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h i g h l i g h t s

• Optimize the shape of a designed model into a ‘self-supported’ state for AM.
• Global shape of a model is preserved by minimizing the energy of rigidity.
• A closed-form solution for minimal rotation to drive the optimization.
• Tackle the shape optimization problem for reducing supporting structures.
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a b s t r a c t

In layer-based additive manufacturing (AM), supporting structures need to be inserted to support the
overhanging regions. The adding of supporting structures slows down the speed of fabrication and
introduces artifacts onto the finished surface. We present an orientation-driven shape optimizer to slim
down the supporting structures used in single material-based AM. The optimizer can be employed as a
tool to help designers to optimize the original model to achieve a more self-supported shape, which can
be used as a reference for their further design. The model to be optimized is first enclosed in a volumetric
mesh, which is employed as the domain of computation. The optimizer is driven by the operations
of reorientation taken on tetrahedra with ‘facing-down’ surface facets. We formulate the demand on
minimizing shape variation as global rigidity energy. The local optimization problem for determining a
minimal rotation is analyzed on the Gauss sphere, which leads to a closed-form solution. Moreover, we
also extend our approach to create the functions of controlling the deformation and searching for optimal
printing directions.
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1. Introduction

AM has emerged as one of the most important methods for re-
alizing the fast fabrication of freeform solids. Stereolithography Ap-
paratus (SLA) and Fused Deposition Modeling (FDM) are two widely
used approaches in AM because they achieve a very good balance
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Fig. 1. An orientation-driven shape optimization approach is presented in this paper to show how a givenmodel can be deformed so that the usage of the support structure
is significantly reduced in AMwith a single material. Layered fabrication based on the FDMmethod (middle left) and on the SLAmethod (middle right) can both benefit from
this work to improve the efficiency of the manufacturing and the quality of the finished models.

Fig. 2. Artifacts are left on the surface of finished models after removing the
support structures—the photograph is of a model fabricated by MIP-SLA. Examples
of single-material FDM can be found in [3].

between the cost and the quality. Both SLA and FDM fabricate
models in a layer-by-layer manner, where supporting structures
(also simply called support) need to be added during the manufac-
turing process. Specifically, the manufacturing material cannot be
deposited on a layerwhere there is insufficientmaterial on the pre-
vious layer. For example, the overhangs with a large hanging area
can easily collapse under gravity. The problem is solved by adding
supports to the originally designed models (Fig. 1). Recent devel-
opments in AM allow us to generate the supporting structures au-
tomatically (e.g., [1,2]).

1.1. Problems caused by support

When the support is fabricated by a dissolvable material which
is different from the one used to print the designed model,
the support can be removed automatically by a post-process
(Ref. [4]). However, for those manufacturing techniques with a
single material (e.g., SLA and the low-cost FDM machines), the
supporting structure poses many problems to users. Firstly, the
volume of the support could be large compared to the designed
model, which leads to a significant waste of materials, energy and
time—our study shows that up to 63.6% of the manufacturing time
in FDM could be spent on the fabrication of the support. Although
the increase of fabrication time in the Mask-Image Projection
based Stereolithography Apparatus (MIP-SLA) [5] is not significant,
because it is proportional only to the number of layers, another
problem caused by the supports in single-material AM is common.
This is the difficulty in removing the supports automatically.When
the support is fabricated in the samematerial as the design model,
it is linked to the model by many thin columns. After fabrication,

the support is separated from the main object by being torn away
at the top of the columns. This step is always performed manually.
More seriously, the surface of the main object is easily damaged
by the visual artifacts which are left on its surface (see Fig. 2 for
an example). Note that although the process of drop-on-powder
based AM and Selective Laser Sintering (SLS) is self-supported by
the powders, a large group of machines using FDM and SLA suffer
from the problem of support.

1.2. Tool for design pipeline—motivation of this work

In the literature of design-for-manufacturing, many applica-
tions allow the shape of a model to be adjusted before finalizing
the design so that a bettermanufacturability can be achieved. After
designing a shape with the help of modern geometric model-
ing techniques, designers start to take the ‘self-supportness’ into
consideration when they wish to fabricate the physical model by
single-material AM. In many cases, designers manually change the
shape of a design and then verify the self-supportness by apply-
ing the support generation tools. Such a trial-and-error process is
tedious and can take upmuch time and effort. Little research atten-
tion has been paid in the literature to the automation of this proce-
dure. In this work, we provide a support slimming optimizer in the
design pipeline to help designers to generate better self-supported
intermediate models as references for finalizing their designs. A
newdesign pipeline after integrating our shape optimizer is shown
in Fig. 3.

1.3. Main results

We propose a novel shape optimization approach to optimize
the shape of a designed model M into a ‘self-supported’ state for
AM (see Fig. 1). The optimizer is formulated on a volumetric mesh
T enclosing M (Section 3.1). The global shape of M is preserved
by minimizing the energy of rigidity defined on T (Section 3.2).
The benefit of taking the computation on T is twofold. Firstly, the
computation is more efficient and easier to converge when the
mesh density of T is coarser than M. Secondly, geometric details
on M can be preserved during the optimization. The procedure of
optimization is driven by reorienting the tetrahedra with ‘facing-
down’ surface facets. Being a major technical contribution of this
work, a closed-form solution is derived from the analysis on the
Gauss sphere to determine the minimal rotations (Section 4). This
work provides a tool (with error control) for manipulating the
shape of a designed model to reduce the usage of supporting
structures. Our optimizer can be integrated into the design pipeline
to relieve the designers from carrying out tedious work (Fig. 3).
To the best of our knowledge, this paper is the first one which
tackles the shape optimization problem so as to reduce the usage
of supporting structures in AM.

2. Related works

Shape and topology optimization techniques have been widely
employed in a variety of engineering applications (Ref. [6,7]).
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