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Abstract

Adaptive slicing is a methodology used to optimise the trade-off between build-time
reduction and geometric accuracy improvement in additive manufacturing (AM). It works by
varying decreasing layer thickness in sections of high curvature. However, current adaptive
slicing methodologies all face the difficulty of adjusting layer thickness precisely according to

the variations of the model’s geometry, thereby limiting the geometric accuracy improvement.

This thesis tackles this difficulty by indicating the geometric variations of the model by
evaluating the ratio of the volume of each sliced layer's geometric deviation to the volume of
its corresponding region in the digital model. This indication is accomplished because all the
topological information of the corresponding region is considered in assessing the geometric
deviation (volume) between each sliced layer and its corresponding region. Through having
this precise indication to modify each layer thickness, this thesis aims to develop an adaptive
slicing that can mitigate geometric inaccuracies (e.g. staircase effect and dimensional
deviation) while balancing the build time. This slicing is evaluated using six different test
models, compared with three current slicing methodologies (voxelisation-based, cusp height-
based, and uniform slicing), and validated through computation and manufacturing. These
validations all demonstrate that volume deviation-based slicing optimises the trade-off
between build-time reduction and geometric accuracy improvement better than the other
existing slicing methodologies. For example, it can reduce the build time by nearly half
compared to other existing slicing methodologies assuming a similar degree of printed parts’

geometric accuracy.

The improved trade-off optimised by volume deviation-based slicing can directly benefit the
AM applications in the aerospace and medical industries. This is because current research
has shown geometric inaccuracies are the primary cause of reducing energy efficiency (e.g.
turbine blade and wind tunnel testing models) and having failed implants (e.g. hip and cranial
implants, dental prostheses). In addition to improving the geometric accuracy of AM-
constructed parts, volume deviation-based slicing may also be incorporated with non-planar
layer slicing. Non-planar layer slicing is designed to mitigate the mechanical anisotropy of
printed parts by using curved-sliced layers. By integrating volume deviation-based slicing
with non-planar layer slicing, the thickness of each curved-sliced layer can be adjusted
according to the model's geometric variations and, therefore, has a possibility of reducing

the geometric inaccuracies and mechanical anisotropy simultaneously.
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Chapter 1: Introduction

This chapter provides the background and motivations of this project. It then states the aim
and research questions that this thesis is targeting. Finally, it outlines the structure of this

dissertation.
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Additive manufacturing (AM), also known as 3D printing, is defined as a process of joining
materials to create objects from 3D model data, usually by placing planar layer upon planar
layer [1]. Most current AM technologies share a common information flow, the 'digital thread',
to define the fabrication path [2,3]. This digital thread begins with the creation of a 3D model
in a Computer-Aided Design (CAD) package and ends with the printed object. In this digital
thread, slicing is a vital step. Slicing can be defined as a digital process by which a
triangulated surface model is replaced by a stack of discrete (2D) slices containing the
model's perimeter information. Each slice and its perpendicular projection on the previous
adjacent slice (the first slice is projected on the machine build plane) define the shape of the
top and bottom surfaces of a (3D) sliced layer of an AM-fabricated part. These layers are
typically spaced uniformly and often set by the user via the layer thickness parameter. While
this projection of each layer onto the next is a practical and straightforward approach for
defining the layers of constructing printed parts, it inadvertently leads to geometric

inaccuracies.

The geometric inaccuracies occur because the CAD model’s original curved contours are
reduced to a monotonic stepwise topography set up by the layer thickness, resulting in
staircase effect in printed parts, as shown in Figure 1. In addition to the staircase effect, a
dimensional deviation (Figure 1) can also result when the CAD model’'s geometric feature is
not located between two adjacent layers [4]. These two common slicing-induced geometric
inaccuracies are directly affected by the layer thickness parameters and significantly limit the
potential of additive manufacturing in the current industry. For example, using AM to
construct wind tunnel testing models, printed parts with a higher staircase effect induce a
higher axial force coefficient than the model's desired shape [5-7]. In turbine blade
application, dimensional accuracy is critical for energy efficiency and vibration reduction [8,9].
In using AM in investment casting for biomedical implants, the poor geometric accuracy of

printed parts (moulds) is further inherited by castings, resulting in failed implantation [10-13].

To address these geometric inaccuracies, current industries frequently apply post-
processing for surface treatment after the parts have been fabricated by the AM machine
[14-21]. Post-processing usually refers to smoothing the peaks of the surface profiles of
printed parts mechanically or chemically [11,19]. While this process can mitigate the
staircase effect, it can also result in a further dimensional deviation in the printed part due to
material subtraction or addition. Besides increasing dimensional deviation, post-processing
can amount to 24.68% of the total production cost of an AM-fabricated part and represent

approximately 46% of total manufacturing time [22-24]. To reduce the need for post-
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processing and mitigate geometric inaccuracies, a better slicing methodology that can result

in the profile of the part coming closer to its designed shape is desired by industries.

¥
*

Staircase effect

d—

Dimensional E
deviation

Figure 1. An illustration of staircase effect (circled by red-rectangle) and dimensional deviation (circled
by orange-rectangle) induced by slicing in a printed part. Blue rectangles indicate the stack of sliced
layers, dark-solid lines represent the slices, and the dark-dash line is the digital model’s 2D profile.

1.1. Research Questions

This project plans to answer the following research questions:

1. How can both the staircase effect and dimensional deviation of printed parts be mitigated
while balancing the build time?
2. What degree of mitigation can result from these modifications, compared to existing

slicing methodologies?

1.2. Structure of Thesis

The thesis starts with a literature review of current slicing methodologies in chapter 2.

Chapter 3 centres on introducing the proposed slicing methodology. This is volume
deviation-based slicing, which adjusts each layer thickness based on the ratio of the volume
of each sliced layer’'s geometric error to the volume of its corresponding region in the digital
model. This chapter then describes the experimental methods and equipment used for
validating and implementing volume deviation-based slicing in computation and

manufacturing.

Results obtained from computational and manufacturing validation are presented and

discussed in chapters 4 and 5, respectively.

Finally, conclusions, possible limitations, and future works on this research project are given

in chapter 6.
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Chapter 2: A Critical Review of

Current Slicing Methodologies

The following chapter provides a detailed review of the current slicing methodologies, which
can be primatrily classified into three groups: uniform slicing, adaptive slicing, and non-planar
layer slicing. Particular reference is given to the slicing used to optimise the trade-off

between build-time reduction and geometric accuracy improvement.
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2.1. Uniform Slicing

Uniform slicing, which generates sliced layers with uniform thickness, is the most widely
used slicing methodology in the current industry. Its wide acceptability maybe because it is
easy to operate, as its only user-defined parameter is layer thickness. While uniform slicing
has this advantage, because of this lack of parameters that can be used to control its slicing
process, it has difficulty in addressing the staircase effect and dimensional deviations. To
mitigate these geometric inaccuracies, a great deal of work has been done to investigate the

relationship between part’s geometric accuracy and layer thickness selections.

Lanzotti et al. [25] investigated the dimensional accuracy of printed parts constructed
differently with the layer thickness of 0.10, 0.15, and 0.20 mm. Paul and Voorakarnam [26]
used the layer thicknesses of 0.112 and 0.224 mm to evaluate the staircase effect of the
parts, fabricated from these thicknesses. Garcia-Plaza et al. [27] analysed the dimensional
(length, width, and height) deviation and surface texture of parts built separately with the
layer thicknesses of 0.06, 0.12, 0.18, and 0.24 mm. Similar research for studying the
relationship between a part’'s geometric accuracy and layer thickness choices was also
conducted in [28-30]. Although different layer thicknesses were chosen in these
investigations, research all agreed that thinner layers result in smaller geometric
inaccuracies, particularly the staircase effect. The printed part’s staircase effect is mitigated
because its monotonic stepwise topography, which is set up by the layer thickness,

converges closer to the designed shape by minimising the layer thickness.

However, minimising the layer thickness does not always guarantee an improvement in
dimensional accuracy, as the optimal thickness used for uniform slicing to capture the
geometric feature of a part may vary from feature to feature. Thus, the dimensional deviation
remains when a geometric feature, such as a peak or flat area, is not located between two
adjacent layers with minimum thickness [4]. In addition to this limitation, minimising the layer
thickness can also incur a longer build time as the number of layers increases. To combat
this build time penalty for increasing geometric accuracy and to vary layer thickness

according to the model's geometry, adaptive slicing methodologies have been proposed.

2.2. Adaptive Slicing

Adaptive slicing sought to optimise the trade-off between build time and geometric accuracy
by varying decreasing layer thickness in sections of high curvature. It determines each layer
thickness by evaluating the geometric deviation between each constructed (planar) sliced

layer and a corresponding region in the digital model, as shown in Figure 2. In reducing the
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geometric error of each sliced layer within a user-specified tolerance by decreasing the layer
thickness, the staircase effect of the printed parts is mitigated. A few studies have been
conducted to develop adaptive slicing. However, most of these studies lack reliable
validations for their slicing and face the challenge of accurately adjusting layer thickness

according to the model's geometry.

Figure 2. An illustration of the cusp height between a (3D) sliced layer (dark-blue cylinder) and its
corresponding region (e.g. red mesh) in the triangulated surface model; the light-blue circle indicates
the (2D) slice of each sliced layer.

2.2.1. Adaptive Slicing Based on Commonly Used Geometric Error Measurement

Cusp height and area deviation are typically employed to measure the geometric error of
(planar) sliced layers [31-33]. However, these measurements do not result in an accurate
evaluation of the geometric error, constricting the accuracy of layer thickness modification in

adaptive slicing.

Cusp height is defined as the maximum distance between the surface of a sliced layer and
its corresponding region in the triangulated surface. It is broadly applied in adaptive slicing
methodologies [31,34-36], and is widely employed in commercial slicers (e.g. Slicer3r,
PrusaSlicer, and Ultimaker Cura). Mao et al. [31] employed cusp height for evaluating the
geometric deviation of sliced layers to adjust layer thickness; and found that cusp height-
based slicing results in better geometric accuracy than uniform slicing. However, Mao et al.
compared their slicing with uniform slicing by evaluating the maximum cusp height among all
layers sliced by these two slicing methodologies and visually judging the surface finish of
specific areas of the printed parts from microscope images. In these comparisons, the
number of sliced layers generated by these two slicing methodologies was not the same.
Thus, the slicing of Mao et al., which produced more layers than uniform slicing in
comparisons, naturally resulted in a more negligible staircase effect, affecting their
experiment reliability.
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Danjou and Koéhler [36] also investigated the slicing performance of cusp height-based
slicing and uniform slicing by visually comparing the sliced layers produced by these slicing
methodologies in digital models. Sliced layers produced by cusp height-based slicing were
limited to be less than those created by uniform slicing in [36]. By limiting the number of
sliced layers, they identified that cusp height-based slicing outperformed uniform slicing in
optimising the trade-off between build-time reduction and geometric accuracy improvement.
This statement was made because cusp height-based slicing can produce more layers in

some sections with high curvature in the digital model compared to uniform slicing.

Although the above research all agreed that cusp height-based slicing was better than
uniform slicing, the reliability of these conclusions may need to be further verified, as these
studies mainly relied on subjective—visual evaluations. While there is a lack of research for
accurately analysing the benefits of applying cusp height in adaptive slicing, several
drawbacks of using cusp height to measure sliced layers' geometric deviation can be clearly
identified. Cusp height can induce approximate error, causing slicing to produce sliced layers
that are inconsistent with the model’s geometric complexity. This error happens because, for
sliced layers with the same cusp height, the areas of the (2D) geometric deviations between
these layers and their corresponding regions can differ. This approximate error can be

aggravated, particularly with regard to the sliced layers in the model's flat areas.

To overcome this approximate error in measuring the geometric deviation of sliced layers in
flat areas, Yang et al. [37] proposed using the deviation between the areas of the top and
bottom slices of a sliced layer to measure its geometric error. By employing this area
deviation measurement, their slicing produced thinner sliced layers around the model’s flat
areas than cusp height-based slicing. While these thin layers may mitigate the geometric
deviations in these areas, no quantitative comparison was conducted by Yang et al. to

investigate the geometric accuracy reached by their slicing and other slicing methodologies.

Similar to Yang et al., Zhao et al. [38] also proposed an area deviation-based slicing. Within
the same limitation of a user-defined tolerance (maximum area deviation), a model that was
sliced using area deviation-based slicing exhibited approximately 94% fewer layers than
when it was sliced through uniform slicing. However, this considerable layer reduction was
because the sliced layers produced by uniform slicing was 30 times thinner than the thickest
layers created by area deviation-based slicing, and the test specimen had half of its section
in low surface curvature. Zhao et al. have also not validated the accuracy of using area
deviation to evaluate the geometric error of sliced layers or compared this slicing with other
adaptive slicing methodologies. Although lacking validations, Fu et al. [39] and Rianmora et
al. [40] still clearly identified the main limitation of area deviation. This limitation is that the

topological information within the corresponding region of a sliced layer may not be captured
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using area deviation, particularly if the areas of a sliced layer's top and bottom slices are the

same.

In addition to inducing approximate error (cusp height) and ignoring topological information
(area deviation), these two measurements in commonly used adaptive slicing approach a
sliced layer's geometric error as a 2D error (considering the geometric error's shape as a
polygon). This 2D error was used to indicate the surface curvature of the sliced layer’s
corresponding region for the layer thickness adjustment. By approximating geometric
deviation as a 2D error, the evaluated results can vary when these measurements are used
to assess the geometric error from different orientations of a sliced layer. This issue limits
the accuracy of adaptive slicing modifying each layer thickness according to models’ surface
curvature; this limited accuracy then restricts adaptive slicing in mitigating staircase effect.
By only indicating surface curvature changes, these measurement methods cannot
differentiate the complexity of a model's geometric features, such as vertical, peak, and flat
areas. This problem constrains adaptive slicing’s performance in generating sliced layers

representing these geometric features, thereby inducing dimensional deviations.

2.2.2. Adaptive Slicing Based on 3D Geometric Error Measurement

A sliced layer's geometric deviation is affected by both the topological information of its
corresponding region and its layer thickness, as shown in Figure 2. Thus, by assessing this
geometric deviation’s volume, there is a possibility of capturing all the topological information
of the corresponding region, which can indicate both the variations of the surface curvature
and geometric complexity. A few studies have tried to realise this possibility in their slicing

methodologies by measuring the geometric error of sliced layers as a 3D geometric error.

Kumar et al. [41] intended to calculate the volume variation between each sliced layer and its
corresponding region in the CAD model. They represented each sliced layer by simplifying
its corresponding region into a coarse quadrilateral mesh. The volumetric error in the
research conducted by Kumar et al. was then calculated as the volume deviation between
the quadrilateral mesh of a sliced layer and the corresponding region of this layer in the CAD
surface. By calculating this deviation, Kumar et al. claimed that their measurement could
potentially indicate the topological information of sharp edges in the model. However, no
experiment was conducted to validate this potential of the measurement method or the
performance of this measurement-based slicing. In addition to the lack of validations in [41],
by calculating the volume deviation between the quadrilateral mesh of sliced layer's
corresponding region and the CAD surface, Kumar et al. ended up calculating a sliced

layer’s geometric deviation as a 3D chordal error.
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Taufik et al. [42] attempted to calculate the volume discrepancy between the sliced layer and
a corresponding region in the triangulated surface model using the sliced layer's area
deviation to multiply half of its layer thickness. They stated that this measurement could
accurately examine sliced layers’ geometric deviation; the measured volumetric error in their
experiments constantly varies with the surface curvature of sliced layers’ corresponding
regions. In addition to a model with a simple geometric form was chosen in these
experiments, multiplying area deviation with half layer thickness indicated that the shape of a
sliced layer's geometric deviation approximates that of a triangular prism. Despite this
approximate error, the limitations of the area deviation discussed above can also cause this
measurement method [42] to ignore the topological information in the sliced layer’s
corresponding region. Taufik et al. also applied this measurement in adaptive slicing for layer
thickness modifications. However, no experiment was done for validating their slicing’s

performance.

Alexa et al. [43] voxelised a sliced layer and its digital model's corresponding region,
calculating the volume deviation of the sliced layer by counting the number of non-
intersected voxels between the two voxelised objects. By using this voxelisation method to
measure the sliced layer's geometric deviation, voxelisation-based slicing produced a better
trade-off between build-time reduction and geometric inaccuracy mitigation than uniform and
cusp height-based slicing. This comparison result was obtained by Alexa et al. through
qualitative and quantitative analysis. In qualitative experiments, similar to the validation
issues discussed in [31], Alexa et al. visually judged the sliced layers in the digital model and
the surface finish of printed parts’ specific areas from microscope images. In quantitative
experiments, Alexa et al. compared voxelisation-based slicing with uniform and cusp height-
based slicing by assessing how these three methodologies preserved the model’s mass
within the limitation of the same number of sliced layers. Although using both the quantitative
and qualitative analysis for verifications increases their conclusion’s reliability, their
quantitative analysis was conducted inaccurately. This quantitative analysis is inaccurate
because the total volume discrepancy between a printed part and its digital model does not
directly relate to the printed part’'s geometric accuracy. A sliced layer in a model’s large
sections with low surface curvature will result in a more significant volume deviation than a
sliced layer with the same thickness in the model's small sections with high surface
curvature. This inconsistent variation between evaluation results and surface curvature limits
the reliability of the conclusion for voxelisation-based slicing in [43]. Furthermore, because
voxelisation approximates the geometric features of sliced layers and sliced layers'
corresponding regions, an approximation is induced in assessing sliced layers’ geometric

deviation.
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Taufik et al. [44], Sikder et al. [45], and Deng et al. [46] also considered the geometric
deviation between a sliced layer and its corresponding region as a 3D geometric error in
their adaptive slicing methodologies. However, none of these slicing methodologies has a
measurement method that can accurately calculate the volume of each sliced layer’s
geometric deviation. This challenge of precisely assessing the sliced layer's geometric
deviation further restricts adaptive slicing’s performance in mitigating both the staircase

effect and dimensional deviation of printed parts.

2.2.3. Limitations of Adaptive Slicing Procedure

Despite the constraint from measurement methods, in most of the adaptive slicing explored
above, the alleviation of geometric inaccuracies has also been limited by its slicing
procedure. This limitation happens because most of these slicing methodologies initially slice
a digital model uniformly with either a maximum or minimum layer thickness restricted by the
AM machine [32,45,47]. The geometric error of each sliced layer is evaluated, and when the
evaluated geometric error of a sliced layer is outside the user-defined tolerance, the layer

thickness is reduced.

However, initially slicing a digital model using uniform layer thickness also defines the
number of sliced layers of the part that will be constructed. The height of a constructed part
is determined by summing the thicknesses of its sliced layers. To maintain the desired
fabricated height specified by the digital model, adjusting the thickness of a sliced layer
requires a corresponding modification of the thicknesses of the other sliced layers. Therefore,
the variation in each layer thickness is defined by the geometric error evaluation and is also

affected by the number of sliced layers determined by the uniform slicing process.

Mao et al. [31] overcame this limitation by initially slicing a model into a stack of uniform
intervals (temporary sliced layers); the distance between these intervals was smaller than
the minimum thickness of the machine specifications. The geometric error of each interval
was then evaluated using the cusp height. By joining these intervals until a sliced layer's
cusp height reached the maximum user-defined tolerance or until the layer thickness
reached the maximum machine-allowable thickness, the thickness of a sliced layer was
defined. While this slicing procedure does not affect the layer thickness modification, it is

computationally expensive.

2.3. Non-Planar Layer Slicing

In addition to geometric inaccuracies, mechanical anisotropy is unavoidable in AM-fabricated
parts due to the recursive fusion process [48,49]. Thus, inconsistent load capacity of AM

parts can occur when forces are applied from different directions, such as parallel to or
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across layers [48]. Some researchers have noted that the shape of slices affects the
anisotropic behaviour of AM-constructed parts by affecting their compressive and tensile
strength [50-55]

Non-planar layer slicing, also known as curved-layer slicing, was first proposed by
Chakraborty et al. [55] to mitigate the mechanical anisotropy of AM-fabricated parts. The aim
of this slicing methodology was to manufacture slightly curved (shell-type) parts using non-
planar (curved) layers. The slices of these curved-sliced layers were spaced uniformly and
generated by offsetting the bottom (parametric) surface of a desired fabricated part's digital
model along the positive Z-direction of this surface. By printing a slightly curved part based
on these curved slices, a continuous filament structure can be achieved within, as shown in
Figure 3 (a) and (b). Therefore, the contact area between each adjacent constructed layer is
increased. This increased contact area reduces the mechanical anisotropy of the printed

parts by strengthening the interlayer bonding [56-59].

Figure 3. (a) A curved beam sliced using planar layer slicing, (b) A curved beam sliced using non-
planar layer slicing [34 p.364]

Some researchers have also stated that non-planar layer slicing methodologies could
partially eliminate the staircase effect of AM-constructed parts [51,52,55,60,61]. This
elimination is due to curved slices being generated by offsetting either the top or bottom
surface of a model. This slice generation enables the curved contour of these top or bottom
surfaces to be represented in the curved-sliced layers. However, when using these curved-
sliced layers to construct models with geometric features similar to a sphere, the staircase
effect remains between each curved-sliced layer’s infill. Isa and Lazoglu [62] argued that
generating curved slices based on surface offsetting considers only the geometric features
of offset surfaces and cannot mitigate the part’s other bounding surfaces’ staircase effect.
Non-planar layer slicing also does not consider the models’ geometric features in
determining the thickness of each sliced layer; therefore, a high geometric deviation can be

induced in sliced layers.

2.4. Conclusions

A review of the above-cited literature reveals the following limitations of the current slicing

methodologies:
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1. Although most research agreed that minimising layer thickness in uniform slicing
reduces the staircase effect in AM-constructed parts, this action may not improve

dimensional deviation and incurs a longer build time.

2. Most current adaptive slicing methodologies lack reliable validation to investigate
their effectiveness in optimising the trade-off between build-time reduction and

geometric accuracy improvement.

3. The layer thickness modification in the current adaptive slicing methodologies is
limited by inaccurate measurements for the geometric deviation of sliced layers and
is affected by their slicing procedures (adjusting each layer's thickness following

uniform slicing).

4. A few studies suggested that non-planar slicing may mitigate printed parts’ staircase
effect because the curved-sliced layers can represent the curved contour of the
digital model's top or bottom surfaces [51,52,55,60,61]. However, this mitigation is
restricted by models’ geometry, and this type of slicing can cause a high degree of

geometric deviation in the sliced layers.

In conclusion, there is not yet a type of slicing that can accurately adjust each layer
thickness according to the variations of the model's surface curvature and geometric
complexity to mitigate both the staircase effect and dimensional deviation. Therefore, the
primary focus of this research will be on developing a measurement method that can be
employed in slicing methodologies to indicate both the variations of surface curvature and
geometric complexity without inducing approximate error. By accurately assessing the
model's geometric features, the developed adaptive slicing may accurately adjust each layer
thickness according to the model's geometry. By having this type of layer thickness
modification, the proposed adaptive slicing could outperform existing slicing methodologies
in terms of optimising the trade-off between geometric accuracy (staircase effect and

dimensional deviation) and build time.
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Chapter 3: Experimental Methods

This chapter describes the volume deviation-based slicing proposed in this research and
used to adjust each layer thickness following both the surface curvature and geometric
complexity variations. Two experiments are planned to evaluate this slicing, using qualitative
and quantitative analysis in both the computation and manufacturing verifications. Results

from these verifications are presented in the subsequent chapter.
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3.1. Volume Deviation-Based Slicing

Previous research modified the thickness of each sliced layer after uniform slicing, limiting
the accuracy of the layer thickness adjustment. Therefore, in volume deviation-based slicing,
the thickness of a sliced layer is only calculated and adjusted after the thickness of its
previous adjacent layer is determined. The workflow (as shown in Figure 4) for determining
each layer thickness is summarised as follows:

1) Initially slice an object driven by the inputted cusp height.

2) Evaluate volume deviation for each sliced layer.

3) Adjust layer thickness until its evaluated volume deviation ratio is within a user-

specified tolerance.

The next sections explain how each layer thickness is defined as following this workflow.

Find the Z i & Znax
of the model

() i

t (layer
thickness)

Z (Slice height) = Z,5;,

k J

1. Triangulated surface
model
2. User-defined cusp

height (Hc)
3. User-specified W »

volume deviation N
E=Z+1 ot
Document 7

Figure 4. Flowchart of volume deviation-based adaptive slicing methodology (the three main
processes to determine each layer thickness are highlighted in blue)

3.1.1. Initial Slicing

The cusp height is employed to calculate the preliminary layer thickness, tyreiiminary -
Applying cusp height to determine the preliminary layer thickness aims to reduce the
difference between this thickness and the final layer thickness to reduce the iterative
computation of volumetric error measurement and layer thickness adjustment in the

workflow. Here ty,¢1iminary IS calculated as follows [34,63]:
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Hc
cosfB

(1)

toreliminary =

The cusp height, Hc, is specified by the user. Thus, only the surface angle, B, between the
triangles in a sliced layer's corresponding region and the build plane (the print bed or a
previous adjacent slice) needs to be defined. f can be calculated as:

n-[001]

cos B =|||n||-||[001]|| (7)

where, n is the unit normal vector of a triangular facet, and [0 0 1] is an auxiliary vector

pointing along the positive build direction.

Due to the sliced layer's corresponding region featuring many triangles, the g of the triangles
intersecting with the build plane are then averaged to define the preliminary layer thickness
tpretiminary (Emin S tpretiminary S tmax,» Where tp, and t,,q, are respectively the minimum

and maximum layer thickness constrained by the AM machine).

3.1.2. Evaluating the Volume Deviation of a Sliced Layer

Evaluating the volume deviation of a sliced layer consists of three main steps (shown in
Figure 5). Step 1 involves constructing two manifold triangular meshes representing the
sliced layer and its corresponding region in a digital model. Step 2 entails generating a
triangulated surface to represent the intersection between these two meshes. Step 3
requires calculating the volume discrepancy between the constructed sliced layer and its
corresponding region; this is achieved by using the volumes of the sliced layer and its

corresponding region to subtract their intersection volume, respectively.

Construct the triangular mesh Generate the intersection between these
representing the sliced layer two meshes

Volume discrepancy= (sliced layer's
volume + corresponding region’s
volume) - 2 = intersection’s volume

Construct the triangular mesh representing
the sliced layer's corresponding region

Figure 5. A schematic overview of evaluating the volume deviation of a sliced layer

First, the triangular meshes of a sliced layer's two slices are constructed. To construct these
meshes, two horizontal planes with Z heights equal to the Z height of the sliced layer's top
and bottom slices are used to intersect the digital model. A plane-line intersection algorithm

is then used to identify the intersection points between the sides of each triangular facet in
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the digital model and these two planes [64]. If a side intersects with a plane at a single point,
this algorithm identifies this intersection point by calculating a scalar for multiplying a vector
representing this side. By extracting the intersection points and subsequently conducting the
MATLAB polyshape function for the intersection points in each plane, the polygons of the top
and bottom slices of the sliced layer are created. These polygons are then represented

separately by a triangular mesh using the MATLAB friangulation function.

Next, the triangular meshes are enclosed by filing a perimeter surface to produce a
complete manifold triangulated surface of the sliced layer's corresponding region. The
perimeter surface is defined by the triangles in the region where the sliced layer is located in
the digital model. In this region, the triangular facets that intersect with the slices can be
broken. These broken triangles need repairing to form a complete triangulated mesh. Each
broken triangle’s vertices are the intersection points between this triangle and slices, and the
vertices of this intersected triangle in this region. By extracting the vertices of each
incomplete triangle and applying three predefined connectivity lists (as presented in Table 1)
to specify the connections among these vertices, each broken triangle’s surface can be
defined by a set of triangular facets. The construction of these lists follows the data format in
MATLAB triangulation function and is based on identifying that there are only three types of

broken triangle surfaces; triangle, quadrilateral, and pentagon.

Table 1. The predefined connectivity lists used for different surfaces

Types of

Surface Triangle Quadrilateral Pentagon

Vertex ID

Examples

Predefined
Connectivity [1 2 3]
List

After constructing the manifold triangulated surface of a sliced layer's corresponding region,
a manifold triangular mesh representing the sliced layer is needed to be formed. The mesh
of the sliced layer's top slice and the projection of this mesh in the bottom sliced plane define
the top and bottom surfaces of the manifold triangular mesh of the sliced layer. To enclose
this manifold triangular mesh's top and bottom surfaces by generating its perimeter surface,
every two adjacent points on its top surface and the projection of these two points on the
bottom surface are extracted. Subsequently, the facet defined by these four points is

triangulated using the above predefined connectivity lists.
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After forming these two manifold triangulated surfaces, a mesh intersection algorithm [65] is
employed to construct a triangular mesh representing the intersection between these two
triangulated surfaces. This algorithm first generates the intersection points between these
two triangulated surfaces. These points can be calculated using the above plane-line
intersection algorithm. The intersection points in each intersected triangle are connected to
form intersection edges. The intersection edges in each intersected triangle are then used in
edge-constraint triangulation [66] to create a set of triangular facets for representing this
intersected triangle, as a triangle is broken by intersecting meshes. By repairing each broken
triangle and identifying the triangles located in the intersection between the two triangulated

surfaces, an intersection triangular mesh is formed.

Next, the volume, Vgjiced, Vregion Vintersection, €nclosed by the manifold triangulated surfaces
of the sliced layer, the sliced layer's corresponding region, and the intersection, respectively,
is calculated using the divergence theorem [67]. This theorem represents the flux of a vector

field across a surface boundary, and can be stated as follows;

V=/[Z N,dS (2)

Here, the flux of the vector field is constructed by the z-component, Z, of the barycentre
position vector of each triangle in a triangulated surface, dS is the area of a triangular facet,
N, is the Z-component of that facet's normal vector, and Z - N,dS indicates the total flux
through that facet. The reason for only considering the vectors along Z-axis is that the
model’s volume is calculated as the same in the divergence theorem when the flux flows

along each axis.

Thus, the volume deviation, Vieviation, €an be found using;

Vdeviation = (Vsliced - Vintersection) + (Vregion - Vintersection) (3)
3.1.3. Adjusting the Preliminary Layer Thickness

To adjust tyreiiminary, @ volume deviation ratio VD = Vgeviation/Vregion IS designed for the
user to specify the maximum tolerance, VD,,,,, of the sliced layers' geometric error. The
layer thickness, t (tin St < thmax), IS determined when the VD of this sliced layer is within
the user-specified tolerance, VD,,,,. If VD >VD,,,,, t is defined by iteratively reducing
tpretiminary With an interval of distance itv = 0.1 * t,,eiiminary UNtil VD < VDpyo,. 0.1 was
chosen to limit the interval distance for reducing at each iteration, avoiding the VD of the

adjusted layer thickness that is considerably smaller than VD, ;.-
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3.2. Experimental Methods

The experiments planned here aim to evaluate the performance of volume deviation-based
slicing in optimising the trade-off between geometric inaccuracy (staircase effect and
dimensional deviation) mitigation and build-time reduction. These evaluations will examine
the geometric accuracy of digital and physical printed parts produced by volume deviation-

based slicing, respectively, in computation and manufacturing.

3.2.1. Computational Validations

Volume deviation-based slicing will be tested on six specimens, representing a range of
geometric forms from simple to complex, as summarised in Table 2. Its attained geometric
accuracy in each test model will be compared with those achieved by three current slicing
methodologies (voxelisation-based [43], cusp height-based, and uniform slicing). The sliced
layers produced by these four slicing methodologies in the same specimen will be limited
within the same limitation of the number of sliced layers and variated under the same range
of machine-allowable thickness (t,;;;= 0.05 mm, t,;4,= 0.3 mm). Uniform slicing with the
minimum machine-allowable thickness (Uniform (thinnest) slicing) will also be employed to
evaluate the difference between the geometric accuracy achieved by volume-deviation
based slicing and by using the optimal setting in current slicing. The slices of voxelisation-
based slicing will be extracted from the G-code file produced by the commercial IceSL slicer
[68] developed based on this adaptive slicing [43], while the other three slicing

methodologies are implemented in MATLAB.

Table 2. Experimental test specimens and their number of sliced layers

Model Number 1 2 3 4

N muuuqu o

Model
Model Height (mm) 6.00 11.50 16.60 27.55 16.41
Number of Sliced 70 56 75 115 202 234

Layers

Number of Sliced
Layers for Uniform 120 240 331 550 540 328
(Thinnest) Slicing

* Test Model 1 was designed with surface curvature and geometric complexity variations (where are
the sections that staircase effect and dimensional deviation frequently occur) mainly in its diamond-
shaped and rectangular cavities. From Test Models 2 to 6, the complexity of models’ geometric forms
continually increases; these models contain the geometric features of symmetry, non-symmetry, and
flat areas. Test Model 6 is the original test specimen used in the research of voxelisation-based
slicing developments [43: p.13].
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The geometric inaccuracies of a printed part produced by each slicing will be assessed
quantitatively by looking at the sliced layers’ volume deviation ratio. The indication of the
volume deviation ratio on the staircase effect and dimensional deviation will be
demonstrated by investigating the sections of occurring high volume deviation ratio and
these two geometric inaccuracies in the printed parts of Test Model 1. Focusing solely on
Test Model 1 is because of its simple geometric form; therefore, staircase effect and
dimensional (height) deviation induced by the sliced layers can be respectively shown clearly

in its diamond-shaped and rectangular cavities.

The experiments designed above has a potential limitation caused by generating the slices
of voxelisation-based slicing using the IceSL slicer [68]. This slicer uses a voxel size of
0.25x0.25x0.0025 mm for slicing, while a voxel size of 0.05x0.05x0.001875 mm was
employed in the original paper [43]. The larger voxel size that was applied in the slicer is its
default voxel size and cannot be modified. Therefore, the influence of voxelisation resolution
on the geometric inaccuracies of the printed part constructed using voxelisation-based
slicing will be analysed to validate the fairness of the comparison between this slicing and

volume deviation-based slicing’s performance.

3.2.2. Manufacturing Validations

The aim is to validate whether the geometric accuracy accomplished by volume deviation-
based slicing in digital printed parts can be transferred to physical fabricated parts and to
explain how to implement this slicing on the machine. Volume deviation-based slicing will be
compared to voxelisation-based and uniform slicing to differentiate their slicing performances
again. Test Models 2 and 4 will be employed to examine the slicing performance in adjusting
each layer thickness according to surface curvature variations and geometric complexity

variations, respectively.
a) Slicer developments

The slices of these models, produced in computation validation by the three slicing
methodologies, will be processed in a slicer to generate the AM machine manufacturing

toolpath (wall, infill, and support structure (if overhanging features exist)).

e The wall toolpath is generated by using the MATLAB polybuffer function, which works
here by buffering the data points in each slice by a user-specified distance.

e To produce the infill toolpath for a slice, initially, a set of lines with the same Z-height
as the slice’s is generated across the area of the machine’s build platform. These

lines are spaced from each other at a user-defined distance and oriented at a user-
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specified angle to the platform longitudinal axis. The lines encompassed by the area
of walls are then extracted using the intersect function.

e To structure the support toolpath, a triangulated surface model's overhanging
features need to be identified first. These overhanging features are the triangles that
face downward and are oriented to the build platform at an angle smaller than the
user-defined build angle. These overhanging triangles are detected based on their
normal vectors. The vertices of each overhanging triangle are then projected into the
planes of the slices below this triangle. The projected vertices in each slice plane are
enclosed by the boundary of a polygon created using
the boundary and polyshape functions. Each polygon is then subtracted by the shape
of its corresponding slice using the subtract function to form the boundary of the
support toolpath at the same Z-height as this slice’s. By generating the infill in these

boundaries, the support toolpath planned for a printed part is constructed.

After the toolpath is generated, these paths will be converted by a G-code compiler into the
command language to direct the 3D printer fabrication. The G-code compiler here is
developed based on Slicer3r and PrusaSlicer [69]. It aims to enable the machine which can
adjust the amount of material fed into the machine and the deposition velocity to extrude the
required material volume used to print each path to avoid material over extrusion. The
amount of material fed into the machine is the product of the cross-section area of a filament
(raw material) that multiplies the filament length fed into the machine. The required material
volume for printing a toolpath is the result of the cross-section area of this toolpath times its
length. A filament’s cross-section area is specified by its manufacturer; a toolpath width can
be defined by the user; this toolpath thickness is extracted through the slice. By having this
information and constricting the deposition velocity as well as identifying this toolpath’s

length, the length of the filament fed into the machine can be calculated.
b) Selections of slicer settings and the machine

The slicer will process all the test specimens’ slices with the same settings; the main process
settings are summarised in Table 3. All the test specimens are built with Prusament PLA
material and printed using a Prusa MK3 I3 (fused deposition modelling (FDM)) machine;
FDM is the most widely used additive manufacturing technology. The specimens for each
Test Model are printed in the same position on the build platform and constructed on the

same day.
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Table 3. Main print settings applied to the slicer

2021

Extrusion Build Platform
Infill Angle Air Gap Toolpath Width
Temperature temperature
215°C 60°C 45° 0 4.8 mm

c¢) Geometric accuracy measurement for physical printed parts

The physical printed parts’ geometric accuracy will be analysed by assessing the profile
deviation between each printed part and its digital model. This assessment follows a
procedure similar to the geometric accuracy evaluation designed in [70,71] for FDM-
constructed parts. This procedure is shown in Figure 6 and can be explained in the following

section.

(a)

Figure 6. Procedure of detecting printed parts’ profile for evaluation. (a) Raw image, (b) convert the
truecolor image into a binary image and segment the printed part from this image, (c) edge detection.

Initially, a printed part is placed next to a one-pound coin (with 2.8 mm thickness); the
locations of each part and this coin are all fixed in the same position. Each printed part and
its coin are photographed using the Nikon digital camera D5200 with a pixel resolution of
6000 x 4000. Each image is converted into a binary image using MATLAB Color
Thresholder and subsequently processed by MATLAB Image Segmenter to separate the
printed part from this binary image. By inputting this segmented image into the MATLAB
bwboundaries function, the edge profile of a printed part is extracted. This edge profile is
then scaled using the ratio of actual coin thickness to the coin thickness (number of pixels) in
the image to convert it into its actual size in the printed part. The scaled profiles of all the
printed parts of a Test Model will be adjusted by the same scale value to compensate for the
thermal shrinkage issue, which generally exists in the printed part and is caused by the

thermal stress [72—75]. This value is the average of the ratios of each printed part’s scaled
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profiles of a Test Model to this model’s profile. Next, the adjusted edge profile is aligned with
the digital model’'s profile by overlapping their centroids in order to measure the area of

deviation between the two profiles.
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Chapter 4: Computational

Validations

In this chapter, the accuracy of using volume deviation in assessing the geometric errors in
sliced layers is investigated. Further analysis is made to demonstrate the performance of
employing this volume deviation measurement in adaptive slicing to optimise the trade-off

between build-time reduction and geometric accuracy improvement.
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4.1. Performance Tests of Volume Deviation-Based Slicing Methodology

4.1.1. Fixed build time’s effect on geometric accuracy

This series of tests looks at the performance of volume deviation-based slicing methodology
(VD= 0.05) in mitigating the slicing-induced geometric errors, which are sliced layers’
volume deviation ratio (VD), staircase effect, and dimensional deviation. Figure 7 shows the
maximum, mean, and minimum VD evaluated from each stack of sliced layers generated by
these four slicing methodologies. For all Test Models, with the same limitation on the number
of sliced layers, volume deviation-based slicing resulted in 2.4-11.1, 1.7-3.5, and 1.1-4.6
times lower sliced layers’ maximum VD than those caused by voxelisation-based, cusp
height-based, and uniform slicing, respectively. In addition to reducing the maximum VD
considerably, the mean VD induced by volume deviation-based slicing was also an average
18.1% lower than the other slicing methodologies. In contrast, half and two-thirds of Test
Models, respectively, show that cusp height-based slicing and voxelisation-based slicing
caused a larger maximum and mean VD than uniform slicing. Compared to uniform (thinnest)
slicing, while it produced an average 48.3% smaller mean VD than volume deviation-based
slicing, this reduction was at the cost of largely increasing the number of layers and
maximum VD by respectively 1.4—4.8 and 1.2-33.8 times. The minimum VD caused by
these slicing did not show a noticeable difference, as most of these Test Models have
sections where the only geometric feature is the vertical surface; sliced layers in these

sections do not generate geometric deviation.

1.5

® Volume Deviation
T > Voxelisation

*® Cusp Height
Uniform
— | Uniform (Thinnest)

0.5

2 S 34 U1 N 1L

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Sliced Layers' VD (min, mean, & max)

Figure 7. Sliced layers’ maximum, mean, and minimum VD induced by slicing Test Models 1-6 using
volume deviation-based (blue circle), voxelisation-based (green right-pointing triangle), cusp height-
based (back cross) and uniform slicing (upward-pointing yellow triangle for slicing with the same
number of layers and red square for slicing with minimum machine-allowable thickness). The sliced
layers’ maximum VD of uniform (thinnest) slicing on Test Model 3 and voxelisation-based slicing on
Test Models 1, 4, and 5, which do not plot on the figure for clarity, are 9.7, 2.6, 2.9, and 3.4,
respectively.
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Figure 8 aims to present how the sliced layers’ VD indicates the presence of the staircase
effect and dimensional deviation as well as how these two geometric inaccuracies were
affected by the four slicing methodologies. It shows a comparison of the geometry of the
(digital) printed part when formed by sliced layers that are generated by these slicing
methodologies for Test Model 1. Each printed part reveals the regions with its high volume
deviation ratio sections; the red, green, and blue value of each sliced layer’s colour within a
printed part varies with its volume deviation ratio. For all the printed parts, the regions with a
high deviation ratio (greater than 0.1) only existed in the internal cavities, where the
staircase effect (in two diamond-shaped cavities) and dimensional deviation (in two

rectangular cavities) were observed.

In all the printed parts produced by these slicing, with the same limitation on the number of
sliced layers, volume deviation-based slicing resulted in the least prominent staircase effect,
particularly in the model’s high surface curvature sections (i.e. the two diamond-shaped
cavities). It also caused the least dimensional deviation compared to other slicing
methodologies, particularly in the flat areas (i.e. the two rectangular cavities). Compared to
uniform (thinnest) slicing, volume deviation-based slicing induced a similar degree of the
staircase effect to that effect caused by uniform (thinnest) slicing, particularly in the model’s
high surface curvature sections. However, more dimensional deviations can be seen in the
layers generated by uniform (thinnest) slicing than those created by the volume deviation-

based technique, especially in the two rectangular cavities.

In contrast to the significant mitigation of the printed parts’ geometric inaccuracies achieved
by volume deviation-based slicing, the other two adaptive slicing methodologies exhibited
more inaccuracies than uniform slicing. The printed part produced by voxelisation-based
slicing has the highest level of staircase effect among all the printed parts, particularly in
their diamond-shaped cavities. The printed part created by cusp height-based slicing has a
slightly lower staircase effect than voxelisation-based slicing in the diamond-shaped cavities.
However, it has the largest dimensional deviation in the two rectangular cavities when

compared to the printed parts constructed by the other slicing.
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Figure 8. The colourmap of each stack of sliced layers generated by volume deviation-based,
voxelisation-based, cusp height-based, and uniform slicing, respectively.

Significant mitigations of the sliced layers’ maximum VD, staircase effect, and dimensional
deviation (shown in Figures 7 and 8) were accomplished by volume deviation-based slicing
compared to other existing slicing methodologies, highlighting its benefits. Volume deviation-
based slicing improves the trade-off between build-time reduction and the geometric
accuracy improvement compared to the other evaluated slicing methodologies. The
achievement of greater geometric accuracy through volume deviation-based slicing is due to
its ability to precisely adjust layer thickness according to the variations of surface curvature
and geometric complexity. This precise layer thickness adjustment can be demonstrated in
Figure 8; volume deviation-based slicing only generated thin-sliced layers in the sections
with high surface curvature or near the flat areas to mitigate geometric deviation. The
production of thin-sliced layers in these sections demonstrates the greater accuracy of using
volume deviation ratio measurement to indicate the surface curvature and geometric
complexity variations than the measurement methods applied in voxelisation- based and

cusp height-based slicing.

Although volume deviation-based slicing was more limited with regard to mitigating the sliced
layers’ mean VD than uniform (thinnest) slicing, this does not mean that it produces parts
with poorer geometric accuracy than uniform (thinnest) slicing. As shown in Figures 7 and 9,
while uniform (thinnest) slicing resulted in a smaller mean VD than volume deviation-based
slicing, it produced a greater dimensional deviation; this is because uniform slicing does not
consider the model's geometry when slicing. The irrelative relationship between the
evaluation of the sliced layers’ mean VD and geometric accuracy exists because the mean
VD can decrease when increasing the number of sliced layers in a model's low surface

curvature or geometric complexity sections. Increasing the number of sliced layers in these
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sections will thicken sliced layers in the model’s high surface curvature or geometric
complexity sections when the number of sliced layers is limited, which will worsen the

geometric inaccuracies of the printed parts.

VD:

20
b
s
Figure 9. The sliced layer (red) caused a sizeable volume deviation ratio (9.7 VD) from its

corresponding region (yellow) in Test Model 4.

Figure 8 also demonstrates that volume deviation-based slicing can achieve a staircase
effect in the printed part similar to that of uniform (thinnest) slicing. This similar staircase
effect between these two indicates that the staircase effect relating to the part produced by
volume deviation-based slicing is not directly induced by the methodology itself, rather it is
constrained by the minimum machine-allowable thickness. This constriction suggests that
the trade-off between build-time reduction and geometric accuracy improvement can be
further optimised by volume deviation-based slicing if the minimum thickness that the

machine can manufacture becomes thinner.

In addition to highlighting the benefits of volume deviation-based slicing, the evaluation
results of Figures 7 and 8 also reveal the limitations of the other existing adaptive slicing
methodologies. The sliced layers’ greater maximum VD, staircase effect, and dimensional
deviation characterising on the printed parts produced by voxelisation-based and cusp
height-based slicing compared to uniform slicing’ printed part is due to the inaccurate
measurement methods employed in these adaptive slicing. Voxelisation-based slicing
simplifies the complex geometric features of the sliced layer and the sliced layer's
corresponding region into a set of cubes, resulting inaccurately measuring the geometric
deviation between these two. Inaccurately measuring the geometric deviation of sliced layers
in the model’s low surface curvature and geometric complexity sections can result in a high
geometric error, generating thinly sliced layers in these sections. Producing thin-sliced layers
increases the number of sliced layers in these sections and limits the layer number in the
model’s other sections and, thereby causing the inconsistencies between layer thickness

variations and model geometric changes. Thus, because of this inconsistent variation and
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voxelisation-based slicing generates slices from a model's bottom to its top, this slicing

incorrectly produced more slices at the bottom of Test Model 1 than at its top (Figure 8).

Cusp height measurement cannot differentiate the geometric complexity changes and
induces an approximate error in indicating surface curvature variations, as explored in the
literature review. By lacking the indication of geometric complexity variations, cusp height-
based slicing can generate thick-sliced layers in high geometric complexity sections, which
induces large dimensional deviations. This incorrect production is the root of causing this
slicing to create two thick-sliced layers in the rectangular cavities of Test Model 1. By
inaccurately differentiate surface curvature variations, cusp height-based slicing can
generate thick-sliced layers in high surface curvature section (e.g. the two thick-sliced layers

in diamond-shaped cavities of Test Model 1), resulting in a high staircase effect.

The resulting poor geometric accuracy of the printed parts from voxelisation-based and cusp
height-based slicing methodologies compared to uniform slicing conflicts with results from
other studies [31,36,43,76]. These studies assessed the printed part’'s geometric accuracy
as achieved by these adaptive slicing methodologies through visual comparison
[31,37,44,81] or total mass deviation analysis [43], which caused unreliable investigations,
as discussed in section 2.2. These unreliable investigations limited the accuracy of the

results of these studies.

4.1.2. Fixed geometric accuracy’s effect on build time

This set of experiments aims to investigate the performance of volume deviation-based
slicing methodology in reducing the build time by examining the number of sliced layers. This
investigation is based on current researchers’ consistent identification that increasing the
number of layers causes the build time to rise [31,41—43]. Table 4 presents a comparison of
the number of sliced layers that resulted from volume deviation-based, voxelisation-based,
cusp height-based, and uniform slicing under the limitation of a similar geometric accuracy
degree; Figure 10 shows the geometric accuracy induced by these methodologies. To limit
the geometric accuracy of volume deviation-based slicing, the author defined its VD,,,, by
using the third quartile of the voxelisation’s box. For Test Model 1, volume deviation-based
slicing respectively produced 38%, 42%, and 44% fewer layers than voxelisation-based,
cusp height-based, and uniform slicing. For Test Model 4, the reduction in the number of
sliced layers by volume deviation-based slicing was less significant than that found in Test
Model 1. However, the considerable mitigation of the number of sliced layers accomplished
by volume deviation-based slicing compared to the other three slicing methodologies can still

be observed clearly. It decreased the number of sliced layers by 12%, 24%, and 32%
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compared to voxelisation-based, cusp height-based slicing, and uniform slicing, respectively.
Despite volume deviation-based slicing reducing the number of sliced layers considerably, it
still significantly decreased the sliced layer’s large VD (i.e. the outliers) compared to the

other three slicing methodologies (Figure 10).

Table 4. The number of sliced layers generated by slicing methodologies when the printed part’s
geometric accuracy is limited by the need for a similar geometric accuracy degree.

Specimens  Volume Deviation Voxelisation Cusp Height Uniform
Test Model 1 56 90 97 100
Test Model 4 176 200 231 260

* The unit of measurement for all of the data is the number of sliced layers.
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Figure 10. Sliced layers’ VD induced by slicing Test Models 1 and 4 using volume deviation-based
(blue), voxelisation-based (green), cusp height-based (grey) and uniform slicing (yellow); the number
of sliced layer for each stack of sliced layers generated by these slicing methodologies is summarised
in Table 4

The considerable mitigation of the number of sliced layers accomplished by volume
deviation-based slicing was because this slicing has better accuracy in adjusting each layer

thickness according to the model’s geometry than other existing slicing methodologies, as
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evaluated in section 4.1.1. This precise thickness modification enables producing thick-sliced
layers in low surface curvature and geometric complexity sections to reduce build time and
generating thin-sliced layers in other sections to improve geometric accuracy. The enhanced
geometric accuracy explains why volume deviation-based slicing resulted in smaller sliced
layer's VD (outliers) than the other slicing methodologies. The mitigation of the sliced layer's
VD and the number of sliced layers demonstrates that volume deviation-based slicing has a
better performance in reducing build time while optimising geometric accuracy than the other

evaluated slicing methodologies.

The build-time reduction accomplished by volume deviation-based slicing was observed to
have varied slightly from model to model. The degree of reducing the number of sliced layers
achieved by volume deviation-based slicing investigated from Test Model 1 was
approximately two times more than its reduction of the number of sliced layers in Test Model
4. The more degree of sliced-layer reduction was investigated from Test Model 1 because it
contains larger areas with low curvature and geometric complexity than Test Model 4. These
large areas of Test Model 1 enabled volume deviation-based slicing to have more sections
to generate thick-sliced layers than Test Model 4. In contrast, the larger areas of Test Model
1 (than Test Model 4) also provided more sections for voxelisation-based, cusp height-based,
and uniform slicing to mistakenly produce thin-sliced layers, as evaluated in section 4.1.1.
The thick and thin layers respectively generated by volume deviation-based slicing and other
slicing methodologies in these sections enlarged the difference between the respective

number of sliced layers that they each produced.

4.2. Evaluating the Fairness of Comparison

This test focused on evaluating the fairness of the above comparison between voxelisation-
based and volume deviation-based slicing. This comparison was conducted because the
voxel size of voxelisation-based slicing in the above comparison was larger than that used in
its original paper, as discussed in the experimental methods section. To increase the
number of voxels used to represent each sliced layer and its corresponding region, the
author enlarged the size of the digital models and the machine-allowable thicknesses by
1,500%. This is because the maximum-allowable thickness and the maximum height of
digital models that can be processed in the IceSL slicer are, respectively, 5 mm and
approximately 500 mm. Figure 11 presents the comparison of the geometry of the part
formed by the same number of sliced layers that were generated by voxelisation-based

slicing before and after voxelisation resolution improvement.
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Figure 11. Colourmap of each stack of sliced layers generated by voxelisation-based slicing before
and after voxelisation resolution improvement. Scale: 1 indicates slicing using the original models’
size and machine-allowable thickness, while 15 refers to slicing by enlarging the models’ size and
allowable thickness by 1,500%. The zoom-in areas in each stack of sliced layers are the critical
regions (small volume sections with a high surface curvature and geometric complexity) of the Test
Models. The slices of Test Models 4 and 6 are not shown on the figure for clarity.

After increased voxelisation resolution by 15 times in voxelisation-based slicing, the printed
part's staircase effect mitigation can only be observed clearly in Test Model 6’s two
diamond-shaped cavities compared to those parts created with its original resolution. In
addition to the staircase effect mitigation limited by the model’'s geometry, an increased
dimensional deviation was also revealed in the two rectangular cavities of this model. In Test
Models 4 and 6, increasing the voxelisation resolution of voxelisation-based slicing reduced
only the volume deviation ratio in these model’'s large sections slightly but raised this ratio
and the staircase effect in the small sections. These small sections are the critical regions
shown in Figure 11. Compared to volume deviation-based slicing (Figure 12), voxelisation-
based slicing with an increased voxelisation resolution still resulted in a more significant

dimensional deviation in Test Model 1 and a higher staircase effect in Test Models 4 and 6.
“ 2.0
N,

Figure 12. Colourmap of each stack of sliced layers generated by volume deviation-based slicing;

these sliced layers were generated with the original models’ size (scale 1) and machine-allowable
thickness.
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Figures 11 and 12 demonstrate that increasing the voxelisation resolution in voxelisation-
based slicing is limited with regard to improving the geometric accuracy of the printed parts.
Voxelisation approximately represents a model’'s geometry by a set of cubes. Increasing the
voxelisation resolution mitigates this approximation; this mitigated approximation reduces the
measurement error when evaluating the sliced layer's geometric deviation. This reduced
measurement error explains why the staircase effect in the two diamond-shaped cavities of
Test Model 1 was reduced. However, an increased dimensional deviation in Test Model 1
and aggravated geometric inaccuracies (volume deviation ratio and staircase effect) in Test

Models 4 and 6 were also observed.

The increased dimensional deviation caused by improving the voxelisation resolution is
similar to the issue discussed for uniform slicing with minimum machine-allowable thickness
in literature review. The heights of each voxelised sliced layer and its voxelised
corresponding region are defined by accumulating the voxels’ height. Thus, when a
dimensional specification (height) cannot be exactly divided by the voxel's height, a

measurement error in evaluating each sliced layer’s geometric deviation occurs.

In addition to increasing dimensional deviation, the geometric inaccuracy aggravation
resulting from an increased voxelisation resolution is due to the voxelisation-based slicing
modifying each layer thickness based directly on the volume of the sliced layer's geometric
deviation. Directly assessing this volume does not take into consideration how well the sliced
layer represents its corresponding region’s geometric features. As the model’s small volume
sections result in a small geometric error (volume), thick-sliced layers can then be generated
by voxelisation-based slicing in small volume sections with high surface curvature or
geometric complexly. This small geometric error may be further decreased by reducing the
measurement approximation through improving voxelisation resolution. This reduction of
geometric error can further thicken the sliced layers in models’ small sections with high
surface curvature or geometric complexity, aggravating the geometric inaccuracies in these
sections. These aggravated geometric inaccuracies and the occasional staircase effect
mitigation indicate the limited relationship between printed parts’ geometric inaccuracies and
the voxelisation resolution of voxelisation-based slicing. This limited relationship
demonstrates that the above comparison between voxelisation-based slicing (with a
relatively lower resolution than in the original paper) and volume deviation-based slicing was

fair.
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4.3. Conclusions on Computational Validations

Volume deviation-based slicing has been evaluated computationally here; analysis have
shown that it outperforms existing slicing methodologies in optimising the trade-off between
build-time reduction and geometric accuracy improvement. Results were found from
analysing the geometric accuracy changes by limiting the build time (number of sliced layers)
and from investigating the build time differences through constraining the geometric

accuracy.

Volume deviation-based slicing caused the least volume deviation ratio, staircase effect, and
dimensional deviation in the printed part compared to existing slicing methodologies within
the limitation requiring the same number of sliced layers. It can also reduce the build time by
nearly half in comparison with current slicing methodologies under the limitation of a similar
degree of their printed parts’ geometric accuracy. These two achievements evaluated under
different user-defined tolerances show the repeatability of this slicing’ performance. This
repeatability is attributed to the precise adjustment of layer thicknesses according to the

model's geometry (the variations of surface curvature and geometric complexity).

The analysis from fixed geometric accuracy’s effect on build time also shown that the degree
of build time reduced by volume deviation-based slicing is also affected by the model’s
geometry. This result suggests a guide of using volume deviation-based slicing. That is, it
will work similarly to uniform slicing when the model's geometry is not changed along its Z-
axis (e.g. cube, vertical cylinder, and regular tetrahedron); this type of model does not have

suitable areas for allowing variations in layer thickness.
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Chapter 5: Manufacturing

Validations

This chapter presents and discusses the results of validating volume deviation-based,
voxelisation-based, and uniform slicing using physical printed parts. These parts were
constructed using the sliced layers used to assess these slicing methodologies in the
previous chapter. Validations were made by analysing the area discrepancy between the

profile of the printed part and the profile of this printed part’s digital model.
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5.1. Manufacturing Results and Discussions

The validations in this chapter follow the manufacturing experiments designed in Chapter 3
and aim to investigate whether the demonstrated result gained from digital printed parts can
also be observed in physical fabricated parts. Figures 13 and 14 show the comparisons
between the triangulated surface profiles of Test Models (2 and 4) and the profiles of their
corresponding printed parts, which were manufactured using volume deviation-based,
voxelisation-based, and uniform slicing. The area discrepancy between the contour of each
(fabricated) layer in a constructed part and the layer's corresponding region in the digital

model’'s contour is presented along with the profile comparison of the printed part.

Figure 13 shows the results of these two evaluations for the three slicing methodologies on
Test Model 2. Volume deviation-based and voxelisation-based slicing resulted in less area
discrepancy than uniform slicing, particularly the fabricated layers in the top sections of the
printed part. The area discrepancy of each layer built with uniform slicing continually
increased from the middle to the last layer, as the curvature of these layers' corresponding
regions constantly increased. These area discrepancies caused a staircase effect that can
be clearly observed around the top sections of the profile of the part made by this slicing.
However, there is not a significant difference between the geometry and area discrepancy of
the parts printed by volume-deviation based slicing and voxelisation-based slicing. A positive
discrepancy with a fluctuating shape, and a negative discrepancy with a flat shape, can be
respectively observed from the top of the profile of parts printed by volume deviation-based

slicing and voxelisation-based slicing.
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Figure 13. The deviation (blue area) between the 2D designed shape (dashed line) of Test Model 2
and the profile (solid line) of the parts, which were printed by using volume-deviation based (a),
voxelisation-based (b), and uniform slicing (c). The bar graph next (right) to each profile analysis

presents the area of the discrepancy between each fabricated layer contour and its corresponding

region shape; the Y-axis of each bar element indicates the layer number (from 2n? to 56), while the

X-axis represents the discrepancy area (cm?). For results clarity, the discrepancy in the first layer is

not shown. This layer has a risk of wrapping due to thermal stress caused by uneven heat distribution
and has a high risk of a slight shape distortion incurred by the operator when removing the printed
part from the build platform. These risks may affect the analysis accuracy of evaluating the geometric
inaccuracies of printed parts induced by only the slicing.

Figure 14 shows the assessment results of the fabricated parts of Test Model 4. From the
profile comparisons, volume deviation-based slicing resulted in bringing the printed part's
profile closer to its designed shape than the other two slicing methodologies, particularly the
high surface curvature (bishop's top) and geometric complexity (flat overhang) sections. In
addition to bringing the print profile closer to its designed shape, volume deviation-based
slicing also caused the least maximum area discrepancy among all the fabricated layers in
its constructed part compared to the other two slicing methodologies. Volume deviation-

based slicing significantly reduced the maximum area discrepancy by 63.74% and 72.60%,
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respectively, from the parts manufactured by voxelisation-based and uniform slicing.
However, voxelisation-based slicing induced only 12.12% less maximum area discrepancy
than uniform slicing. This limited mitigation of geometric inaccuracies can also be observed
in comparing the profiles of the printed parts made by voxelisation-based and uniform slicing.
Although the constructed part created by voxelisation-based slicing is slightly closer to its
designed shape in its flat overhanging section than that fabricated by uniform slicing, it

deviates further from the designed shape in its top sections compared to uniform slicing.
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Figure 14. The deviation (blue area) between the 2D designed shape (dashed line) of Test Model 4
and the profile (solid line) of the parts, which were printed by using volume-deviation based (a),
voxelisation-based (b), and uniform slicing (c). The bar chart next (right) to each profile analysis
shows the area of the discrepancy between each fabricated layer contour and its corresponding

region shape; the Y-axis of each bar element indicates the layer number (27 to 115"), while the X-

axis represents the discrepancy area (cm?2). For results clarity, the discrepancy in the first layer is not
shown.
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Figures 13 and 14 demonstrate the transfer of the better geometric accuracy accomplished
by volume deviation-based slicing than voxelisation-based and uniform slicing (within the
limitation requiring the same number of sliced layers) from computation to physical
fabricated parts. Consistent with the results from computational validations, volume
deviation-based slicing mitigated the deviation between the print profile and the designed
shape considerably compared to the other two slicing methodologies, particularly on Test
Model 4. This mitigation resulted because volume deviation-based slicing precisely assesses
the sliced layer's geometric deviation and modifies its thickness until its volume deviation
ratio is within a user-specified tolerance. By accurately measuring the sliced layer’s
geometric deviation, volume deviation-based slicing varies each layer thickness consistently
with the variations of the model geometry, as analysed in Chapter 4. By limiting each layer’s
volume deviation ratio, the geometric deviation induced by each layer is restricted. This
restricted geometric deviation caused volume deviation-based slicing to produce fabricated
layers with the smallest area discrepancy (minimum, mean, and maximum) compared to the

other two slicing methodologies, as evident in Figure 14.

A similar geometric accuracy (profile deviation and area discrepancy) was observed from the
printed parts made by volume deviation-based and voxelisation-based slicing in printing Test
Model 2. Volume deviation-based and voxelisation-based slicing respectively produced a
positive and a negative discrepancy in the top of printed parts (Figure 14). However, this
result does not indicate that these two slicing methodologies optimised the same degree of
geometric accuracy in these printed parts. The positive discrepancy was not induced by
slicing because the sliced layers (from the 49th to the last) in the top sections were
generated by volume deviation-based slicing with the minimum machine allowable thickness,
as shown in Figure 15 (a). This positive discrepancy was induced by a slight over extrusion
(Figure 15 (b)) in printing the last layers, which may be due to the slow nozzle travel speed
and high extrusion temperature while printing the fine details [77,78]. This over-extrusion
issue caused molten material to accumulate between the nozzle and the fabricated layer
while the nozzle was travelling slowly; this accumulated material resulted in stringing (Figure
15 (c)) when the nozzle was lifted from the printed part. These material strings are the roots
of causing the shape of this positive discrepancy to fluctuate. In contrast, a negative
discrepancy resulted from the staircase effect induced by thick-sliced layers created by
voxelisation-based slicing in the model’s high curvature sections. The generation of these
thick-sliced layers in the top sections can be observed in Figure 15 (a) and is due to the
inconsistency between layer thickness adjustment and surface curvature variations in
voxelisation-based slicing, as evaluated in computational validations. The negative

discrepancy induced by the inaccurate layer thickness modification of voxelisation-based
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slicing further highlights the benefit of volume deviation based-slicing in optimising the trade-
off between build-time reduction and geometric accuracy improvement. The positive
discrepancy resulting from print issues suggests that a better control of print parameter
settings (that mitigate these issues) is needed when implementing volume deviation-based

slicing on the machine, thereby releasing the full benefit of this slicing.

56 | > ®  Volume Deviation
§ . v »  Voxelisation
§ 4
" >
H =
: L ] .b
..b- i
42 ®e > ”
» L] L >
= **r e
@ » [
fa] > L]
g e [ %%, (b)
= ’ > . L]
< | 2 » . L ]
=287 ~ - "
5 | *
— » >
>
14 +
4
)

0 005 01 015 02 025 03
Layer Thickness

Figure 15. (a) The thickness of each sliced layer produced by volume deviation-based (blue circle)
and voxelisation-based slicing (green right-pointing triangle) for Test Model 2 againt the layer number.
The shape of the last layer of the part printed by using volume deviation-based slicing during (b) and
after (c) fabricating this layer.

5.2. Conclusions on Manufacturing Validations

This investigation has shown the benefits of volume deviation-based slicing on physical
fabricated parts. Volume deviation-based slicing optimised the trade-off between build-time
reduction and geometric accuracy improvement better than other existing slicing
methodologies, as consistent with the results from computational validations. This
identification was found by assessing the deviation between the print profile and the
designed shape. Test Models 2 and 4 and the slicing methodologies of volume deviation-
based, voxelisation-based, and uniform slicing were employed in this assessment.

The evaluations from Test Model 4 show volume deviation-based slicing produced the print
profile closer to the designed shape than both voxelisation-based and uniform slicing. This
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result is attributed to the strong consistency between the layer thickness modifications and

the model geometric variations in volume deviation-based slicing.

Through investigating the test specimens of Test Model 2, the parts printed by volume
deviation-based slicing and voxelisation-based slicing were showed a similar degree of
geometric accuracy. This result, which conflicts with that from computational validations, was
incurred by the print issue (over extrusion) in implementing volume deviation-based slicing.
This print issue suggests that controlling the print parameters to direct the machine to
fabricate the part following exactly the toolpath planned by the slicer is essential to reap the
benefits of volume deviation-based slicing. This direction of the machine fabrication could be
accomplished by employing the methodologies of print processes monitoring and closed-
loop control [79]. For example, the image analysis-based closed-loop quality control
methodology developed by Liu et al. [80] can be used to adjust the extrusion speed and

temperature during fabrication to avoid the over-extrusion issue.
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Chapter 6: Conclusions and

Suggestions for Future Works

Volume deviation-based slicing has been proposed. This slicing has been validated using
computation and manufacturing. This chapter summarises the findings of this study and

provides suggestions for future research.
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This project has proposed a novel adaptive slicing methodology that adjusts each layer
thickness based on the ratio of the volume of each sliced layer's geometric error to the
volume of its corresponding region in the digital model for layer-based additive
manufacturing. To the best of the author's knowledge, this is the first approach to modify
each layer thickness without approximately measuring the sliced layer's geometric deviation.
By accurately assessing each sliced layer's geometric error, this slicing can correctly identify
both the variations of surface curvature and geometric complexity of the model and,
therefore, precisely adjust each layer thickness by following these variations. This precise
layer modification enables volume deviation-based slicing to outperform existing slicing
methodologies in optimising the trade-off between build-time reduction and geometric
accuracy improvement. This finding was demonstrated in both the computational and

manufacturing validations.

Computational validations showed that volume deviation-based slicing caused the least
volume deviation ratio, staircase effect, and dimensional deviation in (digital) printed parts
compared to voxelisation-based, cusp height-based, and uniform slicing within the limitation
of the same number of sliced layers. Within the limitation of a similar geometric accuracy
degree, volume deviation-based slicing can reduce build time by nearly half compared to the
other slicing methodologies. Investigations found that the degree of build-time reduction
accomplished by this slicing can be affected by the model’'s geometry. This finding suggests
volume deviation-based slicing should not be recommended when the model’s geometry is
not changed along its Z-axis (e.g. cube, vertical cylinder, and regular tetrahedron) compared
to uniform slicing, which does not require computing the geometric error repetitively.
Although the computational time may be increased when using volume deviation-based
slicing compared to uniform slicing, this computation-time penalty can be compensated (or
even ignored) by reducing the total manufacturing time, particularly when large quantities are
being produced. This lessening of the total manufacturing duration is the result of volume
deviation-based slicing reducing fabrication time and potentially decreasing the amount of

post-processing time required by improving the printed part’s geometric accuracy.

Manufacturing validations demonstrated that volume deviation-based slicing can bring the
profile of the printed part closer to its designed shape than the voxelisation-based and
uniform slicing. However, the degree of geometric inaccuracies of the physical fabricated
part printed by volume deviation-based slicing was occasionally shown to be similar to that
of the part printed by voxelisation-based slicing (i.e. in Test model 2). This result was caused
by the print issue of over extrusion, according to the analyses of the layer thicknesses

adjusted by these two slicing methodologies and the fabrication processes investigations. It
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is thus suggested that controlling the print parameters to avoid print issues is vital to utilising
the advantages of volume deviation-based slicing. While manufacturing validations were
conducted using the FDM machine, volume deviation-based slicing can also be applied to
most of the other current AM machines, as they share a common digital thread. For example,

stereolithography, powder bed fusion, and direct energy deposition.

This research did not directly present the effect of the changes of user-defined tolerance on
slicing performance. That is because its results are straightforward; the greater the tolerance,
the poorer geometric accuracy due to each sliced layer being generated to be allowed to

contain more errors, the less build time.

Future research could be conducted to investigate the print parameter controls during AM
machine fabrication. While much work has been done to develop closed-loop control
systems for AM machines, most of these systems were designed for extrusion-based
techniques [81]. By developing systems that eliminate the print issues and by employing
volume deviation-based slicing to mitigate the slicing-induced geometric inaccuracies,

ultimately, there is a possibility of eliminating the geometric inaccuracies of printed parts.

In addition to developing control systems, future work could also be done to incorporate
volume deviation-based slicing to non-planar layer slicing to simultaneously mitigate the
geometric inaccuracies and mechanical anisotropy of AM-fabricated parts. Integrating these
two slicing methodologies is desirable because most current non-planar layer slicing
methodologies were developed with the sole focus on mechanical anisotropy mitigation, as
discussed in Chapter 2. This incorporation could be achieved by using the non-planar layer
slicing to produce curved-sliced layers for mechanical anisotropy mitigation while using the
volume deviation based-slicing to adjust each layer thickness for geometric accuracy

improvement.
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