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ABSTRACT

Additive manufacturing (AM) is a process of joining materials to make parts from 3D model
by successive layer by layer material addition. AM has triggered a paradigm shift towards parts
and assemblies design methodologies, materials development and utilization, and additional part
functionalization. The workflow to produce an additively manufactured part consists of three steps:
preprocessing, build cycle, and post-processing. Design for additive manufacturing (DfAM) or the
preprocessing is crucial in additive manufacturing and significantly impacting the process
outcomes like part's strength, geometry, and manufacturing time which translates to cost. DfAM
consists of different sub-steps, which are part design, process parameters optimization, and path
planning. The promised advantages of AM will not get realized, and the results can be significantly
costly unless the rules for DfAM are implemented. Additionally, new design strategies should be
developed to overcome the inherent limitations of each AM processes.

Functional additively manufactured parts are evaluated based on three main criteria;
mechanical performance, geometrical accuracy, Physical efficiency (thermal, fluid, and weight),
and cost. Part design, process parameters, and path planning required to produce cost-effective and
successful functional parts must be carefully designed and optimized to overcome the inherent
tradeoffs of the selected process. The ultimate goal of DfAM is to produce parts with "as built"
geometrical measurements and mechanical performance that match the "as designed" CAD part
design specifications. The challenges facing design for polymer additive manufacturing process
outcomes are coupled, process parameters are interdependent, commercially promised resolution
is different from manufacturing resolution, and lack of simulation, modelling and optimization
tools.

The thesis main research question is "Can the use of the DFAM tools and optimized process
parameters produce a feasible as-built part comparable to the as-designed CAD par
specifications?". The research domain of this thesis includes two subdomains. The first subdomain
is the process parameter optimization, and the second domain is part design optimization to
improve mechanical properties, geometrical accuracy and minimize cost and weight. Two polymer
AM processes are studied in this thesis to apply and investigate the different challenges, namely

Projection stereolithography (PSLA) and fused deposition modelling (FDM).



For the first subdomain, the thesis investigates the effect of the PSLA process parameters on
the mechanical properties, geometric accuracy, and surface roughness of the manufactured part in
light of a novel introduced curing model to estimate the accumulated exposure energy per each
layer. Developed analytical and empirical models are integrated to predict the final part
geometrical distortion, material properties, and surface roughness. Newly introduced
terminologies like irradiance affected zone and critical energy for mechanical properties are used
to develop curing schemes to improve geometrical accuracy while maintaining the mechanical
properties to ensure the part integrity during manufacturing. Then mechanical properties can be
enhanced during post-curing. A novel high-resolution fluorescence induced irradiance
measurement methodology is introduced to measure and capture the irradiance profile projected
from one micromirror and quantify the effect of building plat irradiance map non-uniformity on
geometrical accuracy. The effect of part location on the geometrical accuracy and the effect of
grayscale pixels on minimizing that effect is experimentally explored. A novel 3D geometry
prediction algorithm capable of simulating the geometrical distortion in different features and
surface roughness is developed. A three-stage integrated optimization algorithm with a newly
introduced cross-layers optimization method and irradiance compensation algorithm is presented.

For the second subdomain, the thesis investigates the effect of part 2D design parameters on
the mechanical properties and cost of manufactured parts by FDM process. A cost-based
methodology is used while considering the part design parameters to manufacture parts optimized
for strength and cost. A novel algorithm called the reverse CAD algorithm is introduced, which
converts the machine input G-code file back to a CAD model. The Reverse CAD provides an
accurate assessment of the geometric and mechanical behaviour of the printed part as it also
incorporates the effect of slicing parameters. Finally, a novel framework to grade both the size and
relative density of standard and custom unit cells simultaneously within a lattice structure as a
function of the cell spatial coordinates. It was found that dual grading enhances compressive
strength, modulus of elasticity, absorbed energy, and fracture behaviour of the lattice structure at

the same part weight.
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1 INTRODUCTION

This chapter introduces the polymer additive manufacturing workflow and focuses on the
design for polymer additive manufacturing. Also, the principle of operation of the two polymer
additive manufacturing machines used in this research is explained. The problem statement is
discussed and the thesis global research question is presented. Moreover, the objectives of the
thesis are laid out and how each chapter addresses those objectives is demonstrated. Due to the
broad scope of this research, the literature review and scientific principles related to each chapter

are introduced at the beginning of each chapter individually.

1.1 Background

Additive manufacturing (AM) is a process of joining materials to make parts from 3D model
data by successive layer by layer material addition according to ISO/ASTM 52900:2015(E) [1].
AM technology was introduced in the early '80s as a rapid prototyping technology. With significant
advancement in AM research, it started to be involved in functional parts manufacturing [2].
Several initial patents for the AM technology have ended, which allowed many technology
manufacturers to compete in this area. Consequently, AM became affordable technology, which
provided colossal inertia to AM research and development.

Additive Manufacturing has triggered a paradigm shift towards parts and assemblies design
methodologies, materials development and utilization, and supporting the parts' additional
functionalization [3,4]. With the increasing number of successful case studies in biomedical,
aerospace, and automotive sectors [5], AM revolutionizes more industrial sectors from
confectionaries [6] and shoemaking [7] to oil and gas [8] and constructions [9]. Several polymer
and metal additive manufacturing processes can manufacture parts with significant geometrical
and dimensional accuracy [10-14]. AM unleashes the manufactured parts' geometric freedom,
enabling designers to fully utilize topology optimization and complex lattice structures to design
functional parts while reducing their weight or tailoring their thermos-mechanical properties [15—
18].

AM technology evolved into different sub-AM technologies; each has its unique physics,
principles of operation, range of available materials, accuracy, and resolution. [1]. These
technologies are classified by the material used to build the parts; either metals, polymers, or

ceramics. Another classification is the principle of operation; either material extrusion, material
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jetting, powder bed fusion, binder jetting, vat photopolymerization, or directed energy deposition.
Some AM principle of operation allows utilizing more than one material type. For example,
powder bed fusion can be used for all three material types.

The workflow to produce an additively manufactured part consists of three steps:
preprocessing, build cycle, and post-processing, as shown in Figure 1-1. The preprocessing step
consists of different sub-steps: part design, process parameters optimization, and path planning.
The second step is the build cycle, in which one or more components are built up in layers in the
process chamber of the additive manufacturing system. The last step is post-processing, which is
a process taken to achieve the desired surface finish of the final product, for example, support

material removal, chemical or mechanical finishing, or applying paint or primers.

Pre-Processing

Design Path Planning Machine Parameters

Support Material Removal Chemical or Mechanical Finishing Primer or Paint

Figure 1-1 Additive manufacturing workflow

1.2 Design for Additive Manufacturing

Design for additive manufacturing (DfAM) or the preprocessing step is crucial in additive
manufacturing, with a significant impact on process outcomes. It dictates the part's strength,
geometry, and manufacturing time which translates to cost. Each sub-step in the part design affects
the next step and sets some constraints on the different processes within each sub-step.

The part design process, which is the first step in the DfAM, as shown in Figure 1-2, starts by
selecting the proper material that fits the function of the final part then selecting the proper additive
manufacturing process that can handle the selected material and accommodate the required
accuracy. The part preliminary design is carried out using computer-aided design software (CAD),
which allows the design of the preliminary part envelop based on the design specifications and the
functional requirements while keeping in mind the capabilities and limitations of additive
manufacturing processes. The degree of geometrical freedom provided by AM allowed for further
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shape geometry optimization to maximize mechanical properties, minimize weight, minimize fluid
turbulence, and maximize heat transfer. This can be achieved by either using a generative design
based on topology optimization algorithms or by using lattice structures, which is provided by
numerous finite elements software. The last process in the part design is to export a CAD file
readable by the computer-aided manufacturing software (CAM) dedicated to the additive
manufacturing machine selected. One of the most popular CAD files is the STL file format, which
is the first additive manufacturing compatible file developed initially for the stereolithography
process. STL stands for Standard Tessellation Language file, and it describes the CAD model data

as a surface geometry of an object in the form of a tessellation of triangles.

Part Design

. . Process Parameters Optimization
- Material Selection
) oo Path Planning

- Process Selection - Layer Thickness

- Preliminary Design | - Power - Part Orientation

- Optimized Geometry | - Velocities - Support Structure

-CAD File - Temperatures - Slicing
- Trajectory Planning
- Machine Instructions

Figure 1-2 Pre-processing or design for additive manufacturing workflow

Process parameters are defined as the set of operating parameters and system settings used
during the build cycle. The process parameters need to be optimized to ensure that the final part
has a near-net-shape, where the part requires little to no post-processing to meet the required
functional dimensions within the process promised accuracy or better. Layer thickness is one of
the critical process parameters that affect the geometrical accuracy of the part. It also affects the
fusion efficiency of the layers, thus affecting the strength of the part and directly translates to
manufacturing time and cost. Properly selecting the power value of the fusing/heating/curing
element is essential to ensure the part's integrity and prevent failure. The value range set for the
different components velocities within the AM machine affects the manufacturing time, part
quality. The environment temperature inside the AM machine can ensure that the part does not

warp and can minimize the generated stress during the manufacturing process.



The last sub-step within the preprocessing is the path planning, which translates both the part
design in the form of a CAD file and process parameters into machine-readable instructions (G-
code), except projection stereolithography which reads images instead of G-code. Orienting the
part within the build volume of the AM machine influence the quality of different feature types
within the part. In order to ensure that each new layer to be manufactured is supported and not
hanging in the air, the support structure is used to support those areas and ensure the part does not
warp during manufacturing. The use of support structures will increase material usage and require
post-processing steps to remove it and its marks from the part. Then based on the chosen, layer
thickness the part is sliced into layers, and a path plan for each layer is generated, and the trajectory

plan for the different machine components is computed.

1.3 Principles of Operation

Since this thesis focuses on polymer additive manufacturing, two of the most popular polymer
AM processes are studied to demonstrate the different DfFAM research scopes in the thesis. The
first process is the projection stereolithography process (PSLA), and the second process is the

fused deposition modelling (FDM).
1.3.1 Projection Stereolithography Process

Projection stereolithography (PSLA) systems belong to the vat photopolymerization process,
which is defined as the "process in which liquid photopolymer in a vat is selectively cured by light-
activated polymerization" according to ISO/ASTM 52900:2015(E) [1]. SLA systems were
introduced in the late 1980s as rapid prototyping equipment [2]. Currently, these systems are used
for different applications like fully functional mechanical parts [19], microfluidics and lab on chip
devices [20], and patient-specific medical applications [21-24]. A wide range of materials is
compatible with SLA systems, such as pure polymers, mixed polymers, and ceramically loaded
polymers [25,26]. The main advantage of the projection-based systems over the laser scanning
systems is the lower manufacturing time. The projection systems simultaneously expose the whole
build area with the desired UV pattern instead of a laser tracing each point of the pattern [27,28].

Like other additive manufacturing processes, the first step in PSLA is to slice the solid model
of the desired part to be manufactured. The output of this slicing process is a stack of black and

white pixelated Portable Network Graphics (PNG) images and a settings file. Each image



represents a cross-sectional projection for the corresponding layer. The white and black colours of
the pixels represent the areas where the prepolymer resin should be polymerized or not,
respectively. The number of images depends on the selected layer thickness and the part height.
The minimum achievable layer thickness is determined by the minimum vertical resolution
achieved by the driving system of the machine, which ranges from 1 to 100 um in the case of
PSLA systems [8]. The input settings file contains the numerical values for the optical power
(typically a UV LED), layer thickness, exposure times, the approach and separation velocities, and
many other parameters.

As outlined in the schematic of a typical PSLA system shown in Figure 1-3, the build cycle
starts with the PNG stack and the settings file are read by the machine controller. Then the
controller sends signals to the pulse width modulation (PWM) driver of the UV LED (1) to control
the average LED power. The light then passes through light conditioning and expanding optics (2)
for the light to be distributed equally and uniformly on the entire digital micromirrors array device
(DMD) (3) [29,30]. A black pixel on the PNG image will position the corresponding micromirror
to reflect the light towards a heat sink (4). A white pixel will position the corresponding
micromirror to reflect the light towards the photosensitive prepolymer resin (5) in the vat (6),
passing through the clear transparent PDMS window (7). The PNG image is projected via the
micromirrors on the DMD to cure a complete layer of prepolymer squeezed between the previously
cured layers of the part (8) and the PDMS window. The manufactured part is attached to the
vertically translating build platform (9). After curing one layer, the vat moves laterally to separate
the cured part from the PDMS window then the build platform moves upwards by a distance equal
to the layer thickness. PDMS inhibits free-radical polymerization by an insignificantly thin layer
above its surface [27], which facilitates the separation of the part at a low separation force and
minimizes the part distortion [27,31]. The accuracy of the manufactured parts depends on the
minimum voxel size that can be achieved. Instead of using white and black pixels, grayscale pixels
can control the average irradiance transmitted by each micromirror to achieve sub-voxel resolution

[32].



Figure 1-3 Schematic of a typical projection-based stereolithography additive manufacturing system
(PSLA).

By adding, expanding or reducing optics, the resolution achievable and the build area size
changes. As the reduction ratio increases, the resolution increases while the build area decreases;
there is always a tradeoff between them [33]. Different manufacturing scales have studied in the
literature, from microscale to mesoscale application targets with a resolution of 1 pm to 250 um
[34].

The current DLP has its micromirrors arranged in a diamond-oriented array, as shown in
Figure 1-5 (a), to fit more mirrors within the same space than the orthogonally arranged
micromirrors [35,36]. A weighted calculation must be performed to decide which micromirror in
the projector diamond array will correspond to a pixel in an image with a square array, as shown
in Figure 1-4 (b). This micromirror arrangement was developed to advance the video projection
with higher resolution, but in additive manufacturing, this will distort the geometry, mainly if the
target application is a microstructure. The part has to be rotated 45°, and the diamond resampling
option must be disabled in the settings file to print with the square arrangement on the diamond
micromirror array. Each pixel in the image file will now correspond to a certain micromirror;
however, this compromises the available build area to manufacture a part on, as shown in Figure

1-4 (c) and (d).



(a) (b)

(©) (d)

Figure 1-4 (a) Micromirror diamond arrangement [37], (b) micromirror diamond assignment decision,
(c) Orthogonal mirror resampling over Diamond arrangement [38], and (d) Available build space
(black) for orthogonal arrangement [39]

1.3.2 Fused Deposition Modelling Process

Fused deposition modelling (FDM) belongs to the material extrusion AM process category,
which is defined as the "process in which material is selectively dispensed through a nozzle or
orifice" according to ISO/ASTM 52900:2015(E) [1]. The build cycle starts when the FDM
machine receives the G-code describing the movements and actions required to produce the desired
part. Then the drive wheels, gripping the used build material, rotates and forces the thermoplastic
filament to be extruded through the extrusion nozzle after passing through a heating element
contained in the printing head, as shown in Figure 1-5.

The extruded material should reach the softening temperature range, which is above the
recrystallization temperature and below its melting temperature. The machine controller ensures
that the material has the extrusion velocity and is capable of stopping extrusion completely; this
allows to deposit material on the desired locations selectively. For the first layer, the material is
deposited on the build platform, while in the next layers, the material is deposited on the previous
layers. The extruded material must both fully solidify while maintaining the original deposited
shape and bond to the material of the previous layer. The printing head moves in both the X and Y

direction while depositing any layer; after material for that layer is extruded, extrusion stops and



the build platform moves down in the Z direction by a value corresponding to the layer thickness.
For parts with overhang features, supports with weaker or water/solvent dissolvable materials,
which eases the support removal process. This can be done by using printing heads with dual

extrusion nozzles, and the machine controllers select which material to be extruded.

Figure 1-5 Schematic of a typical fused deposition modelling process

The consistency of shape and dimensions of the extruded filament depends on the material
flow rate, extrusion nozzle diameter, and the printing head velocity. The extrusion nozzle diameter
limits the minimum feature size to be manufactured, where no feature with a size smaller than the
nozzle diameter can be created. FDM is more convenient for larger parts with features at least
double the nozzle diameter. To ensure the integrity of the manufactured part, the material should
be heated to the point to adhere properly to the previous layer without leaving a distinctive layer
boundary which can lead to fracture and without melting and distorting geometry of the previous
layer. The Parts' warping is an issue for most AM processes; in FDM, heating the build platform

minimizes the thermal gradients and minimizes warpage.

1.4 Problem Statement

While AM had leveraged part and assembly design freedom, it added new constraints on the
design for additive manufacturing (DfAM). The promised advantages of AM will not get realized,
and the results can be significantly costly unless the rules for DfAM are implemented.

Additionally, new design strategies should be developed to overcome the inherent limitations of
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each AM processes. AM processes. Functional additively manufactured parts are evaluated based
on three main criteria; mechanical performance, geometrical accuracy, Physical efficiency
(thermal, fluid, and weight), and cost. Efficient part design, process parameters, and path planning
required to produce cost-effective and successful functional parts must be carefully designed and
optimized to overcome the inherent tradeoffs of the selected process. The ultimate goal of DfAM
is to produce parts with "as-built" geometrical measurements and mechanical performance that
match the "as designed" CAD part design specifications.

The first challenge is that the process outcomes, namely, geometry, mechanical properties,
and cost, are significantly sensitive to part design, process parameters, and path planning decisions.
What complicates this issue is that the process outcomes mentioned are coupled, and some of the
process parameters are interdependent. For instance, if all the process parameters are optimized to
maximize one of the outcomes, the other outcomes are not usually maximized; however, it can
negatively affect them. If one parameter is changed, other interdependent parameters will be
changed accordingly so that the manufactured part does not fail. In projection-based
stereolithography (PSLA), as shown in Figure 1-6, like all other AM processes, the building
material constituents, the CAD and CAM parameters, the individual machine components

specifications, and several noise sources affect the coupled process outcomes.
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Figure 1-6 Example of PSLA process coupled outcomes
Decreasing the layer thickness value improves the geometrical accuracy and resolution of
features built in the vertical direction, the average surface roughness, and the strength; however, it

increases the manufacturing time by more than the decrease in the layer thickness percentage



increases the cost. Decreasing the layer thickness without decreasing the exposure time will distort
the horizontal dimension, polymerize the resin within the horizontal holes in the part, and cause
layers to stick to the PDMS window, resulting in complete part failure. This scenario of process
outcome coupling and parameters interdependency are valid for the different parameters stated in
Figure 1-6. The process outcomes coupling and the process parameters interdependency impose
constraints on manufacturing a functional part that meets both geometrical and material properties
requirements. Therefore, development of numerical or empirical models is needed to understand

the aforementioned relationships between parameters and process outcomes.

Figure 1-7 Illustration showing the difference between the as designed, the commercially promised, and
the as-built parts based on the PSLA process

The second challenge that faces DfFAM is that the commercially promised resolution either
describes the physical machine electric driver's resolution, nozzle diameter, or laser spot size but
not the overall manufacturing resolution, which reflects the process physics. Both the part with
commercially promised resolution and the as build resolution deviate from both the STL geometry
and the original CAD geometry, as shown in Figure 1-7. Different process parameters values in a
different geometrical errors. Therefore, there is a need for geometry prediction algorithm to
estimate the geometrical deviation in terms of material properties, process parameters, and process
physics.

The third challenge is that the manufacturing accuracy promised is only guaranteed while
using specific materials and manufactured at the pre-defined set of settings optimized for those

materials. This limits the use of different materials available in the market that were not sold by
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the AM machine producer. Most of the machine producers lock the settings change to prevent
users from not using their materials. This can be reasoned with two main reasons. The first is the
financial aspects of profit generation, while the second and most important one is that not all the
users can calibrate the machine parameters safely to use new materials as there is no
straightforward, standardized procedure to acquire the optimum process parameters. Therefore,
the need for a deterministic calibration and characteristics measurement methods is required to
ensure the accuracy is maintained for different materials.

The fourth challenge is lack of software tools predicting and correcting geometrical distortion
and mechanical performance ahead of starting the build cycle. Building parts without simulating
their performance will lead to costly outcomes requiring multiple manufacturing trials. Metal
additive manufacturing has several reliable commercial software packages, while polymer additive
manufacturing does not have much. A simulation and prediction modelling can be used along with
optimization algorithms to optimize the DfAM parameters to maximize the part performance
ahead of the build cycle start. An optimization methodology is required to ensure that the final part
will meet the geometrical and mechanical properties requirements.

The geometrical freedom provided by AM facilitated the utilization of 2D and 3D lattice
structures and infill patterns to replace the bulky solid material to tailor customized mechanical
and thermal performances. The fifth challenge is that the available design software packages have
a closed library with a predefined lattice while new lattices shapes are introduced frequently. The
currently available software packages also limit the control over the unit cells' size and density
variation across the lattice structure. At the same time, new patterning strategies are introduced to
achieve specific goals like shock and energy absorption and stiffness tuning. There is a need for a
framework that allows manipulating user defined unit cells within a lattice structures to enable

further mechanical properties enhancement beyond what the process parameters can achieve.

1.5 Research Question and Objectives

This thesis attempt to answer the following research question:

%3

ow to improve the mechanical and geometric quality of as built
parts produced by PSLA and FDM additive manufacturing processes to
meet the as designed part specifications through research and

development of DfAM models and tools?”
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The thesis research project has been designed to address many fundamental issues facing the
additive manufacturing process and construct the knowledge and understanding related to the
design for polymer additive manufacturing. This research studies two of the most common
polymer additive manufacturing processes, namely projection-based stereolithography (PSLA)
and fused deposition modelling (FDM) processes, to answer the thesis research question. The
objectives of this research are as the following:

1. Investigate the significance of the different process parameters' effect on the process
outcomes, study process and design parameters’ interdependency, and identify
possible solutions to minimize process outcomes coupling.

2. Develop numerical and empirical models to capture the process physics and represent
the process outcomes

3. Develop methodologies to extract constants for material and AM machine to be used
to model the manufactured part and optimize the process parameters.

4. Develop prediction and simulation tools to assess the geometrical accuracy and
mechanical performance of the manufactured parts.

5. Develop optimization algorithm to improve the manufactured geometry to minimize
deviation from the as-designed part dimensions.

6. Develop a 3D modelling tool to facilitate using generic user-defined unit cells to be
propagated within a designed part to form a spatially variable size and density lattice
structure.

This thesis consists of eight chapters, including the introduction and the thesis conclusions
chapters, with six chapters in the middle discussing the different aspects of design for polymer
additive manufacturing. As shown in Figure 1-8, the thesis research domain is split into two main
subdomains, process parameters, and design parameters optimization. Chapters two to four
investigate the process parameters subdomain and target to improve the manufactured part's
mechanical and geometrical accuracy. While chapter 5 to chapter 7 investigate the design
parameters domain and target to enhance the mechanical properties, cost, and part weight. After
optimizing the process parameters, the mechanical properties reach a saturation state. Then
optimizing part design parameters to tune mechanical properties further and reduce cost by

reducing material usage and minimizing weight becomes the only option.
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Figure 1-8 Flow chart of the thesis research domain

Chapter 2 investigates the effect of the PSLA process parameters on the mechanical
properties, geometric accuracy, and surface roughness of the manufactured part. Along with a
novel introduced curing model to estimate the accumulated exposure energy per layer. The
numerical, analytical model is combined with empirical models to predict material properties and
surface roughness. Newly introduced terms like irradiance affected zone and critical energy for
mechanical properties are used to develop curing schemes to improve geometrical accuracy. At
the same time, the mechanical properties is set to a value that ensures the part integrity during
manufacturing, and then mechanical properties will be enhanced during post-curing. This chapter
answers part of the thesis research question that process parameters can improve the as-built part
to achieve comparable measurements to the as-designed part. This chapter provides the foundation
on which a modelling and optimization tool can be built.

Chapter 3 investigates the effect of process noise on the geometrical accuracy of the part. In
other words, this chapter quantifies the effect of build platform irradiance map non-uniformity on
geometrical accuracy. A novel high-resolution fluorescence-induced irradiance measurement
methodology is introduced to measure and capture the irradiance profile projected from one
micromirror. The effect of part location on the geometrical accuracy and the effect of a grayscale
pixel on minimizing that effect is experimentally explored. This chapter answers another part of
the research question in which process parameters can minimize the geometrical deviation across

the build platform, bringing the as-built part closer one more step towards the designed part.
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Chapter 4 utilizes the material and machine constants from chapter 2 and chapter 3 to develop
a 3D geometry prediction algorithm capable of simulating the geometrical distortion in different
features and surface roughness. The second part of this chapter integrates the existing pixel
blending optimization algorithm with a newly introduced cross-layer optimization method and the
irradiance compensation algorithm. This chapter provides a design for additive manufacturing
tool to virtually assess the geometrical deviation between the as build and the design parts. Also,
provide the optimization tool to improve the accuracy of the as build while minimizing the effect
of irradiance map irregularities and maintain the part mechanical properties at a level to ensure the
structural integrity of the part during manufacturing.

Chapter 5 investigates the effect of part 2D design parameters on manufactured parts'
mechanical properties and cost by fused deposition modelling. A cost-based methodology is used
while considering the part design parameters to manufacture parts optimized for strength and cost.
The study focuses on a systematic design of experiments to measure the ultimate tensile strength,
ultimate flexural strength, modulus of elasticity, time, and volume. This chapter investigates a
different type of process outcomes coupling, namely the mechanical properties and cost, and how
to minimize such coupling using part design parameters which answer another aspect of the main
thesis hypothesis compared to the previous chapters. This chapter uses empirical modelling to
predict the mechanical properties and cost of FDM manufactured parts.

Chapter 6 presents a novel algorithm capable of converting the machine input G-code file
back to a CAD model (called the Reverse CAD model). The Reverse CAD model can provide an
accurate assessment of the geometric and mechanical behaviour of the printed part as it also
incorporates the effect of slicing parameters. In order to validate the algorithm, primitive
geometries are printed, and mass properties are compared to the Reverse CAD model. This chapter
approaches the thesis hypothesis by providing a numerical 3D modelling tool to predict the
mechanical behaviour and geometrical Quality of the part ahead of manufacturing which can cut
manufacturing costs. Therefore by using the developed tool presented, the process outcomes
coupling can be minimized.

Chapter 7 introduces a framework to grade both the size and the relative density or porosity
of standard and custom unit cells simultaneously within a lattice structure as a function of the cell
spatial coordinates. Moreover, it investigates the effect of lattice structure dual grading strategies

on the mechanical properties experimentally. It was found that combining both relative density
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and size grading enhances compressive strength, modulus of elasticity, absorbed energy, and
fracture behaviour of the lattice structure at the same part weight.

This chapter approaches the thesis research question by providing a 3D modelling tool to tune
mechanical properties beyond the process parameter optimization limits, such as improving

toughness, ultimate strain, and ultimate compression strength at lower material usage.

15



2 Modelling and Experimental Investigation of Material Properties
and Geometries Produced by Projection Stereolithography
(PSLA)’

In projection stereolithography (PSLA), the material properties are coupled with geometrical
accuracy, implying that optimizing one response will affect the other. Material properties can be
enhanced by the post-curing process, while geometry is controlled during manufacturing. This
chapter investigates the effect of process parameters on the green material properties (after
manufacturing and before applying post-curing) and the geometrical accuracy of the manufactured
parts concurrently using designed experiments and analytical curing models. It also presents a
novel accumulated energy model that considers the light absorbance of the liquid resin and solid
polymer. An essential definition named the irradiance affected zone (IAZ) is introduced to estimate
the accumulated energy per layer and assess geometries feasibility. Innovative methodologies are
used to minimize the effect of irradiance irregularities on the studied responses and to characterize
the light absorbance of liquid and cured resin. Analogous to the working curve, an empirical model
is proposed to define the critical energies required to start developing the different material
properties. The results obtained in this chapter can be used to develop an appropriate curing scheme
to approximate an initial solution and to define constraints for projection stereolithography

geometry optimization algorithms.
2.1 Introduction
2.1.1 Photopolymerization

A successful PUSLA system, in general, requires an optimized resin formulation. The current
available photosensitive resins consist of a single or a mixture of monomers and oligomers,

photoinitiator, photoblocker, and enhancing additives [26,38,40,41]. The concentration of each

* Part of this chapter is published in:

1. Mostafa, K. G., Arshad, M., Ullah, A., Nobes, D. S., and Qureshi, A. J., 2020, “Concurrent modelling and
experimental investigation of material properties and geometries produced by projection
microstereolithography,” Polymers, 12(3), p. 506.

ii. Mostafa, K. G., Nobes, D. S., and Qureshi, A. J., 2020, “Investigation of light-induced surface roughness in
projection micro-stereolithography additive manufacturing (PuSLA),” Procedia CIRP, 92, pp. 187-193.
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component influences the process parameter values selected to achieve the desired material
properties and geometrical accuracy [42].

When the prepolymer starts to receive the transmitted light from the DMD, the photoinitiator
absorbs the light at a specific wavelength till it reaches its molar excitation threshold, then an
intermolecular photocleavage occurs and the photoinitiator decomposes to its active radicals.
These radicals attack the double bonds of the surrounding monomers and oligomers, starting a
chain reaction and bonding of the active monomers and oligomers with the other unsaturated ones
and forming polymer chains [43]. Due to this, a state of coexistence of gel and liquid appears. As
more UV energy is absorbed, the gel further solidifies while retaining unconverted prepolymer
trapped within the solid. The full conversion cannot be achieved during the uSLA process itself
and may require post-curing [26]. An effective curing scheme achieves an acceptable amount of
monomer conversion and solid phase per layer before starting a new subsequent layer to prevent
shape distortion or even complete part failure.

The ideal photosensitive prepolymer resin absorbs most of the projected irradiance for each
layer while allowing a small amount to penetrate to the previously manufactured layer to ensure
interlayer adherence. However, in practice, a significant amount of the projected irradiance
penetrates the current layer and polymerizes the uncured areas in the previous layers; thus, the
photoblocker is added to minimize the irradiance penetration effect. The overall absorbance
coefficient a, at position and time (x, t), which quantify the absorbance of the light at a specific
wavelength by the resin and is a function of the concentrations of the different components of the

material and can be described by:

a(x,t) =a; X C;(x,t) + ag X Cg(x,t) + ap X DOC(x,t) + a, X (1 —DOC(x, t)) (2-1)

where a; and ap are the light absorption coefficient of the photoinitiator and photo blocker,
respectively, while C; and Cp are their concentrations. The photodecomposition rate of the

photoinitiator or blocker, known as the photobleaching, is described by:

%=ﬂjxl(x,t)><€j (2_2)

where f; is the photodecomposition coefficient of molecule j, which in this case can be either

the photoinitiator or the photoblocker, and [ is the irradiance. As the absorbed energy increases,
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the concentrations of both the photoinitiator and blocker decrease, which will increase the amount
of the penetrating and non-absorbed energy [43,44]. As the degree of monomer conversion (DOC)
increases, the number of prepolymer molecules decreases and the number of polymer molecules
increases; usually, polymer absorption ap is much higher than the prepolymer molecules
absorption (a,).

The Beer-Lambert equation expresses the light absorption/penetration through the material

as:

1(x,z) = 1,(x) X e” % (2-3)

This equation is used to derive Jacob's working curve equation (2-4) [2,38]. The I(x, z) is the
irradiance at position x at depth z and I, is the projected irradiance at depth equals to zero and
located above the PDMS window surface and just below the prepolymer resin. The cured depth

(C,) described by:

C,(x) = Dp - In (1(xgc>< t) (2-4)

1s more practical and specially tailored for SLA as it is described in terms of material constants
that can be evaluated experimentally, namely characteristic penetration depth Dp and critical
energy E.. The critical energy is the energy at which the prepolymer start to polymerize without
developing any cured depth(C; = 0), while the characteristic penetration depth is the depth at
which the exposure energy reaches e~ ! of its original value. The variables are exposure energy

delivered represented by I(x) - t, where ¢ is the exposure time per layer.
2.1.2 Literature Review and Problem Statement
2.1.2.1 Material properties

Projection stereolithography possesses highly coupled process responses. For example, the
geometrical accuracy and the material properties of the manufactured parts, which are the focus of
this study, are intimately connected [45]. Manipulating the process parameters, for example, the
layer thickness, the exposure time, and the irradiance, to optimize one response will significantly

affect all the other responses. Minimizing the effect of this coupling is one of the motivations of

18



this study. The literature review section summarizes some of the research efforts to optimize the
PuSLA process parameters to achieve different optimal responses.

Aznarte et al. [46,47] studied the significance of twelve process parameters on the green
mechanical properties of parts. It was found that the layer thickness, the exposure time, the part
orientation, and the wait time between two successive exposures are the top most significant
parameters. Also, the manufactured parts showed major properties anisotropy, which is confirmed
by Dizon et al. [48].

Chockalingam et al. [49] studied the effect of layer thickness, orientation, and post-curing
time effect on the strength of the part using the L18 orthogonal array and developed a second-
order polynomial regression model. It was found that the layer thickness is the most significant
parameter; however, the post-curing time levels chosen for this experiment were causing over-
curing of the polymer, which decreased its strength as time increased.

Monzén et al. [50] studied the effect of post-curing on the anisotropy of the manufactured
parts. The results showed that with proper post-curing time, the anisotropy diminishes completely
along all axes with a notable increase in the mechanical strength. Also, Monzén et al. [50] showed
that the position of the part on the build platform affects the mechanical properties significantly,
which can be reasoned by the irradiance irregularities of the DMD device depicted by Zheng et al.
and Warburg et al. [51,52].

Wu et al. [43] developed a curing kinetic model for acrylates-based photopolymers to predict
different material properties. The test specimen was made of a single-layer part using a mould and
curing light source. Yang et al. [53] developed a multi-layer curing model to estimate a theoretical
average degree of curing and developed a regression model relating material properties to the
degree of cure. The previous two models require extensive and expensive experimentation to
evaluate all the required constants and also require detailed information about the resin

components and their concentration, which is not available for most industrial resins.
2.1.2.2 Geometrical Accuracy

Zhou et al. [54,55] used a pixel blending optimization algorithm to improve the geometrical
accuracy of the horizontal shapes. This algorithm enabled higher accuracy and sub-voxel
resolution, but it did not manipulate the exposure time. Mitteramskogler et al. [56] studied the

lateral growth of the dimensions with curing time experimentally.
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Gong et al. [38,57] developed a multi-layer curing model to calculate the exposure time for
each layer independently to improve the accuracy of the horizontal microchannel against the light
penetration challenge. O'Neill et al. [58] studied the effect of the number of layers manufactured
after a microchannel on the deviation of the microchannel dimensions. These models treat the light
penetration/absorption for both the liquid prepolymer and the solid polymer as the same. However,
they are different, as indicated by (2-1). Because as the monomer converts into a polymer, the
absorption changes.

Mostafa et al. [32] studied the effect of exposure time, grayscale, and layer thickness on the
accuracy and tolerance control of cylindrical features and showed that exposure time is the most
significant parameter.

Optimizing the concentrations of the material components will improve the material
properties and the features' geometrical accuracy. However, the excessive addition of photo-
blockers to minimize light penetration through the material improves geometry but decreases
strength. On the other hand, increasing photoinitiator concentration improves the material
properties but decreases the critical energy for the prepolymer, which makes it highly sensitive
and will result in distorted geometries [38,59—61]. Increasing both concentrations by insignificant
amounts also increases material toxicity significantly, which makes the material unsuitable for

medical applications.
2.1.2.3 Surface Roughness

Surface roughness is a major challenge for most additive manufacturing processes due to the
addition of discretized layers. The surface roughness varies significantly with the change of
process parameters [62]. For most AM processes, the surface roughness is a combined result of
the staircase phenomena and the characteristic physics of the process. A model based on the
staircase only will predict the surface roughness when the part surface is inclined [63]. The
experimental results presented in [62,64—66] show that vertical surfaces have an average surface
roughness of significant value but are less than that of the inclined surfaces. There are several
studies dedicated to optimizing the inclined surface quality resulting from the staircase phenomena
using the PUSLA physical models; however, these models did not predict the vertical surface

roughness [67,68].
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Baltej et al. [11] used geometry-based modelling and were able to predict the surface quality
of'both inclined and vertical surfaces of the FDM process. Krishnan and Gurunathan [69] presented
an analytical physics-based model that considers both the intrinsic polyjet AM process surface
roughness and the staircase phenomena. The theoretical model proposed in this chapter is shown
in Figure 2-3(b), where both the inclined and vertical surfaces have surface roughness with a

characteristic form due to the curing light diffractions.
2.1.3 Research Motivation and Objectives

The motivation of this study is to determine the appropriate curing scheme producing accurate
geometries with sufficient green materials properties before the post-curing process to withstand
the manufacturing process and the subsequent post-processing. The geometry is mainly controlled
during the manufacturing process itself, while material properties can be further enhanced with
post-curing to reach the optimum properties.

The coupling of the process responses entails the analysis of the effect of process parameters,
namely layer thickness, exposure time, and irradiance, on both the material properties and the
geometrical accuracy of the manufactured parts using a series of designed experiments. The
irradiance irregularities across the building platform are identified, and their effect on the measured
properties is accounted for in the experiments. A novel multi-layer curing model that differentiates
between the absorbance of light through the liquid prepolymer resin and the solid polymer while
calculating the accumulated energy per layer is developed and presented. A new terminology
called the irradiance affected zone (IAZ) is introduced to define the number of previously cured
layers affected by the exposure light of the current layer. An innovative experimental methodology
for evaluating the constants of the working curve required for the developed model is presented.
Analogous to the working curve, this chapter defines the critical energy to develop different
material properties using an empirical model, which is a result of a logarithmic fit between the
measured material properties and the numerical computed accumulated exposure energy per each
layer. An experimental geometric artifact was designed to evaluate the manufacturability of
different features at different sizes. Both the horizontal curing model and the vertical accumulated
model are also used to assess the feasibility of manufacturing different parts.

Based on the proposed vertical and horizontal curing models, the average surface roughness

is modelled using a curing model as a function of the significant process parameters, namely the
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exposure time per layer and the layer thickness. A prediction model based on both the curing and
the staircase models is introduced. The surface roughness is characterized experimentally using
both the confocal microscope and scanning electron microscope. The main surface lay directions
are identified. Both the predicted and the experimental results are compared to evaluate model
performance.

The results obtained from this study allow a new methodology to estimate the proper curing
scheme for successful functional parts. By knowing the different material critical energies defined
by the empirical model, the process parameters can be tuned to achieve such energies as a
minimum energy constraint while focusing on achieving the required geometrical accuracy using

the different pixel blending optimization algorithms.

2.2 Curing Analytical Models

In this section, two analytical curing models that will be used in the analysis of the results are
presented. The first model, which is a novel model, is called the vertical multilayer model along
the z-axis. This model estimates the accumulated energy received per layer. The novelty in this
model is that it differentiates between the irradiance absorbance in liquid prepolymer and solid
polymer. The accumulated energy per layer is further used to model the material properties. The
second model is a horizontal curing model along the x-axis, which is used to study the effect of
process parameters on the dimensions of different features. Both models are used to assess the

manufacturing feasibility of different geometric features.
2.2.1 Vertical Multilayer Model for Accumulated Energy

Various vertical energy accumulation models have been presented in different studies
[57,67,70]. However, these studies consider that the irradiance absorbance is the same across liquid
prepolymer and cured polymer. In reality, the absorbance coefficient differs as suggested by (2-1)
and is shown experimentally in the next sections. The proposed new model uses two working
curves to simulate the irradiance penetration through both liquid resin and cured polymer. As
shown in Figure 2-1, the first layer of prepolymer receives its initial exposure energy E; which
equals to the multiplication of the irradiance I projected just above the PDMS window, for layer
i, which in this case equals one, and exposure time t. During the curing of the second layer, the

squeezed resin between the PDMS window and the cured layer receives the initial exposure E,
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and the first cured layer receives a portion of this exposure energy E;, which passes through the
liquid resin of layer two. Then the third layer receives E5 and a portion of it E,5 penetrates through
liquid resin of the third layer and exposes the second layer, then sub-portion of it E;; penetrates
through the cured second layer and exposes the first layer, and so on.

As described by (2-5), each layer receives total exposure energy of Ep; which is the
summation of the initial exposure E; of the layer i, and accumulation of the penetrating exposure
energy E;; received by layer i from the initial exposure of the subsequent layer j. The subsequent
layers considered in the energy accumulation estimation are only within the irradiance affected
zone (IAZ), described by (2-7). The IAZ is the number of layers having a thickness d, and
penetrated by irradiance I for time t before the exposure energy decreases below the critical
energy E.. For a certain layer thickness value, the IAZ is a material-dependent property and
defined by the characteristic penetration depth Dp, and the critical energy E. of the resin. The
penetrating exposure energy E;; from layer j to layer i, described by (2-8), is defined as the
exposure energy penetrating through one layer of liquid resin, defined by Dp , and the previously
cured layers between iandj, defined by Dp,. The IAZ also defines the minimum horizontal
channel size; in which any horizontal gaps smaller or equal to the depth of the IAZ will cease to
exist, and the vertical dimensions of the horizontal channel will deviate depending on the layer

thickness used and exposure time.

First Layer Second Layer

=
ZL# IR tite

Third Layer Fourth Layer

IR IR

Figure 2-1 Illustration of the vertical energy accumulation model
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ETi = Ei + z EU (2'5)
Jj=i+1
E,=Ixt (2-6)
_ Dp1 I xt (2_7)
I1AZ = d_z X ln( Ec )

dy | ii 1o g -
-+ (-t 1)><DP2) (2-8)

2.2.2 Horizontal Curing Model

Horizontal curing models have been presented before in several studies to optimize or
evaluate horizontal geometries of a single layer [54,71-73]. Due to light dispersion, the projected
irradiance from one micromirror on to the PDMS surface I(x) at any distance x is represented by
a Gaussian profile with a Gaussian radius of w, and maximum irradiance per micromirror of I,
as presented by (2-9). The projector consists of a 2D array of micromirrors; however, the presented
model simulates only a 1D array only. The Gaussian irradiance distribution is assumed to be
axisymmetric around the center of each micromirror, thus reduced into a 2D distribution. The
maximum irradiance of each micromirror is assumed to be the same for the micromirrors in the
model. The irradiance profile projected from a linear series of micromirrors is simulated by the
superpositioning of the Gaussian profiles of all the micromirrors using (2-10), where I (x) is the
superpositioned irradiance, at any distance x, projected by N micromirrors and, P is the pitch
distance between two consecutive micromirrors. This model is used to simulate the constrained
surface process, where the maximum value for the cured depth cannot exceed the layer
thickness d,. The cured depth at any distance x can be estimated by using (2-11) and (2-12).

2xx2
_ 2-9
I(x)=1,xe © 2-9)

_2X(x—kxP)?

N
Ir(x) = I, Xe w3 (2-10)
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Ep(x) = Ip(x) X t (2-11)

Er(x) Er(x)
Dplxln< E. > Dplxln< E. <d,

Er(x)
d,, Dplxln< ; >2dz

Ca(x) = (2-12)

c

To simulate the effect of exposure time on the buildup exposure energy and the lateral
dimensions of simple linear features, equations (2-9) to (2-12) are used. The outcome of this
simulation is depicted in Figure 2-2. Figure 2-2(a) shows the results of projecting light from a
linear series of nine micromirrors, with all of them turned on when the middle mirror is turned off.
The dashed blue lines represent the individual Gaussian profiles reflected by each micromirror,
while the solid blue line with triangles represents the superpositioned irradiance profile. The red
line represents the corresponding exposure energy evaluated at different exposure times ranging
from 1.2 to 2 seconds. The horizontal black solid lines represent the critical energy, and the other
dashed black lines represent the minimum energy required to achieve a cured depth of 10, 25, and
50 um.

The cured depth for the different exposure energies is evaluated and presented in Figure
2-2(b). The black dashed line is the ideal shape, while the black horizontal lines represent the
maximum height for the layer thickness of 10 and 25 pm. Figure 2-2(c) and (d) show the effect of
exposure time on exposure energy and lateral dimensions for a line projected by nine micromirrors
with all of them turned on when the middle three mirrors are turned off. For the outer dimensions,
as the exposure time increases, the exposure energy increases, leading to an increase in the lateral
dimensions and deviations from the ideal shape.

For internal dimensions, as the exposure time increases, the exposure energy increases,
leading to a decrease in the size of the internal gap until it ceases to exist, especially at lower layer
thickness values. It is theoretically not possible to create an internal gap by turning off one mirror
in the middle of a series of turned-on mirrors; however, it is theoretically possible that an internal
gap can be developed by turning off three micromirrors. This is due to the resultant energy being
above the critical energy for each layer thickness; therefore, the gap will get cured. For the three
micromirrors case, the resultant energy is below the critical energy for all the layer thickness

values, which means it is possible to create this gap at the studied exposure time. The superposition
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of irradiance in the case of linear features has lower values compared to 2D horizontal
superposition, which means that a 2D gap created within a 2D feature is more challenging than
within linear features. The conclusion is that there is some restriction in achieving the
commercially promised horizontal resolution. An experiment is designed to evaluate the
performance of these models and to study the effect of the layer thickness, exposure time, and
irradiance on the dimensions of vertical and horizontal microchannels, vertical bars, and

overhangs.
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Figure 2-2 Effect of exposure time, while with one micromirror turned off, on (a) superposition energy (b)
lateral dimensions, and effect of exposure time, while with three micromirrors turned off, on (¢)
superposition energy (d) lateral dimensions.
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2.2.3 Surface Roughness Model

A model based on the staircase only will predict the surface roughness when the part surface
is inclined, as shown in Figure 2-3(a). While in reality, the manufactured parts have surface
roughness similar to Figure 2-3(b).

According to ASME B46.1 [74], the surface quality can be described by the average surface
roughness, which is defined as the summation of the peaks and valleys areas divided by the
evaluation length. According to the staircase theoretical model presented in [65], the value of
shaded area A is divided by the evaluation length W, as shown in Figure 2-3(c). Where the surface
angle 8 describes the surface inclination, the layer thickness is d,, and the surface profile angle is
¢. The process physics model will be used to evaluate the ¢ as suggested by [69]. If the process
parameters are kept fixed, the ¢ value will also be fixed, and equation (2-13) can be used to
describe the average surface roughness of both the inclined and the vertical surfaces. However, in
the usual case, each part has its optimized process parameters to achieve different functional
requirements. Thus, another model that can relate the process parameters to the surface profile

angle ¢ is required.

Figure 2-3 (a) The effect of staircase phenomena on surface roughness, (b) The combined effect of
staircase and process physics on surface roughness, and (¢) Trigonometric illustration of the average
surface roughness model
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A _dy |cos(® —¢) (2-13)
w2

By using both the vertical and horizontal curing schemes, the cured shape can be estimated,
as shown in Figure 2-2. The slope and the nominal width of the cured shapes increase as the layer
thickness value decrease and as the exposure time increase. The surface profile angle ¢ is the angle

of the cured shape slope.

2.3 Materials and Methods

In order to study the concurrent influence of significant process parameters, suggested by the
literature review, on the degree of monomer conversion, ultimate tensile strength, storage modulus,
and geometrical accuracy, a series of characterizations are carried out based on a design of
experiments. Since this work aims to relate the manufactured part characteristic to the independent
process parameters, a set of experiments is carried out to determine the working curve constants
of the used material and assess the irradiance of the machine at different grayscale levels and LED

power.
2.3.1 Material

The prepolymer liquid resin used in this study is called PR48 clear resin, Colorado
Photopolymer Solutions, LLC. This resin was chosen because it is optimized for macro and micro-
scale features, commercially available with defined chemical composition allowing development
and optimization in labs. PR48 clear resin consists of Allnex Ebecryl 8210 with a 39.776 wt%,
Sartomer SR 494 with a 39.776 wt% as oligomers, Esstech TPO+ with 0.4 wt% as a photoinitiator,
Rahn Genomer 1122 with 19.888 wt% as a reactive diluent, and Mayzo OB+ with 0.16 wt% as a
UV blocker [75].

2.3.2 Manufacturing Platform

The machine used in this study is the Ember® DLP 3D printer, a machine developed by
Autodesk. The LED has a maximum of 5 W and emits light at 405 nm wavelength. The DLP
system has 912x1140 micromirrors. The build area has a maximum volume of 64x40x130 mm.

The machine vertical minimum resolution/layer thickness is 5 pm, and the horizontal commercial

28



resolution is 50 um. The machine is an open-source platform that allows complete user control

over all the process parameters.
2.3.3 Irradiance Measurement

There are two sets of experiments performed to characterize the irradiance of the machine.
The first experiment aims to measure the irradiance projected on the PDMS top surface,
corresponding to 3 different LED power values at different input image grayscale values. The
result of this set is used to correlate the values of the LED power and grays scale value to the
irradiance value. The results will also be used in the working curve evaluation. These
measurements were done by projecting a sequence of images containing nine mono-colour
grayscale squares of 10x10 mm, where the colour of the images ranges between 0 (Black) to 255
(White), as shown in Figure 2-4(a). Then the irradiance of the Ember printer (1) was measured by
Thorlabs PM100 power meter (2) with a photodiode power sensor Thorlabs S121C (3), as shown
in Figure 2-4(b). These measurements were repeated at three different LED power values
corresponding to the pulse width modulation integer values of 255 for the maximum available

power, 225, and 215; zero means the LED is off.

Grayscale
value of 155

40

Grayscale
value of 0

All dimensions are in mm

(a) (b)

Figure 2-4(a) A projected image with nine 10x10 mm squares having 155 grayscale pixel value,
(b) measuring the irradiance of the Ember machine using a power meter

The second experiment is to evaluate the irradiance map irregularities across the building area
in order to choose a suitable manufacturing region on the build platform with consistent irradiance

for the manufacturing of the different parts. By using the same image shown in Figure 2-4(a) while
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projecting it at the maximum LED power and white (255) squares and measuring the irradiance of

each area.
2.3.4 Working Curve

In order to study the effect of exposure energy on the curing depth and light penetration
through the polymer, two experiments were carried out. For each of the experiments, characteristic
penetration depth and critical energy are determined. The first experiment is used to measure the
cured depth of the polymer formed after continuous light expose for six seconds at different
irradiance levels. This experiment is achieved by projecting an image consisting of different 24
grayscaled tiles that were projected continuously for six seconds, as shown in Figure 2-5(a). The
lowest irradiance corresponds to a dark grey with an integer value of 11, while the highest
irradiance corresponds to the white tile with an integer value of 255. This method will evaluate the

light penetration and cured depth evolution through the liquid at the initial exposure of the layer.

(a) (b)

() (d)

Figure 2-5 (a) experiment 1: grayscale tiles for the continuous exposure-based working curve, (b)
experiment 2: white tiles for the sequential discrete exposure-based working curve, (c) illustration of the
specially designed vat, (d) CMM probe measuring the cured depth of tiles height.
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The second experiment, which was inspired by the technique used in [76], will evaluate the
cured depth and light penetration through the cured polymer. It is achieved by projecting a
sequenced stack of the 24 images containing white tiles (255) only, as shown in Figure 2-5(b). The
number on each tile represents the number of images out of the 24 images that would project the
specific white tile. For example, the first image will contain all the 24 tiles whereas the second
image will contain all the tiles except the tile number 1, the third image will contain all the tiles
except 1 and 2, and similarly, the last image will only contain the tile number 24. The exposure
time for each image is 200 ms, and the wait time between every two successive exposures equals
the typical wait time during the normal process, which is set to its optimal value of 1 s [47].

Both sets are carried out at two different LED power; 255 (HI) and 215 (LO). Each tile is 5x5
mm, and the distance between any two tiles is 1 mm. The total area occupied by the 24 tiles is
23x35 mm. The positioning of tiles in both sets is randomly assigned. The area where the tiles are
distributed is limited to around 1/3 of the total build area so that the tiles are placed within an area
of a tolerable irradiance map difference. A specially designed vat was used in this experiment, as
shown in Figure 2-5(c), to carry the liquid resin (1). The vat consists of the upper body (2) and
lower body (3) enclosing a quartz plate (4), and the two bodies are tightened together with bolt
and nut through aligned through hole (5). The upper and lower bodies were 3D printed. The unique
design allows removing the quartz plate after each experiment, cleaning the uncured resin using
isopropyl alcohol spray and also facilitating the measurements of the cured depth. The average
cured depth based on three measurements on different locations per cured polymer tile was
evaluated. The machine used for measurement is the Crysta-Plus M443 Mitutoyo CMM machine,
which has a 0.5 um resolution and repeatability of 4 um. The measurement setup is shown in

Figure 2-5(d).
2.3.5 Design of experiments for material and geometric characterization

Three experiments were designed using a 22 full factorial array, as shown in Table 2-1. Three
different layer thicknesses are studied with a value of 10, 25, and 50 um. For each experiment, the
exposure time and LED power are the only variables, while the layer thickness value is kept
constant.

The reason for doing three separate experiments is that as the exposure time increases at lower

layer thickness, the printed part adheres to the PDMS window, which halts the process in the
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middle and produces distorted shapes. The exposure time values were adjusted in each experiment
to ensure that the maximum limit will not cause PDMS separation problems, and its lower limit
will not cause part failure due to layers separation caused by incomplete curing. The LED power
values used are the maximum available power at 255 and 215 below, which requires prolonged
exposure time. For each of the three experiments, the responses measured are the degree of
monomer conversion, tensile strength, storage modulus, and the dimensions of several geometric

features.

Table 2-1 Values of the process parameters for three designed experiments

Layer Thickness
50 pm 25 um 10 um
# Time (s) Power # Time (s) Power # Time (s) Power
1 2 HI 1 1.8 HI 1 1.6 HI
2 2 LO 2 1.8 LO 2 1.6 LO
3 1.6 HI 3 1.4 HI 3 1.3 HI
4 1.6 LO 4 1.4 LO 4 1.3 LO

2.3.6 Degree of Monomer Conversion

The degree of monomer conversion (DOC) is calculated using Fourier transform infrared
spectroscopy (FTIR) with attenuated total reflection (ATR) to scan both the cured polymer samples
for all the experiments and the uncured prepolymer resin. Six cubes of 5 mm each were
manufactured for each configuration and then appropriately cleaned with isopropyl alcohol. Then
the cubes were finely ground before the scanning. The machine used is Nicolet iS50, ThermoFisher
Scientific, with a build-in ATR module. Each sample was scanned 32 times with a wavenumber
resolution of 2 cm™!. During polymerization, the double bond C=C is opened and converted to a
single bond in the polymer chain. The degree of conversion can be estimated by comparing the
absorbance spectra of the C=C stretching vibration peaks at 1620 cm™! and 1635 cm™! in the cured
polymer to the same peaks in the liquid resin, as shown in Figure 2-6. The measured values are
normalized against a non-variable standard bond during the reaction to account for the differences
in the amount of the scanned samples. The C=0O bond is chosen as the non-variable reference based
on the material we have. The C=O has a stretching vibration at 1725 cm™'. The DOC is calculated

using equation 13, where A is peak absorbance area of the cured sample at a specific wavenumber
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and A, is the peak absorbance area for the uncured prepolymer resin at the same specific

wavenumber.
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Figure 2-6 FTIR peaks considered in calculating the degree of monomer conversion

(A@163s + A@1620)/
A@1725

DOC =1 -
(Ao@1635 + Ao@lezo)/A

(2-14)

o@1725
2.3.7 Mechanical Tensile Test

The ultimate tensile strength (UTS) was determined experimentally by manufacturing a
standard dog bone specimen 1 BB, according to ISO 527-1:2012(E) [77,78]. This specimen was
explicitly chosen due to its short overall length, which is around 30 mm and also its tight width of
4 mm with a narrow cross-section of 2x2 mm, which makes it the smallest specimen compared to
the other specimens in the ISO or ASTM. Three replicates were manufactured for each
experimental configuration. The dog bones were positioned in a defined location on the build area
to minimize the irradiance irregularities effects, which will allow more consistency in the results.
The printing location is defined based on the irradiance measurements, which are discussed in
section 4.1. The specimens were orientated flat on the build platform, and the specimen edges were

parallel to the micromirror edges. The specimens were conditioned for seven days at room
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temperature of 22 C° and room humidity of 23% [79]. The machine used is the 3360 series

universal testing system by Instron. The specimens were tensioned at an elongation rate of 0.125
mm/min.

2.3.8 Dynamic Mechanical Analysis (DMA)

A dynamic mechanical analysis (DMA) with a three-point bending test is used to measure the
storage modulus corresponding to each experimental configuration. The machine used in this test
is DMA Q50, produced by TA instruments. The test was performed at a temperature range from 0
C° to 100 C° at 1 Hz cycle. The specimen size is 35%12.5x4 mm. The specimens were
manufactured within the same location that was used for the tensile test specimens in order to be
manufactured to minimize the effect of irradiance irregularities and tests were conducted in

duplicate.
2.3.9 Geometrical Feature Measurement

A geometrical artifact was designed to study the effect of process parameters on the size of
different geometrical features. The artifact is designed to include four different features at different
sizes to determine the minimum feasible sizes for each feature and assess the accuracy of the
manufacturing process [80]. The four features included are the horizontal circular channels (the
channel axis is parallel to the x-z plan), vertical square channels (the channel axis is parallel to the
z-axis), overhangs, and vertical square bar, as shown in Figure 2-7. Six sizes of horizontal and
vertical channels are included in the artifact ranging between 150 um to 750 um. While seven
sizes for the square vertical bars and overhangs ranging from 100 to 1000 um. For each size per
each feature, there are two replicates.

The input images to the machine consist of black and white pixels only with no grayscale
pixels in order to study the effect of the process parameters selected without interference from any
grayscale pixels. The artifact was positioned on the platform within a defined location with
tolerable irradiance irregularities. The base of the artifact was oriented flat above the build area,
and the edges of the features were aligned with the micromirror edges to avoid geometrical
distortion caused by the diamond orientation of the micromirrors array. The features were

measured using Stemi-508 Carl Zeiss optical microscope equipped with ZEISS Axiocam 105
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colour camera with 2560 % 1920 pixels, which provides a resolution of 2.5 um at the selected

optical zooming level.

Figure 2-7 Geometric artifact to determine the minimum feasible feature size manufactured

2.3.10 Surface Roughness Measurements

In order to characterize the effect of the process parameters on the surface roughness induced
by light diffraction, the sidewalls of a 55 mm cube were characterized The sidewalls of each
manufactured cube are characterized using the Olympus LEXT OLS3000 confocal laser scanning
microscope. The microscope is equipped with a 20x objective lens with a numerical aperture of
0.46 and a 408 nm wavelength laser source, which achieves an optical resolution of 0.44 microns.
The system over nominal horizontal resolution is 0.625 microns, while the vertical stepping
resolution was set to 0.64 microns. The acquired raw image was filtered using a median image
filter with a 4x4 pixels neighborhood area surrounding each target pixel to remove noise spikes. A
3D surface was constructed out of the filtered images, and then it was compensated for surface
inclination due to the mounting setup. The surface roughness was evaluated in two main lay
directions. The vertical direction is defined as the direction perpendicular to the layers’ surface

and parallel to the layers’ surface. For each lay direction per each scanned surface, the surface
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roughness of three equally spaced sections distributed across the surface were analyzed. Each
surface profile is a result of high pass filtering of the primary profile with a cut-off wavelength (A.)
of 80 microns and a low pass filtering with a cut off wavelength (As) of 2.5 microns, according to
ASME B46.1, 2009 [74]. The use of the confocal microscope in the surface roughness
characterization of AM parts compared to other techniques was discussed in [81,82]. Zeiss EVO
MAT10 scanning electron microscope was also used to capture a magnified image of the surface

profile angle and to identify the main lay directions.
2.4 Results and Discussion
2.4.1 Irradiance Characterization

The irradiance across the build area was found to be significantly variable, as shown in Table
2-2. The maximum difference between the highest and the lowest regions is 6.5 mW/cm?. The
region with the most consistent irradiance is the center column with an average of 18.2 mW/cm?
and was selected to manufacture the specimens of the different experiments within it. The value
of the average irradiance of this region is used to measure the irradiance value corresponding to
the different pixel grayscale colours and the LED power value. The relationship between the
grayscale level of the input image’s pixels and the irradiance value, as shown in Figure 2-8. The
relation between the grayscale and the irradiance is linear. As the grayscale integer value increases,
the irradiance increases. As the LED power increases, the irradiance value increases but not in a

proportional trend.
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Figure 2-8 Relation between the grayscale level of the pixels and irradiance level
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Table 2-2 Measured irradiance values across the build area (mW/cm?2)

Position Left Center Right

Top 12.5 17 12.5
Middle 14.3 18.7 14.7
Bottom 15.6 19 16.2

2.4.2 Working Curves

The results for the continuous light exposure pattern are depicted in Figure 2-9(a). The critical
energy (E,) required to initiate the photopolymerization (C; = 0) equals to 9.5 mJ/cm? for both
LED power, while the characteristic penetration depth (Dp), which is the slope of this curve, if
plotted on a semi-log plot, is different for the different LED power. The Dp of the continuous
pattern at high LED power equals to 71 um and at the lower power is 62 pum. Figure 2-9(b) depicts
the results for the sequential discrete pattern. The critical energy (E,) for this pattern equals to 6.5
mJ/cm? for both LED power. The Dp of the discrete pattern at high LED power equals to 43 pm
and for the lower power is 41 um. The continuous exposure generally shows a higher C; for the
same amount of received energy compared to the discrete pattern. The average critical energy of
the two curves equals to 8 mJ/cm?, and this energy is used in the curing models to simulate the
different scenarios. The logarithmic fitted curves have an average R? equals to 0.93. The deviation
between the fitted lines at the two LED power within the same the exposure pattern starts to
significantly increase after 20 mJ/cm? to reach around 15 pm at 100 mJ/cm? for the continuous
pattern while 5 um at 100 mJ/cm? for the sequential discrete pattern. These results show that the
cured depth is sensitive to the irradiance level. The cured depth of the polymer resulting from the
initial exposure is different from the cured depth formed by subsequent exposures through cured
layers, for the same amount of received energy. For example, at 60 mJ/cm?, the difference between
the cured depth for continuous exposure and the one for the sequential discrete exposure is around
50 um. These results show that there is a difference between the absorbance of the prepolymer and

the cured polymer.
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Figure 2-9 Working Curve from (a) continuous exposure pattern (b) discrete sequential pattern
2.4.3 Material properties characterization

Figure 2-10 (a), (b), and (c) depict the effect of the exposure time and the ultimate tensile
strength (UTS), storage modulus, and degree of monomer conversion (DOC), respectively. Each
plotted line within each figure represents a particular layer thickness and LED power. There is a
general trend that can be easily determined in the three figures; as the layer thickness decreases,
the material properties increase, and within the same layer thickness, as the exposure time or the
LED power increase, the material properties increase. For all of the properties measured, the layer
thickness was found to be the most significant parameter followed by exposure time and LED
power

For ultimate tensile strength, the maximum green strength achieved is 24 MPa at 10 um layer
thickness and 1.6 s exposure time at HI power, while the lowest achieved UTS was 4 MPa at 50
pum layer thickness and 1.6 s at a LO LED power. The average error is around 1.7 MPa, with a
standard deviation of 0.68 MPa. The maximum achieved storage modulus is 1250 MPa at 10 pm
layer thickness and 1.6 s exposure time at HI power, while the lowest achieved storage modulus
was 860 MPa at 50 um layer thickness and 1.6 s at a low LED power. The average error is around
37 MPa with a standard deviation of 19.5 MPa. For the degree of monomer conversion, the
maximum achieved degree is 0.84 at 10 um layer thickness and 1.6 s exposure time at HI power,

while the lowest achieved UTS was 0.43 a 50 um layer thickness and 1.6 s at a low LED power.
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Figure 2-10 The effect of exposure time, layer thickness, and LED power on (a) Ultimate tensile
strength, (b) Storage modulus, and (c) Degree of monomer conversion

During the tensile testing, the material showed a consistent brittle failure for all the tested
specimens and their replicates, as shown in Figure 2-11 (a) and (b). The breakage is perfectly
straight, with no signs of necking. The breakage happens to align with the edges of the
micromirrors square array footprint on the specimen. The layers lines are visible in the cross-
section of the 50 um layer thickness manufactured specimen as shown in Figure 2-11(c), while the

cross-section of the 10 um layer thickness manufactured specimen, as shown in Figure 2-11(d), is

almost seamless with no layers lines as it was not manufactured with the AM process.
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(c) (d)
Figure 2-11 Brittle failure of the UTS specimen from the top view for (a) 50 um and (b) 10 um
layer thickness, from the section view for (c) 50 um and (d) 10 um layer thickness

The accumulated energy per each layer E, calculated using the vertical energy accumulation
model (2-5), is plotted against exposure time, layer thickness, and LED power, as shown in Figure
2-12(a). This plot shows the same trend as the material properties trend with the same process
parameters, as shown in Figure 2-10, which indicates a significant relationship between them. The
maximum calculated accumulated energy per layer equals to 140 mJ/cm? and achieved at 10 um
layer thickness and 1.6 s exposure time at HI power while the lowest is 42 mJ/cm? at 50 um layer
thickness and 1.6 s at a low LED power. By plotting the experimental results for any material
property against the corresponding calculated accumulated energy per layer, two distinctive visible
point sets are found where one of the point sets belong to the HI irradiance while the other set
belongs to LO irradiance. These results suggest that for each irradiance level, there is a different
trend line. Therefore, two different regression models are estimated for each LED power level per
each material property. For the UTS and DOC, this separation is easily determined; however, for
the storage modulus, it seems that one regression model for both power level is enough, as shown

in Figure 2-12.
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Figure 2-12 (a) Effect of exposure time and layer thickness on accumulated energy, Relation
between accumulated energy per layer E and (b) Ultimate tensile strength, (¢) Storage modulus,
(d) DOC

The empirical regression model suggested is based on a logarithmic fitting resembling to the
working curve model, and depicted by:

Er
y =Ci xIn (—) (2-15)
Ca

where y is a general output variable for any material property and E is the calculated
accumulated energy per layer (2-5), while C; and C, are the regression model constants. By
analogy with the working curve equation (2-4), C; will be the characteristic material property
constant while C, is the critical energy to for this property to start evolving. Using MATLAB least-
squares fit function for nonlinear curves, the different constants for each material property were
obtained and presented in Table 2-3. The average R for all the fitted model is around 0.9. The new
defined critical energies can be used towards defining better optimization constraints other than
the cured depth critical energy, which does not guarantee that the part will withstand the separation

forces or even its weight during printing. By knowing the projected irradiance value, the exposure
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time corresponding to the critical energy can be calculated and should be treated as the minimum

bound for exposure time value.

Table 2-3 Constants values for material property regression model

Material Property (y) Constant HI Power LO Power
C, (MPa) 12.86 12.7
UTS (MPa) C, (mJ/cm?) 23.27 31
C; (MPa 240 294
Storage Modulus (MPa) c, 1(r51] /anz) 0.806 )
C, (AU) 0.281 0.176
DOC (AU) C, (mJ/cm?) 8.7 3.2

2.4.4 Geometrical Features Characterization

The process parameters affect the size and the form of the different features in the artifact.
Figure 2-13 shows some optical microscope images for different sizes of horizontal circular
channels, vertical square channels, vertical square bars, and rectangular overhangs, manufactured
at different curing schemes. Table 2-4 and Table 2-5 present all the measured dimensions for all
the manufactured features per all the experimental configurations. The features that failed to be
manufactured are denoted by the symbol ().

For horizontal channels, the horizontal and vertical diameters were measured, with a
noticeable oblong aspect ratio distortion in the manufactured geometry along the horizontal plane,
as shown in Table 2-4. As the exposure time independently increases, the horizontal diameter of
the channels decreases, as predicted by the horizontal curing model previously. Moreover, as the
exposure time increases and the layer thickness decreases, the vertical diameter decreases. The
minimum horizontal manufacturable channel was 350 um diameter, achievable only by using the
50 um layer thickness configuration. The channels with 200 pm and 150 pum diameters were not
manufactured for any of the configurations. It was found that the channel with the 500 um diameter
was not achieved within the 10 um layer thickness configuration. The 150 um and the 200 um
channels are theoretically predicted to be manufacturable from the view of the horizontal curing
model; however, from the accumulated energy vertical model, these channels are entirely within
the IAZ, which make them infeasible. In the configurations with a layer thickness of 50 um, the
staircase effect is visible, as shown in Figure 2-13. For the vertical bars, the minimum bar achieved

was 100 um, but it was not stiff enough to stand vertically, and the bar was flexible to be bent
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without getting broken. As the exposure time decreases, the dimension of the vertical bar also

decreases, which was predicted by the horizontal curing model.

Table 2-4 Average measured horizontal (H) and vertical (V) diameters of the horizontal
Channels and width of the vertical bars

d s Horizontal circular channels (um) Vertical square bars (um)
: 750H 750V 650H 650V 500 H 500V 350H 350V |1000 750 500 250 200 150
1 705 614 636 564 471 468 343 323 (1022 769 509 261 200 x
§_ 2 752 669 640 623 501 468 339 333 (1034 776 503 240 175 x
2 3 733 683 634 637 505 488 349 356 | 1017 773 505 257 199 138
4 762 666 683 656 544 500 390 x 1002 748 474 229 x X
1 732 624 575 573 x x x x 1055 796 519 263 220 x
i 2 766 660 643 660 541 495 x x 1996 751 428 209 x  x
& 3 665 665 602 588 x x x x 1027 767 506 240 202 x
4 667 671 613 584 472 443 x x |1057 791 517 258 207 x
1 747 626 681 586 X x X x 1979 726 409 x x  x
§_ 2 782 666 758 587 x x X x 1929 710 374 x x X
S 3 738 646 663 584 X x X x 1993 749 450 x x X
4 805 675 707 575 x x x x | 980 730 445 x x x

Table 2-5 Average measured width of the vertical square channels and the thickness of the

overhangs

i # Vertical square channels (um) Over hangs (um)
750 650 500 350 200 150 | 1000 750 500 250 200 150 100
1 775 666 511 362 201 127 | 1050 790 570 270 234 176 105
§ 2 756 673 501 353 179 x 1038 787 554 263 226 129 83
& 3 784 676 511 345 200 142 | 1011 778 543 256 220 133 x
4 776 677 519 370 199 168 | 1002 775 533 249 208 132 60
1 778 657 501 296 x x 1024 811 562 301 235 177 111
§ 2 813 701 534 387 223 167 | 1091 787 544 268 246 177 90
& 3 777 689 527 361 196 125 | 1053 809 526 261 210 181 122
4 775 662 492 339 178 x 1074 821 557 260 200 120 x
1 866 738 577 406 X x 1074 817 600 293 229 145 «x
§ 2 864 768 624 441 X X 1060 805 583 286 216 x X
S 3 833 706 555 357 x x 1055 796 584 279 230 x x
4 853 701 570 390 229 x 1081 822 525 264 177 x X

43



Figure 2-13 Selected optical microscope measurement images for different sizes of horizontal
circular channels, vertical square channels, vertical square bars, and rectangular overhangs

The vertical square channels are more accurate and manufacturable compared to the
horizontal channels. The minimum created channel was 150 pm diameter and achieved within the
25 and 50 um layer thickness configurations but not within 10 um layer thickness ones, as shown

in Table 2-5. It was found that as the exposure time decreases, the dimensions of the vertical
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channels increase. The vertical channel dimensions depend mainly on the horizontal curing model
as there is no projected irradiance from any layer within the channel gap, which makes the layer
thickness not significantly affecting compared to the exposure time. Also, as the size of the channel
decreases, its shape tends to be circular rather than a square as designed. For the overhang
structures, the minimum size achieved was 100 um for both the 25 and 50 um layer thickness
configurations but not for the 10 um layer thickness, as shown in Table 2-4. It was found that as
the exposure time increases and the layer thickness decreases, the overhang thickness increases.
An interesting phenomenon is shown in Figure 2-13 under the overhang section for configuration
number 4 at 50 um layer thickness while manufacturing the 250 um over-hang, the first layer was
weak and got torn during the separation. The reason for this phenomenon is that configuration 4
has the lowest exposure time and LED power for all experiments. The layer thickness and exposure
time are the most significant parameters for both the horizontal channels and overhangs, while the
exposure time is the most significant for vertical channels and bars. The LED power was the least

significant parameter for all the features.
2.4.5 Surface Roughness Results

The curing model presented earlier was used to evaluate the slope angle of the cured shapes
simulated at different layer thickness and exposure time values. A total of 25 discrete points was
evaluated and plotted against the process parameters, plotted as black asterisks, as shown in Figure
2-14(a). Then a polynomial surface fit, between the surface profile angle, layer thickness, and
exposure time, was plotted in Figure 2-14(a) and is described by equation (2-16). By substituting
equation (2-16) into equation (2-13), the average surface roughness is computed based on the
values of the studied process parameters. Figure 2-14(b) depicts the relation between the average
surface roughness of a vertical surface (68 = 90°), layer thickness, and exposure time. The surface
can be considered to be a linear surface than a nonlinear one. The highest predicted R, is about 11
microns and is due to a 25° surface profile angle as a result of using 50 microns a layer thickness
at 1.2 s exposure time. The lowest R, is about 0.75 microns and has a 7° surface profile angle as

a result of using 10 microns a layer thickness at 2 s exposure time.
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(a) (b)

Figure 2-14 (a) A fitted surface plot representing the relation between surface profile angle, exposure
time, and layer thickness, (b) a surface plot showing the predicted relation between average surface
roughness, exposure time, and layer thickness

d=114%x1t3—645xt2+033%xt2xd, +0.013 xd2—0.013 X d2-t—0.18 X

t xd, +101 Xt +0.16 x d, — 37.38 (2-16)

Some selected confocal microscope scanned images are presented in Figure 2-15(a), (b), and
(c), which correspond to 50, 25, and 10 microns layer thickness, respectively. The images show a
visible and easily recognizable pattern in both x and z directions. The pattern in the z direction,
which is the perpendicular direction to the layers’ surface, varies in their wavelength with the
variation of the layer thickness value. While the surface profile wavelength in the x direction seems
to be independent of the layer thickness. The scanned surface was converted into 3D surface plots.
Figure 2-15(d), (e), and (f) present the surface plots corresponding to 50, 25, and 10 microns layer
thickness, respectively. The presented surface plots are a small part cropped from the full surface
to allow for a better illustration of the surface profile. The surface plots confirm that there are two
primary lay directions, the x and the z axes, with a periodic surface profile in both directions.

Selected sections in the z direction from each specimen are presented in Figure 2-15(g), (h),
and (i). Each figure represents a certain layer thickness at two different exposure times, where
Figure 2-15(g), (h), and (1) correspond to 50, 25, and 10 microns layer thickness, respectively. The
mean of each surface profile was vertically shifted to align with the zero on the surface profile axis
of each plot to facilitate the comparison between the different profiles. The surface profiles in the

z direction manufactured with 25 and 50 microns layer thickness values show a periodic behaviour
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with a wavelength close to the layer thickness value; however, the profiles manufactured at 10
microns show more of a random profile. The peak to valley distance decrease as the layer thickness
value decrease. The exposure time seems to have no significant effect on the surface profile. Three
sections at equally spaced locations were studied per each lay direction per each specimen. For
each section, the measured parameters are as follow:
e R,: The summation of the peaks and valleys areas divided by the evaluation length.
e R,: The average of the successive values of the maximum vertical distance peak to
valley distances within a sample length calculated over the evaluation length.
e Rg,: The mean value of the spacing between profile irregularities within the
evaluation length.
e Rg: The measure of the asymmetry of the profile about the mean line calculated over

the evaluation length.

Table 2-6 Average experimental measurements versus predicted results surface roughness in the
z direction
Measurements Prediction Error
d, t R, R Ry R ¢ R, ¢ R ¢
(um)  (s)  (um) (um) (um) ) mm) ) ) (%)
1.2 1.8 104 168 03 130 13 146 27.8 12.3

10 1.6 1.5 9.7 159 04 120 1.1 140 257 16.7
25 1.4 2.8 125 242 03 220 39 189 373 14.1

1.8 24 100 253 0.1 17.0 33 172 404 1.4
50 1.6 6.4 219 474 02 240 92 206 438 14.2

2.0 59 1877 494 0.1 17.0 86 19.0 458 11.8

Table 2-6 shows the average of the measured values, the predicted values of R, and ¢, and
the error between the measured and the predicted values. The R,, the R,, the Rg,,, and the ¢
increase as the layer thickness value increases while decrease with the increase of the exposure
time within the same layer thickness value. The predicted R, ¢ values follow the same trend as
the corresponding experimental values. The R, values is close to the layer thickness values in
both the 25 and 50 microns layer thickness; however, in the 10 microns layer thickness, the value
significantly deviates. The Ry, values are above zero for all the specimens and decrease as the
layer thickness value increase. The layer thickness significantly influences the surface roughness

parameters compared to the exposure time values selected for this experiment.
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Figure 2-15 (a), (b), and (c) are confocal microscopy images for surfaces build at layer thickness values of
50, 25, and 10 um respectively; (d), (e), and (f) are a 3D rendering of the confocal microscope scanning
corresponding to layer thickness values of 50, 25, and 10 um. respectively; (g), (h), and (i) are 2D plots
of surface profile in the lay in the z direction at layer thickness values of 50, 25, and 10 pm. respectively;
(§) 2D plot of a section of surface profile in the lay in the x direction at different layer thickness values;
(k) SEM image of a conical shape build with 50 microns layer thickness; (I) Close up SEM image of 4

layers showing the surface profile angle
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The predicted values of ¢ match the measured values with an average error of 14% with a
maximum of 16.7% and a minimum of 1.4%. The R,values deviated from the measured values by
an average error of 37% with a maximum of 45.8% and a minimum of 25.7%. In order to put the
error values in perspective, it is worth mentioning that the maximum deviation error of the R, is
equivalent to an error of 2.7 microns.

The measured layer thickness values were found to deviate from the nominal value from one
layer to another. For the 50 microns nominal layer thickness, the error was found to be of +0/-3
microns. In comparison, for the 25 microns nominal layer thickness, the error was found to be +2/-
2 microns, and for the 10 microns nominal layer thickness, the error was found to +4/-0 microns.
The variation in the layer thickness values was used to recalculate the average surface roughness
values, but the prediction error was not significantly improved. The authors’ hypothesis for the
error between the predicted model and the measured data is that there is further polymerization
happens near the valleys’ vertices which results in filleted valleys instead of the sharp-angled ones
as shown in Figure 2-15(1); contrary to the model proposed in Figure 2-3(c).

Selected sections in the surfaces, along the x direction, of parts manufactured at different layer
thickness values, are presented in Figure 2-15(j). The surface roughness profile in the x direction
shows a particular trend with disregard to the layer thickness value and exposure time. The average
measured surface roughness parameters are presented in Table 2-7. The average R, value is
approximately 2.4 microns, and it did not significantly vary by changing the process parameters.
The average R, is 7.8 microns and slightly decrease with the increase of the layer thickness values.
The variation in the average values of both the R, and the R, from one specimen to another is very
close to the vertical stepping resolution of the confocal microscope. The average R, is around 70
microns and its value decreases as the layer thickness value increases. The average R, is 0.17 and
the value decrease with the increase of layer thickness. The authors’ hypothesis for the surface
profile in the x direction is due to the 45° diamond orientation of the micromirrors in the DMD

[37].

Table 2-7 Average experimental measurements of surface roughness in x the direction at
different layer thickness values

dz (:“m) Ra (:“m) Rz (#m) Rsm (:“m) Rsk

10 24 8.6 74 0.2
25 2.2 7.8 69.8 0.17
50 2.4 7.1 67.5 0.1

49



To further confirm the different lay direction and to visualize the surface profile angle, a 2x2
mm cone was manufactured with 50 microns layer thickness at 2 seconds exposure time. The
specimen was scanned using the SEM, and the result is shown in Figure 2-15(k) and 1. The
complementary angle of the surface profile angle is more direct to measure. The complementary
angle is 66° which gives a surface profile angle of 24°, which aligns with the previous
measurements for the same process parameters. A periodic surface profile is visible in the direction

going into the image, the x direction.

2.5 Conclusion

This chapter provides a comprehensive analytical and experimental investigation on the
projection stereolithography additive manufacturing process. It studies the effect of the process
parameters, namely, the layer thickness, the exposure time, and the LED power on the ultimate
tensile strength, storage modulus, degree of monomer conversion, and different micro geometrical
features. A novel multilayer vertical energy accumulation model is presented, which considers the
difference between the light absorbance through the liquid prepolymer resin and the solid cured
polymer. This model is used to explain why a part manufactured with 10 um layer thickness has
double or more the strength, the storage modulus, or the degree of monomer conversion of a part
of 50 um layer thickness for the same exposure time and LED power. An original terminology
called the Irradiance affected zone (IAZ) is introduced, which defines the number of layers affected
by the projected irradiance for particular exposure time and is a function of the process parameters
and the material working curve constants. The IAZ sets a limit on the number of layers considered
in calculating the accumulated energy for each of the previously cured layers and also defines the
minimum feasible size of horizontal channels to be manufactured for a specific material at a
process parameters. A horizontal curing model is discussed and used to assess the minimum
feasible size for different geometrical results and also to show that as the exposure time increases,
the diameters of the channels decrease, and the diameters of solid bars increase.

Using the Curing models developed a surface roughness model is developed as function of
the layer thickness and the exposure time. The prediction results were compared to the
experimental results obtained from parts manufactured with a different combination of process
parameters. The surface profile angle was predicted with a maximum error of 2° and the average

surface roughness was predicted with an error of 2.7 microns.
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An innovative experimental methodology to evaluate the constants of the working curve for
the multi-layer curing model is presented. The results show that LED power affects the cured depth
for the same exposure time. Also, the light penetration through a liquid prepolymer was found to
be higher than through a cured polymer, which explains the necessity to consider these differences
in the accumulated energy model. The machine irradiance was characterized, and it was found that
the PUSLA have significant irradiance irregularities. To minimize the effect of the irradiance
irregularities on the measured responses, a distinct region on the build area with tolerable
irradiance difference was used strictly to manufacture all the test specimens. For the material
properties, the layer thickness was found to be the most significant parameter controlling the
process outcomes followed by the exposure time then the LED power was the least significant
process parameter. It is crucial to select the proper process parameter to achieve the geometrical
dimensions required while having enough green strength for the part to hold self against its weight,
separation force, and post-processing. A generic empirical logarithmic regression is proposed to
predict the different material properties based on the process parameters and the material working
curve constants, represented by the accumulated energy. The proposed model facilitates the
development of prediction models based on simple experimental procedures. Due to the analogy
of this model to the working curve equation, it can define the critical amount of energy required
to start developing the different material properties.

A geometry artifact was designed to study the effect of the process parameters on various
features of different sizes. It was found that horizontal channels smaller than the irradiance affected
zone will not be feasible physically to be manufactured. The layer thickness and exposure time are
the most significant parameters for both the horizontal channels and overhangs, while the exposure
time is the most significant for vertical channels and bars. The LED power was the least significant
parameter for all the features.

The results of this chapter can be used towards the general optimization of the process in
terms of geometry, speeding up the process by decreasing the exposure time without harming the
strength. It also can be used towards estimating an initial solution for dedicated geometry

optimization algorithms.
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3 Assessment of Irradiance Map Non-Uniformity across Build

Platform”

One of the required decisions in preprocessing is selecting the location of the part on the build
platform as the geometrical accuracy of the manufactured part is influenced by the location on the
build platform. This issue is due to the intrinsic characteristics of the used additive machine and is
considered as a process noise. In the case of projection stereolithography, this noise is directly
correlated to the projection irradiance map irregularities, which can be due to the manufacturing
of the micromirrors or light source irradiance profile. This chapter is inspired by “You cannot
control/improve what you cannot measure”. In the first part of this chapter, the irradiance profile
projected from individual micromirrors is imaged and analyzed, and the irradiance map non-
uniformity is quantified using a novel proposed irradiance-induced fluorescence imaging
technique. The first part of the chapter answers the thesis question by investigating one of the
significant reasons why the as build part is different from the as designed part; namely irradiance
non-uniformity across the build platform. While the second part of this chapter investigates
experimentally the effect of irradiance map / part location on the dimensional accuracy while
varying the exposure time, layer thickness, and the gray scale value of shape boundary pixels in
the projected images. The results obtained in this chapter are the inputs to geometry simulation

and optimization algorithms discussed in the next chapter.

3.1 Introduction
There are several imaging-based measurement setups and methodologies for the projection
stereolithography (PSLA) documented in the literature, as shown in Table 3-1. The main
characteristics to assess the practicality of each of the methodologies studied in the literature are
the following:
1. The camera type and its resolution
2. The projected size of the micromirror

3. The lens and optical filters,

* Part of this chapter is published in. “Mostafa, K., Qureshi, A. J., and Montemagno, C., 2017, “Tolerance control
using subvoxel gray-scale dlp 3D printing,” Proceedings of the ASME 2017 International Mechanical Engineering
Congress and Exposition. Volume 2: Advanced Manufacturing, ASME, Tampa, Florida, USA, p. VO02T02A035.”.
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4. The projection plane medium
5. The overall measurement resolution,
6. The measurement Calibration methods

7. The objective of the measurement method.

Table 3-1 Summary of the current state of the art in PSLA irradiance measurement
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1 09 265 CMOS ProScope 1.3 50X Paper N/A* N/A Irradiance  [83]
2 12 13 CCD NA 61 Resin  N/A  N/A N/A [51]
3 18 50 Macgﬁeovsls“’n N/A  N/A N/A UV NA N/A [52]

CMOS .
4 18 50 Nikon Dglo 359 NA  Resin  N/A 4 N/A [61]
5 20 216 OO CCDwith o Gubstrate NA 0 NA  [84]
UV sensor

6 21 N/A CCD 1.9 N/A  Paper NA NA N/A [85]

*N/A means either the component was not used or authors did not provide enough information about it in their manuscript

Zhou et al. proposed a measurement system to measure the geometry and intensity of the
projected irradiance from one micromirror [83]. The theoretical projection of one micromirror at
the projection plane is 265 microns. The setup consists of ProScope HR digital microscope device
while using white paper as a projection medium. The system has an integrated 50X lens and does
not have any optical lens or filters. A proposed methodology to calibrate the system using a generic
photo-sensor to correlate the captured coloured image to the irradiance value. It was shown that
the projected irradiance from on micromirror has a Gaussian profile with an elliptical base.

Zheng et al. proposed an overall irradiance map measurement system implemented in a
bottom-down PSLA layout [51]. The theoretical projection of one micromirror at the projection
plane is 1.3 microns. The setup consists of a charge-coupled device (CCD) based camera and a
resin medium as a reflection surface. The camera's field of view is set to cover the whole build
platform measure the overall irradiance from the resin surface. The acquired measurements input
the projection normalization algorithm to minimize the irradiance difference across the build
platform. There is no correlation between the pixel reading and the irradiance value, and the

normalization is based on the captured image intensity.
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Warburg et al. used a complementary metal-oxide-semiconductor (CMOS) based camera
equipped with a UV filter and looking towards the projection plane [52]. The objective of this
setup is to capture the irradiance map non-uniformity. There was no further detail provided
regarding the camera resolution, lens, or medium.

Kowsari et al. used a high-resolution Nikon CMOS Camera and captured the irradiance
projected through the used resin medium [61]. The used system is not equipped with any optical
filters. The overall measurement resolution is 4 microns/pixel. The experiment has assessed the
profile of the projected irradiance from one micromirror and 10%10 micromirrors. The irradiance
profile was approximated to a conical shape.

Emami et al. used a CCD camera with an ultraviolet wavelength sensitive sensor with a 1:1
magnification lens and without optical filters [84]. The system's overall resolution is 5.4 pm/pixel.
The objective of the measurement is to assess the irradiance profile at different planes away from
the projection focal plane. There was no irradiance calibration, and a normalized intensity was
adopted. The irradiance profile was assumed to be a Gaussian profile. The intensity decreased as
the imaging plane was far from the focal projection plan and the Gaussian radius increased. Deng
et al. used a CCD camera to capture the Gaussian profile projected through a paper medium [85].
The irradiance was normalized, and no calibration methods were used.

It is worth mentioning that all of the studies analyzing the irradiance map non-uniformity did
not test the effect of the irradiance map non-uniformity on the geometrical deviations. Based on
the literature review on the irradiance measurement methods, several research gaps are identified.
One of the major concerns is the projection medium, whether it is paper or resin. Using paper as a
projection medium will not give an accurate profile measurement and irradiance map non-
uniformity since paper sheets have an intrinsic paper texture. The projected irradiance on paper is
distorted with an ellipse shape due to reflection and refraction, and the paper density itself might
not be uniform. Using resin as a projection medium will not produce same irradiance over time as
it contains several molecules that absorb the projected irradiance, like photo-initiator and phot-
blocker; therefore, the projected irradiance from the resin is not equal original projected one from
the micromirror array. The photobleaching phenomena affect the irradiance projected from the
resin, and the value will increase as the photoinitiator breaks after absorbing a certain amount of

irradiance (critical energy).
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Cameras normally are not sensitive to the Ultra-violet (UV) and near UV wavelength, and
their quantum efficiency is low compared to the wavelength between 500 and 700 nm. Therefore,
looking directly at the projected irradiance, the camera will capture the curing wavelength, usually
around 360 to 405 nm, poorly while the other non-curing wavelengths with a strong signal in case
of using a lamp as the light source. The same goes for using a UV filter which rejects the curing
range of the emitted light.

The last concern is measurement system calibration which is crucial to establish confidence
in the acquired results. Cameras are not calibrated for irradiance measurement because it is not
their primary purpose; therefore, each light receptor on the camera does not respond to light
similarly, requiring calibration. The lens adds a vignette effect on the captured image due to high
zoom values and low aperture value, which cause the measured irradiance value to decrease as it
moves away from the image center. Calibrating the pixel to physical distance using calibration
targets to ensure the profile geometric measurements are correct.

In the first part of the chapter, a novel irradiance measurement method is proposed to
overcome the literature gaps identified. This method is inspired by the laser-induced fluorescence
technique used in particle imaging velocimetry (PIV) [86]. A fluorescent dye is used as a projection
medium in which it absorbs the near UV projected light and emits a corresponding wavelength
that the camera can capture with high quantum efficiency. The filter usage eliminates two of the
major concerns related to mediums and filters. A multi-step rigorous calibration is proposed to
ensure that the camera sensor is calibrated for irradiance measurement, the vignette is removed,
and physical measurements are reliable. The measurements acquired in this part will be used in
the next chapter to develop a geometry simulation algorithm. The second part of the chapter
investigates the effect of irradiance map non-uniformity of the dimensions. The irradiance map
non-uniformity is tested at different process parameters like exposure time, layer thickness, and
grayscale pixel blending. This chapter sheds light on one of the reasons why the as build part is
different from the as-designed part as a result of irradiance non-uniformity, which is the main

research question of this thesis.
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3.2 Irradiance Map Characterization
3.2.1 System Components and Operation

The measurement system's different components are shown in Figure 3-1. The projection
stereolithography (PSLA) manufacturing platform used is Ember 3D printer (1) from Autodesk,
USA, which is described in detail previously in section 2.3.2. A monochrome camera TM-4200
GE, Jai, Denmark, (2) with an 8-bit color depth and 2048x2048 pixels resolution. The camera is
equipped with a macro TV zoom lens, Navitar, Japan (3) with up to 6X magnification power. The
lens has a 500 nm long-pass filter (4) from ThorLabs, USA. The whole camera assembly is
assembled on a 3D printed bracket mounted on a vertical traverse (5) attached to the vertical
aluminum frame. On the aluminum frame below the camera assembly, the flow cell assembly is
mounted. The flow cell assembly consists of an in-line flow cell 45-Q-0.1 (6) from Starna, USA,
with a path thickness of 100 pm, a width of 10 mm, and a length of 40 mm. the flow cell is securely
mounted on by a 3D printed bracket (7) and rubber cushions. For its superior solvent resistance,
the flow cell’s inlet and outlet ports are connected to a Viton tubing from Cole-Parmer, USA. The
flow cell is located over the projection window (8) of the Ember 3D printer (1). The Viton tubing
passes through MasterFlex L/S peristaltic pump (9) from Cole-Parmer, USA, then both ends of the
tubing end in the glass container (10) of the zinc-octa-ethyl-porphyrin (ZnOEP) fluorescent dye
from Sigma Aldrich, USA. The dye container is covered by silver duct tape to prevent room light

from affecting the dye.

The ZnOEP in DCM solution absorbs the 405 nm wavelength and emits light at 570 nm and
620 nm, as shown in . The ZnOEP is mixed with DCM at a concentration of 5 mg/l [87]. The
peristaltic pump circulates the dye solution at a flow rate of 15 ml/min. The dye circulation
prevents the dye from absorbing enough energy to break down the dye molecules; however,
increasing the flow rate will cause a shadow of the projected pattern shape in the flow directions,

especially with long camera shutter times.
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Figure 3-1 Irradiance induced fluorescence imaging setup

The flow cell is placed directly above the projected pattern location at the projection's focal
plane, which is the PDMS window in normal printer operation. The maximum zoom value is
manually adjusted, and the camera assembly vertical position is adjusted to bring the flow cell in
focus. Then the lens focus is manually adjusted till the camera is achieving the max zoom while
the flow cell is in focus. Then by fine-tuning the vertical traverse, the focus plane of the camera is
set to the center of the flow cell. When the pattern is projected, the flow cell absorbs some of the
projected 405 nm wavelength irradiance and emits a corresponding 570 nm wavelength. The long-
pass filter will allow only the 570 nm wavelength and rejects the 405 nm wavelength. So the
camera will capture the emitted fluorescence only. The camera is triggered by an internal timer to
take five frames per second, and the printer projects each pattern for 1.2 seconds and stops
projecting for 0.8 seconds. The shutter time is adjusted to be 160 ms, which allows the camera to

capture the average light transmitted by the flickering micromirrors due to pulse width modulation.
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Figure 3-2 Absorption and emission spectrum of ZnOEP dissolved in DCM

3.2.2 Calibration Methodology

The calibration methodology consists of four main stages, as shown in Figure 3-3. The
calibration methodology ensures that the acquired measurements are reliable and have high
confidence. The four stages are

1. Dimensions calibration

2. Camera calibration

3. AM machine irradiance calibration
4

Camera VS AM machine irradiance

The first stage is correlating the physical dimensions with the captured image pixels by using
microscale targets. After adjusting the zoom and focus of the lens, different microscale targets are
captured, as shown in Figure 3-4. The first target has a 20 um line width, and the second target has
a 10 pm line width. By analyzing the captured images, it was found that the overall system

resolution is 3 um/pixel with both targets
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Dimensions Calibration Camera Calibration

Use of microscale imaging
targets

Adjust zoom and focus and lock
lens

Capture images of several scales

Extract how many microns per
pixel

Camera VS Machine AM Machine Calibration

Figure 3-3 Irradiance characterization calibration methodology

(@) (b)

Figure 3-4 Captured image of the micro-scale targets of 4.5mm square grid and 0.25 mm spacing at
the maximum zoom of the lens, (a) 20-micron line width and (b) 10-micron line width
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The second stage is to ensure that the camera is calibrated so that each light receptor in the
CCD sensor will respond to the light in the same behaviour and ensure that the lens vignette effect
is minimized. White, grey (60%) and black nonglossy colour calibration cards were used in this
calibration stage. The aperture value is adjusted so that the maximum irradiance projected from
the AM machine will achieve 70% of the color depth and will not saturate the captured image.
With the 8-bit color depth images the irradiance measurement resolution of the used setup is 0.15
mW/cm?. After the card is placed below the camera, a handheld white ring lamp is used to
illuminate the cards. A total of ten images per card is captured, and for each image, the light
incident angle and orientation are changed to cover 360° around the card, and one position is in
line with the camera direction. The mean of the ten captured images per card is computed.
Calibration matrices are obtained based on a linear regression between the captured image and the

expected average greyscale value using equation (3-1).

Gij = (P — Byj) X aj + by; (3-1)
where G;; is the expected average grayscale value for each pixel in the captured image and i and j
is the position index of the pixel in the image., P;; is the averaged captured image of each card, B;;
is the background noise of the camera without light, and a;;& b;; are the linear regression
coefficient and constant, respectively.

The third stage is calibrating the irradiance value of the Ember 3D printer. The procedure used
in this stage is similar to the procedure discussed previously in 2.3.3. The only difference is that
the measurement is done directly on the projection window and not on the PDMS window. All of
the measurements are taken at the center of the projection window. The projection pattern is a
10x10 mm square and projected at different irradiance levels defined the machine settings. A linear
regression (3-2) correlated the normalized irradiance settings and the corresponding measured

irradiance. The results from this stage are presented in Figure 3-6 (a).

L, = I x a5 + by (3-2)
where I, the average is projected irradiance, I is the normalized irradiance value in the machine

settings, and ay & b are the regression coefficients.
The last stage captures the same projected patterns in the third stage using the flow cell and

camera assembly while the fluorescent dye flows through the flow cell. Five images were captured
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per each projected pattern and then averaged. The grayscale value in the captured image is
correlated to the projected irradiance value using linear regression as presented in (3-3). The

evaluated relation is shown in Figure 3-5 (b).

Ifijzlpijxafij-l_bfij (3-3)
where Ifij is the fluorescence irradiance emitted from the flow cell, I y is the I, y is the projected

irradiance from the Ember 3D printer, as,; & by are the regression coefficients.
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Figure 3-5 Correlation between (a) Machine projected irradiance and normalized irradiance setting, and
(b) projected irradiance and the captured image grayscale value

3.2.3 Results

3.2.3.1 Micromirror irradiance profile

In order to characterize the irradiance profile projected from micromirrors, a pattern with one
micromirror was set on (white pixel), and the seven subsequent micromirrors were set off (black
pixels). The pattern was repeated periodically in both directions. The pattern spacing eliminates
the interactions between the neighbouring micromirrors; therefore, the camera captures the
micromirror's true profile while minimizing the superposition between neighbouring micromirrors.
The pattern occupies a total of 5x5 mm square, and the average captured image is shown in Figure
3-6 (a). The captured pattern was projected in the center of the projection window.

The processed captured image is shown in Figure 3-6 (b) after implementing the calibration

methods discussed in section OError! Reference source not found.. Three sections were taken
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along the x-axis and y-axis at several locations as annotated in Figure 3-6 (b) and the profiles at
those sections are shown Figure 3-6 (c) and (d). It is noticed that the micrromirrors’ peak irradiance
(I,,) varies based on the micromirror position. The average peak irradiance was found per
micromirror was found to be 2.8 mW/cm? with a maximum of 3.25 mW/cm? and a minimum of

1.45 mW/cm?. The pitch between any two consecutive micromirrors projections is between 48 to

51 pm.
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Figure 3-6 (a) Captured image of irradiance profiles projected from individual micromirrors, (b)
Processed image of the individual adjacent micromirror irradiance profiles and sections across the
individual micromirrors irradiance profile along the (c) X-axis and (d) Y-axis

In order to analyze the individual micromirror projected irradiance profile closely, individual

profiles with different peak irradiance (I,,;) in both the x and y axis are plotted in Figure 3-7 (a)
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and (b). The plotted profiles are compared to a simulated Gaussian profile using the measured
parameter from each of the experimentally captured profile as tabulated in Table 3-2.. The captured
irradiance profile was found to match the form of the simulated Gaussian profile as shown in
Figure 3-7 (a) and (b). The Gaussian radius (w,) is measured at 1/e? of the peak irradiance of the
Gaussian profile. On average, the Gaussian radius in both directions is 96pum with a maximum

value of 98 um and a minimum value of 94 pm as depicted in Table 3-2.
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Figure 3-7 Simulated irradiance Gaussian profiles from one micromirror compared to the measured
irradiance profiles with different peak irradiances in (a) x-axis and (b) y-axis

Table 3-2 Measured Gaussian profile parameters to fit equation (2-9)

. Peak Irradiance I 2 Gaussian Radius Average Gaussian Radius
A mWiem) e (WMD) w, () w, (um)
X 3.2 0.433 94
y 3.2 0.433 98 9%
X 22 0.3 98
y 1.45 0.2 94

3.2.3.2 Irradiance map

The overall irradiance was computed by superimposing 1024 captured images of individual
micromirror irradiance profiles. The captured images covering 32x (5x5 mm?) locations spread
across the whole projection. For each capturing location, the same pattern used in the previous
section is used, but for each capture, the full pattern is shifted by two micromirror in both directions
resulting in 32 images to cover each square. Any non-captured micromirror location is averaged

from the surrounding neigbouring irradiance profiles. The analyzed projection map is shown in
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Figure 3-8. The average irradiance across the build platform recorded is 19.8 mW/cm?> with a
maximum of 24.5 mW/cm? and a minimum of 14 mW/cm?. Three areas at different positions are
selected to analyze the average per area. The first position has average irradiance of 19.6+1

mW/cm?, the second position has 22.2+1 mW/cm?, and the third position has 17.5+2.5 mW/cm?,

Figure 3-8 Irradiance map across the build platform
3.2.3.3 Irradiance profile of 2D shapes

Several two-dimensional shapes were projected, captured, and analyzed. Two locations were
selected to project the circular patterns; the first and the third location as annotated on Figure 3-8.
The first location’s captured images and its corresponding analyzed irradiance profiles are shown
in Figure 3-9. The first projected shape in the first location is a 3 mm diameter circle with a 1 mm
hole, as shown in Figure 3-9 (a). The maximum irradiance is 20 mW/cm?. The second projected
shape in the first location is a 1 mm diameter circle with a 0.35 mm hole, as shown in Figure 3-9

(b). The maximum irradiance is 18 mW/cm?. It is worth mentioning that the irradiance did not
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reach zero inside the hole of the second shape, which means there is a possibility that this hole will

not be created.

(a)

(b)

Figure 3-9 Captured image and the corresponding analyzed irradiance profile of annulus cross-section
with dimensions of (a) OD 3 mm with ID 1 mm (b) OD 1 mm with ID 0.35 mm projected at the first
location (defined in Figure 3-8)

The third location captured image and its corresponding analyzed irradiance is shown in
Figure 3-10. The first projected shape in the third location is a 0.75 mm diameter circle