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Abstract

This paper proposes a 3D nesting algorithm which combines the flower pollination algorithm (FPA) with the oriented bounding
box (OBB) collision detection to solve the 3D packing of irregular shaped objects for powder-based additive manufacturing. In
the powder-based 3D printing process, stacking multiple models most compactly in the build volume is an important task because
no support structure is needed. Given a fixed printing area, the post-nesting build height directly impacts the printing cost and
efficiency. To reduce the printing cost, 3D models must be packed as closely as possible and the build height must be minimized.
This has been found to be a combinatorial optimization and an NP-hard problem. We propose to use the most recent and effective
meta-heuristic optimization algorithm FPA, combined with the collision detection of printed objects set up as the optimization
constraint using the OBB tree, to find the near-optimal 3D nesting solution. In FPA optimization, a significant amount of time is
spent on collision detection. This paper uses the safety clearance distance to adaptively reduce the OBB tree subdivision, hence
significantly reducing the computation of collision detection. As a result, the proposed method finds the model positions and
rotations of the global solution, and generates the near-optimal solution in reasonable time. Finally, our method is compared with
state-of-the-art commercial softwares. The results show that the proposed method produces lower build height with better
efficiency. For real-world complex engine parts (30 different STL models and a total of 192,018 triangles), the computation
time is only 160 s, and the build height is 12.4% and 13% better than the results from Netfabb and Magics, respectively.
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1 Introduction

Additive manufacturing (AM), also known as 3D printing or
rapid prototyping, is a layer-by-layer production method that
aims at producing highly complex parts suitable for
prototyping or customized production. Due to different types
of materials, AM can be classified into solid-, liquid-, or
powder-based printing methods. In addition, based on differ-
ent printing principles, AM parts can be printed with or with-
out support structures. Among different AM technologies,
binder jetting (BJ), selective laser sintering (SLS), and color
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jet printing (CJP) are powder-based printing methods that do
not need support structures and can lay models on top of
others to print more parts in one setup. More recently, HP
introduced multi jet fusion (MJF) that uses HP’s high-speed
print head for spraying infrared light sintering agent before
solidification, hence greatly increasing the production speed.
Mass customization becomes possible when direct printing of
various parts in one batch can be realized without the tedious
post-processing work of removing supports. AM with 3D
packing in one container batch can significantly increase pro-
duction capacity and efficiency particularly for multiple cus-
tomized parts. However, the 3D layout planning before print-
ing will affect the printing time and production cost.
Therefore, effective nesting or packing of 3D models in the
build volume to reduce the build height becomes a practical
and important research subject. An emphasized characteristic
of AM technology is that it does not employ any dedicated
physical tooling such as moulds, cutting implements or dies
[1, 2]. Since there are no physical tools, parts can be
manufactured cost-effectively in small batches, or even just
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a single customized product [3]. As a concurrent manufactur-
ing process, AM enables the parallel manufacture of different
geometric products in a single build volume [4]. This creates a
build volume 3D nesting problem during the machine setup
process, which should be solved computationally rather than
manually by experienced technicians [5, 6]. Baumers et al. [7,
8] have shown that the effectiveness of solving this problem in
AM execution constitutes an important determinant of
manufacturing cost. In the absence of physical tooling, it has
been argued that AM should be considered as a flexible
manufacturing system [9]. Therefore, the build time for a vol-
ume depends upon the build height and the number of build
tasks needed for a set of products, which is under the direct
impact of the 3D nesting result [7].

Because AM is a layered printing process, contours of
sliced models can be generated and processed in each layer,
hence processing multiple models and parts at the same time.
In this sense, AM can be considered as an ideal concurrent
manufacturing process. With the fixed build volume as a con-
straint, optimization methods can be utilized to lay out the
printed models as compact as possible to maximize printing
efficiency and reduce production time and cost. Considering
the fixed build volume inside an AM container, there are two
primary packing or nesting approaches: 2D nesting (single
stacking) and 3D nesting (multiple stacking). This is because
in some AM methods such as fused deposition modeling
(FDM), stereolithography (SLA), and electron-beam melting
(EBM), support structures are needed and therefore it is not
recommended to lay models on top of each other. For these
AM methods, 2D nesting of models is usually employed. On
the other hand, part support in 3D space for powder-based AM
methods such as SLS, BJ, and MJF comes from the powder
itself; therefore, no additional support structure is required.
Models can lay on top of lower level models, creating more
work space for printing parts in one setup.

Traditionally, 3D nesting has been operated manually by
experienced engineers or technicians. When nested objects are
complex in geometry and large in quantity, processing time
becomes longer and build height becomes difficult to mini-
mize. As a result, printing time and production cost are in-
creased and manufacturing efficiency is reduced. Therefore,
automating and optimizing 3D nesting problem in 3D printing
becomes an important and practical research topic. In the pro-
cess of 3D nesting, positions and orientations of different 3D
objects need to be carefully arranged so that collisions are
avoided and the empty space or the build height is minimized.
When object geometry becomes more complicated and the
number of objects becomes larger, the level of complexity in
3D nesting increases exponentially. Finding a near-optimal
3D nesting solution in a reasonable and acceptable time frame
poses a real challenge in real-world manufacturing situations.

Garey and Johnson [10] have shown that 3D nesting is an
NP-hard problem which can only be solved by numerical
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methods to obtain the near-optimal solution. Meta-heuristic
algorithms have been proposed to approach the problem. In
the following paragraphs, 3D nesting and related solutions are
reviewed before our proposed method is presented. Ikonen
etal. [11] adopted a genetic algorithm (GA) approach to solve
the 3D nesting problem for SLS process. For collision detec-
tion, part geometry is approximated by feature points and
interference checking is performed on bounding boxes. Hur
et al. [5] also reported a GA-based method for the SLS pro-
cess. They proposed a modified bottom-left(BL) approach to
search for the best part orientation and sequence with genetic
algorithm. In contrast to bounding box collision detection,
they voxelized part geometry and used the voxel structure
for interference checking. However, different part
orientation/position requires the generation of a new
voxelization. Hence, it is time consuming and memory de-
manding for higher resolutions and complex geometries.
Furthermore, from our later discussion, it is found that GA is
inefficient compared with nature-inspired heuristic algo-
rithms. Stoyan et al. [12] used mathematical modeling of con-
vex polytopes for packing 3D objects into a parallelepiped.
However, the geometric entities are usually rather simple and
the mathematical modeling approach has difficulty handling
complex models. Also, there is no triangulated mesh and also
no rotation but only translation of objects. Gogate and Pande
[13] proposed a multi-objective optimization approach for the
general nesting problem in AM. The objective functions in-
clude build height, average staircase error, total support struc-
ture volume, and contact areas between parts and support
structures. Weights can be arbitrarily assigned to interpolate
between the different objective functions before they are com-
bined to find the overall optimization goal. Similarly, they also
used the BL approach and GA to find the solution.
Voxelization of complex geometric models is also used to
simplify interference checking. Egeblad et al. [14] proposed
a heuristic algorithm for 3D nesting. Likewise, they dealt with
translation only and packed objects into a parallelepiped.
Their objective was to minimize the volume between over-
lapped objects. In comparison, their result was better than
Stoyan et al. [12] by 14% under the same circumstances.
However, utilizing only translations but no rotations means
they cannot deal with highly complex or concave objects.
Wu et al. [15] proposed another GA-based algorithm and im-
proved the BL method to solve the 3D nesting problem and
packed objects into a rectangular container. They built an
octree for the voxelization of 3D objects. For optimization,
they divided the GA algorithm into 2 parts. The first part deals
with the selection of the object orientation and the packing
sequence. The second part uses an improved BL method to
place the objects in the best positions. Still, their method is
limited by the use of GA-based algorithm and the voxelization
approach. Liu et al. [16] proposed a new constructive algo-
rithm called HAPE3D to place all objects into a rectangular
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container. The method is also a heuristic approach and aims at
finding the minimum build height when dealing with various
geometric shapes. Their orientation angles increase in incre-
ment from 45, 90, to 180°, altogether with 24 possible orien-
tations. Since it is a heuristic approach in nature, it can also be
combined with other meta-heuristic algorithms such as a sim-
ulated annealing (SA) algorithm. However, since their optimi-
zation algorithm is still based on SA, which is not very effi-
cient, the computation time for real-world cases (where the
number of polyhedrons > 50) is still in the order of hours.

As stated, the 3D nesting problem is NP-hard and not easily
modeled [10]. Hence, most of the existing solutions are based
on heuristics or meta-heuristics. Still, there were some re-
searchers who tackled the 3D nesting problem by mathemat-
icalmodeling [12, 17, 18]. However, the geometric entities are
usually rather simple and the mathematical modeling ap-
proach finds it difficult to handle complex models. Another
shortcoming of mathematical modeling is that in the AM con-
text, a model is usually provided as a three-dimensional mesh
in the stereo lithography (STL) format [19]. Mathematical
modeling with simple geometric entities does not cover the
most general representation of STL models.

It is quite clear from existing literature that most of the
published works use meta-heuristic algorithms to approach
the combinatorial 3D nesting optimization problem. Genetic
algorithm (GA) is perhaps the most used meta-heuristic algo-
rithm in 3D nesting. Holland [20] first proposed this algorithm
based on Darwin’s natural selection principle. GA simulates
the chromosome crossover, mutation, and selection steps. By
the mutation in each iteration step, local minimum zone is
escaped and the global minimum can be found by the most
fitness value of the best survival. Another common method is
the simulated annealing (SA) algorithm proposed by
Kirkpatrick et al. [21] that mimics the annealing process of
metal crystallization. Although GA or SA had been used quite
often for solving 3D nesting problem, efficiency consideration
has always been a concern for this type of optimization algo-
rithms. To tackle this, quite a few nature-inspired meta-heu-
ristic algorithms, such as BAT [22], firefly [23], and ant col-
ony optimization [24], have been proposed in recent years.
These algorithms improve in efficiency and robustness in
finding the near-optimal solution. Yang et al. [25] proposed
flower pollination algorithm (FPA) which simulates the polli-
nation process in which pollen is taken from one plant to
another so that new plant seeds can be produced. This new
meta-heuristic algorithm has good convergence rate and
mechanism for finding the global optimal value. It outper-
forms popular meta-heuristic algorithms such as GA, SA, or
other nature-inspired algorithms in single value or multi-value
optimization tests. Nabil [26] tried to further improve FPA by
combining the colonial selection algorithm (CSA) with FPA.
He tested the algorithm using 23 different functions and com-
pared the result with those from 5 other algorithms (FPA, GA,

SA, BAT, and firefly algorithms). The result shows that both
FPA and MFPA outperform the other 4 algorithms. MPFA
could sometimes perform better than FPA when using prop-
erly tuned parameters. The drawback of MPFA is that there
are many parameters to set and their appropriate values are not
easy to find.

From literature, most of the heuristic approaches in 3D
nesting-adopted GA or SA methods [11, 13, 15, 27, 28]. It
is clear that the computational efficiency and accuracy of these
traditional heuristic approaches are not comparable to the
most recent nature-inspired algorithms. Furthermore, among
the nature-inspired algorithms, FPA has the advantage in effi-
ciency and accuracy over traditional GA or SA algorithms,
and is easy to implement with fewer parameters compared
with MPFA.

To pack complex 3D models in space without overlapping,
collision detection or interference checking between 3D
models needs to be carried out for different part orientations
and positions. In the past, two major approaches have been
taken to deal with this problem. One is using detection of
approximate bounding box interference which is popular in
computer graphics applications; the other is using
voxelization of objects to check interference by finding shared
occupied voxels between models. Voxelization of STL
models can be achieved using marching cubes [29].
However, different part orientation/position requires the gen-
eration of a new voxelization. Furthermore, it is time consum-
ing and memory demanding for higher resolutions and com-
plex geometries. In contrast, bounding box decomposition
approaches, no matter if it is axis-aligned bounding box
(AABB) or oriented bounding box (OBB), need to be done
only once and then rely on efficient bounding box detection
for different part orientations and positions. Gottschalk et al.
[30] proposed the OBB tree (OBBT) data structure for
decomposing triangulated meshes in order to reduce compu-
tation time for collision detection. OBBT can be applied to
complex STL models and still have efficient collision detec-
tion efficiency. Hierarchical structure of a binary tree can be
used to remove objects with no collision at a high efficient
rate. Only nearby objects will traverse to deeper nodes for
interference checking. Separating axis theorem (SAT) [30] is
used to quickly check the interference between two OBBs
with high efficiency. Bergen [31] compared collision detec-
tion efficiency between AABB tree and OBB tree by using 3
different models. It is found that an OBB tree is always faster
than an AABB tree. Although the OBB tree construction time
is longer than AABB tree, it takes only one construction for all
models. In contrast, AABB needs to be built every time the
part orientation changes.

Last but not the least, in the 3D packing of irregular objects
into a build volume without overlapping, the minimum allow-
able distance between objects is usually assigned as a process
parameter. There has been no study to address the effect of this
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parameter on the result of 3D nesting. In this work, we show
that it is a very useful property to decide and influence the
optimization efficiency.

2 Proposed 3D nesting solution

From existing literature, it is found that most researches in the
past used GA or SA to find the global optimization solution
when dealing with the 3D nesting problem. Computational
efficiency of GA and SA is relatively low and this makes
the waiting time unacceptable in some real-world AM appli-
cations. From a literature survey of the most recent meta-
heuristic algorithms, it is found that the flower pollination
algorithm (FPA) has a better performance on the global opti-
mization problem. However, as far as the authors know, FPA
has never been applied to the 3D nesting problem. Therefore,
in this work, for the first time, FPA is combined with 3D
collision detection using OBBT to minimize the build height
and printing time for AM applications. The goal of this work
is to introduce a reasonable and useable 3D nesting solution
for practical and real-world AM usages. The following are the
advantages and innovations of the proposed method:

a. Using OBB to find a suitable initial rotation angle for
object orientation strategy.

b. Using OBB to find the largest print area and the smallest
print height for each object and sort the packing sequence
accordingly.

c. Using FPA to efficiently find the near-optimal model po-
sitions and orientations.

d. Using OBBT to replace triangle meshes for interference
checking to increase the collision detection efficiency. In
particular, specified clearance distance or part interval be-
tween models can be used to adaptively reduce OBBT
decomposition levels and increase computational
efficiency.

e. Forreal-world AM applications involving 3D nesting of a
large number of complex geometric models, the proposed
method can reach better and faster solutions than GA- or
SA-based methods.

Figure 1 shows the flow chart of the proposed method.
First, the models to be nested are read. Based on the specified
safety clearance distance between models, OBBT is computed
for each model, and the initial orientation angle is also obtain-
ed before FPA. During the FPA 3D nesting optimization, the
minimum build height is set as the primary objective function;
the secondary objective function is to move and orient the
model as close to the origin of the container as possible. The
iterations continue until the convergence criterion is met and
the result is output for 3D printing. In the following, we will
describe in detail how to use FPA for 3D nesting, and how to
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integrate 3D collision detection (including how to reduce un-
necessary interference tests to increase efficiency) to create a
complete 3D nesting process.

2.1 Combinatorial optimization using FPA

3D nesting is categorized as a combinatorial optimization
problem. The goal is to lay out a set of irregular 3D models
into a fixed-size container or the so-called build volume. As
described previously, combinatorial optimization is an NP-
hard problem [10]. For the packing of a set of models, the
sequence of model selection and the position/orientation of
each model all need to be sorted out to find the optimization
solution which gives the lowest build height. As the number of
models increases, the computation time will increase expo-
nentially. A brute-force search for the best solution is compu-
tationally expensive if not impossible. Heuristic algorithms
seek the near-optimal solution by randomly searching the var-
iable space to reduce computation. By setting boundary con-
ditions in the search space, heuristic algorithms can narrow
down the search and speed up the solution finding. However,
because of the limited search space, heuristic algorithms often
end up with the search in the local minimum zone. Meta-
heuristic algorithms provide a remedy to this problem by
using escaping functions to jump out of the local traps to
arrive at the global optimum. This is the basic principle of
the FPA. In the following section, we will briefly review the
FPA algorithm.

Inspired by the flower pollination process in nature, Yang
et al. [25] proposed PFA as a new meta-heuristic algorithm. It
can be applied to non-deterministic polynomial problems with
a single objective or multiple objectives often found in indus-
trial problems, for example, the welded beam design optimi-
zation in the design of structures [32]. FPA has the following
advantages: few parameter setting, easy implementation, good
convergence rate, and high computation efficiency. It aims to
find the global optimization solution through the global polli-
nation process which changes its parameters to approach the
better solution in the next iteration steps. In FPA, 4 rules are
specified to simulate the flower pollination process [25]:

1. When insects such as bees or butterflies pollinate among
different flowers, they fly around the flowers in the mode
of Levy flights. This is considered as global pollination.

2. Non-insect or self-pollination is regarded as local
pollination.

3. Flower constancy can be considered since the reproduc-
tion probability is proportional to the similarity of the two
flowers involved.

4. Switching between global and local pollination is decided
by a random parameter p € [0,1]. When p = 1.0, it is
equivalent to the global pollination.
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Fig. 1 A flow chart of the proposed 3D nesting solution

The above rules can be converted to iterative updating
equations. First, pollinators such as bees or butterflies can
carry the gametes for a long distance. This can be considered
as global pollination and by combining rule 1 and rule 3 the
updating equation can be written as:

X = x4 AL(N) (g"=)) (1)

x} is the pollen 7 at iteration ¢, and g* is the best solution at
the current iteration. +y is a scaling factor to control the step
size. L()) is the iteration step distance based on Lévy flight
which corresponds to the pollination strength. Since insects
usually can move over a long distance, Pavlyukevich [33]
proposed their travels be modeled by Lévy flight. The Lévy
distribution can be formulated as:

AL(X)sin (%/\> ]

L~ P ED) (2)

In Eq. (2), 1)) is the standard Gamma function. Mantegna
[34] suggested to use the following equation to obtain s:

U
s =N U~N(0,0%), V~N(0,1) (3)

U and V are random normal distribution and o° can be
calculated by

sin(mA/2)7

L1+ A)
2 _
- PRI (4)

A((1+A)/2)

In parameter setting, Mantegna [34] found A=1.5 to be the
most appropriate through many tests.

In self-pollination (combining rule 2 and rule 3) which
simulates local optimization, the updating equation can be
formulated as:

X =4 e(x;—xtk) (5)
where x! and x!™! are pollen from different flowers of the
same plants. This simulates the behavior of a local walk
among the same species if € is drawn from a uniform distri-
bution in [0,1].

In practice, pollination can occur in local or global scales.
Rule 4 can be simulated by using a switching probability p to
switch between the two. An initial value of p = 0.5 can be
used. However, Draa [35] used the CEC 2013 database of 28
functions to show that p = 0.2 will produce the best results.
This basically states that there is about 80% of proba-
bility that local pollination will occur because adjacent
flower patches or flowers in the not-so-far-away neigh-
borhood are more likely to be pollinated by local flower
pollen than those far away.

2.2 Collision avoidance in 3D nesting

In this paper, the proposed 3D nesting algorithm aims at find-
ing the best object positions and orientations in AM through
the FPA optimization, at the same time avoiding object inter-
ferences and keeping a safety clearance distance between
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adjacent objects. In other words, collision detection can be
viewed as the constrained conditions in the FPA optimization.

Collision detection has been widely used in video games.
In interactive gaming such as car racing and wall climbing,
collision detection is often used to trigger responding events
[36]. In recent years, collision detection has also been increas-
ingly applied to industrial applications related to virtual
manufacturing simulation such as multi-axis machining and
robotic manipulation.

Most geometric models for 3D printing are nowadays rep-
resented by triangle-based STL format. A complex STL mod-
el can sometimes consist of more than several hundred thou-
sand triangles. It would be very computationally expensive to
calculate interferences of all triangles between models. To
reduce the computation burden, geometric models are usually
approximated by the closing bounding volumes (BV) to con-
struct a tree-structured bounding volume hierarchy (BVH).

2.2.1 Bounding volume

Bounding volume is a sphere or a simplified polygonal box
that encloses the complex geometric model. When interfer-
ence checking is carried out, bounding volumes are used to
quickly rule out untouched volumes or models. Although
spheres are easy to construct and quick for interference
checking, spherical bounding volumes are too large and can-
not adequately enclose 3D objects. In comparison, axis-
aligned bounding box (AABB) and oriented bounding box
(OBB) are more often used to approximate complex geome-
try. The advantage of using AABB is that it is simple and easy
to construct and quick to test. However, it is axis dependent. If
we rotate objects in a fixed (container) coordinate system,
AABBs will change their sizes and need to be computed every
time we rotate the objects. In contrast, OBB is axis-
independent and is the minimum of AABBs. It can more ad-
equately describe or enclose the object (see Fig. 2). The prin-
cipal axes of an OBB can be obtained by finding the eigen-
vectors of the covariance matrix. The steps to find the princi-
pal axes of an OBB are outlined below:

1. Find the mean positions for all of the 3D object’s vertices.

(Xy’z):(z)ci;ygza) (6)

n n n

2. Find the covariance of each pair of axes using Eq. (7).

cov(x,y) = w (7)
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Fig. 2 OBB of'a 3D fan model

3. Construct the covariance matrix using Eq. (8). Find the
eigenvalues and eigenvectors of the covariance matrix
using singular value decomposition (SVD). The primary
principal axis is the eigenvector that corresponds to the
largest eigenvalue.

cov(x,x) cov(x,y) cov(x,z)
C = |cov(x,y) cov(y,y) cov(y,z) (8)
cov(x,z) cov(y,z) cov(zz)

4. Project all the points onto the principal axes and find the
limiting positions to construct the boundary values of
OBB.

It is noted that when an OBB is rotated, the size and shape
of the OBB do not change and we only need to rotate the §
vertices of the OBB.

2.2.2 Bounding volume hierarchy

Bounding volume hierarchy (BVH) is a tree structure, widely
used in collision detection, ray tracing, and viewing frustum
culling of computer graphics. Based on different BVs, different
BVHs can be constructed such as AABBT or OBBT. As point-
ed out, OBB needs to be constructed only once as compared to
many instances of AABB. Furthermore, OBBT can approxi-
mate complex geometric models with less number of levels
than AABBT [31]. Since the 3D nesting problem requires
many interference checking between complex geometric
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models, it saves more computation time to adopt OBBT for our
hierarchical data structure. Therefore, in this work, we choose
to build the binary OBB tree in a top-down hierarchical struc-
ture. The root or the top node is the OBB of the entire model.
The geometric centers of all the triangles inside the OBB are
projected onto the primary principal axis of the OBB. The prin-
cipal axis is divided into two equal halves with triangles on each
side forming two subdivided OBBs (see Fig. 3). At each level
of the OBBT, this subdivision process continues and every leaf
node is divided into two until the clearance distance of the
model is larger than the minimum height of the OBB (see the
discussion in Section 2.2.4), or the leaf node becomes a single
triangle (see Fig. 4). During collision detections, if the parent
node does not have interference, the child nodes of the next
level need not be further tested, hence saving much computa-
tion effort.

2.2.3 Interference test between OBBs

To determine if two OBBs have interference, Gottschalk et al.
[30] proposed a very efficient method—the separating axis
theorem (SAT). In Fig. 5, it is shown that if OBB A and
OBB B are projected onto any of the 3 axes of each OBB,
or onto any of the axis that is orthogonal to any pair of the two
axes from OBB A and OBB B, we can quickly determine if
there is interference. Altogether, there will be 15 such cases
for testing and for any of them, if Eq. (9) stands, there is no
interference.

|T-L|>I'A+I'B (9)

2.2.4 Reduction of OBBT

One nice feature about OBBT is that if we divide the
tree all the way to the final leaves, they can test all the

STL triangles. However, it is of too much computation
and it would not be necessary if we can terminate the
unnecessary tests early to save time. In real-world AM
applications, no matter SLS, BJ, or MJF, there will
always be a requirement to maintain a safety clearance
distance between printed parts to prevent sticking or
breaking of parts. This part interval is usually about
3-5 mm dependent on the part size. When using SVD
to find the principal axes of an OBB, we can find the
largest surface area of the object with the minimum
height (along the third primary axis). The subdivision
of an OBBT node can terminate when the minimum
height is equal to or smaller than the clearance distance.
We can use this nice property to adaptively reduce the
OBBT levels to save computation time and still meet
the collision detection goal. Figure 6 shows different
levels of OBBT (drawing only leaf nodes) with respect
to different values of clearance distance. In addition,
Fig. 7 shows the curve of the trend of OBB node re-
duction. It is observed that the number of OBB nodes
drops very quickly after just few millimeters (Table 1
shows the number of leaf nodes versus clearance
distance). Using this property, we can greatly reduce
the levels and leaf nodes of OBBT and also the com-
putation cost of collision detection.

2.2.5 Expansion of OBB

To ensure that the safety clearance distance is protected
during 3D nesting, intervals between OBBs during in-
terference testing need to be maintained. This can be
achieved by extending the principal axes of the OBBs
with half of the clearance distance in each direction (as
shown in Fig. 8) so that when some STL triangles
completely fall on the sides of OBBs the safety clear-
ance distance can still be properly maintained.

(@)

Fig. 3 Subdivision of an OBB: a root node, b geometric centers projected unto the primary axis, and ¢ subdivided into two OBBs

(b) (©
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Fig.4 BVH (leaf nodes: b, f, h, i,
J,Lm)

Fig. 5 Separating axis theorem
[36]
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2.3 Integration of FPA and collision detection by OBBT

To achieve the desired efficiency of 3D nesting of ir-
regular shaped objects for AM technologies, we propose
the integration of FPA optimization with 3D collision
detection using OBBT. The software code is developed
using C++ and OpenGL under Microsoft Visual Studio
2019 IDE. For verification of the algorithm efficiency,
we will compare the 3D nesting results with that of
commercial software such as Netfabb [37] and
Materialise [38] in Section 3.

T-L|

2.3.1 Process flow of the 3D nesting solution

As previously described, 3D nesting of complex 3D irregular
shaped objects is an NP-hard optimization problem that re-
quires the use of meta-heuristic algorithms. In literature, it is
found that FPA is more efficient than traditional GA or SA
algorithms. In addition, interferences of irregular shaped ob-
jects or complex geometric models present the constraints that
need to be avoided during the optimization process. In this
work, OBBT is adopted to efficiently test the interference
conditions. The choice of OBBT has several advantages.

Table 1 Total number of OBBT
nodes with different safety
clearance distance

Safety clearance 0 2 3 4 5 6 7 8 9 10
distance (mm)
Total number of 39975 22537 6211 2341 1191 739 505 353 255 201 173

OBBT nodes
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Fig. 6 OBBT with different
safety clearance distance (only
drawing leaf nodes): a 25mm, b
15mm, ¢ 2mm, d Omm

First, it can model any complex STL models and it only needs
to be constructed once (as opposed to many times of
voxelization in earlier studies). Second, the binary structure
of OBBT allows the subdivision of OBBT until the minimum
height of the OBB is smaller than the safety clearance dis-
tance. This feature makes good use of the fact that there is
always a safety clearance between all the printed objects in
SLS, BJ, or MJF AM systems. It allows the reduction of
unnecessary OBBT subdivision levels and also the computa-
tion time. Third, OBB is not only used to find the prin-
cipal axes of the object, it can also be used to find the

Fig. 7 Total number of OBBT
nodes with different safety
clearance distance

40000
35000
30000
25000
20000
15000
10000

5000

Total number of OBBT nodes

largest area of the object with the minimum height.
Therefore, it is convenient to use this orientation as
the initial state to start the optimization iterations.
Here, we outline the steps of the proposed 3D nesting
algorithm (see Fig. 1):

1. Set the convergence conditions: The users can choose to
have a single or multiple convergence conditions includ-
ing specified print height, specified computation time,
specified number of iteration, and relative error of print
height as expressed in Eq. (10).

1 2 3 4 5 6 7 8 9 10
Safety clearance distance (mm)
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Fig. 8 Expanded OBB
comparison: a without expansion
and b expansion (model safety
distance is 10mm)

A-B
relative height error = % 100% (10)

A the print height of current iteration
B the print height of previous iteration

2. Read all the STL models, and construct the OBBT of each
model based on the safety clearance distance.

3. Set up the sequence by sorting the OBB surface areas in
descending order. The object with the largest OBB print
area will be placed first then those with smaller print
areas.

4. After the first object is placed, the rest of the objects will
be oriented and positioned by FPA to find the optimized
rotations and positions following the sequence in step 3.

5. Check the current print height and compare it with the last
print height. If it is smaller, update the print height and
record rotations and positions of all of the objects.

6. Check if any of the convergence conditions is met. If not,
go back to step 4 and repeat the iterations.

7. If convergence is reached, record the best print height and
rotate/translate all objects to the nesting orientations/
positions.

8. Display the 3D nesting result. Output all models in the
nesting orientations/positions in one STL file to the slic-
ing software of the 3D printer.

Inside the 3D nesting algorithm, FPA is used to find the
best position and orientation of the next nested model. The
integration of OBB collision detection sets up the constraint
conditions in the FPA optimization. The control flow chart of
the FPA process integrated with OBB collision detection is
shown in Fig. 9. The details are outlined in the following
steps:

@ Springer

1. Set up the FPA parameters including number of popula-
tion states, switching probability p, scaling factor , con-
vergence criteria (relative percentage error or a fixed num-
ber of iteration), and safety clearance distance.

2. Set up the initial values for the population states, using
these values to find the value of the objective function.

Setting parameters:

1. Number of FPA groups
2. Number of FPA itcrations
3. relative error
4. safety clearance distance

2

Calculate the objective function for the initial solution of cach group,
and the solution of the maximum fitness value is g*

Global pollination
function

Local pollination
function

Give fitness a
penalty value

If the fitness value is better than the original,
update the solution of the group

If the fitness value is better than the best,

update the best solution g*

Obtain the best global solution g*
Get the models position and rotation angle

)

Fig. 9 The flow chart of combining FPA and collision detection.
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Table 2 Algorithm parameters for the proposed 3D nesting algorithm

Table 4 Computation time and proportion of each part (single model)

Relative Scaling Switching Safety clearance
error factor v probability p distance
107° 0.1 0.2 3 mm

Note that the principal axes of OBB are adequately used
to set the initial orientation angles.

3. Generate a random number between 0 and 1; compare it
with the switching probability p. If it is smaller than p,
take the global pollination route Eq. (1); otherwise switch
to the local pollination route Eq. (5).

4. Check if the new states pass the interference test. This
includes if the positioned models have interferences and
if the placed model exceeds the boundary of the container.
If the test fails, go back to step 3.

5. Substitute the new states into the objective function; if the
resulting value (the print height) is smaller, keep the value
and update the solution g* to the new states.

6. Check if all states are visited. If not, go to step 3.

Check if the convergence condition is met? If not, go to step 3.

8. Output the model position and orientation to the 3D
nesting iteration steps.

=~

3 Implementation and comparison tests

In this section, we demonstrate two sets of 3D nesting test
cases (a single model case and a multiple model case) and
compare the result with that obtained from commercial soft-
wares. The proposed 3D nesting algorithm is implemented in
C++ with OpenGL. It is compiled using Microsoft Visual
Studio 2019. The program was executed on a PC with I5-
3570 3.4 Ghz CPU (single processor) with 16 GB memory.

3.1 Comparison tests with commercial software

In setting up the parameters of FPA, we followed the sugges-
tion of [35] and used the scaling factor 7= 0.1 and the
switching probability p = 0.2. The convergence criterion of

Table3  Comparison of performance with and without OBBT reduction
Without With Difference
reduction (A) reduction (B) ((A-B)/A)

100%

Total number of OBB 111900 60300 46%

nodes

Print height (mm) 67.9 69.7 -2.6%

Computation time (s) 102 102 0%

Calculation time (s) Proportion of total time

OBBT construction 0.4 0.4%
FPA calculation 6.7 6.6%
Collision detection 94.9 93%

the relative height was set to 10~® or 10 *%. The safety clear-
ance distance was set at 3 mm which was used to maintain part
intervals between 3D objects. The FPA parameter setting is
listed in Table 2. We compare the 3D nesting performance
with the results using commercial software Autodesk
Netfabb Premium 2019 [37] and Materialise Magics 23.1
[38]. In Netfabb, there is no setting of rotation angles, and
we used the choice of any rotation. In Materialise Magics,
however, the default rotation angle is 90°, and the minimum
rotation angle is 15°. We, likewise, used the same default
rotation parameter setting. The print volume and safety clear-
ance distance were the same. All the tests were run on the
same computer. The key comparison indicators are the print
height and the running time.

3.2 Results
3.2.1 Single model case

Given the specified safety clearance distance, the OBBT con-
struction can be reduced to a reasonable level to reduce the
collision detection time. Here, we use a fan model [39] to
compare the result with and without OBBT reduction. The
build space was set at 200x200x200 mm® to pack 20 fan
models as shown in Fig. 12. With the safety clearance distance
set at 3mm, and a fixed number of 100 iterations, it is found
that the OBB nodes are reduced by 46%, the computation time
reduced by 24%, and the increase of print height is only 3%
(see Table 3). Table 4 shows the computation time divided
into 3 major parts, namely OBBT construction, FPA calcula-
tion, and OBB collision detection. It is found that collision
detection takes most of the computation time (93%).

Table 5 Comparison of the proposed method with commercial
softwares (single model)

Netfabb Magics Our Difference Difference

(A) B) method with Netfabb ~ with
©) ((A-C)/A) Magics
((B-CyB)
Print height ~ 75.5 71 69.7 7.7% 2%
(mm)
Computation 102 102 102 0% 0%
time (s)
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Fig. 10 Netfabb nesting result
(single model case)

Fig. 11 Magics nesting result
(single model case)

Fig. 12 The result of our
proposed method (single model
case)

Table 6 Comparison of the proposed method with commercial software (multiple models)

Netfabb Magics Proposed method (C) Difference with Netfabb ((A-C)/A) Difference with Magics

(A) B) ((B-C)/B)
Print height (mm) 325.1 327.5 284.7 12.4% 13%
Computation time (s) 303 160 160 47.2% 0%
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s 1

Fig. 13 V6 engine model (192,018 triangular meshes)

Therefore, the reduction of OBBT is much meaningful in
helping to reduce the overall computation time.

In Netfabb, there is no setting of rotation angles and we use
the choice of any rotation. In Materialise Magics, however, the
default rotation angle is 90°. We used the same default rota-
tion parameter setting. The build volume and safety clearance
distance were the same. All the tests were run on the same
computer. The key comparison indicators are the print height
and the running time. In the single fan model test, Netfabb
terminated the iterations at 102 s. Therefore, we purposely
stopped the Magics and our proposed 3D nesting algorithm

Fig. 14 Netfabb nesting result
(multiple model case)

at the same time. Table 5 shows the comparison of results. Our
proposed method has the better performance. Figures 10, 11
and 12 display the nested models using different software.

3.2.2 Multiple model case

In this section, we show the case of packing multiple parts of a
V6 engine [40] (see Fig. 13). It consists of 30 different STL
models and a total of 192,018 triangles. The build space is
1000x1000x1000 mm°. In this case, Netfabb terminated at
303 s. and Magics terminated at 160 s. Therefore, we purpose-
ly stopped our proposed method at 160 s. Table 6 shows the
comparison result. Our proposed method has a better print
height (12.4% better than Netfabb and 13% better than
Magics). Figures 14, 15, and 16 show the graphical display
of the nested models from 3 different methods.

4 Discussion

It is beyond question that the 3D nesting of irregular 3D ob-
jects is an important determinant to the cost reduction and
control of powder-based AM processes. One of the major
benefits of using AM is its capability to handle complex parts.
However, from [41], it is found that most researches facing
this problem in the past tend to use relatively simple cases for
their demonstrations which cannot properly represent real-
world problems. Even if the work used complex triangulated
meshes rather than elementary geometric entities such as
sphere, cubic, or convex polyhedrons for demonstrations,
the number of faces or triangles are often less than 30,000.
Yet, the computation time can go up to several hours some-
times [16, 18]. In this work, we show that in order to deal with
real-world complex cases with efficiency, we need to pay
attention to several key factors. First, we know the 3D nesting
problem is NP-hard and not easily modeled. Some researchers
tackled the problem by mathematical modeling. However, the
geometric entities are usually rather simple, and the mathe-
matical modeling approach finds difficulties handling
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Fig. 15 Magics nesting result (multiple model case)

complex models. Hence, most of the existing solutions are
based on heuristics or meta-heuristics. From literature, most
researchers who used heuristic approaches in 3D nesting-
adopted GA or SA algorithms. From Nabil [26], it is clear that
the computational efficiency and accuracy of these traditional

Fig. 16 The result of the
proposed method (multiple model
case)

@ Springer

heuristic approaches are not comparable to the most recent
nature-inspired algorithms. Furthermore, among the nature-
inspired algorithms, FPA has the advantage of better efficien-
cy and accuracy over traditional GA or SA algorithms, and it
is easy to implement with only a few parameters compared
with MPFA. Therefore, in this work, we choose to use the
effective meta-heuristic optimization algorithm FPA, com-
bined with the collision detection of printed objects set up as
the optimization constraint using OBB tree to find the near-
optimal 3D nesting solution. The result shows that for real-
world complex engine parts (30 different STL models and a
total of 192,018 triangles), the computation time is only 160 s,
and the build height is 12.4% better than the result from
Netfabb and 13% better than that from Magics.

Second, to pack complex 3D models in space without over-
lapping, collision detection or interference checking between
3D models needs to be carried out for different part orienta-
tions and positions. In the past, voxelization of objects to
check interference by finding shared occupied voxels between
models has been frequently used. However, different part
orientation/position requires the generation of a new
voxelization. Furthermore, it is time consuming and memory
demanding for higher resolutions and complex geometries. In
contrast, bounding box decomposition approaches, particular-
ly oriented bounding box (OBB), need to be done only once
and rely on efficient bounding box detection for different part
orientations and positions. In this work, we demonstrate that
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the OBB tree can effectively detect collisions for real-world
complex cases.

Last but not the least, in the 3D packing of irregular objects
into a build volume without overlapping, minimum allowable
distances between objects are usually assigned as a process
parameter. In this work, we show that it presents a very useful
property to reduce the number of OBB nodes and reduce the
collision detection time, which constitutes most of the com-
putation time due to its role as the optimization constraint.

5 Conclusions

AM has proved to be a versatile and agile production method
for modern manufacturing. It is gaining more acceptance from
the industry every day. It is particularly suitable for the pro-
duction need of small quantity yet diverse variety of parts. 3D
nesting of these various parts in one batch AM production
hence becomes almost like an everyday routine work. This
paper addresses the problem of 3D nesting of complex geo-
metric objects for AM technologies. Through the integration
ofthe FPA optimization method with collision detection using
OBBT, this proposed method has shown to be an effective 3D
nesting solution. The proposed method has several distinctive
advantages. First, FPA has been accepted as a more efficient
meta-heuristic optimization algorithm compared to traditional
GA or SA algorithms. In this paper, it is the first time FPA is
used to deal with the 3D nesting problem and it is proven to be
more efficient compared with existing commercial software
packages. Second, the use of OBBT can efficiently and accu-
rately compute the interferences of complex CAD models.
The active use of clearance distance between printed objects
can effectively reduce the levels of OBBT and the computa-
tion time. Third, SVD is used to find the primary axes of an
OBB and the largest area of the object with the minimum
height (along the third primary axis). We can align the bottom
of OBB with the base plane of the build volume. This gives a
good initial orientation of FPA with the minimum height.
Since there will be increasing need for processing 3D
nesting in AM production, it is necessary to further speed up
the computation to reduce the production wait time in our
future work. It is noted that more than 90% of computation
takes place in OBB collision detection. Parallel computing
will be a good solution since the OBBT structure allows inde-
pendent computation in all the subdivided branches.
Furthermore, 3D collision detection is not new to video game
industry, so the use of GPU for hardware acceleration is also a
reasonable choice for future implementation. In this work, our
focus is on the optimization of the build height to reduce the
cost of the AM process. Another future work is the optimiza-
tion of multiple objectives considering additional factors such
as dimensional accuracy [42] to find out the best parametric

combination that can simultaneously optimize all performance
measures [43].
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