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Abstract. Selected Laser Melting (SLM) is a major type of technique of Additive
Manufacturing for fabricating complicated 3D metal models that are used in
aeronautic, medical and automotive industries. Island scanning strategy has been
shown to be an effective means for melting the metal powders into solids with less
distortion and cracking. However, existing literature and the handouts of the
commercial software have not shown how to compute the island scanning strategy
effectively for a large number of layers of a 3D printed model. In this paper, we
propose an output-sensitive algorithm for generating the island scanning paths for
one layer, with taking O(K + M) times, where K is the number of laser paths in the

interior the layer and M is the total number of contour edges of slice. The
algorithm has been integrated into our self-developed software “Meshprint”. Three
examples were simulated in “Meshprint” and were 3D printed using an SLM
machine, the results validated our proposed algorithm.

Keywords: Additive Manufacturing, path planning, island scanning strategy.
DOI: https://doi.org/10.14733/cadaps.2020.752-762

1 INTRODUCTION

Selective Laser Melting (SLM) [11], a type of technology of Additive Manufacturing, fabricates
metal part by progressively adding thin layers of materials. For each layer, the laser melt and
solidify a selective region of metallic powder by moving along infill paths that has been compute
from a CAD model [3]. Due to this feature, SLM can directly product complex or customized 3-
dimensional parts that cannot be obtained using conventional process, and is mainly used in
manufacturing mechanical products with applications in the aeronautic [16], medical [5] and
automotive industry [4].

However, different from other Additive Manufacturing techniques such as Fused Deposition
Modeling (FDM) and Stereolithography Apparatus (SLA), the SLM method generates larger spatial
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temperature gradients around the melting region. Due to the moving velocity of the laser is 10-
1000 mm/s, the temperature of the melting region that hit by the intense laser rises rapidly, and is
significantly higher than its adjacent region. The melting region is in a thermal expansion state
while its adjacent regions are under thermal contraction. They restrict each other during the whole
laser-scanning process. This phenomenon is the major cause of residual stress [19-20] in the final
SLM components [17].

The introduced residual stresses can cause the part failure duo to part distortion [8], cracking
[7] (see Figure 1) during depositing, and there will be emerging delamination defect [15] (i.e.,
separation of two consecutive layers) once the induced residual stress exceeds the yield strength of
the alloy. Other effect of residual stresses is that the fatigue and fracture resistance of the parts
are decreased [9],[12].

Figure 1: The defects in a SLM part: (a) Distortion, and (b) Cracking.

To reduce the residual stress, a lot of methods have been explored, these include but are not
limited to preheating substrate [1], adding support structure for overhang [6],[14],[22], heat
treatment [12], and adjusting scanning parameters. The scanning parameters include scanning
velocity, spot size and scanning power and the scanning strategy. Refer to Figure 2, there are
three commonly used scanning patterns: unidirectional scanning strategy, bi-directional scanning
strategy and island scanning strategy (or sectoral scanning strategy).

Q /A’ &7 an island

() (b)

Figure 2: Scanning strategies: (a) Unidirectional scanning pattern, (b) Bi-directional scanning
patter, (c¢) Island scanning pattern.

The investigations of [12] and [8] found that when using unidirectional scanning strategy,
deformations along scanning direction is less than those perpendicular to the scanning direction,
and that when using island scanning pattern deformations along each of these directions is fairly
small. They also showed that when fabricating a cuboid with unidirectional scanning strategy, scan
parallel the long side of the cuboid introduces larger stress than parallel the short side, while the
island scanning strategy yielded an intermediate stress level; in addition, scanning a region for a
second time using 50% of the laser power can reduce the tensile stress of the part. Particularly,
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Yasa et al. [21] found that island scanning pattern reduced the residual stress significantly for
bridge-like parts; Lu et al. [10] investigated the influence of the size of island on the density,
hardness, mechanical property and residual stress in Inconel-718 alloy parts. However, island
scanning strategy introduced more paths than the existing path strategies. This means that laser
take more time in turning amongst path segments. therefore, compared with other scanning
strategies (e.g., Unidirectional scanning pattern and Bi-directional scanning patter), the island
scanning strategy takes more printing time.

In terms of microstructures, Thijs et al. [18] studied the microstructure and controllable
texture of SLM AISi1l0Mg parts fabricated with the island scanning strategies; Carter et al. [2]
found cracks appeared in the repeating fine-grained regions in grain orientations that was caused
by shifting the island scanning pattern, and they suggested to determine the scanning strategy in
layer-by-layer manner according to the geometric features of part.

In term of generating island scanning paths, in 2009, Zhang et al proposed an algorithm for
computing the island scanning paths [23], which calculated the intersections of parallel lines with
the contour edges of each slice, and paired these intersection points into lines, and finally broke up
those lines into island paths at island boundaries.

In this paper, we further improve Zhang’s algorithm by reducing the amount of calculations for
the intersections of parallel lines with contours. We also propose a strategy of generating a rotated
island scanning strategy for a sequence of slices, which is used in most practical fabrication
processes of SLM.

The rest of the paper is organized as follows: Section 2 presents our algorithm; Section 3
presents our self-developed “Meshprint” and simulates three models; finally, section 4 presents
the conclusion and limitation of this algorithm.

2 ALGORITHM AND COMPLEXITY

To begin with, some terminologies are introduced for the brevity of illustration. As shown in Figure
3, a square filled with a series of parallel paths is called island. The length of island along Uis W,
and the length of island along V is H. There are two kinds of islands: one is filled with a set of
parallel paths directed along U, for brevity we call it Type I island; the other is filled with a set of
paths directed along V, we call it Type II island The variable A is used to present the gap between
two neighboring paths in an island.

o | 3 i U
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| ' W
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_ | — _Typell
s 4 |“T — .- b island
: P _—
q‘”—“H—“ — [ x+3m)
T P T Iy —— 7
T T T T
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Figure 3: Illustration of the islands: each island is denoted by (X,Y), which is a region of the

intersection of S, with S ; S is X™ strip directed along U and S, is Yt strip directed along V;
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type I island contains parallel paths directed along U, type II island contains parallel paths directed
along V.

As illustration in Figure 3, in this paper, an island is denoted by (X,Y), where X is the index of

type I strip directed along U, and Y is the index of type II strip directed along V. If (X+Y) is an
odd number, then it is a Type I island, otherwise is a Type II island. For example, the lower right
corner island in Figure 3 is presented as (X +3,Y) and it is a type I island. Notice that the
difference between the value of (X+Y) of two adjacent islands is 1, which ensures that the infill

patterns in these two neighboring islands are perpendicular.
Before presenting the island generation algorithm, some critical definitions are given as below:

The input data is a slice of model which is presented by a set of connected components C := {C,,

C , C., ..., C_}. As shown in Figure 4, the slice has three connected components. A connected

PRI

component C,, is a simply polygon which is represented by a sequence of directed edges 9C,:=(e,,

€ €

> - €5 ooy €, ), Where the outer contour is represented in counter-clockwise order and the inner

contour is represented in clockwise order; in this manner the interior of connected component C; is

on the left of each edges.

clockwise

counter-clockwise

Figure 4: A slice which has three connected components.

The main idea of generating island paths for any slice is as follows: For each connected component
in the slice, determine the islands that are penetrated by the boundary edges of the slice, and then
start from founded islands, determine the pattern (horizontal or vertical) of all islands that are
interior to this connected component. The details of this algorithm are given as follows:

Algorithm Generate_Island_Paths ()

Input: A slice represented by a set of connected components, ¢ :={C,, C,,..., C;,..., C_}.

Output: Island scanning paths for all islands that are interior to slice C.

1. for each i:= 1ton do

2. for each edge e € 0C, do

3. determine islands that are penetrated by e and mark them as boundary islands;
4. start from marked island, infill the islands with vertical or horizontal paths

that are interior to C; in a Breadth First Search (BFS) manner;

5. return island scanning paths for all islands that are interior to slice C;
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The details of this algorithm is presented as the following organization : section 2.1 presents how
to determine a sequence of islands that are penetrated by an edge; section 2.2 presents how to
infill island in a Breadth-First-Search manner; section 2.3 will analysis the time complexity of this
algorithm.

2.1 Determine Islands crossed by a Contour Edge
Given a contour edge e, if the absolute value of the slope of e is not larger than H /W , starting
from the origin of ¢, generate points on e by an interval of W along U; otherwise, generate the

points at an interval of H along V. For each point generated and each endpoint of s, we use Eq.
(2.1) and Eq. (2.2) to determine which island it belongs to.

X =|z/w| (2.1)
Y =|y/H| (2.2)
where z and y are the coordinates of a point.
Vv
* 1]
3 I
R e
=] |

_‘ﬁ ___________________
0 AT W >
0 1 2 3 l

Figure 5: Illustration of the islands crossed by edge whose absolute value of the slop is not larger
than H/W.

For the case that two consecutive points on e locate in (X,Y) and (X +1,Y +1), it is necessary to
check whether (X +1Y) or (X,Y +1) is crossed by e . If the lower-left corner of (X+1Y +1) is
higher than e, then (X +1Y) is crossed; otherwise, (X,Y +1) is crossed. For example, B and C
(as shown in Figure 5) are located in island (1,1) and (2,2) respectively, point P is higher than e,
then the lower island (2,1) is crossed. For ease of description, during the process of determining
islands for contour edges, for each island (X,Y), we use L(X,Y)to store the contour edges that
cross through island (X.,Y).

2.2 Generate Island Patterns for a Connected Component by BFS
Line 3 in Algorithm Generate_Island_Paths (C) has marked all the boundary islands for C..

Starting from those islands, BFS is called to mark their neighboring islands that are interior to C,.
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During the searching process, every new marked island is infilled with horizontal or vertical paths.
Figure 6 shows the searching process for a connected component.

Figure 6: Illustration of the searching process for a connected component: The left figure shows
all the islands (in red) that cross the boundaries of C;, where the boundaries (dashed line) of the
unmarked regions are dashed; The middle figure shows the newly marked islands(in red) by BFS

starting from the dashed boundaries in the left figure; the right figure shows the newly marked
islands by BFS starting from the dashed boundaries in the middle figure.

In particular, to determine paths (the red line segments in island of Figure 7) for an island crossed
by a number of contour edges, we split paths in this island into segments and only keep those are
on the left of each edges.

Figure 7: Illustration of generating paths: Red segments are the infilled paths. For island (X,Y)
that is crossed by a set of edges, paths are split and only those on the left of L(X,Y) are kept.

2.3 Complexity Analysis and The Improvement of This Algorithm
This algorithm has a total time complexity of O(K + M), where K is the number of paths in the

interior of the slice, and M is the number of edges on the boundary of the slice. The details of

analysis are given below.
The step of determining islands for the contour of a connected component takes O(m +n),

where m is the number of contour edges, and nis the number of islands that are crossed by the
contour. Searching islands for the interior of this connected component takes O(n'), where n' is

the number of islands that are interior to the connected component. The step of generating paths
for an island takes O(k) time, where k is the number of output paths in this island.
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In conclusion, for a slice with a set of connected components, the algorithm takes O(K + M)

time, where K is the total number of paths in slice and M is the total number of contour edges of
slice. The running time is proportional to the number of the output segments, which means that
the algorithm is output-sensitive.

The improvement of this algorithm comparing with existing algorithm such as Zhang’s [23] is
that it reduces the time of computing the intersection of parallel lines with the boundary edges. In
Zhang’s algorithm, the intersection with horizontal and vertical lines are both been computed for
every contour edge; As a contrast, in our algorithm, by judging what kind of island is crossed by
edge, only the intersection of it with horizontal or vertical line in island are computed.

3 THE SELF-DEVELOPED "MESHPRINT” SOFTWARE AND EXAMPLES

This algorithm has been integrated into our self-developed SLM software, “Meshprint”, which is
developed in C++ language with Qt library and OpenGL API. Figure 8 shows the main interface
where the left column is the window for the geometric parameter setting of the support structures,
island scanning parameter settings and the laser parameter settings. The right column of this
interface is used to render models and inspect the scanning paths. The window of island parameter
settings offers users to tune not only the width and length of islands, but also the overlap distance
between two neighboring islands and the interval between adjacent path segments. Note: A
demonstration video of the software is avilable in the link [13].

| 2l | Tools bar

Support
parameter
settings

Rendering region

Laser
parameters
settings

Island

scanning
parameters
settings

NIEIEIEIEIEIE

Figure 8 : The main interface of “"Meshprint” with the windows for the settings of laser and island
scanning parameters.

3.1 Spinning up the Island Scanning Pattern

“Meshprint” allows to rotate the island scanning paths in a layer-by-layer manner, where the
incremental rotation angle is a . The pattern of upper layer is obtained by rotating the pattern of
the lower layer by an angle of « in the counterclockwise direction.

Note that Algorithm Generate_Island_Paths () only works for regular background patterns
with vertical and horizontal lines, in order to compute the paths of contour C with a rotated island

pattern (Figure 9(a)) we need to adapt it as follows: first of all, we rotate the background pattern
by an angle of a in clockwise order (Figure 9 (b)); and then we rotate the contour C by an angle
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of «a in the clockwise direction (Figure 9 (c)), and then we wuse Algorithm
Generate_Island_Paths ((C) to generate islands enclosed in the inter of C; finally, we rotate C
and the background pattern together by an angle of « in the counterclockwise direction.

Figure 9 : Illustration of rotating island scanning paths by an angle of « : (a) The target state, (b)
The background pattern is rotated by an angle of « in the clockwise direction, (c) The contour Cis

rotated by an angle of a in the clockwise direction. The positions of the islands enclosed in C in
Figure 9(c) are different from those enclosed in Cin Figure 9(a) by an angle of « .

3.2 Examples

In this subsection, refer to Figure 10-12, three models are simulated in “Meshprint”, the images in
each figure contains the effects of loading models, generating support structures, and island
scanning path planning. "Meshprint" provides “point support” as the support structure and the
paths in the interior of support structure are rendered in red, and the paths in the interior of model
are rendered in black.

i |
Interior it Interior
of model of

oy \ | support

@) (b) — ©

Figure 10: The simulation of Model I using our self-developed “Meshprint” software: (a) The input
model, (b) The supported model, (c) The inspection of paths of 395t layer, (d) The SLM 3D printed
part.

3.3 Comparing with Existing Algorithm

On a computer with Intel® CoreTM i7-4770K @ 3.50GHZ and 8GB RAM, we compared the running
time of “"Meshprint” with the island scanning function of the path planning module of Materialise.
Materialise is a company that specializes in developing software for Additive Manufacturing. It can
be seen from Table 1 that “Meshprint” consumes less time, saving about 70%-80%. However,
Magics also has own advantages since it is compatible with various scanning strategies. In addition,
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we compared the running time of “"Meshprint” with the Zhang’s algorithm and “Meshprint” saving
about 20%-30% time.

Interior
of

support
Interior
of model

(a) == (b) - o

Figure 11: The simulation of Model II using our self-developed “Meshprint” software: (a) The input
model, (b) The supported model, (c) The inspection of paths of 280t layer, (d) The SLM 3D printed
part.

T 1 == == F [
= = [ : Interior Interior |
’ - r e ‘ e i gflpport ’
(@) — (b) — © (

Figure 12: The simulation of Model III using our self-developed “Meshprint” software: (a) The
input models, (b) The supported model, (c) The inspection of paths of 202t layer, (d) The SLM 3D
printed part.

Number Number Consuming Consuming Consuming Save Save
Test Dimension of of time of time of time of time time
model | (mmxmmxmm) trianales  lavers Magics Zhang’s Meshprint (Vs (Vs
g Y (s) (s) Magics) Zhang’s)
Molde' 60x71.5x44 32444 1467 24.00 7 5.2 72% 25%
M‘;‘Ije' 93x89x13 22384 400 9.0 1.5 1.2 85% 20%
Model o o
I 135x192.7x71.5 45176 2383 28.0 7.5 5.3 73% 29%

Table 1: The comparison between our self-developed “Meshprint” software with Zhang’s algorithm
and the island path canning modules of Materialise.

4 CONCLUSION

Island scanning strategy is an effective means in reducing the residual stress to produce SLM parts
with less warpage and cracking. However, the literature and handouts of the commercial software
for efficiently computing the island scanning path is rare. In this paper, we propose an output-
sensitive algorithm for generating the island scanning paths, which has been successfully
integrated into our self-developed software “Meshprint”. This algorithm outperforms the Zhang’s
algorithm.
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However, our work also suffers from some limitations, and the following are some potential
directions for future research:

1. The proposed algorithm only works on models without any non-manifold errors such as facet
intersections, normal inverse.

2. The current work only considers the geometric computation; a comprehensive understanding
of the interaction of the geometric patterns and laser parameters can help reduce the influence of
the residual stress.

3. An improvement may be achieved by learning the scanning strategies from exiting layers to
help determine the subsequent layers, which is worthy of future research.
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