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Abstract
This paper discusses the most recent and common technologies for modeling heterogeneous objects composed of more
than one material type. Researchers have found the great need for heterogeneous modeling of objects in order to get the
required properties of the object material. Eight technologies for modeling heterogeneous objects have been explained and
discussed in this review paper. The advantages and disadvantages of each method have been introduced. Two applications of
heterogeneous objects were introduced, the heterogeneous turbine blades and the heterogeneous flywheel. Comparison of the
most common methods of rapid prototyping has been made in the review.
It has been found that all present heterogeneous modeling technologies have many limitations. So, there it is required to
develop an effective heterogeneous modeling technology that takes into consideration both the design geometry and the
material composition simultaneously. Using wavelets in the mathematical representation of heterogeneous objects might
greatly help in finding that perfect technology.
© 2010 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction
The modeling and representation of heterogeneous
object is an important research area that extensively
published nowadays. Recently, several rapid prototyping
technologies are at a point where building heterogeneous
objects became more realizable. Thus, methodologies to
design the 3D object computer model for free fabrication
should be developed [1].
Recently, scientists and engineers have studied the
manufacturing of heterogeneous objects, mainly in the
form of composites. This is because of the many
advantages and good properties of heterogeneous products
over the homogeneous object product in many
applications. But there should be a control for the
heterogeneity in order to achieve the desired
functionalities [1].
The recent development of heterogeneous object modeling
offers new potentials of many applications. That is in
heterogeneous object multiple materials are synthesized
with certain proportions to provide better properties than
that obtained from using any of these materials alone.
In many applications, the product object should have
certain properties to be able to resolve its function, like
heat resistance and anti-oxidation properties on high
temperature side, mechanical toughness and strength on
the low temperature side, and the effective thermal stress
relaxation throughout the material. Such properties cannot
be obtained by using single material or homogeneous

object, so the trend to heterogeneous object modeling is
clearly noticed in the recent research [2].
On the other hand, there should be an effective design
method, and effective rapid prototyping technology that
allows the designer to take into consideration both the
design geometry and the material composition
simultaneously. In the heterogeneous object design, the
properties of that object can be adjusted by controlling the
material composition, microstructure and the geometry of
the object. So, in order to obtain a heterogeneous object
model for analysis and fabrication, an effective design
method is needed.
Until recently, prototypes had to be built by model
manufacturer from 2D engineering drawings. Of course
this has many disadvantages, like time-consuming, high
costs and the less precision in identical products. But
nowadays, using CAM/CAD technologies made
prototypes are rapidly produced from 3D computer model
[3]. This describes how much it is important to improve
these technologies.
The term for describing a process of producing accurate
parts directly from CAD models in few hours, with little
need for human intervention, is Rapid prototyping (RP)
[3].
From the advantages of the advance of the rapid
prototyping (RP), or solid free form fabrication (SSF) is
that it eliminates the high cost of tooling and design
changes or material substitution. This is by allowing rapid
fabrication of form and fit models without the need for
tooling or extensive machining. Through service bureaus,
RP has become increasingly available to small businesses.
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An approach for directs fabrication of components that can
be used for a wide range of engineering materials is the
computer-aided manufacturing [4].
The main advantage of the RP is the ability to quickly
translate the computer aided design (CAD) databases into
solid facsimiles of concept designs to help with production
development.
Building shapes using selective material-additive
processes has a far-reaching advantage; the creation of
heterogeneous structure composed of multi material
regions with prefabricated devices embedded into the
structure. Fabrication of heterogeneous structure is so
important that it enables the realization of new and
complex designs. The layered manufacturing (LM)
processes consist of two-step methodology. The first step
is to decompose the 3D CAD model of the object into
cross-sectional layers, and the second step is to use
material additive processes to physically build up these
layers and form the object (CAM) [5].
There are many different technologies of object modeling
and rapid prototyping. Each of them has its advantages
over the other technologies and has its limitations, which
makes the door still opened for more research in this field.
This paper is mainly talking about the main technologies
developed for object modeling. The characteristics and
limitations of those technologies are described in section 2.
Section 3 contains two examples of the applications of two
recent technologies. And since the object modeling is the
first step of object manufacturing, this paper is talking
briefly, in section 4, about the rapid prototyping
technologies the second and final step in the
manufacturing of an object. Section 5 describes the
advantages and limitations of the modeling and RP
technologies, the discussion of these advantages and
limitations and the need for new technology and future
directions of research is in section 6. Finally, the
conclusion is stated in section 7.
2. Computer Aided Design Models for Heterogeneous
Objects
The following research topics clarify the development
stages that the computer Aided Design models for
heterogeneous objects have passed through:
2.1 Boundary Representation of Polyhedral
Heterogeneous Solids
A paper of Feito and Torres in 1997 [6] presents a formal
model for the boundary representation (B-Rep) of
polyhedral heterogeneous solids based on a theoretical
model of graphic objects. The theoretical model is the
graphic object algebra, with which they managed solid
modeling by enumeration, sweeping and CSG.
A formal mapping was established between the graphic
objects and solid models for heterogeneous objects, which
was represented by CSG and B-rep. They described the
heterogeneous general polyhedron, manifold and nonmanifold, with and without holes, using the algebra.
Regularized operations in the algebra are the
generalization of Boolean regularized operations in solid

modeling. Feito and Torres had utilized from studying of
these operations to propose a B-rep method for managing
graphic objects described by their boundaries. The main
advantage of this is that it facilitates an abstract uniform
treatment of the most important solid modeling methods.
This paper had presented a formulation of solid modeling
based on the concept of graphic algebra. Feito and Torres
had defined regularized operations and they proved which
properties give the algebra of graphic objects a structure of
vector space and Boolean algebra. This helped them so
much to obtain a simple implementation. In this paper, the
existence of simple objects as a generator system had been
proved, which allowed them to obtain any polyhedral
object starting from surplices [6].
This method presented in this paper is limited to
polyhedral heterogeneous solids, which means it cannot be
generalized for all heterogeneous object modeling.
2.2 Integrating the Material Information Along with
the Geometry Topology in the Solid Model
Kumar and Dutta (1997) proposed a new approach for
modeling and representation of heterogeneous objects. In
this paper they presented an approach to model and
represent heterogeneous objects by integrating the material
information along with the geometry topology in the solid
model. They defined new modeling operations for creating
and manipulating heterogeneous models and to
complement traditional modeling operations. More over,
they addressed the issue of computer representation of
these new models [7].
By modeling and representing heterogeneous objects, they
referred to the creation of a CAD model, which contains
full information about the geometry, topology and
material. Which means this paper had taken into
consideration both the geometry and material information?
The word ‘geometry’ had been used to refer to both the
geometry and the topology of the object. But in this paper
Kumar and Dutta focused on modeling heterogeneous
objects by including the variation in composition along
with the geometry in the solid model. Modeling and
representing the microstructure of the heterogeneous
objects is a complicated problem and is beyond the scope
of this paper.
This paper produces two-step process for generating the
solid model. Firstly, a valid mathematical model has to be
created which precisely and fully describes the shape of
the object. Then, the generated mathematical model has to
be stored in the computer unambiguously with minimal
loss of information.
In this paper, they developed a new modeling system for
heterogeneous objects. A new mathematical model for
heterogeneous objects was proposed, and a computer
representation for the proposed model was developed.
Kumar and Dutta had used r-sets as the basis for
representing the geometry of the heterogeneous objects,
and found that Rn endowed with a vector space structure,
is a suitable mathematical space for defining the material
composition, with each dimension representing one
particular primary material. The appropriate mathematical
space to model heterogeneous objects is the product space
T =E3 * Rn. Specifically, the material points are restricted
to lie in a subset of Rn called the material space V. The r m -
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object is defined as the mathematical model for
representing heterogeneous objects and is termed the
heterogeneous solid model. The geometry of the object is
captured by r-sets and the material variation is specified in
each r-set by material functions.
In the application mentioned in this paper, the
heterogeneous objects have material variation in only one
direction, which is across the thickness or the interface
region, and the commonly used distribution (or function)
for these objects, is the power law.
It can be clearly seen in this work that new model (r m –
object) for representing heterogeneous objects was
proposed. But the r m –set is not general enough to model
heterogeneous objects, and hence, a heterogeneous solid
model, termed as r m –object, was defined as a set of r m –
sets {(P i , Bi)} which are geometrically interior disjoint
and are minimal. The r m –sets capture different regions of
the objects whose material can be discrete (constant) or
varying continuously.
This work came at a time when all current solid modeling
techniques model physical objects by representing their
geometry and topology. These methods are inadequate to
handle heterogeneous objects because they do not
explicitly represent the object interior. On the other hand,
to include material information of an object this paper
proposed solid modeling schemes for heterogeneous
objects by expanding beyond geometry/topology
representation (based on r-sets).
Kumar and Dutta had presented another paper in 1997 in
which they proposed a solid modeling scheme for
materially graded objects by extending beyond geometry
and topology representation based on the r-sets, to material
variation in the object. The computer representation of this
model was built on the existing B-Rep scheme, which
made it easy to be adapted in the solid modeling systems.
Kumar and Dutta had a third paper in 1997 that has an
approach to modeling multi-material objects. In this paper
new mathematical model is proposed which extends the
theory of r-sets and regularized Booleans to include the
material information besides the topology and the
geometry. This enables the r-set classes to model objects
made of a finite number of materials. To facilitate the
creation and the manipulations of such models, the
material based Boolean operations were defined.
It can be clearly seen that the r m -classes and the material
based Boolean operations encompasses the earlier theory
of the r-sets and regularized boolean proposed in the
previous papers. The main advantages of this modeling
scheme are that it can be built on top of existing solid
modelers.

2.3 Multi-Volume CAD Modeling for Heterogeneous
Object Design and Fabrication
This is a paper for SUN Wei (2000), in which the multivolume CAD modeling system is presented based on nonmanifold topological elements. Material identifications are
defined as design attributes introduced along with
geometric and topological information at the design stage.
According to the associated material identifications in the
developed
multi-volume
modeling
system
for
heterogeneous object extended Euler operation and
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reasoning Boolean operations for merging and extraction
are executed.
Wei see that most conventional feature-based design
methods are only applicable to model homogeneous
structure because the features are defined and interpreted
by assuming the description of the workplace as a predefined fabrication processing. Further more, techniques
used in most rapid prototyping systems are based on the
concept of material addition. The database in STL file
converted from solid CAD model only contains geometric
information. Therefore, feature-based design modeling is
not suitable for heterogeneous structure fabrication. And
so, research on multi-material and multi-attribute CAD
modeling has become a recent focus.
This paper presents the salient features of the multivolume CAD modeling useful to construct heterogeneous
design objects in non-manifold geometric space. The
material information is defined as design attributes and
introduced along with geometric and topological
information at the design stage. Extended Euler operations
are used with reasoning Boolean merging and extraction
operation to manipulate the design information.
So, future work should focus on developing this approach
to include the formation and construction of a hierarchical
structure to link feature-based design with non-manifold
geometric modeling. Application of the model to solid
free-form fabrication and developing advanced control
algorithm tailored for the heterogeneous-material
modeling information will also need to be pursued.
2.4 Modeling and Designing Functionally Graded
Material Components for Fabrication with Local
Composition Control
This is a paper for Jackson et. al. (1999), it presents an
approach to modeling a part’s geometry, topology, and
composition. Their approach is based on subdividing the
solid model into sub-regions, such that each region has its
associated analytic composition blending functions. The
blending functions had been used to define the
composition throughout the model as mixtures of the
primary materials available to the Solid Free Form (SFF)
machine.
This paper sees that systems used for 3D object
representation are based on one of the three different
classes of solid modeling methods: Decomposition
Models; Constructive Solid Geometry (CSG); or Boundary
Representation (B-rep). Each has its merits, but their
current implementations in the CAD/CAM industry do not
easily permit manufacturing parts with Local Composition
Control (LCC).
In fabrication with LCC not only the data structure
representing all of the relevant information for its
fabrication must be established, but also solid modeling
method must go one step further and represent smoothly
varying compositions. To be able to do this, an FGM solid
modeling method must decompose the interior of the
object into simpler sub-regions, each of which references
information about the composition variation over its
domain. This goal had been accomplished by using FGM
solid modeling method based on a representation known as
the cell-tuple data structure, which had been developed in
a prototype form.
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In traditional cell-tuple structure, a model M is
decomposed into a set of cells C with each cell ck
representing a topological feature in the model, such as a
vertex, edge, face or region. To represent an FGM model
within the cell-tuple structure, composition information as
well as geometric information is associated with each cell.
In this paper approach, they had simplified the problem by
beginning with models subdivided into tetrahedral meshes,
permitting the use of standard meshing algorithms to
convert traditional solid models to their cell-tuple
representation. However, Jackson et. al. see that their
method of subdividing the models is not the optimum, and
methods for efficiently subdivide models into optimal subregions remains an open issue.
This paper opens the door for future work in many
possible directions in the area of FGM modeling. These
include implementing a larger library of cells, proposing
new design and visualization methods, and establishing
efficient and logical methods for subdividing traditional Brep models into sub-regions of graded composition.
2.5 A Computational Approach to Multi-Material Solid
Free Form Design Using Simulated Annealing
A computational model using the space-filling technique
was developed by Khandelwal and Kesavadas to arrive an
optimum way of designing such prototypes. Simulated
Annealing was successfully implemented for this problem,
which has ill-behaved objective function and non-convex
design space characteristics. Although the computational
methodology for building such multi-material SFF parts
has been demonstrated successfully in this paper, but the
hardware implementation requires more research.

2.6 Multiple Material Objects: from CAD
Representation to Data Format for Rapid Prototyping
The information about the materials of the objects that the
CAD system is used for the design work cannot be
included in the contemporary CAD systems. That the
production engineer usually supplies this information at
the computer aided manufacturing stage. But this
arrangement is inadequate in the rapid prototyping
techniques even it allows multiple material objects to be
produced.
So, Chiu and Tan (2000) in this paper came to propose a
scheme for representing multiple material objects in the
CAD system. That is multiple material objects could be
fabricated in RP machine by building the material tree of
the object in the CAD system’s data structure, then the
information is extracted from material tree, and a modified
version of the STL file format is outputting to the RP
machines.
Kumar and Dutta (1998) had introduced an approach for
modeling multiple material objects. Their approach
incorporates the representing of the material information
into the representing of the geometry and topology of the
object. The object is decomposed into multiple cells such
that, each cell containing one type of material.
On the other hand, Chiu and Tan (2000) had proposed an
alternative representation scheme for manipulating
multiple material objects. They used material tree structure
to represent multiple material objects, and so there is no
need to subdivide into multiple cells for storing material

information, but the material information can be obtained
directly from the material tree of the material boundary
surfaces together with the topological and the geometrical
information.
The modified STL file is a tree structure. By grouping the
facets belonging to the same material boundary together,
an integer representing the material index of that material
boundary is assigned to the group of the facets. The
arrangement of the groups of facets in the file is according
to the material tree of the object. The number of the facets
contained in the modified STL is sharply increased
comparing to that of the original file, because as the
material boundary surfaces are added into the geometrical
model, more facets are formed.

2.7 ‘Source-Based’ Heterogeneous Solid Modeling
The ‘source-based’ modeling scheme for heterogeneous
objects had been presented and the concept of ‘grading
source’ is proposed in the paper of Siu and Tan (2002).
In the ‘source-based’ modeling scheme, the object is
acting as a container that is used to keep the material
composition information. The content of this container is
affected only by the ‘water-tap’, which is termed as the
grading source. Which means that the geometry of the
object itself is not affected by modeling of the material
grading? Hence, the modifications of the material grading
such as shifting, deletion and re-assignment can be done
without the rearrangement of the object geometry.
The field of grading is formed when a grading source is
assigned to a reference and the Euclidean space E3 is fully
occupied by the grading source. Material grading occurs in
the intersection between the object and the grading
sources, and according to the material distribution function
f(d) three grading regions and new defining operators can
be defined.
Siu and Tan (2002) believed that based on their modeling
scheme; there should be a development of more
complicated systems for modeling operations between the
containers (heterogeneous objects). To give a larger
modeling flexibility to the system, they should take into
considerations a larger variety of ‘grading sources’ and the
compromised solutions between the different grading
sources after Boolean operations on the containers. Further
more, a modified sliced format which supports material
distribution function needs to be addressed thoroughly.
Siu and Tan came back again in 2002 to present new paper
discussing the scheme for modeling the material grading
and structures of heterogeneous objects. In this work they
focused on discussing an enhanced heterogeneous solid
modeling scheme that has the capability to incorporate
structure information such as the dimensions and
orientation of fiber reinforcements within the
heterogeneous object. On fabrication, a contour
subdivision algorithm is used to discretize the material
variation in each slice of the heterogeneous object.
In Siu and Tan (2002) second paper, a modeling scheme
for heterogeneous objects with structure variation in the
dimensions and orientation had been described, but in this
study, only 1D orientation variation had been considered.
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2.8 Physics-Based Design of Heterogeneous Objects
Qian and Dutta (2003) had presented a new approach for
the design of the heterogeneous objects. The modeling in
this approach is physics based. By specifying the material
variation constrains the designer can guide the design
process in this method. Only few parameters has to be
used by the designer, which have the physical meaning, to
make control for material composition. The material
property variation is directly conceivable to the designer
during the control process.
3. Applications of the Computer Aided Design Models
for Heterogeneous Objects
The following are two examples to show some of the
applications of the heterogeneous objects modeling:

3.1 Design of Heterogeneous Turbine Blade
The first example had been presented by Qian and Dutta
(2003). This paper presents a new approach for turbine
blade design, which ties B-spline representation of a
turbine blade to a physics (diffusion) process.
The mathematical formulation of the approach includes
three steps: using B-spline to represent the turbine blade,
using diffusion equation to generate material composition
variation, using finite element method to solve the
constrained diffusion equation. The implementation and
example presented to validate the effectiveness of this
approach for heterogeneous turbine blade design.
3.2 Heterogeneous Flywheel Modeling and
Optimization
This is a paper for Huang and Fadel in 2000. They
demonstrate how to apply Kumar and Dutta’s modeling
techniques to two different kinds of flywheels, the first one
consisting of finite number of distinct materials and the
other consisting of two or more primary materials with
continuous volume fraction variation (gradient materials).
They also developed the corresponding cell-based and
multi-objective
optimization
basis-function-based
methods. These multi-objective optimization methods can
be extended to the multi-objective optimization design of
other heterogeneous objects.
In the conclusion of this paper, they found that Dutta’s
modeling methods could be applied successfully in
heterogeneous flywheel modeling.
The modeling of the flywheel had been based of the
following modeling techniques proposed by Kumar and
Dutta; modeling of heterogeneous objects consisting of a
finite number of distinct uniform materials (HD), and
modeling of heterogeneous objects consisting of two or
more primary materials with continuous material variation
(HC).
Dutta’s modeling methods had been applied successfully
in heterogeneous flywheel modeling applications.
Compared with cell-based approach, the basis-function
based approach gives more smooth material and stress
variations and saves computational time. However the cell-
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based model is more suitable for rapid prototyping
fabrication than the basis-function-based model if two
discrete materials are used.
4. Rapid Prototyping Techniques
4.1 Direct Photo Shaping Solid Free Form Fabrication
Ventura et. al. had presented a new multiplayer solid
freeform fabrication process, ‘Direct Photo Shaping’
(DPS). In this technique, the visible digital light projection
is used as a mask-less tool to build images on photocurable ceramic dispersions (ceramic powders in photopolymerizable liquid monomers) by flood exposure.
Direct photo shaping is a multiplayer fabrication process
developed by SRI International. This process is based on
layer-by-layer photo-curing of polymerizable compositions
curable by visible light.
Ventura et. al. had proposed many advantages for DPS,
from these advantages:
• Since each layer is shaped by flood exposure, we
will get fast build up time, and so we can cure the
entire profile at once.
• Minimum number of steps that is no post-processing
after the fabrication of each layer is needed.
• Low cost.
• High resolution.
4.2 Solid Free Form Fabrication by Selective Area
Laser Decomposition
This is a paper developed by Jakubenas et. al. in 1998. It
talks about the Selective Area Laser Decomposition
(SALD) as a gas phase solid free form fabrication
approach to the shaping of materials without part specific
tooling. SALD uses a laser beam to create a localized
heated zone on a substrate-surrounded by a reactant gas.
As indicated in this paper, SALD using multiple gas
precursors presents the potential for controlling both
composition and microstructure in a defined shape for a
wide range of materials. However, the work presented by
Jakubenas et. al. does not exhaust the potential of SALD
for multiple materials deposition. So, there still are many
important issues to be examined to emphasize additional
capabilities of the process.

4.3 Adaptive Slicing of Heterogeneous Solid Models for
Layered Manufacturing
Kumar et. al. (1999) focuses on the adaptive slicing of
heterogeneous objects for fabrication using LM. It is
assumed that an appropriate build direction (set to be zdirection) has been chosen.
The aim of the adaptive slicing is two folds, the
Dimensional Control and the Positional Control.
Dimensional control achieves user specified quality in the
least build time. The user specifies the surface quality as
the maximum allowably cusp height for the LM model. By
using one of the following strategies the positional control
ensures the validity of the LM model with respect to the
nominal shape. The first strategy is the ‘excess deposition’,
in which the LM model completely encloses the nominal
solid model (i.e., cusps lie outside requiring the excess
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material to be removed). In the Alternative strategy
‘deficient decomposition’, the LM lies completely within
the nominal solid model (i.e., cusps lie inside requiring a
filler material).
In this paper, they had described a procedure for adaptive
slicing of heterogeneous models to achieve dimensional
and positional control of the LM part. The dimensional
control was achieved by taking into considerations both
the geometry and the material information. The geometry
means the curvature of the user specified surfaces along
the build direction, whereas the material information
means the material variation along the build direction.
Kumar et. al. see that layer generation for a heterogeneous
object is a complicated problem and there are several
choices exist which are dedicated by the positional control
parameters. They had discussed the appropriate strategies
for these choices in their paper, and presented an algorithm
that summarizes the procedure.
In this paper, Kumar et. al. did not consider the material
resolution and the material variation for generating the
tool-paths. A generic procedure for tool path generation
for heterogeneous layers must consider both the material
resolution and the geometry resolution of the process.
4.4 A Computational Approach to Multi-Material Solid
Free Form Fabrication Using Simulated Annealing
This paper is by Khandelwal and Kesavadas, it a novel
concept for rapidly building SFF parts by inserting
prefabricated inserts into the fabricated part. To determine
an ideal placement of inserts/cores in the CAD model of
the part being prototyped, an algorithm was developed
using the heuristic optimization technique called Simulated
Annealing.
This approach has many advantages, that it will allow
designers to build multi-material prototypes using Rapid
Prototyping (RP) technique. More over, by using cheaper
pre-fabricates instead of costly photopolymers, the
production cost of the SFFs can be reduced, and it will
result in reduction in the build up time, and so efficient
machine utilization.
Although the name Rapid Prototyping suggests that the
process is fast, the fact is that it is still a very slow and
inefficient process, as the authors say. RP is an adaptive
technique where layer upon layer is built progressively
until the entire part is completed. Build-up time is often
not a function of the geometric complexity of the part, but
that of the volume and height of the part.
The second limitation of the RP technique is that only a
limited choice of materials is available. Most of the RP
techniques use photosensitive polymer resins.
4.5 Solid Free Form Fabrication Using
Stereolithography
Perhaps the most popular among currently available RP
technologies is stereolithography. The basis of the
stereolithography is the formation of polymer from a
photosensitive monomer resin when it is subjected to
ultraviolet light.
The purpose of the paper presented by Lange and
Bhavnani (1994) is to present information on how the SSF

using stereolithography process can help reduce cost and
cycle time for cast metal parts.
To fabricate a part the stereolithography process uses a
layer-by-layer solidification of the resin. The cure depth
depends on three factors, the laser power, beam diameter
and the type of the resin used.
4.6 A Comparison of Rapid Prototyping Technologies
Pham and Gault had presented in 1998 a comprehensive
comparison between the rapid prototyping technologies
known up to that day. Their paper included comments on
the strengths and weaknesses of these technologies.
Pham and Gault (1998) had divided the RP technologies
into two main categories, that involves the addition of the
material and those involves the removal of the material.
Kruth (1991) had divided the material accretion
technologies according to the state of the prototype
material before part information. Pham and Gault to
include new technologies had adapted Kruth’s
classification. In this classification, the material addition
can be divided into three main categories, according to the
state of the prototype material before part information,
liquid, discrete particles and solid sheets. The liquid may
be solidification of a liquid polymer, solidification of an
electro-set fluid (ES) or solidification of molten material.
The solidification of a liquid polymer may be point by
point (SL, LTP, and BIS), layer-by-layer (SGC) or
holographic surface (HIS). On the other hand, the
solidification of molten material can be point by point
(BPM, FDM, 3DW), or layer by layer (SDM).
When the state of material is discrete particles, it can be
treated by one of two methods, fusing of particles by laser
(SLS, GPD), or joining of particles with a binder (3DP,
SF, TSF). And finally when the state of material is solid
sheets it can be treated by bounding of sheets with
adhesive (LOM), or bounding of sheets with light (SFP).
Pham and Gault (1998) had summarized the main features
of the different RP systems in two tables, one for
commercial technologies and the other for the technologies
still being researched. They found that the most accurate is
the dual-jet BPM1 machine, but the maximum part size is
small. The cheapest systems are the LOM3 machine and
the entry-level DM system. However, LOM3 system has a
drawback that parts produced are ‘tacky’ and so need
manual assemblage. Also the low-cost DM machine has
disadvantages, that its work envelope is small and it cannot
manufacture shapes as complex as those created using the
material accretion technologies.
Moreover, Pham and Gault (1998) had presented a figure
as a quick guide for selecting RP processes. The selection
is based on many factors, the end use of the part, the part
size, the accessibility of the features, whether the part is
hollow or not, the accuracy of the part and its strength.
5. Selection of the CAD Modeling and the RP
Technologies
Table 1 shows the main advantages and limitations of
the most recent CAD modeling techniques, whereas Table
2 shows most recent RP technologies, that Pham and Gault
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(1998) had compared the RP technologies up to 1998, and
summarized their detailed results in tables [3].
Table 1. Comparison of the advantages and the limitations of the most recent CAD modeling technologies
CAD Modeling Technique

Advantages

Limitations

Boundary representation of
Polyhedral Heterogeneous Solids

facilitates an abstract uniform treatment
of the most important solid modeling
methods

limited to polyhedral heterogeneous
solids, which means it cannot be
generalized for all heterogeneous object
modeling

Integrating the Material Information
Along with the Geometry Topology in
the Solid Model

Had taken into account both the
geometry and the material information

-Excludes the modeling and the
representation of the microstructure
-material variation in only one direction

Multi-Volume CAD Modeling for
Heterogeneous Object Design and
Fabrication

-multi-volume CAD modeling system is
presented based on non-manifold
topological elements
-material information is introduced along
with the geometric and topological
information

-Does not include the formation and
construction of a hierarchical structure
-Application of the model to solid freeform fabrication and developing
advanced control algorithm is needed.

Modeling and Designing Functionally
graded material Components for
Fabrication with Local Composition
Control

presents an approach to modeling a
part’s geometry, topology, and
composition

Method of subdividing the models is not
the optimum

A Computational Approach to MultiMaterial Solid Free Form Design
Using Simulated Annealing

-allow designers to build multi-material
prototypes
-reduction of the production cost
-reduction of the build up time
-efficient machine utilization

-No hardware Implementation
-build up time is a function of the
volume and height of the part.

Multiple Material Objects: from CAD
Representation to Data Format for
Rapid Prototyping

-Representing multiple material objects
in the CAD system
-The material information can be
obtained directly from the material tree

The number of the facets contained in
the modified STL is sharply increased

‘Source-Based’ Heterogeneous Solid
Modeling

-Keep the material composition
information
-modification of the material grading can
be done without the rearrangement of the
object geometry

Only 1D orientation variation had been
considered.

Physics-Based Design of
Heterogeneous Turbine Blade

Only few parameters has to be used,
which have the physical meaning

Need to be applicable for other
applications

786

© 2010 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 4, Number 6 (ISSN 1995-6665)

Table 2. Comparison of the advantages and the limitations of the most recent RP technologies

RP Technology

Advantages

Limitations

Direct Photo Shaping Solid Free Form
Fabrication

-Since each layer is shaped by flood
exposure, we will get fast build up time,
and so we can cure the entire profile at
once.
-Minimum number of steps that is no
post-processing after the fabrication of
each layer is needed.
-Low cost.
-High resolution.

This process is based on layer-by-layer
photo-curing
of
polymerizable
compositions curable by visible light

SFF Fabrication by Selective Area
Laser Decomposition

Controlling both composition and
microstructure in a defined shape for a
wide range of materials

Does not exhaust the potential of SALD
for multiple material decomposition

Adaptive Slicing
Solid
Models
Manufacturing

Heterogeneous
for
Layered

Both the geometry and the material
information were taken into consideration

Did not consider the material resolution
and the material variation for generating
the tool-paths

A Computational Approach to MultiMaterial Solid Free Form Fabrication
Using Simulated Annealing

-allow designers to build multi-material
prototypes
-reduction of the production cost
-reduction of the build up time
-efficient machine utilization

-No hardware Implementation
-build up time is a function of the volume
and height of the part.

Solid Free Form Fabrication Using
Stereolithography

Reduction in the cost and the cycle time
for cast metal parts

Layer-by-layer fabrication, and the cure
depth depends on three factors, the laser
power, beam diameter and the type of the
resin used

of

6. Discussion
Table 1 summarizes the main advantages and limitations
of the most recent CAD technologies. Of the technologies
listed, it can be clearly seen that the computational
approach to multi-material solid free form design using
simulated annealing has more advantages than the other
technologies, but it has more limitations too. Each
technology has one advantage or more, and at least one
limitation.
The most recent techniques are the ‘source-based’
heterogeneous solid modeling and the physics-based
design of heterogeneous turbine blade, although both of
them have new advantages over the previous techniques,
but still have some limitations, in the ‘source-based’
heterogeneous solid modeling only 1D orientation
variation had been considered, and this is a special case.
The physics-based design had been applied only in the
modeling of heterogeneous turbine blade, but it should be

applicable for any application, not only for specific
designs.
From this table we can see that until now there is no
perfect technique that has all the advantages and no
limitations, which make more research, is needed.
On the other hand, Table 2 summarizes the main
advantages and limitations of the most recent RP
technologies. By looking at this table and tables in
reference [3], we can see that also among the recent and
the previous RP technologies there is no perfect
technology. In spite of this, the direct photo shaping solid
free form fabrication and solid free form fabrication using
Stereolithography seem to be the most popular RP
technologies, because of their many advantages and less
limitations.
As can be clearly seen in Table 1, no perfect CAD
modeling technology is produced until now. So, more
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research is still needed in this field. The perfect technology
should include all or most of the listed advantages and no
or very little limitations.
The advantages and limitations of a modeling method
make it suitable for certain applications and unsuitable for
the others. And so, the nature of the engineering
application itself determines which CAD model to be used.
For example, to design the heterogeneous turbine blade,
Qian and Dutta (2001) physics-based approach is so
efficient in the design of the heterogeneous turbine blade,
but may be this approach is not applicable for other objects
of non-physical function. On the other hand, other good
modeling approaches may not be applicable for the
heterogeneous turbine blade. Or the boundary
representation, the turbine blade is not polyhedral.
Integrating the material information along with the
geometry topology in the solid model approach works only
when the material variation is only in one direction, but in
the turbine blade, the material variation may be in more
than one direction. For the same reason, the ‘source-based’
heterogeneous solid modeling cannot be applicable for the
design of the heterogeneous turbine blade.
Another example is the heterogeneous flywheel modeling;
here Kumar and Dutta’s modeling techniques were applied
successfully, but other modeling techniques may not be
applied here. The physics of the flywheel is different from
the physics of the turbine blade, so to apply Qian and
Dutta (2001) physics-based approach, more research is
needed and new problem should be solved. The
computational approach to multi-material solid free form
design using simulated annealing is insufficient to be
applied for the flywheel that the build up time is a function
of the volume and the height of the part, and since the
flywheel has large volume, the build up time will be long.
So, the nature of the engineering application determines
the chosen modeling method, but can we have new
modeling technology that is efficiently applicable for all
engineering applications, this future research should look
for.
The main properties that the new technology should
include are to include the material information besides the
geometry, representing multiple material objects in the
CAD system, reduction in the build-up time and
production cost, to be efficient and applied easily, consider
2D and 3D orientation variation and to take into
considerations the micro-structure. So, future work should
look for a new CAD modeling technology that satisfy all
or most of these characteristics.
On the other hand, although solid free form fabrication
using stereolithography is a popular technique, research is
still needed to get new and improved RP technology that
avoids the main limitations of the present technologies.
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many prototyping technologies have been developed, an
effective design method and effective rapid prototyping
technology that take into consideration both the design
geometry and the material composition simultaneously is
still needed.
Future work should be directed towards new modeling
approaches of the heterogeneous objects that avoid the
limitations of the preset technologies and to have some
new properties that make them convenient for all
applications, like to be as simply applied as required by the
application, and to be applicable for all engineering
modeling applications. A good suggestion in that direction
is to start using the wavelets in the mathematical
representation of heterogeneous objects. Research should
be forwarded to this direction in order to find the perfect
heterogeneous object technology.
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