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Abstract. Additive Manufacturing (AM) increases much design freedom for 

designers to conceive parts with complex geometries and material information. 
However, the increased complexity makes it difficult to model heterogeneous 
objects defined on a multiple design scale. To solve this problem, an innovative 
modeling framework is proposed in this paper to enable the modeling of structures 
with multiscale complexities. Several examples are used to demonstrate the 

feasibility of applying the proposed method for representation of multi-material-
property and multiscale components. 
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1 INTRODUCTION 

Currently, additive manufacturing technologies have already been widely used to fabricate parts 
with complex geometries. Porous structures with multiscale complexities can be fabricated by AM 
process without support structures [29]. To take advantages of design freedom provided by AM, 
several design methods for additive manufacturing [18] has been developed. However, it should 
be noted that most existing design methods only focus on structure’s geometry. Thus, most parts 
designed by existing DfAM (Design for AM) methods are made of single materials [25]. 

To further improve the performance of designed products, concurrent optimization methods 
[2,4] which can update the distribution of material microstructures and structure’s macro 
geometry have been developed. Comparing to design optimization method focused on a single 
design scale, concurrent optimization methods can achieve better performance especially for 
design cases for multifunctional purposes. Even though, those concurrent optimization methods 

are promising in terms of their performance, none of the results of these optimization methods 

have been successfully fabricated by existing AM technologies. It is difficult to model the optimized 
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results in existing commercial CAD software. The modeling techniques used in existing commercial 
CAD software only capable to deal with geometry with single material defined on a single design 
scale. To solve this problem, an innovative modeling framework is proposed in this paper to enable 
the modeling of structures with multiscale complexities. 

In this paper, a novel material-unit network is proposed for representation of multi-material-
property component for AM. The remainder of this paper is organized as follows: In Section 2, the 
related work is briefly reviewed in the literature. The definition of multi-material-property 
component is given in Section 3. Section 4 presents the detailed description of material-unit 
network. Based on the proposed material-unit network representation, several examples are 
offered in Section 5 to show the efficacity and flexibility of the proposed approach. Section 6 
discusses the conclusions of this study and future work. 

2 RELATED WORK 

Many scholars have carried out an in-depth research on the representation of heterogeneous 
objects modeling. It mainly includes the decomposition-based representation, set based 
representation, topology hierarchy feature based representation and parameter control point 
representation. A brief review of the methods is provided here to clarify the difference and 
limitations of present works: 

- Decomposition based representation: Based on the idea of space segmentation, the space 
body is divided into grid elements, such as voxel element and finite element meshes, and 
the decomposition representation method is proposed[9,10,17,27].The material 
information of the voxel element is stored in the voxel center point, which is suitable for 
the irregular distribution of the material. It not only supports the efficient query of the 
material composition, but also facilitates the realization of visualization. In addition, its 

three-dimensional array structure is also beneficial for parallel execution. However, the 

pitfall of the voxel model is also obvious. The accuracy of the method is directly related to 
the voxel’s resolution. To get an accurate heterogeneous model, huge storage spaces are 
usually needed. Moreover, voxel methods are inexact in terms of the geometric and 
material accuracies. The material information of the finite element meshes model is 
stored in the grid node, and the material information of the non-grid node is saved by the 
interpolation function. Therefore, the representation is a more compact data structure, 
which solves the huge storage problem in voxel unit to a certain extent, and it can 

express more complex material distribution. However, there are also a few inherent 
limitations: Because of the interpolation mechanism, the material distribution of the non -
vertex of the grid can’t be accurately expressed and preserved. In the material 
interrogation, the boundary facet which has the minimum distance to the query point 
must be first identified. As the boundaries of the object has been discretized into many 

facets, searching the facet through all the boundary facets may be time consuming. 

- Set based representation: Based on the rm-set, level set and R function set respectively, 
the set-based representation is established and the Boolean set operation including 
material information is constructed. The multi-material objects with more complex 
geometry and material distribution are obtained [15,24,26].The model represents 
material domain boundaries with B-rep. Each material domain contains only one material, 
which is well suited to represent composite objects that have significant demarcation 
between materials. However, this representation is not suitable for multi-material mixing 

objects. 

- Topology hierarchy feature based representation: Based on the distances of points to 
reference features distributed to known or predefined materials, a topological hierarchical 
feature is established [7,8,14,16,19,22,23]. The representation can realize different 

material gradients through the material distribution function, and realize the multi-
material object modeling that meets the design intent. The material distribution is 
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invariant under some transformations, such as rotation or translation. Due to the 
effective evaluation of point-to-feature distances, the representation supports efficient 
query of material composition. Moreover, the user can select the reference features and 
material distribution function through the predefined function library, and can intuitively 

and flexibly complete the interaction modeling of multi-material objects. 

- Parameter control point based representation: The material information is stored in the 
control points of Bezier, B spline, NURBS, parameter curve, surface and body, and the 
representation of parameter control point is obtained [3,20,21,30].Control point based 
models have some appealing properties. They are compact in both geometry and material 
representations. Given the parametric coordinate (u, v, w), the material composition of a 
point can be also efficiently interrogated. In addition, this representation method can 

effectively represent complex (2D or 3D dependent) material distributions. Local 

modifications on both geometries and material definitions are also straightforward. The 
drawback of this method is that it relies heavily on spatial parameterizations and for 
arbitrary 3D objects such parameterizations remain a rather non-trivial task. 

However, the above research approaches only focus on continuous distribution of material 
composition modeled parametrically by volume fraction, which is applied to solid part model on 

macro scale instead of material microstructure on lower scale. It is inaccurate because 
microstructures with the same material volume fraction may have different topological geometry 
and properties. The appropriate representation is that material microstructure forms the basis for 
material volume fraction. For instance, nanotechnology enables engineers to create or modify 
details of atoms at nanoscales so as to realize more desirable material properties. As this 
technology becomes more pervasive, it is foreseen that some materials modeling modules will be 
embedded in future CAD systems so that the geometry and materials of a product can be designed 

concurrently [12]. 

Rosen et al. firstly proposed a new multiscale geometric and materials modeling method that 
uses a surfacelet-based implicit representation to efficiently capture internal and boundary 
information of materials. It serves as the foundation for modeling structure-property relationships 
for materials design [11,13,28]. Gomes et al. present that at the highest level of abstraction, the 
object morphology is hierarchically defined by means of a graph, called Feature Interaction Graph 
(FIG), whose nodes represent form features and whose arcs represent their interaction 

relationships[5,6]. As a result, the research findings above provide guidance and new ideas for 
follow-up research. 

3 MULTI-MATERIAL-PROPERTY COMPONENTS 

Figure 1 represents the bone's multi-scale configuration from the five scales of nanoscale, sub-
microscale, microscale, mesoscale and microscale [1]. It can be seen that the whole bone has 

different constituent elements at different scales, and each element corresponds to different 

geometry, material and property information. 
With the further development of AM technology, it can be inferred that this kind of 

configuration shown in Figure 1 will be the main component of future products, and also the 
common object of future product manufacturing. 

In this paper, an independent shape or structure with the following features in space is called a 
Multi-material-property Component:  
① Limited size;  

② The shape and structure are composed of a set of geometric elements such as points, curves, 

surfaces and/or solids;  
③ Within each geometric element (including a point), one or more materials are distributed in a 

certain way.  
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Figure 1: Multi-scale configuration for bone. 
 
It can be seen from the above definition that the multi-material-property component studied 
in this paper not only retains the "limited size" of the traditional component structure, but also 
adds low-dimensional geometric elements such as points, curves and surfaces to the macro-
structure composition, which is further speculated and expanded based on AM. On the microscopic 

aspect, the introduction of multi-material-property distribution has created conditions for further 
improving the performance of product components that are traditionally distributed only with a 
single variety of materials.  
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Figure 2: Multi-material-property configuration. 
 
Without considering the differences in the definition scales of these structures and shapes, and the 

components are analyzed, recognized and defined uniformly from three levels: integration, 
element and information (Figure 2). Among which, the element layer is subdivided into two levels, 
namely, the component element and material unit, which are defined as follows: 

①Component Element. A specialized element is defined according to the structure and shape 

features of a certain type of component, and only represents the composition of the component. 
② Material Unit. A continuous region with the same material and pattern of property 

distribution is defined as a material unit, which is the most basic unit of multi-material-property 
component. 

http://www.cad-journal.net/


 

 

Computer-Aided Design & Applications, 17(3), 2020, 547-560 

© 2020 CAD Solutions, LLC, http://www.cad-journal.net 
 

551 

Figure 3 shows an explanation of the multi-material-property and multiscale configuration of 
bone. At nanoscale the microfibril is composed of two kinds of component elements, the skin and 
core of microfibril. The corresponding material units are Cylinder 1 and red Cylinder 2, 
respectively. Cylinder 1 is made up of HA crystals and Cylinder 2 is made up of tropocollagen, 

owning different properties. 
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Figure 3: Explanation of multi-material-property and multiscale configuration of bone. 
 

4 MATERIAL-UNIT NETWORK 

The results of all the multi-material-property operations of the above-mentioned component 
models are a group of material units which are adjacent to each other. We use graph to define and 
represent the operation result, which is called the material-unit network. Since the material unit 
and their adjacency relationships have certain specific properties and types, it is necessary to 
expand the concept of "graph" in mathematics before defining and establishing the material-unit 

network, and the extended graph is called " Extended Network ". 

4.1 Extended Network 

The definition of edge ( )e e E in graph ( , )G V E are expanded as follows 

 
|e e e

 (4.1) 

where e is an undirected edge that represents the same set of unordered relationships among 

vertices and is denoted as 

 
| , 1,2,...,i i eve v v V i n

 (4.2) 

e  is a directed edge that defines an ordered relationship between vertex 1v and 2v , which is 

denoted as 

 
1 2 1 2( , | , )e v v v v V

 (4.3) 

where vertices 1v and 2v are called start and end vertex of e .  

The above definition of G is called the Extended Network. The intuitive representation of edges 

in extended network is shown in Figure 4. 
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V1

V2

...

Vnev

V1 V2
e e

 
 

Figure 4: Edges of extended network: (a) directed edge, and (b) undirected edge. 
 

Let e be an edge of ( , )G V E , i.e., e E , 
evn  be the number of vertices on e , then 

evn  is called 

the edge degree of e  and denoted as ( )evn d e , and we specify 2evn . 

Property: 

① Let e  be an undirected edge of Extended Network ( , )G V E , then ( ) 2d e . 

② Let e  be an directed edge of Extended Network ( , )G V E , then ( ) 2d e . 

4.2 Material-Unit Network 

The extended network is used to define and represent a componentC , namely: 

 
( , )C U R

 (4.4) 
where vertex set U  is the set of all component element and material unit (hereinafter collectively 

referred to as material unit) ( 1,2,..., )iu i m , namely: 

 
1 2{ , ,..., )mU u u u

 (4.5) 

Edge set R is the set of all relationships ( 1,2,..., )jr j n   between ( 1,2,..., )iu i m , namely: 

 
1 2{ , ,..., )nR r r r

 (4.6) 
The structure defined in Equation (4.4) is called the Material-Unit Network of a component. The 
intuitive definition of relationship r  is shown in Figure 5, where 0 and 1 on the connecting line 

respectively define the correlation between material unit and relationships, if there is no special 

annotation, 1 indicates correlation. 
 

u1

u2

...

unu

u1 u2
r r

0/1 0/1 0/1

0/1

0/1

0/1

 
 

Figure 5: Relationship of material unit: (a) directed edge, and (b) undirected edge. 
 

Actually, let material-unit network at lower scale be a material unit at upper scale, the material-
unit network can be expanded to multiscale material-unit network and has the ability to express 

multiscale component (Figure 6). 
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Figure 6: Multiscale material-unit network. 
 

4.2.1 Relationships between material units 

Let r be any one of relationships of R , i.e., r R , then r can be represented as 

 
( ) | , 1,2,...,i i i ur u g u U i n

 (4.7) 

which means that there is a relationship between the boundary element
ig in ( 1,2,..., )i uu i n , 

( )un d r . 

4.2.2 Associated unit 

We call ( 1,2,..., )i uu i n  inEquation（4.7） the associated material unit, or Associated Unit for 

short, and ig  is called the associated boundary element, or Associated Element for short. The 

set of all the associated material units of r  is called the associated unit set, denoted by ( )U r , 

which is: 

 
( ) { | , 1,2,..., }i i uU r u u U i n

 (4.8) 
The set of all the associated elements is denoted as ( )B r , which is: 

 
( ) { | ( ), , 1,2,..., }i i i i uB r g u g u U i n

 (4.9) 
If bothb and g are boundary elements of material unit u , and b is the composition of g  or equalsg , 

we unify the representations asb g . 
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4.2.3 Overlapping relationship 

Let 1 1 1 1( ) | 1,2,...,i ir u g i n  and 2 2 2 2( ) | 1,2,...,i ir u g i n be two relationships, if the following 

conditions are both met: 

a. 
1 2( ) ( )d r d r , i.e., 

1 2n n ； 

b. For any boundary element 
2g  of 

2( )B r ,
1 1 1 2 1: ( )g g B r g g , i.e., 

2g  is also a boundary 

element of
1( )B r or the composition of one of the boundary elements. Then 

2r  is called the 

Overlapping Relationship of 
1r . 

Axiom:  There is no overlapping relationship in a material-unit network. 

4.2.4 Cluster of relationships between material units 

In a material-unit network, set
1u and

2u be two material units, then all the relations between them 

are recorded as
1 2( , )R u u , namely: 

 
1 2 1 2( , ) { | ( ) ( )}R u u r u U r u U r

 (4.10) 

That is to say, 
1 2( , )R u u  is a set of all relations r between associated unit 

1u and
2u ,

1 2( , )R u u  is called 

the cluster of relationships between material units. 

5 EXAMPLE 

Four examples of Material-Unit Network are shown as follows: 

Example 1: As shown in the Figure 7, all relationships between
1u and

2u are: 

1. 
1 1 1 2 2( ), ( )r u e u e  

2. 
2 1 1 2 2( ), ( )r u v u e  

3. 
3 1 1 2 2( ), ( )r u e u v  

Obviously, 
2r and 

3r are Overlapping relationship of 
1r . 

 

u1
u2

e1

v1
e2

v2 u1 u2
r2

r1

r3

u1 u2

r1

 
 

Figure 7: Example 1: (a) component, (b) relationships of material unit, and (c) material-unit 
network. 

 

Example 2: As shown in the Figure 8, all relationships among 1u , 2u and 3u are: 

1. 1 1 1 2 21( ), ( )r u e u e   

2. 2 1 1 3 31( ), ( )r u e u e  
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3. 
3 2 22 3 32( ), ( )r u e u e  

4. 
4 1 1 2 22 3 31( ), ( ), ( )r u e u v u v  

5. 
5 1 1 2 21( ), ( )r u e u v  

6. 
6 1 1 3 32( ), ( )r u e u v  

7. 
7 2 23 3 33( ), ( )r u v u v  

Obviously, 
5r ,

6r and
7r are overlapping relationships of 

1r ,
2r and 

3r  in turn. 

 

u2 u3
v23

v22

e1

v33

u2 u3

r2

r4

r3

u1

e21

e22
v21 v31 v32

e32

r1

u1

u2 u3

r2

r4

r3

r1

u1
r5 r6

r7

e31

 
 

Figure 8: Example 2: (a) component, (b) relationships of material unit, and (c) material-unit 
network. 

 

Example 3: As shown in the Figure 9, the relationships among
1u ,

2u ,
3u and

4u  in the material-unit 

network are: 

1. 
1 1 11 2 21( ), ( )r u e u e   

2. 
2 2 22 3 31( ), ( )r u e u e  

3. 
3 3 32 4 42( ), ( )r u e u e  

4. 
4 4 41 1 12( ), ( )r u e u e  

5. 
5 1 11 2 21 3 31 4 41( ), ( ), ( ), ( )r u v u v u v u v  

 

u4

u1 u2

u3

v21e12

e11

e22

e32

u1

u3

u2

u4

r1

r2

r3

r4 r5

e21

e31

e42

e41
v11

v41 v31
v12
v42

v13 v23

v22

v32

v33v43

 
 

Figure 9: Example 3: (a) component, and (b) material-unit network. 
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Example 4: As shown in the Figure 10, the relationships among
1u ,

2u and
3u in the material-unit 

network are: 

1. 
1 1 1 2 21( ), ( )r u e u e   

2. 
2 2 22 3 3( ), ( )r u e u e  

3. 
3 1 11 2 21 3 31( ), ( ), ( )r u v u v u v  

4. 
4 1 12 2 22 3 32( ), ( ), ( )r u v u v u v  

 

u1

v22

e1 e3
u1 u3u2

r1 r2

r3

u2
u3

v11

r4

v12

v21
v31

v32

e22e21

 
 

Figure 10: Example 4: (a) component, and (b) material-unit network. 

 

Example 5: A microfibril at nanoscale from Figure 1 is used to illustrate material-unit network 

shown in Figure 11, 
1u represents skin of microfibril and consists of Side 

11S . 
2 3,u u  is tropocollagen 

that makes up core of microfibril, which consist of Side
21S , Plane

22 23,S S and Side
31S , Plane

32 33,S S  

respectively. The relationships among
1 2,u u and 

3u in the material-unit network are: 

1. 
1 1 11 2 21( ), ( )r u s u s  

2. 
2 2 21 3 31( ), ( )r u s u s  

3. 
3 1 11 2 22( ), ( )r u s u s  

4. 
4 1 11 2 23( ), ( )r u s u s  

5. 
5 2 22 3 32( ), ( )r u s u s  

6. 6 2 23 3 33( ), ( )r u s u s  

Obviously, 3 4,r r and 5 6,r r are Overlapping relationships of 1r and 2r in turn. 

Based on the material-unit network for microfibril at nanoscale, the multiscale material-unit 

network for the multi-material-property and multiscale configuration of bone from Figure 3 can be 
expressed in Figure 12. 
 
Around the above mentioned material-unit network, the common object design pattern is used to 
define each object class, including refining and defining data members such as geometry, material, 
property, and related data processing functions of each object class, and on that basis, we 

establish the relationship between object classes, as shown in Figure 13 "vertex" refers to the 
vertex of "graph", which is the abstraction of "material unit" and "component". This pattern is 

based on the "composite" object pattern.  
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s21
s11
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Figure 11: Example: (a) microfibril component, (b) relationships of material unit, and (c) 

material-unit network. 
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Figure 12: Multiscale material-unit network for multiscale configuration of bone. 
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Figure 13: Material-unit network object pattern. 

6 CONCLUSION 

The innovative work of this paper is mainly as follows: 
1. In this paper, the concept of multi-material-property and multiscale component for added 

material manufacturing is proposed, and the component is defined uniformly from three levels: 
integration, element and information 

2. A data structure based on extended graph is proposed to define and represent the material 
units and their relationships. One of the “vertices” defines only the material unit and its spatial 

location data and does not contain specific information such as geometry, materials and properties 
of the material unit. Therefore, the sharing of the same material unit data can be realized, and the 
scale of model data is significantly reduced. 

3. Based on the developed material-unit network, a set of operations will be defined to enable 
the generation and modification of multiscale objects. These operations mainly include Boolean 

operation such as difference, union, intersection. Comparing to existing boolean operations 
algorithm, the developed operations and their related algorithms involve the calculation on both 
materials and geometries. Thus, more research needs to be done to investigate how to apply these 
operation algorithms on both materials and geometries. 

7 ORCID 

Yuan Liu, https://orcid.org/0000-0003-3081-696X 

Min Zhou, https://orcid.org/0000-0002-8569-5846 

http://www.cad-journal.net/
https://orcid.org/0000-0003-3081-696X5846
https://orcid.org/0000-0002-8569-5846


 

 

Computer-Aided Design & Applications, 17(3), 2020, 547-560 

© 2020 CAD Solutions, LLC, http://www.cad-journal.net 
 

559 

Yunlong Tang, https://orcid.org/0000-0002-9711-3380 
Yaoyao Zhao, https://orcid.org/0000-0003-4927-0514 
Guolei Zheng, https://orcid.org/0000-0002-3887-6265 

REFERENCES 

[1] Barkaoui, A.; Chamekh, A.; Merzouki, T.; Hambli, R.; Mkaddem, A.: Multiscale approach 
including microfibril scale to assess elastic constants of cortical bone based on neural network 
computation and homogenization method, International Journal for Numerical Methods in 
Biomedical Engineering, 30(3), 2014, 318-338. https://doi.org/10.1002/cnm.2604 

[2] Chen, W.; Tong, L.; Liu, S.: Concurrent topology design of structure and material using a 
two-scale topology optimization, Computers and Structures, 178, 2017, 119-128. 

https://doi.org/10.1016/j.compstruc.2016.10.013 

[3] Conde-Rodríguez, F.; Torres, J. C.; García-Fernández, Á. L.; Feito-Higueruela, F. R.: A 
comprehensive framework for modeling heterogeneous objects, Visual Computer, 33(1), 
2017, 17-31. https://doi.org/10.1007/s00371-015-1149-0 

[4] Deng, J.; Chen, W.: Concurrent topology optimization of multiscale structures with multiple 
porous materials under random field loading uncertainty, Structural and Multidisciplinary 
Optimization, 56(1), 2017, https://doi.org/10.1007/s00158-017-1689-1 

[5] Gomes, A.; Bidarra, R.; Teixeira, J.: A Cellular approach for feature-based modeling, 
Graphics Modeling and Visualization in Science and Technology, 1993, 
https://doi.org/10.1007/978-3-642-77811-7_11 

[6] Gomes, A.; Teixeira, J.: Modelling shape through a cellular representation scheme, Graphics 
in Science and Technology, 1996, https://doi.org/10.1007/978-3-642-61020-2_2 

[7] Gupta, V.; Tandon, P.: Heterogeneous composition adaptation with material convolution 

control features, Journal of Computing and Information Science in Engineering, 17(2), 2017, 

https://doi.org/10.1115/1.4034741 
[8] Gupta, V.; Tandon, P.: Heterogeneous object modeling with material convolution surfaces, 

Computer-Aided Design, 62, 2015, 236-247. https://doi.org/10.1016/j.cad.2014.12.005 
[9] Hiller, J.; Lipson, H.: Design and analysis of digital materials for physical 3D voxel printing, 

Rapid Prototyping Journal, 15(2), 2009, 137-149. 
https://doi.org/10.1108/13552540910943441 

[10] Huang, P.; Li, Y.; Chen, Y.; Zeng, J.: A digital material design framework for 3D-printed 

heterogeneous objects, Proceedings of the ASME Design Engineering Technical Conference, 
Charlotte, United States, August 2016, American Society of Mechanical Engineers, New York, 
1-14. https://doi.org/10.1115/DETC2016-60181 

[11] Huang, W.; Wang, Y.; Rosen, D. W.: Material feature representation and identification with 
composite surfacelets, Journal of Computational Design and Engineering, 3(4), 2016, 370-

384. https://doi.org/10.1016/j.jcde.2016.06.005 

[12] Huang, W.; Wang, Y.; Rosen, D. W.: A multiscale materials modeling method with seamless 
zooming capability based on surfacelets, Journal of Computing and Information Science in 
Engineering, 17(2), 2017, https://doi.org/10.1115/1.4034999 

[13] Jeong, N.; Rosen, D. W.: Microstructure feature recognition for materials using surfacelet-
based methods for computer-aided design-material integration, Journal of Manufacturing 
Science and Engineering, Transactions of the ASME, 136(6), 2014, 
https://doi.org/10.1115/1.4028621 

[14] Kou, X. Y.; Tan, S. T.: A hierarchical representation for heterogeneous object modeling, 
Computer-Aided Design, 37(3), 2005, 307-319. https://doi.org/10.1016/j.cad.2004.03.006 

[15] Liu, J.; Duke, K.; Ma, Y.: Computer-aided design–computer-aided engineering associative 
feature-based heterogeneous object modeling, Advances in Mechanical Engineering, 7(12), 
2015, https://doi.org/10.1177/1687814015619767 

[16] Ozbolat, I. T.; Koc, B.: Multi-directional blending for heterogeneous objects, Computer-Aided 

Design, 43(8), 2011, 863-875. https://doi.org/10.1016/j.cad.2011.04.002 

http://www.cad-journal.net/
https://orcid.org/0000-0002-9711-33805
https://orcid.org/0000-0002-3887-6265
https://doi.org/10.1002/cnm.2604
https://doi.org/10.1016/j.compstruc.2016.10.013
https://doi.org/10.1007/s00371-015-1149-0
https://doi.org/10.1007/s00158-017-1689-1
https://doi.org/10.1007/978-3-642-77811-7_11
https://doi.org/10.1007/978-3-642-61020-2_2
https://doi.org/10.1115/1.4034741
https://doi.org/10.1016/j.cad.2014.12.005
https://doi.org/10.1108/13552540910943441
https://doi.org/10.1115/DETC2016-60181
https://doi.org/10.1016/j.jcde.2016.06.005
https://doi.org/10.1115/1.4034999
https://doi.org/10.1115/1.4028621
https://doi.org/10.1016/j.cad.2004.03.006
https://doi.org/10.1177/1687814015619767
https://doi.org/10.1016/j.cad.2011.04.002


 

 

Computer-Aided Design & Applications, 17(3), 2020, 547-560 

© 2020 CAD Solutions, LLC, http://www.cad-journal.net 
 

560 

[17] Perrin, A.; Ananthakrishnan, V.; Gao, F.; Sarma, R.; Ananthasuresh, G. K.: Voxel-based 
heterogeneous geometric modeling for surface micromachined MEMS, International 
Conference on Modeling and Simulation of Microsystems, South Carolina, USA, March 2001, 
136-139.  

[18] Rosen, D. W.: Computer-aided design for additive manufacturing of cellular structures, 
Computer-Aided Design and Applications, 4(5), 2007, 585-594. 
https://doi.org/10.1080/16864360.2007.10738493 

[19] Samanta, K.; Koc, B.: Feature-based design and material blending for free-form 
heterogeneous object modeling, Computer-Aided Design, 37(3), 2005, 287-305. 
https://doi.org/10.1016/j.cad.2004.03.005 

[20] Samanta, K.; Ozbolat, I. T.; Koc, B.: Optimized normal and distance matching for 

heterogeneous object modeling, Computers and Industrial Engineering, 69(1), 2014, 1-11. 

https://doi.org/10.1016/j.cie.2013.12.010 
[21] Sasaki, Y.; Takezawa, M.; Kim, S.; Kawaharada, H.; Maekawa, T.: Adaptive direct slicing of 

volumetric attribute data represented by trivariate B-spline functions, International Journal of 
Advanced Manufacturing Technology, 91(5-8), 2017, 1791-1807. 
https://doi.org/10.1007/s00170-016-9800-0 

[22] Sharma, G. K.; Gurumoorthy, B.: A hybrid approach to define and represent material 
distribution in heterogeneous objects, Computer-Aided Design and Applications, 14(1), 2017, 
70-82. https://doi.org/10.1080/16864360.2016.1199757 

[23] Siu, Y. K.; Tan, S. T.: 'Source-based' heterogeneous solid modeling, Computer-Aided Design, 
34(1), 2002, 41-55. https://doi.org/10.1016/S0010-4485(01)00046-X 

[24] Sun, W.; Hu, X.: Reasoning boolean operation based modeling for heterogeneous objects, 
Computer-Aided Design, 34(6), 2002, 481-488. https://doi.org/10.1016/S0010-

4485(01)00131-2 
[25] Tang, Y.; Zhao, Y. F.: A survey of the design methods for additive manufacturing to improve 

functional performance, Rapid Prototyping Journal, 22(3), 2016, 569-590. 
https://doi.org/10.1108/RPJ-01-2015-0011 

[26] Wang, M. Y.; Wang, X.: A level-set based variational method for design and optimization of 
heterogeneous objects, Computer-Aided Design, 37(3), 2005, 321-337. 
https://doi.org/10.1016/j.cad.2004.03.007 

[27] Wang, S.; Chen, N.; Chen, C. S.; Zhu, X.: Finite element-based approach to modeling 
heterogeneous objects, Finite Elements in Analysis and Design, 45(8-9), 2009, 592-596. 
https://doi.org/10.1016/j.finel.2009.02.005  

[28] Wang, Y.; Rosen, D. W.: Multiscale heterogeneous modeling with surfacelets, Computer-
Aided Design and Applications, 7(5), 2010, 759-776. 
https://doi.org/10.3722/cadaps.2010.759-776 

[29] Yan, C.; Hao, L.; Hussein, A.; Young, P.; Raymont, D.: Advanced lightweight 316L stainless 
steel cellular lattice structures fabricated via selective laser melting, Materials and Design, 

55, 2014, 533-541. https://doi.org/10.1016/j.matdes.2013.10.027 
[30] Yang, P.; Qian, X.: A B-spline-based approach to heterogeneous objects design and analysis, 

Computer-Aided Design, 39(2), 2007, 95-111. https://doi.org/10.1016/j.cad.2006.10.005 
 
 

 

http://www.cad-journal.net/
https://doi.org/10.1080/16864360.2007.10738493
https://doi.org/10.1016/j.cad.2004.03.005
https://doi.org/10.1016/j.cie.2013.12.010
https://doi.org/10.1007/s00170-016-9800-0
https://doi.org/10.1080/16864360.2016.1199757
https://doi.org/10.1016/S0010-4485(01)00046-X
https://doi.org/10.1016/S0010-4485(01)00131-2
https://doi.org/10.1016/S0010-4485(01)00131-2
https://doi.org/10.1108/RPJ-01-2015-0011
https://doi.org/10.1016/j.cad.2004.03.007
https://doi.org/10.1016/j.finel.2009.02.005
https://doi.org/10.3722/cadaps.2010.759-776
https://doi.org/10.1016/j.matdes.2013.10.027
https://doi.org/10.1016/j.cad.2006.10.005

