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Abstract: With the development of additive manufacturing (AM), the constraints 
associated with traditional subtractive manufacturing have been largely alleviated. 
The improved design freedom due to the nature of additive manufacturing, which 
fabricates objects on a layer-by-layer basis, allows the manufacturing of parts of 
almost any shape theoretically. Apart from Design for Manufacturing (DMF), a new 
concept – Design for Additive Manufacturing (DFAM) has been introduced. One 
promising application arises from DFAM is the light weight structure, which can be 
achieved by topology optimization (TO). In this paper, two common TO methods will 
be reviewed. An important issue for applying TO to AM is that the optimized structure 
may not be simply and directly manufactured using an AM machine due to the 
constraints of AM technology. One particular constraint is the limited build size of 
most commercial 3D printers, which requires the part to be partitioned and printed in
several parts. This limitation and some part partitioning methods outside TO will also 
be reviewed in this paper.
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1. Introduction

In many industries, the weight of a product is of significant concern because the 
weight affects the part performance as well as the overall costs. From economic point 
of view, light weighted products require less material thus reducing the manufacturing 
and maintenance costs. The economic aspect becomes an important consideration 
when the material needed is expensive, which is the case in industries like automotive 
and aerospace. Therefore, manufacturing a part using as lowest material as possible 
has become an important rule (Rezaie, Badrossamay, Ghaie, & Moosavi, 2013).

TO is a powerful tool for weight reduction. Conceptually, a TO method solves a 
material distribution problem to generate a part with internal cavities instead of a solid 
part so that the material used is reduced. TO has been studied extensively and several 
popular methods have been established. In Section 2, two methods, namely SIMP and 
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ESO will be briefly reviewed.

The birth and development of AM technology provides tremendous promise in 
realizing optimality while ensuring manufactuability since AM enables design of parts 
irrespective of their geometry complexity. Although a part can be built closer to the 
optimal design with AM, AM has constraints as well. In section 3, the build size 
limitation of AM and some proposed solutions will be highlighted.

2. TO Methods

For a TO problem, an objective function such as minimum compliance or minimum 
weight must be specified. Constraints like load and boundary conditions are also 
required. An elementary example of TO problem is given in Figure 1. A structure is 
divided into 2×2 square finite elements. Element 1 and 2 are supported and element 4 
is loaded. The objective function is to minimize the vertical displacement at the 
bottom right corner of element 4 (point A), under:

1. Any element is either solid or empty (ISE problem, no porous region allowed).
2. The volume fraction does not exceed 0.75 of the original volume.

Clearly as shown below, there are four possible solutions with the two constraints. (b) 
is infeasible, (c) is the optimal solution and the other three are feasible but 
non-optimal solutions.

Figure 1 Elementary example of TO (Rozvany, 2001)

SIMP, which stands for Solid Isotropic Microstructure with Penalization for 
intermediate densities, is a finite-element based method for TO. Sometimes SIMP is 
also referred as “artificial material” or “density” method. The original concept of 

SIMP was introduced by Bendsøe (Bendsøe, 1989).

Unlike the elementary example, in practical TO problem, the number of ground 
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elements is possibly very huge. The desired ground elements are either completely 
filled (1) or empty (0). Solving the discrete value (0/1) problem using a direct search 
method would be very costly or even impossible considering the large number of 
elements. Therefore, it seems more feasible to reformulate the problem as a 
continuous value problem. The general idea is to introduce a design variable ρ. The 

variable ρ can represent the thickness of the plate in plate optimization problem, or 

can be density or specific cost in other optimization problems. Clearly, ρ = 0 means an 
empty region, ρ = 1 means a solid region.

Solving the respective optimization problem will result in mostly “intermediate” 

elements or “grey” elements with ρ between 0 and 1. However, only elements with 

either ρ = 0 or ρ = 1 are wanted because the cost for realizing intermediate density is 
high. To bridge the gap between the continuous solution and the discrete requirement, 
Bensoe introduced a penalization index. With the penalization effect, the intermediate 
densities will be suppressed to the two ends - either 0 or 1 thus the element will be 
converted to either solid or empty.

Another well-known but controversial TO method is ESO method, which stands for
Evolutionary Structural Optimization. It was firstly proposed by Xie and Steven (Xie 
& Steven, 1992). The basic idea of ESO is to progressively remove “inefficient”

materials to make the structure evolve to the optimum. 

In ESO method, a criterion value, usually the Von Mises stress or a sensitivity number 
must be calculated for each element. At each iteration, elements with the lowest 
criterion value are removed from the structure and then new values are updated. The 
same process continues on until certain requirement is satisfied. Specifically, for a 
structure under certain loads, the stress distribution within the structure is highly 
likely uneven, indicating that some regions are under high stress while some regions 
are under low stress. The regions under high stress are more likely to be broken while 
the materials in the regions under low stress are not efficiently used. The principle of 
ESO is to iteratively delete those materials which are not necessarily needed. 

3. Build size limitation

An issue arises from AM is that the physical volume of a 3D printer is limited, 
restricting the manufacturing of large-scaled parts as a whole. Because of the build 
size limitation, partitioning of large parts into several sub-components is needed. 
Intuitively, partitioning can be made simply by equal space slicing so that all 
sub-components fit the working space of the particular 3D printer. However, the 
decomposed component itself may also cause manufacturing or assembly problems so 
the partitioning should follow some more sophisticated rules. 

Many studies have been done regarding the partitioning issue and various rules have 
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been reported. In (Dolenc & Mäkelä, 1994), cusp height was used as the criterion in 
order to reduce the stair-step error. Guduri et al. (Guduri, Crawford, & Beaman, 1992)
proposed a method for slicing solid parts for FDM. In (Jun, Kim, Hwang, & Chang, 
2000) and(Smith, Farouki, Al-Kandari, & Pottmann, 2002), two research groups 
introduced a part subdivision method for AM based on characteristic surface contour 
points. Kulkarni et al (Kulkarni, Marsan, & Dutta, 2000) made a summary. 

Among these methods, Medelin et al. (Medellin, Lim, Corney, Ritchie, & Davies, 
2007) introduced an automated grid-based “3DU-RP” method. 3DU-RP stands for 3D 
units for rapid prototyping. The general flow of this method is as follow.

1. An initial 3DU set is generated by a subdivision unit.
2. The initial set is tested and modified upon the detection of any violation to AM

constraints.
3. Female/male connectors are implemented for assembly.
4. STL file is generated for final manufacturing.

The method is good in the sense that it is automated thus more efficient than manual 
partitioning. However, there are also drawbacks and limitations:

1. The method may fail to decompose parts with certain shapes or geometry into
manufacturable sub-components.

2. The method sometimes tends to generate oversized 3DU where manual
manipulation must be engaged.

3. The warping problem arises from AM is not resolved so assembly may be
difficult if the distortion is large.

The methods mentioned above partition large parts based on certain criterion. 
Recently, Luo et al. (Luo, Baran, Rusinkiewicz, & Matusik, 2012) proposed a new 
system called Chopper which can partition a large object into several sub-components 
based on a combined objective function of various criteria. In this paper, the authors 
identified some criteria that their partitioning method attempted to achieve. 
Particularly, their objective function is a combination of: 

1. Printability: all parts must fit in the working space to ensure they are printable.
2. Assemblability: all parts must be able to be assembled together.
3. Efficiency: number of sub-components should be minimized.
4. Connector feasibility: the interfaces should be able to admit connectors for

assembly.
5. Structural soundness: regions with high mechanical stress under pre-defined

constraints should be avoided from portioning.
6. Aesthetics: symmetry, the position of seams should be considered.

Luo and his colleagues tested on all these criteria by checking out the resultant 
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partitioning patterns with and without each individual criterion. They then assigned 
weights for these criteria based on the experimental results and the objective function 
was simply the weighted average of all criteria. Figure 2 shows an example of 
partitioning a chair using Chopper system.

Figure 2 Chopper successfully partitions and assembles a chair (Luo et al., 2012)

The Chopper had been tested for a wide range of models including mechanical parts, 
art objects, and organic forms. It had successfully partitioned and assembled most of 
the models which are printed by commercial 3D-printers due to the higher part quality. 
While in the case of Bits from Bytes printer, the distortion was too large thus the 
assembly was not that reasonable.

4. Conclusion and future works

In this paper, some common TO methods, namely SIMP and ESO are briefly
mentioned and the build size limitation arises from AM is also discussed. Presently, 
the commercial TO systems do not consider partitioning of large objects into the 
optimization process. In other word, the optimal structure generated might need to be 
manually partitioned if its dimensions do not fit in the working space of a 3D printer. 
On the other hand, some partitioning methods, like 3DU-RP and Chopper discussed in 
previous section have been presented by various groups. To my knowledge, the 
Chopper system might be one of the best because it partitions large part based on a 
combined objective function. However, the Chopper system applies planar 
partitioning and it has been only tested on solid models where the interfaces of two 
sub-components are usually large enough for the admission of connectors. For an 
optimal structure, if planar partitioning is used, most interfaces are highly likely 
consisted of many small and disconnected areas, making the admission of connectors 
difficult, or other joining methods could be considered. If larger interfaces are ensured, 
non-planar partitioning may have to be involved. Another concern of portioning an 
optimized topology is that the regions with more materials are usually under higher 
stress. If larger interfaces are wanted for the ease of assembly, the partitioning plane 
may have to go through these regions under high stress, which should be avoided 
according to the structural soundness criterion. 
In conclusion, the TO methods and AM allow the design freedom for complex but 
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significantly useful geometry. Because of the build size limitation, a large part must 
be partitioned and later assembled. Some partitioning methods for solid models have 
been proposed. However, the partitioning for optimized structures remains a difficult 
issue for future works. 
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