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ABSTRACT

The goal of this work was toedign and build amask projection micostereolithography

( MPpSL) 3 dystem toiclmatactemize, process, and quantify the performanfcaovel
photopolymers.MP u $Lan Additive Manufacturing process that uses DLP technology to
digitally pattern UV light and selectively cure entire layers of photopolymer eesdriabricate
athree dimensional partFort he MPuSL system desi roesswasn t hi
defined to introduce novel photopolymers and characterize their performanc&he
characterization process first determines the curing characteristics of the pbbtmer,
namely the Critical Exposurek) and Depth of Penetration 0y). Performance of the
photopolymer is identified via the fabrication of a benchmark test part, designed to determine
the minimum feature size, XY plane accuraegixid8 minimum featuresize, and ZAxis accuracy

of each photopolymer with the system.

The first characterized photopolymer wamly (propylene tycol) diacrylate,which wasused to
benchmar k the des.iThiea excdudetithe ijadievabte yX¥ tresatutiof®12
micrometer9, minimum layer thicknes@0 micrometer¥} vertical build rate(360 layers/hy,

and maximum build voluméx8x36mnd). This system benchmarking process revealed two
areas of underperformance when compared to systems of similar design, which lead to the
devel opment of the f i r sHowdoes minimensieatare Kizh vay withs t i o r
exposure energy?” -aiBa dccufacyivary withH mareasidgpo Braivin 200
concentration i fhe experimeptrfoe psearch neestidn’ (pvealed that
achievabldeature sizedecreasedy 67%with a420%increase in exposure energy. Introducing
0.25wt% of the photanhibitor Tinuvin 400 demonstrated depth of penetration reduction from
398.5 micrometers to 119.7 micrometers. This corresponds to a decreasaxis 2rror from
119% (no Tinuvin 400) to 9%aXis error (0.25% Tinuvin 400).

Twonovel photopolymers were introduced to the system and characterized. Research question

(iii) asks “What are the3Xuhowgdadsariatctmpern fsdrn
system?” whiQee Rteiserar4€ similarly queries “ Wha
Phosphoniumoni ¢ Li quid and how does it perfbrm in

with 2wt% photainitiator had ank: of 17.2 mJ/cme and aD, of 288.8 micrometers, with a
minimumfeature size 067.3 £ 5.7 micrometers, with XY plane error of 6% ande&Zerror of
83%.Phosphonium lonic Liquid was mixed in various concentrations into two base polymers,
Butyl Diacrylate (0% PIL and 10% PIL) and Poly Ethylene Dimethacrylate,(3%84PIL, 25%
PIL). Introducing PIL into either base polymer causedEitie increasein all samples, while
there is no significant trend between increasing concentrations of IL in either PEGDMA or BDA
and depth of penetration. Any trends previoustientified between penetration depth and Z
accuracy do not seem to extend from one resin to another. This means that overall, among all
resins, depth of penetration is not an accurate way to predict the Z axis accuracy of a part.
Furthermore, increasing caentrations of Plcausedncreasing % error in both XY plane and Z
axis accuracy
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1. Introduction to Mask Projection Microstereolithography and Thesis

Objectives

1.1.Mask Projection Microstereolithography

This section was written in collaboration with EandrewCampaignéll of the DREAMS Lab.

Within the realm of Additive Manufacturing (AM), stereolithography (SL) is aestdblished
technology used to create parts, with features as small as 79pmerosslinking layers of
photopolymer resin with a scanning ultraviolet (UV) laser beam. Mask projection
microstereolithography (MPUSL) modifies the SL process by replacing the scanning UV laser
with a UV light source and dynamic pattern generator (onadgic mask) to digitally pattern

light and expose an entire crosectional layer at once. Unlike traditional SL processes, MPuSL

is not limited by the laser beam radius or its scan speed, and thus enables the creation of
feature sizes smaller than 10um ihalso reducing build times by an order of magnitjitle-

[14].

In 1995 Arnaud Bertsch presented the first MPUSL system, which he ddlésd integral
stereolithography[1], [2], [15] The general mask projection miestereolithography process

flow is illustraed in Figurel-2. Light is first created by a soureecommonly a light emitting
diode (LED), lamp, or laser. This light is then conditioned by a series of optics that may include
collimating lenses, wavenhgth filters, and homogenizing rods. A mirror is often used to reflect
light onto a dynamic pattern generator (dynamic mask), such that it is parallel to the projection
surface.The dynamic pattern generator digitally patterns and projects the incidght ks an
image.Finally, the patterned light is resized by an optical lens, or series of lenses, to focus the
final image on the surface of liquid photopolymer resin. The projected pattern initiates the
crosslinking of meomer chainswithin the photopolyner resin, causing it to change phases
from a liquid to a solid in process called polymerizatioA. diagram of the crosknking process

presented inFigurel-1.
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Figurel-1: Diagram of the polymerization process.
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Figurel-2: Diagram of a typical MPUSL system. Purple lines highlight the travel of light.

The first layer of photopolymer resin is cured on a build platform. The build platform is then
repositioned such that additional resin recoats the previously cured photopolymer to provide
material for creating a subsequent layer. An image of the next esessonal layer is projected
to cure it on top of the previous layer. After the final cr@égxtion is projected, the completed

3Dpart is removed and pogtrocessed.

Maskprojection microstereolithographgystems camprocess novel photopolymers with unig

properties at very high resolutionsThe ability to produce highesolution features makes



MPuSLan ideal candidate for the production of engineered tissue scaffolds, provided that the

material is biocompatible.

1.2.Tissue Engineering
The field of tissa engineering is a multidisciplinary arena that aims to develop biological tools
and processes that can be used to regenerate defective tidauissue engineeringsellsare
isolated from a patient, the populain expanded in a cell culture, and thenesked to a carrier.
The most common and wedistablished approach to tissue engineering is the development of

pre-made porous scaffold for cell seeding.

1.2.1. What are Tissue Scaffolds
The scaffold is used as a temporary support structure which seeded celés @sbackbone to

direct tissue formation, and serves as a template for cell adhedi6i{18]. They guide the
growth of cells and accommodate tissue regeneration in three dimensions. A highly porous
artificial extracellular matrix, the scaffold is a structure with numerous interconnected channels
of | ess t han[1% Bidurelg3ishows man ewamgle df a scaffold embeddeskitu.

Figurel-3: Image of an engineering tissue scaffold embedded in a cavity of a distal femoral
bone of a New Zealand white rabb{C. Heller, M. Schwentenweir;. Russmueller, F. Varga,
Wod {{dFYLIFEE IYyR wod [A&a]lZI aG+xAyeéf 9aGSNAR VY
. A202YLI GAG6ES o5 {OFFF2ftRa o0& [ A0K286994LIK &
2009, Used under fair use, 2014
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The two main cosiderations for development of tissue scaffolds are material selection and
scaffold architecture. The desirable characteristics of materials in this application are
biocompatibility and biodegradability. Biocompatibility is described as possessing thextcorr

surface chemistry to promote cell attachment and function, while biodegradability means the

breakdown of the scaffold into nontoxic products, leaving behind living tigtie

Performance of a tissue scalfi has been shown to be dependent on the structure, specifically
the porosity and pore sizeof the matrix. Highly porous support structures are favorable for
mass transport, delivering cell mass for tissue regeneration. Furthermore, high porosity is
desrable for diffusion of nutrients and waste products to and from the tissue growth, as well as
for vascularization, which are requirements for successful cell growth. While a large surface
area favors cell attachment, the surface area/volume ratio of a peroaterial is dependent on
density and diameter of pores. Furthermore, the diameter of the cells dictates the minimum
pore size. When defining porosity and pore size, considerations must be made such that
scaffolds retain good mechanical properties whallso being permeable and porous for the
transport of cells and nutrientfl6], [18], [19] An examplescaffold with ~400 micron pores

and high porosity ishownin Figurel-4.

Figurel-4: An SEM image of a scaffold demonstrating porosity at a micrometer scale.

The macrostructure of a scaffold is also important, meaning the structure must be processed to

fit in the space where tissue regeneration is required.
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Traditionaltissue scaffoldnanufacturing methods are limited in several respects, particularly in
controlling pore size and porositywhich are inherently stochastic. The following section will
provide a brief outline of some of these traditional manufacturing methods and their

limitations.

1.2.2. Tissue Scaffold Manufacturing Methods
Scaffoldmanufacturing techigues can beclassifiedinto three categories(i) processes using

porogens in biomaterialgji) techniques using woven or nemoven fibers, andiii) processes

using 3D printing16].

1.2.2.1. Traditional Manufacturing
The first(i) and second(ii) categories areexamples oftraditional manufacturing. In the first
category, solid material is incorporated with porogens, which could be a gas, liquid, or solid,
that is removed after fabrication to leave behind a porous structure. Thes$migages include

solvent castingdarticuate leaching and gas foaming

Solvent Casting andParticulate kaching (SCPL)xonsists of dispersing mineral or organic
particles into polymer solutions, which is then either cast or fregzed in order to evaporate

the solvent. The particles are leacheut to produce a porous polymer matrix. This method can

be used to produce matrices with porosity as
but can only produce substrates as thick as 3mm. However, this can be overcome by fusing
layers of the 3mnsubstrates to make a 3D matiik8]. Figurel-5 shows an image of a porous

scaffold manufactured with SPCL.



Figurel-5: Micro-scale image of a scaffold manufactured via Solvent Casting Radiculate
LeachingC® LY (dUN}ydz2@2 YR wd DNRAGAYlISX atftlayt
CFroNAOFGSR o0& {2t@Syidn/tadAy3kt PaBnfa®rdeds.id S| St

pp. 1¢4, 2014, Used under fair use, 2014).

A high pressure gascthnique used for scaffold fabrication is called-fyasming. Polymer discs

are exposed to high pressure CO2 gas to saturate the discs with CO2. Reducing the pressure to
ambient creates thermodynamic instability and leads to the expansion of the satligate and

the growth of macropores. The disadvantage of this technique is the formation of nonporous

skin on the external surfacfl8], [22]

The second category uses woven or swooven fibers that are layered or piled together and
bonded in a thermal or chemical adhesipnocess These techniques are not ideal for fine
controlling of porosity or pee size. Fibers can also be generated in a process called
electrospinningFigurel-6), in which high voltage generates a spinning fiber jet from a polymer

solution[16], [18]



Figurel-6: Micro-scale image of acaffold manufactured through electrospinnin@. Lannutti,
5 wSYS{SNE ¢ alx 5 ¢2YlFIal12X 5 CINA2YX a9f
Mater. Sci. Eng. Grol. 27, no. 3, pp. 504509, Apr. 2007, Used under fair use, 2014

As mentioned arlier, the main disadvantage of the traditional manufacturing techniques is the
inherent stochastic distribution and size of pores. The techniques above cannot control the

location, size, or distribution of pores, which means scaffold design cannot beipgd.

1.2.2.2. Additive Manufacturing of Tissue Scaffolds
The third category, the category of interest of this research, is scaffold fabrication using
additive manufacturing (AM) techniques. The majority of AM processes have been considered
for scaffold fabriction, including selective laser sintering, fused deposition modelger
jetting, and stereolithography16], [19] These techniques all utilize an additive, lalygtayer
manufacturing process, where the geometry of each lay@n be designed and controlled.
Stacking these layers in a consecutive fashion enables the design of complex 3D parts. These
techniques use direct curing or deposition of material in a predetermined manner, allowing the
scaffold to have predefined porogiand pore size. The advantage of AM on tissue engineering
is the ability to control microstructuregnabling interconnecting microhannels, as well as
controlledmacrostructure. This gives AMsagnificantadvantage over traditional manufacturing
methods for fabricating tissue scaffold designwith controlled structure. The overarching
process is referred to as Computer Aided Tissue Engineering (Qidh),is described aan

approach for biomimetic modelling and design of tissue scaff¢&#§. Mask projection



microstereolithography offers the resolution and design freedoms required to transition CATE

designs intaeal, fabricated 3D scaffolds.

1.3.Formulation of Research Questions and Tasks
Give the goal of usinfIPpy SL t o fabricate tissuescakepatéf ol ds

with novel photopolymers,he broad objective of this worls presented as:

“Design and b uniclosleredithograpkp BDe printingsystem to characterize,

process, ad quantify the performance of novehotopolymers

In this section, the primary research questions that this research aims to answer are presented,

along with abrief summaryof tasks to answer each question.

1.3.1. Polymer Characterization
In order todevelop 3D structures with projection stereolithograpl®ach polymer that will be
processed by the MPpPSL system ampusds mbsebechar a
developed for this systento determine the curing characteristics of the photopolymer resi
well as identifyseveral photopolymer dependent performance parameté@iisese performance
parameters includethe XY plane minimum feature size, the XY plane accuracy, -thesZ
minimum feature size, and the-akis (XZ and YZ planes) accuracy. Charaation Question 1

(CQ1lyddresses these requirements.

CQ1:How can the curing characteristicd a photopolymer and its performance with the

MPuUuSL system be determined?

The curing characteristiax a polymer aradetermined by developing workingcurve for each
polymer resin. A benchmark part was designed and a process was created to identify the
polymer performance parameters listed abovelhe process is outlimkin a stepby-step
format, and identifies all the parameters necessary to quantifytppolymer performance and

answer CQ1.



1.3.2. System Characterization
The systemdeveloped as part of this body of reseanslas designed using the morphological
matrix tool introduced in Chapter .2The goal ofCharacterization Questio2 (CQ) is to
characterizethe performance of this system relative to the systems designed with similar
morphology. The secondary goal of thisaracterizatiorguestion is to demonstrate the validity

of the morphological matrix as a design tool for projection microstereolithogragkiems.

0Q2: How does the performance of the system designed as part of this work compare to|other

systems of similar morphology?

To determine the performance of this system, experiments were designed to measure four
performance metrics:minimum featue size, minimum layer thickness, maximum part size, and
vertical buil d r at e wasdompaed ts thesperiormanse apaehinéso r ma n c
of similar morphology.The result of this comparison should identify areas where system

performance can bemproved.

Also important in system characterization, while somewhat independent of peiously
introduced performance metrics, is how closely the printed part represents the CAD model.
Characterization Questio& (3Q3) aims to characterize the performamof the system that is

independent of the performance metrics highlightedd2.

QQ3: Howwell doesa printed part dimensionally compare its designed model?

The dimensional comparison suggested8 refers to the size of the part, the relative size of

the features, the locations of features, and the form of the part. This question wihbeered

by measuring feature accuracy in the XY, XZ and YZ planes of a benchmark characterization
part. Charactdration methodsnclude digitalmicroscopy Scanning Electron Microscopy (SEM),

and micrecomputed tomography (micr&T).

1.3.3. Process Improvement
The results of the system characterization experiments conducted to answera@@ CQ

revealed severalareaswhee t h e MP do&hot megtpdrfermance expectations. iBh



includes the achievableninimum XY feature sizeand the Zaxis feature accuracy. Initial
experiments to improve the systenesolutionsuggested that a relationship exists between the
XY resaltion and exposureenergy Research Question Explores the procesfroperty

relationship between exposure and XY feature size.

1.3.3.1. Effects of Exposure on Resolution
Initial system characterization experiments determined the actual minimum lat&iaféature
size of the system was significantly larger than the theoretical expectéismns shown in the
section addressin@Q2in Chapter 5)This means that there are limits in the system that were
not predicted Experiments conducted by Jariwala et. al. fsjdhat the presence of oxygen
on the surface of the resin may be causing the consumption of free radicals faster than in the
polymerization procesf5]. Should this be the case, the inhibition effects of oxygen ditel
limiting the size ofXY planefeatures. Features below a certain size may require a higher
amount of exposureenergy than that specified by the working curve to cufe. explore the

validity of this hypothesis, Research Question 1 (RQ1) was developed

RQL: How doesminimumfeature size vary with exposusnergy?

This question seeks to determine the process/property relationship between exposure and XY
feature size The relationship between exposure and feature size @qsdoredby designing and
conducting an experiment that varied exposure on individually printed benchmark. peres
smallest printed feature on each part was located, measured, and plotted against exposure to

identify any trends between exposure energy and minimum feature size.

1.3.3.2. Effects of Tinuvin on Z-axis Accuracy
The results 0fdQ2 presented a significamtccuracy issue along theaZiscalled print-through.
Print-through isa commonproblemin vat photopolymerizatiomprocessesand occurs du¢he
uncontrolled penetration ofUV light into photopolymer resin when fabricating dowacing
surfaces[26]. Severalapproacheshave beenpresented in literature to account foprint-
t hrough, including a softwar e himaye/Roseff2Clo mpens.

However,instead of approaching the problem through process contotthers have used an
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approach where UV photeabsorber is introduced into the resin to alter the curing
characteristics and reduce the penetration depth of UV lightoAmercialUV photo-absorber

called Tinuvin 400 is thghoto-absorber explored in Research Question 2 (RQ2).

RQ: How does Zaxis accuracy vary with increasing Tinuvin 400 concentration in| the

prepolymer?

This question aims to determine the structure/property relationship between Tinuvin 400
concentration in prepolymer resinsand Zaxis accuracyn printed parts The reationship
between Tinuvin 400 concentration in an acrylit@sed photopolymer and-@xis accuracy was
explored by designing and conducting an experiment that varied the concentration of Tinuvin
400 in the photo-curable poly (propylene glycol) diacrylateesin. Working curves were
developed and a benchmark part was printed for each concentration, and-thas feature

accuracy was measured analyzed for trends.

1.3.4. Novel Photopolymer Characterization
As mentioned in the broad objective of this work, sevetabtopolymers with novel structures

werei ntroduced into the MPpSL s yisdudenanokebae pr oc e
block polymer called Pluronie3dl and a phosphonium ionic liqu{fIL) The ceblock Pluronic

L-31 is a polymer of interest due tils reported biocompatibility and can be used in tissue
engineering scaffold fabrication and other biological applicationdhe phosphonium ionic

liquid, a molten salt, is known to be ionically conductive. lonic conductivity is useful in-micro
actuation' sensingor microelectromechanical (MEMS) applicatid@8]. Before 3D structures

can be manufactured with these novel resitiseir processability must first be determined.

Research Questio 3 (RQ3) and Research Question 4 (RQ4) aim to understand the curing
characteristics and performance of these resins according to the methods described by

Characterization Question 1.

RQ3:What are the curing characteristics of Pluroni8lLhow doesiper f or m i n t he

system?

11



RQ4:What are the curing characteristics gifosphoniumionic liquid and how does it perforn

—

in the MPPpSL system?

The answers to RQ3 and RQ4 will sewvevalidate CQ1, as well as a&s$ the baseline for
introducing and chaat er i zing new polymers into this MPy
specific parts were printed to demonstrate th

these novel resins. For the Pluroni81 photopolymer, dasictissue scaffold waprinted.

1.4.Thesis Objective and Roadmap

To recall, he overall goabf this work is stated as:

“Design and build a pr pBDleprintingosgstermio chamcdrizer e o | i

process, and quantify the performance of nove

In Chapte 2, a comprehensive literature review of published Mask Projection
Microstereolithography systems is presented. The data collected as part of this review was
synt hesi zed i nto design tool s t hat ar e use
embodiments. Thse embodiment categories are analyzed based on several system
performane@ metrics, which are then used identifeveral design considerations for future
MPuSL syst e m Thesevdesigm tpalseamdtconsiderations were used in the design

and developmenof the M P u Syktemconstructed as part ahis body of research.

Ch apt ®esign3of a Mask Projection Microstereolithography Systemd et ai | s t he
for the design and development of tHd P p Sylstem.As mentioned, liis section utilizes the
design tools and design considerations presented in Chapter 2. The entire design process, from

conception of finalization, is discussed in detail.

Chapter 4i s t Methbds tbr Charactering Novel PolymeréCQ1) This chapter explains
the processdevelopedfor introducing and charactering new photecurable resins into this
MP BLsystem. The process described provides the answeC@ly Hadiv can the curing
characteristics of t his phot opol ymer and It

determined?”
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| n ChapBenchbmar Ki ng t h”¢ ChidtterRdtion Ryestiore b and
Characterization Question 3 araddressed The \em Parfornsance metrics are
determined and compared to the performance metrics of similar embodiments. Theamgcu
of the system is also determined, in reference in CQ3. The experiments conducted to answer

CQ2 and CQ3 revealed the areas for system improvement described in RQ1 and RQ?2.

Chapter 6i s t Improvingl System PerformanéeThis chapter explores thérst two

research questionsegarding XY plane resolution improvements and algpth control This
chapter explains the experiments conducted to determine the pref@sperty relationship
between exposure energy and XY feature s{Research Question ,(1)as well as the
structure/property relationship between Tinuvin 400 concentration andcguracy(Research

Question 2)

“Novel Photopolymer Characterizatibm Chapter 7presents experimental methodatilizing
the process described for CQahd results regarding the characterization of two polymers

novel to projection sterelithography:Pluronic E31 and phosphonium ionic liquid.

The report is finalized by identifying areas of future work and process improvements in the

“Conclusions and Future Watk
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2. Design Considerations for Mask Projection Microstereolithography

This section was written in collaboration with EandrewCampaigndll of the DREAMS Lab.

Many mask projection microstereolithograprgystems havelready been developedsome of
which have beercommercializedWhile each of these systenpsovidesthe same fundamental
functionality, different system embodimentsvere developedto meet the requirements of a
variety of aplications.This chapter analyzes thesistingMPUSL systems and abstracts the
inherent system tradeoffs in order talevelop guide for designing future systems and

applications.

2.1.Background and Motivation
The MPUSL process is described in terms of functional components and design considerations in
Secton 2.2. Following the AM classification approach suggested by Williams, Rosen and Mistree
[29], a morphological matrix design tool is used to visually categorize MPuSL design solutions.
Performance tradeoffs are identified between the various system components that reoccur
throughout published MPUSL systems in SecBdh The performance metrics used quantify
these tradeoffs are the systems’ (i) e &@ighi eval
build volume, and (ivyertical build time. Within the organizational context of the presented
morphological matrix, this chapter categorizes many 8P systems in Sectidh4, while
drawing conclusions from their design decisions. The results and conclusions of this review are

presented in Sectiof.5.

2.2.MPuSL Functional Analysis
This section describes the MPUSL process as a set ofulsciions and performance

parameters, which are shown through a functional decomposiiod a morphological matrix.

2.2.1. MPuSL System Subfunctions
The MPUSL process can be discretized into a set of functional subsystems, each with their own

set of unique design considerations. The final performance of a MPuUSL system is dependent on

the sum of thee functional parts. They are as follows:

14



1 Light sourceproduces the luminous energy that is projected onto the resin surface to
selectively cure photopolymer.

1 Conditioning opticehange properties of the projected light for MPUSL applications.

1 Dynamic maskdigitally patterns and projects incident light to selectively cure
photopolymer.

1 Projection orientationis the position of the dynamic mask relative to the polymer
container.

1 Imaging opticsexpand or reduce the projected image to achieve the desired image
resolution.

1 Recoat methodsupplies liquid photopolymer over previous layers for the creation of
new layers.

1 Build platformsupports the object being made.

1 Vertical actuatorepositions the build platform for the creation of new layers.

1 System controlsprogrammatically alter system properties during the fabrication
process.

1 Photopolymer containeholds the reservoir of photopolymer and contains the build
platform.

1 Photopolymeis the raw material used in MPUSL to fabricate three dimensional objects.

These subunctions, and their respective design considerations, are presented as a
functional decomposition irFigure2-1. This list includes the core system funotiities of
MPUSL systems; however, it is not necessarily comprehensive. Some applications may require
applicationspecific considerations, such as humidity control or gas metering within an enclosed
build volume to reduce the influence of environmentatamsistencie$7].

This discretization of the MPUSL process into a set of necessary functional subsystems
enables the categorization and comparison of MPUSL systems. A morphological matrix
design tool that presents system sfilnctions and their respectespotential design solutions
is provided for the MPUSL processHigure2-2. Using this tool, a designer is able to create

different MPUSL embodiments by implementing unique combinations offgndtions. In

15



addition, this tool can be used as a framework for categog and comparing existing MPuUSL
systems on a functional basis.

It is important to note that the presented matrix features only those -futictions that
have the most direct effect on overall system performance. The remainingusigbions (build
platform, vertical actuator, system controls, and photopolymer) are not detailed in this work as
they either have only indirect effects on system performance, are common engineering
components, and/or are not within the scope of this chapter (e.g., controls raaterials

issues).
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Figure2-1: Functional decomposition of the MPUSL process relating-fuitictions to design

considerations

17



Sub .
. Solutions
functions
Light Source Lamp Light Emitting Diode (LED) Laser
Cor(l)drl)ttli(():r;mg Homogenization Collimation Filtering Beam Expansion
Pattern - . Digital Micromirror Device Liquid Crystal on Silicone
Light Liquid Crystal Display (LCD)| ™ pyip "pip projector) (LCoS)
Prqecnpn From Above From Below
Orientation
Imaging ; :
Optics Image Expansion Image Reduction
Recoat . . . -
Method By gravity By spreading By pumping By dipping

Figure2-2: Morphological matrix discretizing the MPuUSL procest a set of functional

subsystems and their solutions.

2.2.2. MPuSL Performance Parameters
As they share the same broad design goals, all MPUSL systems can be evaluated via a

common set of design metrics, and thus provide a basis for comparison. The MPuSL

performance parameters and relationships are as follows:

1 Layer thickness (um3 a metric for quantifying vertical -@xis) resolution. The achievable

layer thickness is largely determined by the employed recoating method, actuator
resolution, polymer chacteristics, and projection orientation.

Minimum feature size (umjefines the crossectional resolution and smallest obtainable
features in the Xy plane. The dynamic pattern generator, projection orientation, and
imaging optics define the projected cressctional resolution, while the recoating method
restricts the fhysical minimum feature size.

Build volume (mr) is a metric for quantifying the dimensions of the largest printed part.
The dynamic mask and imaging optics limit the size of the projected image inthaaxe

and thus the maximum build volume.

Vertical build rate (mm/s)is a metric that quantifies process throughput. Unfortunately,
MPuUSL build rates are often published using unclear terms. For example, many authors

18



state throughput in units of seconds per layer, but do not specify whether this is the
exposure time per layer or total build time per layer. This is compounded by the fact that
each system uses different photopolymers, which require different exposures. This often

prevents the direct comparison of vertical build rates for previously publisieé.

A Process Planning matrix (from Quality Function Deployment methodology) is used to
illustrate the interrelationships between sdanctions and performance metric§able 2-1).

The strength of each relationship is indicated by assigned values where 1 represents a weak
relationship, 3 a medium relationship, and 9 a strong relationship. For example: There is a
strong relationship (9) between the minimum featureesfam) andimaging optics of a MPuSL
machine, because the imaging optics expand or reduce the projected features. In addition,

build rate is primarily determined by projection orientation and recoating method

Table 2-1: QFD Process Planning matrix illustrating the interrelationships between MPUSL

functional subsystems and performance parameters.

Minimum Layer Build Vertical Build
Feature | Thickness| Volume Time
Size (um) (um) (mm?3) (mm/s)
Light Source 1 3
Conditioning Optics 1 1
Pattern Light 9 9
Projection Orientation 9 1 9
Imaging Optics 9 9
Recoat Method 9 3 9
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2.3.MPuSL System Components
In this section, the authors analyze possible solutions to the MPuSiusations
presented inFigure2-2 and Table2-1. The design considerationkigure2-1) for each solution

are alsadetailed.

2.3.1. Light Source
There are three performance criteria that are particularly important for selecting a light

source for MPUSL applications:
1 Theemission spectrurof the light source must include the wavelength required by the
selected photopolymer to achieve photopolymerization.
1 The intensity of light at that wavelength must be great enough to reach the

photopolymer’s <critical e xirpeo(esgu, K 60 secandsia r e a ¢
This is a key factor in determining system build speed.
1 Thedivergenceand intensity profileof light determine the conditioning and imaging

optics required to generate a focused image of homogenous intensity.

Lampbased light surces reflect light emitted in all directions from a bulb into a light guide.
These lamps output high intensity, broadectrum light often ranging between 350nm and
500nm. For this reason, lamp light sources are compatible with a wide variety of phyrtogol
resins of different wavelength sensitivities. Laidmgsed light sources are the most commonly
used light source for exposing photopolymers in MPUSL sy§@r9], [14], [30H37].

Light Emitting Diode (LED) sources are also used in MPUSL sy3}einsgeneral, LED
sources have longer operating lives, lower cost, smaller package size, and lower heat
generation than mercury lamps and lasers. LED sources generally output lower light intensities
than lamps at one or more wavee n gt hs , which may be chosen to
polymerization wavelength. LED sources are therefore more energy efficient than mercury
lamps and lasers, using energy more efficiently to photopolymerize the same volume of
photopolymer([3].

Lasers have also been used in MPUSL sysfgm§2], [L0H13]. Laser light sources may

emit light at a single wavelength or across multiple wavelengths. Lasers ailabévan
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ultraviolet, visible, and infrared wavelengths, but often cost thousands of dollars more than the

other two light source options.

2.3.2. Conditioning Optics
The system of optical components between the light source and dynamic mask generator is

referred to as the conditioning opticsF{gure 2-1). These optical components change the
properties of the original light source before reaching the dynamic mask. Unfortiynate
published MPuSL systems underreport the specifics of these optical components, so it is
difficult to discuss them in great detail. However, comnyamlentioned components include:

1 Homogenizing rodghat internally reflect light repeatedly to create eventensity
profiles. Light without a homogenous intensity profile fabricates inconsistent layer
thicknesses along the projected image. These inconsistencies will compound and create
dimensionally inaccurate par{5], [37].

1 Collimating lensesnay be used to collimate a highly diverging source such as a lamp.
Well collmated light diverges very little, preventing unwanted beam divergence and the
resulting decrease in light densig], [6H9], [30], [31], [36], [38]

1 Filtersmay be used to remove unwanted wavelengths, isolating the desired wavelength
[4], [6H9], [30], [31], [36], [38]

1 Beam expanding optiasiay be used to expand already collimated light from an LED,

laser, or collimating lensd4], [2], [10H14].

Different light sources produce different levels of collimation and homogeneity. Lasers
produce the most collimated light with the most homogenous light intignéamp light sources
often possess a Gaussian intensity distribution and-colliimated, widely diverging light. It is
the authors’ experience that LED |light source
periodic drops in intensity distribidnsoriginating from their diodes.

Using the optical components listed above, the collimation and homogeneity of lamp and
LED light sources can be improved; however, it is difficult to achieve the sarak df

performance as a laser.
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2.3.3. Pattern Light
A dynamic pattern generator digitally patterns and projects the conditioned light. Dynamic

masks all operate by discretizing light over a 2D array of pixels, each individually controlling the

l ight’ s path. | mportant desi g uodeitsaesdutiod,ixkeht i ons
pitch, and transmission. Dynamic masks are used primarily in the digital display industry and
come in standard resolutions (e.g., 800x600, 1024x768, and 1920x1080). The pixel pitch
represents the size of each pixel and the spaeenveen pixels. Because optical magnification

must be uniform, the resolution and pixel pitch determines the ratio between the projected

image area and the minimum feature size. This limitation can only be overcome by moving the
mask in relation to the budl platform, such that images are stitched together in the
photopolymer[4]. Digital Micromirror Device (DMD), Lid Crystal Display (LCD), and Liquid

Crystal on Silicon (LCoS) technologies have been ugBehashic masks throughout MPuSL.

2.3.3.1. Liquid Crystal Display (LCD)

Early MPuUSL systems were implemented using LCD devices as the dynamj&]ni@gk
[10]H14]. LCD chips digitally pattern light by switching pixels between opaque and transparent
states, achieved by adrolling the orientation of the liquid crystal molecules comprising the
pixel. However, the original LCD devices were not designed for use with UV light, and only
transmit about 12.5% of UV ligfs].

2.3.3.2. Digital Micr omirror Device (DMD)

Given LCD’s | imited UV transmission, the D
systems after 19994]-{10], [30H34], [36H39]. DMD’ s discretize |igh
aluminum micromirrors that are individually actuated between on and off orientatigii® (
degrees) by electrostatiorces applied at their hinges. The DMD offers many advantages when

compared to other available dynamic masks:

1 The DMD has small pixel sizes and narrow gaps between pixels. Because of this, DMDs

are designed with greater pixel density and can reflectdewci light with a more
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uniform intensity (less light is lost in the gaps). Therefore DMDs have a higher filling
ratio (reflective area/total area) compared to LCDs: 91% versud&7%

1 The modulation speed betweetages for individual pixels is also much less for DMDs as
compared with LCDs: 20us versus 20ms. This allows for greater control of exposure time
and an increased ability to modulate individual pixels as to achieve gradient, grayscale
projection and digitdy modulate the intensity of reflected ligi].

1 The mirrors of the DMD are surfaced with aluminum that reflects approximately 88% of
the incident light, while LCDs typically transmit only 12.5% of incident @¥WDs are
therefore more efficient at patterning light and require less powerful light sources,

reducing system cost and complexi§}.

2.3.3.3. Liquid Crystal on Silicone (LCoS)
Liquid Crystal on Silicone (LCoS) devicesaaeflective version of LCD technologies. LCoS
chips possess a 2D array of liquid crystals between one transparentilthitransistor (TFT)
and one silicon semiconductor. The transparency of each pixel is controlled by the applied
voltage just as in@D chips. Unlike LCD, the opaque pixels pass light to the underlying reflective
coating to project a pattern. Blocked light is reflected in a different direction. Unlike a DMD, the

reflective surface is static while the liquid crystals determine the reéfiacf light[3].

LCoS devices possess many of the same advantages over LCD devices as DMD devices. LCoS
devices generally have higher fill rates and smoother reflective surfaces than the DMD.
Unfortunately LCoS chéphave poor contrast ratios and do not produce deep blacks. In
MPUSLA, projected images will have a base level of intensity even in areas that are meant to be
absent of light. This may unintentionally cure photopolymer and may even encourage the
developmen of artifacts or otherwise restrict dimensional accuracy within the cross section.
Furthermore, LCoS chips are difficult and expensive to manufacture making their availability

and cost to performance ratio less than that of DMBG].
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2.3.4. Imaging Optics
The optical components that modify the projected image are regarded as the imaging

optics This series of lenses is typically designed with the intention of capturing the light
projection transmitting from the pattern generator and focusing it on the build surface. By
choosing lenses with specific focal lengths and numerical apertures, aldesieduction ratio

can be achieved.

The reduction ratio is what determines the achievable resolution and working area, but
there is a tradeoff between the two characteristics. A higher reduction ratio (lower
magnification) means that higher resolutiomse achievable, but this reduces the overall
projection area and results in smaller part sizes. System magnification can be calculated using
lens equations. For example, Choi explains for a system with a magnification of 0.434, one pixel
on the DMD (pitctof 13.68 pum) would reduce to approximately 5.9 um on the resin surface
[30]. This constitutes the physical limit of theYXresolution of a system, provided that the

recoat method or print orientation does not inhibit achievable feature sizes.

2.3.5. Recoat
There are several methods for reapplying resin to the build surface. Theod®ihclude

recoating by gravity, by spreading, by pumping and by dipiiggi(e2-2).

Recoat by dipping is the most commonly used method for recoating in
microsterelithography. In this method, the build platform is dipped below the resin surface to
exactly one layer thickness depth. That layer is cured, and the stage descends into the vat of
photopolymer, which allows for fresh uncured resin to flow over the preslpeareated layer.

The stage then returns to a location where the previously cured layer is exactly one layer

thickness below the resin surfagé-{8], [30H33].

Recoat by gravity is used exclusively in bottopnprojection systems (explained further in

section 3.6). Unlike the dipping process when projecting from abdwe,build platform is
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raised by the -axis actuator to create a gap between the platform and the resin container for
the next layer. If the photopolymer has a low viscosity, it will flow into the created gap. If the
photopolymer has a high viscosity, theafibrm needs to be raised to an exaggerated height
such that the photopolymer can fill the gap. Thaxis actuator than moves the platform down
until the desired layer thickness gap is achieved, while extra photopolymer is forced to the sides
[39]. Hypothetically, pumipg the resin into the created gap could assist the recoat process

when the viscosity is too high.

Recoat by pumping is used rarely and does not refer specifically to a recoat practice. Systems
that utilize pumping in the recoat process typically are paired with a dipping process. One
instance of pumping identified in literature is a syringe pump thatgps uncured resin from
the build surface with a high densi3dyinafill et
multi-mat er i al system devel oped by Choi, a “deep

extensive pumping38].

Wiping or spreading uncured resin for recoating is a method common in stereolithography
practices[41], but is seldom used in microstereolithography. However, some MPUSL systems

utilize a squeegee awviping system to recoat or level the resin surf§8s).

2.3.6. Projection Orientation
When deciding upon a base design for a microstereolithography system, besides the

dynamic mask, one of the most critical considerations is the orientation in whickygtem will

be projecting light on the build surface. Typically, there are two orientation options as shown in
Figure2-3: a top-down approach where the path of ligks projected from above onto the resin
surface (also referred to as “fr o-p appbboach e ” pr
where light is projected through the bottom surface of vat through a transparent window (also

referred t o actionforrematonp el ow” pr
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Figure2-3: lllustration of different projection orientations: (a) image projection from above

and (b) image projection from below.

2.3.6.1. Projecting from above
Typically the slower and more common of the two possible system orientations, projecting
from above generally utilizes the dipping method to recoat the part. This approach demands
that a designer account for resin characteristics, such as surface temsoosity, and wetting,
to tune the process and achieve the desired layer thickness. In addition, these characteristics
affect polymer settling time, which along with actuator speed, directly influences the process

throughput.

In an effort to reduce recat times, vibration assisted leveling has been experimented with
to encourage quicker leveling time of the photopolymer and to obtain thin laj@ff [33]
Also, as mentioned in Section 3.5, Takahashi provides one instance in which a squeegee
mechanism is used for adjustment of the resin surface in MHBSL However, as high
resolution is gnerally in the scope of the tegown design, this type of recoat is avoided as
sweeping motions may be enough to agitate the resin or catch the gastroying the print

entirely.

2.3.6.2. Projecting from beneath
Projecting images through the bottom of the photbpmer container offers several

advantages over projectinghages from above the container.
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1 Less photopolymer is required in the reservoir. Because the build part is not submerged
in photopolymer as when projecting from above, the reservoir containerdisgandent
of part height and can be shallower. Less photopolymer can save time and/or reduce
cost.

1 System complexity decreases while the overall vertical print speed increases. When
projecting from below, gravity is used to more quickly move and settle the
photopolymer. Therefore it is unnecessary to implement recoating mechanisms like
squeegees or long waiting periods for photopolymer to settle.

1 Thinner layers are theoretically possible. Achievable layer thickness in this orientation is
determined by thegap between the previously printed layer and the floor of the
container, which is directly limited and controlled by the resolution of the vertical
actuator of the build platform.

1 Photopolymer can polymerize faster because it is removed from ambient oxpgen

would otherwise inhibit crosslinking.

As photopolymer cures between the floor of the resin container and the previous layer, it
adheres strongly to both. Forces upwards of 50N must be applied to overcome this adhesion
and move the build platform, d#roying smaller features in the proce@9]. Therefore, there
is an inherent tradeoff between printing speed and printing tason for MPUSLA machines.

Researchers have developed a peeling process that is used when projecting underneath to
alleviate feature destruction caused by separation. In this process either the build tray or resin
vat is separated from the other by applying a gradual peeling fdileet@pe from a table). This
process reduces the separation force greatly, preserving features smaller than using the same
system without peeling. Unfortunately, the peeling process may prolong total build time and
negate the inherent speed advantage. Ghes r esear ch group, however
mask projection stereolithography process that bypasses this design tradeoff by applying a
flexible silicone membrane to the floor of the resin contaifi@®]. This SYLGARD silicone gel
maintains a thin oxidation layerimctly on its surface, inhibiting photopolymerization so that a
substantially smaller adhesion force is developed. The membrane is also flexible so that the
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polymer container can slide easily under the build part, to another fresh section of
photopolymer (in the same container) for the next layer to cure. This process emulates a
peeling step but with much smaller displacements and applied forces, making the impact on

overall print speed negligible.

2.4.Categorization and Analysis of MPUSL Systems

The morpholgical matrix introduced ifrigure2-2 provides a basis on which existing MPuSL
systems can be analyzed. The existing systems are presented in this section via a categorization
based on the critical architectural components of leaystem. Each morphological matrix is
accompanied by a corresponding table that sp
parameters. Together, this data provides a basis for determining the effect of system design

decisions on critical performance @aneters.

2.4.1. First Generation z LCD MPuSL Systems
Bertsch, Chatwin, and Monneret published the first MPUSL systems. These systems all use

beam expansion for their conditioning optics, LCD masks to pattern light, project images from
above the photopolymer, m@uce the projected image in size, and recoat photopolymer by
dipping. This design architecture is illustratedRigure 2-4 using the morphological matrix

previously pesent in Section 2,»erformance parameters are includedTable2-2.
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Sub-

functions Solutions

Light Source Lamp Lw (LED) T Laser

(ung:;;:mg Homogenization Collimation Filteg Beam Expansion
]
*_—n—"'"_
i iqui ~ i . Digital Micromirror Device Liquid Crystal on Silicone
PatternLight | Liquid Crystal Display (LCD) \Qin, DLP Projector) (LCoS)

Pt.npectu?n From Above \ From Below
Orientation \

Imaging

Optics Image Expansion Image Reduction
Recoat By e By g By . \\. By diopi
Method ¥ gravity ¥ Spreading Y pumping Y dipping

Figure2-4: Morphological matrixcategorizing MPUSL machines that use a LCD pattern

generator to project images from above the build platform.

Table2-2: Performance parameters for the MPUSL systems categorizdeigure2-4.

Min.
Research Special Feature Min. Layer| Maximum | Vertical Build
Ref Group Year | Features Size Thickness | Part Size | Rate
LCD,Laser, 1.3x 1.3 x| 110 layers in
B | [19],[20] | Bertsch 1997 5 m 5 m
515 nm 10 mm? 90 minutes
60 second
_ LCD,Laser, Not 50 x 50 x
] [27H30] | Chatwin 1998 5HUm exposure per|
351.1 nm reported | 50 mn?
layer
LCD,Lamp, 3.2 x 2.4 X 60 layers per
A | 31] Monneret | 1999 5um 10 m
530nm 1.3 mn? hour

All of thesemachines are capable of producinguinh minimum feature sizes with layer
thicknesses ranging from 5 to 10um. The machines published by Bertsch and Monneret are
particularly noteworthy because they use visible light to cure photopolymer. FutuP@3u

researty moved away from visible photopolymers in favor of curing with UV light. Exposure
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times for these machines varied, but were roughly 60 seconds per layer on average. The

following section introducesesond generation MPUSL systems.

2.4.2. Second Generation z DMD MPuSL Systems
The systems categorized in this section use a DMD to dynamically shape the projected

image. These systems were grouped together in order to identify the paradigm shift in design
decisions with the advent of the DMD. As outlined in Section 3.3.2, the ti@n$iom LCD to
DMD was a result of better performance characteristics such as smaller pixel sizes, narrower
gaps between pixels, higher modulation speeds, and high reflectivity. The morphological matrix
presented inFigure2-5 represents systems that utilize a lamp, DMD dynamic mask,-&loove

projection, image reducing optics, recoat by dipping, but employ unique conditioning optics.

Sub- .
functions Solutions
Light Source Lamp % Light Emitting Diode (LED) Laser
—
Conditioning L . \“Z . .
Optics Homogenization Collimation Filtering Beam Expansion
] Digi i i Devi Liquid Crystal on Sili
L - , ' , igigat"Micromirror Device iqui ystal on Silicone
Pattern Light | Liquid Crystal Display (L MD, DLP Projector) (LCoS)
Pr‘oiccth.:m From Above \ From Below
Orientation \
Imaging . .
::‘:1:! By gravity By spreading By pumping \. By dipping

Figure2-5: Morphological matrix categorizing MPUSL machines that use a DMD pattern

generator to project images from above the build platform.
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Table2-3: Performance parameters for th&IPuSL systems categorizedHigure2-5.

Min.
Research Feature | Min. Layer| Maximum | Vertical Build
Ref Group Year | Special Feature| Size Thickness | Part Size Rate
2 x2x1
* [6] Rosen 2007 | DMD, 365 nm | 6 dm 400 Um . 90s per layer
mm
DMD, 365, 435, not
* [7] Rosen 2007 5Hm 5Hm 60s per layer
647 nm reported
_ 1.95 x 1.95
* [30] Wicker 2009 | DMD, 365 nm | 30Mm 4 um <1s per layer
X 2.4 mnd
DMD, 365nm, 10 x 10 x| 100s per
* [4] Lee 2008 ] 2 Um 5HUm
XY translation 2.68 mn? layer
o 6 x 8 x 15 700 layers in
* [8], [9] | Bertsch 1999 | DMD, visible 5HUm 5HUm
mm?® 2.5 hours
[31], 10.24 x 7.68 200 layers in
Bertsch 2000 | DMD, UV 10Mm 10Mm
* [36] X 20mm? 1 hour
DMD, 364 nm, not
A | [B] Zhang 2005 0.6 MM 5Hm not reported
fly-eye lens reported
not
[32] Roy 2006 | DMD, 355 nm | 20Mm 150 m 90s per layer
reported
) _ not
[33] Hadipoespito | 2003 | DMD, 365 nm | 20 Um 100 m not reported
reported

As seen inTable2-3, the reported achievable feature size of the DMD projection from

above systems utilizing the dipping recoat method ranges from 0.6 to 30 pum. While smaller
feature sizes were achieved with DMD based systems, the average achievable feature size is not
signficantly smaller than LCD systems. Unfortunately, the vertical build rate metric for many of

these systems are not comparable as many publications use different speed metrics (as

discussed in Section 2.3). Regardless, all systefgyume2-4 and Figure2-5 use the dipping

recoat method, and their build times seem comparable. Heveas LCD masks transmit only

12.5% of UV light (as mentioned in Section 3.3.1), build time can increase by a factor of 7 when

compared to systems using a DMD with the same light source.
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Figure2-6 and Table2-4 presents systems using a DMD dynamic mask to project images from

above, while employing alternative solutions to acl@#eecoating.

Sub- .
functions Solutions
Light Source Lamp \ t Light Emitting Diode (LED) Laser
Conditioning — N _— "
. Homogenization ollimation Qltenng Beam Expansion
Optics
N
. R . " i Digital Micromirror Devi Liquid Crystal on Silicone
Pattern Light | Liquid Crystal Display (LCD) \{DMD, DLP Projector) (LCoS)
Pr.r.rjectn..'m From Above t From Below
Orientation
N
Imaging . .
Optics Image Expansion mage Reduction
S
Recoat . ) . X T
Method By gravity Ey spreading By pumping A Ey dipping

Figure2-6: Morphological matrix categorizing MPUSL machines that use alternative recoat

methods.

Table2-4: Performance parameters for the MPUSL systems categorizdeigure2-6.

Min.
Research Feature | Min. Layer Vertical Build
Ref | Group Year Special Feature | Size Thickness | Part Size Rate
. DMD, 365 nm, ~2XxX2Xx4
* [38] | Wicker 2009 ) . ~50pUm 21 pm 8-12s per layer|
multi material mm?®
) ~2X%X2X 2
A | [35] | Takahashi 2000 | DMD, 365 nm 50 pm 200 pm . not reported
mm
[34] | Roy 2008 | DMD, 355 nm 50 pm 50 pm not reported | 60s per layer
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Comparing the syst enfable2-2andTdble2-3mersugdable2-4] i st e d
(which primarily differ by recoat method) suggests that systems that do not use recoat by
dipping generally have larger minimum feature sizes (approximately 50 pum) and layer
thicknessegangingfrom 21 um to 200 um. This indicates thadipping may be the preferable
method for recoating if the goal of system is to achieve a minimum feature sizes (as discussed

in Section 3.5).

2.4.3. Third Generation z From Below Projection
As the embodiment of second generation systems became a standard, some

researchers have begun experimenting with alternative projection orientation in the effort to
reduce build time. The system architecture presenteéigure2-7 and Table2-5 is unique as it

projects from below and recoats by gravity.

Sub-

functions Solutions

Light Source Lamp Light Emitting Diode (LED) Laser
2ol

Cun';i:tl;:;:mg Homogenization Callirmﬁ\ Beam Expansion

Pattern Light | Liquid Crystal Display (LCD) Digital Micromirror Devige Liquid Crystal on Silicone

(DMD, DLP Projector) (LCaS)
Pr.n_rectn.:m From Above From Below
Orientation
Imaging . .
Optics Image Expansion Image Reduction
Recoat By gravity @] By spreadi By pumpi By dippi
Method ¥ gravity ¥ Spreading ¥ pumping ¥ dipping

Figure2-7: Morphological matrix categorizinglPuSL machines that use a DMD pattern

generator to project images from below the build platform.
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Table2-5: Performance parameters for the MPUSL systems categorizdeigure2-7.

Min.
Research Special Feature Min. Layer| Maximum | Vertical Build
Ref | Group Year Features Size Thickness | Part Size | Rate
DMD, Lamp, 48 x 36| 180 mm per
[39] | Chen 2012 o 400Mm 100 pm
visible mm? hour
DMD, Lamp, Not Not 14.6 x 10.9
A [37] | Kang 2012 Not reported
uv reported | reported | mm?

The feature sizes reported ifable2-5 are much larger than those of the systems listed
in the Tables &, but the part size is also much larger. The print speed is the quickest of all
systems analyzefB9]. This suggests that projectifigpm below is indeed quicker, but cannot
achieve the resolution of top down projection systems. Work in this system embodiment still
developing, and there is room for further improvement based on the performance parameters

advantages.

2.4.4. Alternative Embodimens
The last system is unique in that it is the only published system that utilizes an LED light
source, and is the only published system that used.@oS device to digitally pattern light.

Figure2-8 and Table2-6 outline this system and characterizes its performance.

Sub-

functions Solutions
Light Source Lamp Light Emitting Diode (LED) Laser
Conditioning — . \ R 2
Optics Homogenization Collimation \Ftltenng Beam Expansion
" o N . . Digital Micromirror Devi Liquid Crystal on Silicone
Pattern Light | Liquid Crystal Display (LCD) (DMD, DLP Projector) :. (LCoS)
P + tt. /
r.o,e |?n From Above ( From Below
Orientation
[
Imaging . -
Optics Image Expansion \.\lmage Reduction
Recoat . o By di By \ By dippi
Method ¥ gravity Y spreading Y pumping \. Y dipping

Figure2-8: Morphological matrix categorizing MPUSL machines that use a Lgatt8rn

generator to project images from above the build platform.
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Table2-6: Performance parameters for the MPUSL systems categorizenire2-8.

Min. Min.
Research Special Feature Layer Maximum | Vertical Build
Ref | Group Year Featues Size Thickness| Part Size | Rate
LCoS, LEL 2.56 X
[ ] [3] | Zzheng 2012 1.3 um 10 pm Not reported
395nm 1.44 mnt

This unique system achieves very small feature sizes, comparable layer thickness and
part size of other projection from above, recoat by dipping systems. It follows the trend that

high resolution is achievable by combining recoating via dippittgthe top-down orientation.

2.5.Closure

This chapter presents a MPUSL morphological matrix that is designed to functionally
categorize and compare the fundamental design decisions solved in the realization of MPuSL
systems. Using this matrix, several published MPyyStems are analyzed in terms of critical
MPuUSL performance parameters: minimum feature size (um), layer thickness (um), build
volume (mn9), and vertical build time (mm/s). These performance parameters are expressed in
units that serve as a standard benchrk to promote direct quantitative comparisons between
MPuUSL systems. From this analysis, relationships between system performance and the
corresponding subsystems solutions have been identified to indicate general trends and

tradeoffs.

1 The most common syem embodiments project images from above the photopolymer
container and dip the build platform to achieve recoating. These systems are capable of
achieving the smallest feature sizes, which are close to 1 pum.

1 Dynamic mask selection does not significamtfiect the minimum achievable feature
size. While pixel pitch is a relevant design consideration, final feature size is ultimately

determined by the imaging optics.
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1 Dynamic mask selection significantly affects the vertical build rate of a MPuUSL system.
LCD masks transmit only 12.5% of UV light, which can increase build time by a factor of
7 when compared to using a DMD with the same light source.

1 The relationship between part size and feature size is equivalent to the relationship
between aspect ratio angixel pitch for any dynamic mask. Future dynamic masks with
an equivalent pixel pitch but with greater resolution will enable creation of smaller
feature sizes on equally sized parts, or the same feature sizes on larger parts.

1 If a fast vertical build rat is priority, then system embodiment should project images
from below the photopolymer vat. By using a graxassisted recoat approach, vertical
build rates can be improved by an order of magnitude.

1 The type of light source is noncritical provided thatission properties (wavelength and

intensity) are suitable, and appropriate light conditioning is performed.

Amongst published MPUSL systems, design trends have changed historically. Exploration of
novel form factors and embodiments has been limited. Araafor future research is in
exploring more unique embodiments and subsystem solutions. In doing so, the relationships
between MPUSL performance parameters and subsystem solutions can be more broadly and
guantitatively compared. Ultimately, such relatidnigs could be used to develop processes

more optimized for desired performance as governed by the application.
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3. Design of a Mask Projection Microstereolithography System

Per the suggestion of theéDesign Considerations for Mask Projection Microstereofjtaphy
Systems section presentedn Chapter 2design of this MPUSL system began by identifying the
customer needs and target specifications. From there, the embodiment of the system was
determined, and components were selected to best meet the targetsigations based on the

guidelines put forth irBection2.5.

3.1.Conceptual Design and Solution Selection
The first section of this chapté&egins bydetermining the solutions to the major stgystems of
the MPUSL systemThe target specifications areidaout, and the conceptual design is

introduced.

3.1.1. Key Requirements
Several key requirements, along with target specifications for each requirement, are listed

bel ow for the design of the MPPSL system.
1 System can manufacture 3D structures utilizingpaymerization

As the goal of this work is to design ®IPuy SL sy st em, the resulting

use selective light exposure to cregsk photopolymer in a vat polymerization process.
1 System ifas a very high resolution

Mask Projection Miarstereolithography is known for its unique ability to project 2D images
with high resolution and manufacture very small featyresaching as smatir smaller thanb

micrometers|[4], [6H9]. Thus,the target minimum feature size is 5 micrometers.
1 The build process should be fast

One of the pitfalls of many 3D printing systemg er y sl ow buil d times. Th
that rather than using the SLA laser scanning method to cure photopolymer, entire 2D contours
are projected and the entire layer is cured simultaneous$ly.harness this abilityhe target

build rate is 60dyers per hour.

37



1 The build process should be automated

Additive manufacturing systems are touted for their ability to fabricate parts at the press of a

button. The highest possible degraetomation of the build process is desired.

1 System operation is spte

The system operation and corresponding user interface should be simple. Few intermediate

processing steps and user intervention is desired.

3.1.2. Morph chart embodiment

Figure3-1 is the morphological matrix used to identify the embodiment of the MPUSL system

designed forhigh resolution fabricationThe rationale for the solution chosen for éasub

function is listed below.

Sub- .
. Solutions
Junctions
Light Source Lamp Light Emitting Diode (LED)’. Laser
--h-

Conditioning | zation Collimati Filteri B i
Optics omogenizatio olimation ¢ enng eam
Pattern . : \C&L Digital Micromirror Device Liquid Crystal on Silicone

Liquid Crystal Display -

Light qudCrystal Display (L"Pg " (DMD, DLP Projector) (LCoS)
Prf) Jection From Above \‘\ From Below
Orientation

Y,
Imaging Image Expansi Image Reducti
Optics mage Expansion mage Reduction
Recoat ) . . ..
Method By gravity By spreading By pumpmg\\’ By dipping

Figure3-1: The morphological matrix identifying the embodiment of the MPuUSL system.
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3.1.2.1. Light Source
An LED was chosen as the light source from a price and wavelength standpoint. As light source
type is noncritical providing emission propertiase appropriate the cheapest and easiest

option was chosen.

3.1.2.2. Pattern Light
To pattern the light, the Digital Miomirror device was chosen. This is the state of the art for
image patterning due to its high transssion and high pixel density and is used in most modern

systems.

3.1.2.3. Optics
There are no significant conclusions to consider when designing the optics for the system.
Conditioning and Imaging optics choices were made to accommodate for the emission

properties of the light source and DMD geometrics, respectively.

Conditioning
Gollimation optics collimates the light, ensuring constant beam diameter and intensity

throughout the light path. The beam emitting from LED light sources are very small in diameter,
so a beam expander is essential. Coincidentally, a beam expander alsa ambmation. A
filter is used to remove bands of light not being used in the polymerization reachioth a

diffusion lens homogenizes the light beam.

Imaging
The goal of this system is to achieve feature sizes down to 5 microns. As the pitch of DMD

micromirrors are on the order of 10 microns, image reduction is necessary.

3.1.2.4. Projection Orientation and Recoat Method
As feature resolution is the primary driver of this system, projection from above with recoating
by dipping is the best selection as all attatives may disrupt the micron sized features being

printed.
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3.2.System Design and Component Specifications
This section details the system design and component selection for the majdusctipons of a

mask projection microstereolithography system.

3.2.1. Pattern Light: DMD Selection and Mounting
The most critical component onMPuSLsystem is arguably the dynamic mask generator. The

following sections present the design methodology for component selection and mounting.

3.2.1.1. DMD and Development Kit
The goal of thiglesign is to maximize the resolution of the projection and minimize the feature
size of the printed part, an endse developer kit was chosen in lieu of a DLP projector. This
allows for greater design freedom for the light path. The chip chosen was th€® . DRR.080p
Digital Micromirror Device. The DMD is a 1920 x 1080 array of aluminum micresoaier
mirrors that measures 0.9#ch along the diagonal. The micromirror tilt at an angle of +12°
relative to the flat st adae,e’wiatihdalt‘@afded emosist
in Figure3-2. Each mirror has a pitch 10.8um and rotates between states along the diagonal of

the mirror, shown irFigure3-3

Package Pin
A1 Comer
DLP9500
S i

“OnState”  “Off-State”

Figure3-2: DMD landed positions and light pati¢ SE+ & Ly ad NHzYSyid&as a5t
LVDS Type AdD5 ¢ y2d { SLIGSYOSNWP LIJP HPZ HAMHI | &
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I Micromirror Pitch Micromirror Hinge-Axis Orientation
| I 9 |
10,8
I | “‘ii . I “On-State” ! 45° . I
| o e [ I Tilt Direction I'\ .
g : ! | N | l
nD.‘ ] [ : - I I : | I
|~ ! : :
1 =1
I sy osremrmrmc=—-— |' smmem—_— g I I ! I
(] i - [
i : | | A |
I ] ! O P !
i | I S0 N I
I ! i ; ! “Off-State” |
i I | ! Tilt Direction
| 10.8 um I

Figure3-3: DMD micromirror pitch and hingexis orientation(¢ SEI & Ly ad NHzYSy G &=
1080p 2xLVDS Type AB ¢ y2® { SLIISYOSNWP LIP HPI HAMHZI

This particular DMD is designed for use hwitroadband visible light (400nm to 700nm
wavelength) with a window transmission of 97% and mirror reflectivity of 88%. As this DMD is
not designed for UV light ranges, significantly more transmission loss is expected (but not

documented by TI@2].

The DMD was purchased as part of a developer kit by Keynote Photonics. This kit, called the
FlexLight X1 DLP Development System, consists of a DMD mounted to a microcontroller with
embedded source code and HDMI inputs for seamless data traf3erFigure3-4 shows an

image ofthe Flightlight X1 boardith physical dimension.

41



CN1-+12VDC

.95” 1080p DMD
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et et ~i.

145mm

230mm

Figure3-4: Flexlight X1 DLP Development System wgthysical dimensiongKeynote

t K2G2yA0&a™M. aCBEPE[ AIRBRB GBSt 2LIYSy i

3.2.1.2.

{eadsSy pLSy
1¢2, 2012, Used under fair use, 2014).

DMD Mount design

In order to securely support the FlexLight X1 such that it can be propeelyted in the system

a custommount was designedlhis mount features two axes of rotation oriented around the

center of the DMD chip, such that adjustments d@made to align the DMD projection with

imaging optics and the resin surface. The orietatof the DMD mount was fixed with set

screws that matedapped holes.The mountwas machinedvith Aluminum 6061A render of

the aluminum mount, with a model of the FlexLight X1 mounted, is show bel&igume3-5.
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Figure3-5: FlexLight X1 DMD mount.

3.2.2. Light Source
The light source chosen for this design is the LightningCuselV@ UV LED system by
Hamanatsu. This system was selected due to the availability of a light guide, as well as a
selection of head types to match certain applications, including a collimating head attachment.
This collimating head reduced the need for an extra collimating opticaipooent, and
produces an even intensity of light along a 4mm point at a specified distance from the guide

[44]. The radiation intensity profile for the collimating type head is showFignire3-6.

@®Collimating type
1200 JLEZBI0BEEA
100}- Z: Distance from end of lens
E 1000
5 i — Z=10 mm
E mo e Z=15 mm
E m — Z=20 mm
2
R — 7=25 mm
2 — Z-30mm
S Z=35 mm
g 20 ‘ = Z=40 mm
100
o
10 8 4 <4 4 2 & & W
DISTANCE FAOM JRRADIATED CENTER {me)

Figure3-6: Intensity radiation profile for theLGL1VC at 365nm wavelengtidamamatsu,
a | -£ED Spot Light Source LightningCurd L3¢  dtadCity, japan, p. 4, 2012Jsed under
fair use, 2014).
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3.2.3. Optics
The optical systems designed and implemented in this system are explained in the following
sections. They are categorized, per the suggestion of the morphological matrix gEgune2-2

into Conditioning Optics and Imaging Optics.

3.2.3.1. Conditioning Optics
Conditioning optics are the optics that prepare the beam of light for reflection off of the
dynamic mask and projected onto the resin surface. There are three optical systems that

condition the light: Beam Expander, Filter, and Diffuser.

Beam Expander

Ast he di agonal di mension of the DMD is 0.95",
4mm beamfrom the UV LEB a 25mm beansothe entire suface of the DMD is illuminated.

A Galilean telescope, a refracting telescope composed of a positive and megais; can

function as a simple beam expander for collimated light. In a Galilean telescope, the objective
lens is a positive lens and the negative lens is the image lens, separated by the sum of their
focal lengths. This design can be used as a beamneepaby reversing the direction of
collimated light, and having the negative lens serve as the objective lens and the positive lens

as the image lens, still separated by the sum of their focal lerigjs

D Image Lens
i Objective Lens

L = Focal Length Obijective Lens + Focal Length Image Lens

Figure3-7: Diagram of a Galilean telescope beam expander. Also shown is the equation for
the distance between the two lenses in the beam expand8rRY dzy R h LJi A O&a> a. S
9 E LJ ¥y RS N& déailabbeh hitp:/Ayivsedirundoptics.com/learningand-
support/technical/learning-center/application-notes/lasers/beamexpanders/. [Accessed: 1-7

Jan2013], Used under fair use, 2014)
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An added benefit of a beam expander is that as beam diameter increases, beam divergence
decreases. This means by using this optics feature, the divergence of the collimated light will be

reduced, allowing for a longer working distance of the collimatdut.lig

Lens choice and rationale
To design the appropriate beam expander that matches the requirements of the system, the

following equations were used. To begin,

4 Equation3-1
where MP is magnifying power and
T e Equation3-2

where O is the output beam diameter an® is the input beam diameter. We define

magnification as

ofl- 0 ++ 4

where Qis the focal length of the objective lens (negative lens) ‘&id thefocal length of the

tutilowla Equation3-3

image lens. Therefore, by substituting magnificatioto Equation land setting Equation 1 and

2 equal, we have Equation 4:

e Botl. Equation3-4
re Brat<con
SinceQ =-25mm,0 = 25mm andO = 4mm, andsolving fofQ ,
II:D ‘1l m I|= Equation3-5
and therefore™Q ¢ LG Pt = 156.25. The25mm focal length lens was available

from Edmund Optics as a UV m¥eConcave 12mm diameter lens (EO #8%). However,

design is limited by lenses that are available by vendors, and the optimal focal length of 156.25
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was not an option. The closest lens was a UV PG@Gmovex Lens with 150mm focal length and a

50mm diamete. This means that the magnification of the expander i$Q 1 Q

¢ ujpuT & @, and the inverse of which is a MP of 6, making the output beam
diameter 24mm. The distance between the two lenses follow the equdiion "Q

"Q , shown inFigure3-7, which means the lenses will be 125mm apart on the optical rail.

Filter

The photopolymers in this systepure at 365nm. To isolate this wavelength for testing and
characterization purposes, a bandpass filter (EO-¥8® was placed (FWHM of 10nm) directly
after the LED head in the path of light.

Diffuser

Testing the LED light source with a UV dosimeggealed that the beam of light emitted from

the head is noashomogenousas expectedin order to homogenize the light, a UV holographic
diffuser is placed after the beam expander. The diffusing angle describes how the light diverges
when exiting the diuser, whichwill negativelyaffect the collimation. For the chosen diffuser

(EO #4&13), the diffusingngle is 0.5°.

3.2.3.1. Focusing Optics
The focusing optics are the optics that focus the DMD generated image and project it onto the
resin surface While the light illuminating the DMD is collimated, the divergence off of the
mirror array itself is uncertain (and perhaps indeterminate.) In order to insure that all the light
reflecting off of the DMD is projected onto the surface, a lens with a laigmater and a
relatively short focal length was needed. However, as the desired final image projection
di ameter was O0.5” or |l es s, i mage reduction

corrected microscope system was designed.

Lens choices andrationale

Based on the limited availability of 50mm (large diameter) UV P@&movex lenses, one with a
relatively short focal length was chosen. This first lens, the objective lens, has a 75mm focal

length (EO #6218). In the system, the desired magration is-0.5, a lens with a focal length
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of 150mm was chosen (EO #BZ3). The first lens, the objective lens, was placed its focal
length away from the DMD, and the image lens was placed its focal length away from the resin
surface. The distance betwedine two lenses is unrestricted, but too great a distance between

the lenses will lead to vignetting.

3.2.4. Projection Orientation
To facilitate the projection orientation, a frame was designed to hold the DMBassembly

(Flexlight X1, Flexlight X1 mount).

The Flexlight X1 mount was attached to a frame constructed of 80/20 extruded aluminum,

which was fastened to the breadboarBigure3-8) using tbrackes. The frame was constructed

to support the Flexlight X1 Mount above the |
frame features more‘brackets that support the cross beams so the height of the mount can be

changed relative to the breadboard.

Figure3-8: The 80/20 Frame attached to the optics table supporting the DMD maount
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3.2.5. Recoat Method
The surface of the resin is refreshed by
accomplished by submerging the surface of the part being printed to a significant depth below
the resin surface, and then returned to the build plane. This is actisihga by using a high
resolution stepping linear actuator, mounted on a linear slide, to which a build platform is

attached.

3.2.5.1. Linear Actuator
The stepper motorFigure3-9, used for this system was a linear actuator by Zaber (#NA11B60)

with a travel length of 60mm and 15 Ib force.

Figure3-9: Image of the NA11B60 linear actuator used in this syst@www.zaber.com used

under fair use, 2014)

The Dsub 15 pin connector was removed, exposing four wires. The wires were stripped and
attached to an Allmotion EZ10EN Stepper motor controller paired with an RS485 converter. The
converter communicates serial data through a PC com port (via USB) tontrellss 4 wire

bus. The actuator was attached to the end of a 15cm long linear slide rail that was available in
the DREAMS Lab. The mount for the linear actuator is showigure3-10, which was printed

in ABS on the Stratasys Dimension SST 768.
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Figure3-10: Mount for the linear actuator.

An assembly was designed that connected the build platform to the motor. The assembly was
also printed in ABS plastic, and features a stage that slides into an adapter, allowing for stage
removal and replacement. This design made it easy to remove del@ate from the build

platform. A brass threaded insert was inlaid into the part so a set screw could be used to secure

the stage. The stage adapter and stage are presentedrigure 3-11 and Figure 3-12,
respectively.

.

N5

I 1 26m

[ ] oo

N

©

] |

S

22mm

Figure3-11. Thestage adapter, which attaches to the linear actuator using the top tab, holds

the stage in the main slide, and attaches to the linear slide with the four mountirales
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25mm | 40mm

Figure3-12: The slidein stage.

The vat in this system is a Fisher Scientific 20 mL beaker. To support this beaker, a vat adapter
(Figure3-13) and slide Figure3-14) were designed and printed in ABS plastic. The vat support

system is used to insure the vat position is constant and provides -dinéllfor the

photopolymer.

24.5mm

45m
©
[ —
@

Figure3-13: The vat slide adapter. A brass insert is embedded in the side hole for a set screw.
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| 40mm |

65mm

\

Ix

N—

Figure3-14: The vat slide, which slides lengthwise intbbe vat slide adapter.

The entire build susystem assembly, which includes the motor, the linear slide rail, the motor

mount, the stage adapt, the stage, the vat, and the vat support, is showFRigure3-15.

Figure3-15: A model of the bild sub-assembly.
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3.2.6. Embodiment
The remainder of the system design does not specifically fall within the context of the
morphological matrix. Much of the design from this point forward is highly spdcifeach

individual system and &t the discretion othe engineer

3.2.6.1. Alignment
This system was designed for high precision, and high precision mounts were needed for
alignment of optical components. For this reason, a Performance Series | Breadboard was
chosen as a base for the MPuSL system. The breadbaard fe r @Gtapped holes, spaced at
one inch on center, with overall di mensi ons
components, a dovetail optical rail was used, paired with rail carriers from ThorLabs. Sets of
post holders, mounting post and the appropriate optical mounts were assembled for each
optical component, and properly spaced out along the optical rail based calculations
demonstrated in theConditioning Opticsection. However, due to the abnormal geometry of
the Flexlight X1, the alignment holes on the breadboard and the DMD location on the Flexlight
X1 did not align precisely. To compensate for this, wedged table clamgsused to attach the

optical rail to the breadboard independent of the grid of tapped alignment holes.

3.2.6.2. Light Path
The path of lighf or t he MP jllSstated ip he dagranpresented inFigure3-16.
The light is emitted from the UV LED as collimated light. The UV filter removes all bands of light
that do not fall within 5nm of the 356nm wavelength. The beam expander broadens the beam
of light to 25mm, which then passes through the diffuser to be homogenized. Ideally, at this
point, the beam is a 25mm homogenized beam of collimated ligbtvever, enpirical testing
of the system indicates that the beam is diverging slightly sndot enirely homogenized.
Regardless he beam reflects off a mirror positioned to shine the light on the DMD. The DMD
shapes the light, which is focused down to 0.5 times the size of the DMD image at the surface

of the photopolymer in the vat.
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Digital Micromirror Device

uv
Holographic
Diffuser

UV Filter

LED with
Collimating
Head

Expander

Photopolymer Vat

Figure3-16: Diagram illustrating the path o)V light through the optical components of the
MPUSL system.

Mirror _Angle
Based on experimentationthe mirror was oriented at 63° from horizontal. This angle was

determined byadjusting the mirrorangleandobserving when the DMD was fully illuminated.

Elexlight X1 Mount Angle
Using the DMD specifications frdagure3-2 andFigure3-3, t he “ ON” angl e of

is 12° from horizontal along the diagonal of the mirrors. However, as the DMD is mounted in
such a manner that the axis of rotation fttre mirrors is not parallel to the axes of rotation for

the mount, compensation angles need to be determined so an accurate DMD mount
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orientation can be determined. Using trigonometry and the geometry of the mount, which was
confirmed in the CAD model,¢h angl es necessary to align the
the build surface (the horizontal) are 5.93° along the Y axis, and 10.45° along the X axis. The X
axis can be set to 10.45°, but the Y axis orientation is dependent on the angle of the reflecting

mirror. The axes are labeled for clarificatiorFigure3-17.

Figure3-17: Diagram of the Flexlight X1 Mount presenting the names

the axes of rotation.
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Figure3-18 labels the angles crdal to orienting the Flexlight X1 mount such that the light is

projected perpendicular to the build surface.

Micromirror offset—=

from mount (5.93°)

/ I n
a P
Reflecting 1 4
mirror /
-
L
B

Micromirror

“ON

Path of light

Figure3-18: Diagram of the path of light as it reflects off the mirror and DMD. Angles are

labeled for reference.

As mentioned earlier, the orientation of the mount is reliant on the orientation of the reflecting

mirror. The mirror was placed on the optical table at a distance compatible with the geometry

of the remainder of the system, while minimizing the horizowliatance between the DMD and

the mirror to maximize light intensity. The actual angle was an empirical measurement

determined by orienting the mirror such that the light beam fully illuminated the DMD. Later,

small adjustments were made to optimize penfmance, but for the purpose of explaining this
itso 6633°°,. O i s
that 286

orientation process, thean gl e
Furthermore, this

However, compensatingf or t he

B

wa sAss eft

means

angl e

of

angle of the Y axis needslhe 12.07° from the horizontal.
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3.2.6.3. Final Model

A CAD model was developed to help with design embodiment, and confirm location and angles

of components. A rendeof the final model is below, iRigure3-19, and an image of the final
system is shown iRigure3-20.

Figure3-19: Final render of the CAD model of the MPUSL system.

3.3.System Control

There are multiple components of the system described above that require computer based
direction. This primarily includes linear motor (stage) position and image projected from the
DMD. It is critical that the software precisely controls not only thetpmsof the stage and the

duration of a unique image projection, but also the timing between the two.
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.

SRS UV LED Driver

Figure3-20: Image of the complete mask projection microstereolithography system with

major componentdabeled.

3.3.1. Hardware Interfacing and Control
The Flexlight X1 kit interfaces with the computer via mini HDMI port. By setting up the DMD as
a secondargomputermonitor, images can be sent to the chip via the HDMI cable with a frame

rate more than suitald for projection curing.

The linear actuator communicates with the computer via the EZ10EN EZstepper motor
controller Figure3-21). The motor contrdér connects to a PC via a USB to RS485 converter
(Figure3-22). This converter combines the power wires and the serial communication data for
the controller/motor from a standard USB connector and sends it to a four pin connector that

has the same pinout as the EZStepper 4 wire bus.
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Figure3-21: Image of the EZ10EN stepper motor control(@ww.allmotion.com, used under
fair use, 2014)

Figure3-22: Image of USB to RS485 converfemvw.allmotion.com, used under fair use,
2014)

3.3.2. Software Design
The software that controls the system was developed in LabVIEW and follows typical state
machine (event driven) architecture. A state machine consista sét of states and a case
selector that determines when the program transitions from one state to the next. The state
machine waits for an event to occur before transitioning to the next state, which can either a
user controlled event or an istate calalation [46]. In this case, the program is begun via user
input, and then proceeds autonomously tilnthe print has finished. The states within this

system are detailed below.
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@
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3.3.2.1. Initialize
This is the preliminary state in tledntrols software. The main purpose of this state is to set the
initial motor location, orienting the build platform into the focal plane of the projection, just

under the surface of the resin.

59

[N
O«



3.3.2.2. Zero Cure
This state foll ows | nmMmesdtiaattee | ya nadf tseerr vtehse t“oi nli
by over exposing the resin directly over the build platform. This insures that, regardless of user
input, the first layer of the part being printed is exactly level and exactly aligned with the resin

surface.

3.3.2.3. Project Layer
The program then enters into the first of five states that compose of the loop that builds the
designated part. “Project |l ayer” shows the i m
through the loop is the first image of the slitgart. The image is projected for the user

designated time, and then transitions to the next state.

3.3.2.4. Project Cure Through
This state is a unique option in this software that gives the user the ability to control the
adhesion between the current layer antig previous layer. The design of this state derived
inspiration from work by Limaye and Rosen bas
appr o2/ Thé purpose of this state is to increase the dimensional accuracy of downward
facing surfaces, and reduce unintended cure through. This state conducts an image subtraction
process that identifies the shared locations of exposure between the current Eyerthe
previous layer images, and creates a new image that contains only these locations. When this
state is active, the “Project Layer” state pr
the desired thickness, wheindwly gehdPated image to adBewer e T h
the current layer to the previous layer. This process ensures that cure through, which is needed
for layer adhesion, only occurs where cured material exists in the previous layer, and works to
prevent unwanted curing. Qe this state has completed its instructions, it triggers the

transition to the next state.

3.3.2.5. Recoat
At this point, the layer has been built, and the program then enters the state that applies a

fresh layer of resin to the top surface of the part. Thisasrde vi a t he “deep dip
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state sends word to the linear actuator to move to a depth in the resin vat based on

predetermined user input.

3.3.2.6. Next Layer
The program then conducts a calculation to determine where to send the linear actuator to
build the next layer. This calculation, based on dip depth and layer thickness, sets the motor
location to such that the part being built is precisely one layer thickness below the resin
surface. Once the motor has finished moving, the system transitions to iaé dtate in the

loop.

3.3.2.7. End?
The last state of the five state loop exists to simply determine whether the last image of the
part has been projected. I f that 1is not the <c
Layer” state, axh ichage ie theepare H theslast imalgeshasnbeen called, the
program ends and sends a signal to the linear actuator to return to the initial position,

removing the final part from the resin vat.

3.3.3. User Interface
The control panel that the system user opts contains fields in which specifications of the

print can be enteredThe LaBVIEW front panel user interface is showsigare3-24.

61



File Edit View Project Operate Tools Window Help
o [ @|15ptApplication Font |« ||E,;|V||T|]Ev ||%'|| %v| | Search 4 @ -‘:'-K

"Layer Exposure” is the duration of time to expose the layer to create the desired layer thickness
"Cure Thru Exposure” is the duration of time used to adhere the layers together

Parameters Cluster Settings Cluster
Layer Exposure (ms) Image Felder Path
.J_j 1790 % C\Users\Phil\Documents\Phil\mSLA Project'\3 Cone Test Part = |
Black Image Path
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Current State
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m

Figure3-24: LabVIEW front panel user interface for the system software.

Each fieldin the Ulis described belowThe next section explains the function of each of the

fields.

3.3.3.1. Parameters Cluster
1 Layer Exposurdhis designates thentie, in milliseconds, the user wants to expose each
layer to UV light.
9 Cure Thu Exposur€his designates the time, in milliseconds, the user wants to expose
an adhesion image (this is currently an unused feature of the software).
1 Layer ThicknesShis fietl allows the user to choose a layer thickness in microns. This

should match the layer thickness chosen in the slicing of the part.
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1 Dip DepthThis gives the user the option to choose the dip depth (in microns). The user
may want to select greater dip depths for more viscous resins.

1 Motor Start LocationThis field allows the user to select the starting position of the
motor, also in microns.his position should be chosen based on the level of the resin
and the dimensions of the build stage.

1 Settle DurationThe user can select a time, in milliseconds, to allow the resin to settle
prior to beginning the next layer (after returning from the oat deep dip).

1 Motor Dip Duration:The motor takes a specific amount of time to conclude its
movement during the dip process, but this is not information that the motor feeds back
to the software. Therefore, the user must input a time (milliseconds)ltmethe motor
to complete this process; else the transition to the next state will occur prematurely.

1 Zeroing Exposure Timie this field, the user can designate an exposure time of the first

”

i mage (independent of t hepurpgsasdegsceled eadieay e r

3.3.3.2. Settings Cluster

1 Image Folder PathThe user must select a folder path, located locally, that contains a
series of 1920x1080 images (with increasing reference numbers) organized in ascending
order. This is the folder that theoftware checks for the projection images.

1 Black Image PathThe user must select an image path, located locally, that contains a
1920x1080 entirely black image. This is the image that is projected while motor motion
and resin settling occurs.

1 Motor Serial PortThe user must select the correct port number that the linear actuator
is plugged into.

9 Device AddresThe user must leave this defaulted at 1.

3.3.3.3. Indicators
The following fields on the control panel contain data transmitted from the program as

indicators of build progress.

1 Unlabeled imageThis is a representation of the current image being projected.
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91 Layer NumberThis is the number of the current layer being projected.

1 Current StateThis is the name of the state that the program is curngntinning.

3.4.Finalization
After the system was assembled and the software written and implemented, significant fine
tuning was conducted to achieve repeatable functionality. This included diligent alignment of
all optics and mounts to match calculations, \&ell as determining the precise location of the
build plane. As mentioned earlier, any vertical variation from the focal point of the projection

greatly impacts minimum feature size and UV light intensity. For repeatability, it is essential to

have thebuild plane constant from print to print.

With the process developed and the system aligned, the next\septo develop a process to

characterize the polymers that will be used to fabricate 3D structures withMiitsy Syktem.
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4. Methods for Characteriz ing Novel Polymers (CQ1)

The performance of an MPpSL system is depend
design as well as the curing characteristics of the photopolymer resin used to fabricate parts.
Characterization Question 1 ask#iow can thecuring characteristics and performance of a

photolJl2 f @ YSNJ Ay GKS at >{ [ThisicBajtér frasents $he G/&rail Eebddrahy S R K §
methods employed to answer this question, and thasunderstand the performance of the

system Specifically, the research methods described here are usetktiermine the curing
characteristics of a photopolymer and identify the manufacturing limitations of that polymer

on the designed system.

4.1. Photopolymer
The general ingredients for @hotopolymer include the base material g@lymer, oligomer or
monomer), photoinitiator, and could also includephotoinhibitors and surfactants.The
polymer/oligomer/monomer is the functionalized base molecule, meaning it has reactive
groups located at thend of the molecule. The photoinitiator is the component that initializes
the polymerization reaction. When irradiated, the initiator produces free radicals (for acrylates)
or cations (for epoxies) that induce polymerization. The liquid monomer polynsebize@ chain
reaction, cross linking the polymer chains and forming a solid polymer. A photoinhibitor is a
light absorber, and is used sparingly to tune the reactivity of the photopolymérddiation
[47], [48]

4.2. Working Curve
In 1992, Paul Jacobs presented a methoddentifying the photosensitivity of UV curable resin
during the stereolithography process. The expression is based on theLBewdyert law of

absorption, and is written gg19]:

m o T@ e Equation4-1

The termG; represents the cured depth, or the thickness of gelled reSis. the UV exposure

provided to the resin at the curing wavelength. The critical exposkseis the UV energy
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required to initiate polymer curind, is the depth of penetration of UV light into the resin. The
expression presentediBguati on 6 i s used to generate the
Working Curve is a sesldgarithmic plot of cure depth vdhe natural log ofexposure, an

example of vhich is presented ifrigure4-1.

WORKING — CURVE
Resin : XB 5149

Dp = 5.8 mils Ec = 6.8 '1‘1'1..];’&:1{12

o

1 -
I

|

Cure Depth (mills)

(%3]

2 4 6 8 10 20 40 60 80 100 200 400
EXPOSURE ( mJ/em® )

Figure4-1: A Working Curve, developed by Jacobs, for Gigity resin XB 5149, wherthe D
is 5.8 mils, and the s 6.8 mJ/cA(t ® Wl 0206 a&> daCdzy Rl YSy Piod. & 2F &
Solid Free. FabrJuly, 1992., Used under fair use, 2014).

Theworking curve shows several important fundamentals to understanding stereolithography.
The first of which is that the serAogarithmic plot should result in a linear relationship between

cure depth andthe natural log ofexposure. The slope of this straight linelateonship is
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equivalent to the penetration depthD,, of the resin. The value where cure depth is equal to
zero, the xintercept, is theEvalue where polymerization begins, known as critical expodture,
Depth of penetration and critical exposure arethgurely resin characteristics, which means

that they should stand independent of UV intensity.

4.3. Characterization Method
Prior to printing with any resin, the primary step is identifying the curing characteristics of the
resin by generating avorking cuwe. Once the curve has been developed, the relationship
between exposure energy and cure depth is known and proper print parameters can be chosen.
A method wasemployedto accurately determine thevorking curvefor new resins introduced

into theenmMPpuSL syst

4.3.1. Generating a Working Curve
The following steps outline the method that was used to generatevaaking curvefor

photop ol ymers used with this MPuSL system.
Step 1: Mix the@hotopolymer

The photaeinitiator used in this body of research was DMPA Rdimethoxyl, 2
diphenylethanl-one). In all experiments, 2 wt% of the DMPA initiator was dissolved in acetone

and mixed into the polymer resin.
Step 2: Prime light source, measure light intensity.

After the UV light source has been powered on, thesxevarm up period before the UV light
intensity becomes stable (approximately 2 hours). Once the light source is primed, the UV light
intensity was measured. This was accomplisheagsHiginga white image across the entire
projection area and measuringhe UV intensity (mW/cA) at the build plane with a UV

radiometer.
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Step 3: Fill vat.

In the third step, the light source wémocked(not turned off), and the vat was aligned beneath
the projection area. The vat was filled with photopolymer precisely to the location of the build

plane (the focal length of the final focusing lens, 75mm).
Step 4: Generate test samples.

To develop avorking curvethe cure depth of the resin is measured according to the precise
exposure provided. With the UV light intensity known, the exposure was varied by adjusting the
exposure time. The samples were fabricated by exposing the resin vat to the erdjeston

area of the MPpSL sy s tFeunestfsamplesavers geheratpat fiour od o f
different time steps(corresponding to different exposuresyhich vary according to each

resi n’ s UVhesamnplssiwere gently rgtrieved frohetresin with tweezers.
Step 5: Dry and measure samples.

The 12 samples were washed gently with IPA and left to dry. Using a micrometer, the thickness
of each sample was measured and recorded. Due to the fragile nature of the thin film samples,
extra carewas taken not to fracture the samples with the micrometer before an accurate

measurement is recorded.

The recorded data from the experimentas then inputted into a MATLAB program that
averages thdour sample measurements for each exposure time andlbe average cure
depth Gy versus the exposurein mJ/cn¥). The program generates working curveand
calculates the critical exposure and depth of penetration based on the wsitey Equation 6

The working curvefor the resin is then used tgalculatethe exposure necessary to cure a
certain layer depth. As mentioned earlier, the slope of the curve is equal to the depth of
penetration of light into the resirfFigure4-1). As this value grows, the greataffect a small
change in exposure will have oture depth. Photocurable resins with high depth of
penetration arevery sensitiveto changesin exposureenergy making finecontrol over cure

depth a greathallenge.
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4.3.2. Performance Characterization
The next important step ideterminingt he per formance of a pol ymer
to identify the XY planeminimum feature size, the lateral ¥Xplane) accuracyhe Zaxis
minimum feature sizeand the Zaxis (XZ and YZ planeagcuracy. A benchmark part was

designedwith SolidWorkgo quantify these parameters.

The benchmark part was designed such that X¥éminimum feature size, the XY accurattye
Z minimum feature sizand the Z accuracy could be asired and quantifiedThe part was
designed to be sliced angrinted with 25 micron layers A drawing of the part can be seen

belowin Figure4-2.

W

Figure4-2: Isometric image of the benchmark characterization part.
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There

arefour critical sets of features on the part, and each set is designed to quantify a

different performance metric.

T

Thefirst feature on thispart is the cross beam on the four lateral faces. Measuring the
thickness othe cross beamsontributes tothe Zdimension accuracfFigure4-3).

The secondset of features is the extrusions on the XZ and YZ faces. These extrusions are
reduced incrementally in Z heigtitickness from 200 microns to 25 microns. Measuring

the thickness of the smallest structure, t@eaccuracyalong with the cross beas)and
minimum Z axis feature size can be determirfegjured-3).

The cylindrical extrusions on the top plane of the part incrementally reduce in diameter
from 200 microns to 5 microns (dimensionsHigure4-4), along both the X and Y axes.
These cylinders are used to measure the minimum printable feature size in the XY plane.
The crosshaped extrusions on the top plane of the part. They all have the same
dimensions and are located equidistant from one another. By measuring the relative

distances of the crosteatures, the accuracy of the XY plane can be determined.

The dimensions of the benchmark part are presenteBigure4-3 and Figure4-4.
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Figure4-3: A lateral view of the benchmark test part with dimensions in millimeters.
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Figure4-4: Top down view of the benchmark test part with dimensions in millimeters.

4.3.2.1. Step-By-Step Process
With curing characteristics of the photopolymer known from the generation ofwioeking
curve the following step by step method was used for determining the polymer performance

on the designed MPpSL system.

Step 1: Slice the test part.
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The file was exported from SolidWorks as a .STL file and imported into Nebrd#iFabb, the
part was sliced a5 micrometer incrementg(i.e., the layer thicknessyand the slices were

exported as PNG files into a folder.
Step 2: Load the folder, and prepare threnting software.

I n the user interfacetot hehél MBEgSB8L FesbtewamPajg
that was generated containing the sliced images. Use wioeking curveto determine the
exposure necessary f&5 micrometer cure depthand i nput t hat number

E X p os ur e "remainirgflelds.sholdlichread as follows Kigure4-5:

Cure Thru Exposure (ms)
i
OE

Layer Thickness {um)

‘_:}|25
Dip Depth (um)

‘5:|3ﬂnn

Motor Start Location (um)
5
Ok

Settle Duration (ms)

\;I#UUU

Motor Dip Duration (ms)
‘_5:|3unn
: Zeroing Exposure Time (ms)
.
e
Figure4-5: The settings required for the benchmark chatarization part.

Step3: Fll vat andinsert stage.

In the third stepthe vat was filled with the photopolymer and the stage was inserted into the
stage adapter. Care was taken to be sure that the image projectamentirely on the stage.
The stage build area should sit exactly level with the build plane, slightly below the

photopolymersurface
Step 4: Generate test samples.
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The LabVIEW VI was startexhd the print began. The once the print has finishbd,stage was
gently removed from the stage adapter and replaced with a new stage. The print was repeated

twice more.
Step 5Prepare the parts.

The printed parts were allowed to drip dry for a few minutes to allow the uncured resin to be
recollected.IPA was then used to gently rinse the part of any remaining uncured photopolymer.

The parts were allowed to dry for an hour.
Step 6: Measure the parts.

In the final step, parts were measured using a DinoLight digital microscope. The measurements
taken wee the diameter ofthe smallest printed cylinderthe X dimensions and Y dimensions
labeled inFigure4-4, and the Z dimensions labeledkigure4-3, and the thickness of the cross

beams at their center.

With the smallest cylinder measured, the minimum printable featurehe XY plandor this
polymer was determinedWith the thickness of the XZ and YZ extrusions measured, the
minimumfeature size in these planes was determined as Wéle measurements of the-akis
cross beams and thdistance between theXY plane crosshapes were then compared to the

designed measements to determine the accuracy of these features.

4.4. Application
The methods outlined in this chapter are used to classify the performance of a resin in this
Mask Projection Microstereolithography system. The work presentethapter 5 utilized this
method to characterize the performance of the designed system with a baseline &sution
6.2 utilized these methods to determine the effect of Tinuvin 406n cure depth and depth of
penetration in the baseline resinFinally, in Chapter 7 two novel phdopolymers are
introduced, characterized, and their performance with the system determined using the

aforementioned characterization methods.
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In this chapter, the performance of the system is characterized and comparedstensy of

similar embodiment within the context dCharacterizatiorQuestion2 (CQ®) :How does the
performance of the system designed as part of this work compare to other systems of similar
morphology? The four system performance parameters dii® minimum feature size (i)
minimum layer thicknesgjii) maximum part size, an@v) vertical build rate. Furthermore, the
accuracy of the system tetermined by answering Characterization Questi8r{C(3) “How

well does the printed part dimensionally compare¢ (1 KS RSaA3IySR Y2RSft K¢

5.1. System Characterization
To benchmark the systenthe polymer poly (propylenglycol) diacrylatd PPGDAJvas chosen
as the standard. A detailed explanation tbe polymer ispresentedbelow, followed by the

characterization of the polymer and its perfo

5.1.1. Poly (Propylene Glycol) Diacrylate
Poly (Propylene Glycol) Diacrylate is a polyfunctional acrylic monomer that was acquired from
Sigma Aldrich (CAS 52408-9). The PPGDA has an averageofB00, and contains 100ppm of
BHT (butylated hydroxytoluene) as inhibitor, and 100 ppm MEHQ (mono methyl ether of

hydroquinone) as inhibitoiFigure5-1 showsthe chemical structur®f the monomer

O O
HQC%O/\/\]\OMCHQ
n

Figure5-1: Chemical structure of poly (propylene glycol) diacrylate.

5.1.2. Preparation and Characterization
The prepolymer consisted @ wt% ploto-initiator DMPA 2, 2dimethoxy1, 2diphenylethan
1-one) dissolved into 50nL of PPGDAFollowing theprocess outlined in Chapter 4, a working

curve was developed for the PPGDA photopolymer. The intensity at the build plane (resin
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surface) was 9. mW/cn?. Thethickness of the fabricated fousamplesper tested exposure

dosagewere measured using a micrometemnd arelisted kelow inTable5-1.

Table 5-1: Qure depth thicknesses for increasing exposuemergy for PPGDA with2wt%

initiator .

ExposurgmJ/cm?2) 9.8 12.25 14.7 17.15

Sample 1(um) 185 284 345 425

Sample Aum) 196 286 338 427

Sample Jum) 203 284 340 413

Sample 4um) 185 290 345 421
Average 192,25 286 342 4215

Std. Dev. 8.8 28 3.6 6.2

The data was entered into the MATLAB software, and a working cliigeiré 5-2) was
generated and the critical exposure and depth of penetration were calculaked. critical
exposurek: is 6.05 mJ/cry and the depth of penetratioly, is 398 micrometers

600 -
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Cure Depth (urn)
(5] P
o o
o o

[
o
o
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e

100

U 1 1 F U WY U T N A | n 1 U TR S T N A | 1 X THNRN M T O L |
10° 10" 100 10°

Exposure (mdicm?2)

Figure5-2: The working curve for PPGDuith 2wt% DMPA initiator.

5.1.3. Minimum Feature Size
The minimum feature size of this systesrdifficult to characterizeas the minimum feature size

was determined tobe reliant on the shape beingnanufactured Two experiments were
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conducted to analyze the minimum feature size the systamfabricate. The first experiment
utilizes the benchmark part presented Figure4-2, which was designed with cylinders of
decreasng diameter on the top XY fade determine minimum printable feature sizeThe
cylinders decreased equivalently in size on both the X and ¥ aixihe part,so as to identify

any differences in feature size between the axes.

The benchmark tespart was printed three separate times with an exposure time of 1.19
seconds This is the timeecessary to provide exposure energy of 6.44 m3/cthe exposure
required for 25 micron cure depth according to thwrking curvein Figure5-2. The smallest

printed cylinders are presented ifable5-2.

Table 5-2: The measured diamete(mm) of the smallest cylinders printed on the sample
benchmark partqFigure4-2).
Partl Part2 Part3 Average Std.Dev. Error

X| 0.218 0.206 0.204 0.209 0.006 5%
Y| 0.21 0.218 0.216 0.215 0.003 7%
Overall 0.212 0.006 6%

“ Xrefers to the smallest feature measured on the X axis of the first sample benchmark part,
and“ Yréfers to the smallest feature measured on the Y axis of the first sample benchmark
part. The smallest diameter cylinder printed on all samples was thedeylideigned with a
diameter of 200 micrometers (0.2mm)the cylinders designed smaller than 200 micrometers
did not print successfullyThe measured diameter varied slightly compared to the designed
size, and the average diameter of the measured cylinders 212 micrometer§% error)with

a standard deviation of 6 micrometers.

The second experiment usedtest partthat was specificallydesignedto identify the smallest
feature that was able to cured by the machine. The part was desigaedries ofthree cones
aligned along one axig€ach cone is 6 mm tall, with a base diameter of 2mm and a tip diameter

of 0.002mm(2 microng. A 3Ddrawingand dimensions of the model are shownFigure5-3.
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Figure5-3: (Left) 3D model of the 3 cone test partR{ghf) Dimensions of the test part.

This part design was chosen due to tthecreasing feature size of the cone geometry. When
sliced, eaclconsecutivelayer is a projection of a solid circle slightly smaller than the previous
image. As the images progress through the print process, the system will eventually reach an
image that o longer cures or adheres to the previous layére final layer that polymerizes will

be the tip of the coneandrepresents the threshold limit for feature size of the cone. The cone
geometry was designed such that when sliced for 25 micron layers, magécted circle
changes in diameter by 5 microns, with the final circular image having a diameter of 5
micrometers. Each cone was labeled withAamB, or Cfor ease of reference, with the difference

between the cones limited only to its location in th¥ Krojection plane.

The materialusedfor this experiment wathe same used in the previous experimewt%
DMPA photainitiator dissolved within functionalized Polypropylene Glycol Diacrylate (PPGDA).
Forthis experimentUV intensity at the build plan@as measured to be 5.4 mW/&rfFrom the
workingin Figure5-2, with an intensity of 5.4 m\Wén?, the required exposure time per layer is
1.02 secondsThree sample axts were generatedThe diameter of the tip of each cone was
measured with a DioLite Pro digital microscop&he data from the experiment is shown below

in Table5-3.
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Table5-3: Datafrom feature size experiment with measurements in micrometers.

Cone A ConeB ConeC

Partl (um) 49 38 51
Part2 (um) 61 38 59
Part3 (um) 55 40 47
Average 55 39 52
Std. Dev 4.9 0.9 5.0
Total Average  48.7
Total Std. Dev] 8.2

When makng the measurements for the cone tipthe DinoLite Pro microscope was at full
magnification (225x). At this magnification, each pixel on the image was representative of ~2
microns. Therefore, the resolution limit of the measurements was 2 micrometers. The
difference from one pixel to anotheis almostindistinguishable; making theneasurement

error for each data point is at least +2 micrometé@s002 mm) if not more.Figure5-4 shows

the tip of the smalest measured cone for the entire experiment.

Figure5-4: Image of a printed cone shape with a tip diameter 88 micrometers.
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Thecone structures werénagedusing Scanning Electron Microscopy (SES$hownin Figure
5-5.

Vac-High PC-Std. 15kV x 30 — 000032

Figure5-5: SEM image of the cone structures.

The tipof the cone inFigure5-4 comes to a point 088 micrometers, and the measurement is
only 15 pixels wide (the image here is blown significantly. The limitations of the microscope
and corresponding softwa make this measurement difficult to confirm with efficacy.
Considering the scale of the measurements and the resolution of the measurement tool, the
absolute measurements may be inaccurate by a -tromal amount. However, all
measurements were made witlis much attention to detail as is possible, and conducted in the

same mannethroughout all measurements.
To compare the results of the two experiments, refer to frable5-4 below.

Table5-4: Comparison betweerthe minimum achievablefeature sizes of the benchmark part
and the three cone part.
Average(mm) Std. Dev.
Benchmark 212 5.7
Three Coneg 48.7 8.2
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The second experiment exhibited minimum achievable features skeas small as38
micrometers, whereas with the first experiment the smallest feature was 204 micrometers in
diameter. This means that feature size is very likddpendent ongeometry. However, the
critical issue with the cone design for measuring the minimum feature size is that it was
impossible to determine what layer was the final layer to cure. This means that it was

impossible to determine what the designed diameter of the final exposed image¢onas.

While the second experiment revealed that the system can achieve smaller features than the
benchmark part suggests, the features do not demonstrate a relationship between designed
feature size and achieved feature size. The systamnimum featue sizewith PPGDASs

reported as 212 micrometers, per the result of experiment conducted with the benchmark part.

5.1.4. Minimum Layer Thickness
A photopolymer may be capable of curing at very small depths without breaking, creating very

thin structures. However, on this MPpuSL syste
build platform from one layer to the next has positioning resolutionits. An experiment was
derived to determine the minimum | ayer t hicl

repeatedly achieve.

Using the DinoLight Pro digital microscope at 225x magnification, the stepper motor was
commanded to move to absolute positi® exactly equivalent to the commands that the
software would deliver during a print process. For example, when testing 20rmicron layer
thickness, the following command sequence would be folloigsht to the stepper motor via

USB using softwarecald “ EZCommander ")

Origin: Command 0

Dip: Command 2000 (motor moves to 2000 micrometers from the origin)
L1:Command 20rotor moves to 20 micrometers from the origin)

Dip: Command 2020ngotor moves to 2020 micrometers from the origin

L2:Command 40ngotor moves to 40 micrometers from the origin)

= =2 =/ A A

Dip: Command 2040 (motor moves to 2040 micrometers from the origin)
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L3:Command 60 (motor moves to 60 micrometers from the origin)
Dip:Command 2060 (motor moves to 2060 micrometers from the origin
L4:Command 8@motor moves to 80 micrometers from the origin)

Dip: Command 2080 (motor moves to 2080 micrometers from the origin

= =2 =2 A -

L5:Command 100 (motor moves to 100 micrometers from the origin)

This command sequence mimics the deep dipping process used in the pricgésproas
exhibited by the” D i 2000 micrometer movement between each simulated layére L1L5

commands represent the first five layers of a simulated print.

Theinitial simulatedlayer thicknessvas10 micrometerswhichwas increased in increments of

5 micrometers until a reliabland repeatabldayer thickness was discovered. The experiment
observed the motor locations witla 10 micrometersimulated layer thickness (henceforth
referred to asinterval9, 15 micrometer intervals, 20 micrometer intervals, and 25 micrometer
intervals. The image iRigure5-6 is a screenshot from the DinoLight Pro software, where each
yellow line represents the location of the motor at a specific motor command. The left most
line of each cluster of lines represents the origin, and 5 sequential data points were ellect

for each interval distance.

DL1
L=0.021 mm

Figure5-6: Measurements of the motor location with 10, 15 and 20 interval commands.
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The 10 micrometer interval commands resulted in almost no perceivable motor movements,
and a complete set of data could not be collected. The 15 micrometenvetevas measurable,

but by no means accurate with a range of distances from 7 micrometers to 14 micrometers. At
20 micrometer intervals, the motor started to demonstrate observable accuracy and

repeatability. The 20 micrometer interval was repeated twitere to confirm the results.

Figure5-7: Confirmation data sets showing the measurements of the motor location with 20

interval command.

Overall, three sets of data were collected for the 20 micrometeeriral, with 5 motor location
commandgdenoted as L5 in Table 5) for each data set. A total of 15 motor locations were

collected, and are presented able5-5 below.
Table5-5: Measurements for the 20 micrometer interval motor resolution test

L1 L2 L3 L4 L5

Setl(um)| 21 21 21 21 21

Set2(um)| 21 21 21 21 25

Set3(um)| 21 21 21 17 21

Average| 21 21 21 19.7 223

Std. Dev O 0 0 19 1.9
Total Average 21
Total Std. Dey 1.5
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The DinoLight Pro microscope and corresponding software at full 225x magnification has a
measurement resolution of 2 microns. When measuring an object, each pixel on the screen
represents a 2 micrometer change in distance. This means that each data @mnarh

associated error of at least +1, providing there are no other sources of error.

The median of this data set is 21 micrometers which falls within the expected 1 micrometer
error rangefrom the 20 micrometer commandrurthermore, the data reveals thaut of the

15 sample points collected, there were only two outliers. This suggests that at a 20 micrometer
distance interval, the motor has 87% repeatability with zero margin for error, and 100%
repeatability with a 4 micrometer margin for error. Thidldawithin acceptable limits for the
scope of this system, which means the minimum layer thickness that the motor can reasonably

achieve is 20 +1 micrometers.

5.1.5. Maximum Part Size
The maximum part size is a performance parameter that is not truly restricted to the 6mm x 8
mm x 36 mm volume as is currently listed. The projection area, approximately 6 mm x 8mm
will not change, but the height of the part is listed as 36 mm due tactireent geometry of the
vat choice and stage design. By substituting the 20mL glass beaker with a deeper vat, and
redesigning the stage to have a longedihension, the height of a printed part could be

increased to the entire length of the motor travekthnce, 60mm.

5.1.6. Vertical Build Rate
The final performance parameter is the vertical build rate. This parameter is highly dependent
on resin properties such as critical exposure and viscosity. With higher critical exposure, a resin
takes longer to reach thgel point, and extends the time per layer. Similarly, the viscosity of the
resin contributes to the refresh duration required after the dipping recoat process. Higher
viscosity resins take longer to settle, extending the time per layer, and thus thealdtiild
rate. Experiments suggest that exposure times are no greater than 2 seconds per layer (for 100

micron layers), and resin settling times are generally around 4 seconds per layer. Adding these

83



times to the time allotted for the dipping process, @atayer requires approximately 10
seconds to print. Thus, the vertical build rate is estimated t@®&@ layers per hourThus, with
a layer thickness of 25 micrometers, it would tatsout 33minutes to print a part that is 5 mm

tall.

Other factors contibute to build rate, such as light intensity and presence of photo absorbers in
the resin. However, light intensity is held constant from print to print, and photo absorber

impact is difficult to qualify and changes on a resin to resin basis.

5.2. System Embodiment Comparison (CQ2)
In this section, thesecond characterizatioq u e s tHowodoes the performance of the system
designed as part of this work compare to other systems of similar morpl®logyy s answer e
To accomplish this, the embodiment of ttegstem is again presented in the context of the

morphological matrix, though this time along side systems with similar embodiments.

5.2.1. Morphology Comparison
Below inTable5-6, the four performance parameters minimum feature size, minimum layer

thickness, maximum part size, and vertical build rate of ¥h® p Syktem are summarized.

Table5-6: Chart of performance parametarfor the MP-SL system.

Performance
Min. Feature Siz 212 pum
Min. Layer Thickne 20 pPm

Max. Part Siz 6 x 8 x36 mm
Vertical Build Rat§ 360 layers per hour

The designed system embodiment is shown along side systems of similar morphadfogyren
5-8. The system designed as part of this body of reseasrch is highlighted with a purple

diamond.
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Figure5-8: The designed MPSL system embodiment outlined in the morphological matrix

(purple diamond) with systems of similar embodiment.

As was stated in Chapter , 2 “Design Considerations for Mask Projection
Microstereolithography it is very uncommon for projection stereolithography systems to have
a UV LED as an energy source. With that under consideration, the performance metrics of the

system embodiments outlined fRigure5-8 are presented irmable5-7.

The major differences between the system described with the purple diamoRuure5-8 and

the other described systems are the light source and conditioning opstidsfunctions.
According to the QFD process planning matrixT @able 2-1, these sukunctions have weak
interactions with all performance parameters, expect for the relationship between light source
and vertical build rate (which was described as a medium strength relationship). In reality,
there is much more that influence®stical build rate in the system design than the light source
(motor speed, resin viscosity and critical exposure, software and processor delays, etc.) so this

relationship can be largely disregarded as influential as well.
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Table5-7Y t SNF2NXIyOS LI NI YSGSNER 2F aeadasSy
designed in this research.
Min. Min. Vertical
Research Feature | Layer Maximum Part | Build
Ref Group Year Special Feature | Size Thickness | Size Rate
‘ N/A Williams 2014 DMD, 365 nm 212um | 20pum 6x8 x 36mm 360
layers/hr
| [6] Rosen 2007 |DMD,365nm | 6Hm | 400pm | 2x2x1mm igse P
DMD, 365, 435 60s per
* [7] Rosen 2007 647 nm 5HUm 5 Hm not reported layer
. 195 x 1.95 X <1s per
* [30] Wicker 2009 | DMD, 365nm | 30Um | 4 Um >4 mm layer
DMD, 365nm, X 10 x 10 x 2.6§ 100s per
* 41 Lee 2008 translation 2m SHm mm layer
- 280
ﬁ [8],[9] | Bertsch 1999 DMD, visible 5Hm 5Hm 6 x 8 x 15nm layers/hr
[31], 10.24 x 7.68 X 200
| 36] Bertsch 2000 | DMD, UV 10Um | 10pm 20mm layerghr
DMD, 364 nm, not
A | 5] Zhang 2005 fly-eye lens 0.6 UM | 5Hm not reported reported
[32] Ro 2006 | DMD, 355 nm | 20 150 notreported | 205 Per
y ' Hm Hm P layer
. . not
[33] Hadipoespito | 2003 DMD, 365 nm 20 Um 100pMm not reported reported

As a result, performance comparisons will be made between the systems from literature and

the designed system with regard to the four remaining -fuictions However, as was

mentioned earlier, layer thickness is dependent upon motor selection (resolution). This makes

it trivial to compare the minimum layer thickness parameter. Vertical build rate is also trivial to

compare due to the nomormalized method of pnt speed reporting, and the multitude of

factors that contribute to overall vertical build rate. The recoat method and the projection

orientation contribute to the overall build rate, but are no way indicative of any trends in print

speed.

Therefore, he focus of the comparison analysis to answ@2will be minimum feature size

and maximum part size.
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5.2.2. Performance Parameters Analysis
From the QFD matrix, the remaining siuimctions Pattern Light, Projection Orientation,
Imaging Optics, and Recoat Methade all listed as having strong relationships with minimum
feature size. These stfinctions design decisions are shared between the systems presented
in Table5-7 found in literature and the designed system. This means that similar performance is
expected between these systems, and that these four sharedfsuttions are critical to

minimum feature size performance.

The minimum feature size achieved in this systimign is reported a8l2micrometers. Thiss
significantly larger tharall systems reporting similar embodiments. The range of achievable
feature sizedor this group of systems 30 micrometers down to 0.6 micrometers, with the
average being about 12 micrometers. The systems that report feature sizes frbm 2
micrometers (close to the theoretical resolution of the designed system) {¥thxild areas
similar to the designed simm. This suggests that witpattern light, projection orientation,
imaging optics, and recoaub-functions employedn this system, a 5 micromet feature size

is attainable.

5.2.3. Improvement Considerations
The current system is underperforming by a large margin with a feature size reaching only as
small as204 micronswith the benchmark test, and 8microns with the cone experiment
During experimentation, it was noticed that if the build plane was moved sigwgificant
distance away from the focal plane of the projected image, light intensity and image focus
changed drastically. Initially, this was considered by the author to be the limiter in feature size
However, regardless of the diligence taken to emsthie correct positioning of the focusing
lens system, build platform, resin kely and DMD mount, the smallest feature size of the cone
could be reduced to no smaller tha® gicrometers. This suggests that there are other factors

impacting the resolutiom i mi t o f t h,iwkich &€ ex@dred &ryheriSectiont. 1.

5.3. Dimensional Comparison (CQ3
The dimensional accuracy of the printer is critical to characterizing system performance, but

cannot be easily classified as a performance parameternfiggimum part size or minimum
87



feature size. Dimensional accuracy is instead classified by comparing the digital, designed
model to the printed 3D part. The analysis tools used to determine dimensiooatay were

digital microscopynd micreacomputed tonography (micreCT) scanning.

5.3.1. XY Plane Accuracy
The sample benchmark parts printed for accuracy measurements were fabricated according to
the 25 micrometer layer exposure as determined by therking curve The benchmark part
presented inFigure4-2 was printed three times, andélkey measurements were made on each
sample to determine the dimensional accuracy of the printer in thepldie Thel6 critical

measurements arpresentedand labeledn the CAD schematkigure4-4.

A top downimage of aprinted test part is shownin Figure5-9 to demonstrate howthe

measurements were conducted in the XY plane.

Figure5-9: Image of a printed benchmark sample part with criticahtensions measured.
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As mentioned, threesample benchmark parts were fabricated and measured using the method
described.The data from the measurements of the three samples is shown below ifiahke
5-8.

Table5-8: Data collected from the XY plane dimensional accuracy analysis of the benchmark

part.

Design | Sample 1 Sample 2 Sample 3 Average Std. Dev. %Eror

(mm) (mm) (mm) (mm)
X1 0.4 0.386 0.42 0.403 0.403 0.014 0.8%
X2 0.6 0.655 0.677 0.621 0.651 0.023 8.5%
X3 4.13 4.064 4.132 4.075 4.090 0.030 1.0%
X4 4.4 4.333 4.423 4.305 4.354 0.050 1.1%
X5 4.6 4.602 4.699 4591 4.631 0.049 0.7%
X6 4.88 4.809 4.91 4.798 4.839 0.050 0.8%
X7 5 4.966 5.005 4971 4.981 0.017 0.4%
X8 3 2.861 2.894 2.889 2.881 0.015 4.0%
Y1 0.4 0.403 0.409 0.414 0.409 0.004 2.2%
Y2 0.6 0.705 0.666 0.644 0.672 0.025 11.9%
Y3 4.13 4.131 4.143 4.092 4122 0.022 0.2%
Y4 4.4 4.355 4.417 4.372 4.381 0.026 0.4%
Y5 4.6 4.63 4.702 4.635 4.656 0.033 1.2%
Y6 4.88 4.876 4.915 4.87 4.887 0.020 0.1%
Y7 5 5.027 5.039 4.999 5.022 0.017 0.4%
Y8 3 2911 2.967 2.917 2.932 0.025 2.3%

According to the data, the average deviation of all measurements frondéseggned part was
0.038mm, with a maximum at 0.119mm at X8 and a minimum of 0.0&tKL The data was

synthesized into percent error and overall standard deviation, which is preseni&sbie5-9.

Table5-9: Percent Error and Standard Deviation information for the XY accuracy experiment.
% Error
Samplel [ 2.9%
Sample 2 2.7%
Sample 3 1.9%

Average 2.5%
Std Dev. | 0.035mm
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The percent error from the designed value of all XY measurements averages aa@dbéd XY
accuracy measurement data had a standard deviation of 35 micrometers from the designed

dimension.

5.3.2. Z Dimension Accuracy
Thefollowing imageFigure5-10 shows the lateral view of the benchmark part with the critical
dimensions shown, whiclwasused to access the Z dimension accuracy oftfireter. The same

sample parts used to analyze XY dimension accuracy were also used to access Z dimension

accuracy.
5
{
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Figure5-10: CAD schematic of the critical dimensions to analyze Z dimension accuracy.

The image below is a representative image of the 3 test parts (@ahtXZ and YZ faces).
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Figure5-11: Representative image of the XZ/YZ dimensional analysis faxiZaccuracy.

The features on the latat XZ and YZ face of the benchmark test part are not measurable.

the lateral extrusions have no discernable horizontal edges at which to make measurements,
the only meaningful qualitative value is the thickness of the cross beam. As the cross beam in
most parts generated an allike shape, the measurement was made at the center of the beam
for consistency. The lack of lateral definition was somewhat expected due to the high depth of
penetration, Dy, of the PPGDA resin wiwt% initiator. Below, iTable5-10, the thickness of

the cross beams ithe 3 test parts are presented.

Table 5-10: Data for the measurement of th cross beams on the XZha& YZ faces of the

sample parts

Design| Sample 1 Sample 2 Sample 3 Average Std. Dev. % Error
(mm) | (mm) (mm) (mm)

XZ 1 2.71 2.578 1.979 2.422 0.318 142%
YZ 1 2.07 1.793 2.003 1.955 0.118 96%
Overall 2.189 0.267 119%
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The Zaccuracy of the system with the PPGDA resin is extremely poor. Based on the
measurements above, the average cross beam thickness w@sdér 1.18mm greater than

the designed 1mm thickness. This means the system is exhibitingtiprintgh error of 19%.

5.3.3. SEM and Micro Computed Tomography (Micro -CT)
Dimensional accuracy was also analyzed with a basic scaffold shape using Micro Computed
Tomography (Micr€CT) and Scanning Electron MicroscofpyCAD model of the test part is
presented inFigure5-12. The overall dimensions are 4mm x 4mm x 8mm with lateral pores of
0.8mm x 1.6mm, and central vertical pores of 0.8 mm x 0.8 mm. All cross beams are 0.4mm

width and 0.8mm in depth, and the vertical pillars are 0.4mm width.

Figure5-12: CAD model of the scaffold model used for test printing. All dimensions are in

millimeters.
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A test part was printedrom the same PPGDA material characterizedrigure5-2, with 100
micrometer layers @n exposure energy of 6.1mJ/cn?). A SEM image of the PP@ scaffold
part is slown in Figure5-13.

ks

Vac-High PC-Std. 10 kV x 27 — YT 000043

Figure5-13: SEM image of the scaffold part.
The SEM imagshows arching features indicat ofthe print through error.To determine the
extent of which print through caused dimensional inaccuracy, a raoroputed tomography
scan was created from the printed scaffold part. Figure5-14, the designed scaffold model

and the micreCT generated model are shown side by side.

Figure5-14: (Left) CAD model of designed scaffold. (RigWixro-CT scan model of the printed

scaffold.
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With a digital model generated from the actual printed part, the mesh deviation was calculated
using Geomagic Design X. By assigning the designed CAD model as the reference model, and
the microCT scan as thenget, and aligning the coordinate system of the two STL models, the

mesh deviation was determineérigure5-15).

Color Bar B x

1.031

Figure5-15: Mesh deviation calculation for the mick€T scan of the printed scaffold.

The color bar on the right indicates the unsigned deviation of the r@romodel from the
reference model, with bright red being 1 mm. The tolerance efc¢blor bar is 0.1mm, meaning
that everything that falls within Amm s within the allowable tolerance, and remains green.
The value of the data from this mic@T scan comparison was used qualitatively, confirming
the results of the printhrough erra exhibited in the experiments performed with the

benchmark part.

It is clear from the image ifigure5-15 that print-through is the most constantral critical
dimensional inaccuracy that the system is exhibiting. There are other areas of bright red on the
top face of the scaffold and along the longitudinal corner facing the viewer, but these are not

necessarily representative of dimensional inaccyrathe printed scaffold part was leaning
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slightly when the micreCT scan was administered, which caused issues when aligning
coordinate systems. The result is strong alignment showing little deviation at the bottom of the
model, while the top face showsgtilacement in the mesh. This is not believed to be indicative

of the printing process.

5.4. Areas for System Improvement
The take away from the analysis conducted in this chapter is that there are two majorfareas
improving the system performance minimum feature size and dimensional accuracy in
downward facing surfaces. Presumably, minimum feature size should reach ~5 micrometers,
andthere is some phenonmeon occurring that prevents.iRegarding print through, researchers
have demonstrated methods mhich these errors have been remediated. The first of which is
the use of a UV photabsorber[4], [26], [34], [38], [50}o tune the working curve of the resin
and reduce the depth of penetration. Another technique is to develop a software algorithm
that subtracts a tailored volume from underneath the CAD model deioto compensate for

the print-through[27].

Chapter 6oresents and tests hypotheses for improvinggbéwo areas of underperformance.
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6. Improving System Performance

From Chapter 53Benc hmar ki ng t hwvo dddgect&isticshave beemdentified
where performance can be improvedeature size and -Accuracy In this chapter, two
experiments are presented. The first experiment, defined by Reke@uestion 1, addresses

the feature size performance by comparing exposure energy to minimum printable feature size.
The second experiment compares the Z accuracy of a photopolymer mixed with varying

amounts of a UV photo absorber, as outlined by Rese@uadstion 2.

6.1. XY Minimum Feature Size (RQL)

The goal of this experiment was to determine the answer to Research Question 1.
RQ1:How does minimum feature size vary with exposure energy?

This research question stems from the results of the benchmarkimgramum feature sie. It

is hypothesized thateatures smaller than 21ehicrometersare not receiving enough energy to
reach the threshold energy required for polymerization. Literature suggests that this threshold
may be the result of freeadical scaverigg of oxygen present on theesin surface. To
determine the process/property relationship between exposure energy and feature size, or
how minimum feature size varies with exposure energy, the exposure duration was
incrementally increased to overcome thexygen free radical consumptiohe theory of
oxygen inhibition is explained ®1.1, the methods for the experiment are describedarn.2

and the results of the experiment are presentedid.3

6.1.1. Context: Oxygen Inhibition
Oxygeninhibition is the impeding effect that ambient oxygen has on the phmitymerization

acrylate freeradical crosslinking. Oxygen is a radical scavenger and competes strongly for the
generated free radicals. Until the majority of the oxygen present at daetion site islepleted
through reaction with radicals, there is very little polymerization. The threshold to start

polymerization E, is primarily imposed through this oxygen inhibiti@j, [25].

Many researchers speak about the inhibition effects due to the presence of oxygen on the
polymerization surfacqd15], [25], [51H54]. Some addressed this issue by conducting the
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polymerization reaction in an inert atmosphel@, [7]. Other graups utilize a technique with a
“constrai/newhesmnue ftaltee bui l d surface is in cont
isolated from the effects of oxygen inhibiti¢h5], [37], [39], [55]

Jariwala et. al[25] developed an ODE based model for determining the effectexyen
inhibition in maskeebased stereolithography. The focus of this study was to model cure depth
as a function of exposure in atmospheres of varying oxygen concentration. Their results match
the findings of those presented by another research groungng et. al[3], showing that cure

depth increases with a reduction of ambient oxygen concentratiogue6-1).

However, the results of the experimentation conducted by Jariwala show that there is
reduction in the width of cured lines when compared to the computational model (dotted line
vs. solid in right chart). Furthermore, they observed that cured line width increases with
increase in exposure. These findings suggest that increased exposure may indeed overcome
oxygen inhibition effects in small features. Presumably, as the line is exposed to greater energy,
free radicals are generated at a faster rate than oxygen consumes thésrthis phenomenon

that may be driving the limited feature sizes exhibited in the benchmark feature size
experiment. The next section outlines the experimental process conducted to determine how

exposure effects feature size.

6.1.2. Experimental Method
The enchmark part presented irFigure 4-2 was designed with cylinders of decreasing

diameters to access printable minimum feature size (Secti@ Using the exposure energy
according to the working curve for 25 micrometer layer thickness, the smallest printed cylinder
averaged 212 microns in diameter, as was demonstrated in ChdpteThis experiment
addresses RQ1 by incrementally increasing exposure energy (by increasing the time each layer

is irradiated).
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Figure6-1: (Top) Zheng et. al. demonstrate effects okygen concentration on polymerization

depth (X. Zheng, J. Deotte, M. P. Alonso, G. R. Farquar, T. H. Weisgraber, S. Gemberling, H.
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In addition to the sample parts fabricated in Sectibri.3 at 1.19 secondexposure(5.83
mJcm?), three additional sample benchmark parts were printacging the PPGDA with 2wt%
DMPA initiatorat 3 seconds exposurél4.7 mJcm?) and 5 secondsexposure(24.5 mJcm2).

The parts were removed from thieuild platform, rinsed with IPA, and left to dry overnight.
Using a digital microscope, the XY face of the benchmark part was examined to determine the
smallest cylinder that printed. Measurements were made on both the X axis and the Y axis of
the benchmak part. Furthermore, the cylinder designed to be 200 micrometers in diameter
(the largest cylinder) was also measurad each sampldasit printed on all sample partsp

determine how the larger features are affected by the higher exposures.

The imagsin Figure6-2 and Figure6-3 are examples of how the measurements were cotied
from the XY plane of the benchmark test part printed sampsemin, the DinoLight Pmigital
Microscope and the associated DinoCapture 2.0 software were used to capture and measure

images of the printed samples.
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Figure6-2: X axis measurements for minimum feature size analysis on the benchmark part.
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Figure6-3: Y &is measurements for minimum feature size analysis on the benchmark part.

6.1.3. Experimental Results and Analysis
Overall, 18 data points were collected from the 9 manufactured benchmark sample-garts

from each the X and Y axes. The dasummmarizedn Table6-1.

Table6-1: Theaveragedesigned diameter of thesmallestprinted cylinder, the averagectual

diameter of the smallest cylinderthe standarddeviation, and percent error

1.19s 3s 5s
Avg.Designed Diametefmm) 0.2 0.092 0.066
Avg. Diamete{mm) 0.212 0.101 0.070
Standard Deviatio{mm) 0.006 0.028 0.008
%Error 6% 10% 5%
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The data was synthesized into a chaRiglre 6-4) demonstrating the process/property
relationship between the minimum achievable feature size of the benchmark part and exposure

energy.
0.25 -
0.2 -

0.15 -

Feature Diameter (mm)

0 T T T T T 1
0 5 10 15 20 25 30

Exposure energy (mJ/cth

Figure6-4: Chart demonstrating the relationship between exposure energy and minimum

feature size of the benchmark part.

The data demonstrates a notable trend in achievati@imum feature size with increase in
exposure As mentioned earliernisome cases, the smallest diameter cylinder that printed was
not consistent amog samples of the same exposueeergy. This resulteth high standard
deviation(28 micrometers for the 3 second exposure daayl high percent error(10% for the

3 second expsure data) There is also discrepancy between the sizesahe of theprinted
cylindess and the designed dimensiorRegardless of the repeatability or accuracy of the
experiment, there is a clear trend showiagprocess/property relationship between minimmu
feature size and exposure energy: witltreased exposure, the achievabténimum feature

size of the part increases as well.

6.1.4. Discussion
Thisresult does not address the obvious pitfalls of overall exposure increase, such as increased

print-through eror or feature distortion. While the effects on prititrough error were not
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characterized in this experiment, the effects of over exposure were analyzed for the larger
feature sizes. As the 200 micron diameter cylinder was present on pviated sample @rt, its
printed diameter was alscecorded The results of this experiment are summarized @ble6-2

and the chart irFigure6-5.

Table 6-2: The average diameter, standard deviation, and percent error of the 200

micrometer cylinders on the benchmark part in the minimum feature sexgeriment

1.19s 3s 5s
Avg. Diamete(mm) 0.212 0.286 0.287
Standard Deviatior{mm) 0.006 0.029 0.024
%Error 6% 43% 44%

© ©
N N
w (o]
I I

0.18 -

Feature Diameter (mm)
o

0.13 -

0.08 T T T T T 1
0 5 10 15 20 25 30

Exposure energy (mJ/cm2)

Figure6-5: Chart demonstrating the effects of high exposure energytbe 200 micrometer

cylinder from the benchmark part.

The data shows that th200 micron diametecylinder has very accurate dimensions in the 1.19
second exposure. However, tharinted cylinder diametenncreaseswith greater exposure
durations. Furthermee, it is clear to see from lateral images that the cylinder has a wider base

and a more slender tip, especially on greater exposure duratieigsi(e6-6).
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Figure6-6: The 200 micron cylinder on a benchmark test part exposed for 5 seconds.

This experiment was limited by tiferm of the measurements conducted for theollection of
data. The bird’ s nmethoe onthie bemchmeekeparmepeadstemfocus of

the image, and focus was put on the base of the cylindEngs waghe only place where all
cylinders shared an equivalent plane. This means that the tip of the cylinder is not being
measured, which iskely where the most accuratand representativemeasurement can be
made. A better way to conduct the measurement of the printed cylinders was a lateral view,
looking at the part in the XZ or YZ plane. A view of a benchmark part from the lateral view (XZ

plane), is shown ifrigure6-7.

Figure6-7: Lateral view of a benchmark part. iissing cylinder is outlined by thbox.
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This method was not chosefior measurement aseveral of themore fragile cylinders were
broken off during the cleaning process, and their bases were not visible from a lateral view
(demonstrated by the cylinder outlined Figure6-7. The top view was the only method with

which tocapture all the available data.

Further experiments should be conducted to confirm that feature size is related to oxygen
concentraton. The experiment conducted by Jariwala to determine oxygen effects on cure
depth should be repeated with the focus on minimum feature size. This experiment will confirm
suspicions of oxygen effects on feature size, and contribute to the modeling effeots/gen

on curing of photecrosslinking resins. Ultimately, the goal of oxygen inhibition modeling will

provide a greater un dgdrras dxggendichratghosphere. MPu SL  pr i

6.1.5. Implementation of Results
For future system improvement, the autheuggests that an auxiliary state be introduced into
the software state machine architecture. This new stateuld scan the current imagéeing
projectedfor features smaller tha@12 micrometers (ninimum feature size of benchmark part
with standard exposw energy, and generate a secondary image containing only these
features. This secondary image would projeaine significant duratiofonger than the original
layer to fabricate the small features. This duration would betlable from the front panel

of the user interface.

Prior to implementation, an investigation should be conducted to determine the effects of the
increased exposure for small parts on printough. As overall accurate dimensgre critical
to successful fabrication, it may nbe a fortuitous tradeoffto increase feature size at the risk

of increasing printhrough errors.

6.2. Cure-depth Control via Photoabsorber (RQ2)
The results ofGQ2 presented a significardaccuracy issuen the Z-dimension called print-
through. Print-through is acommonproblemin vat photopolymerizatiorprocessesand occurs
due the uncontrolled penetration of UV light into photopolymer resin when fabricating down

facing surface$26], [56] Severalapproaches have begoresented in literature to account for
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print-t hr ough, i ncluding a software Hhimaye/Roset Co mp e
[27]. However, adifferent approach is used where UV pheatsorber is introduced into the

resin to alter the curing characteristics and reduce the penetration depth of UV light. A
common type of UV photabsorber is Tinuvin 400, and is the phatosorber exmred in

Research Question 2 (RQ2).

RQ2: How does zxis accuracy vary with increasing Tinuvin 400 concentration in the

prepolymer?

This question aims to determine the structure/property relationship between Tinuvin 400
concentrationin a photocurable prgolymer and Zaxis accuracy. The relationship between
Tinuvin 400 concentration in an acryladt@sed photopolymer and-Zxis accuracy was explored

by designing and conducting an experiment that varied the concentration of Tinuvin 400 in the
photopolymer resin. Aworking curvewas developed and a benchmark part was printed for

each concentration, and XZ and YZ feature accuracyletasmined

6.2.1. Photo-absorbers
Light absorbers, otherwise known as phatbsorbers or light stabilizers, are materials that are
used in SLA processes to combat uncontrolled ctiodsng of photopolymers. There are two
mechanisms by which this process works. The first mechanism, utilized by a class of light
absorber called Ultraviolet Light Absorber (JV#bsorbshe UV light and stters it as thermal
energy. The second mechanism, used by a class of light absorber called Hindered Amine Light
Stabilizers (HALS), does not absorb UV energy but rather acts to inhibickisg via oxygen

inhibition through the removabr entrapmentof radicalg57].

This research is focused on the more commonly used UVA class of absuiielsare used
primarily in stereolithography applications to reduce depth of cure and enable the generation
of thin layers. Choi etl. conducted experiments to determine the efteof Tinuvin 327, a UVA
class lighiabsorber,on an acrylate photeurable resin. The prepolymer consistedf IBXA
HDDA(1,6-hexanediol diacrylate)and BEDA (bisphenélethoxylated diacrylate) mixed with

an 8:1:1 ratio by weight with a 5 w/wdf DMPA 2,2-dimethoxy2-phenylacetophenoneps
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photoinitiator [26]. The Tinuvin 327 was selected doets high absorption at 365nm, and was

mixed into the prepolymer at the varying ratios listed below able6-3.

Table6-3: Sample description for the Tinuvin 327 experiment as performed by ChoaletJ-
W. Choi, R. B. Wicker,-8.. Cho, GS. Ha,and 9. ® [ SSX G/ dzNB RSLIIK O2y (N
microstructure fabrication in dynamic mask projection microstereolithig- LJKRapidé

Prototyp. J, vol. 15, no. 1, pp. 5970, 2009, Used undeffair use, 2014).

Material Tinuvin 327™ concentration

sample name (w/w) (percent) Prepolymer

T0.00 0.00 IBXA: HDDA:

T0.05 0.05 BEDA = 8:

T0.10 0.10 1: 1 (by wt. %)

T0.15 0.15 DMPA 5 percent (w/w)

The samples were characterized, and working curves were developed. The working curves for
these samples are shown kigure6-8 and the critical exposure and penetration depth are

presented inTable6-4.

W0 T T0.00
1 =  T0.05 .
8O0 A TO.10
E To.15 .
T — Linear fit of TO.00 2
i Linear fit of T(.05 n
— 00 o |~ Linear fit of TO.10
= Linear fit of TO,15 a
El 4
= 500 4
e 1 n
o 400 —
3 1 u o
= a0 I
T L
200 — ™ L
T - _‘:__-i-—‘t_‘_-‘_‘—_
100 = . o v !
~ Tk ——— ———
{] T T T T T I T T T T L T T II T T T T T LI II
10.0 20.1 54.6 148.4

Exposure energy (mlicm®)

Figure6-8: Working Curves for varying concentrations of Tinuvin 327 in the IBXA prepolymer
(J-W. Choi, R. B. Wicker,-8.. Cho, GS.Ha,and9. ® [ SSZ &/ dzZNB RSLIIK O2y
3D microstructure fabrication in dynamicnda|l LINRP 2SOGA2Yy YA GRbEda G SNB 2 €

Prototyp. J, vol. 15, no. 1, pp. 5870, 2009, Used undefair use, 2014).
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Table6-4: E.and I} for each Tinuvin 327 concentratiorfJ-W. Choi, R. B. Wicker,-8. Cho,

C:S.Ha,and9. ® [ SS3 &/ dzNB RSLIIK O2y (NP
REYIYAO YIal LINR2SOi

70, 2009, Used undeffair use, 2014)

Critical energy Penetration depth

Material sample name (E., mJfem?) (Dp, pum)
T0.00 10.4 308.0
T0.05 8.6 1215
T0.10 19 53.6
T0.15 8.1 40.7

FT2NJ O2Y L) SE

A ZRyipid Piototar Javal. $9\ i 21§ pp. &K 2 3 NI LIK

To demonstrate the ability of Tinuvin 327 to improve part quality and enable cure depth control

for 3D mi crostructure

structures Figure6-9).

WD21.5mm 15.0kY xBO 500

fabricati on,

Choi et .

:
........... 7
WOD21.6mm 15.0kY X80 S00um ,/‘

(b)

Figure6-9: Microfan structuresprinted with material (a) T0.00 and (b) T0.08-W. Choi, R. B.

Wicker, SH. Cho, GS.Ha,and 9. ® [ SS=

G/ dzZNB RSLIGK O2y GNRf

F2N

FEONROFGAZ2Y AY ReylYAO YI &l RyYNPBI&P.0JN02 ¥5, YA ONE 3

no. 1, pp. 5€70, 2009, Used undeffair use, 2014)

The microfan in image (a) shows significant ptimbugh, with poorly fabricated dowsacing

surfaces. The microfan in image (b) demonstrates how 0.05% Tinuvin 327 can dramatically

reduce the printthrough error and generate dimensionally accurate featu
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A second research group also conducted experiments to determine the effect Tinuvin 327 had

on EnvisionTEC RIKDO (1,1,1 Trihydroxymethylpropyiiacrylate) photecuring resin[56].
Zabti et. al. mixed Tinuvin 327 into the AI@ resin at 0.1%, 0.25% , 0.5%, and 1% (w/w)

concentrations. The working curves for the ROD resin mixtures is shown kKigure6-10 and

the critical exposure and penetration depth are showi able6-5.

Working curve for PIC-100 at five Tinuvin327
concentrations
200
180
/|
160 p,.i'—
140 F,g‘ «+ 0.0 % TiI"IL.I\t‘II"I
T A If = 0.1% Tinuvin
3 120 T T4 0.25 % Tinuvin
"'E_ 100 /] 0.5 % Tinuvin
o /—/:/7/ /‘/ //’ =1 9% Tinuvin
g e Yo oo
-’.,.l"
1
0 /1
100 1000 10000
Exposure (mJ/dm?)

Figure6-10: Working curvesdr PIC100 at varying concentrations (w/w) of Tinuvin 3ZK1.
l 0a2NDSNI 2y
Birmingham, 2012.Used under fair use, 2014).
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Table6-5: E.and D of the PIC100 at varying concentrations of Tinuvin 32(M. M. Zabti,
GOFTFSOGaAa 2F [ATKG !'0a2NDSNI 2y aAONR {GSNB2f A0
2012, Used under fair use, 2014).

Tinuvin® Critical Penetration Depth
Concentration Energy (Dp, pm)
%
(Ec, mJ/dm?)
0.0 820 70
0.1 1000 65
0.25 1052 35
0.5 1080 44
1.0 1132 34

The results of these experiments suggest that introducing an Ultraviolet Light Absorber into the
PPGDA resin may decrease the penetration depth and reduce thetprintgh error affecting

the accuracy of the Z dimension features.

6.2.2. Experimental Method
To test the impact that Ultraviolet Light Absorbera the PPGDA resin and answer RQ2, liquid
Tinuvin 400 (85%-RBydroxyphenyis-triazine UVA (HTP) inrrfiethoxypropan2-ol) was acquired
from BASFchosen based on its good UV absorpti®7], [58] The prepolymer PPGDA was
prepared with the standard 2 wt% DMPA as photoinitiator, and mixed with varying
concentrations of the Tinuvid00. The samples were then placed in a warm water bath (50°C)
for an hourto dissolve the viscous Tinuvin 4B0the prepolymer. Four samples were prepared

with the Tinuvin 400 concentrations listed Tiable6-6.
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Table6-6: Preparation of the PPGDA with varying Tinuvin 400 concentrations.

Tinuvin 400
Sample Name _ Prepolymer
Concentration (w/w%)
T0.00% 0.00 Poly Propylene Glycol)
T0.05% 0.05 Diacrylate, %% DMPA
T0.15% 0.15 (100 ppm MEHQ, 100
T0.25% 0.25 ppm BHT as inhibitor)

The four samples wereeturned to room temperatureand characterized according to the
polymer characterization process outlined in CQ1. Working curves for each sample were
developed, and benchmark parts were fabricated with each sample to analyze the effects of
Tinuvin 400 on dimension accuracy. Images ofettbenchmark parts were taken with the
DinoLight Pro Digital Microscope, and critical measurements were collected using the

associated DinoCapture 2.0 software.

6.2.3. Experimental Results and Analysis
Theworking curves for the four materials are shownFRigure6-11 and the critical exposure

and depth of penetration for each material are presented able6-7.

600 -

T0.00%
Trendline for T0.00%

500 - T0.05%
Trendline for T0.05%

¢ T015% T

400 Trendline for T0.15%

T
==

A T025% .
i I
300 Trendline for T0.25%

Cure Depth (um)

200} 1 / X

100 -

Exposure (mJicm2)

Figure6-11. Working curve (cure depth according to exposure energy) for each material.
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Table6-7: The Eand D for each material.

Critical Exposure Depth of Penetration
Sample Name

E (mJ/cm2) Dy (UmM)
T0.00% 6.1 398.5
T0.05% 8.3 285.3
T0.15% 8.7 177.7
T0.25% 11.6 119.7

Thereis an observable trend in the reduction of the depth of penetration as the concentration

of Tinuvin 400 increase$o understand how this affects thedimension accuracy performance

of the MPPpSL system, benchmar k pandthesr lateralr e d e
extrusions measuredDue to material availability, e representative benchmark part was

printed from each material. The results of the lateral extrusion and cross beam measurements

of the benchmark part are presented Table6-8. The dimensions of the lateral extrusions are

shown inFigure5-10, and were designed in dimension maithe distance to the top of the

extrusion, and the distance to the bottom of the extrusion (from the top face of the benchmark

part).

Table6-8: Percent error and standard deviation for the lateral extrusions of thenchmark

part at different Tinuvin 400 concentrations.

Lateral % Error Lateral Std. Devimm)

T0.00% N/A N/A
T0.05% N/A N/A
T0.15% 10% 0.104
T0.25% 6% 0.061

As the contributor to inaccuracy in thedfmension is a product of pristhrough, the source of
the error in the measurements was typically the distance to the bottom of the extrusion. No

data exists for the lateral features from the T0.00% and T0.05%trrakas the printhrough
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was so high that the features were indistinguishable from one anotAsr.an alternative
measurement methodthe cross beam dimension was analyzed independent of the lateral

feature data so that any trends, if apparent, couldientified.

Table6-9: The average crosseam depth of the Benchmark part and associated percent error

from the design at different Tinuvin 400 concentrations.

Avg.BeamDepth(mm) % Error Std. Dev

T0.00% 2.19 119% 0.267
T0.05% 1.4 40% N/A
T0.15% 1.30 30% 0.177
T0.25% 1.09 9% 0.41

A chart is presented below demonstrating the average cross beam depth according to sample
material (Figure6-12).

3.00 -
2.50 -
2.00 - 1
1.50

1.00 -

Beam Width (mm)

0.50 +

0.00 T T T 1
T0.00% T0.05% T0.15% T0.25%
Sample Material

Figure6-12: Chart presenting the relationship between crobk®am depth according to

increased Tinuvin 400 concentrations.

To qualitatively show the structure/property relationship between Tinuvin concentration and Z

dimension accuracy, the figure below shows a part printed with T0.00%, T0.15% and T0.25%.
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The images above distinctly show the lateral features are completdigtinguishable in the
T0.00% sample part. The features begin to separate in the T0.15% sample part, and
demonstrate complete separation and begin to resemble their designed shape with the T0.25%
material. Furthermore, the individual 25 micrometer layeecbme more apparent. According

to the data collected as part of this experiment, there is a clear and observable trend indicating
the structure/property relationship between increased Tinuvin 400 concentrations and the
associated Accuracy and feature €z As Tinuvin 400 increases, the percent error from the

designed feature, as well as the standard deviation of the measurements, considerably reduces.

=
¢
i

Figure6-13: (Left) Benchmark part printeavith T0.00%. (Center) Benchmark part printed
with T0.15%(Right) Benchmark part printed with T0.25%.

6.2.4. Discussion
Thebasic scaffolgtructurespresentedin Figure6-14 demonstrate that the Tinuvin 400 can be

used to reduce cure depths such that parts with accurate Z dimensions can be fabricated.
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Figure6-14: (a) Basic scaffold part printed with the T0.00% material. (b) Basic scaffold part
printed with the T0.25% material.

The structures above, basic scaffold shapes printed with 100 micrometer layers, show a
significant reduction in printhrough from ©.5mm down to0.05mm. Furthermore, the arching

overhangsseen in (apre absenin image (b)

The results of the Tinuvin 400 experiment resemble those of the experiments conducted with
the Tinuvin 327 as presented by Choi et. al. and Zaliigure6-8 and Figure6-10 [26], [56]

This shows promising results that Tinuvin 400 may be incorporated into future novel-photo
curable resins with high depth of penetration. Used in snailcentrations, Tinuvin 400 may be

the solution for many photopolymers encountering poeaZ c ur acy processingMP py S L
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7. Novel Photopolymer Characterization

The MPpPpSL system desi gopertesiviacustorh designdd saftwareo f
The system operator has control over all of the print procpasameters including exposure
and layer thicknesaNith this level ofcontrol, novel photecurable resins can be introduced to

t he MPuSL rmausdditofaicat@eomplex 3D structureBefore 3D structures can

be manufactured with these novel resins, their processability must first be determined.

Two novel photecurable resins were introduced into the system atieir performance

characterized. They are Pluroni@L(Section7.1) and Phosphonium lonic Liqui8ection?.2).
7.1.Pluronic L -31 (RQ3)

Theblock copolymerPluronic k31, as stated much earlier, is a polymer of interest due to its
reported biocompatibility, which can be used to fabricate tissue engineering scaftofascell
viability experiment was conductetb examinethe cytotoxicity of the polgner and determine if

cells can survive on the surface of the films. The experiment compared films made from poly
(propylene glycol) and the Pluronie3ll, both with and without fibronectinMC3T3E1 mouse
preosteoblasts were seeded on PPGDA aluoRic =31 filmsand cultured for 7 days. Cell
viability was quantified using an MTS assayerage cell counts were conducted after 1 day, 4
days, and 7 daysf incubation. he cell counts were based on three samples for each dde

results are shown ikigure7-1.

While the Pluronic 431 films (with and without fibronectin) do not show significant growth of
cells over time, the PPG with fibronectin and the control watisw no growth either. The pure
PPG films demonstrate growth from day 4 to day 7, but the error is so high that this trend is not
significant. Though no growth was observed, this experiment demonstrates that the Pluronic L
31 can sustain cell life and iviable candidate for further experimentation in the application of

tissue engineering scaffolds.
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Cell Study, PPG and PluroniSL

1000000

100000

10000
m PPG w/ fib
o PPG
% 1000 ® Plu w/ fib
(8]
Plu
m Control

10 -

day 1 day 4 day 7

Figure7-1: Cell study comparing cells present on the film surface after 1 day, 4 days, and 7

days of incation (Used with permission of the Whittington @up, 2014.

With biocompatibility validated, the next step to making 3D structure with Plurofdt s to
understand how the Pluronic-31 works with thisMP uy S L sResedrah Question 3 (RQ3)

was answered.

RQ3:What are the curing characteristics of Pluroniom K2 ¢ R2Sa A0 LISNJF 2 N

system?

This was accomplished by utilizing the process outlined in the answ&haracterization

Question 1in Section4: “How can the curing characterist
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performance with the MPuSL system be d-&t er mi

resin was characterized, and its performance in the system was determined.

7.1.1. Materials and Methods
Pluronic k31 is a ceblock polymer with thechemicalstructure Poly(ethylene glycoblock
poly(propylene glycolblockpoly(ethylene glycol)shown inFigure7-2. Some properties of the
Pluronic E31 polymer are listed iffable7-1.

Table7-1: Properties of Pluronic +31.

Property Value

Mol wt | ~ 1,100g/mol
Density| 1.018 g/mL
Color Amber

Viscosity 175 cP

Interest | Biocompatibility

CHg
0 O
0O OH
X y Z

Figure7-2: Chemical structure of the Pluronic31 oligomer.

The Pluronic 431 resin was functionalized with reactive diacrylate end groups, making it
compatible withthe photo-crosslinking process. The functionalized oligomer is shoviigimre
7-3.

x=1

Mn =1,100 g/mol

Figure7-3: Functionalized Pluronit.31 oligomer.
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As was mentioned, the process outlined as part of CQ1 was used to charactesize t
functionalizedPluronic E31 resin. 2 wlb of DMPA was dissolved in a small amount of acetone
and mixed with the 131 resin.Three cure depth samples were generated at four exposure
durations with a UV intensity of 4.9 mW/énat the resin surface. Thexposure time varied

from 2s to 5s in intervals of 1s. The thickness of the samples were measured and plotted
against exposure energy.tfend line was calculated based on thiotted data to generate the

working curvefor PluronieL31.

7.1.2. Results and Discussion
Critical exposure and depth of penetratio& énd Dy, respectively) were determined from the
slope and ntercept of the calculated trend line in the cure depth versus exposure energy
curve.Figure7-4 shows the graph of cure depth versus exposure energy for the four exposure
durations along with the calculated trend line and error bars showing the standard deviation at
each exposure.Table7-2 provides the calculated: and Dy, for the Pluronic £31 with 2 wt%
DMPA.

BO0
500 3

400

T

300

Cure Depth (um)

200

100 |

10 10° 10°
Exposure (mJdicm?2)

Figure7-4: Working curve for the Pluronic-B1 with standard deviation error bars.
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Table7-2: Ec and Dp for Pluronic31 with 2 wt% DMPA.

Pluronic k31
Critical Exposuré: (mJ/cn¥) 17.2
Depth of PenetrationD, (um) 288.8

Figure7-5 shows a benchmark part printed with 25 micrometer layers with the Plurofdit L
resin. The exposure duration was73.s with an intensity of 4.9 mWi/cfrat the resin surface.

Table7-3 summarizes the characterization information gathered from the benchmark test part

Figure7-5: Top-down view (top) and lateral view (bottom) of the benchmark part printed
with Pluronic L=31.
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Table7-3: Performance of the Pluronic-B81.

Value Std. Dev. % Error

XY Min. Feature Siz| 57.3pm  5.7um 22%
XYAccuracy| N/A 6.5um 6%
Z Accurac N/A 5.1um 83%

The minimum feature size in the XY plane is considerably better for the Pluregfic L
photopolymer than the PPGDA photopolymer used to benchmark the system. However, the
smallest measured features showed considerably more error than the 6% demonstrateed by
PPGDA experiment. The accuracy in the XY plam@rse thanthe PPGDAwith twice the
standard deviation (2.5% and 3.5 um, respectively). The Z accuragovpa®r that the lateral
extrusions had indistinguishable definitioRigure7-5, bottom image), and the cross beam of
the benchmark test part was the only measurablaidension. Howeverthe standard

deviation of theseerossbeammeasurements was very low &tl micrometers.

The Pluronic431 exhibited many of areas of curing where no light was shone, while the PPGDA
did not have this issue. The unintended curing can be seen in the right side of the top image in
Figure7-5. These areas did not fall in the top XY plane or in the Z measurements for accuracy,
and therefore are not reflected in these measurements and were not quantified. The areas of
unintended curing, indepatent of the common printhrough error reflected by the Z accuracy
measurements, are stochastic in shape but localized to the right most side of the benchmark
part when oriented according to the diagram kiigure4-2. The localization of this print error

may be the result of inaccurate DMD alignment or #fmmogenous intensity distribution.
Another possible reason for the poor accuracy of the Pluroidit may be dued the block ce
polymer architecture of the material. The interfaces between the PPGPEG groups in the
Pluronic E31 may be effecting the penetration of the light into thesin causing unforeseen
scatteringto occur. The scattering of light may theausing unintended curing and thus

contribute to inaccuracy in parts.

Furthermore, Figure 7-6 qualitatively demonstrateshe low Z accuracy of the Pluronie3L

without any Tinuvin 400 stabilizer. The Pluroni8llshares the familiar arching cerhangs and
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non-distinct layers seen in the pure PPGDA (T0.00%) scaffold preserfegline6-14. This is
likely a result of the high depth of penetration exhibited by the Pluronigl L(288.88

micrometers).

Figure7-6: Basic scaffolghart with 100 micrometer layers printed ifPluronic L31.

In an attempt to remedy this, a small amount of Tinuvin 400 was mixed in with the Pluronic L
31 initiated with 2 wt% DMPA photaitiator. The working curve for the PluronieL and the
Pluronic E31 with Tinuvin 400 are shown Kigure7-7, and the critical characteristics for both

samples are presented ifable7-4.

1200
Pluronic L-31
Trendline for Pluronic L-31
10 B Pluronic L-31 with 0.25% Tinuvin
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Figure7-7: Working curve for Pluronic-B1 and Pluronic 431 with 0.25wt% Tinuvin 400.
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Table7-4: Critical exposurég,) and depth of penetration(D,) for Pluronic 31 and Pluronic L
31 with 0.25% Tinuvin 400.
Pluronic 31  Pluronic 31 with Tinuvin 400
Critical Exposuré (mJ/cnf) 17.2 59.5
Depth of Penetration D, (um) 2888 267.3

Unfortunately, the introduction of Tinuvin 400 into the Pluroni8L did not have the same
effect as demonstrated in Secti@&h2 with the PPGDA samples. While the depth of penetration
was reduced slightly (21.5 micrometers), the critical exposure increased by approximately
248% For reference, the PPGDA saw a depth of penetration reduction of 278 micrometers with
only a90% increase in critical exposure. Regardless, this experingrggeststhat adding
Tinuvin 400 at a greater concentration will further increase critical exposure with very small
change iy, resulting in a photopolymer that will require long durations to curenglsi layer.

This could also lead to, as seen in the effects of extended exposure on the benchmark part from
Section6.1, a reduction in XY accuracyherefore,alternative means for reducing depth of

penetration and improving Z accuracy should be explored.
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7.2.Phosphonium lonic Liquid (RQ4)

The phosphonium ionic liquid (PIL), a molten salt, is known to be ionically conductive. lonic
conductivity is useful in micractuation/sensing or microelectromechanical (MEMS)
application$28]. However, initial experimentation revealed that this ionic liquid did not cross
link alone. In order to enable photturing, the IL was mixed at various concentrations into
PEGDMA (poly (ethylene glycol) dimethacrylate). As the property of interest for ionic liquids is
their ionic conductivity, impedance analysis was conducted on thin films with 10%, 25%, and

30% ionic ligd in a PEGDMA network determine if and how the films demonstrated ionic

conductivity.
1.0E-07 A S
¢ 10% ionic liquid
® 25% ionic liquid
UE) 1 0E.08 A 4 30% ionic liquid
> A A N
= A
= A A
S °
& 1.0E-09 4 . Y
O * °® °
Qo *
s -
1.0E-10 T T T 1
2.3 2.4 2.5 2.6 2.7
1000/T (1/K)

Figure7-8: lonic conductivity measurements of PEGDMA films containing 10%, 25%, and 30%

concentrations of ionic liquidcourtesy of A Schultz of theong Goup, 2014.

The films demonstrated increasing degrees of ionic conductivity as the concentration of IL
increased. With the ionic conductivity of PBERBA/IL films validated, the curing properties of

these mixtures need to be determined to understand how the ionic liquids will work with the
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MPuSL system and if 3D structures can be fabr

(RQ4) was answered.

RQ4:What are the curing characteristics of phosphonium ionic liquid and howitdpegorm in

GKS at>{[] ae&adsSyvyk

The characteristics of the ionic liquid were determined by again utilizing the process outlined in
Chapter 4. Similar to the PPGDA and the Plurds8&, the phosphonium ionic liquid was

characterized, and its performance in the system was determined.

7.2.1. Materials and Methods
Phosponium ionic liquidfOPTf2Nis a molten salt at room temperature with the structure
shown inFigure7-9. Resin properties of the Phosphonium lonic Liquid (PIL) are shoWheabie
7-5.

TN~

Figure7-9: Chemical structure of the Phosphonium lonic Ligi®@PTf2N

Table7-5: Properties of phosphonium ionic liquid.

Property Value
Mol wt ~ 767.95 g/mol
Density 1.018 g/mL
Color Light amber
Interest lonic conductivity
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The ionic liquid alone was not reactive with the DMPA initiator, and no didsag was
observed when pure PIL mixed with 5 wt% DMPA was exposed to UV light. To resolve this, the
ionic liquid was mixed in various concentrations with BDA and PEGDMA rfpeepe Table7-6

Table7-7, chemical structure ifrigure7-10and Figure7-11, respectively).

O
O
VLO/\,/'\/ \[A
O
Figure7-10: Chemical structure of BDA

Table7-6: Properties of BDA.

Property Value
Mol wt ~198.22 g/mol
Density 1.051 g/mL
Color Colorless
Interest Small MnNetwork

O
/\%O
O o
O
Figure7-11: Chemical structure oPEGDMA.

Table7-7: Properties of PEGDMA.

Property Value
Mol wt ~ 550 g/mol
Density 1.099 g/mL
Color Colorless
Interest Larger MnNetwork

270-330 ppm BHT
80-120 ppm MEHQ

Contains
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As ionic conductivity of 3D printed parts is the characteristic of interest of the ionic liquid (IL),
processability and ionic conductivity of the IL at different concentrations in PEGDMA and BDA
were analyzed. The samples with varying concentrations @filthwere mixed, shown ifiable

7-8 and Table7-9.

Table7-8: Preparation of the BDA prepolymer with varying ionic liquid concentrations.

lonic Liquid
Sample Name . Prepolymer
Concentration fnol %)
BDA (0%lIL) 0
BDA 2 wt% DMPA
B-1L10% 10

Table7-9: Preparation of the PEGDMA prepolymer with varying ionic liquid concentrations.

lonic Liquid
Sample Name _ Prepolymer
Concentration (nol %)
PEGDMA (0%lIL) 0 PEGDMA2 wt% DMPA
P-IL10% 10 (270-330ppm BHT,80
P-IL25% 25 120 MEHQas inhibitor)

As was mentioned, the process outlined as part of CQ1 was used to characterize the ionic
liquid. 2 wt % of DMPA was dissolved in a small amount of acetone and mixed with the
prepared PEGDMA/PIL and BDA/PIL samples. Threaleptk specimens were generated at

four exposure durations with an UV intensity of 4.9 mWfcat the resin surface for all
samples. The thickness of the samples were measured and plotted against exposure energy. A
trend line was calculated based on the péat data to generate the working curve for Pluronic

L31.

7.2.2. Results and Discussion
Critical exposure and depth of penetration. @&d D), respectively) were determined from the
slope and xntercept of the calculated trend line in the cure depth versus expesnergy

curve.Figure7-12 and Figure7-13 show the graphs of cure depth versus exposure energy for
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the four exposure durationfor the BDA mixtures and PEGDMA mixtures, respectiVelyle

7-10provides the calculatedcnd B for all PIL mixtures.
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Figure7-12: Working curve for the BDA samples with standard deviation error bars.
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Figure7-13: Working curve for the PEGDMA samples with standard deviation error bars.
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Table7-10: & and O for lonic Liquid with 2 wt% DMPA.

Critical Exposure Depth of Penetration
Sample Name

E (mJ/cnt) Dy (um)
BDA (0%lL) 9.0 715
B-IL10% 67.1 944
PEGDMA (0%IL) 9.6 571
PIL10% 23.0 549
PIL25% 50.4 605

The table and figures above, regardless of base resin, reveal two significant trends.
1: Critical exposure of the resin increases with increasing concentrations of PIL.
2: There is no significant change in depth of penetration with varying concensatideiL.

With both the BDA and PEGDMA base resins, increasing concentrations of cause the exposure
energy at which crosknking begins to increase significantly (though much more dramatically
with the BDA). However, ionic liquid seems to have littleaoeffect on the penetration depth

of light into the resin. The depth of penetration for all mixtures is very high, which suggests that

the Z axis accuracy will be very poor.

During the film fabrication process for the BDA andLB0% working curves, a table
phenomenon occurred. Once crosslinking of the BDA had begun (when the critical energy has
been reached) the resins did not reflect the typical violet color of the LED light source, but
rather emitted a magenta color. This is the first instance o$ thecurring in all UV curing
processes during this body of research, and is likely attributed to the small molecular weight

and high volatility of the BDA material.

Three benchmark parts were printed with each of the five sample IL mixtures. The benchmark
parts were analyzed for XY minimum feature size, XY accuracy, and Z accuracy according to the
methods demonstrated in Characterization Questions 1 and 3. A sumnhdahe aesults are

presented inTable7-11.
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Table7-11: Summary of the performance of the ionic liquid samples.

PEGDMA P-IL10% P-IL20% BDA B-PIL10%

XY Min. Feature Siz{ 0.095mm 0.115mm 0.091mm X 0.188mm
XY Accuracyb error) 22% 22% 26% 5% 22%
Z Accuracy% error) 150% 158% 176% 38% 117%

The minimum feature size of each of the resin mixtures are compared in the chart lfetpwe

7-14, with standard deviation error bars.

0.25

0.2 - }

0.15 -
0.1 - 3 } }

0.05 -

Min. feature size (mm)

0 T T T N\ 1
PEGDMA P-IL10%  P-IL25% BDA B-1L10%

Sample Reference

Figure7-14: Minimum feature size of the five tested samples with standard deviation.

There are no significant differences between the achievable minimum features size in the
PEGDMA based mixtures, which printed features around 9%omieters. The BDA based resins
demonstrated much lower resolution, with no feature size cylinders printed in the 100% BDA

sample, and only the 200 micrometer cylinder printed.

The accuracy of the resin samples are compared in the chart presenkegure7-15. The blue

diamonds represent the Z axis accuracy, and red squares represent the XY accuracy.
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Figure7-15: TheXY plane and Z axis percent error for the five tested samples.

There appears to be a trend of increasing % error in both the XY plane and Z axis accuracy of
printed parts as the concentration of ionic liquid increases in the prepolymer mixture. This

trend extends to both the PEGDMA and BDA base resins, but more data points are necessary to

confirm this trend.

To determine if this trend can be extended to the critical curing characteristics of
photopolymers, the Z axis % error of each mixture was comptrdatie respective depth of

penetration. This chart is presentedkigure7-16.
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Figure7-16: Comparison of depth bpenetration to Z axis percent error.

Presumably, increasing depth of penetration would correlate with increasing Z axis accuracy in
printed parts.This idea corresponds with the conclusion presented by Limaye, which suggests
that the value for depth of pnetration through cured layers tends to reach infinity, indicating

that a cured layer is almost transparent to radiatifs®]. However, acording to theFigure

7-16, thismaynot be the case. The two highest depth of penetration values were found in the
BDA samples, yet they show overall lower Z axis error than the PEGDMA samples. This suggests
that depth of penetrationin the cured BDA is significantly lower (demonstrating greater
attenuation) than the uncured resin. This characteristic may be linked to the highly volatility

BDA, which is seen by rapid and violent degradation when exposed to higipyener

Furthermore, the Z accuracy error is significantly greater than the XY accuracy in all samples.
However,i tirmpsrtant to note that while the 26% XY error in thdlR5% sample seems small
compared to its Z axis error of 176%, 26% error is indeeectafe of very poor XY accuracy. To
demonstrate thisFigure7-17 shows the benchmark part printed pure BDA with an XY error

of 6% next to the same part printed \withe RIL25% sample with the percent error of 26% for
visual comparison.Figure7-18 presents the same parts viewed laterally, to show the visual

difference betweerthe Z axis percent errors plire BDA at 38% to the-R.25% at 176%.
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e — SRR D\ i, i
Figure7-17: (Left) 100% BDA with a 5% XY error. (Right) #5% with 26% XY error.

- .

Figure7-18: (Left) 100% BDA with 38% Z axis error. (Rightf)25% with 176% Z axis error.
As seen, all mixtures containing the ionic liquid had very poor accuracy in both the XY plane and
Z axis. This is result, though perhaps not exclusively, of the high depth of penetration exhibited
by these mixtures. Introducing Tinuvin 400 into these miie$uin small concentrations will
reduce depth of penetration and presumably increase the Z accuracy. It is also hypothesized

that TInuvin 400 will reduce light scattering and improve XY plane accuracy.

To demonstrate the utility of Tinuvin 400 in the Hngples, ~0.5 wt% Tinuvin 400 was mixed
into the RIL10% sample, and sample parts were fabricateédure 7-19 shows images of a
Hokie bird model printed with4.10% wthout and with Tinuvin 400Figure7-20 shows a close

up (left) and a macro image (right) of a hyperboloid structure printed with1®% containing
Tinuvin 400.
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Figure7-19: (Left) Hokie bird printed in #L10% with no Tinuvin 400. (Right) Hokie bird
printed in PIL10% with ~0.5wt% Tinuvin 400.

Figure7-20: Hyperboloid shape printed in the .10% with~0.5wt% Tinuvin 400.

The Hokie bird figures iRigure7-19 show that by introducing the Tinuvin 400, a m@ecurate
structure can be fabricatedThe image on theight displays a Hokie bird figure that has finer
detail and is less affected by prititrough. Accuracy improvement i&rther demonstratedby

Figure7-20, where complex micrgtructuresof the Hyperboloid were printed witlvery fine
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detail. With demonstrated utility, samples containing Tinuvin 400 should be characterized using
the methods outihed in SectioM. Impedance analysis should be repeated with the mixtures
containing the Tinuvin 400 to confirm ionic conductivity is retainétso, themechanial
properties of IL samples with and without Tinuvin should be determined to identify any

changes
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8. Conclusions and Future Work

8.1. Summary of Research

The primary goal of this work wasatedas follows:

G5SaA3y yR o0dzAf R I LINR3IDSponiing Systeny th OhdRGieliz8, NS 2 f A
LINPOSadaas YR ljdzr yGATe GKS LISNF2NXIYyOS 2F y20S

Thisg o a | was met by desi gni ng (Ghaper3)thatleffectielgt 1 ng ¢
demonstrated the ability to characterize and process photgpeers novel to projection
stereolithography(Chapter4). These photopolymers were then used to fabricate complex 3D
structures, demonstrating theimprospective utility in novel applications such as tissue

engineeringSection7.1) and MEMS fabricatio(Section 72).

Many of the key requirements listed for the system were met. Tystesn can manufacture 3D
structures utilizing vat polymerizatioithe build procesks relativelyfastat 360 layers per hour
(Table 5-6), and the buildprocessis automated System operationand user interfaceare

simple but some training is necessary to make quality parts.

With regard tocustomerneeds, this systensatisfactorilymeets all target specificationwith

the exceptionoff t he system should have very high res:
micrometer features was not met; the smallesteasuredfeature manufactured on the
benchmark part wa88 micrometers(Section5.1.3. However, loth XY minimum feature size

and Z accuracy are resin dependent charactiegsof the system performance, and were

addressed by Research Questiorendl 2.
RQ1:How does minimum feature size vary with exposure energy?

The process/property relationship between exposure energy and feature size shows a trend in
achievable XY minimum feature size as exposure energy incrédseson6.1). The trend
reveals that by increasing exposure energy by 420% (5.83 rtic@4.5 mJ/cm) reduces the

achievable feature size by 67% (0.212mm to 0.70mm).
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RQ2 How does zxis accuracy change with increasing concentrations of TInuvin 4007?

Experiments exploring the structure/property relationship of prepolymers demonstrated
increasing Z&xis accuracy in printed parts with increasing concentrations of Tinuvin 400
(Section6.2). This experiment shows that by including 0.25% Tinuvin 400 in the prepolymer,
depth of penetration was reduced from 398.5 micrometers to 119.7 miaters. This
corresponds to a decrease iraXis error from 119% (no Tinuvin 400) to 9%x& error (0.25%

Tinuvin 400).

A process was developed to reliably and repeatedly determine the curing characteristics of
novel photopolymer resins for processingvi MP (B&ction4.3.1). A benchmark part was
designed to characterize the performance of the polymer in the syqtgaction4.3.2. The
performance metricdor polymersprinted with the systemwere identified as XY minimum

feature size, XY accuracy, Z minimum feature size, and Z accuracy. Research Questions 3 and 4

addressedhe performance of novel photopolymers in the designed system.

RQ3:What are the curing characteristics of Pluroniom K2 ¢ R2Sa A0 LISNF 2 NJ

system?

A working curve was developed fBturonic E31 with 2 wt% DMPA,; the critical exposure was
17.2 mJ/cr and the depth of penetration wa&88.8 micrometer§Section7.1). The Pluronic-L
31 achieved features as safl as 57 micrometers on the benchmark part. The accuracy of the

Pluronic E31 resin was poowith 22% error in the XY plane and 83% error in the Z dimension.

RQ4:What are the curing characteristics of phosphonium ionic liquid and how does it perform in
tKS at>{[] &d8aGSYK

Working curves were developed for 5 different prepolymer mixtures: pure PEGDMA, 10% IL in
PEGDMA, 25% IL in PEGDMA, pure BDA, and 10% IL (®dgidn 7.2) The results show
increasing critical exposure with increasing concentrationgLoin both PEGDMA and BDA.

There is no significant trend between increasing concentrations of IL in either PEGDMA or BDA

and depth of penetration. Any trends previously identified between penetration depth and Z
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accuracy do not seem to extend from one regd another. This means that overall, among all

resins, depth of penetration is not an accurate way to predict the Z axis accuracy of a part.

8.2.Research Contributions

The contributions of this work to the research community are:

1 Thedevelopmentof a Mask Projection Microstereolithography systémat verifies the
utility of the morphological matrixiesign toolp r e s e n Deasign Considefations for
Mask ProjectiorMicrostereolithography (Section3).
1 A standardized process for characterizing and benchmarking the performance of a novel
photopolymer intopdownpr oj ecti on based MPPSL systems
1 The identification of the process/property relationship between exposure gynemnd
achievable feature size (Secti6ri)
1 Confirmation of the structure/property relationship between Tinuvin 400 photo
absorber and depth of pertation of photo-curable resins (Sectidh?2)
1 The characterization and performance of novel photwable blockcopolymer Pluronic
L-31 with 2 wt% DMPAlpot oi ni ti ator i n 7M0PuSL systems (
1 The charaterization and performance of novel photurable Phosponium foc Liquid
in PEGDMA and BD#etworks with 2 wt% DMPAIpot oi ni t i at or i n MP
(Section?.2).
1 The determination that depth of penetration may not coatd directly to Zaxis

accuracy for all photopolyme[(Section7.2.2).

8.3. Future Work
The system designeals part of this work has several areas where ease of operation could be

improved, as well as overall utility. Suggested improvements to the system include:
1 Redesigrihe build platform.

The current stage and build platform are 3D printed with ABS pladtis. material is not

optimal due to the ridges inherent in 3D printed parts, as well as theprenise tolerances
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contributing to a nodevel build surface. The stage should be machined from aluminum, and

the build platform should be replaced with a flatert surface.
1 A mechanism or process for accurately maintaining the resin surface at the build plane.

A plague during the print process was the resin level falling belovioited point ofprojection
plane. As mentioned earlier, any small vertical cleirgtheresin surface caused the projected
image to be out of focysand the intensity to varyThe solution to this is to automate control

overthe resin surface, such as utilizing a precise mpernmp.

1 A rotating stage with multiple vats, enabling theD 3manufacture of structures

developed from multiple materials.

Several research groups have displayed interest in utilizing this system to construct 3D
structures out of multiple types of photourable resin. The precedence for this exists in the
researchconducted by the Chen group through the introduction of multiple vats on a rotating

stage[38], [60]

1 A linear XYtage with one large vat, enabling the stitching of multiple exposures to

manufacture larger layers.

With the current XY area of the system limited to 6mm x 8mm, the size of printed parts is
severely limited in applicatioifo manufacture larger parts andaintain XY resolution, image
stitching can be utilizedBy controlling the location of the build platform with an XY linear

motor, multiple exposures can be used to create single la@dis
1 Projection light intensity distribution feedback.

The current system light source is an LED, which though experimentation, has shown significant
light homogenization issues. Th@even intensity distribution across the projection plane may
have devastating effects on part accura@y solution to this would be to install retine
intensity distribution monitoring via CCD camera. The data from the camera could feed back

into the image manipulation software. Here, the projected image could be normalized with
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intensity compensation Y introducing greyscale calibration to eaclojected imag€g3], [51],
[62].

8.3.1. Process Improvement
Besides system improvement, there are several other areas of future work that would benefit

the scientific community.The experiments conducted in effort to improve the system
performance unveiled quegins that appear to unanswered in literature, and worthy of

pursuing.

8.3.1.1. Exposure Energy versus Minimum Feature Size
This experiment made the assumption that oxygen irtubiis dominating thefeature size
threshold To confirm this is indeed the case, teperiment should be repeated at controlled
concentrations of oxygen on the resin surfaddis data will aid in modelintpe interaction
between oxygenconcentrations on minimum feature size. With this modelmnare reliable

process can be developed fopen airprojection stereolithography systems

Conversely, alternative methods should be considered for reducing the effects of oxygen. Two
options for this are (i) printing in an inert atmosphere (i.e. nitrogen), or (ii) printing with a
constrained surfacdresin surface flush with transparent substrate). These methods would

remove the need to consider oxygen inhibition when conducting experiments.

8.3.1.2. Tinuvin 400 versus Penetration Depth
This experiment confirmed the ability of Tinuvin 400 to act as an effective pdimdorber for
the PPGDA resin. However, the utility of this material needs to be extended to the resins of
interest as part of this work, nametize Phosphonium ionic liquichixtures The determination
of the structure/property relationship between Tinuvin 400 and penetration deipthhe PIL
resins wil/ define the wuniversal utility of

system.

8.3.2. Novel Polymer Applications
Whilen o v el pol ymers have been characterized and

next steps for both the Pluronic31 and Phosphonium lonic Liquids are to demonstrate their
utility in their respective fields of application.
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8.3.2.1. Pluronic L-31
The Pluronic 431 blockcopolymer resin is the first of its kind to be manufactured into 3D
structures via MPuSL. This pol ymer was chos:
biocompatibility. There are many variables introduced in the processing of this resimthat
compromise the biocompatible nature of this polymer, such as the reactive phdtators and
photo-absorbers. Cell assay tests should tenducted on thin films to determine the
appropriate ratioof these chemicals tattempt to develop biocompatilel 3D structures via
MPuSL. F u r ftcrbsslinkedoPtuenic k31 tsleould be investigated to identify any
properties, whether mechanical or otherwis¢hat are more advantageous in biological
applications than existing photourable biocompatible ress. Thisinvestigation should identify
how or why Pluronic 81 should be used instead of existing biocompatipletopolymer

standardssuch as poly (propylene fumarat@3]-{65].

Furthermore, as the purpose of this system is to develop comp@structures, althin film
experiments suggested above should be repeabed3D printed structure to insure thathe

desiredbiocompatibleattributes are retained after 3[part fabrication.

Finally, with the design f regietdammisnthatmictobneld by
mesostructure formation can indeed be designed and optimized for cell type. One experiment
that will be conducted compares the cell viability of HUVEC cells to osteobtast8D printed

veirtlike scaffold The purpose behd this experiment is characterize the response of HUVEC
(human umbilical vein endothelial celts)a tubular, veidike 3D printed scaffold, and compare

it to the response of osteoblasta the same structureldeally, better cell growth will be seen

by the HUVECS in the vdike scaffolddue to the optimized environment.

This experiment will be conducted in partnership with the Dr. Abby Whittington Research Group

from the department of Materials Science and Engineering.

8.3.2.2. Phosphonium lonic Liquid
With multiple ratios of lonic Liquiddo PE®MA/BDAIdentified that crosslinks to form a photo

curabl e prepol ymer capable of being processecd
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structures should be examined. A definitive application shoulddeatified and proven as

viable through experimentation.

Furthermore, all mixtures containing the ionic liquid haabr XY accuracy and extremely poor
Z-axis accuracy. This is result of, though perhaps not exclusively, the high depth of penetration
the sanples demonstrate. Introducing Tinuvin 400 into these mixtures in small concentrations
will reduce depth of penetration and presumably increase the Z accufascmentioned earlier,
Tinuvin 400 may also reduce light scattering, and improve XY accuracyllaémpedance
analysis should be repeated with the mixtures containing the Tinuvin 400 to confirm cured
samples maintain ionic conductivity, and identify conductivity change (if any). Experimentation
should also be conducted comparing the mechanical prigerof the IL samples with and

without Tinuvin 400.

This experiment will be conducted in partnership with thelibn. LongResearch Group from the

Chemistry Department.
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Appendices

Appendix A - Engineering Drawings of DMD mount
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Appendix B - Bill of Materials

151

Cost per
Vendor Description Part Number #  unit
Keynote Photonics Flexlight X Evaluation Kit X1-1080P 1 $7,705.00
Hamamatsu LightningCure LC1V3 Collimating Head L11922401 1 $1,354.00
Hamamatsu LightningCure L-C1V3 Driver C11924501 1 $967.00
ThorLabs Performance Series | Breadboard PBH11106 1 $923.80
ThorLabs BreadboardMounting Feet (Imperial) BMF4 1 $26.00
ThorLabs Dovetail Optical Rall RLA1800 1 $106.00
ThorLabs Extended Rail Carrier RC2 1 $26.00
ThorLabs Rail Carrier RC1 6 $23.00
ThorLabs Post Holder PH2 6 $7.70
ThorLabs Table Clamp CL6 4 $5.60
Zaber LinearActuator NA11B60 1 $472.00
AllMotion EZ10ENSK EZ Stepper Starter Kit EZ10ENSK 1 $175.00
Jameco Power Supply 1952214 1 $20.49
Jameco Power Cord 38050 1 $4.95
Edmund Optics UV PlaneConvex Lens (50mm diam, 150 | 67-220 2 $249.00
Edmund Optics UVPlaneConvex Lens (50mm diam, 75 F  67-218 1 $225.00
Edmund Optics wv P'aneconcaveF'L‘;”s (12mm diard 48050 1 $100.00
Edmund Optics Optical Mount (50mm) 64-568 3 $49.00
Edmund Optics Optical Mount (12mm) 64-555 1 $38.00
Edmund Optics MountingPost (4" length) 59-000 9 $9.70
Edmund Optics First Surface Mirror 43-876 1 $22.50
Edmund Optics Mirror Mount 58-858 1 $119.00
Edmund Optics Bandpass Filter 65-130 1 $195.00
Edmund Optics Optic Mount (for Filter) 64-560 1 $40.00
Edmund Optics Holographic UV Diffuser 48513 1 $550.00
Edmund Optics Optical Cell Assembly (Diffuser Mount) 36-465 1 $83.00
Edmund Optics Right Angle Post Clamp 53-357 3 $16.00
Edmund Optics Mounting Post (12" length) 59-010 1 $16.00
Edmund Optics Mounting Post (6ength) 59-008 1 $12.00
Edmund Optics Post Holder Assembly 59-006 2 $25.00
Carolina Fluid Component 80/20 Aluminum, Brackets, Screws N/A 1 $129.00
McMaster Aluminum Block 89155K78 1 $173.85
McMaster AluminumSheet 89015K18 1 $28.34
McMaster Aluminum Rod 9062K331 1 $13.85
McMaster Nylon Spacer 93657A833 10 $1.07
McMaster Flat HeadPhillips Machine Screw 91500A197 1 $8.83
Fisher 20 mL Beaker (quantity 12) 02-5391 1 $74.45
Total $13,995.13


http://www.mcmaster.com/
http://www.mcmaster.com/
http://www.mcmaster.com/
http://www.mcmaster.com/
http://www.mcmaster.com/

Appendix C- Benchmarking Minimum Feature Size Test Data

Minimum feature radius

1.19 cylinder 3 cylinder 5 cylinder
X1| 0.109 1 0.051 3 0.032 4
Sample 1
Y1l| 0.105 1 0.038 3 0.035 4
X2| 0.103 1 0.045 3 0.038 5
Sample 2
Y2| 0.109 1 0.042 3 0.042 5
X3| 0.102 1 0.047 3 0.033 4
Sample 3
Y3| 0.108 1 0.08 2 0.031 4
Avg.radius| 0.106 0.0505 0.0352
Avg.diameter| 0.212 0.101 0.0703
Sd. dev. (radius)| 0.0028 0.0138 0.0038
Sd. dev. (diameter)| 0.0057 0.0276 0.0076
200 micron cylinder radius
1190 cylinder 3000 cylinder 5000 cylinder
X| 0.109 1 0.142 1 0.13 1
Sample 1
Y| 0.105 1 0.127 1 0.132 1
X| 0.103 1 0.158 1 0.139 1
Sample 2
Y| 0.109 1 0.128 1 0.162 1
X| 0.102 1 0.166 1 0.158 1
Sample 3
Y 0.108 1 0.137 1 0.14 1
Avg radius 0.106 0.143 0.1435
Std dev. 0.003 0.015 0.012
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Appendix D - XY Accuracy TestData

PPGDA XY Accuracy
Design Sarlnple e:f()Jr Sarznple % error Sar3np|e % error | avg dde(\alsfir;rr]n :cd dgfa\ll

X1 0.400 0.386 | 0.035| 0.420 0.050 0.403 0.008 | 0.403 0.003 0.024
X2 0.600 0.655 | 0.092| 0.677 0.128 0.621 0.035 | 0.651 0.051 0.016
X3 4.130 4.064 | 0.016| 4.132 0.000 4.075 0.013 | 4.090 0.040 0.048
X4 4.400 4.333 | 0.015| 4.423 0.005 4.305 0.022 | 4.354 0.046 0.064
X5 4.600 4.602 | 0.000| 4.699 0.022 4.591 0.002 | 4.631 0.031 0.069
X6 4.880 4.809 | 0.015| 4.910 0.006 4.798 0.017 | 4.839 0.041 0.071
X7 5.000 4.966 | 0.007| 5.005 0.001 4.971 0.006 | 4.981 0.019 0.028
X8 3.000 2.861 | 0.046| 2.894 0.035 2.889 0.037 | 2.881 0.119 0.023
Y1 0.400 0.403 | 0.008| 0.409 0.022 0.414 0.035 | 0.409 0.009 0.004
Y2 0.600 0.705 | 0.175| 0.666 0.110 0.644 0.073 | 0.672 0.072 0.028
Y3 4.130 4.131 | 0.000| 4.143 0.003 4.092 0.009 | 4.122 0.008 0.008
Y4 4.400 4.355 | 0.010| 4.417 0.004 4.372 0.006 | 4.381 0.019 0.044
Y5 4.600 4.630 | 0.007| 4.702 0.022 4.635 0.008 | 4.656 0.056 0.051
Y6 4.880 4.876 | 0.001| 4.915 0.007 4.870 0.002 | 4.887 0.007 0.028
Y7 5.000 5.027 | 0.005| 5.039 0.008 4.999 0.000 | 5.022 0.022 0.008
Y8 3.000 2.911 | 0.030| 2.967 0.011 2.917 0.028 | 2.932 0.068 0.040

eragel 30 3% 206 Average S 0,035
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Pluronic E31 XYAccuracy

Design| Sample 1| % error | Sample 2 | % error Sample % error| avg | % error dev f_rom std dev

3 design of data
X1| 04 0.408 0.02 0.502 0.2550 0.49 | 0.2250| 0.467 17% 0.067 0.066
X2| 0.6 0.75 0.2500 0.75 0.2500 | 0.739 | 0.2317| 0.746 24% 0.146 0.000
X3 | 4.13 3.947 0.0443 4.196 0.0160 | 4.071 | 0.0143| 4.071 1% 0.059 0.176
X4 | 44 4.423 0.0052 4.467 0.0152 | 4.332 | 0.0155| 4.407 0% 0.007 0.031
X5| 4.6 4.55 0.0109 4.645 0.0098 455 | 0.0109| 4.582 0% 0.018 0.067
X6 | 4.88 4.822 0.0119 4.887 0.0014 | 4.775 | 0.0215| 4.828 1% 0.052 0.046
X7 5 4.988 0.0024 5.047 0.0094 | 4.887 | 0.0226| 4.974 1% 0.026 0.042
X8 3 2.772 0.0760 2.89 0.0367 | 2.831 | 0.0563| 2.831 6% 0.169 0.083
Y1l| 04 0.366 0.0850 0.165 0.5875 0.42 | 0.0500| 0.317 21% 0.083 0.142
Y2| 0.6 0.668 0.1133 0.573 0.0450 | 0.597 | 0.0050| 0.613 2% 0.013 0.067
Y3 | 4.13 3.947 0.0443 4.024 0.0257 | 3.924 | 0.0499| 3.965 4% 0.165 0.054
Y4 | 4.4 4.196 0.0464 4.385 0.0034 | 4.285 | 0.0261| 4.289 3% 0.111 0.134
Y5| 4.6 4.55 0.0109 4.633 0.0072 | 4.492 | 0.0235| 4.558 1% 0.042 0.059
Y6 | 4.88 4.822 0.0119 4.857 0.0047 | 4.692 | 0.0385| 4.790 2% 0.090 0.025
Y7 5 4.928 0.0144 4.946 0.0108 4.84 | 0.0320| 4.905 2% 0.095 0.013
Y8 3 2.807 0.0643 2.86 0.0467 2.86 | 0.0467| 2.842 5% 0.158 0.037
5% 8% 5% et 0065
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Appendix E- Z Accuracy Test Data

PPGDA Z Accura(yross beams only)

Design| Sample 1| Sample 2| Sample 3| avg | % error | stddev
X side 1 2.71 2.578 1.979 2422 | 142% 0.390
Y side 1 2.07 1.793 2.003 1.955 96% 0.145
2.189 | 119% 0.267
Pluronic E31 Z AccuracfCross beams only)
Design| Sample 1| Sample 2| Sample 3| avg | % error | stddev
X side 1 1.868 1.877 1.877 1.874 87% 0.005
Y side 1 1.81 1.877 1.686 1.791 79% 0.097
1.8325 83% 0.051
PPGDA accuracy (Lateral Extrusions) with Tinuvin 400
XT0.15% YT0.15% Design % error stddev XT0.25%| YTO0.25%| Design | % error | stddev
1 1.148 1.14 1.25 8% 0.061 1.123 1.25 10% 0.090
2 1.573 1.628 1.45 10% 0.091 1.461 1.45 1% 0.008
3 1.616 1.628 1.75 7% 0.074 1.624 1.75 7% 0.089
4 2.053 2.1 1.9 9% 0.105 1.894 1.9 0% 0.004
5 2.104 2.1 2.25 7% 0.085 2.091 2.25 7% 0.112
6 2.541 2.576 2.35 9% 0.122 2.344 2.35 0% 0.004
7 1.119 1.616 1.25 9% 0.258 1.14 1.11 1.25 10% 0.074
8 1.483 1.504 1.33 12% 0.095 1.35 1.333 1.33 1% 0.011
9 1.624 1.603 1.75 8% 0.080 1.568 1.581 1.75 10% 0.102
10 1.899 1.95 1.8 7% 0.076 1.791 1.714 1.8 3% 0.047
11 2.079 2.07 2.25 8% 0.101 2.087 2.078 2.25 7% 0.097
12 2.318 2.344 2.38 2% 0.031 2.245 2.198 2.38 7% 0.094
13 1.328 1.281 30% 0.177 1.119 1.058 1 9% 0.060
Average 10% 0.104 Average| 6% 0.061
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Appendix F- XY Accuracy Data for IL experiment samples

lonic Liquid Accurac

BDA PEGDMA 10% IL in BDA 25%IL in PEGDMA 10%lIL in PEGDMA
.| Sample| Samplel Sample| std % | Sample| Sample| Sample| % Samplel Sample| std % | Sample| Sample| % | Samplel Sample| Sample| std %
Design 1 2 3 dev | error 1 2 3 std dev error Sample 2 3 dev | error 1 2 Sample {std de error 1 2 3 dev | error

X1/ 0.400| 0.349 | 0.409 | 0.397 |0.032|0.038| 0.569 | 0.777 | 0.688 | 0.104 [0.695| 0.603 | 0.670 | 0.771 |0.085[0.703| 0.678 | 0.605 | 0.575 | 0.053|0.548| 0.624 | 0.787 | 0.605 |0.100| 0.680

X2/ 0.600| 0.514 | 0.563 | 0.534 |0.025|0.105| 0.843 | 0.984 | 0.996 | 0.085 [0.568| 0.843 | 0.866 | 0.967 |0.066(0.487| 1.021 | 0.765 | 0.824 | 0.134|0.450| 1.042 | 0.999 | 0.884 |0.082|0.625

X3| 4.130| 4.303 | 4.264 | 4.460 |0.104|0.051| 4.536 | 4.133 | 4.193 | 0.217 |0.038| 4.509 | 4.460 | 4.555 | 0.048|0.092| 4.562 | 4.116 | 4.122 | 0.256|0.033| 4.577 | 4.230 | 4.175|0.218|0.048

X4| 4.400| 4.543 | 4.525 | 4.626 |0.054|0.037| 4.865 | 4.484 | 4.430 | 0.237 [0.044| 4.749 | 4.703 | 4.721 |0.023(0.074| 4.858 | 4.359 | 4.394 | 0.279|0.031| 4.845 | 4.453 | 4.264 |0.296| 0.027

X5( 4.600| 4.701 | 4.733 | 4.810 |0.056|0.032| 5.050 | 4.709 | 4.650 | 0.216 |0.044| 5.057 | 4.899 | 4.934 |0.083(0.079| 5.231 | 4.537 | 4.578 | 0.389|0.040| 5.215 | 4.700 | 4.513 | 0.364|0.046

X6| 4.880| 4.955 | 4.964 | 5.005 [0.027|0.019| 5.414 | 4.905 | 4.911 | 0.292 |0.040| 5.276 | 5.165 | 5.519 | 0.181|0.090| 5.512 | 4.821 | 4.869 | 0.386|0.038| 5.482 | 4.958 | 4.792 | 0.360| 0.040

X7/ 5.000| 5.057 | 5.078 | 5.148 |0.048|0.019| 5.701 | 5.385 | 5.658 | 0.171 |0.116| 5.578 | 5.589 | 5.658 | 0.043|0.122| 5.962 | 5.349 | 5.776 | 0.314|0.139| 5.681 | 5.276 | 5.148 |0.278|0.074

X8| 3.000| 3.173 | 3.131 | 3.214 |0.042|0.058| 3.091 | 1.548 | 1.287 | 0.975 [0.342| 2.912 | 2.212 | 2.414 |0.360{0.162| 2.275 | 1.668 | 1.61 | 0.368|0.383| 2.172 | 2.034 | 1.732 |0.225|0.340

Y1 0.400| 0.384 | 0.344 | 0.409 |0.033|0.053| 0.404 | 0.812 | 0.765 | 0.223 |0.651| 0.630 | 0.664 | 0.640 [0.017|0.612| 0.850 | 0.884 0.7 |0.098|1.028| 0.768 | 0.458 | 0.623 | 0.155]0.541

Y2/ 0.600| 0.500 | 0.576 | 0.587 |0.047(0.076| 0.699 | 1.032 | 0.937 | 0.172 |0.482| 0.884 | 0.896 | 0.795 [0.055|0.431| 1.158 | 1.038 | 0.884 | 0.137|0.711| 1.110 | 0.670 | 0.890 | 0.220|0.483

Y3| 4.130| 4.338 | 4.324 | 4.335 |0.007(0.049| 4.392 | 4.389 | 4.246 | 0.083 |0.051| 4.591 | 4.578 | 4.507 |0.045|0.104| 4.804 | 4.430 | 4.187 | 0.311|0.083| 4.776 | 3.948 | 4.140 | 0.433|0.038

Y4| 4.400| 4.598 | 4.614 | 4.596 |0.010(0.046| 4.680 | 4.638 | 4.555 | 0.064 |0.051| 4.879 | 4.881 | 4.723 |0.091|0.097| 5.188 | 4.644 4.4 0.403|0.078| 5.098 | 4.206 | 4.460 | 0.460|0.043

Y5 4.600| 4.749 | 4.792 | 4.756 |0.023|0.036| 5.002 | 4.863 | 4.768 | 0.118 |0.060| 5.153 | 5.011 | 4.904 |0.125|0.092| 5.482 | 4.827 | 4.756 | 0.400|0.092| 5.413 | 4.418 | 4.750 | 0.507|0.057

Y6| 4.880| 4.954 | 5.047 | 5.035|0.051{0.027| 5.304 | 5.122 | 5.070 | 0.123 |0.058| 5.421 | 5.261 | 5.242 |0.098|0.088| 5.749 | 5.088 | 4.958 | 0.424|0.079| 5.660 | 4.688 | 5.041 | 0.492|0.051

Y7/ 5.000| 4.961 | 5.137 | 5.136 |0.101{0.016| 5.461 | 5.261 | 5.243 | 0.121 |0.064| 5.633 | 5.527 | 5.510 [0.067|0.111| 6.064 | 5.397 | 5.272 | 0.426|0.116| 5.935 | 5.346 | 5.355 | 0.337|0.109

Y8l 3.000| 3.317 | 3.149 | 3.428 |0.140({0.099| 3.097 | 2.283 | 2.182 | 0.502 |0.160| 2.892 | 2.449 | 2.503 [0.242|0.128| 2.323 | 2.150 | 1.716 | 0.313|0.312| 2.296 | 2.147 | 1.821 | 0.243|0.304

average 0.050( 5% 0.231 | 22% 0.102| 22% 0.293 | 26% 0.298| 22%
Xavg 0.048 4% Xavg 0.287 24% Xag 0.111 23% Xavg 0.272 21% Xavg 0.240 24%
Yavg 0.052 5% Yavg 0.176 20% Yavg 0.093 21% Yavg 0.314 31% Yavg 0.356 20%
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Appendix G- Z Accuracy Data for IL experiment samples

BDA PEGDMA 10% IL in BDA 25%IL in PEGDMA 10%IL in PEGDMA
Desi Sample| Sample| Sample| std % | Sample| Sample| Sample| std % | Samplel Sample| Sample| std % errorl Samplel Sample| Sample| std de % | Samplel Samplel Sample| std %
9 1 2 3 dev | error 1 2 3 dev | error 1 2 3 dev | 1 2 3 error 1 2 3 dev | error
7X|1.000| 1.221 | 1.257 | 1.398 | 0.094| 29%| 233 | 3.043 | 2.409 | 0.391| 159%| 2.09 | 2.197 | 2.163 | 0.055| 1.15 | 2.946 | 2.749 | , 54, | 0.125|180%| 2.729 | 2.503 | 2.573 | 0.116| 160%
ZY| 1.000| 1.371 | 1.375 | 1.645 | 0.157| 46% | 2.213 | 2.491 | 2.497 | 0.162| 140%| 2.037 | 2.174 | 2.385 | 0.175(1.19867 2.851 | 2.491 2.809 0.197 | 172%| 2.784 | 2.467 | 2.444 | 0.190| 157%
0.125 38% 0.277 150% 0.115 117% 0.161 176% 0.153 158%
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Appendix H- Raw Data for Working Curves

Raw dta forthe working curve®f all photopolymer samples. , , o
Pluronic 131 with 0.25wt% Tinuvin

UVIntensityfor all experiments4.9 mW/cn# exposuretime = [25 35 45 60]; %seconds

All samples have 2 wt% DMPA phatdiator sample2 = [203 275 342 423]; %micron
sample3 = [212 261 324 472]; %micron
sample4 = [210 251 338 457]; %micron
sample5 = [212 277 328 429]; %micron

T0.00 (100% PPGDA) BDA (0% 1L)

exposuretime = [2 2.5 3 3.5] %seconds exposuretime = [4 7 10]; %seconds

sample2 = [185 284 345 425]; %micron sample2 = [433 700 975]; %micron

sample3 = [196 286 338 427]; %micron sample3 = [475 607 918]; %micron

sample4 = [203 284 340 413]; %micron sample4 = [490 637 851]; %micron

sample5 = [185 290 345 421]; %micron sample5 = [326 776 977]; %micron

T0.05% B-1L10% (10% IL in BDA)

exposuretime = [4 56 7]; %seconds exposuretime = [25 30 35 40]; Y%seconds

sample2 = [237 320 361 410]; %micron sample2 = [651 738 805 1072]; %micron

sample3 = [246 320 359 397]; %micron sample3 = [608 742 906 1010]; %micron

sample4 = [235 315 359 403]; %micron sample4 = [536 657 884 1079]; %micron

sample5 = [240 305 361 392]; %micron sample5 = [620 667 803 1057]; %micron

T0.15% PEGDMA (0% IL)

exposuretime =[456 7]; %seconds exposuretime = [12 15 18 22]; %seconds

sample2 = [151 185 220 241]; %micron sample2 =[ 1012 1224 1343 1339]; %micron

sample3 = [138 185 229 228]; %micron sample3 = [1044 1092 1173 1389]; %micron

sampled = [142 185 223 241]; %micron sample4 = [1097 1158 1304 1408]; %micron

sample5 = [132 185 225 237]; %micron sample5 = [1013 1164 1231 1417]; %micron

T0.25% P-IL10% (10% IL in PEGDMA)

exposuretime = [7 9 11 13]; %seconds exposuretime = [20 25 30 35]; %seconds

sample2 = [125 176 176 206]; %micron sample2 = [807 924 984 1112]; %micron

sample3 = [135 162 182 199]; %micron sample3 = [769 931 993 1125]; %micron

sample4 = [123 160 186 192]; %micron sample4 = [810 859 1050 1128]; %micron

sample5 = [118 177 174 215]; %micron sample5 = [851 900 980 1118]; %micron

Pluronic 31 P-IL25% (25% IL in PEGDMA)

exposuretime = [12 16 20 24]; %seconds exposuretime = [30 40 50 60]; %seconds

sample2 = [356 455 504 552]; %micron sample2 = [692 758 932 1049]; %micron

sample3 = [342 457 501 574]; %micron sample3 = [676 833 993 1115]; %micron

sample4 = [355 435 500 535]; %micron sample4 = [715 839 951 1059]; %micron

sample5 = [343 452 487 552; %micron sample5 = [598 701 966 1102]; %micron
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