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The spatial orientation of an object on a 3D printing plate is a significant contributor to its printing time. Thus,
the speed of the 3D printing processes can generally be increased by using time-efficient object orientations. This
paper presents a novel method for speeding-up printing processes that employs maximally efficient orientations.
This method finds an orientation for the object that minimizes the number of disconnected components and the

distance between the disconnected components that remain, thereby minimizing the time needed for the printer
head to traverse empty areas. The method also considers the height of the printed object, its trapped volume, and
the number of connected components in each layer. Our novel algorithm considers all four criteria, each
weighted according to printer-specific and experimentally-obtained parameters. Preliminary trials demonstrate
that this methodology can decrease printing times on fused deposition printers to 45% of that of current state of

the art algorithms.

1. Introduction

While additive manufacturing technologies vary and 3D printers use
a wide range of materials and processes, most contemporary printers
rely on a printing head that deposits one layer of printing material on
top of previous layers. While recent advances in the hardware infra-
structure of this layer-depositing printing process have led to sub-
stantial gains in terms of efficiency and reliability, the software infra-
structure used in this process has yet to be fully optimized. Improving
3D printing software is a field of intense research interest, which has led
to a number of recent breakthroughs in 3D printing practices. These
include algorithms that 3D models commonly contain structural faults
that produce defective printed pieces [1-3] and that objects larger than
the printing tray can be printed by splitting [4] and packing [5].

A central focus of contemporary 3D printing software research is
printing time reduction. Recent research has revealed, for example, that
printing time can be shortened by optimizing the printed object's sup-
port structures [6-10] or by varying the object's printing orientation
[11]. The movement of the printing head itself during printing has also
become the focus of improvement. The typical zig-zag printing head
movement has been improved by using smooth, continuous Fermat
spirals [12]. Moreover, a variety of new algorithms expand the possi-
bilities of 3D printing systems by augmenting structure and printing
efficiency in the design phase [13].

While advances in 3D printing technology promise greater precision

and faster printing, there is still significant room for improvement. This
article describes a novel 3D printing technique that searches for an
object orientations that minimizes print times. The work of Ahsan et al.
[14], who observe that printing speed depends on the orientation of the
object, on its height, and on the number of connected components in
each sliced layer, is instrumental to our own contributions. Chief among
these is our observation that the time the printing head spends traveling
through the empty space between various filled areas of the object
during printing represents a factor yet to be improved. While de-
creasing the number of connected components (areas) can be achieved
by rotating the object (e.g., the letter E has one connected component
but if it is rotated 90° to yield &g it will have up to three), it is not always
possible to decrease this number. If the number of connected compo-
nents cannot be decreased, the speed of fabrication can nonetheless be
increased by minimizing the travel of the printing head over empty
areas. This is intuitive when printing multiple simple objects on the
printing tray: in this case it is most efficient to simply position them as
close to each other as possible. However, this is more complicated for
topologically complex objects.

Our method searches for the printing orientation of these complex
objects that improves their printing speed. Our algorithm looks for the
printing orientation with respect to two global orientation metrics:
object height and area required for support structures. While mini-
mizing the void distance traveled by the printing head is key to the
optimization process, previous work [14] shows that other factors,
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Fig. 1. An object in an orientation that minimizes the number of connected components (a) and in an orientation that considers the height of the object (b). The first

orientation takes 69% of the second's printing time.

including the number of connected components, the object's height, and
the trapped volume needed for support structures, also affect the
printing time. In this study, we analyze the effect of each of these
components while incorporating the new metric of traveled distance of
the printing head. Moreover, we posit a methodology for finding the
weight of the variables in the optimization function for a particular
technology (Fused Deposition Modeling) and a model of printer (Ma-
kerBot Replicator +).

Our implementation yields a printing time 45% that of current state
of the art optimization [14]. Fig. 1 shows an object in a default position
(as specified by its creator) as well as in the orientation that maximizes
the printing speed detected via current criteria. The orientation in
Fig. 1(a) is less suitable because it gives the object a significantly
greater height than the object has in Fig. 1(b). However, the reduction
in wasted printing head movement makes the first orientation take only
69% of the time of the second. While we tested and verified our ap-
proach on the mass-market MakerBot Replicator+ 3D printer, the ap-
proach can likely be generalized to any printer that uses additive
layering technology with a traveling extruder head.

2. Previous work

This section reviews literature relating to 3D print optimization.
This includes research aimed at improving print speed as well as studies
of 3D printed objects’ visual and structural properties. Additionally,
work that examines the process of segmenting the input and packing
the pieces is reviewed.

2.1. Structural properties

Volumetric representations of the input models have been used to
make voxel-based analyses and detect parts of the model that are not
printable [1]. Finite element method (FEM) has also been used to detect
areas of structural instability as well as to propose alterations to the
model to correct the defects [2]. Similarly, geometric analyses are able
to create a map of weaknesses in a model quickly and accurately [3].
Various solutions for these weaknesses have been developed. For in-
stance, introducing honeycomb-like internal structures to a hollow
model can increase the model's structural strength [15]. Since the
supporting honeycomb structures are contained within the model, the
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outer appearance of the model is not altered. One recent study describes
a method for calculating internal support structures for the models by
using the medial axis transform [10]. Implementing the structural
analysis in the design process instead of performing it separately after
the piece is finished can result in greater structural integrity [16]. A
parametric representation of the surface can also be used to design
surfaces that are guaranteed to be self supporting is discussed in [17].
Another recent study describes a topological optimization that is both
light and also capable of supporting a predefined load. The study pre-
sents a method to fabricate such pieces, minimizing the support struc-
tures needed for manufacturing [18]. Rigid body analysis of several
plausible loads can be used to solve several FEM problems; the analysis
is used to create a probability of failure map [19].

Chen [20] considers the deformation of the model after fabrication.
The study describes the fabrication of a modified model that, once
deformed by gravity, assumes the original desired shape. Another
workaround involves fabricating a structure that approximates the ex-
terior surface of the model in a similar fashion to produce a wireframe
of the model. Taking an exemplar pattern and reproducing it on the
model's surface ensures that the resulting surface is structurally sound
[21].

It is also possible to segment an object so that the separate pieces
can be fabricated individually, then assembled to form the original
shape. This permits the printing of an object larger than the original
printer chamber. Luo et al. [22] are the first to propose an automatic
method for segmenting large objects into pieces so that they can be
assembled post-print. Vanek [5] builds on this methodology by de-
monstrating a way to pack the resulting pieces in order to minimize the
number of batches to print. Chen et al. [4] contribute further by de-
scribing techniques for packing printed pieces more efficiently, thus
optimizing the final packing result.

2.2. Supports generation

Structural support has been identified as one of several criteria that
can be altered by changing model orientation [23]. Majhi et al. present
a method to optimize support for convex models and a mathematical
framework to minimize the support volume in 2D (or to be more precise
the support area), as well as an optimization algorithm for minimizing
the support volume for convex polyhedrons [24].
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Ilinkin et al. [25] minimize the surface requiring support rather than
the volume because the latter has greater impact in the final quality of
the model. A decomposition of the model in pieces in order to avoid the
need of support material is presented in Hu [26]. The study employs
pyramidal shapes because they do not need extra support to print and
they are easy to assemble.

Support structure generation is typically addressed via one of two
strategies. These are (1) based on the scaffolding used for creating
buildings [27] and (2) based on a tree-like structure that minimizes the
material used in the support [8]. Schmidt also proposes a tree-like
structure generation technique [9].

When using the techniques of tree-like support generation, the input
model can be altered to reduce the overhang area (i.e., the part of the
model requiring support during manufacturing) and thus reduce the
need for structural support [28]. Another part of the process that can be
optimized is the placement of the supports in the overhang area. Yu-xin
et al. [6] propose a Poisson sampling to reduce the need of such points.
Wang et al. [7] study the creation of an inner support structure not for
the manufacturing process itself, but instead for adding structural
soundness to a hollow model. Mirzendehdel and Suresh [18] offer an
optimization method that takes into account the need for supporting
structures in the final model, rather than during the printing process
alone.

2.3. Improving the building process

The early work of Schwerdt et al. [29] recognizes that the or-
ientation problem has multiple facets. In their study, the orientation is
constrained to protect certain important parts of the model by dis-
allowing them from being overhangs in the result. Another multi-cri-
teria optimization that considers building time, part quality, and
building material is that provided by Phatak and Pande [30]. The op-
timization method uses a genetic algorithm approach to perform the
optimization. This is due to the high computational cost of computing
these factors. The quality of the surface is addressed by Delfs et al. [31],
who assign a roughness factor to each facet of the object, then optimize
the object's orientation with the help of an already-existing database of
surface qualities. The work of Ahsan et al. [14] contributes greatly to
this article. Ahsan et al. use a two-step optimization process to optimize
first the building orientation, then the toolpath direction. Our work
differs from that of Ahsan et al. insofar as the latter does not consider
the distance between connected components. Ahsan et al. also assume
that the toolpath for fabrication lies always in parallel lines. The work
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Fig. 2. Illustration of our approach. The pair of columns are sliced
in two different ways. Slice A causes the connected areas to be
smaller and farther away than the connected areas in Slice B.
Although the amount of printed material for the entire object does
not change, the printing head spends less time traveling through
empty space in Slice B, decreasing the overall printing time.

of Wang et al. [11] uses concepts from several of the aforementioned
studies to optimize printing by segmenting the print model in several
pieces. Because the outer surface of the piece does not require support
and is almost aligned with the building direction, connectors can be
added to the pieces and the assembly order can be computed. Alexa and
Hildebrand [32] assume that the machine is able to perform an adap-
tive slicing. Thus, the thickness of each layer can vary. The orientation
that can produce a slicing of minimum surface error and maximum
speed is optimized.

Hon et al. [33] provide one of the first works that recognizes that
toolpath generation should be optimized. The study assumes that such
toolpaths are always in parallel lines and attempts to optimize a major
deposition direction by rotating the object around the building direc-
tion. A strategy of creating contour parallel toolpaths near the boundary
of a layer and then zig-zag pattern in the interior is discussed by Jin
et al. [34]. Later work [35] develops another strategy that calculates an
optimal direction for creating parallel toolpaths by using different
weights for the speed and the quality of the layer. This latter study also
takes into account the time spent in traveling between connected
components. Recent research favors toolpath generation techniques
that use Fermat spirals, which have the advantage of preserving the
object's surface quality as well as improving the speed of manufacturing
due to the smooth curvature of the spirals [12]. The method is powerful
enough to fill a topologically-complicated region (for example, a region
containing many random holes) with a single continuous curve. An
analysis of how to plan the toolpath given a topologically-complicated
surface already exists, although the toolpath in the analysis is based on
parallel infills [36].

However, to the best of our knowledge, no studies have coupled
the number of connected components with the distance between
them in order to improve the printing time. This paper introduces a
method to calculate the optimization parameters for given printing
settings.

3. Overview

Our method is based on the observation that an input object can be
oriented in such a way that the path traveled by the 3D printing head
can be minimized. While the printed areas need to be filled and the
printing head must visit every location where the material is deposited,
the object orientation affects the amount of time needed for the printing
head to travel through empty areas. Fig. 2 demonstrates this approach
and Algorithm 1 shows the pseudocode.
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Algorithm 1. Pseudocode of our method
Data: 3D mesh as input geometry

Result: Optimal orientation (o, 0 )min

1 O = an array of equidistant spherical orientations (o, o, );

[

for j =1 to |0] ;

3 do

4 (ag, ;) < Ojp;

5 H; = H(ow, 0) ;
6 Vi =V(ag, az) ;

Additive Manufacturing 22 (2018) 720-728

// Traverse all orientations

// Global (height of the orientation)

// Global (trapped volume)

7 Get critical points array P for (ay, as);

8 Get representative slices array R for (ay, a;);

9 Sa=0 N // Sum of connected component distances
10 Sc =0 ; // Sum of the number of connected components (CCs)
11 fori=1 to |R| ; // For each rep. slice r; in this orientation
12 do
13 Calculate the contribution of the slice r;;

14 Sa+ = D(ry, g, @) // Local (dist. of the CCs)
15 Set+ = C(ry, oz, az); // Local (number of the CCs)
16 end
17 D; = Sg;

18 C; =5,

19 end
20 for j=11to |O| ; // Feature scaling
21 do

22 (Hf, Ve, D, C#) = featureScale(H,;, V;, D;, C;)
fi=wn - Hf +wy - VS +wy - Df 4w, - CF

2

23 end

24 (O, O )min = min(f) ;

Previous work [14] used the number of connected components,
object height, and the trapped volume needed for support structures to
orient the object. This paper builds on this by adding the void distance
traveled by the printing head to this existing set of metrics. The focus of
this paper on Fused Deposition Modeling and we provide an experi-
mental methodology to find optimal values for the weights of the al-
gorithm for one particular model of printer: the MakerBot Replicator +.

An overview of our system is shown in Fig. 3. The input to our
algorithm is a 3D model represented as a triangular watertight mesh

// f contains the score of each orientation

such as an obj or a st1 file. The output is its optimal orientation for
printing represented as a pair of angles (a,, a;)min that correspond to
the rotation that needs to be applied to the input model to position it in
the optimal orientation.

In the first step, a set of evaluated orientations is precomputed.
Because it would be unfeasible to evaluate the hypothetically infinite
number of possible orientations, it is assumed that printing time does
not change significantly for small changes in the object's rotation.
Therefore, the continuous domain is discretized into a set of fixed

o - ™\
{ For each evaluated orientation(a,, a;) |
| ST G N
| For each | I
| [ representative slice | :
. ; Calculate Optimal
Input I Calculate global Find representative I Calculate per I y y ‘p 3
p g p p
) =) : = | orientation |E2){  orientation
Geometry | measures slices | slice measures ) e |
/
\ | U —— - N

Fig. 3. The input to our method is a 3D geometry and the output is the orientation that minimizes the printing time.
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Fig. 4. A slice is generated by the intersection of a plane orthogonal to the printing direction with the mesh. The slice is composed of closed regions that are filled by

the material (bracelet courtesy of Nervoussystem 2016).

orientations with a user-defined number of samples. The computation is
then treated as a combinatorial problem, which allows us to perform an
exhaustive search on all orientations (Section 4).

Our algorithm considers four different criteria during the optimi-
zation. We use two global criteria for each orientation of the object: the
height of the object (denoted by H) and the trapped volume that re-
quiring support structures (denoted by V). In addition, it also considers
two local criteria per layer: the number of connected components C and
their average distance D.

Typically, the height of the orientation H should be minimized, as
printing in the vertical direction y is usually significantly slower than
printing in the direction parallel to the printing plane. The trapped
volume V should also be minimized because it requires additional
support structures, which require time and material to build. Note that
we do not examine the way these supports are constructed. Various
methods exist for optimizing support structures, all of which can sig-
nificantly affect the printing time [37,27,8,38,18].

Having large numbers of disconnected components C is not bene-
ficial because the printer needs to stop printing and move the printing
head between them. If having disconnected components is inevitable, it
is beneficial to minimize their distance D so that idle head movements
are minimized.

Once the orientations of the input object are precomputed, the
printing score for each of them is calculated. The score is a two-com-
ponent value. Let's denote the first the orientation score. This includes
the trapped volume V and the total height of the mesh H. The second
component of the orientation score varies for each slice and it is de-
noted as the slice score. It includes the number of connected components
C and the distance between them D (Section 5). In order to calculate the
slice score for a given orientation score, it is necessary to virtually slice
the object. However, the overall score per orientation can be effectively
estimated by a smaller set of representative slices. This improves the
efficiency of the score calculation, as slicing is generally a time-con-
suming procedure. The representative slices impersonate the slices that
have the same number of connected components per slice (Section 4.2).
The slice score is the score of the representative slice weighted by the
number of layers this representative slice represents.

The weight of each element of the printing score has only been
approximated in previous research. We show that it can be accurately
estimated for a particular 3D printer by performing simple tests.
Specific weights to the MakerBot Replicator + 3D are provided.

The detected orientation is the pair of angles (o, &;)min that mini-
mizes the overall printing time.

4. Score function

The input object is located in the origin of the coordinate system
and the printing axis is aligned with y direction. The object can be
rotated around two angles (a,, a,) to a new orientation. The angle
a, € [0, 21t] represents the amount of the rotation around the x axis and
the angle a, € [ —m, 7] represents rotation around the z axis.

Once the orientation is defined, a plane orthogonal to the building
direction moves by a small Ay and the model is sliced. A slice consists of
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a set of closed regions for watertight meshes (see an example in Fig. 4).

The toolpath plans the nozzle movement that deposits the material
to fill the slice. Most printers plan the toolpath as a set of parallel lines
(i.e., a zig-zag pattern) but, newer printers provide more control over
the nozzle. These printers can plan paths concentric to the boundary of
the regions (contour parallel paths), which improve the quality of the
final results. However, if the region is not convex, the printing path can
be discontinuous. Recent work [12] shows that continuous spiral fill
can be provided for any region.

4.1. Sampling the orientations

The spherical domain of pairs (a,, @,), where a, € [0, 2r] and
a, € [—m, n] is sampled by using regular recursive subdivision of the
sphere to find the sampling directions.

The goal of our search algorithm is to find a minimum of the score
function f(a,, a,):

min f(cty, a;) = wp-H + w,-V + z r(wg-D + w,-C),
Vi

@

where H(a,, a,) is the height of the object, V(a,, a,) is the trapped
volume, D(a,, a,) is the connected component distance, C(a,, a,) is the
connected distance number, and w represents the corresponding
weights for each criterion (henceforth, the (a,, a,) notation is omitted).
The two global criteria H and V are calculated for the entire object. The
two local criteria D and C that are calculated for the ith representative
slice. Section 5 describes details of the calculations of each component.
Since the criteria H, V, D and C have different units and ranges, a
feature scaling is performed
;L x — min(x)

max(x) — min(x)’

before they are used in Eq. (1).
4.2. Representative slices

Slicing the object is time consuming, as is evaluating per each in-
dividual slice. Instead of evaluating each slice, we introduce the con-
cept of representative slices. These are slices representing a set of slices
with the same topology. By sweeping the object in the printing direc-
tion, a Reeb graph of the input object is constructed. This is a graph
with critical points where the topology of the slice changes (i.e., the
number of connected components) increases or decreases. For a given
orientation, the plane sweeps from the tray up to the building direction.
A new region appears when the plane reaches a valley in the surface
defined by the mesh. Similarly, a region disappears when the plane
reaches a peak of the surface. These points are called critical points, as
shown in Fig. 5. The critical points can be detected by comparing the
surface normal to the printing direction without actually slicing the
object.

The critical points p; are sorted according to their projection h(p;).
Two successive critical points define a slab. The heights h(p;) are the
slab boundaries (Fig. 5 middle). Each slab has a constant number of
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Slabs Representative slices

Fig. 5. The critical points (right), define a set of boundaries that also define a slab (middle). Only one representative slice per slab is taken (left).

Printed object —»

Trapped volume
will need support —»
structures

Fig. 6. Trapped volume requires support structures for printing.

components, as shown in Fig. 5. The representative slice is then the slice
taken from the slab center.

Since the various slabs have different heights and volumes, a
weighting factor r; for each representative slice is calculated as:

. h(pi+1) - h(Pl)
© () - h(py) @

where h(p;) and h(p; 1) are the heights of the critical points and h(py), h
(pn) are the first and the last critical points.

5. Orientation score

The search algorithm uses two global criteria (the height of the
object H and its trapped volume V) as well as two local criteria that are
calculated per slice (the distance of the connected components D and

the number of connected components C).

5.1. Global criteria

For each orientation (a,, @), its global score is first calculated. The
height H of the object in the given orientation is simply the difference
between the maximum and the minimum of its vertex y coordinates.
The algorithm attempts to find the orientation with the minimal the
object height because the printer moves faster in the horizontal direc-
tion, which makes it generally beneficial to have a low height for the
printed object. However, this maximum is not absolute, as com-
pounding variables can make high-height objects desirable (see Fig. 1).

Most 3D printers need to use support structures while printing. The
amount of support required is a factor that must be considered in the
print time. Since the algorithm used to build the supports can vary, we
use the strategy developed by Majhi et al. [37], whose methodology
minimizes the trapped volume V (Fig. 6). It should be noted that
minimizing the support may not be beneficial for certain technologies.
For example in selective laser melting (SLM) the support structures help
heat diffusion during printing process. In this work, FDM and printing
speed optimization is used. It is assumed that the printing time of the
support material is proportional to the trapped volume. The trapped
volume is calculated as the volume under all areas that require support
and a GPU-optimized algorithm from [8] to calculate this volume is
used.

5.2. Per slice criteria

The intersection of the input polygonal object with the cutting plane
defines a slice. Because the object is a polygonal watertight triangular
mesh, a slice is composed of a series of line segments that form closed

Fig. 7. Two objects are sliced (a) and a set of
contours is generated (b). The contours define
positive regions that require filling (black) and
negative regions (red) that are to be left empty
(c). (For interpretation of the references to
color in this figure legend, the reader is re-
ferred to the web version of the article.)

Fig. 8. An object (left) and a slice (right) with positive regions in black and negative regions in red. Note the white regions are actually outside the object.
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Fig. 9. Some of the test objects used to estimate the weights.

contours (see Fig. 7). The area inside each contour, then, defines a re-
gion that must be filled with material. Depending on the topology of the
original mesh, one contour can be contained inside another. If a region
needs to be filled during the printing, we refer to it as a positive region.
We refer to regions that do not require filling (holes) as negative regions
(Fig. 7).

From this step, the number of positive regions C in the re-
presentative slices is calculated (these are called contour plurality in
Ahsan et al. [14]).

The distance of two positive regions is defined as the minimum
distance between a point in one region to a point in the other. The last
per slice component D is the average distance between all positive re-
gions of the slice (Fig. 8).

6. Determining the weights

The objective function equation (1) has a set of user weights
w = (Wp, Wy, Wy, W) that must be specified before the search algorithm
is run. These parameters depend on the printer and other computational
factors including the slicer and the path planning for the printing. The
interaction of these parameters is not yet fully understood. Previous
work [14] used a set of user-defined fixed values, while in this work
weights are determined experimentally for one particular printer model
(the MakerBot Replicator + ), but the way it has been determined could
be used for different printer or the same printer with different firmware.

A total of k = 20 objects with widely varying shapes and topologies
were evaluated (Fig. 9). To do this, each parameter's space was sampled
with sampling distance A = 0.1. Because there are four parameters to
determine, we created n = 1/A + 1 samples and generated all possible
n* tuples of (wy, w,, w,, w,); these led to =~ 14k ordinations to be eval-
uated.

For each model, we found the optimal orientation for each set of
weights. However, there were some duplicates. For example, all tuples
(wp, wy, wy,, w,) and (Awy,, Aw,, Aw,, Aw.) for some A resulted in the same
orientation.

It would not have been feasible to print several thousands of objects
to measure their printing times. Thus, after the weights have been
found, the printer simulator Printrun' was used. The program allowed
us emulates the settings of a particular printer to estimate the time that
model would take to print for each orientation. The orientation with the
minimal time reported by the software were recorder. These were the
optimal parameters for that particular model.

The process was repeated for each model, taking the arithmetic
median of all the optimal tuples to obtain the printer parameters.

The resulting values for the normalized weights in our settings are:
wy, = 0.34, w, = 0.24, wy = 0.11, and w, = 0.31.

* www.pronterface.com.
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7. Results and evaluation

One central finding of our work was the collection of weights for
optimal orientation on the MakerBot Replicator + 3D printer. Our re-
sults were compared to those of Ahsan et al. [14]; however, the authors
do not report optimal weights for their algorithm. Thus, to make the
comparison fair, we repeated the optimal weight evaluation from Sec-
tion 6 using data from Ahsan et al. This led to the set of weights of
wy, = 0.39, w, = 0.26, and w, = 0.35. Our algorithm was then compared
with the previous work [14] by using optimal weights for both.

We simulated printing 953 models from the SHREC 2015 dataset.”
The repository contains 1, 200 models, but those that were not prin-
table were not used.

Our evaluation also simulated the printing in the orientations ob-
tained by the two weight sets: one for our algorithm and one for the
Ahsan et al. algorithm [14] (the printing time ratio of both methods is
reported in Fig. 10). If the ratio was equal to one, both algorithms
converged to a solution that required the same printing time. Ratios
greater than one suggested that the distance of the connected compo-
nents in the slice should be considered because this converges to a faster
solution. In other words, ratios greater than one suggested our method
improved printing speed. For some objects, the speed increase was 45%.
Ratios less than one suggested the opposite: that our method decreased
performance. The worst case for our algorithm was a 50% performance
hit.

Overall, 62% of the cases of both algorithms arrived at the same
orientation. The results also showed that considering the traveling
distance can lead to worse performance in 23% of the cases. However,
for the remaining 15%, considering the distance of the connected
components led to a faster solution.

After all tests were performed, the three best and three worst objects
from both sets were printed and the printing time for both cases was
measured. Table 1 shows the actual printing time and the printed ob-
jects in their orientations. These printings confirm our findings. The
third object is an example of a case where D becomes more important
than both H and C, as discussed in Fig. 1.

The cases that do not show speed increases for our method occurred
most likely from underestimating V in our experiments. This could
suggest that thin, elongated objects that need a support and do not have
a clear difference in C were not accurately represented in the de-
termination of the optimal weights.

Although the actual printing and simulated time varied significantly
(probably because of some systematic error in the simulation software),
the ratios of the measured times agreed for the simulated and the
measured printing times. Thus, we believe the simulation can be used to
approximate the actual printing processes with accuracy.

2 http://www.itl.nist.gov/iad/vug/sharp/contest/2015/Range/data.html.
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Ratio Histogram
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Fig. 10. Histogram of the ratios of printing times for 954 objects. A ratio greater than one suggests that using the four criteria is better; smaller than one suggests that
using only three criteria (the method suggested by Ahsan et al. [14]) is better.

Table 1
Printing times for the cases that considered or did not consider the distance of connected components.
Our method Method [14] Comparison
Time in seconds Time in seconds Ratio
Orientation Actual Simulated Orientation Actual Simulated Measured Simulated

Prefers distance of connected components

S—— 131 809 T — 288 1434 2.19 1.77
953 5847 - 1391 8418 1.45 1.44
|
2609 10,116 3804 16,492 1.46 1.63
Does not prefer distances of connected components
671 1824 321 423 0.48 0.23

1180 1327 ﬁ 737 224 0.62 0.17

904 2263 605 782 0.67 0.35
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8. Conclusions and future work

This paper introduced a novel algorithm for finding a printing or-
ientation for a 3D object that minimizes its printing time. The key ob-
servation is that the time spent traveling over empty areas of the
printed slice can be further minimized. This criterion has been in-
corporated into an algorithm that also considers the object height, the
trapped volume, and the number of connected components.
Furthermore, this paper also provided a systematic method for finding
optimal weights for a given printer. The new method was evaluated by
comparing it to current state of the art practices. In this comparison, our
method demonstrates up to a 45% decrease in printing time.

The main limitation of our work derives from the way the weights have
been found. The new algorithm used simulation software that needs to be
carefully calibrated for an existing printer, but the calibration as well as the
measured values can vary depending on many unknown variables. It would
be preferable to actually print all the objects and measure their printing
time, but this is time- and cost-prohibitive. Our algorithm also uses several
space discretizations (the orientations and the slicing process) that may have
an effect on the final results. Moreover, the choice of the representative slice
from the slab could also affect the results.

One avenue for the future work would be to provide finer levels of
granulation for the trapped volume. We consider its minimization to be an
important factor. However, various approaches for building support struc-
tures already exist [37,27,8,38,18]; their time can significantly vary, af-
fecting the printing time. Nonetheless, including them in the optimization
could produce richer data. The authors are not aware of any full object path
travel head optimization. Moreover, existing work focuses only on one slice
[12]. Future work could consider slice coherence. Our main criterion is the
speed of the printing. However, the speed may not always be the most
important factor. For example, some applications require high quality of the
surface of the 3D printed object as addressed for example in [4,11,14,31].
This depends, among other aspects, on the printing orientation, because the
horizontal resolution is often different from the printing bed elevation step.
This could be also considered as the part of our algorithm. For some printers,
it is preferable to have object located horizontally, because of the structural
properties that may also contradict the printing speed criterion. Moreover,
the weights w = (wy, wy, wg, w,) in Eq. (1) are determined experimentally.
If their effect, and their mutual relation would be known, it would be in-
teresting to allow the user to modify their values to affect the printing.
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