both be defined within the
same data structure, eliminating the need to correlate data between two different models and design
systems. However, the issue of relating the operations in composition design to the data structure
must still be addressed. Although it is hypothesized that most geometric operations will have an
analogous material operation, the formulation of the steps necessary to realize this potential and

their execution in the context of a complete design session (from concept to modeled object) need to
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can be understood independently of the representation of the CAD model. An investigation into
this area permits an understanding of the material system’s Physical Reconstruction Function from

which an optimal halftoning strategy can be selected. Preliminary work in this direction is reported

in [79].

9.3.8 Exploration of halftoning strategies

Along with the investigation of material systems, methods to halftone models must be investigated.
These may range from the application of simple dithering lattices to error diffusion algorithms. This
area of research is closely related to the previous one (exploration of material systems) since the
quality of the printed material is a function of the halftoning strategy and the halftoning strategy
should be selected based on the Physical Reconstruction Function. In 3D Printing, for instance,
the porous nature of the powder may result in a capillary action for regions of lower density binder
printing. This mechanism may distort the distribution of binder in the print bed, resulting in a
distribution different than that intended by the designer. The halftone strategy should compensate
for this, so that the physically reconstructed object most closely resembles the intended design (see

Figure 3-8).

9.3.9 Exploration of Design Rules

Just as in image processing there is a clean separation of the digital representation of continuous-tone
image and its output, a similar separation exists for the fabrication of FGM models. This clean sep-
aration, however, does not guarantee that any material distribution can be fabricated. Limitations
in the process (primitive resolution, accuracy of primitive placement, etc.) and properties of the ma-
terial system (maximum volume fraction of each material permitted in presence of each other, etc.)
will restrict the allowable nature of the function m(x). For example, in the 3D Printing process,
there is a minimum about of binder that needs to be delivered in order to hold the part together
to avoid surface imperfections. Similarly, there are upper bounds on the amount of material that
can be delivered through the print head within a liquid vehicle. Finally, there is an upper bound on
the rate of change of the composition that a particular LCC process can deliver. In order to assist
the designer in defining a material distribution that can be successfully fabricated, the limitations
need to be understood and captured as a set of Design Rules. These Design Rules may then be
applied at various stages of the information flow presented in Figure 3-8. The maximum allowable
volume fraction for each material in the material system, for example, may be used to evaluate
the material distribution (m;,(x)) at the design stage for Design Rule compliance or even used to
restrict the assignment of the material distribution at the time of design. Investigation of Physical
Reconstruction Function, on the other hand, could lead to rules that should be applied during the

process planning stage to help determine the optimal placement of material primitives (halftoning)
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to most accurately reproduce the designer’s intent (m;,(x)) as a fabricated part (m,.:(x)).
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be addressed. It is hypothesized that with the extension of the underlying data structure in existing
CAD systems, the design methods explored as suggested in Section 9.3.3 could be incorporated,
thereby enabling both the geometric and material design of FGM objects in same manner that

geometric design is currently performed.

9.3.5 Tools for fabricating FGM objects

While this dissertation has focused on the issues of modeling FGM objects, tools for handling
material information for creating test FGM parts should also be explored. These tools would define
the function m(x) for special applications in order to test halftoning methods, material systems,
and applications for FGM parts. One example could be the design of the composition of an FGM
object as a function of distance from the boundary. Similar to how the Widget Tool example in
Section 8.2.6 introduced a procedural FGMDomain, compositions designed from the boundary can
be defined by simply associating a composition function m(r) with an STL file representing the
object, where m is the composition as a function of minimum distance r to all triangles listed in
the STL file. During evaluation (either for visualization or fabrication), the distance of each query

point x from the boundary is computed as needed.

9.3.6 Efficient methods for voxel-based and finite element models

The analysis presented in this dissertation did not take into account any compression using adaptive
subdivision techniques applied to the voxel-based or finite element data structures. Such techniques
could be applied in a system based on either of these data structures. A voxel-based system, for
instance, may be based on an octree representation or run-length-encoded. For the finite element
approach, adaptive subdivision methods designed to place smaller elements in regions of greatest
composition change and large elements elsewhere need to be developed. Pyramid and brick elements
could also be introduced to the system. The efficient use of these structures for design, however,
remains an open issue. In addition, access and processing time evaluation of the data structures

analyzed here needs to be performed.

9.3.7 Exploration of material systems

This dissertation has addressed the issue of representing the designer’s intent efficiently as a solid
model. The fabrication of the model, however, remains an open-ended issue. To address this,
one of the first tasks is to establish material systems out of which Local Composition Control can
be achieved. These might include color-based systems for creating visualization models or varying
density systems to create porous models (stainless steel and voids, for instance) to more complicated

systems for drug delivery devices. How to locally control the composition in a given material system
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