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ABSTRACT

Resource consumption in additive manufacturing (AM) is often tied with the physical
attribute of the fabricated part. Thus, optimizing the processes plan for minimum part fabrication
resource requirement is a matter of great interest. In this thesis, the hierarchical nature of the AM
process plan steps are emphasized and both build direction and material deposition direction are
optimized while considering the resource requirement. A novel combined two-step optimization
methodology is presented to determine optimal build direction for the object and material
deposition direction for layers while considering minimum contour plurality, surface quality,
build height, fabrication factor, and layer contour concavity to compensate for the fabrication
and resource limitations. Furthermore, a concurrent process plan optimization methodology is
presented focusing on fabrication complexity resulting from part geometry. Implementation of
the proposed methodologies on several example parts indicates substantial reduction of their total

build time.
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1. INTRODUCTION

Additive Manufacturing (AM) processes are at the core of next generation manufacturing
which focuses on accelerating the domestic manufacturing competitiveness and reviving the
overall economy. Hailed as the “third industrial revolution” [26], AM has inverted the ‘Design
for Manufacturing’ concept into ‘Manufacture for Design.” The fundamental agility in AM
processes comes with the layer based building technique from the digitized model. The digital
object model is usually constructed using the CAD modeler or reverse engineering techniques.
The validated model needs to be sliced with a set of intersecting parallel planes perpendicular to
a predetermined build direction along which the layers are placed one upon another. Thus, the
3D model is discretized into a set of closed 2D slice contours generated from the intersection
between the 3D geometric model of the object and the planes. Material is added within these
sliced contours by following a specific tool path and the object is built by putting those
consecutively.

Considering the desired attributes in the process and the object geometry, the process
planning steps can be dramatically simplified in the layer-based manufacturing approach which
can vary the resource requirements such as time and travel length. Such attributes include
number of layers, shape and their size, single or multiple contour in a slice, support material,
functionality, accuracy, and surface quality [9]. Each of these attributes depends upon the
execution of the process steps and is often related with multiple process steps. As a result, the
effect of these attributes is carried out between steps towards the finished object. Each of the AM
process steps are equally important and can have significant impact on the attributes of the
manufactured part. But due to their hierarchical relationship, predecessor process steps have

more influence on the finished product than their successors. Figure 1 shows the hierarchical



process planning steps to fabricate an object with additive manufacturing techniques. The

hierarchical steps can be distinguished as virtual and physical strategy.

3D Model Digitization

v

Noise Reduction in CAD Model

v

Identifying Build Direction

v »= Virtual Strategy
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Determining Material Deposition
Direction
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!
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Figure 1. Hierarchical process plan for additive manufacturing.
1.1. Significance of the Work

Part attributes such as surface quality [1-15], accuracy [16], volumetric errors [17-20],
support volume [2, 6, 21], and build time [2, 3, 5, 8-12, 15-17] are often used as metrics to
optimize both virtual and physical strategies in process planning steps. However, with rapid
growth and diversity in the technology, the weightage and effect of these matrices become
dynamic and cannot be measured in a same scale. For an example, slicing an object along a
predefined build direction creates closed contour called layer. For free-form shaped object with
concave surface, multiple closed contours may be generated for the same layer in a particular
build direction. Such phenomenon can be defined as contour plurality. Continuous material
deposition gets disrupted for layers with contour plurality and generates tool start-stops as well

as higher non-deposition time within layers. Such deposition disruption requires



machine/deposition system having very low response time, and high precision and resolution
which in other word mean more resources. Careful selection of build orientation/direction of an
object can significantly reduce the number of layers containing contour plurality. For instance,
the first build orientation of the object shown in Figure 2(a) causes approximately 33% of the
total number of layers to have four contours each as shown in Figure 2(b). Conversely, the
second orientation of the same object shown in Figure 2(c) substantially reduces the amount of
contour plurality as depicted in Figure 2(d).
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A /
1 A
: ¥
1
Build

direction

(c) (d)

Figure 2. Change in the amount of contour plurality layers for two different build
orientation/direction.



Furthermore, when the concave object surface is sliced, the resulting contour may contain
consecutive upward (minima) or downward (maxima) segments which can be defined as contour
concavity (see Figure 3). Continuous deposition will also be hampered because of tool start-stops
along the area of concavity. However, clever choice of toolpath direction/orientation can also

substantially reduce such non-value added machine activity (see Figure 3(b-c)).
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Figure 3. Contour concavity and deposition discontinuity.

Overall, discontinuity in material deposition/cure significantly increases the fabrication
resource consumption in terms of machine hour and energy. However, very few efforts focusing
on deposition continuity such as curve slicing [27] for fiber continuity and computational model
[28] of continuous path planning for complex internal architecture have been reported in
literature. Moreover, contour plurality and toolpath concavity have been frequently overlooked
while determining the build direction as well as tool path in AM process plan. The presence of
contour plurality in layers and concavity in the contour may increase build time and the
discontinuity in the filament and may lower the structural integrity [29]. In this thesis, a
systematic process plan frame work is presented for virtual strategies to minimize the resource
consumption during part fabrication with AM techniques. Among the virtual strategies, build
direction/orientation and material deposition direction steps are specially considered and the

feature characteristics that are tied with them are identified in this work.
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1.2. Objectives
This thesis represents a framework to determine resource based optimal process plan for
virtual strategies of additive manufacturing process. The specific objectives of this research are
as follows:

e Analyze object geometry and quantify contour plurality and contour concavity.

e Determine optimal part build direction/orientation for additive manufacturing
techniques considering contour plurality, build height, part surface quality, and part
geometric features.

e Determine optimal material deposition/toolpath direction considering contour
concavity and toolpath discontinuity.

e Concurrently determine both part build direction and toolpath direction to minimize
fabrication complexity of AM parts.

1.3. Overview of the Research
This thesis is organized as follows: Section 2 represents the background and review of
literature on the virtual strategies of interest of AM processes. By incorporating the resource
requirements with the generated object feature characteristics, a sequentially process plan
optimization is proposed in this work. The workflow (1) of this modeling and optimization
methodology is demonstrated in Figure 4. Section 3 illustrates the approach to determining
optimal build direction/vector and Section 4 describes the optimal toolpath planning

methodology with the consideration of resource consumption.
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Figure 4. Workflow 1 of the proposed methodology.

Considering fabrication complexity resulting from the part geometric attributes, a

Final
Tool-path

concurrent process plan optimization framework is proposed and presented in Section 5. The

workflow (2) of this methodology is shown in Figure 5.
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Figure 5. Workflow 2 of the proposed methodology.
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Finally Section 6 concludes this work and presents some future directions of this

research.




2. LITERATURE REVIEW
2.1. Additive Manufacturing
In additive manufacturing (AM) processes, commonly known as layer manufacturing or

3D printing, physical models are built layer-by-layer. The process plan starts with a digitized
model and ends by stacking the individual printed layers along the build direction creating the
3D physical model. However, depending upon the AM technique and the process plan, the
fabricated part may require post processing. Thus, the AM processes can be divided into three
sequential technological steps: preprocessing (virtual), processing (actual printing), and post-
processing as shown in Figure 6. Activities under each step directly contribute towards the
fabricated part and optimizing one or more steps may improve the process capabilities. However,
these activities are directional, i.e., they have a hierarchical relationship and the error that

accumulates often time amplifies along the downstream activities.
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Figure 6. Hierarchical AM process plan.

The pre-planning/pre-processing stage is at the top of the AM hierarchy and can
proactively alter the AM strategy into a guided desired outcome [30]. The pre-processing stage
primarily uses computer aided design techniques to guide both the machine motion and material

curing/deposition systems. This stage starts with design conceptualization and ends by
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generating the AM process control instructions. The outcome of this stage is information, which
is fully reversible based on the user requirement. Information from this stage is directed towards
the processing stage where actual fabrication starts occurring and the process becomes
irreversible.
2.2. Build Direction/Orientation

Build direction, which belongs to the virtual strategy, can be defined by the perpendicular
vector on the imaginary plane for material deposition. Build direction attracted least attention
from the AM research community and more or less considered as a user defined parameter [30].
When developing the process plan for AM, the build direction is a crucial factor to be
considered. The most common assumption about build direction is that it affects the build time
and the volume of support structure required during fabrication [31, 32]. Often, build direction is
also associated with the number of layers of the part [33] to control the build time attribute. For
the same part, any arbitrarily chosen build direction may result in a relatively larger build height,
which would, in turn, definitely increase the number of layers and so the build time.
Furthermore, surface quality of the part may also depend upon the build direction [1, 18].
Curved surfaces and the planer surfaces other than those which are either parallel or
perpendicular to the selected build direction inherit poor surface quality due to the stepping
effect of adding 2.5D layers one upon another in order to approximate the part surfaces [9, 34,
35].

Alexander et al. [1] determined build direction by maximizing the external surface
accuracy through minimizing the average weighted cusp height. In bottom up AM technique,
which requires support structure, the build direction is often confined with the planar (flat)

surfaces of the object [33, 36, 37] as base. Xu et al. [31] proposed the selection of an optimum



building direction considering the differences of building inaccuracy, surface finish, and
manufacturing time and cost for multiple additive manufacturing processes. An empirical
knowledge based expert system tool developed by Frank [38] uses the expert questionnaire for
decision matrix which helps establish the optimum or near optimal build direction.

The fabrication issue such as volumetric error [18] during deposition is also considered to
find out an appropriate build direction. A multi-objective optimization method [39] is proposed
to achieve good surface finish, accuracy and minimum build time. Byun and Lee [9] and Pham et
al. [36] considered build time, surface quality, and cost of part to determine the optimum build
direction from a set of pre-selected orientations. A proposition of a mathematical model to
predict the layered process error considering the fabrication orientation is demonstrated by Lin et
al. [40]. In order to improve the productivity, part quality, and economy during part fabrication,
optimum orientation of part is determined by minimizing build time, staircase error, and material
used [13] while maintaining the desired shell thickness. Tyagi et al. [17] modeled the optimal
build orientation by considering the staircase effect and required build time. Both surface
roughness and built time were used to determine the optimal part orientation for fused
deposition modeling (FDM) system [5], selective laser sintering (SLS) and laminated object
manufacturing (LOM) processes [3]. Thus, most of time build directions are selected to improve
factors such as surface finish, build time and volume of support structure required, shrinkage,
curling and part cost, but often time build direction is not the sole parameter that affect those
factors. However, choice of the build direction can create multiple contours for free form shape

object in the same layer which can increase the build time during fabrication.



2.3. Material Deposition/Filling Pattern

Once the build direction is defined, the model requires slicing. The 3D model is sliced by
a set of parallel and intersecting planes perpendicular to the build direction. Closed 2D contours
are generated by connecting the intersection points between the plane and the surface model.
Material deposition path or tool-path is generated for individual slice with raster angle and hatch
density to fill the internal space. The extruder or laser/light head need to be guided through the
pre-defined contours or tool-path in order to create an internal meso-structure. Since each
deposited layer is supported by its precedence layer, a 0-90° raster angle pattern among
successive layers is commonly used crisscrossing the meso-structure. However, other pre-
determined layout patterns are tested for the structural integrity [29] and the attributes (i.e., pore
size and geometry) [41] as well. Adaptive layout patterns [42] have recently been proposed by
Khoda et al.to achieve the desired attributes i.e., porosity. Besides, a multi-directional parametric
deposition orientation [43] is also proposed by considering the accessibility and porosity of the
internal region. Too-path generation is the final step of the virtual strategy for affecting the
attributes of the manufactured part. Physical strategies need to be deployed for better attributes
as 2.5D layers are accumulated/cured and stacked successively to generate the 3D part.
Depending upon the AM technique and the process plan, the fabricated part may require post
processing i.e. cleaning extra material, heat treatment to diffuse adjacent layer etc.

2.4. AM Process Plan Solving procedure

Both build orientation and tool-path direction optimizations in AM processes are
computationally intensive and multimodal problem. Rattanawong et al. [18] determined
optimum build orientation using an exhaustive search method. Only one build orientation angle

was varied at 15° interval to minimize the volumetric error occurred in additively manufactured
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parts. Ahsan et al. [15] generated the 3D build vector from two build orientation angles. Their
two step process used a coarse resolution (10°) to identify the initial orientation candidate. Then
a finer resolution (1°) is used to further explore the neighborhood and find the optimum build
orientation considering build height, fabrication resource requirements, and surface quality. Part
cylindricity error [44] was minimized to achieve geometric tolerances by incrementally rotating
the part with 1° resolutions and thus finding the optimum build orientation. Anca™u and Caizar
[3] determined pareto-optimal set of build orientations to optimize surface quality and build time
by incrementally rotating the parts with 2° and 5° as well. Frank and Fade [45] developed an
empirical knowledge based expert system using expert questionnaire for the decision matrix
which helps selecting the optimum or near optimum build direction. Exhaustive search method
was also used in an adaptive mixed tool-path generation algorithm [22, 46] to determine the best
zigzag tool-path angle in order to optimize build time. However, these grid searching processes
may require significant computational resources and may never reach optimal or near optimal
solution. Alternatively, Tyagi et al. [17] used evolutionary stickers-based DNA algorithm to
determine optimal build orientation. Their heuristic technique uses part attributes (i.e.,
volumetric error and build time) to determine the near optimal build orientation with finite
number of iterations. The effectiveness of their objective function may be restricted to the

complex geometry and concave layer contours.
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Build Orientation Part Attributes Considered:
Algorithms used: — Surface quality [1-15]
—  Exhaustive > — Surface accuracy [16]
_ MCDM — Layer process [17] and volumetric [18-20]
_ GA errors
— Support volume [2, 6, 21]
Deposition Direction — Part Build time [2, 3, 5, 8-12, 15-17]
Algorithm used: > — Layer build time [15, 22, 23]
— Exhaustive — Number of turns in tool-path [24]

Figure 7. Different part attributes used to determine build orientation and tool-path direction.
2.5. Remarks
Figure 7 the parts attributes considered and solving procedures for AM virtual/pre-
process planning problems reported in literature. It is clear from the above discussion that the
part geometric attributes requiring more resources in terms of machine hour and energy have

usually been ignored while determining process plans for additive manufacturing techniques.
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3. BUILD ORIENTATION FOR AM PARTS

In this section a systematic framework is presented for build orientation determination to
minimize the resource consumption during part fabrication.

3.1. Build Direction and Contour Plurality

Slicing an object that has concaved surface, for instance, the object shown in Figure 8,
results in some slices that will contain more than one disjoint closed contour within each layer.
In this thesis, this phenomenon is termed contour plurality. Contour plurality might also happen
for objects with internal hollow features. The number of layers with contour plurality is fully
dependent upon the build direction. For the same object, the overall contour plurality can be
varied with different build directions as shown in Figure 8.

If the object shown in Figure 8 is sliced and then built layer by layer along the i build
direction, several layers will have disjoint closed contours. While depositing material on these
particular layers, it is not possible to achieve continuous deposition, thereby causing increased
'start-stops'. Besides, such disruption in deposition will impair the highly desired surface quality.
If the machine is not responsive enough to start and stop depositing material precisely where it is
needed, the exact shape of the object has to be sacrificed to some extent, causing volumetric
error to increase. Overall, all these effects will increase the build time. Even though a machine
might be highly responsive, it is necessary to avoid slice contour plurality to increase deposition
continuity and in turn to achieve lower build time. On the other hand, there might be another
build direction along which, if the same object is sliced and built layer by layer, there will be no,
or a relatively less layers having disjoint closed contours. Thus, properly selected build direction
for an object can significantly reduce the overall contour plurality throughout the layers and

minimize the adverse effects of contour plurality. Conversely, choosing an arbitrary build
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direction could result in most of the layers being contour plurality layers. Hence, the build vector
along which the total volume of the object’s regions having contour plurality layers is minimum
can be considered favorable to resources.

<~

Layer Contour = _ Ss
Plurality N

Build
Direction

Figure 8. Build direction and contour plurality.

The build height and object features’ sizes and shapes are other criteria which are also
directly related to the resource requirement and may be affected by the build direction. Increased
build height will increase the number of layers, thereby increasing the build time. The tiny or
slender features of an object may result in contour plurality with tiny disjoint layer contours for a
build direction. In this section, contour plurality, build height, object features’ sizes and shapes,
and surface quality are considered while finding out the proper build direction. An optimization
algorithm is proposed to determine a build direction favorable to resources considering contour
plurality and build height.

3.1.1. Quantification of Contour Plurality

To quantify the contour plurality in layers, first a build direction is generated through

coordinate system transformation. Then the object volume is discretized considering the contour

plurality along the build direction. This analysis is repeated for a number of build directions to

quantify their effects on contour plurality as well as build height. In 3D Euclidian space R,
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build direction can be represented as a 3D vector 5i: [x,Y;,z]1€R®,Vi=0,..,n. To determine a

around Z and Y axes, respectively [42], which can be represented by Eqg. (1).

[,V Z1=1% ¥, ZIR,()R, (0) Ry =[-7/2,712],p=[0,27]; Vi )
where R, (w) and R (¢) denote the rotation around Z and Y axis through w and ¢ angles,
respectively. [x,y,z] represents the transformed coordinate system, and the unit vector 7, along

Z/ axis is considered as the corresponding build vector Bi . Therefore, each build vector Bi

corresponds to an angle pair (v, ).

At any build direction Bi , the object is discretized by a set of parallel planes

—i . .
At all these sampled points, the surface’s unit surface normal vectors N are determined which

can be defined by Eq. (2).

oS, (Ul V) xS, (U, v )
|\F|)|| — ui( |’,I |,,I)>< vi( |’,I ’,I) ’ | :1,K ,L, VI (2)
Sy, (Ui ) xS, (ui,I’Vi,I)‘

aS(u,, Vi) oS(uj;,vi))

where S, (U;;,vi;) = and S, (u,,v;,) = . A point is defined as a critical point

il il
- _’I A - . .
CP if Ni-n, =lie, S, (ui,,v,)=0,0r S, (ui,,v;,) =0, which means that the surface’s unit
normal vectors at the critical points are parallel to the corresponding build vector. The critical
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points are, therefore, the extreme points on the surface with respect to the build direction. Let a

.....

SCR ={Scp; = (X » Yecp, » Zucp Jhi1..7 < CP, is formed through sorting the critical points along

the build direction Bi based on their perpendicular distance from the build plane and then

discarding the redundant critical points. A rectilinear 3D bounding box [42] for the object is
constructed along the transformed coordinate system using the vertex point set

V, ={pt, pt}, pt; K , pt:} defined by the combination of the minimum and maximum extents of

the object’s surface along the transformed X', Y', and Z' axes.
The plane on which the bottom bounding face of the bounding box lies, which is also
perpendicular to the build direction Bi , Is considered the base plane or build plane of the object

with respect to the coordinate system, as shown in Figure 9.

Parallel cutting planes
Critical point : N

T Base/Build
Plane

Figure 9. Bounding box generation and cutting planes through critical points.
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In the i*" transformed coordinate system, if a point p, = (X/,Y,,Z/) lies on the t™ cutting

critical point set SCP using Eq. (3), which are parallel to the base plane.

Xt'_xécpt
[cosy.cosp siny —cosy.sing]| Y/ -y, |=0; t=1..T 3)
Z —-1.

sopy
After generating the cutting planes, the object volumes between the consecutive planes

need to be evaluated for contour plurality. The object/part is split into (T —1) strips with the

generated between two consecutive parallel cutting planes cpl! and cpl;,, is termed as a part

strip. If any strip contains more than one part split as shown in Figure 10, that part strip will
comprise the layers with contour plurality along the corresponding build direction. So all the
generated stripes are analyzed for contour plurality and a weight is determined for the
corresponding build direction. The index i for build direction will be dropped to simplify the
notations of some parameters and variables from now on.

Parallel
cutting planes
A

— mono-split strip

Obiject strip having
[~ contour plurality layers
] (multi-split stripe)

— mono-split strip

Figure 10. Cutting plane and contour plurality in strip.
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The part strips generated by the parallel cutting planes can be classified as mono-split

strip (red strips shown in Figure 10) and multi-split strip (middle strip in Figure 10) depending

on the number of split part-volumes generated in the corresponding strip. Assume that r™ part

.....

a mono-split strip and if F >1, the r™ part strip is a multi-split strip. Multi-split strip may be
generated if there is any concavity on the part surface or the part has one or more hollow features
inside it. In a multi-split strip, the split part-volumes would yield multiple disjoint closed
contours on the same layer. Thus, a build direction needs to be identified along which the total
volume of the multi-split strips in regard to the total part volume would be minimum. Similarly,
build height which usually changes with build direction directly affects the build time. A larger
build height requires longer build time. When determining a desirable build direction taking
contour plurality criterion into account, it is also necessary to ensure that the build direction does
not lead to a considerably higher build height.

The build direction weight function corresponding to contour plurality for each part strip
is, therefore, defined based on the number of split volumes existing in the strip and their volume
values with respect to the total volume of the object. By summing up the volume of the split part-

volumes, the total volume of each strip is calculated as

. F
vol _st = (Zvol _sp! J XW., Vr
f=1

1, when F>1
0, when F=1

(4)
where, w, :{
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Here, vol _st'is the volume of r™ strip determined for i " build direction, vol _sp} is the

volume of ™ split part-volume of r'™ multi-split strip. Hence, the contour plurality volume

fraction corresponding to i™ build direction can be evaluated as

T )
D vol _st,

VolF, = +=———| Vi (5)
vol _ part

where vol _ part is the volume of the part and VoIF, is the volume fraction of split part-volumes
evaluated for i" build direction. This volume fraction represents the total volume fraction of all
the split part-volumes generated in multi-split strips of the object for the corresponding build
direction, which is directly proportional to the total volume of the multi-split strips. The
minimum possible value of the volume ratio is zero when there would be no multi-split strip i.e.,
no contour plurality in the layers throughout the whole part along a build direction.
3.1.2. Quantification of Shape Factor

Sometimes the part splits, i.e., split part-volumes, might be considerably tiny or thin

which would lead to layers with fabrication complexity. For example, if the object is oriented
and built along the direction Bi as shown in Figure 11, the thin feature of the object would result

in thin layer contours which are susceptible to fabrication complexity. For some other build
directions, there might be a lower number of layers or even no layers having tiny or thin
contours. This fabrication issue is captured by analyzing the shape of the split part-volumes
through using the bounding box technique to quantify the shape factor of the split part-volumes
associated with the build direction. For each of the split part-volumes in a strip, a bounding box
aligned with the build direction is generated and the shape factor is quantified, as discussed in

Sections 3.1.2.1-3.1.2.3 for a single split part-volume and as shown in Figure 11. The same
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procedure is applied for all the split part-volumes. Finally, the four elements are aggregated

together to get the shape factor of the object for the corresponding build direction.

| f
1 \\* pt,
| |5
- |5
A | g
gy it [ S r
Di // \ \ § Lf,2
- ’ | &
- // Lr
\\ v’ .3 | " ] tf
. . v . | pt3f S ot p 4
Thin Object-Feature in o
. . B\,\\é‘? L
Contour Plurality Strip 1

Figure 11. Thin object feature along a build direction and shape parameters.

3.1.2.1. Height/Width Factor

Height/Width (H/W) factor is used as one of the measures of fabrication complexity. A
rectilinear bounding box aligned with the build direction is constructed for each split part-
volume, as shown in Figure 11, to determine each split part-volume’s H/W factor. The height
component of the H/W factor is considered as the length of smaller side and the width

component is considered as the length of larger side between two contiguous sides of the

bounding box’s top or bottom face. For the f" split part-volume, if L}, and L , are the lengths

of the two sides of the bounding box’s bottom or top face and L , is the length of the bounding

box’s other side which is parallel to the build direction, the H/W factor can be determined using

Eq. (6).
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r=1 f=1

H/W _Factor, =1— —— Vi

vol _part
where, H{ = min {L'f‘l, er,z} and W, = max {L“f . erlz}

r=1 f=1 f

F Hr
Z[ :]xvol_sm
W

H/W _ Factor, =1— Vi (6)

vol _ part
where, H{ = min {L'f'l, er,Z} and W, = max {L’f o erlz}

Here, H| is the height and W/ is the width of the f™ split part-volume in r™ strip along i"

build direction.
3.1.2.2. Build Plane Height and Build Plane Width Factors
For each split part-volume, the build plane height and width are assumed as the height

and width of the corresponding split part-volume, as shown in Figure 11 and calculated in

Section 3.1.2.1. For f ™ split part-volume shown in Figure 11, H] and W, are the build plane

height and width, respectively. To address the fabrication complexity, build plane height and
build plane width factors are calculated by using the corresponding height and width and a given
threshold value, assuming that fabrication complexity for the part splits will arise because of
their tininess or slenderness when the build plane height, build plane width, or both values of the

associated part splits are below the threshold value. The build plane height and width factors for

i"™ build direction, which are the volume weighted fraction deviations with respect to the

threshold values, can be quantified by Eqgs. (7) and (8), respectively.

T-1

M

BPHeightR | x vol _sp]

r=1 f

IR

BPHeight _ Factor; = , Vi (7

T-1

ZEvol_spi

r=1 f=1
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te - when Hf >H,,
where, BPHeightR | = e , Vi

f r
1- , whenH{ <H,,
thr

T-1 F
D> BPWidthR | xvol _sp;
H r=1 f= .
BPWidth _ Factor, = ————— , Vi (8)
D> vol _sp;
r=1 f=1
V#, when W/ >W,
where, BPWidthR| = fWr . VY f,r
1-—, whenW/ <W,,

thr

Here, H,,, and W, are the given threshold values for build plane height and width, respectively,
which are specified based on the machine capability and material type and composition.

BPHeightR ; and BPWidthR{ are the fraction deviations of height and width, respectively, from

the threshold values for the f™ split part-volume in r™ strip. BPHeight _ Factor, and
BPWidth _ Factor; are the overall volume weighted build plane height and width factors,

respectively, of the object for i" build direction.
3.1.2.3. Fill Factor

In order to address how the material of a part split is distributed within its bounding box,
fill factor takes into account the ratio of each part split’s volume to the volume of their
corresponding bounding box. Hence, this measure of shape factor captures how much the part
splits fill their bounding box. If a part split fills its bounding box to a very low extent, fabrication

complexity will again increase for that split. Eg. (9) symbolizes the fill factor.

22



T-1

F r
Z xvol _spt
= voI BBoxf

vol _ part

Fill _Factor, =1~ , Vi 9)

where vol _BBox", is the volume of the bounding box of f™ split part-volume in r™ strip

aligned with i™ build direction.
3.1.2.4. Overall Shape Factor
The four normalized components of shape factor discussed above are aggregated together

by summing up their weighted values as denoted by Eq. (10).

ShapeR; = (H/W _Factor; x Wyyr )+ (BPHeight_ Factok x wy )

10
+(BPWidth_ Factor x wy )+ (Fill _ Factor x weg ) (10)

where ShapeF, is the aggregated shape factor of the object for i" build direction and W,
W=, Wy, and wg. are the associated weights for the four components of shape factor and their

sum is unity. These weights reflect the relative importance of the associated factors and can be
user defined. The Hypothetical Equivalents and Inequivalents Method (HEIM) [47] is utilized to
determine the appropriate values of these weights analytically.

In Hypothetical Equivalents and Inequivalents Method, user gives the preferences, both
equality and inequality, among the hypothetical alternatives. Here, the hypothetical alternatives
are the hypothetical build directions. A set of constraints are formed using the preference which
is shown by Eq. (11). Each constraint represents the preference between any two build directions
in terms of their corresponding weighted sum of factor values. The weights are the decision
variables and the objective is to make the sum of the weights one. Finally, the weights are

generated by solving the minimization model.
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Min [1-> w, ]’
Vel
s.t.
(11)
D Fw, -> Fw,<-6; 0r=12K,rand v=7
P P

0<w, <1} Vp
Here, p is the index for factors and w, is the weight assigned to p" factor. Fy and F; are the

values of the p™ factor obtained for o™ and ™ hypothetical build directions, respectively. The

constraints are formulated given that 0™ hypothetical build direction is preferred to 7"
hypothetical build direction. & is a small positive number which is used to ensure the inequality
between two alternative hypothetical build directions. The optimization problem given by Eqg.
(11) is solved by using the constrained nonlinear minimization routine provided in MATLAB
package.
3.1.3. Quantification of Surface Quality and Build Height

Surface quality of additively manufactured objects largely depends on the build direction
which yields the object orientation during fabrication. The staircase effect between the
consecutive layers impairs the surface quality of AM objects. There will be almost no staircase
effect for an object oriented along a build direction when the build direction will be parallel or

perpendicular to the surface of the object. In order to quantify the surface quality with respect to

facets are identified, as shown in Figure 12. It is assumed that the staircase effect, due to a facet,
exists over the whole area of the triangular facet. Therefore, when the facet normals are either

parallel (0:; =0°) or perpendicular (0;J =90°) to the build direction, the staircase effect will be
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minimum giving good surface quality. Staircase effect will be maximum giving poor surface

quality when the facet normal is aligned at 45° with the build direction. The surface quality index

for each facet, e.g., g™ facet shown in Figure 12, can be determined using Eq. (12).

0, when 6, =0°, 90°, or 180°
SQIndex; =1[tand;|, when 0°< 6, <45°, or 135°<0, <180°, Vg (12)

L_, when 45° < 0; <90°, or 90°< Gé <135°
‘tan@é‘

|

—————

Triangulated
mesh model

Figure 12. Facet normal and surface roughness.

The surface quality factor of the entire object for i™ build direction is quantified by

as

G
> SQlIndex; x FA,
SQF ==

, Yi (13)
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where SQF. denotes the surface quality factor of the object determined for i" build direction and
FA, is the area of g™ facet of the object surface. Build height which usually changes with build

direction directly affects the build time. The larger the build height, the longer the build time is.
So while determining a good build direction considering the other phenomena discussed above, it

is also necessary to ensure that the build direction does not lead to a considerably higher build
height. For i" build direction, the build height (BH) of the part is determined as the height of

part’s bounding box along that build direction and then normalized to get the build height factor
(BHF).
3.1.4. Determination of Optimal Build Direction

The objective function to determine an optimal build direction, which will be the
weighted sum of normalized contour plurality volume fraction, shape factor, surface quality
factor, and build height, is expressed as

TotalWeightBD; = (VoIF, x W) + (ShapeF, x W) + (SQF, x Wy,) + (BHF, xwg, ), Vi (14)
where TotalWeightBD,; is the overall weight determined for the build direction Bi  Wep, We,

Wwg,, and Wg,, are the weights for contour plurality volume fraction, shape factor, surface quality

factor, and normalized build height, respectively. The optimal values of these weights are
determined using HEIM [47] discussed in Section 3.1.2.4. Finally, the optimum build direction
can be determined solving the following minimization problem.

Min {TotalWeight_BD,}
s.t.

—_

i = ﬁz; (15)

D
v =[-7/2,7/2]
¢=|0,27]

i=1LK ,n
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where {TotalWeightBD,},_, , is a set of objective function values, which can also be termed as a

set of overall weights of the build directions. The individual elements of this set can be

calculated with Egs. (4)—(10), (12), and (13).

Each build direction Bi and hence the transformed coordinate system [x/, y;, z] for Eq.
(15) can be constructed by rotating the standard coordinate system around Z and Y axes with
angle w e[-7/2,7/2] and ¢ [0, 27], respectively. The following greedy heuristic is applied
to determine the optimum build direction using Eq. (15). First, a candidate set of finite number of
build directions {(w, )} is formed at a uniform interval y on both  and ¢ . From this

candidate set, the build directions with the lowest objective function value are chosen. Their

neighborhoods are then explored with higher resolution A, where 1 <<y . The transformed Z

axis vector corresponding to the angle pair (i ,¢") that yields the minimum objective function

value is selected as the optimal build direction.
3.2. Implementation

The proposed methodology is implemented on two example objects as shown in Figure
13 and Figure 15 with a Core i7 @ 3.4 GHz CPU with 4 GB RAM using Visual Basic scripting
language. Total time needed to implement the methodology on example 1 and example 2 are
approximately 15 and 9 seconds per iteration, respectively. However, the required time can be
reduced significantly by parallel processing or increasing the computational power.

Example 1 containing both contour plurality and layer contour concavity, which is shown
in Figure 13(a), is used to demonstrate the proposed methodology. The object has a volume of

56130 cubic mm with a number of 16806 triangular facets. The resolutions: y =10° and 4 =1°,

and weight values: W, = 0.5, Wy, =0.2, wge =0.1, wg, =0.2, Wy =0.15, w,e =0.38,

27



W,e =0.28, and W =0.19 are used for Eq. (15) during implementation. The optimum build

direction generated from the proposed algorithm is " =11°, ¢ =304° as shown in Figure 13(b).

The objective function values for different build directions are mapped in 3D space and

represented in Figure 14.

——cmm->

Build
Direction

w=0°¢p=0° v =11° ¢ =304°

(a) (b)

Figure 13. (a) Example 1 with reference (v~ =0°¢ =0°) and (b) Example 1 oriented along the

*

optimal build direction (" =11°,¢" =304°).

[[os<tw.p<04
[Jo4<tw.p)<045
B 045<f(y,0)<05
[Jos<fw.p<06
W os<fw.p<08
W os<tw.p=<1

Figure 14. Build direction vectors and objective function values for first example are mapped in
3D space.
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Table 1 summarizes the results for the optimal build angle pair and some other arbitrary
build angle pairs. The result shows the independent nature of each factor as their values vary
based on the build direction. The methodology discussed in Section 3.1 yields the minimum

objective function value at (11°, 304°).

Table 1. Results for different build directions of Example 1.

P R
Factor  Factor ~ Tactor  pacror Weight
-90 O 0.378 0.887 0.849 0.453 0.542
-80 10 0.291 0.949 0.894 0.463 0.517
-80 20 0.214 0.969 0.914 0.458 0.484
-70 15 0.185 0.959 0.908 0.459 0.467
-60 200 0.259 0.980 0.891 0.461 0.507
-60 300 0.863 0.871 0.799 0.483 0.782
-40 30 0.206 0.992 0.912 0.461 0.485
-10 90 0.075 0.896 0.939 0.473 0.405
0 0 0.378 0.887 0.849 0.453 0.542
10 300 0.086 0.887 0.935 0.454 0.405
11 304 0.036 0.910 0.941 0.454 0.385
30 20 0.434 0.932 0.851 0.468 0.582
40 150 0.337 0.951 0.873 0.449 0.536
60 40 0.158 0.971 0.922 0.456 0.457
80 300 0.523 0.856 0.879 0.480 0.617

A second example shown in Figure 15(a), is used to again demonstrate the effectiveness
of the proposed methodology. This example 2 object has a volume of 15166 cubic mm with a
number of 3372 triangular facets. The following weight values are used to apply the

methodology: w, = 0.40, w,,, =0.21, wy. =0.19, and w,, = 0.19 . Resolutions and other weight
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values used for Eq. (15) and (22) are same as that of example 1. The optimum build direction

generated from the algorithm is " =0°, " =356° as shown in Figure 15 (b).

The optimum build vector (" =0°, ¢ =356°) yields the minimum objective function
value. If the part is built along this direction, there would be only 0.1% contour plurality volume
of the total volume of the object. Compared to an arbitrary direction (—20°, 80°), contour
plurality, build height, and fabrication complexity (shape factor) are decreased by 91.2%, 30%,
and 65%, respectively. The total build time for the optimal build direction, " =0°,¢ =356°, is
also reduced by 7.8% compared to an arbitrarily selected build direction (v =—-20°, ¢ =80°).
The objective function values for this example at different build directions are mapped in 3D
space and represented in Figure 16. The objective function value shown in the 3D map follows a

pattern along one axis due to the axisymmetric attributes of the object.

——cmm-

*

Build
Direction

w=0°¢=0° v =0°¢" =356°

(a) (b)

Figure 15. (a) Example 2 with reference (v~ =0°,¢" =0°) and (b) Example 2 Oriented along the
optimal build direction (" =0°,¢ =356°).
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[ o<Totalweight _BD, <0.15
[] 0.15<Totalweight _BD, <0.2

Optima| Build vector . 0.2 <TotalWeight _ BD; <0.3
[] 0.3<Totalweight_BD, <0.4
[ 0.4<Totalweight_BD, <0.6
[l 0.6 <TotalWeight _BD, <1

Figure 16. Build direction vectors and objective function values for second example are mapped
in 3D space.

3.3. Remarks

An AM process planning approach emphasizing on the build direction has been
developed in this Section which allows the minimum usage of resources. The outlined
methodology proposes an optimal build direction considering the lower contour plurality, build
height, fabrication complexity, and better surface quality. The optimal build direction minimizes
the total build time by reducing the contour plurality as well as improves the surface quality by
reducing the stair-case effect. The next step is to orient and slice the part along the optimal build
direction and to determine optimal toolpath directions for each layer which is discussed in

Section 4.
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4. TOOLPATH PLAN FOR AM PARTS
The object is sliced along the resource favorable build direction (described in Section 0)
by a set of intersecting planes parallel to each other. The non-self-intersecting, closed, and planar
layer contours which will represent the object are generated by connecting the intersection points
between each intersecting plane and the object surface. The distance between the consecutive

intersecting planes is kept constant which is the diameter of the filament to be deposited. This

layer. The following analysis has been done for a specific contour. As all the contours are planar
closed curves, they only intersect to their start and end points. These contours can be
parametrically represented by Eq. (16).

C, (u,)=(x(u.),y(u.)), where k=12K ,K

u, € [ak'bk] (16)
Ck (ak) = Ck (bk)

Where C, (u,) represents the parametric curve of k™ contour with respect to the parameter u,
ranging between [a,,b,]. The presence of contour plurality in the object will result in a set of

contour on the same layer and that can be represented as L ={L }, and

=1,2K.Y

L, ={C, }where k >1 and L stands for a set of layer contours.

4.1. Tool Path Angle and Layer Contour Concavity
Concavity is the property of curving a graph of the function upward or downward. In 3D
free-form shaped object, the layer contour may contain curving upward (minima) and downward
(maxima). In between of two adjacent minima or maxima on a layer contour curve, there will be
a maxima or minima, respectively, as shown in Figure 17. During material deposition across

these adjacent maxima or minima, the print head has to stop, pass through air, and then start
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material deposition again as shown in Figure 17(a). The deposition direction across the adjacent
minima or maxima, therefore, introduces deposition discontinuity as well as two cut-off parts in
layers.

Because of deposition discontinuity, the print head frequently starts and stops during
deposition as shown in Figure 17(a), and causes over-deposition. This costs resources such as
time and material for over deposition which is not good for the surface integrity and dimensional
accuracy of the finished part [3]. Therefore, a suitable material deposition direction for each
layer needs to be determined in order to minimize the resource requirements for the concave

layer contours.
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Figure 17. Layer contour concavity. (a) discontinuity and (b) no discontinuity along X;; axis.

4.1.1. Quantification of Slice Concavity
To analyze each layer contour, a 2D rectilinear bounding box of each 2D layer contour is
constructed as shown in Figure 17. To get a set of deposition directions, the coordinate system is

rotated around Z axis through B angle where g €[0,7]. Each time the transformed X axis

vector is considered as the deposition direction. In a transformed coordinate system, a set of

tangent vectors, T ={t;} is considered on the layer contour at N number of equidistant

j=04,...N
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points and the transformed X, axis vector is regarded as the base vector (B) . The points on the
contour curve at which the first derivatives of the curve (tangent vectors) with respect to X, axis

are zero, are the stationary or extreme points of the curve.

points exist on a contour, there will be discontinuity for a number of deposition directions and
the print head will pass through the air as shown in the Figure 17(a). The straight lines passing

through the extreme points (E) and parallel to X |, (the base vector) are defined as cutting lines

which constitute the cutting line set CL ={1_} where m< N'. The area of the contour

c=0K ,m
curve between two adjacent cutting lines (I, 1..,) is denoted as a strip. The generated strips are
classified as continued and discontinued strips. The strips S; ={S}_ox (».y Which contain the
start-stop event or discontinuity or the cut-off contour parts are considered as discontinued strip

as shown in Figure 18. The continued strip containing no start-stop event or cut-off part is more

expected in layer manufacturing.
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Cut-off parts
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Figure 18. Discontinued strips in contour. (a) single strip and (b) multiple strips.
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For the set of cut-off parts P ={p, } of a contour curve obtained for a deposition

x=0,K ,X
direction, the total area of the cut-off parts and discontinuous area factor can be calculated by Eq.

(17).

X

2 Cx
DAF* =22 vk (17)
Area

where C, is the area of X" cut-off part, Area” is the total area, and par* is the discontinuous

area factor of the k™ contour. The larger the value of discontinuous area factor, the more
resources will be consumed.
4.1.2. Quantification of Contour Shape Factor

Once the contour contains cut-off parts, each part is analyzed for fabrication complexity.
Shape of the contour plays a significant role to determine fabrication complexity. For example,
contour with tiny feature or segment is difficult to produce. Even though, build direction
methodology minimizes such slender feature generation, many times it would not be possible to
eliminate this completely. Thus, some layer contour may still end up with tiny features after
slicing and proper deposition direction may minimize their adverse effect. To quantify the layer-
wise fabrication complexity for tiny features, the shape factor consisting of aspect ratio and fill
factor of each cut-off part is calculated and finally, the overall contour shape factor is determined
for a deposition direction.
4.1.2.1. Aspect Ratio

An aspect ratio of a geometric shape normally reflects the ratio between its sizes in
different dimensions. If each cut-off part of a layer contour is inscribed by a rectilinear 2D

bounding box, the ratio of shorter dimension to larger dimension of this bounding box is
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considered as aspect ratio of this part as shown in Figure 19 and the area weighted aspect ratio

for the entire layer contour can be determined by Eq. (18).

Wbb
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| |
| |
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|
|
A o
(a) (b)
Figure 19. Aspect ratio of Cut-off parts in contour curve. (a) low and (b) high fill factor.
X
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Here, AR, is aspect ratio of X" cut-off part, AR is the total aspect ratio for k™ contour, and

w,; and H/ are the width and height of the bounding box, respectively, of x" cut-off part.

4.1.2.2. Contour Fill Factor
Often time the aspect ratio may not reflect the actual shape of the cut-off part as shown in
the Figure 19(b). Another factor namely contour fill factor is incorporated to have the better
sense of shape. The ratio between the total area of cut-off parts and the area of its bounding box
is considered as contour fill factor. The fill factor for a contour can be determined as
e
BBArea,

CFFk=1- -
Area
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where BBArea, is the area of the bounding box of x" cut-off part, and CFF* is the fill factor

for k™ contour. The less value of contour fill factor reflects ease of deposition on the
corresponding contour.
Finally, the total contour shape factor is considered as the weighted sum of aspect ratio

and contour fill factor and represented by Eq. (20).

CSF, = (AR  xw,q )+ (CFF* xwerr ) K (20)

Where CSF, is the contour shape factor for k" contour, W, is the weight for aspect ratio, W
is the weight for area factor. The optimal values of these weights are determined using the same
HEIM method [47] discussed in Section 3.1.2.4.
4.1.3. Optimal Material Deposition Direction

To quantify the deposition direction, Eg. (1) in section 2.1 is used for one axis rotation
and the coordinate system is rotated by £ angle around the Z-axis. One sample example of two

deposition directions along with corresponding area of cut-off parts is shown in the Figure 20.

Figure 20. Cut-off parts of the same layer contour for two different deposition directions.

37



The ultimate weight for a deposition direction given by Eq. (21) is determined as the
weighted sum of the discontinuous area factor and the contour shape factor.

weight _ DD/ =(DAF, xWg,- )+(CSF, xWeee ), VK (21)

where weight _DD/ is the ultimate weight of 4 deposition angle for k™ contour, Wy, is the
weight for discontinuous area factor, W, is the weight for contour shape factor. The HEIM

technique [47] discussed in Section 3.1.2.4 is also used here to determine the optimal values of
these weights. The model for finding optimal material deposition direction can be represented by
Eqg. (22).

Min {weight DD/}

s.t.

Bel0, 7] (22)

ﬁyg(ﬁy—1_¢’ﬂy—l+¢)’ vy

$>0

The optimal material deposition direction i.e., tool path orientation angle can be

determined by solving the optimization problem presented by Eq. (22) using the same method
explained in section 2.4. While determining the optimal tool path orientation angles for
consecutive layers, a tabooed range of angle defined by + ¢ must be imposed for the consecutive

layers to ensure the structural continuity and integrity of layers. Hence, the material deposition

angle depends on the angle of the supporting layer. If the deposition angle of y" layeris 5",

the acceptable deposition angle of (y +1)" layer cannot lie within the range 8" +¢.

Once the optimal build direction and deposition direction are obtained, the total build
time is measured to validate the proposed methodology. The total fabrication/build time of an
object can be classified into two components: deposition time and air/non-deposition time [48] as

shown in Eq. (23). The total air time will be the summation of air time for contour plurality and
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contour concavity. During the calculation of deposition time, if the deposition length is greater

than a threshold value T, for any segment, three stages of motion namely acceleration stage,

constant speed stage, and deceleration stage are considered [49]. If the filament size is smaller
than the threshold value T, , only the acceleration and deceleration stages are considered.
Y
BuildTims, ) = " (LBT/ + LAT/) (23)

y=1

where BuildTime, , is the total build time of an object oriented along (y,¢) build direction.

ﬂ ﬁ' - - - - h -y =
LBT,” and LAT," are the build and air time, respectively, of y™ layer for B deposition angle.

4.2. Implementation

After getting the optimal build directions for the two example objects used for the
implementation of the methodology given in Section 3.2, both objects are oriented as shown in
Figure 13(b) and Figure 15(b). Then the objects are sliced along that direction using uniform
slice thickness given in Table 2. The resulting layer contours are analyzed individually and
consecutively following the methodology discussed in Section 4.1 in order to determine their
optimal material deposition directions. Thus, layer wise deposition directions for the entire 3D
object are generated to address the resource consumption. During the implementation, the

resolution for Eq. (22) is used as y =5°, ¢ =45° and the weights used are
Wyr =0.5 W =0.5 wy,e =0.7, W =03. Five layer contours of Examplel object are taken at

different arbitrary height locations along ~ =11°,¢" =304° as shown in Figure 21 and the

fabrication time is measured using Eq. (23). The fabrication parameters considered to measure
the time is shown in Table 2 which are adopted from Dimension® bst 1200es FDM machine from

Stratasys.

39



(y+e)

(y+c)
. B =0°
Y/:\ ﬂ =0° A
3 Loos
(y+e)
(y+d)
(y+c)
(y+b)
(y+a) (y+a) (y+d)
A A . O
Y | Build B =85
Y A * X' * | Direction Y A
! p =60° w =11° :
T3 @ =304° 3

Figure 21. Contours of Example 1 object at different layers with best deposition directions.

Table 2. Fabrication parameters [Dimension® bst 1200es from Stratasys].

Slice thickness 0.254 mm
Raster Width 0.5mm
Travel Speed 7800 mm/min
In-Fill Speed 3048 mm/min

To analyze the result further, contour cut-off parts (discontinuous area), deposition travel
lengths of tool, non-deposition travel lengths of tool, and total layer deposition times are
measured for the whole object (example 1) and shown in Table 3. All of these measured metrics

show minimum values for the optimum directions as shown in Table 3. Two arbitrarily selected

layers (y+a)™ and (y+c)" are analyzed and the result are shown in Figure 22—23.
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Figure 22. Discontinuous contour areas of two layers for different deposition directions of
Example 1.

Table 3. Process plan results for different build directions

Depositi  Non- N Total Deposfc Non-  Total % %
v on deposition length 10n depositi . Improve- Improve-

length  length time ontime M€ mentof mentof

(mm) (mm) (mm) (min) (min) (min) length time
1 304 224385 6844 231229 281 25 306 17.87%  20.73%
0 0 225836 30565 256401 282 64 354 8.93% 8.29%
30 150 234994 38680 273674 298 76 373 2.79% 3.37%
10 60 235262 46269 281531 294 92 386 0.00% 0.00%
73 253 232514 40907 273421 291 84 375 2.88% 2.85%
-25 75 234856 35113 269969 293 72 365 4.11% 5.44%
—53 175 232314 31856 264170 290 67 357 6.17% 7.51%
—20 30 237539 20882 258421 297 39 336 8.21% 12.95%
—40 100 232827 35340 268167 291 72 363 4.75% 5.96%
=70 20 237007 37380 274387 296 72 368 2.54% 4.66%
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Figure 23. Deposition travel lengths for tool at different deposition directions for two layers of
Example 1.

500 |
400 | .

300+ 2 .

Total Deposition Time (sec)

(y+c)" layer

0 : : . : : T . : "
0 20 40 60 80 100 120 140 160 180

Deposition Direction, S

Figure 24. Total layer deposition time at different deposition directions for two layers of
Example 1.
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For Example 2, the non-deposition times for five arbitrarily selected layers along
different build directions and at different height locations are analyzed and the results are shown
in Figure 25. Because of the nature of these arbitrary slices, their non-deposition times remain
low along 60° to 120°angle range. However, these non-deposition times can increase
significantly along some directions which is depicted in Figure 25. The proposed methodology is
also compared with two existing methodologies found in literature and shown in Table 4. The
proposed methodology provides optimum deposition direction which has smaller objective
function value and requires lower build time. Example 1 has higher shape complexity than

Example 2 and shows significant improvement in the metrics.

241 y =11 Y =0
7 = — ¢ =90° — @ =356° o
20-\ z=7.7mm z=30mm o ©
18_- o

] y =-11° y=-11°

i (m] (p—45 (0—45 o
14'_ » D/ z=235mm z=16.5mm
12 \

Non-deposition time (sec)

T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160
Deposition direction,

Figure 25. Non-Deposition times at different contours along different build directions of
Example 2.

43



Table 4. Comparison between proposed methodology and existing methodologies from literature

Example 1 Example 2

Build Objective Build Objective

time Function v, ¢ time  Function v, ¢

(min) Value (min)  Value
Proposed 0 o 0
Methodology 306 0.197 11°, 304 89 0.126 0°, 356
Thrimurthulu 060 0424 _50°,70° 95 0341  0° 90°
etal. [5]
Byunand 353 9310 10°,100° 91 0226  0°0°
Lee [9]

4.3. Remarks

Both fabrication discontinuity and complexity is quantified in the objective function to

measure to determine material deposition orientation considering the resource requirement. The

two stage optimization methodology reduces the overall resource consumption during the value

added part building processes. However, the effect of the optimal build direction is carried into

the toolpath planning stage since the layer geometry changes with the change in build

orientation. Also the thin layer features of intricate parts may introduce fabrication complexity

for material deposition. Hence, a combined framework for simultaneous determination of build

orientation and toolpath direction based on geometric complexity is proposed in the next Section.
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5. GEOMETRIC ATTRIBUTE DRIVEN CONCURRENT PROCESS PLAN FOR AM
Part attributes such as surface quality [1-15], accuracy [16], volumetric [17-20] errors,

support volume [2, 6, 21], and build time [2, 3, 5, 8-12, 15-17] are often used to determine the
optimum build direction. Similarly, deposition direction for zigzag tool-path was optimized
mostly for layer build time [15, 22, 23], the number of turns [24], and tool start-stops [15, 23,
25]. Thus far, either build direction or tool-path direction is optimized independently considering
one or multiple attributes in the objective function. In case of multiple attributes, normalized
weights are commonly assigned to the respective attributes, where the weights are chosen
arbitrarily [5, 9, 10, 13], by experience [34], or taken as user defined input [21]. However,
different sets of weights in multi-attribute decision making process can generate diverse results.
The arbitrary or non-systematic selection of weights could be the main downside of such
assessment process [47, 50]. Thus, determining the part attribute weights with decision theory
principle can standardize or align the design process and segregate it from experience.
Furthermore, optimizing either build direction or tool-path direction undermines the hierarchical
relationship in the AM process plan and may generate sub-optimal solution. Both build direction
and tool-path direction alter the layer topology and tool-path pattern, which eventually determine
the process and part attributes. But, the geometry is not taken into consideration while
determining the build and tool-path orientations.

In this section, an integrated framework is proposed to concurrently determine the
optimum build orientation and tool-path/deposition/scanning direction using the Hypothetical
Equivalents and Inequivalents Method (HEIM) and a Genetic Algorithm (GA). Seven part
geometric attributes— slenderness index, width index, depth index, object fill index, discontinued

area index, layer aspect ratio, and layer fill index are measured and assimilated to their linear
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weighted sum in the proposed model. The weights associated with these seven geometric
attributes reflect their relative importance. HEIM is used to determine the appropriate weights of
the geometric attributes. The proposed methodology is designed on the basis of the geometries
and attributes of parts to ensure manufacturability and minimize fabrication complexity in AM
processes. An exhaustive search method would require extensive computational resources even
for a coarse resolution/increment of the rotation angles. An evolutionary algorithm such as GA
can be effective in solving the current AM process planning problem. The proposed work will
maximize the surface area and reduce thin/irregular features in each layer which may directly
affect the fabrication time in general AM processes with or without synthetic support.
Furthermore, the findings can certainly be helpful for multi-head/multi-beam deposition and non-
deposition based AM processes. The roadmap of the proposed methodology is shown in Figure

26.
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Figure 26. Proposed GA based approach to concurrently determining build orientation and tool-
path direction.

5.1. Part Attributes and Geometry
In layer manufacturing, layers are generated by slicing the object with a set of parallel
planes perpendicular to build direction. Materials are cured or deposited within the layer
boundaries in consecutive order and stacking these layers one upon another creates the fabricated

part. The process can be continuous or discrete depending upon the layer topology which may
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affect both part and process attributes. The layer contours generated from the slender and
concave features of an object can introduce frequent changes in tool-path direction and increased
tool start-stops and non-deposition/non-curing travel of tool, which can lead to fabrication

complexity [15, 25, 51]. Build direction, which is measured with angles & and g, can

significantly alter the layer topology. By tailoring the build orientation, the slender, small sized,
and concaved shaped layer features can be avoided. Moreover, with appropriate tool-path

direction (y), the effect of layer concavity on the process attributes can further be alleviated. In

this section, the geometry of an object is analyzed through seven attributes including slenderness

index (1,,), width index (1, , ), depth index (1, ,), object fill index (1, ,), discontinued area
index (1, ,), layer aspect ratio (1, , ), and layer fill index (1,_,). Among them, the first four

attributes measure the contribution of build orientation to the layer geometry and the rest
measure the effect of tool-path direction contributed by the layer features.
5.1.1. Object Geometric Attributes

The slenderness index captures the inconsistency between the width and depth of object
features. A lower slenderness index means that the widths and depths of the object features are
almost equal, which is apparently desirable. The effect of slender features can be minimized by
reducing the slenderness index through leveraging build orientation and tool-path direction. For
instance, the object shown in Figure 27(a) has slender features in its upper and lower sections.
The layers generated from this feature would have higher slenderness index and may bring
undesirable part attributes. On the other hand, a different build orientation of the same object as
shown in Figure 27(b) results in layers with uniform slenderness index. For both build
orientations, the surface quality and build time are measured and shown in Table 5. The surface

quality can be measured by comparing the facets’ normal with the build vector. The stair case
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effect can be quantified with the measured angle for both instances and the methodology is

discussed in Section 3.1.3. On the other hand, fabrication time is measured using two

commercially available software (CURA [52] and Stratasys Insight [53]). For the same

orientation, the build time measured is proportional but different due to the difference in material

deposition rate.
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Figure 27. Effect of build orientation on the layer geometry of slender features

Table 5. Part attribute values for two different build orientations of the objects shown in Figure
27, Figure 28, and Figure 29.

Object and Surface quality  Estimated time by Estimated time by Stratasys
Orientation factor CURA [52] (inmin) Insight [53] (in min)
Figure27(a) O 22 42

Figure 27(b) O 20 36

Figure 28(a)  0.1627 38 58

Figure 28(b)  0.2541 34 49

Figure 29(a)  0.5858 37 45

Figure 29(b)  0.2887 27 41
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Similarly, when both width and depth of the layer features are noticeably small, the
process may be equally challenged and may cause difficulties in material deposition/curing. This
can even happen to the features with good slenderness index. Figure 28 is a conceptual
illustration of how choosing appropriate build orientation can help minimize the effect of this
type of object feature. The object shown in Figure 28(a) generates some tiny layers. By changing
its build orientation as shown in Figure 28(b), layers with better width and depth indices can be
achieved. The same process attributes (i.e., time and surface quality) are measured for this object
and the results are shown in Table 5. Even though, the surface quality attribute is superior in

Figure 28(a), the fabrication time required is lower for Figure 28(b).
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Figure 28. Effect of build orientation on considerably small sized layers.
The geometry of an object can also be analyzed with the object fill index, which can be

measured by taking the ratio of each object feature’s volume to its rectilinear bounding box. An
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object feature with the higher object fill index may generate geometrically uniform layers with
good attributes. However, a change in build orientation/direction may change the object fill
index for the same object. For example, the object shown in Figure 29(a) poorly fills its
bounding box. Rotating the object with a different orientation, shown in Figure 29(b), results in a
better object fill index. The same process attributes (i.e., time and surface quality) are measured
for this object and the results are shown in the Table 5. For both instances, Figure 29(b)

demonstrates a desirable result.
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Figure 29. Interaction between build orientation and object fill index

5.1.2. Layer/Slice Geometric Attributes

Analyzing the layer geometry is also important to identify its effect on process and part
attributes. The concave feature in layers can cause more tool start-stop, change in tool-path
direction, and air travel which can lead to fabrication complexity. Depending on the layer
geometry, the effect of concave features can be reduced by altering the tool-path direction/angle
() . Discontinued area index can be introduced to quantify the concave layer features. The tool-
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path direction pair 45°-135° shown in Figure 30(a) results in some discontinuous features and
material cannot be deposited continuously. If the tool-path directions are changed to 0°-90° for
the same consecutive layers, 90° will lead to fully continuous tool-path on one layer and 0° will

generate only one discontinuous segment as shown in Figure 30(b).
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"1 1 =
> — (0
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Figure 30. Interaction between tool-path direction and layer geometric attributes. (a) 45°-135°
and (b) 0°-90° tool-path directions.

Furthermore, discontinuous features in concave layers will have undesirable short
toolpath segments as shown in Figure 30(a). However, a relatively longer tool-path segment can
be achieved for a discontinuous feature having better aspect ratio as shown in Figure 30(b).

Often time, the layer aspect ratio may not reflect the actual shape of the discontinuous feature as
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shown in Figure 30(a). Layer fill index can analyze how much the layer features fill their
bounding boxes. For the 0°-90° crisscross tool-path demonstrated in Figure 30(b), tool-path
direction at 0° generates a discontinuous feature with better layer fill index. Thus, both build
direction and tool-path direction alter the layer topology and tool-path pattern which implicitly
affect the part and process attributes. The framework proposed in this section quantifies their

combined effect on the part and process attributes by analyzing the generated geometry.

Bounding

Object
features

€ ——————

Figure 31. Object discretized with parallel planes and bounding box construction for one of the
object features.

To implement the proposed methodology, a 3D object is first discretized into features
with a set of parallel planes as shown in Figure 31. The planes are generated by analyzing the
object geometry and the change in curvatures [15]. Once discretized, the features’ attributes are
quantified to construct the objective function. The seven geometric attributes discussed above are
measured where the first four among them are formulated by Eq. (24). The rest are formulated by

Eq. (25).
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where, |, and | are the geometric attribute vectors corresponding to build orientation and tool-

path direction, respectively. V is the volume of a discretized object-feature and D, W, and V,

are the depth, width, and volume of the discretized object-feature’s bounding box, respectively,
as shown in Figure 31. T is defined as the threshold dimension based on the fabrication process.

A, and A are the areas of discontinuous layer-feature and the entire layer, respectively. L, W,
and A are the length, width, and area, respectively, of the bounding box of a discretized layer
feature as shown in Figure 30. Here, L >W, . Each of the geometric attribute entries in Egs. (1)

and (2) is normalized such that they all vary between 0 and 1.
Considering their importance, a normalized weight is assigned to each of these attributes

in Eq. (24) and (25). These weights are optimized using HEIM. Considering the weight factors,
objective function is formulated as f(«, £,7) = WOIZ +WLIT , Which is a function of build
orientation angles (¢, ) and tool-path angle (y) . Here, wq, ={W . },1,54 are the weights
assigned to the four geometric attributes of Eq. (24), and w, ={w_ },,,, are the weights

assigned to the three geometric attributes of Eq. (25). The attribute weights are determined using
hypothetical equivalents and inequivalents method (HEIM) [47] discussed in Section 5.2. A

y £ & crisscross filling pattern is employed, where tool-path angles for odd numbered layers
would be y,,4 =y and for even numbered layers would be y,,., =7 +& Or Yy, =7 —¢&. The

analytical model, represented by Eq. (26), is formulated as a minimization problem to

concurrently determine both optimum build orientation and tool-path direction.
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Min f(a,f8,7)=Wo Iy +w, 1,
S.t.

90° < < 270°,

0°< B <360°,

0° <y <180°,

7/0dd :7/’ yeven :7/ig'

Won EWo, M=1234.

W ,ew,, n=123.

(26)

This function varies as the object is rotated about Z and Y axes by angles « and £, respectively,
and the tool-path direction is rotated about Z axis by angle y in a standard 3D coordinate system.

5.2. Weight Determination

In this work, the hypothetical equivalents and inequivalents method (HEIM) [47] is used
to determine the appropriate weights assigned to the geometric attributes introduced in the
objective function of Eq. (26). HEIM is mathematically sound and can determine the actual
importance of the attributes using a set of preferences stated by a decision maker rather than
choosing weights arbitrarily from experience or intuition. In this technique, the user preferences
are used to determine the weights of the geometric attributes. For each attribute, the weight
becomes the variable and a set of outcomes is selected as hypothetical alternatives. The user
provides both equality and inequality preferences among the hypothetical alternatives, which are
used to determine the optimum weight values.

In this thesis, hypothetical alternatives are defined as the pairs of hypothetical build
orientation and tool-path orientation (e, 3, ). The user preference between two hypothetical
alternatives can be used to form a constraint. Thus, a set of constraints is formulated from the
preference information among all the hypothetical alternatives as shown in Eq. (27). The
objective function in Eq. (27) ensures the summation of all the weight values is unity. Solving
Eq. (7) yields the optimum values of the attribute weights.
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Min [1—(ﬁwo,m +iwm)]2

s.t.
fla,B,7)i—fla.B,y);<—06; 1,j=L2K,aand i=] (27)
0<w,, <L, VvVm

O<w ,<IL V¥n

Here, f(a, B,7); and f(a,p,y); are the values of i" and j™ hypothetical alternatives,
respectively. These values can be determined using the objective function of Eg. (26). The

constraints are formulated considering i hypothetical alternative is preferred to j™
hypothetical alternative. & is a small positive number, which is used to ensure the inequality
between two hypothetical alternatives.

A set of hypothetical build orientation and tool-path direction pairs {P. = («, 5,7);} are

created using a 2/~ fractional factorial experimental design [54] as there are seven attributes and
each attribute is assumed to have two levels, low (0) and high (1). Here, the low level (0) is the
preferred level for all attributes of the hypothetical alternatives. Note that all the geometric
attributes in Eq. (26) are normalized and as a result, the actual attribute values are ranging from 0
to 1. Table 6 shows the corresponding attribute levels and the overall values of the hypothetical

build orientation and tool-path direction pairs.
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Table 6. Attribute levels and overall values of the hypothetical alternatives.

Hypothetical Geometric attributes

Values (f(PR))

alternatives (P) I

o1 loz log lou Tia Tio i
P o 0 0 0 0 0o 0 O

P, 1 0 0 0 1 0 1 Wolg+twl+wl

P, 0O 1 0 0 1 1 0 WolotWol i +w i,

P, 1 1 0 0 0 1 1 Wolgi+Wolg+W Il ,+w 5l
P, 0 0 1 0 1 1 1  Woglggtwi b j+w l ,+w,l
P, 1 0 1 0 0 1 0 Wylgi+Wyslos+Wo,l,

P, 0 1 1 0 0 0 1 Woolga+Woslogs+w gl

P, 1 1 1 0 1 0 0 Wouloy +Wo,olo, +Woslos+W ol 5
P, 0 0 0 1 0 1 1  WoulgatW ol ,+wW,l

P 1 0 0 1 1 1 0 Woulor+Woulos+Woalii+W,l,
P, 0 1 0 1 1 0 1 WoloatWoulos+woal j+w sl ,
P, 1 1 0 1 0 0 0 Wolg+Wo,lg,+Wo,lo,

P, 0 0 1 1 1 0 0 WoslostWoulos+W,l

P, 1 0 1 1 0 0 1 Wolgi+Woslgs+Woulos+W sl 3
Ps 0 1 1 1 0 1 0 Woloa+WoslogtWo,los+Wo,l .,
. 1101 1 1 1 1 Woilor +Wo oo, +Woslg s+ Wl s

WL,1I L1 + WL,2 I L2 + WL,3I L3

In Table 6, all the geometric attribute values of hypothetical alternative P, are zero
indicating that P, is highly preferable in the minimization problem. Each alternative is defined
with the contribution of attributes. For example, between alternatives P, and P,, P, can be

characterized with the following attributes— width index (1, ,) and layer aspect ratio (1, , ) at
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the desired level (0); and slenderness index (1,,) and layer fill index (1_,) at the undesired level

(1). Once characterized, the preference between alternatives needs to be determined by the user.

For instance, if attributes 1, , and 1_, are more desirable than attributes 1,, and I _,, then the

L,2 L3?

preference relationship between alternatives P, and P, can be defined as P, & P,, where “7nt”
means “preferred to”. The constraint will be developed between P, and P, as

f(P,)— f(P;) <—-o. Similarly, for preferences among three alternatives, three constraints can

be developed. Thus, the following preference relations among the hypothetical alternatives listed

in Table 6 can be developed using the information given in same table: P, &= P, n P;,
PntPnP,RnPk, Rk, BgnP,nR,, Byn R, B, n P, Finally, all the constraints in

the minimization problem shown by Eq. (28) are formulated from these preference relations. By

solving Eq. (28), the optimum values of the attribute weights can be determined.

Min [1—(iWo,m +iwm)]2

S.t.

~Woq =Wy =W 3 S -0

~Wo o =Wy =W, < —0

Woq —Wo, =W o +W 5 < -0

W1 =W ¥ Wo s W, < —0

W tWo3 =W 5= —0

Wo, =W =W ;<=0 (28)
Wo 1 +Wo o +Wo 3 =W s + Wiy =W, =W 3 < -0
Woy t Wiy =W 5 < —0

Woq —Wo o ¥ W =W 3 s -0

—Wg, +W,  +W , <=0

—Wo, t W =W, < —0

0<wy, <L Vm

0<w_,<1 V¥n
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5.3. Optimization with Genetic Algorithm

In an optimization process, classical exhaustive methods usually suffice for small
solution spaces. However, for larger solution spaces, evolutionary heuristic methods may provide
optimal or near optimal solutions in a relatively lower number of iterations. Genetic algorithm is
one of the stochastic evolutionary search techniques which can be used to solve complex
optimization problems [55]. GA imitates the process of evolution by natural selection and
improves a randomly generated population of potential solutions by applying genetic operations,
i.e., crossover and mutation [56]. The formulated problem in Eq. (26) contains three decision
variable (e, B,7) derived from build orientation and tool-path direction. The variables have
infinite alternatives within their respective ranges and solving them concurrently will increase
the solution space in an exponential manner. In this section, GA is used to determine the optimal
build orientation and tool-path direction by solving the minimization problem formulated in Eq.
(26).

In this section, the build orientation is represented by two rotation angles («¢ and £) of
the object about Z and Y axes, respectively, in a standard 3D coordinate system. By changing
the magnitudes of these two angles, any orientation in the 3D space can be achieved. Similarly,
the tool-path direction is represented by a rotation angle » about the vertical Z axis. Hence, the
three independent decision variables «, £, and » would constitute a chromosome/individual of
the GA population. A binary string is used to encode these three variables as shown in Figure 32.
Each chromosome consists of 34 bits where the first 11 bits encode « in the range of 90°-270°,
the next 12 bits encode £ in the range of 0°-360°, and the last 11 bits encode y in the range of
0°-180°. Every single bit in a chromosome is called a gene. For the initial population of a

specified size N, each of its chromosomes is randomly generated in this bitwise fashion. In each
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generation, the binary encoded chromosomes are decoded into their real values to evaluate them.
Selection, crossover, and mutation operators are then applied to generate new population.

Chromosome:
B 4

< ¢ > € >
[[ofx[ofs[ofs[s]ofs]s]1]o[+]o[+]o[+]o[o]1[+]o[o[sfs]s]s]o]o[s]o[s]o]

Figure 32. A binary encoded chromosome.

The values of GA parameters such as population size, crossover, and mutation
probabilities influence the algorithm performance. A GA with efficient parameter values can
converge and obtain optimum or near optimum solution in a reasonable number of iterations
(computational time). Thus, without proper setting of GA parameters, it’s very unlikely to
achieve convergence and optimum solution. Tuning the GA parameters to an appropriate level
can be done through studying how the performance of the GA depends on its parameter values.
Therefore, a screening experiment on subsize population is performed for proper selection of the

two main GA parameters, crossover probability p, €[0,1] and mutation probability p, €[0,1],

from given sets of probability vectors. A grid search process is implemented for evaluation with
respect to convergence rate, stability, and computational demands. The developed GA with
various combinations of crossover and mutation probabilities is run on an object over a limited
number of generations. The performance of the GA in this experiment is observed and the best
parameter values are identified. The best crossover and mutation probabilities can be further
investigated by incrementally varying them within their neighborhood space. Subsize population
and limited number of generation are used in this experiment to reduce the computational effort.
5.4. Implementation
The proposed GA based methodology is implemented on two 3D example objects using a

Visual Basic based script. All the computations are performed on a core i7 @3.6 GHz CPU with
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8 GB RAM. The proposed methodology is utilized for extrusion based AM technique to
determine the optimum build orientation and tool-path direction for the two distinct objects. The
time required to implement the methodology on example 1 and example 2 are approximately 45
and 15 seconds per objective function evaluation, respectively. The GA input parameters defined
by the user are population size, crossover probability, mutation probability, and generation limit.
The crossover and mutation probabilities are selected through performing the screening
experiment as discussed in Section 5.3. The maximum number of generation is used as the
termination condition for GA. The GA parameter values used for both examples are listed in
Table 7. In order to compare the effectiveness of GA, an exhaustive search method is also

implemented for both examples, where «, f, and y are incrementally varied by 10°, 10°, and

20°, respectively. These resolutions result in total 7030 iterations (objective function evaluations)

for the given range of «, £, and y The layer thickness is assumed 0.254 mm and for zigzag

tool-path, £ in Eq. (26) is considered 90° for both objects.

The “Constrained Nonlinear Minimization” routine provided in MATLAB package is
used to solve Eq. (28) for the optimum geometric attribute weights. It took about 8 seconds to
compute the optimum attribute weights. To ensure the inequality between two alternatives in the
constraints, s =0.01 is considered. The following weight values of the geometric attributes
determined by solving Eq. (28) are rounded to 2 decimal places and used in Eq. (26) for both

examples: w,, =0.07, w,, =0.18, w, , =0.15, w,, =0.25, w_, =0.10, w_, =0.08, and
w,_, =0.17. Both object fill index and layer fill index represent the void which in turn generates

significant changes in deposition modalities. The depth and width indices determine to what
extent the object features are small compared to a set threshold value. The weights corresponding

to these four attributes comprise 75% of the total weight. Therefore, the weight values
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determined using HEIM appropriately reflect the actual importance of the geometric attributes

indicated by the preferences among the hypothetical alternatives given in Section 3.

Table 7. GA parameters.

Example 1 Example 2

Population size: 10 Population size: 60

Crossover probability: 0.6 Crossover probability: 0.6
Mutation probability: 0.01 Mutation probability: 0.01
Maximum number of generation: 50 Maximum number of generation: 60

Example 1, which is used to demonstrate the proposed methodology, is shown in Figure

33(a). The object has a volume of 56130 cubic mm. The optimum build orientation and tool-path

angle obtained using the proposed algorithm for the Example 1 are o” =147.80°, 8 =14.24°,

and y =75.80° as shown in Figure 33(b) and 11. The real values of the angles obtained from GA
are rounded to two decimal places. As & =90°, the optimum tool-path angles for odd numbered

layers and even numbered layers are y,,, = 75.80° and . =165.80°, respectively.

Figure 35(a) illustrates the convergence of GA for example 1. It achieves the best
objective function value (0.19109) within 19 generations, which is equivalent to 190 iterations.
Since the fitness value is the evaluation measure of a chromosome (build orientation and tool-
path angle), the chromosome with the minimum fitness value is the best solution of that
generation. The best objective function value obtained using the exhaustive search method is

0.19647 which requires 7030 iterations for the given increment sizes of «, £, and y as shown

in Figure 35(b). However, finer increments in exhaustive search might provide the same or even

better solution than GA but would require excessive computational resources.
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(8) a=0°3=0° (b) o =147.80°, 8" =14.24°

Figure 33. (a) Example 1 at reference orientation (¢ =0°, 8" =0° ) and (b) Example 1 at the
optimal build orientation (" =147.80°, 8~ =14.24°).

122" | ayer
X (8) o =7580° (0) 7o =165.80°

Figure 34. Optimum tool-path directions for odd and even numbered layers of example 1 at its
optimum build orientation.
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Figure 35. (a) Convergence plot of GA and (b) objective function vs. iteration plot of exhaustive
method for Example 1.

The second example shown in Figure 36(a) is an earbud which has a volume of 3287

cubic mm. Using genetic algorithm, the optimum build orientation and tool-path angles obtained

for the earbud are o =91.67°, S~ = 269.45° and y =75.8°. Therefore, the optimum tool-path
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angle for odd numbered layers and even numbered layers are y,,, =75.8° and y,,, =165.8°,

respectively, as shown in Figure 37. The part oriented through a’ and B in the standard

coordinate system is shown in Figure 36(b). The optimum build orientation results in minimum
number of concave layer contours and the optimum tool-path angle further minimizes the overall
contour discontinued area to approximately 3%, thereby reducing the undesired interruptions in
tool movement. On the other hand, the reference orientation and tool-path angle

(a=0°, 4 =0°y=0° experience concave contours with almost 12.4% overall discontinued

area.

*

a =91.67°, B =269.45°

(b)

- —

Build
Direction

*

Figure 36. (a) Example 2 (earbud) at reference orientation (a” =0°, 8~ =0°) and (b) Example

*

2 (earbud) at the optimal build orientation (o = 91.67°, 8~ = 269.45°).
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Figure 37. Optimum tool-path directions for odd and even numbered layers of the earbud at its
optimum build orientation.

The GA for the earbud (example 2) converges to the minimum objective function value
(0.20059) after 37 generations, which is equivalent to 2220 iterations as shown in Figure 38(a).

On the other hand, the exhaustive method with the given increment sizes of «, s, and y requires
7030 iterations and results in the minimum objective function value of 0.21556 as shown in
Figure 38(b). During the grid based exhaustive search process, the ranges of & and S in Eq.

(26) will generate the build directions in a 3D space of full sphere domain. As a result, the layer

contours generated from the model will be symmetric among the first half and the second half of

the o and Sranges. This phenomenon is exhibiting symmetry in the objective function value

vs. (@, f,7) plot as shown in both examples.
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Figure 38. (a) Convergence plot of GA and (b) objective function vs. iteration plot of exhaustive
method for Example 2.

To further assess the effectiveness of the proposed methodology, the total build times of
both example parts are measured for different scenarios and shown in tation and tool-path
direction.
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Table 8. The time is measured using the build time estimation model from previous work
[23] and the commercial FDM 3D printing software CURA [52]. The software uses its own tool-
path direction and it cannot be changed by the user. Thus, build times corresponding to both
optimum build orientation and tool-path direction cannot be collected from the software. For
both parts, the optimum build orientation and tool-path angle yield minimum build time.
Compared to example 1, the build time of example 2 corresponding to the optimum solution
significantly improves. This happens because example 2 has more slender features which are

reduced by adopting the optimum build orientation and tool-path direction.

Table 8. Build time comparison between optimum and arbitrary process plans.

Build Time (sec)

. Build Tool-path Time .
a! ] - -
Object Orientation Direction (@ 5.7) Estimation (Slo;nmerual
Model [23] >CTWWare
Optimum  Optimum  (147.80°, 14.24°, 75.80°) 9088 N/A
Optimum  Arbitrary  (147.80°, 14.24°, 45°) 9206 13800
Example 1 . .
Arbitrary  Optimum  (0°, 0°, 75.80°) 9139 N/A
Arbitrary  Arbitrary  (0°, 0°, 30°) 9171 14100
Optimum  Optimum  (91.67°, 269.45°, 75.80°) 420 N/A
Optimum  Arbitrary  (91.67°, 269.45°, Q°) 444 900
Example 2 . .
Arbitrary  Optimum  (0°, 180°, 75.80°) 587 N/A
Arbitrary  Arbitrary  (0°, 180°, 0°) 578 1080
5.5. Remarks

Build orientation and tool-path direction are two important AM process parameters which
are determined at the pre-processing stage of AM. Exhaustive search method would require
extensive computational resources even for a coarse resolution/increment of the rotation angles.

This fact justifies the use of GA to solve the current AM process planning problem. In this
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section, a framework is developed for optimizing both build orientation and tool-path direction
simultaneously by analyzing the 3D part geometry as well as the corresponding layer contours in

order to minimize part fabrication complexity.
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6. CONCLUSION AND FUTURE WORK
6.1. Conclusion

Build orientation and deposition direction are two important AM process parameters
which are determined at the pre-processing stage of AM. Carefully determined build direction
and deposition direction can significantly improve the process and fabrication attributes. In this
thesis, a resource based build direction determination algorithm is proposed which considers
contour plurality, geometric attributes, surface quality, build height. Various researches have
proposed build direction algorithm for minimizing part quality, time, and support volume.
However, multi contour layer requires more resources such as time, machine capability, and
computational power which can be significant in case of free form objects. The proposed
framework focuses on such areas and shows that it can reduce the number of multi-contour
layers, thin features, and build height that may lead to lower part building time as well as lower
fabrication complexity.

Then a toolpath path planning algorithm is also presented which minimizes deposition
discontinuity for concave layer contours. Concave layer geometries which are very common for
freeform objects introduce frequent tool start-stops causing substantial increase in build time.
The proposed optimal toolpath reduces the effect of presence of concave features of layer
geometries.

The build direction and deposition direction are usually optimized independently
considering multiple attributes. However, such approach may sometimes produce sub-optimal
solution due to the interdependency of the steps having hierarchical relationship in the AM
process plan. Besides, both build direction and deposition direction alter the layer topology and

tool-path pattern which eventually determine the process and part attributes. Therefore, in this
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thesis, an integrated framework is proposed to concurrently determine the optimum build
orientation and tool-path/deposition direction using Genetic Algorithm (GA). The proposed
methodology is designed on the basis of the layer geometries and the resulting part attributes to
ensure manufacturability and minimize fabrication complexity for parts in AM processes. The
implementation of the algorithm free form shaped objects shows that the process converges
within a reasonable number of iterations.
6.2. Future Work

Porous lattice/cellular structures consist of periodic or aperiodic arrangement of unit cells
made of thin members. Therefore, slicing cellular structures generates numerous contour
plurality as well as concave contours compared to nonporous objects. For example, a layer taken
from the 2.5x5.5x2.5 mm cellular structure shown in Figure 39 contains so many small contours
(see Figure 39(b)) which are very challenging to fabricate even with AM technologies. Such type
of layers also result in weaker section in the fabricated part. This dramatically increased number
of contours will require substantial resources during fabrication. Therefore, resource based

process plan for cellular structures can be an interesting future research direction of this thesis.
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Figure 39. Cellular structure and contour plurality: (a) cellular structure block, (b) contours on a
layer, and (c) fabricated structure.
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